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H1 cells (passage 6) were seeded in 96 well plates 
(Matrigel-coated) in the various media. Media were 
changed every 24 hours. The number of cells was 
determined using a CyQuant cell proliferation assay kit.
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Growth Curve of hMSC

Expansion of hMSC-AT in MSC NutriStem® XF and 
commercial competitors XF, SF, and serum-containing 
media. Cells were cultured in  plates, pre-coated with 
MSC Attachment Solution. Initial seeding was 5000 
cells/cm2 for each of the tested media (Day 0). 
Cells were counted at day 3 in each passage.
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H1 cells (passage 6) were seeded in 96 well plates 
(Matrigel-coated) in the various media. Media were 
changed every 24 hours. The number of cells was 
determined using a CyQuant cell proliferation assay kit.
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media. Cells were cultured in  plates, pre-coated with 
MSC Attachment Solution. Initial seeding was 5000 
cells/cm2 for each of the tested media (Day 0). 
Cells were counted at day 3 in each passage.
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Cellular Dynamics International (CDI), has designed an induced pluripotent stem cell (iPSC)-based technology 
platform that enables the large scale production of high-quality, fully functioning human cells. Stem cells are early 
stage, undi�erentiated cells that are found in all multicellular organisms. They are unique because they can survive 
and replicate inde�nitely. CDI’s technology o�ers the potential to create iPSCs from anyone, starting with a standard 
blood draw, and followed by the powerful capability to develop into virtually any cell type in the human body.

Our iCell® and donor-speci�c MyCell® Products are highly pure, highly reproducible, and available in industrial quanti-
ty to enable drug discovery, toxicity testing, stem cell banking, and cell therapy development. 

cellulardynamics.com

Human Cells
Endless Possibilities from Discovery
to Regenerative Medicine.
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NYSCF has developed a high-throughput robotic platform for iPSC 
generation, differentiation, manipulation, and characterization 

Partnership opportunities include: 
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to access automation and NYSCF repository of ESC and iPSC lines

Production of iPSC lines
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differentiation protocols to automation
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Foreword

Four years ago, Cell Press launched the “Best of” reprint collections across a number of our 
journals, including Cell Stem Cell. We are pleased to now bring you a new “Best of” that 
focuses on articles published over the course of 2015. For this edition, we made our selection 
by looking at review and research articles with the most full-text HTML and PDF downloads 
since publication and then choosing a representative group from each of the two published 
volumes. This collection covers a broad range of topics and includes papers that feature 
some of the exciting experimental approaches, such as single-cell analysis, genome editing, 
reprogramming, and organoid technology, that have helped drive the field forward in recent 
years.

We recognize that no one measurement can be indicative of the “best” papers over a given 
period of time, especially when the articles are relatively new and their true significance may 
still need time to be established. Nevertheless, we hope that this combination of approaches 
to highlighting articles will give you a snapshot of different perspectives on the studies that we 
published during 2015. 

We hope that you will enjoy reading this special collection and that you will visit www.cell.com/
cell-stem-cell/home to see the latest findings that we have had the privilege to publish. While 
you’re there, check out our regular rotation of Featured Five Reviews and enjoy free access 
to all Cell Press articles published over 1 year ago. Also, be sure to visit www.cell.com to find 
other high-quality articles published in the full collection of Cell Press journals. If you prefer to 
receive your updates via social media, you can follow us on Twitter (@CellStemCell) or like our 
Facebook page (www.facebook.com/cellstemcell/).

Last but definitely not least, we are grateful for the generosity of our many sponsors, who 
helped to make this reprint collection possible.

For information for the Best of Series, please contact:

Jonathan Christison
Program Director, Best of Cell Press
e: jchristison@cell.com
p: 617-397-2893
t: @CellPressBiz

http://www.cell.com/cell-stem-cell/home
http://www.cell.com/
http://www.facebook.com/cellstemcell/
mailto:jchristison@cell.com
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Cell Stem Cell

Review

Stem Cell Therapies in Clinical Trials:
Progress and Challenges

Alan Trounson1,* and Courtney McDonald1

1Hudson Institute for Medical Research, 27-31 Wright Street, Clayton, VIC 3168, Australia
*Correspondence: alan.trounson@hudson.org.au
http://dx.doi.org/10.1016/j.stem.2015.06.007

Clinical investigations using stem cell products in regenerative medicine are addressing a wide spectrum of
conditions using a variety of stem cell types. To date, there have been few reports of safety issues arising
from autologous or allogeneic transplants. Many cells administered show transient presence for a few
days with trophic influences on immune or inflammatory responses. Limbal stem cells have been registered
as a product for eye burns in Europe and mesenchymal stem cells have been approved for pediatric graft
versus host disease in Canada and New Zealand. Many other applications are progressing in trials, some
with early benefits to patients.

Introduction
Stem cell therapies have been expected to bring substantial

benefit to patients suffering a wide range of diseases and in-

juries. It was expected that the benefits of bone marrow trans-

plants for patients needing reconstruction of their hematopoietic

and immune systems would apply to stem cell transplants of

other cell types, and optimism has been high for the utilization

of pluripotent stem cell types (embryonic stem cells [ESCs]

and induced pluripotent stem cells [iPSCs]) for a variety of appli-

cations.

For the entire area of cell therapies in 2014, 70% of trials were

sponsored by academic institutions (public funding) and 30% by

companies (the private sector) (Bersenev, 2015). A combination

of public and private funding was strongly advocated in the fund-

ing of translation and clinical stem cell trials for sustained capac-

ity by the Californian Institute for Regenerative Medicine (CIRM)

(Trounson et al., 2010). There is a very significant investment

overall in the field of stem cell clinical trials that deserves moni-

toring and evaluation. Successful new therapies come at a

considerable cost that cannot easily be sustained without evalu-

ation and guidance. We have explored the clinical trials in which

data have now been published and which the general and sci-

ence community are anxious to follow given the investment of

research resources and finance. These trial outcomes will

deserve continuous evaluation to enable an understanding of

the extended timeframes involved in realizing successful prod-

ucts and an understanding of the collateral losses for potential

products that are unable to meet the demands of the regulatory

system and clinical efficacy of therapy.

Since previous reviews of stem cells in clinical trials (Ratcliffe

et al., 2013; Trounson et al., 2011), there has been a continuing

expansion in the number and type of stem cells under study.

We examined the reports of clinical trials in the NIH and Euro-

pean databases to classify them by stem cell type and disease

application. We searched for clinical trial data published in

peer-reviewed journals and sought out publically available infor-

mation on trials performed by companies. Data for some studies

are regularly published, but for many trials data are unavailable

or not easily accessed. Given the relative immaturity of the cell

therapy field, it is important to know the outcomes of early clin-

ical trials to help guide others in the processes. The overall

impression is that considerable investment has been made in

preclinical research and clinical trials, but as yet there is only a

modicum of success being achieved. However, clinical reports

will continue to evolve and general trends will emerge. It is clear

that limbal stem cells have matured, neural stem cells show

considerable promise for regenerative repair, pluripotent stem

cells have an abundant potential in regenerative medicine, and

mesenchymal stem cells (MSCs) are numerically the most

favored cell type presently under clinical trial. These studies

attract a lot of attention for commentary in the press and patient

expectations of substantial benefits. We also considered

placental-derived stem cells that are frequently MSC-like and

endothelial stem or progenitor cells because of their close

relationship to perivascular repair necessary in regenerative

medicine.

The prevalence of cell therapies for injury and disease of the

eye is a notable trend. This progress is a result of a few factors,

including the relatively small numbers of cells required, easy

accessibility for surgery, and straightforward assessment and

visualization of grafts. There also appears to be some immune

privilege for allogeneic transplants to the eye. Furthermore,

one eye can be used as a control when cell therapy is applied

to the other eye because disease is generally bilateral. It is also

relatively easy to differentiate pluripotent cells into cell types

needed for regenerative purposes in the eye. Consequently

numerous types of cells have been used in clinical trials for eye

disease and injury.

The present Review has been confined to published reports of

stem cell clinical trials and excludes the very substantial litera-

ture on hematopoietic (blood) stem cells and associated gene

therapies and cancer cell therapies. The latter has dramatically

expanded with the success of chimeric antigen receptor tech-

nology but presently doesn’t involve stem cells. The published

data on registered clinical trials involving stem cells other than

hematopoietic stem cells is relatively lean and we examine and

discuss the safety and efficacy data that have been provided

in publications or company reports. In this young field with

considerable promise, there are exciting prospects for many

different stem cell therapies that are arising from the early trials

Cell Stem Cell 17, July 2, 2015 ª2015 Elsevier Inc. 11
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as well as some disappointments that are tempering the opti-

mism for new cures occurring rapidly across a large spectrum

of disease and injury.

Pluripotent Stem Cells
Both ESCs and iPSCs are making their way into clinical trials

(Table 1) after considerable optimism for their therapeutic poten-

tial. They are of most interest where functional adult stem cell

types are difficult to access, expand, or derive. It appears that

applications in the eye, pancreas, and various neural degenera-

tive disorders or injuries such as Parkinson’s disease, amyotro-

phic lateral sclerosis (ALS), and spinal cord injury are leading

candidates for pluripotent stem cell-based cell therapy.

The original Geron Inc. clinical trial of human ESC (hESC)-

derived oligodendrocyte progenitors for the treatment of spinal

cord injury, the first of its kind to use ESCs, was terminated

when the company decided to discontinue their cell therapy pro-

gram to concentrate on cancer treatments. They treated five

patients without any adverse findings with a dose below that ex-

pected to show any efficacy. The estimated costs of the preclin-

ical studies (US$200 million) (Keirstead, 2012, Spinal cord injury:

what are the barriers to cure? Bedford Center Workshop) were

very high because of the pioneering data required to show safety

against teratoma formation and animal model efficacy needed

for the first in human studies of hESCs. The actual clinical trials

were also very costly because of the number of trial sites, training

for the transplant procedure, and cell manufacturing. The study

is now continuing under the direction of Asterius Biotherapeutics

who have registered a dose escalation phase I safety trial with

the FDA, using the same hESC-derived oligodendrocyte progen-

itor cells administered 1–2 weeks after spinal cord injury.

Preliminary results have been reported by the company Ocata

Therapeutics (formally ACT) on clinical safety trials for the use of

retinal pigmented epithelial cells (RPEs) derived from hESCs for

dry macular degeneration and Stargardt’s macular dystrophy

(Schwartz et al., 2012, 2015). They were able to derive RPEs

that were 99% pure from hESCs. There were 9 patients with

macular degeneration and 9 patients with Stargardt’s disease

in dose cohorts of 50,000, 100,000, and 150,000 cells adminis-

tered to one eye of each patient. The only adverse events were

associated with surgery and immunosuppression. Visual acuity

improved in 10 treated eyes, was stable in 7 eyes, and decreased

in 1 eye over 22 months. Patches of regenerated retinal epithe-

lium were observed in 72% of the patients although the spread

was variable and incomplete, suggesting that improvements

could be made to the methodology to achieve greater RPE

monolayer coverage of the macula. Other clinical studies are

emerging on macular degeneration, which include studies in

the UK and in California, where ESC-derived RPEs are grown

as a monolayer on ultra-thin scaffolds and inserted under the

photoreceptor cells to cover the entire macula. There is also a

report of one Japanese patient who received a transplant of a

sheet of iPSC-derived RPE (Cyranoski, 2014). This is the first in

human study that may be the leader in many other applications

of iPSC derivatives. While it might be expected that iPSCs will

be used as autologous therapies, there is a strong movement

for their use as allogeneic transplants or as partially compatible

HLA haplotyped derivatives (Turner et al., 2013).

Reports of progress for other indications undergoing treat-

ment with pluripotent stem cells are not available as yet. This in-

cludes the use of insulin-producing b Islet cells contained in a

subcutaneous capsule to prevent cell-mediated autoimmunity

in patients with type I diabetes (Schulz et al., 2012). This study

is an open label dose-escalating phase I/II trial involving 40 pa-

tients. The first patient received a transplant in November 2014

of two subcutaneous capsules of b Islet progenitors differenti-

ated from ESCs. This study is being conducted by the company

ViaCyte in California and the results will be interesting because

there will be a functional readout of the transplanted cells con-

trolling diabetes. In the Viacyte studies the final stages of matu-

ration to glucose-responsive insulin-producing cells needs to be

done in vivo. More recently two research groups reported the

apparent complete maturation of cells into b Islet cells in vitro,

but at this stage it is not known if this may benefit their efficacy

when used in clinical trials or not (Kushner et al., 2014).

There was also a recent announcement by International

Stem Cell Corporation that they will begin clinical studies in

Australia in 2015. The study will use parthenogenetic ESC-

derived neural cells for the treatment of Parkinson’s disease

(ISCO, 2015). The main concern for this study may be how well

Table 1. ESC Trials

Trial Sponsor (Location) Disease Target Cell Therapy No. Patients Phase

Chabiotech Co. Ltd. (S. Korea) macular degeneration human-ESC-derived RPE 12 phase I/II

Ocata Therapeutics (MA, USA) Stargardt’s macular dystrophy human-ESC-derived RPE 16 phase I/II

macular degeneration human-ESC-derived RPE 16 phase I/II

myopic macular degeneration human-ESC-derived RPE unknown phase I/II

Pfizer (UK) macular degeneration human-ESC-derived RPE 10 phase I

Cell Cure Neurosciences Ltd. (Israel) macular degeneration human-ESC-derived RPE 15 phase I/II

ViaCyte (CA, USA) type I diabetes mellitus human-ESC-derived pancreatic

endoderm cell

40 phase I/II

Assistance Publique-Hopitaux de Paris

(France)

heart failure human-ESC-derived CD15+ Isl-1+

progenitors

6 phase I

International Stem Cell Corp. (Australia) Parkinson’s disease human parthenogenetic-derived neural

stem cells

unknown phase I/II

Asterias Biotherapeutics (CA, USA) spinal cord injury human-ESC-derived oligodendrocyte

precursor cells

13 phase I/II
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the differentiation protocol is able to derive pure A9 dopami-

nergic neurons, given the potential for associated dyskinesia

from the contamination of serotoninergic neurons (CIRM,

2013). Attempts to replicate the positive outcomes from human

fetal ventral mesencephalon tissue transplants, using pluripotent

stem cells, are a major focus that has challenged researchers to

derive the nigral A9 dopaminergic neurons that are able to func-

tionally recover the 6-OHDA animal model of Parkinson’s dis-

ease when grafted at a dose equivalent to that used for fetal

VM, as recently shown by Grealish et al. (2014). These chal-

lenges have been summarized by Barker (2014) in discussing

the consortia involved in fetal brain transplants and the newly

formed Parkinson’s Global Force (Abbott, 2014) that is guiding

researchers to optimize their cell characterization and the patient

subgroups likely to respond to therapeutic transplants. There is

concern that clinical trials based on less robust criteriamay again

set back the clinical progress toward successful therapy for this

disease.

Limbal Stem Cells
Limbal stem cell transplants have been used very successfully to

restore functional corneal epithelium that is transparent and self-

renewing in patients who have corneal destruction, usually due

to burns (Rama et al., 2010). The limbal cells are autologous

transplants obtained from the limbus, providing even a tiny

part in either of the patient’s two eyes has been spared from

injury, and they are expanded in culture on fibrin (Rama et al.,

2010) or human amniotic membrane (Kolli et al., 2010) that pre-

serves and enables expansion of the holoclone cells. Allogeneic

limbal cells do not persist long-term after transplantation (Pelle-

grini and De Luca, 2014).

iPSC derivation of the limbal lineage may eventually provide a

therapeutic source of limbal cells for patients for whom complete

bilateral destruction or loss or absence of the limbus has

occurred. Recent advances in the identification of key regulatory

genes in limbal development, differentiation, and expansion are

likely to accelerate this therapeutic opportunity (Pellegrini et al.,

2014). In the meantime, transplantation of in vitro cultured non-

ocular autologous oral mucosal epithelium has been used in

patients with bilateral limbal cell deficiency, particularly for acute

chemical burns. This procedure can give satisfactory results

(Burillon et al., 2012; Chen et al., 2009) and provide adequate

re-epithelialization and stabilization of the surface of the cornea

if the cultured autologous thin sheets (with a few cells’ worth of

thickness) of oral mucosal epithelium are lifted with temperature

sensitive cell sheet-lifting technology that preserves the cultured

cell-cell junctions and an intact basement membrane for trans-

plantation (Burillon et al., 2012). This method appears to prevent

the vascularization and loss of corneal opacity previously asso-

ciated with oral mucosal transplants that often had multiple

epithelial layers of stratification and numerous mucosal cell

structures (Chen et al., 2009).

Cadaveric limbal tissue can be preserved with intact structure

at 4�C for up to 8 days by airlift culture (which is a method

wherein the stromal component of the cornea is submerged in

liquid culturemedium and the epithelium is exposed to air for cul-

ture or cold preservation) and used for allogeneic transplants

that provide complete corneal re-epithelialization for at least

1 month (Li et al., 2013). This result suggests allogeneic limbal

stem cell therapies are steadily progressing. However, a recent

study on allografts in Aniridia and Stevens-Johnson Syndrome

that used a defined outcomes set procedure for cultured limbal

cell epithelium transplants for bilateral limbal cell deficiency

showed improvements in epithelial integrity and visual acuity

up to 12 months but then a gradual decline over 3 years (Shortt

et al., 2014). Typically restoration of the corneal epithelium can

now be achieved in the majority (�67%) of auto- and allogeneic

transplants for partial and total limbal stem cell deficiency

without easily detectable alteration to visual acuity (Zakaria

et al., 2014).

Neural Stem Cells
Neural stem cell derivatives are in a number of clinical trial appli-

cations (Table 2). The applications are primarily aimed at repair-

ing the damaged central nervous system. The best type of neural

cell for regenerative repair of the central nervous system is still

yet to be determined and may vary according to the disease or

injury. It is generally considered that a neural stem cell is prob-

ably ideal for establishing a stem cell pool for continuous supply

of the desired neuron, astrocyte, or oligodendrocyte. However,

mature neural cells may also be necessary when specific cell

types are needed to achieve normal function. For example, nigral

A9 dopaminergic neurons are needed in Parkinson’s disease. It

can be surprising that a brain neural stem cell can repair loss of

RPE in macular degeneration. Clinical studies will also eventually

determine whether a neural stem cell or oligodendroctye pro-

genitor is best for spinal cord repair.

Studies by the Stem Cells Inc. group have used human fetal-

derived neural stem progenitors, which show lifelong lysosomal

enzyme production, to treat very advanced infantile or late-infan-

tile ceroid lipofuscinosis (Batten’s disease) in children without

any detectable adverse events (Selden et al., 2013). Doses of

1 billion cells into the brain were well tolerated in these patients.

Furthermore, the allogeneic cells showed long-term survival of

the transplanted cells in autopsy 2.5 years later and 1.5 years

after the termination of immunosuppression. Three patients (of

six) are more than 5 years post-transplant. The company has

also treated young patients with the fatal genetic demyelination

condition known as Pelizaeus-Merzbacher disease (PMD)

(Gupta et al., 2012). The neural progenitors were surgically im-

planted into the frontal lobe white matter in four young patients

with an early-onset severe form of PMD and some modest gains

in neurological function were observed in three patients. Cranial

magnetic resonance imaging and MR spectroscopy indicted

that myelination occurred in the site of transplantation when

compared to white matter sites distant to transplantation.

Further progress has been limited because it is difficult to recruit

young patients prior to the exhibition of the advanced disease

phenotype. These studies indicate that it may be possible to

halt the advance of severe genetic disorders by providing neural

stem cell transplants that are vehicles for delivery of the correct

protein.

Perhaps more challenging is the treatment of stroke and other

disorders of the brain and spinal cord. Despite a very large num-

ber of studies in animals using neural, embryonic, mesenchymal,

bone marrow, and cord blood cell types, there appears ‘‘little

evidence that transplanted stem cells or their derivatives can

replace damaged cells, reconstruct neural circuits, or improve
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loss of function following stroke’’ (Huo et al., 2014). However, the

company ReNeuron uses immortalized human fetal neural stem

cells for transplantation to stroke patients and has reported no

cell-related or immunological adverse events in a phase I study

of 11 patients in their followup after 12 months (ReNeuron,

2014). These immortalized human neural stem cells do not colo-

nize brain tissue and are a transient population that appears to

have a trophic influence on brain function. While the study was

not designed to measure efficacy, some improvements were

observed in patient spasticity and neurological impairment.

A second phase II trial is underway for the evaluation of the

benefit of these neural stem cell transplants 2–4 months after

stroke, involving a futility study of 41 patients (no controls) in

two separate trial cohorts.

ALS is an adult onset neurodegenerative disease that is a

result of motor neuron degeneration in the cerebral cortex, brain

stem, and spinal cord. A phase I study by the company Neural-

stem for ambulatory and non-ambulatory ALS patients used in-

traspinal injection of 500,000 to 1 million human fetal spinal

cord neural stem cells into in the lumbar and cervical regions

of the spinal cord. This study showed no cell-related adverse

events but little indication of improved survival benefit (Feldman

et al., 2014; Glass et al., 2012; Riley et al., 2012). An ambulatory

phase II study involved multiple cervical injections of 2–8 million

cells or 160 million cells into the lumbar and cervical spinal cord

regions (Thomsen et al., 2014). While preclinical ALS animal

model studies show some efficacy of prolonged survival after

neural cell transplants (Lee et al., 2014a; Thomsen et al., 2014),

significant benefit is still awaited for ALS in human phase II clin-

ical trials.

Neural stem cells are also in clinical trials for spinal cord repair.

The use of adult olfactory nasal ensheathing cells for differentia-

tion into neural progenitors for spinal transplantation (Tabakow

et al., 2013) is complicated by the possible retention of the

unwanted growth of a multicystic mass of mixed nasal cell phe-

notypes (Dlouhy et al., 2014). This has not been the experience

with transplants of fetal-brain-derived neural stem cell progeni-

tors. The company Stem Cells Inc. has been undertaking a

Phase I/II clinical trial of their fetal neural stem cell progenitors

in 12 chronic stage (ASIA-A and B) patients with T2–T11 injuries

in Switzerland. They received a total dose of 20 million cells in

four injections above and below the site of injury. There have

been no adverse cell-related effects reported in these patients,

and there have been segmental gains in sensory and electro-

physiological response that occur over time. Several patients

progressed from ASIA-A to B (patients with some rectal control)

and some had a return of minor motor control capacity. Patients

are now being recruited for phase II trials in Canada and the USA

involving the more common cervical injuries (StemCells Inc.,

2014).

Based on evidence in animal studies for the capacity of human

neural brain stem cells to protect against retinal degeneration

and maintenance of photoreceptor health (McGill et al. 2012;

Cuenca et al., 2013), the company Stem Cells Inc. has also

used its neural stem cells for treating human blindness due to

dry macular degeneration. In a phase I/II dose escalation study

(200,000 to 1 million cells), they showed stable and improved

visual acuity in subjects at 6 and 12 months after subretinal

injection of neural stem cells with reduced growth of retinal

geographic atrophy of the treated eye verses the non-treated

eye (StemCells Inc., 2015). A phase II proof-of-concept study

is now underway to confirm the maintenance of sight in this

type of patient.

Transformed neural stem cell lines have also been used to

carry a payload of cytotoxic drugs to the site of glioblastoma

tumors in the brain. These studies rely on the homing character-

istics of neural stem cells to tumors (Aboody et al., 2000).

Researchers at the City of Hope, LA have genetically modified

neural stem cells with enzymes that are able to convert prodrugs

administered to patients to highly potent cytotoxins in the local-

ized sites of the tumor (Aboody et al., 2013). The primary clinical

studies have shown conversion of the prodrug flucytosine (5-FC)

Table 2. Neural Stem Cell trials

Trial Sponsor (Location) Disease Target Cell Therapy No. Patients Phase

City of Hope

(CA, USA)

recurrent high grade gliomas E. Coli CD-expressing neural stem cells 24 phase 1

recurrent high grade gliomas carboxylesterase-expressing neural

stem cells

53 phase I

Neuralstem Inc. (MD, USA) ALS fetal-derived neural stem cells 18 phase I

ALS fetal-derived neural stem cells 18 phase II

chronic spinal cord injury fetal-derived neural stem cells 4 phase I

ReNeuron Ltd. (UK) stroke human neural stem cells 12 phase I

stroke human neural stem cells 41 phase II

lower limb ischemia human neural stem cells 9 phase I

Stem Cells Inc. (CA, USA) neuronal ceroid lipofuscinosis human CNS stem cells 6 phase I

cervical spinal cord injury human CNS stem cells 50 phase II

macular degeneration human CNS stem cells 15 phase I/II

thoracic spinal cord injury human CNS stem cells 12 phase I/II

Pelizaeus-Merzbacher disease human CNS stem cells 4 phase I

TRANSEURO (UK) Parkinson’s disease fetal-derived dopaminergic cells 40 phase I

Wroclaw Medical University (Poland) spinal cord injury olfactory ensheathing cells, autologous 10 phase I
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to 5-fluorouracil (5-FU) and patient tolerance to administration of

the prodrug. A dose escalation study is underway to assess effi-

cacy of this treatment on glioma reduction (Hirmand, 2014). The

group is also exploring the use of engineering carboxyl esterase

into neural stem cells to activate the potent cytotoxin CPT-11 for

destruction of lung and brain cancers (Hong et al., 2013). There

are no data available from these clinical studies as yet.

Endothelial Stem or Progenitor Cells
There are many (>60) clinical trials listed on the NIH clinical trials

website (https://clinicaltrials.gov/) for endothelial stem/progeni-

tor cells, the majority with unknown status. Of the 12 studies of

known status, all are autologous transplants, 11 are phase I/II tri-

als, and 1 is phase II. In these studies the cells are either sourced

from the bone marrow or peripheral blood. Treatments include

transfusion of endothelial progenitor cells in patients with idio-

pathic pulmonary arterial hypertension, where improvements

were observed in walking distance, mean pulmonary artery pres-

sure, pulmonary vascular resistance, and cardiac output (Wang

et al., 2007). They have also been used for refractory angina in

an attempt to foster angiogenesis (Jimenez-Quevedo et al.,

2014). In this trial of 28 patients (19 treated and 9 controls), there

were no adverse cell-related effects (one patient in the treatment

group and one in the control group died) but there was a reduc-

tion in the mean number of angina episodes per month in the

treatment group. Otherwise efficacy parameters were not

different. Some benefit of autologous endothelial cell transplants

was seen in post-mastectomy lymphedema volume, but other

parameters were not different from those of controls (Maldonado

et al., 2011). A number of trials have also been undertaken for

critical limb ischemia, using the autologous CD34+ fraction

(endothelial and hematopoietic stem cells) of granulocyte col-

ony-stimulating factor (GC-SF) mobilized blood cells (Kawamoto

et al., 2009; Kinoshita et al., 2012). These have shown strong

favorable trends in efficacy parameters that encourage further

randomized and controlled phase II trials to protect against

serious disease sequealae. While a genuine therapeutic role for

endothelial progenitor cell transplantation remains highly desir-

able for repair of vascular injury, strong evidence for repair of

the cardiovascular system by endothelial progenitor cells from

human clinical trials remains to be demonstrated (Mitchell

et al., 2015).

It is of interest that bone marrow MSCs are being trialed for

critical limb ischemia without endothelial cells with very minor

benefits noted in phase I/II trials (Gupta et al., 2013). Serious

adverse events occurred in both placebo and treatment arms.

Umbilical cord blood MSCs have also been used in phase I

studies without influencing serious events and showing some

very minor improvements in angiographic scores (Yang et al.,

2013). It would be interesting to compare MSCswith and without

endothelial cell combination treatments.

Placental Stem Cells
Cells derived from the human placenta are in clinical trials for a

variety of therapeutic applications (Table 3). A fraction identified

as placental MSCs by its adherence to plastic and expression of

typical cell surface markers has been used to treat patients with

idiopathic pulmonary fibrosis. In a single-center, non-random-

ized, intravenous dose escalation (1–2 million cells/kg) phase I

study, some minor and transient acute adverse effects were

shown and no observable improvement in any parameters

relating to the disease condition was seen 6 months after trans-

plantation (Chambers et al., 2014). The company Celgene is also

using placental derived cells (MSC-like) to treat Crohn’s disease

(CD) (Mayer et al., 2013) andmultiple sclerosis (MS) (Lublin et al.,

2014). Crohn’s patients treated with two injections (1 week apart)

of 2 million cells showed improved clinical response and half

were in remission 6 months after placental cell injection. At a

higher dose of 8 million cells, only one-third of patients that

were treated responded, and none were in remission after

6 months. These data indicate clinical variations in response to

cell therapy that are critically dose related. In patients with

relapsing-remitting and secondary progressive MS, the cells

were well tolerated but the treatment resulted in a variety of

minor adverse events. Data for clinical responses were variable

and generally indicated that the cells did not improve the MS

condition. It is apparent that more information is needed on the

mechanism of action of placental cells to enable better strategic

design for potential benefits to MS patients to warrant expanded

cell therapy trials.

There is interest in using cells of the amnion for clinical

improvement of lung function in preterm babies and for other

adult respiratory disorders (Murphy et al., 2014). However, these

cells cannot be expanded in vitro and there is evidence that

Table 3. Placental Stem Cell Trials

Trial Sponsor (Location) Disease Target Cell Therapy No. Patients Phase

Celgene Corporation (NJ, USA) stroke (terminated) human placenta-derived cells 44 phase II

pulmonary sarcoidosis (terminated) human placenta-derived cells 4 phase I

CD human placenta-derived cells 14 phase I

MS human placenta-derived cells phase I

peripheral artery disease human placenta-derived cells 24 phase I

rheumatoid arthritis human placenta-derived cells 26 phase II

Karolinska Institute (Sweden) GVHD decidual stromal cells (MSC-like) 30 phase I/II

hemorrhagic cystitis decidual stromal cells (MSC-like) 12 phase I/II

Prince Charles Hospital/Mater Medical

Research Institute (Australia)

idiopathic pulmonary fibrosis placental mesenchymal stromal cell 8 phase I

New York Medical College (NY, USA) immune disorders human placental-derived stem cells 30 phase I
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amniocytes obtained from preterm placentas have limited differ-

entiation and reparative capacity in vitro and in animal models of

pulmonary fibrosis (Lim et al., 2013). Amniotic fluid cells have

also been studied in preclinical models for a wide range of ther-

apeutic applications including repair of brain injury (Rennie et al.,

2013), but they have never progressed to first in human clinical

studies.

MSCs
Cell therapies utilizing MSCs are being explored in a large num-

ber of clinical trials. There is considerable heterogeneity in the

cells described as MSCs and a variety of sources used to isolate

and manufacture the MSC populations for clinical trials. Impor-

tant perspectives on the very different nature of the MSC popu-

lations in use clinically and their various sources have been

critically addressed recently by Bianco (2014). MSCs are classi-

cally the ‘‘postnatal, self-renewing, and multipotent stem cells

giving rise to all the skeletal tissues’’ (Bianco, 2014). They are clo-

nogenic and form stromal progeny in vitro and, when trans-

planted, form miniature organoids of bone including bone and

marrow, with host hematopoietic contributions. The stromal

cell type that is called MSC in use clinically is defined differently

from the classical MSC because they are isolated from various

tissues (including bulk cultures of bone marrow stromal cell

types) by their adhesive characteristics to plastic culture dishes

and other plastic vessels. These stromal cell types all show com-

mon expression of general fibroblastic markers and when trans-

planted, they have properties of modulating the host immune

system and other systems. These are generally transient cells

that exist briefly in the host and cannot be identified after a few

days or possibly a week or two. Their safety as allogeneic cell

transplants may be closely related to their short-term existence.

Their anti-inflammatory properties, homing to sites of damage

and inflammation, and their trophic influence on tissue repair

have made them very popular for clinical study.

In the NIH clinical trials database there are 374 registered clin-

ical trials (excluding those of unknown status) using MSCs

(Figure 1). This is a 3-fold expansion of trials over the number

noted in 2011 (Trounson et al., 2011), but the distribution of trials

by phase is much the same (Figure 2). This might suggest that

products are not moving out of the clinical pipeline. The one

phase IV study is for umbilical cord blood MSCs treating aplastic

anemia that is presently recruiting patients in China. Themajority

of the MSC trials are with allogeneic cells and these trials are

happening all over the world with the highest activity in the

USA, Europe, and China. Of the phase 3 clinical trials, only three

have reported completion.

The pleiotropic properties of MSCs that include anti-

apoptosis, angiogenesis, growth factor production, neuropro-

tection, anti-fibrosis, and chemo-attraction provide a broad

spectrum for their potential in disease therapies. This includes

their properties of suppression of inflammation and their abilities

to downregulate pathogenic immune responses commonly

observed with allogeneic transplantation (Glenn andWhartenby,

2014). We have subdivided the discussion of MSC clinical trials

into conditions that utilize their immune suppression properties,

applications for regeneration in organ diseases, osteoarthritis

and related lower back pain (treatments for which primarily utilize

their anti-inflammatory properties), and repair of neurodegener-

ative disease and injury.

Immune Suppressive Properties of MSCs

MSCs and their derivatives have important roles in suppressing

activated T cell proliferation and their cytokine production. They

also increase Regulatory T cells (Tregs) that dampen killer T cell

attack on foreign cells or tissues (see the reviews of Bernardo

and Fibbe, 2013; Glenn and Whartenby, 2014). These functions

of MSCs have made them popular for studies involving contain-

ment of immune rejection in allogeneic grafting.

Systemic immunosuppression by bone marrow MSCs

(1million/kg) has been indicated in kidney allograft transplant pa-

tients for the possible improvement of rejection and fibrosis in

donor organs (Reinders et al., 2013, 2014). Graft versus host dis-

ease (GVHD) is a serious consequence of the host immune sys-

tem recognizing and rejecting allogeneic grafts. MSCs have

important immune suppressive properties that inhibit GVHD

and they have been studied in clinical trials for steroid resistant,

severe, acute GVHD disease for some time. Early phase II

studies by Le Blanc and colleagues showed that more than

50% of GVHD patients responded completely to one to five

doses of a mean of 1.4 million bone marrow MSCs (Le Blanc

et al., 2008). These complete responders had lower transplant-

related mortality than the patients with partial or no response

(37% verses 74%) and higher survival rate after 2 years (53%

verses 16%). These data were supported for stage III–IV GVHD

in children (0.4–15 years) receiving Prochymal MSCs (Prasad

et al., 2011). Complete responses were observed in 58% of

patients infused with 2–21 (mean 8) doses of 2 or 8 million

MSCs. Five of the twelve (42%) children survived for a medium

of 611 days. These studies led to registration for approval for

the use of Prochymal MSCs in steroid resistant severe pediatric

GVHD in Canada and New Zealand (Ratcliffe et al., 2013). Other

Figure 1. Indications Being Addressed using MSCs in Clinical Trials
Data for 352 registered clinical trials.

Figure 2. MSC Clinical Trials Classified by Clinical Phase
Data for 315 registered clinical trials.
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phase I/II studies in adults have confirmed the safety of MSC

infusion for acute and chronic GVHD with variable but improved

results for complete response and survival (Herrmann et al.,

2012; Introna et al., 2014; Kuzmina et al., 2012; Liu et al., 2011;

Muroi et al., 2013; Pérez-Simon et al., 2011). Data reported by

Joanna Kurtzberg in 2015 for 160 children with GVHD not

responsive to steroids who were enrolled in an expanded multi-

center access program of Mesoblast Pty Ltd. MSCs again

showed survival benefits for bone marrow transplants. Around

80% of grade B/C patients and 50% of the more severe grade

D patients survived to 100 days. Only 5%–20% of these severe

poor prognosis patients were expected to survive without MSC

therapy (Mesoblast, 2015).

While clinical benefits were shown to be very minor and not of

clinical value when MSCs were co-administered in haploidenti-

cal hematopoietic stem cell transplants for leukemia (Maziarz

et al., 2015), the Athersys Multistem MSCs have shown some

apparent benefit in reducing GVHD when used as adjunct ther-

apy for myloablative allogeneic bone marrow cell transplants

(Liu et al., 2011). However, purification of hematopoietic stem

cells and, in particular, the removal of alloreactive T cells can

probably accomplish this even more effectively (Logan et al.,

2012; Shizuru et al., 1996).

The immunosuppressive properties of MSCs have been pro-

posed as treatments for CD, despite these properties being re-

tained by CD patients’ own endogenous MSCs (Duijvestein

et al., 2010). The study showed that infusion of donor MSCs

from healthy normal patients had little effect on recipient CD pa-

rameters, as would be expected (Duijvestein et al., 2010). How-

ever, another study showed a decrease in endoscopic active

luminal CD (42%) in 7/15 patients given 2 million MSCs/kg (For-

bes et al., 2014), suggesting that there may be clinical benefits of

MSC therapy for CD. Likewise, intrathecal or intravenous injec-

tions of MSCs have been tried for advanced progressive and re-

lapsing and remitting MS, with little detectable clinical benefit

(Bonab et al., 2012; Connick et al., 2012; Llufriu et al., 2014; Yam-

out et al., 2010). There were some indications of minor reduc-

tions in MRI inflammatory parameters in the relapsing and

remitting type of MS (Llufriu et al., 2014).

Myocardial Injury Benefits of MSCs

There has been a concerted effort to demonstrate a benefit of

MSCs for cardiovascular repair, particularly a benefit to patients

with severe myocardial infarct. Generally, autologous bone

marrow cell transplants have been ineffective (Nowbar et al.,

2014). Allogeneic MSC transplants have had variable benefits

to patients with ischemic heart disease. Left ventricular ejection

fraction was improved in patients given Prochymal MSCs when

compared to placebo in a randomized, double blind, dose esca-

lation study (Hare et al., 2009). Randomized comparisons of

autologous and allogeneic MSCs (20–200 million) delivered as

transendocardial injections showed a few differences (autolo-

gous cells improved 6min walking), and only low dose allogeneic

MSCs improved left ventricular ejection fraction (Hare et al.,

2012). Furthermore, autologous MSCs appeared better than

autologous bone marrow cells when administered as transendo-

cardial injections (Bartunek et al., 2013; Heldman et al., 2014).

Intracoronary administration of MSCs has had a minor benefit

on the left ventricular ejection fraction (Lee et al., 2014b), and a

meta-analysis of all cell therapies by intracoronary administra-

tion shows that there is no clinical benefit on left ventricular func-

tion (Gyöngyösi et al., 2015). Minor benefits were observed in

weaning myocardial infarct patients from left ventricular assist

devices when compared with sham controls when the former

were treated with intramyocardial injections of 25 million of

Mesoblast’s MSCs (Ascheim et al., 2014). Genuine sustained

benefits now need to be demonstrated in phase III studies. It is

of interest to note that in at least one comparison of heart-

derived cells and MSCs, the cardiosphere cell type outper-

formed MSCs (which were bone marrow and adipose derived)

in a preclinical animal model (Li et al., 2012). The relative benefits

of the intramyocardial injection of transient allogeneic MSCs and

cultured cadaveric cardiospheres (CapricorTherapeutics, 2015)

in clinical trials will be interesting to evaluate. It is also of some

interest that scar size reduction and ventricular function occurs

in sites of MSC injection rather than non-cell injection sites (Sun-

cion et al., 2014). This suggests that the benefits of cells are

localized to sites of injection.

MSCs for Osteoarthritis and Lower Back Pain

Bone marrow MSCs would be expected to contribute to bone

and cartilage repair. In delayed bone fracture union, MSCs,

when mixed with demineralized bone and platelet-rich plasma,

halved the time to fracture union (Liebergall et al., 2013). Intra-

articular injection of MSCs in osteoarthritic patients resulted in

strong improvement in cartilage coverage and quality in the

vast majority of treated cases (Orozco et al., 2013). Clinical pa-

rameters of pain, disability, and quality of life were improved.

Likewise, patients with severe back pain due to degenerative

disc disease improved dramatically, with 71% of optimal effi-

ciency in the improvement of clinical parameters of pain and

disability, but without disc height recovery (Orozco et al.,

2011). Mesoblast has also reported the benefits of a single injec-

tion of MSCs (6 or 18 million) in a randomized, placebo-

controlled phase II study of 100 patients with chronic low back

pain due to degenerative disc disease. A single injection of 6

million MSCs gave substantial and sustained pain relief with

48% having no or minimal pain after 24 months compared with

only 13% of patients without pain who received saline control in-

jections (Mesoblast, 2015). The improvement in pain is a very

important clinical benefit for this group of patients and further

trials should confirm this benefit and hopefully improve the pro-

portion of treated pain-free cases.

MSCs for Pulmonary Disease

The use of MSCs in pediatric bronchopulmonary disorders has

been actively pursued. In preterm infants at high risk of broncho-

pulmonary dysplasia (BPD), umbilical cord blood MSCs (1 or

2 million MSCs/kg) were administered as intratracheal trans-

plants (Chang et al., 2014). Levels of inflammatory cytokines

were significantly reduced in lung aspirates 3 days after trans-

plantation and BPD severity was lower in transplant patients.

Studies in the adult have focused on acute respiratory distress

syndrome (ARDS) treated with infusions of 1, 5, or 10 million

MSCs/kg (Wilson et al., 2015). Three of nine patients had serious

adverse events, although they were not believed to be related to

cell infusion. Further studies are needed to determine benefits of

MSC therapy for these types of patients.

MSCs for Liver Disease and Diabetes

Phase I/II clinical trials of MSC therapy for liver disease have

shown some minor improvements in liver function. Liver in end
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stage liver disease (cirrhosis) due to hepatitis B and C and alco-

holic and cryptogenic causes showed some response in function

as assessed by changes in creatinine, serum albumin, and bili-

rubin in response to autologous MSCs (El-Ansary et al., 2012;

Kharaziha et al., 2009). The anti-fibrotic effects of autologous

MSCs (which were 50 million MSCs administered on two occa-

sions 4weeks apart) were explored in patients with alcoholic liver

cirrhosis (Jang et al., 2014). Improvements in histological liver

biopsy samples were observed in 55% patients as well as

some change in type-1 collagen and a-smooth muscle actin.

Further studies are needed to confirm the clinical benefits of

MSCs to patients with liver disease.

Some clinical studies are underway using MSCs in patients

with type II diabetes. Data suggest some temporary change in

metabolic parameters may occur with intravenous or intra-

pancreatic endovascular injection of Wharton’s jelly (umbilical

cord) MSCs (Liu et al., 2014).

MSCs for Ischemic Stroke and ALS

MSCs are also being used in ischemic stroke patients. Fat-

derived allogeneic MSCs are being studied by intravenous injec-

tion within 2 weeks of stroke (Dı́ez-Tejedor et al., 2014). The

company Athersys is also undertaking a phase II double blind

clinical evaluation of MSCs given intravenously 24–36 hr after

stroke (Hess et al., 2014), but this was reported recently to

show no clinical benefit (FierceBiotech, 2015). It is difficult to

understand the mechanism of action of these approaches given

the transient nature and lineage differentiation properties of

MSCs. Clinical trials are also underway using MSCs for therapy

in ALS (Karussis et al., 2010; Mazzini et al., 2010, 2012). No

response to MSC injections was seen in MRI structures in the

brain or spinal cord and there were no apparent post mortem in-

dicators of beneficial change (Mazzini et al., 2010). Few clinical

benefits were reported for either intrathecal or intravenous

administration of autologous MSCs (Karussis et al., 2010; Maz-

zini et al., 2012).

Failures and Concerns for Stem Cell Clinical Trials
There have been many claims for multi- or pluri-potentiality for

cells of various origins, such as the very small cells of the

vascular system (multipotent adult progenitor cells, or MAPCs),

umbilical cord blood cells, amniotic fluid cells, and others, that

have not really converted to the broad spectrum of applications

initially envisaged. There are autologous bone marrow stem cell

trials being explored for many conditions, including stroke and

ischemic heart disease. However, in the case of the latter, benefit

has been related to factual discrepancies in the clinical data

collected, rather than the administered cell therapy (Nowbar

et al., 2014).

Clinical trial failures have been frequent for MSC therapies,

and, more recently (Bersenev, 2015), MSC trials for ulcerative

colitis and ischemic stroke (Athersys), cardiac repair (3 studies

by Miltenyi Biotec; FBC Pharmicell, Korea; and Stempeutics

Research), acute kidney injury (Allocure), ischemic stroke (Man-

ipal Acunova, India), ARDS (China), critical limb ischemia (Raval

et al., 2014), and MS (Spain) have failed or been terminated.

While clinical trial failures are to be expected in the early days

of clinical research, these disappointments are a reasonably

common feature of this first wave of cell therapy trials involving

autologous and allogeneic MSC products.

While there is little scientific basis for the differentiation of

MSCs to functional neurons, there is a registered phase I/II clin-

ical trial in Russia using autologous MSC-derived neural cells

(with ‘‘a matrix scaffold as necessary’’) in 30 patients with trau-

matic spinal cord injury (Averyanov, 2014). As yet, there are no

results available for this study, which began recruitment in July

2014; there were no preclinical data provided to support this

dubious type of approach.

In contrast to the care taken to ensure the appropriate cell type

is used for transplantation by others in the field, there has been

one clinical trial reported using undifferentiated and partially

differentiated ESCs to treat cerebral palsy in children in India

under approval of an ‘‘independent ethics committee’’ and a

‘‘national apex body’’ (Shroff et al., 2014). The cells were

delivered by intravenous or intramuscular injection and a variety

of other routes. It is possible that most of the cells were

dead because of the methods used, but this is a potentially

dangerous treatment of transplanting undifferentiated pluripo-

tent stem cells that could have resulted in the formation of

teratomas in these children. These types of studies are very con-

cerning for the field.

Progress and Cautionary Notes
The progresses of stem cell clinical trials are encouraging given

that the majority are in the early phase I/II stage and in most

cases, clinical data is still being accumulated. It remains too early

to be confident that pluripotent stem cells will deliver their

considerable promise. As yet iPSCs have not received regulatory

approval to begin appearing in first in human studies, although

one patient has been treated for macular degeneration. Neural

stem cells are progressing with some interesting applications.

It is interesting that Stem Cells Inc. brain stem cells are capable

of acquiring some of the RPE cell properties such as phagocy-

tosis and secretion of neuroprotective factors. There is no evi-

dence that they make photoreceptors, but they do seem to

preserve synaptic connections between the photoreceptors

and the bipolar and horizontal cells as evidenced by the pres-

ence of synaptic ribbons in eyes receiving transplants (Cuenca

et al., 2013). The neural stem cells derive from primitive brain tis-

sue of the early fetus, which may include anterior neural plate

cells from which RPEs are derived (Graw, 2010). Studies on spi-

nal cord injury show some touch sensitivity benefit but little

motor response for neural stem cell therapies as yet. There is

also little evidence of benefit of neural stem cell therapy for

stroke patients as yet, despite well-organized consensus-based

guidelines for clinical stem cell therapies for stroke (Savitz et al.,

2011, 2014). The majority of clinical trials to date have used non-

neural cell types.

Autologous limbal stem cell expanded cultures (Holoclar) have

been recently formally approved and registered for clinical use

by the European Medicine Agency and the European Commis-

sion as the first advanced therapy medicinal product containing

stem cells (European Medicines Agency, 2015). Holoclar will be

used for moderate to severe limbal stem cell deficiency caused

by physical or chemical burns to the eye in adults. This is a major

development for global stem cell medicine. Research will

continue to explore the opportunity to establish allogeneic limbal

stem cells for effective corneal therapies from pluripotent stem

cell sources.
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Autologous endothelial stem or progenitor cells show preclin-

ical value for vascular disease and deficiency such as that seen

in critical limb ischemia. These cells in combination withMSCs or

other drug regimes may be shown to be effective as the early

clinical trials continue to evolve. Presently it is too early to

make strong predictions of their likely clinical benefits but there

are some encouraging data beginning to appear that warrant

further study.

Placental, bone marrow, and fat-derived stromal cells or

MSCs feature far and away in the largest number of clinical trials

currently underway. They have been shown to be remarkably

safe although transitory in their presence following transplanta-

tion. It has not been determined if this is due to a rapid process

of removing foreign cells or their short half-life. Since they are

immune suppressive it is likely that they are rapidly turned over

in tissues such as the lung where they generally lodge in large

numbers when administered by intravenous injection. There ap-

pears to be very little difference between autologous and alloge-

neicMSCs in their actions or clinical effects, suggesting that they

deliver a payload of cytokines that have immune-modulatory

effects and other influences on endogenous tissue regeneration.

They appear to migrate to inflammatory sites and have inflam-

matory suppressing effects that are pro-regenerative for the

affected tissue. They are rarely identified as colonizing in tissue

repair mechanisms. However, there is a general lack of knowl-

edge around their actual mechanism of action that is a handicap

for modifying clinical strategies to improve their actions (see

discussion of ‘‘Roadblocks to translation of stem cell therapies’’

in Dimmeler et al., 2014). Nevertheless, clinical benefits have

been observed in many early clinical trials that have attracted

continued funding for larger-scale efficacy studies. The contribu-

tions of bone marrow MSCs to bone and cartilage repair and

reduction of osteoarthritic and lower back pain are impressive.

Likewise, their use for controlling GVHD, particularly in children,

is important for cancer and transplantation medicine. Whether

MSCs from sources other than bone marrow can also show

these clinical benefits is less certain. Notably the Janssen Com-

pany hasMSC-like umbilical cord tissue cells in early clinical trial

for macular degeneration but there are no clinical data available

as yet. It is also too early to decide if placental stem cells,

whether stromal or otherwise (such as amniocytes) have a future

significant role in clinical medicine. Clearly the research will

continue to probe these opportunities.

Some of the failures in clinical trials may be predicted on the

basis that there was insufficient scientific data to support a

strong clinical benefit (Dimmeler et al., 2014). In other cases,

there is insufficient clinical benefit apparent in early efficacy

studies to warrant further commitment of relatively scarce

finances. It is critically necessary to show clear and significant

clinical benefit in phase II studies because the heterogeneity of

human disease in more extensive phase III or IV studies will often

erode the significance of minor benefits apparent in early trials.

The new regulatory pathway established in Japan (Konomi

et al., 2015), where products may enter the marketplace with

provisional approval if phase II studies show efficacy, will test

the robustness of the entire global regulatory systems. If prod-

ucts become available without testing for sufficient benefit

then patients will not be served well by the evolving cell thera-

pies. If the need for regulated phase III studies can be dispensed

with, many more products may become available in a shorter

timeframe and more cost-effective manner. The present Review

shows that cell therapies are rapidly evolving but few at present

would have demonstrated sufficient clinical benefit to warrant

their adoption as useful therapies in an abbreviated regulatory

system. As studies with stronger scientific evidence of likely clin-

ical benefit and demonstratedmechanisms of action evolve from

preclinical trials, it might be expected that the conversion to

registered stem cell therapies will increase strongly with time.

We are optimistic from the present Review that there will be

many stem cell products that will meet the criteria for registered

products in the established regulatory systems over the next

5 years.
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Cancer stem cells (CSCs) are tumor cells that have the principal properties of self-renewal, clonal tumor initi-
ation capacity, and clonal long-term repopulation potential. CSCs reside in niches, which are anatomically
distinct regions within the tumor microenvironment. These niches maintain the principle properties of
CSCs, preserve their phenotypic plasticity, protect them from the immune system, and facilitate their meta-
static potential. In this perspective, we focus on the CSC niche and discuss its contribution to tumor initiation
and progression. Since CSCs survive many commonly employed cancer therapies, we examine the pros-
pects of targeting the niche components as preferable therapeutic targets.

Introduction
Cancer cells within individual tumors often exist in distinct

phenotypic states that differ in functional attributes. Within this

tumor heterogeneity, cancer stem cells (CSCs) are tumor cells

that have the principal properties of self-renewal, clonal tumor

initiation capacity, and clonal long-term repopulation potential

(Clarke et al., 2006; Nguyen et al., 2012). They also display plas-

ticity by reversibly transitioning between stem and non-stem cell

states. CSCs have the ability to evade cell death and metasta-

size, although they may stay dormant for long periods of time

(Kreso et al., 2013). Both experimental models and clinical

studies indicate that CSCs survive many commonly employed

cancer therapeutics (Kreso and Dick, 2014).

As is the case for normal stem cells, CSCs are believed to

reside in niches. Niches are specialized microenvironments

that regulate adult stem cell fate by providing cues in the form

of both cell-cell contacts and secreted factors. Niches have

been identified for mammalian stem cells in various epithelial tis-

sues, such as the intestine as well as in neural, epidermal, and

hematopoietic systems (Voog and Jones, 2010). Normal niches

are comprised of fibroblastic cells, immune cells, endothelial

and perivascular cells or their progenitors, extracellular matrix

(ECM) components, and networks of cytokines and growth fac-

tors (Korkaya et al., 2011). The CSC niche itself is a part of the

tumor microenvironment (TME), which is a collective term for

the adjacent stroma along with the normal counterparts of the

tumorigenic cells (Hanahan and Coussens, 2012). Non-CSC tu-

mor cells are also part of the CSC niche. During the progression

of tumors to amoremalignant state, the CSC state in the primary

tumor depends crucially on the TME and potentially on the CSC

niches within it (Fessler et al., 2013). In this perspective, we focus

on the emerging field of the CSC niche, which is yet to be fully

elucidated. We critically discuss the contribution of the niche

to tumor initiation and progression and examine the prospects

of targeting the niche for cancer therapy. Although we focus on

conceptual similarities between various niches, it is important

to note that glioblastomas, melanomas, and especially hemato-

poietic cancers may have a very different pattern of regulation

than those in the more common carcinomas. One major differ-

ence is that hematopoietic cells are inherently mobile, whereas

epithelial cells need to gain mobility de novo to metastasize.

Models of Tumorigenesis, CSC Plasticity, and the Role
of the CSC Niche
It has long been postulated that intratumoral heterogeneity con-

tributes to disease progression, impacts therapeutic efficacy,

and therefore affects patient survival (Hanahan and Weinberg,

2011). The TME contributes to tumor heterogeneity along with

genetic diversity and epigenetic modifications within tumor cells

(Kreso andDick, 2014). Twomodels, hierarchical and stochastic,

have been used to understand tumor progression and heteroge-

neity. Although they differentially consider the weight that CSCs

and their niches carry in driving a particular tumor, these two

models are not mutually exclusive, and the concept of cellular

plasticity unifies them into one model.

The Hierarchical Model

The hierarchical model designatesmalignant tumor-propagating

cells as CSCs (Figure 1). It relies on the paradigm that CSCs

represent a biologically distinct subset within the total cancer

cell population. According to this model, carcinogenesis occurs

when a stem cell escapes regulation and gives rise to a stem-

cell-like counterpart, a CSC. CSCs represent a distinct popula-

tion that can be isolated from the remainder of the tumor cells.

They can self-renew their own population and have long-term

clone-propagating capacity so they can generate short-lived

progeny with self-limited proliferative capacity (Kreso and Dick,

2014). Due to the self-renewal capacity, CSCs represent the

unit of selection in a tumor, while any of the other cells lead to

clonal exhaustion (Greaves, 2013). The clinical implication from

this model is that only complete eradication of all CSCs will

eliminate the possibility of relapse. The hierarchical model was

first demonstrated in acute myeloid leukemia, in which a subset

of leukemia cells expressed stem cell markers and harbored

the potential of self-renewal, propagation, and differentiation
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(Bonnet and Dick, 1997). In solid tumors, CSCs were first shown

in breast cancer, as theywere particularly efficient in establishing

tumors upon their isolation from the tumor bulk and their Trans-

plantation into mice (Al-Hajj et al., 2003). Since then, the exis-

tence of CSCs has been shown in various cancers including

various hematopoietic, head and neck, prostate, lung, brain, co-

lon, skin, and pancreatic cancers, as well as in sarcomas (re-

viewed in Kreso and Dick, 2014; Oskarsson et al., 2014).

Given that cancer is characterized by proliferation and ex-

pansion yielding tissues that do not anatomically or functionally

resemble the original organ, self-renewal, proliferation, and dif-

ferentiation are most likely deregulated in CSCs. Indeed, the ma-

jority of evidence indicates that CSCs in most solid tumors lack

true multipotency and asymmetric cell division and can only

differentiate into a single type of descendant cancer cell that is

unable to generate an entire array of lineages (Kreso and Dick,

Stochastic model of carcinogenesis
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Figure 1. Models of Carcinogenesis
Models are exemplified for an epithelial tissue.
Hierarchical model of carcinogenesis: Normal stem
cells have limited proliferative capacity and give rise
to progenitor cells that proliferate and differentiate
into various types of cells. If a normal stem cell es-
capes regulation, it becomes a cancer stem cell,
which can self-renew and produce cancer progen-
itor cells. If a normal progenitor cell escapes regu-
lation, it becomes cancer progenitor cells, which
can give rise to poorly differentiated cells. If those
cells are generated from different types of cancer
progenitor cells, they might form different subtypes
of tumors with limited proliferative capacity. Due to
plasticity (red arrows), the progenitor cells and
some of the differentiated cells can de-differentiate
to become CSCs again. Either CSCs from normal
stem cells or from cancer progenitor cells initiate
and sustain aggressive tumor growth, and the cells-
of-origin for these two types of tumors are either
CSCs (blue arrow) or cancer progenitor cells (purple
arrow), respectively.
Stochastic model of carcinogenesis: Healthy
epithelial cells develop an oncogenic mutation
(yellow strikes) that forms hyperplasia. Some of the
hyperplastic cells can become the cells-of-origin
developing additional oncogenic mutations and
transform into tumor cells. Under multiple clonal
evolutions (colonies shown with various colors),
aggressive tumors can form. Some mutations can
lead to a stem-cell-like permissive epigenome and
thus create cancer progenitor cells. This process
reconciles the stochastic model with the hierarchi-
cal model. However, if the hyperplastic cells
develop non-oncogenic mutations (green strikes),
they will not transform into tumor cells, although
they may continue to proliferate. If healthy epithelial
cells initially undergo non-oncogenic mutations
(green strikes), they can overcome such mutations
and maintain a healthy tissue.

2014). Consequently, some investigators

have advocated the use of the term ‘‘tu-

mor-initiating cell’’ (TIC), rather than

CSC, to describe the subset of cells with

tumorigenic potential (Hill and Perris,

2007). Although the TIC and the CSC

have been used interchangeably, the

TIC more appropriately denotes the cell

of origin. Importantly, the hierarchical model assumes that the

CSC is the cell of origin (i.e., the first abnormal cell that initiates

the tumor). However, and as explained later, due to cellular plas-

ticity, the cell of origin is not necessarily the CSC—that is, the

cellular subset within the tumor that uniquely sustains primary

and metastatic tumor growth. Therefore, the phenotype and

characteristic gene-expression patterns of the cell of origin

may differ substantially from that of the CSC (Chaffer and Wein-

berg, 2015).

According to the hierarchical model, the sameCSCor different

sets of CSCs can give rise to different cancer subtypes within a

certain organ or tissue (Visvader and Lindeman, 2008), which re-

sults in the cellular heterogeneity of tumors. Those distinct sub-

clones develop in a hierarchical fashion with their own CSCs.

However, the major limitation of this model is that it conceptually

precludes the interchange between differentiated and stem-like
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states within the same cell (Kreso et al., 2013). Nevertheless, it

accommodates the possibility that CSCs, like their normal coun-

terparts, may retain responsiveness to and even dependence on

external cues to elicit their intrinsically determined potentialities

for survival, growth, and differentiation, irrespective of how per-

turbed the process of differentiation may be.

The Stochastic Model

The stochastic model states that every cell within a tumor is

equally likely to be the cell of origin and facilitate tumor initiation

and progression (Figure 1). The variable activities of tumor cells

are only partially determined by the environment in which the cells

are found, but rather are determined by some stochastically vary-

ing intrinsic factors (Quail et al., 2012). The stochasticmodel relies

on the premise that cancer is a disease defined by hyperprolifer-

ation and sequential acquisition of genetic mutations in cell-cycle

genes that contribute to subsequent clonal expansions in an

otherwise relatively quiescent normal adult somatic cell. Indeed,

advanced genome sequencing has demonstrated that cancer

within a single patient is a heterogeneous mixture of genetically

distinct sub-clones that arise through branching evolution

(Greaves and Maley, 2012; Burrell et al., 2013) and seed different

parts of a single tumor (Gerlinger et al., 2012). Althoughmutational

burden is highly variable across tumor types (Lawrence et al.,

2013), a typical tumor contains two to eight driver mutations

that regulate three core cellular processes: cell fate, cell survival,

and genomemaintenance (Vogelstein et al., 2013). Whole-exome

and whole-genome sequencing of thousands of tumors show

that in the same tumor type there is substantial variation in driver

mutations and the same drivermutations canoccur in different tu-

mor types, suggesting that the same pathways can be active in

different tumors (Alexandrov et al., 2013; Kandoth et al., 2013).

Several tumor types appear to adhere to the stochastic model;

good examples are some colorectal cancers (Vogelstein et al.,

1988) and B cell lymphoblastic leukemias (Williams et al.,

2007). However, this model focuses on genetic heterogeneity

without considering that individual cells within genetically homo-

geneous sub-clones might still exhibit phenotypic variations due

to different microenvironmental cues and therefore may not ac-

count for the heterogeneity in tumor initiation capacity.

Cellular Plasticity Reconciles the Hierarchical and

Stochastic Theories into One Model

Phenotypic plasticity characterizes a population of cancer cells

that have the capacity to interconvert between differentiated

and stem-like states, through a continuum of cell fate specifica-

tions (Quail et al., 2012). Based on this characteristic, the hierar-

chical versus stochastic models is a false dichotomy, as hierar-

chically organized cell populations are more transitory between

states than previously imagined and stochastic events are able

to generate novel, hierarchically organized cell populations.

Thus, depending on the genotype and the microenvironmental

signals experienced by transit-amplifying/progenitor cells, at

least in epithelial tissues, such cells may dedifferentiate and

thereby enter back into the CSC pool to regain long-term tumor

repopulation capacity (Chaffer and Weinberg, 2015). This dedif-

ferentiation capacity may be either inherited (hierarchical theory)

or acquired via mutations that lead to a stem-cell-like permissive

epigenome (stochastic theory).

Indeed, p53 inhibition and Human telomerase reverse tran-

scriptase (hTERT) activation (Hahn et al., 1999; Stewart et al.,

2002; Hong et al., 2009) or the aberrant acquisition of stem-

cell-associated factors such as Neurogenic locus notch homo-

log (NODAL), NOTCH, and Wingless-type MMTV integration

site family (WNT) proteins facilitates such phenotypic plasticity.

Moreover, the concept of cellular plasticity suggests that sym-

metrical cell division may not be as necessary to enlarge the

CSC pool and could be secondary to asymmetrical division as

progenitor cells, asymmetrically divided from CSCs, are more

proliferative and can convert back to CSCs. The fact that mela-

noma, breast, prostate, ovarian, and lung cancer cells are all able

to alter their gene expression to resemble cell types that are not

part of their original lineage (Quail et al., 2012) exemplifies cancer

cell plasticity that enables cancer cells to gain/lose stem cell

properties (Shirakawa et al., 2002; Passalidou et al., 2002; Lim

et al., 2009). Since regaining tumor-initiating capacity is poten-

tially possible (Gupta et al., 2011), it is essential to understand

how the TME and the CSC niche within it promote CSC pheno-

types.

CSC Assays Should Consider Niche Contributions

In general, stem cell markers (Table S1) and transcriptional sig-

natures specific to CSCs functionally correlate with aggressive

behavior and are highly predictive of overall patient survival.

These clinical data suggest that CSCsmay be critical therapeutic

targets (Suvà et al., 2009; Karnoub et al., 2007). However, it

became increasingly clear that the frequency of CSCs could

vary dramatically between tumor types and also between tumors

of the same origin (Visvader and Lindeman, 2008). A related

problem is that the variability in the frequency and identity of

tumorigenic cells between patients shows that markers identi-

fied in one tumor cannot be assumed to distinguish CSCs in

other tumors or in other contexts (Ricardo et al., 2011; Lopez

et al., 2005; Rocco et al., 2012).

Many theoretical and experimental caveats to the CSC model

have remained unexplored, largely due to technological chal-

lenges. The gold standardmeasure of a stem cell is maintenance

of long-term clonal growth in functional repopulation assays,

originally used for studies of the hematopoietic system. Until

recently, most CSC studies utilized the transplantation assay

to prove the existence of CSCs for a particular tumor. The

markers for CSCs are primarily chosen as robust and heteroge-

neously expressed cell surface markers that allow the faithful

flow cytometric sorting of marker-positive and -negative subsets

in a certain tumor type. These subsets are transplanted into

immunodeficient mice by limiting dilution, after which tumor

growth is scoredwithin several weeks ormonths. Different tumor

initiation capacities between cell subsets are then interpreted as

evidence for the presence of CSCs in the primary tumor (Clevers,

2011). Self-renewal is further demonstrated by the ability to

establish or maintain the tumor clone in serial transplantation

assays at clonal cell doses and give rise to daughter cells that

possess limited proliferative capacity (Clarke et al., 2006). Often

no clear morphological or cell-cycle distinction is obvious

between the tumorigenic and non-tumorigenic cancer cells (Al-

Hajj et al., 2003), and yet the tumors seem to be organized hier-

archically when tested functionally.

There are several problems with the transplantation assays

commonly used to identify CSC activity. The sorted and trans-

planted human cancer cells are challenged by various experi-

mental manipulations and subsequently end up in a context
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that is dramatically different from the original tumor niche.

The new recipient microenvironments can then differentially in-

fluence the transplanted cells based on time, species barrier,

host strain, developmental stages, and even gender (LaBarge,

2010). Thus, the frequent need for the inoculation of 105 cells

in transplantation experiments to allow efficient tumor engraft-

ment may not be indicative of a rare TIC but rather may represent

the inability to create the proper niche. On the other hand,

extremely immunodeficient models can support tumor initiation

from the majority of tumor cells, even those not associated

with stem cell markers, as shown for patient-derived melanoma

cells (Quintana et al., 2008). It is worth noting that melanomamay

represent a unique cell type that is particularly poised to enter

into the CSC state, since melanocytes may be naturally inclined

to stem cell states that enhance a migratory phenotype (Quin-

tana et al., 2012). Furthermore, transplantation assays provide

only a snapshot of the state of cancer cells at the time of tumor

removal and basically ignore CSC plasticity (Kreso and Dick,

2014). Therefore, the host microenvironments in those assays

may distort the original tumorigenic potential and frequently

select for the most robust TICs that can grow due to multiple

long treatments and loss of their native TME (Kreso and Dick,

2014). Conversely, some cells with tumorigenic potential do

not contribute to tumor growth, because they are in a non-

permissive environment or eliminated by immune effector cells,

but will do so upon transplantation.

To date, most CSC markers are not selected based on a deep

understanding of the underlying stem cell biology of the relevant

tissue from which the cancer originates, since developmental hi-

erarchy is still poorly characterized in most tissues that develop

solid cancers. Moreover, only very few CSC markers are

currently available for various solid tumors (Clevers, 2011). In

some cases, the markers used to rigorously demonstrate the ex-

istence of CSCs in a particular cancer subtype were very specific

for that cancer, as was shown for breast cancer cells (Clarke

et al., 2006). The fact that the markers used are not widely appli-

cable to other types of cancers does not weaken the conclusion

of such studies. Nevertheless, these CSC markers only strongly

enrich (even by two orders of magnitude) for CSCs within bulk

populations of cancer cells, but there is no evidence that, in

such enriched populations, the CSCs exist in a pure state rather

than constituting a subset of the cells with a greatly heightened

ability to initiate tumors. Moreover, at the time of transplantation,

these cells may not necessarily possess CSC capabilities, but

rather may gain them upon transplantation, which may not

have happened within their native niches.

To separate between the inherent plasticity of CSCs and/or

the plasticity induced or inferred by the experimental limita-

tions discussed above, it will be crucial to continue and opti-

mize transplantation assays potentially by development of

more immune-deficient recipient mice and humanizing these

with human TME and/or growth factors (Rongvaux et al.,

2013), to estimate as accurately as possible the spectrum of

cancer cells that retain the potential to contribute to tumor

growth (Meacham and Morrison, 2013). Specifically, it was

recently shown that the growth of dormant cancer sub-clones

could be solely induced by microenvironmental changes

caused by a sub-population of cancer cells that does not

display the higher fitness commonly associated with CSCs

(Marusyk et al., 2014). In addition, co-transplantation with stro-

mal cells from myeloproliferative neoplasms enabled engraft-

ment and expansion of neoplastic cells that was otherwise

not as successful (Medyouf et al., 2014).

Given that the major limitation of transplantation assays is that

they cannot reveal the actual fate of the transplanted cell in its

original tissue or tumor (Shackleton et al., 2009), it is of central

importance to develop assays that can visualize and localize

CSCs and their function within the primary tumor in situ. Live

imaging methodologies could bring us closer to unraveling

whether, in a particular niche and at a particular point in time,

the cell visualized is indeed a CSC rather than a representative

of a cell population that is only enriched in CSCs. It would allow

us to examinewhether, under a specificmicroenvironment, a cell

is able to proliferate and produce progeny/various clones. Inte-

gration of genomic and functional properties of CSCs that have

yet to be extensively utilized could further facilitate the identifica-

tion of single, definitive marker genes for CSCs of a particular

cancer. Based on such markers, knock-in mouse models or

viral-tagging strategies may facilitate genetic lineage tracing

(Kreso and Dick, 2014). Lineage tracing or fate-mapping assays

are indeed a complementary measure for the long-term clonal

growth of stem cells. These assess the actual fate of tumor cells

in a particular context, frequently the native tumor environment

rather than the potential of what these cells can do under permis-

sive conditions. Yet, lineage-tracing experiments may also pro-

vide only limited support for the CSC model. Although intestinal

adenomas were shown to be hierarchically organized by

Leucine-rich repeat-containing G protein-coupled receptor 5

(Lgr5)+ CSCs, both Lgr5� cells and Lgr5+ cells can act as the

cell of origin via WNT-pathway activation, as exhibited by fate

mapping (Schwitalla et al., 2013). This raises the question of

whether adenomas that exhibit hierarchical organization lose it

after they progress to malignancies. Although brain tumors

may be different from carcinomas, similar concerns have been

shown for markers such as CD133 in brain tumors (Meacham

and Morrison, 2013). Ultimately, it will be necessary to integrate

the data from both transplantation studies and fate-mapping

studies of significant numbers of human and mouse tumors to

understand the biological diversity. Additionally, the selective

ablation of genetically defined subsets of cells (Plaks et al.,

2013a) can test which tumor cells are fated to contribute to tumor

growth or progression in the native tumor environment. Collec-

tively, combining in vivo models and ex vivo systems discussed

should prove useful in systematically characterizing the intricate

molecular language of cell-cell communication in the CSC niche.

Cross Talk between CSCs and Their Niches
Niches are anatomically distinct microenvironments within the

overall TME. Cells within the CSC niche produce factors that

stimulate CSC self-renewal, induce angiogenesis, and recruit

immune and other stromal cells that secrete additional factors

to promote tumor cell invasion and metastasis, as reviewed in

Oskarsson et al. (2014) and Ye et al., (2014) and summarized

below (Figures 2 and 3).

Cancer-Associated Fibroblasts

There is evidence pointing to factors produced by CSCs and

endothelial cells (ECs) in the TME that can transform normal

fibroblasts into cancer-associated fibroblasts (CAFs) (reviewed
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in Kalluri and Zeisberg, 2006). Compared with normal tissue

fibroblasts, CAFs have increased proliferation, enhanced

ECM production, and unique cytokine secretion such as

CXCL12, vascular endothelial growth factor (VEGF), platelet-

derived growth factor (PDGF), and hepatocyte growth factor

(HGF) (Junttila and de Sauvage, 2013). CAFs (as well as other

cells within the niche) stimulate stemness via activation of the

WNT and NOTCH pathways. Canonical WNT is a major pathway

that regulates CSCs and induces stemness in colon and other

cancers (Vermeulen et al., 2010; He et al., 2004). Alternatively,

epithelial non-stem cells can re-express stem cell markers

upon WNT activation and can ‘‘dedifferentiate’’ to TICs (Schwi-

talla et al., 2013). NOTCH signaling has also been implicated in

stem cell maintenance and cell-fate decisions (Quail et al.,

2012). NOTCH prevents cells from responding to differentiation

cues coming from their immediate environment (Milner and

Bigas, 1999). In breast and prostate cancers, NOTCH receptors

tend to be overexpressed, and their ligand expression correlates

with aggressive phenotypes (Weijzen et al., 2002; Liu et al.,

2006). The interplay of the WNT and NOTCH signaling with other

pathways like bone morphogenic protein (BMP) (see below) and

Hedgehog signaling pathways determines the differentiation

state of cells (Fessler et al., 2013).

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are multipotent stromal cells

that have been implicated in multiple mechanisms promoting

cancer cell proliferation and metastasis, fostering angiogenesis,

and generating an immunosuppressive microenvironment

(Cuiffo and Karnoub, 2012; Nishimura et al., 2012). They provide

an advantageous TME for the restoration of CSCs, as they

secrete a variety of cytokines that have both paracrine and

autocrine functions in the tumor milieu. MSCs can promote

cancer stemness through Nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) pathway by secreting

CXCL12, interleukin (IL) 6, and IL8 (Cabarcas et al., 2011). More-

over, MSCs can stimulate tumor progression by producing the

BMP antagonist Gremlin 1 to promote the undifferentiated state

(Davis et al., 2015). Furthermore, MSCs can cause elevatedmiR-

199a expression in breast cancer cells, which leads to aberrant

expression of a set of interrelated microRNAs and suppressed

Forkhead box protein P2 (FOXP2) expression, providing tumor

cells with CSC properties (Cuiffo et al., 2014).

Inflammatory Cells

Currently, one of the areas of greatest interest is the role of the

CSC niche in modulating the level of tumor immunity. The TME

is characterized by chronic inflammation, which stimulates tu-

mor cell proliferation and metastasis (Cabarcas et al., 2011).

To evade immune surveillance, and thus enable tumor progres-

sion, the nichemust immunosuppress the cytotoxic function and

infiltration of natural killer cells (NKs) and CD8+ T cells (Kitamura

et al., 2015; Casbon et al., 2015). For example, it was recently

shown that a rare sub-population of anti-tumor CD103+ dendritic
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Figure 2. TheMolecular andCellular Basis of
the Cross Talk between CSCs and Their
Niches
CSCs are metastatic cancer cells that can self-
renew. Their plasticity and dormancy correlates
with their therapeutic resistance. By secreting
CXCL12, IL6, and IL8, MSCs promote cancer cell
stemness through upregulating NF-kB while CSCs
secrete IL6 to attract more MSCs. MSCs also pro-
duce the antagonist, Gremlin 1, to promote the
undifferentiated state. Surrounding tumor cells
produce IL4 to accumulate TH2, which produces
TNFa to upregulate the NF-kB signaling pathway
and facilitates a pro-TME. In such a microenviron-
ment, tumor cells produce M-CSF, Granulocyte
macrophage colony-stimulating factor (GM-CSF),
and G-CSF to induce expansion of TAMs, MDSCs,
TANs, and DCs. TAM produces TNFa and TGF-b to
promote NF-kB-dependent or TGF-b-dependent
EMT and thus enhance CSC plasticity. TGF-b can
also directly interact with NF-kB signaling path-
ways to further enhance cancer cell stemness. In
addition, TGF-b produced by TAMs accumulates
Treg cells. TAM, TReg, and the hypoxic environment
inhibit immunosurveillance by inhibiting CD8+ T cell
and NK cell cytotoxicity as well as macrophage
phagocytosis. A subset of anti-tumor stimulatory
DCs necessary for T-cell-mediated tumor rejection
is kept away from the niche. Furthermore, hypoxia
increases ROS, which promotes cell survival and
induces EMT through the TGF-b signaling pathway.
Both hypoxia and ROS induce CSCs to express
HIF-1a, directly promoting EMT.Moreover, hypoxia
also inhibits cell proliferation by downregulating c-

Myc expression, and enhancing stemness. Hypoxia further promotes cancer cell stemness by promoting an undifferentiated state through TGF-b the WNT
signaling pathway. CSCs and CAFs produce CXCL12 to promote angiogenesis, and hypoxia causes both CSCs and ECs to produce VEGF, which further induces
angiogenesis. ECs promote self-renewal of CSCs by direct cell–cell contact or by nitric oxide (NO) production via the NOTCH signaling pathway. CAFs produce
TNC and HGF to enhance WNT and NOTCH signaling for CSC maintenance. CAFs also produce MMP2, 3, and 9. Along with the MMP10 produced by CSCs,
these MMPs promote ECM degradation and remodeling, which enhances EMT and the CSC state. Of note, this figure does not provide spatial information as to
the exact localization of CSCs in respect to niche cells.
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cells (DCs), which can efficiently stimulate CD8+ T cells, is

masked from tumor antigens by other tolerizing antigen-present-

ing myeloid cell populations (Broz et al., 2014). Numerous

cell types recruited by chemokines and cytokines that are

secreted by cancer cells contribute to this immunosuppres-

sion, which include tumor-associated macrophages (TAMs),

tumor-associated neutrophils (TANs), and a population function-

ally identified as myeloid-derived suppressor cells (MDSCs).

TAMs secrete Transforming growth factor beta (TGF-b), which

recruits T regulatory cells (Tregs) that also participate in immuno-

suppression (Chanmee et al., 2014). MDSCs are a heteroge-

neous population of cells from monocytic and granulocytic

origins, which secrete IL6, TGF-b, and other cytokines and,

among other functions, also recruit T helper 17 cells to promote

their immunosuppressive function (Kitamura et al., 2015).

TAMs and TANs are derived from polarized macrophages

and neutrophils respectively, which results in their pro-tumor

phenotypes that facilitate tumor growth and stimulate angiogen-

esis (Lohela et al., 2014; Casbon et al., 2015). In addition, TAMs

promote ECM breakdown, invasion, andmetastasis (reviewed in

Noy and Pollard, 2014; Kitamura et al., 2015). TAMs (and MSCs)

can produce exosomes, enabling ingress of mRNAs and micro-

RNAs (miRNAs) into various cell types (Ratajczak et al., 2006;

Jing et al., 2012) for cancer cell growth and metastasis (Fabbri,
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Figure 3. CSC Niches in the Primary Tumor
and Metastasis
In the primary tumor, hypoxia develops within the
tumor mass due to impaired vascularization, and
ROS is increased. Both hypoxia and ROS upregulate
the CSC stress signaling pathways to enhance can-
cer cell survival and maintain cancer cell stemness.
At the same time, MSCs and CSCs produce angio-
genic factors to stimulate angiogenesis. In the pri-
mary tumor, various chemokines and cytokines are
secreted to recruit MDSCs, TAMs, and TANs. These
pro-tumorigenic and pro-metastatic cells suppress
the cytotoxic functions of NK cells and CD8+ T cells
and inhibit immunosurveillance. Treg cells are accu-
mulated by TAMs to further downregulate T cell
cytotoxicity. TAMs, CAFs, newly generated blood
vessels, and other stromal cells accumulate at the
invasive front where CAFs secrete M-CSF to turn on
TAMs’ pro-angiogenic switch. TAMs suppress anti-
angiogenic factor expression and secrete VEGF-A
and WNT to promote angiogenesis. CAF-derived
CXCL12 triggers the EGF-M-CSF loop in which
cancer cells stimulate TAMs to produce EGF by
secretingM-CSFwhile the activatedEGF receptor on
CSCs increases their invasiveness. By physically
contacting with the platelets, CSCs undergo EMT
and becomeMetSC. Also at the invasive front, WNT,
NOTCH, TNF-a, TGF-b, and other cytokines
secreted by tumor stroma support the survival of
MetSCs. Meanwhile, TAMs and CSCs release exo-
somes and factors to establish the pre-metastatic
niches for the survival of arriving tumor cells. Exo-
somes also facilitateMDR in tumor cells. In the blood
vessels, platelets surroundand preventMetSCs from
dying in the harsh and foreign environment. Clusters
of tumor cells in the blood vessels secrete M-CSF
and EGF family members to direct macrophage and
MetSCs to the sites of metastasis. After successful
extravasation and seeding of metastatic niches,
MetSCs potentially undergo MET to become CSCs,
which can become dormant or grow metastases in
three types of metastatic niche sites.
The CSCs can hijack normal stem cell niches es-
tablished by MSCs. The normal stem cell niche has
various factors like TGF-b and various cells to
maintain the stemness of CSCs and support their
survival. In the niche, CSCs can upregulate EMT
pathways in the surrounding nontumorigenic cells
and transform them into CSCs to further support the
CSCs to colonize the new niche.
Primary CSCs can also manipulate distant tissue

niches to create a metastatic niche for their future arrival. The primary tumor sends off VEGF-A, TGF-b, TNF-a, and LOX, which induce chemotactic protein
S100A expression and ECM remodeling in the metastatic sites, which creates the pre-metastatic niche. Newly formed blood vessels express fibronectin and
VCAM to attract IMs to secrete MMPs for metastatic growth. In the niche, integrins and NETs facilitate the migration and arrival of CSCs, which is maintained by
periostin and TNC upregulation. Meanwhile, LOX and S100A actively recruit MDSCs to promote metastatic growth.
CSCs initiate their metastatic outgrowth around blood capillaries created by perivascular niches enriched in angiocrine factors like VEGF-A. Surrounding TANs
also potentially enhance MetSCs settlement by producing NETs. As the niche is established, CSCs recruit TAMs, CAFs, and other stromal cells to establish the
paracrine loops to supply CSCs with TNF-a, TGF-b, and ILs for CSCmaintenance. At the meantime, the surrounding stromal cells secrete MMPs and cathepsins
to further break down the ECM, which in turn releases TGF-b and various growth factors like VEGF-A, to allow tumor expansion.
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2012). Exosomes also facilitate multidrug resistance (MDR) in

tumor cells via the transfer of efflux transporters (Jaiswal

et al., 2013). Transformed epithelial cells often undergo epi-

thelial-to-mesenchymal transition (EMT)-like alterations during

which they lose their cellular polarity and cell-cell adhesion and

become mesenchymal like or stem cell like, gaining migratory

and invasive properties (Kalluri and Weinberg, 2009; Karreth

and Tuveson, 2004). In the inflammatory TME, TAMs and CD4+

T cells secrete Tumor necrosis factor alpha (TNFa), which upre-

gulates NF-kB signaling pathways to induce Snail homolog 2

(Slug), Snail homolog 1 (Snail), and Twist family basic helix-

loop-helix transcription factor (Twist) and increase the crosstalk

with the TGF-b signaling pathway which stimulates self-renewal

(Smith et al., 2012; Cabarcas et al., 2011); thus, they can

induce EMT and ultimately promote migration and invasion of

CSCs. The correlation between stemness and EMT implies

that non-CSCs can convert into CSCs through EMT-induced

plasticity.

Hypoxia and Angiogenesis

Perturbed accessibility to vasculature results in hypoxia within

various tumors. This advances stemness through activation of

stem genes and dedifferentiation (Bennewith and Durand,

2004; Brurberg et al., 2006). Hypoxic CSCs impede CD8+

T cell proliferation and activation and inhibit immunosurveil-

lance (Wei et al., 2011). Hypoxia also protects CSCs from

chemotherapy and radiotherapy. Hypoxia further promotes

CSC survival and EMT through reactive oxygen species

(ROS)-activated stress response pathways (Liu et al., 2008)

and through ROS-induced TGF-b and TNF-a signaling path-

ways (Pavlides et al., 2010). Activation of TGF-b as well as

WNT signaling pathways by hypoxia induces stemness by pro-

moting an undifferentiated state in tumor cells (Anido et al.,

2010; Scheel et al., 2011). In various solid cancers, ECs pro-

mote self-renewal of CSCs by direct cell-cell contact or by ni-

tric oxide (NO) production via the NOTCH signaling pathway

(Charles et al., 2010). Hypoxia-inducible factor 1 alpha (HIF-

1a) also can directly increase NOTCH signaling (Quail et al.,

2012). HIF-1a antagonizes Myelocytomatosis viral oncogene

homolog (c-Myc) activation, thus slowing down cell-cycle pro-

gression to protect CSCs from DNA damage and enhance

stemness (Koshiji et al., 2004).

Hypoxia induces CSCs to express hypoxia-inducible factors

(HIFs), which are regulated and stabilized by TGF-b (Cabarcas

et al., 2011). The HIF genes are the primary factors for driving

angiogenesis via induction of VEGF. Under hypoxia, both ECs

and CSCs produce VEGF to stimulate tumor angiogenesis. In

the hypoxic regions of the tumor, VEGF-A can recruit monocytes

and macrophages (Kitamura et al., 2015). A positive correlation

between TAM infiltration and angiogenesis was found in many

human cancers. TAMs become pro-angiogenic through their

response to Macrophage colony stimulating factor (M-CSF) (Lo-

hela et al., 2014), secreted by tumor cells, which induces VEGF-A

production and suppresses anti-angiogenic factor expression.

ECM-Cell Interactions and Cell-Cell Contact

The ECM is an essential noncellular component of the adult

stem cell niche. In solid tumors, increased ECM stiffness

can be a physical barrier blocking therapeutics and thus

protect CSCs from chemotherapeutic agents (Wong and

Rustgi, 2013; Ye et al., 2014). Matrix metalloproteinases

(MMPs) that degrade components of ECM in tumors, release

cytokines, growth factors, and other molecules from the

ECM and cell surface (Noël et al., 2012) and facilitate angio-

genesis, tumor cell invasion, and metastasis (Siefert and Sar-

kar, 2012; Kessenbrock et al., 2010). CAFs produce MMP2,

3, and 9 for ECM remodeling, which promotes EMT, enhances

CSC-related marker expression, and exacerbates therapeutic

resistance (Cabarcas et al., 2011). Interestingly, MMPs can

increase WNT signaling and stemness (Kessenbrock et al.,

2013). Increased MMP3 expression facilitates genomic insta-

bility, EMT, and tumor formation, as shown in a mouse model

of breast cancer.

In normal stem cell niches, anchoring stem cells to the niche

through cell-cell contacts is critical to keep them far from differ-

entiation stimuli and physically adjacent to niche factors that

specify self-renewal (Sneddon and Werb, 2007; Borovski et al.,

2011). CSCs also utilize cell-cell contact to preserve their pheno-

type and exert their functions. For example, direct cell contact is

necessary for MSCs to exert their maximal effect on CSCs

(Roorda et al., 2010). Hedgehog and NOTCH signaling pathways

(Gilbertson and Rich, 2007) require cell-cell contact. Notch li-

gands are mostly transmembrane proteins, particularly Jagged

and Delta (Gilbertson and Rich, 2007). Glial cells in the brain

may act as a cell-cell adhesion unit to tether glioma cells (Lin

et al., 2002; Riquelme et al., 2008). In addition, to protect them-

selves from shear forces and NK-cell-mediated lysis, and to

improve their adhesion to endothelium, disseminated cancer

cells surround themselves with platelets, forming a physical

shield (Fessler et al., 2013). Lastly, although there is yet little ev-

idence to support this, the development of cancer might suggest

an enlargement or growth in the size of the niche to accommo-

date numerous CSCs (Shiozawa et al., 2011).

CSCs and Non-CSCs

As inferred above, also CSCs secrete a variety of factors that

help recruit, activate and even create specific cell types to con-

trol the regulation of their differentiation states. Breast CSCs

can produce IL6, which attracts and activates MSCs to produce

the CSC-supportive cytokine CXCL7 (Liu et al., 2011). CSCs

play an important role in TAM recruitment by secreting macro-

phage chemoattractants (Yi et al., 2013). CSCs promote angio-

genesis through HIF-1a and the release of VEGF-A and CXCL12

(Ricci-Vitiani et al., 2010; Borovski et al., 2011). They help

prevent ECs from undergoing hypoxia- or irradiation-induced

apoptosis, resulting in resistance to vascular disrupting agents.

CSCs can produce factors, such as TGF-b, to help transform fi-

broblasts to CAFs (Kalluri and Zeisberg, 2006). MMP10 is highly

expressed in CSCs, correlating with metastasis in many human

tumor types (Jaiswal et al., 2013). Its repression leads to a loss

of stem-cell-related gene expression. Tumor cells, which may

not have CSC characteristics, also take part in the niche and

secrete cytokines and exosomes (Fessler et al., 2013; Ye

et al., 2014).

A bidirectional conversion between CSCs and non-CSCs can

be triggered by an inflammatory stroma, which is characterized

by elevated NF-kB signaling, enhancing Wnt activation, and

inducing dedifferentiation of non-CSCs that acquire tumor-

initiating capacity (Schwitalla et al., 2013). Interestingly, it has

been shown that tumors can be driven by a sub-population of

non-CSCs. These cells that do not have higher fitness, but
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instead, they stimulate growth of other tumor cells by inducing

tumor-promoting microenvironmental changes. Conversely,

the clonal expansion of this non-cell-autonomous driver does

not necessarily translate into increased tumor growth rates.

This driver sub-clone can be outcompeted by a sub-clone with

a higher proliferative yield, thus disintegrating the tumor (Maru-

syk et al., 2014).

CSCs and Metastasis: The Primary TME and the
Metastatic Niche
As summarized below, interactions of CSCs with their niches are

also critical throughout metastatic progression.

CSCs and Metastatic CSCs

Although CSCs may not be the only cells instigating or maintain-

ing metastasis, the CSC-generated hierarchy of stem-like and

differentiated tumor cells is able to initiate metastatic growth

and is also seen in late-stage cancers and atmetastatic sites (Da-

lerba et al., 2011; Merlos-Suárez et al., 2011; Vermeulen et al.,

2008). Large-scale genome sequencing studies suggest that pri-

mary tumors accumulate most of the mutations vital to metas-

tasis, showing a predominance of similarity between metastatic

stem cells (MetSCs) and primary CSCs (Yachida et al., 2010).

Gene expression signatures have identified mediators of meta-

static mutations in primary tumors (as stem cell markers) that

correlate with poor prognosis and relapse (Oskarsson et al.,

2014). Cancer cells expressing stem cell markers have been de-

tected in the blood of breast cancer patients; when inoculated

into immunodeficient mice, these cells can generate bone, liver,

and lungmetastases (Baccelli et al., 2013). In addition, analysis of

human colorectal cancer samples using clonal lentiviral marking

demonstrates that metastases arise from primary tumor cells

that display long-term self-renewal capacity and are quiescent

and resistant to chemotherapy (Dieter et al., 2011; Kreso et al.,

2013). Even cancers, such as melanoma, that do not appear to

rely on a hierarchical organization still contain MetSCs (Mea-

chamandMorrison, 2013). Although there is some evidence sug-

gesting that primary tumors and metastases may arise from

different cells (LaBarge, 2010), it could be that MetSCs simply

develop from the original CSCs that evolved throughout tumor

progression due to tumor cell plasticity or generation of MetSCs.

MetSCs may be generated de novo as a result of de novo niche

formation due to competition between cancer and normal stem

cells for niche occupancy (Shiozawa et al., 2011). If MetSCs or

disseminated tumor cells (DTCs) are primary CSCs, many of

the CSC niche considerations will also apply to MetSCs.

The TME Supports Cancer Cell Dissemination

Beyond the passive role of circulation patterns, cancer cell

dissemination is actively influenced by cancer cell autonomous

functions such as invadopodia formation, paracrine factors as

VEGF and Epidermal growth factor (EGF) family members, pro-

teases as MMPs and cathepsins, and recruitment of stromal

components and immunosuppressive cells as TAMs (Oskarsson

et al., 2014). The tumor invasive front is a likely site for selection

of metastatic traits (Cheung et al., 2013). This site is rich with

blood vessels as well as niche cells and factors that support

the survival and fitness of CSCs (Joyce and Pollard, 2009;

Takebe et al., 2011) (Figure 2). Primary tumor stroma also select

for organ-specific seeding traits by releasing exosomes that alter

niche content. In the circulation, transient contact between

platelets and DTCs induces EMT and a CSC-like state (Fessler

et al., 2013). Endothelial tyrosine kinase positive (TIE2+, also

known as CD202B+) macrophages lining the vasculature direct

cancer cell migration along collagen fibers toward higher con-

centrations ofmetastasized cells. Clusters of tumor cells in blood

vessels secrete EGF family members, further directing cancer

cells and macrophages to sites of metastasis (Noy and Pollard,

2014) (Figure 3).

The Metastatic Niche Supports Seeding and Growth of

Metastasis

Circulating tumor cells need the right ‘‘soil’’ in which to seed and

survive, since most metastatic sites are less hospitable than the

origin (Figure 3). The survival and fitness of metastasis-initiating

DTCs depends on specific components of the host environment

that play the part of a niche for these cells, as inferred by

massive CSC loss/apoptosis in colorectal and breast CSCs (Os-

karsson et al., 2014). Although no foreign tissue may be

welcoming to metastatic seeds, certain tissues may be less hos-

tile than others. Similar to the CSC niche, the metastatic niche

designates the specific locations, stromal cell types, diffusible

signals, and ECM proteins that bear consequences for the

metastasis of DTCs (Oskarsson et al., 2014). So beyond cell-

autonomous failures, the inability to metastasize results from

scarcity of survival signals in the host parenchyma, lack of a

supportive stroma, and overexposure to innate immunity

(Chambers et al., 2002; Fidler, 2003; Nguyen et al., 2009;

Schreiber et al., 2011).

Interestingly, the traits required for metastatic dissemination

are distinct from those that mediate overt metastatic coloniza-

tion months or years later. Dormancy is a critical issue for tumor

recurrence and metastatic spread after long lag periods in many

cancers, including breast, melanoma, and leukemia (Pece et al.,

2010; Roesch et al., 2010; Saito et al., 2010). Since dormant cells

are proliferatively quiescent, they survive chemotherapy and

contribute to tumor regrowth, irrespective of genetic differences.

Therefore, understanding the role of the microenvironment in

regulating exit from dormancy is of crucial importance. The

mechanisms of tumor dormancy and the ability of CSCs to

remain quiescent are intertwined with angiogenic dormancy

(Cabarcas et al., 2011). Restricted supplies of nutrients and

oxygen due to poor vascularization cause an arrest in growth

(Almog, 2010), which can also potentially result from the absence

of necessary factors required by CSCs to reinitiate tumor forma-

tion or metastasis. Although angiogenic stimulators such as

c-Myc, VEGF, and Fibroblast growth factor 2 (FGF-2) (Shachaf

et al., 2004; Naumov et al., 2006) may play a role in mediating tu-

mor exit from dormancy.

Although DTCs in bone marrow appear dormant, the overall

DTC population is not static (Müller et al., 2005; Pantel et al.,

1993). DTCs may constantly transition between dormant and

active states during metastatic latency, being further selected

for colonization functionality. Circulating metastatic cells co-ex-

press EMT and stemmarkers (Plaks et al., 2013b). Although EMT

enables migration, it interferes with proliferation and metastatic

growth (Ocaña et al., 2012; Stankic et al., 2013). Thus, MetSCs

that have undergone EMT may need to reacquire an epithelial

phenotype to seed and resume growth at the metastatic site.

This reverse process is called mesenchymal-to-epithelial tran-

sition (MET) (Tsai et al., 2012; Ocaña et al., 2012; Gupta et al.,
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2007). TGF-b causes EMT before extravasation, but MET after

extravasation, by a yet-unknown mechanism. Despite the clin-

ical importance of metastatic latency, mouse models lack a

prolonged dormancy of MetSCs and xenograft assays may

either restrict CSC detection to only the most robustly prolifer-

ating cells (Quintana et al., 2008), since they are read within

months after transplantation or activate dormant cells by serial

transplantation. Therefore, little is known about entering and

exiting dormancy, forms of dormancy, and signaling during

dormancy, and it remains an overarching challenge for success-

fully combating many cancers, so better models are needed

(Kreso et al., 2013).

Metastatic Seeding Occurs in a Variety of Niches

DTCs may occupy normal stem cell niches in the host tissues

(Figure 3). MSCs produce TGF-b family molecules, CXCL12,

and Hedgehog signals in the bone marrow for hematopoietic

stem cell maintenance while metastatic cancer cells from other

sites occupy this niche to benefit from cues that enhance stem

cell properties and deter differentiation (Shiozawa et al., 2011).

The cognate chemokine receptor CXCR4 is frequently overex-

pressed in bone metastatic cells and provides CSCs with

chemotaxis and Phosphoinositide 3-kinase (PI3K)-mediated

survival signals that mediate oncogenic transformation (Müller

et al., 2001; Zlotnik et al., 2011).

DTCs initiate metastatic outgrowth around blood capillaries, in

perivascular niches (Figure 3). These may support MetSCs by

supplying attachment, oxygen, nutrients, and paracrine factors

from the activated endothelium (Butler et al., 2010; Fessler

et al., 2013). The perivascular niche is a preferred residence for

glioma CSCs that supplies them with Hedgehog-, NOTCH-,

and PI3K-activating signals. Breast cancer, lung cancer, and

melanoma cells that infiltrate the brain surround capillaries and

some stretch themselves over the perivascular basal lamina

(Charles and Holland, 2010; Hambardzumyan et al., 2008).

DTCs seed metastasis in distant tissue niches (Figure 3). In

mouse models, breast, lung, and gastrointestinal tumors estab-

lish premetastatic niches by secreting systemic factors such as

VEGF-A, TGF-b, Granulocyte colony-stimulating factor (G-CSF),

TNF, and lysyl oxidase (LOX) that induce expression of chemo-

tactic proteins (S100 calcium binding protein A8, A9 [S100A8,

S100A9], and serum amyloid A3 [SAA3]), ECM-remodeling en-

zymes, and exosomes into the circulation and directs various

cells to induce pro-metastatic changes in the lung parenchyma

microenvironment before DTCs arrive (Oskarsson et al., 2014;

Kaplan et al., 2005; Hiratsuka et al., 2006; Casbon et al., 2015).

Primary tumors induce recruitment andmobilization of VEGFR1+

bone-marrow-derived hematopoietic progenitor cells (HPCs)

before the arrival of tumor cells (Kaplan et al., 2005). Pre-existing

fibroblasts increase fibronectin deposition in these sites, which

binds and clusters HPCs, and fibroblasts induce remodeling of

stroma (Olaso et al., 1997). Macrophages, activated neutrophils,

and Tregs are also recruited to the niche to promote future

metastasis. Neutrophils could also potentially enhance MetSC

settlement by producing neutrophil extracellular traps (NETs)

(Casbon et al., 2015; Cools-Lartigue et al., 2013; Kitamura

et al., 2015). The metastatic niches are populated by Gr1+

CD11b+ myeloid cells recruited by LOX and S100A proteins

(Erler et al., 2009; Psaila and Lyden, 2009; Yan et al., 2010). How-

ever, direct evidence showing a pro-metastatic role for these

myeloid cells through immunosuppression is lacking, even

though CD11b+Gr1+ and CD11b+Ly6G+ cells promote metasta-

tic processes (Yang et al., 2010; Casbon et al., 2015). The ECM

component tenascin C (TNC) is found in stem cell niches,

frequently supplied by CAFs and associated with increased

risk of metastasis (Oskarsson et al., 2011). TNC regulates Musa-

shi and other factors to enhance NOTCH and WNT signaling to

support CSCs.

Once metastatic cells arrive, they continue to remodel their

microenvironment. Breast CSCs induce the expression of the

ECM molecule periostin in lung fibroblasts that binds WNT li-

gands to helpmaintain stemness of arriving CSCs. Asmetastatic

lesions grow, the cancer cells recruit TAMs, myeloid precursors,

and mesenchymal cells that establish paracrine loops feeding

back to the cancer cells with various survival and self-renewal

factors (Kitamura et al., 2015). In osteolytic bone metastasis of

breast cancer, osteoclasts resorb bone matrix to make room

for the metastatic growth and release TGF-b and other growth

factors. These factors stimulate cancer cells in a feed-forward

cycle of tissue destruction and metastatic expansion (Ell and

Kang, 2012; Weilbaecher et al., 2011). The metastatic cells

also trigger angiogenesis, and the newly forming blood vessels

attract more MetSCs by expressing fibronectin and Vascular

cell adhesion molecule (VCAM) (Fessler et al., 2013). These

MetSCs produce CCL2 and attract CCR2+ inflammatory mono-

cytes that become metastatic-associated macrophages and

support metastatic growth (Kitamura et al., 2015).

Interestingly, in models of brain metastasis from breast and

lung cancers, brain stroma takes an active role in killing the infil-

trating cancer cells (Valiente et al., 2014). However, little is known

about what kills the majority of DTCs. More information on how

the reactive stroma repels DTCs could yield clues for how to

leverage these mechanisms for therapeutic benefit.

The Stem Cell Niche as a Target for Cancer Therapy
Generally, CSCs appear to be resistant to conventional cancer

therapies such as ionizing radiation and conventional anti-pro-

liferative chemotherapy due to their quiescence (Bao et al.,

2006; Li et al., 2008). On the other hand, CSCs can be more

sensitive to some therapies as compared to non-tumorigenic

cells. Rapamycin treatment in a mouse model of leukemia

induced by conditional Phosphatidylinositol-3,4,5-trisphos-

phate 3-phosphatase (Pten) deletion in hematopoietic cells

causes the depletion of leukemia-initiating cells and restores

normal hematopoietic stem cell function. Although the histolog-

ical evidence of leukemia persisted, the mice were overtly

healthy (Yilmaz et al., 2006). Radiation or cisplatin therapy

may preferably target the undifferentiated cells that drive testic-

ular germ cell tumors (Clevers, 2011). Differentiation therapies

that specifically target CSCs by exploiting their capacity to

differentiate can be effective in some cases (Meacham and

Morrison, 2013). This strategy is successful in inducing cell-cy-

cle progression in acute myeloid leukemia stem cells by sup-

plying G-CSF to promote sensitivity to chemotherapy (Saito

et al., 2010). Similarly, mouse glioblastoma stem cells can be

induced to differentiate into glia by treatment with the protein

BMP4, resulting in reduced proliferation, tumor growth, and tu-

mor-initiation capability of CSCs upon transplantation (Lom-

bardo et al., 2011; Piccirillo et al., 2006).
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Tumor cell plasticity presents a huge challenge to the develop-

ment of targeted cancer therapies, as tumor cell populations are

continually evolving and therapeutic eradication of existing CSC

populations might be followed by their regeneration from non-

CSCs within the tumor under treatment (Chaffer and Weinberg,

2015). In addition, most stem cell markers used to date are not

good targets for antibody therapy. Moreover, many of these

markers, especially in solid tumors, fail to distinguish normal

stem cells from CSCs. High-throughput screening could be an

unbiased approach to uncover known or new compounds that

specifically target CSCs (Clevers, 2011).

An Alternative Strategy: Targeting the Unique Aberrant

Microenvironment of CSCs

Since the TME has the potential to support and initiate stem

cell-like programs in cancer cells, targeting CSC niche factors

that regulate plasticity may prove to be a more powerful modal-

ity for the treatment and prevention of tumor cell plasticity and

progression than targeting the CSCs directly. However, it

should equally be taken into account that in a particular cancer

type/stage, CSCs may evolve to escape niche constraints and

become independent of niches. Therefore, targeting the niche

may be a critical aspect of effective cancer therapy in systems

where the aberrant activation of the pathway that is about to be

targeted is regulating CSCs at the cell surface level rather than

a cell-autonomous mutation, which provides independence

from growth factors or abolishes an apoptotic response to drive

clonal expansions (Clevers, 2011). In cases where tumor pro-

gression is limited by microenvironmental constraints that

cannot be overcome by a cell-autonomous increase in prolifer-

ation rates, it is possible that these secreted factors not only

preferentially benefit the CSCs, enabling their clonal domi-

nance, but also actually mediate inter-clonal interactions that

could also be drivers of the tumor (Marusyk et al., 2012). Over-

all, it seems that the niche has a differential importance de-

pending on the cancer type and even on the specific stage of

that particular cancer. Experimental analysis and clinical diag-

nostics still need to take place in order to elucidate such mech-

anisms in various cancers.

Some attempts to target the niche has already show promise.

Antibodies that abrogate the activation of c-Met by HGF signifi-

cantly inhibit xenograft growth of colon tumors (Hoey et al.,

2009). Fibronectin and hyaluronic acid facilitate a quiescent state

in some cancer cells when they are under siege from chemo-

therapy. Indeed, antibodies against the fibronectin receptor

a4b1 integrin prevent association of tumor cells with metastatic

niches (Kaplan et al., 2005). Targeting MMPs is likely to be more

effective in early-stage tumors that are more dependent on their

activity than late-stage, established tumors, and the effect on

CSCs should be investigated (Kessenbrock et al., 2010). Target-

ing hypoxia is another attempt to manipulate a niche of quies-

cent, drug-resistant cells. HIF-1a and HIF-2a, which promote

cell cycle via c-Myc, represent a promising target for therapy

for glioma patients (Gordan et al., 2007; Li et al., 2009). Various

angiogenic inhibitors have shown positive results in various can-

cers. Anti-angiogenic therapy targeting VEGF can deplete the tu-

mor vasculature and ablate self-renewing CSCs (Ye et al., 2014),

thus inhibiting tumor growth. Interfering with tumor EC growth

and survival could inhibit not only angiogenesis but also the

self-replication of CSCs (Gu et al., 2012).

A successful approach in combating tumors is targeting im-

mune checkpoints by either blocking immunosuppressive

mechanisms to restore T cell function (such as Programmed

cell death 1 [PD1] and its ligand PDL1) or enhancing immune

function by engaging co-stimulatory receptors such as Tumor

necrosis factor receptor superfamily member 4 (OX40) with

agonist antibodies. Most successful is the use of a monoclonal

antibody targeting the negative immune checkpoint protein

Cytotoxic T-lymphocyte-associated protein (CTLA-4) (Junttila

and de Sauvage, 2013). Other technologies that are currently

in clinical development attempt to directly engage T-cell-medi-

ated killing. Adoptive cell-transfer therapy, which involves the

ex vivo expansion and reinfusion of tumor-reactive T cells, is

emerging as a potential curative treatment for patients with

advanced-stage cancer (Klebanoff et al., 2012). Overall, immu-

notherapy is an emerging field, and the exact mechanism by

which these therapies may abrogate the ability of CSCs to reini-

tiate tumors is still under investigation.

Combinatorial treatment with conventional cancer therapies

may be an effective strategy. Interferon gamma (IFN-g) shows

synergistic effects with the conventional anticancer drug oxali-

platin to eliminate both CSCs and differentiated cancer cells in

colorectal cancer (Ni and Huang, 2013). Depletion of TAMs or

IMs by inhibiting either CCR2 or M-CSF receptor resulted in

decreased CSCs in pancreatic tumors, improved chemothera-

peutic efficacy, inhibited metastasis, and increased antitumor

T cell responses (Mitchem et al., 2013). Targeting components

of the innate immune system along with conventional therapy is

also under clinical evaluation. For example, the anti-CD40

agonist antibody and gemcitabine combination therapy has

shown early clinical promise in treating pancreatic cancer

(Junttila and de Sauvage, 2013). Targeting the bulk of the tumor

with standard cancer therapy could help remodel the CSCs

niche, exposing crucial niche component(s) and making it

more receptive to niche-targeted therapeutics. For example,

using conventional cancer therapeutics to expose anti-tumor

DCs to antigens that are otherwise inaccessible to them (Broz

et al., 2014) with a combination of immunotherapy using engi-

neered DCs with enhance ability to stimulate T-cell-mediated

tumor rejection could potentially be a successful strategy to

eradicate CSCs.

Concluding Remarks
It is now accepted that most cancers originate from cells that

gained tumor-initiating capacity and that these cells are plas-

tic in nature. The tumor-initiating capacity or cancer stemness

of these cells could therefore be influenced by extrinsic fac-

tors. It is also postulated that in many cancers the TME and

especially the closely related niches have detrimental effects

on the ability of these cells to initiate a tumor and/or metasta-

size. Due to their plasticity and given that CSCs need to be

eradicated to prevent malignancy and metastasis, targeting

specific niche components relevant to that particular cancer

type in addition to standard cancer therapy that tackles the

bulk of the tumor bears therapeutic promise. A better under-

standing of CSC biology and niche factors of each cancer

subtype as well as their modulation using various therapeutic

designs is paramount for this paradigm to be fully applicable

in the clinic.
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SUMMARY

Mesenchymal stem cells (MSCs) reside in the peri-
vascular niche of many organs, including kidney,
lung, liver, and heart, although their roles in these
tissues are poorly understood. Here, we demon-
strate that Gli1 marks perivascular MSC-like cells
that substantially contribute to organ fibrosis.
In vitro, Gli1+ cells express typical MSC markers,
exhibit trilineage differentiation capacity, and
possess colony-forming activity, despite consti-
tuting a small fraction of the platelet-derived growth
factor-b (PDGFRb)+ cell population. Genetic lineage
tracing analysis demonstrates that tissue-resident,
but not circulating, Gli1+ cells proliferate after kid-
ney, lung, liver, or heart injury to generate myofibro-
blasts. Genetic ablation of these cells substantially
ameliorates kidney and heart fibrosis and preserves
ejection fraction in a model of induced heart failure.
These findings implicate perivascular Gli1+ MSC-like
cells as a major cellular origin of organ fibrosis
and demonstrate that these cells may be a relevant
therapeutic target to prevent solid organ dysfunc-
tion after injury.

INTRODUCTION

More than half a century ago it was noted that subcutaneously

implanted bone marrow cells could form bone (Danis, 1957).

Once isolated, the cell type responsible for this effect was

termed mesenchymal stem cells (MSCs) in reference to multi-

potent cells within bone marrow capable of giving rise to

mesenchymal tissues (Caplan, 1991). These MSCs possess

stem cell characteristics including self-renewal and clonogenic

capacity (Caplan and Correa, 2011). In recent years MSCs have

been isolated from virtually all postnatal and fetal tissues,

including placenta, adipose tissue, muscle, umbilical cord,

skin, dental pulp, and tendon, and have been characterized

in vitro (Murray et al., 2014). Vasculature represents the in vivo

niche of MSCs, helping to explain why MSCs have such a

broad tissue distribution (Crisan et al., 2008). However, our cur-

rent knowledge about MSCs is almost entirely based on in vitro

observations of cultured MSCs. The term MSC-like is used to

refer to cells in vivo that are perivascular and give rise to typical

cultured MSCs that possess trilineage differentiation potential,

a defined surface marker expression pattern, and a spindle-

shaped appearance. MSC-like cells localize to the pericyte

niche in microvasculature, where they make close contact to

endothelial cells (ECs), and they also reside in the adventitia

of larger vessels, where they are embedded in matrix and do

not contact endothelia (Murray et al., 2014).

Exogenously infused MSCs modulate tissue injury and repair,

largely through paracrine secretion of antiapoptotic, antiscar-

ring, proangiogenic, and immunomodulatory factors involved

in tissue regeneration (Caplan and Correa, 2011). These proper-

ties have led to novel therapeutic strategies involving exoge-

nous administration of MSCs in various injury and disease

settings. Almost 400 clinical trials involving exogenous MSCs

are ongoing or have been performed (http://www.FDA.gov).

Despite the broad therapeutic potential of this cell type, the

in vivo role of perivascular MSC-like cells remains undefined

due to the absence of specific markers. Recently Zhao et al.

demonstrated that Gli1 is just such a marker of perivascular

MSC-like cells in the mouse incisor (Zhao et al., 2014). Gli1+

incisor cells express typical MSC surface markers in culture

and possess trilineage differentiation capability. Using a Gli1-

CreERt2 genetic fate tracing approach, the authors showed

that after incisor injury newly formed dentin tubules derive

from Gli1+ cells.

We demonstrate that, in mice, perivascular Gli1+ cells

from bone marrow, muscle, heart, lung, liver, and kidney

express a typical MSC marker pattern in vivo, are plastic

adherent, and possess trilineage differentiation capability

toward chondrocytes, osteoblasts, and adipocytes in vitro.

Gli1+ cells form an extensive perivascular network and

possess increased colony forming unit capability. After organ

injury these resident Gli1+ cells are committed to the myofi-

broblast lineage. Genetic ablation of Gli1+ cells ameliorates

fibrosis and improves organ function, providing a proof of

principle for therapeutic targeting of this cell type in fibrotic

disease.
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RESULTS

Gli1+ Cells Form an Extensive Network around the
Vasculature, Express a Typical MSC Marker Pattern
In Vivo, and Possess Trilineage Differentiation
Capability In Vitro
While examining expression of Hedgehog (Hh) pathway constit-

uents, we observed that Gli1 is specifically expressed in cells

surrounding vasculature, from microvascular capillaries to large

arteries (Figure S1A available online). The perivascular localiza-

tion and low frequency of these cells suggested a possible

MSC-like identity, similar to the recent report that Gli1 marks

mouse incisor MSCs (Zhao et al., 2014).

To comprehensively assess the distribution of these cells in

solid organs and tissues, we crossed Gli1-CreERt2 driver mice

to a tdTomato reporter for inducible genetic labeling. Gli1-

CreERt2; tdTomato mice were pulsed with tamoxifen at 8 weeks,

and 48 hr later Gli1+ cells were identified in the perivascular niche

across all tissues tested (Figures 1A–1C). Immunostaining for

endogenous Gli1 protein and Gli1 mRNA expression of sorted

cell populations validated this model (Figures S1B and S1C).

Gli1+ cells formed an extensive perivascular network that was

(1) localized in the adventitia of large arteries (Figure 1A) and ar-

terioles (Figure 1C arrows) distant from ECs (adventitial niche)

and (2) intimately associated with the microvasculature in direct

contact to CD31+ ECs (Figure 1C, arrowheads). Immunogold

staining and electron microscopy confirmed that Gli1+ cells lie

directly adjacent to ECs (Figure 1B). Gli1+ cells were also posi-

tioned around biliary ducts of the liver and around larger airways

of the lung (Figure 1C, asterisk). Gli1+ cells consistently ex-

pressed the mesenchymal marker PDGFRb (Figures 1A and

1C). In contrast to mouse incisor wherein Gli1+ cells are predom-

inantly periarterial (Zhao et al., 2014), we found that many Gli1+

cells also exist in a pericyte niche adjacent to ECs of muscle,

bone marrow, lung, heart, kidney, and liver. To better define

the relationship of Gli1+ cells relative to vasculature, we per-

formed fluorescence microangiography (FMA), (Kramann et al.,

2014). This demonstrated very close apposition of Gli1+ cells

around capillaries in both heart and kidney, with tdTomato+

cell processes wrapping around fluorescent microbead filled

capillaries (Movie S1 and Movie S2).

We employed fluorescence-activated cell-sorting (FACS) of

whole digested organs and tissues to define the overall fre-

quency of Gli1+ cells (Figure 1D). To characterize Gli1+ cells by

accepted criteria defined for MSCs, we cultured sorted Gli1+

cells and determined that they had trilineage differentiation

capacity toward chondrocytes, adipocytes, and osteoblasts

regardless of their origin (Figure 1D). We then performed

whole organ flow cytometry without preculture of the cells and

confirmed the expression of a typical mouse MSC marker

pattern (Boxall and Jones, 2012; Pelekanos et al., 2012) on

Gli1+ cells in vivo (Figure 1E). Importantly, Gli1+ cells were nega-

tive for the EC marker CD31 and the hematopoietic lineage

marker CD45 while we observed low levels of CD34 expression

in some organs (Figure 1E). Furthermore, we assessed the

expression of other markers that have been described for

MSCs and/or pericytes by immunostaining of tissues. We

demonstrated that Gli1+ cells do not express significant levels

of NG2, CD73, CD146, and STRO1, whereas we observed

expression of 3G5, Nestin, and PDGFRa (Figure S1D). These ex-

periments show that Gli1+ cells express typical markers and are

a source of MSC-like cells across all organs tested.

Gli1+ Cells Line the Endosteum and Vascular Sinusoids
in the Bone Marrow and Retain a Typical MSC Surface
Pattern in Culture
In the bone marrow niche, MSCs surround blood vessels and

sinusoids but also line endosteum (Morrison and Scadden,

2014). We observed Gli1+ cells lining CD31+ ECs of bonemarrow

sinusoids as well as endosteum of the compact bone (Figure 2A),

representing both the vascular and the endosteal niche.

Because mouse bone marrow MSCs in the endosteal niche

cannot readily be isolated from the bone marrow, we applied

an endosteal bone chip culture method. Interestingly, Gli1+ cells

migrated out of the bone fragments and proliferated in the cul-

ture dish (Figure 2B). Flow cytometric analysis of these cells indi-

cated that �32% had a Gli1+ origin (Figure 2C). MSCs isolated

from bone chips (BM-MSCs) or isolated from the myocardium

(heart, H-MSCs) maintained a typical MSC surface pattern with

expression of CD44, CD29, CD105, and Sca1, with an absence

of CD31, CD45, and CD34 in culture (Figures 2C and 2D).

Furthermore, Gli1+ cells from bone, heart, and kidney retained

expression of 3G5, Nestin, and PDGFRa and gained expression

of CD146 and CD73, while we did not detect significant expres-

sion of NG2 or STRO1 in culture (Figure S2). These data suggest

that Gli1+ cells in culture are similar despite their origin from

different organs.

Gli1+ Cells Represent Only a Small Fraction of the
PDGFRb+ Cell Population with Increased Colony
Forming Unit Capability
Our results indicated that Gli1 expression in adult mice defines

PDGFRb+ MSC-like perivascular cells. However, a critical ques-

tion was whether there were any functional differences between

Figure 1. Gli1 Defines a Perivascular MSC-like Cell Population Residing as Adventitial Progenitors in the Pericyte Niche

(A) Adult Gli1-CreERt2; tdTomato mice 48 hr after tamoxifen administration. Aortic root with innominate artery (IA), left common carotid artery (LCCA), and left

subclavian artery (LSCA) are shown. Gli1+ cells reside in the adventitia (A) distant from CD31+ endothelial cells of the intima (I) and media (M) and are PDGFRb+.

Scale bars, 20 mm or as indicated.

(B and C) Gli1-tdTomato+ cells also reside adjacent to CD31+ endothelial cells across organs tested (EC in B and arrowheads in C). Transmission electron

microscopy (TEM) picture of immunogold-labeled (arrows in B) Gli1+ interstitial kidney cell adjacent to an endothelial cell (EC, asterisk in B capillary lumen) is

shown. Gli1+ cells are PDGFRb+ (small arrowheads in C). Gli1-tdTomato+ are located around biliary ducts (asterisk liver) and pulmonary bronchi and bronchioles

(asterisk lung). Scale bars, 0.2 mm in (B) and 20 mm in (C).

(D) Sorted Gli1-tdTomato+ cells possess in vitro trilineage differentiation capacity toward osteoblasts (alkaline phosphatase-AP + von Kossa-vKo staining),

adipocytes (Oilred O staining), and chrondrocytes (Alcian Blue staining). Experiments were repeated at least three times; scale bars, 50 mm; AP+vKo, 100 mm.

(E) Flow cytometry of whole organs demonstrates a typical MSC surface pattern of Gli1-tdTomato+ cells. Data are presented as mean ± SEM; n = 3. See also

Figure S1.
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Gli1+ cells and Gli1�PDGFRb+ cells. Flow cytometric analyses of

whole organs indicated that all Gli1+ cells express PDGFRb, but

they represent only a small fraction of the total PDGFRb+ popu-

lation (Figure 3A).

We next askedwhether Gli1+ cells differ in their clonogenic po-

tential from Gli1�PDGFRb+ and PDGFRb�Gli1� cells. We sorted

these populations from lung, heart, kidney, and cultured bone

chips and assessed colony formation after 2 weeks. Indeed,

the clonogenic frequency of the Gli1+PDGFRb+ fraction was

significantly higher than that of the other populations across tis-

sues tested (Figures 3B and 3C). Furthermore, colonies from the

Gli1+PDGFRb+ fraction were substantially larger (Figures 3D and

S3A). Gli1+ cells showed stable growth over many passages

in vitro (cells were grown for >30 passages from bone chips

and >10 passages from all other organs).

Gli1+ Cells Constitutively Express Gli In Vitro while
Pharmacologic Inhibition of Gli Reduces Their Colony
Forming Unit Capability
Gli1+ cells retain significant mRNA expression of most Hh

pathway members in vitro including Gli1–Gli3 (Figure S3B).

Given reported roles for Hh signaling in cell proliferation, we

next investigated whether inhibition or activation of Hh signaling

affects the CFU-F capability of Gli1+ cells. Exogenous Shh

increased Gli1 protein and colony number, and the smoothened

inhibitor cyclopamine blocked this effect, but cyclopamine alone

had no effect, arguing against autocrine Hh ligand secretion (Fig-

ures 3E and 3F). By contrast, targeting Gli directly with the small

molecule antagonist GANT61 decreased Gli1 protein levels and

also decreased CFU-F capacity (Figures 3E and 3F). These re-

sults suggest constitutive expression of Gli1 in MSC-like cells

in vitro. That direct inhibition of Gli reduced clonogenic capacity

also implicates Gli in the self-renewal of Gli1+ progenitor cells.

Perivascular Gli1+ Cells Expand and Become
Myofibroblasts after Injury of Major Organs
The MSC is most commonly defined as a cell with trilineage dif-

ferentiation capability and CFU-F capacity in vitro (Park et al.,

2012). Our results thus far suggested that Gli1+ cells in adult

mice fulfill these criteria among organs tested and additionally

express an MSC surface pattern in vivo. It has been proposed

that MSCs in the perivascular niche become activated upon

Figure 2. Gli1+ Cells Reside in a Typical MSC Niche of the Bone Marrow and Retain Their MSC Surface Pattern in Culture

(A) Gli1-tdTomato+ cells surrounding endothelial cells of bone marrow sinusoids and along the endosteum. Scale bars, 100 mm.

(B) Gli1+ cells migrating out of compact bone chips in vitro. Scale bars, 200 mm.

(C) Flow cytometry of BM-MSCs isolated from compact bone chips of Gli1-CreERt2; tdTomatomice after 4 weeks of culture, indicating that 32%of the cells are of

Gli1+ origin (tdTomato+) and maintain a typical mouse MSC surface profile.

(D) Flow cytometry of cultured (4 weeks) Gli1-tdTomato+ cells from the myocardium with a similar surface profile. Data represent at least three independent

experiments; see also Figure S2.

Cell Stem Cell

Gli1+ Progenitors Contribute to Fibrosis

54 Cell Stem Cell 16, 51–66, January 8, 2015 ª2015 Elsevier Inc.



organ injury and support tissue regeneration (Caplan andCorrea,

2011). This prompted us to perform fate tracing and ablation

studies of Gli1+ cells after injury tomajor organs, including kidney

(unilateral ureteral obstruction [UUO] and severe bilateral

ischemia reperfusion injury [IRI]), heart (angiotensin-2 [AT2]-

induced myocardial fibrosis and ascending aortic constriction

[AAC]), liver (carbon tetrachloride [CCL4]-induced fibrosis) and

lung (intratracheal bleomycin instillation). To track the fate of

genetically labeled Gli1+ cells, we labeled them via tamoxifen

administration and followed their fate in various organ injury

models for up to 52 days. The injury was induced at least

10 days after tamoxifen administration to eliminate any possibil-

ity of recombination after injury (Göritz et al., 2011).

In both models of kidney injury, we observed a dramatic in-

crease in Gli1+ cells in the medulla, in the the inner cortex, and

around arteries throughout the kidney and to a lower extent in

the outer cortex (Figures 4A and S4A–S4C). The proliferative

expansion and distribution of Gli1+ cells after kidney injury

suggested that they may differentiate into myofibroblasts. One

of the defining features of myofibroblasts is expression of

alpha smooth muscle actin (a-SMA), and indeed most Gli1+ cells

acquired expression of a-SMA after injury (Figure 4A and

S4A–S4C). Thus Gli1+ cells proliferate and differentiate into

myofibroblasts in kidney fibrosis.

To exclude the possibility that ‘‘leaky’’ recombination might la-

bel cells that activate Gli1 expression after injury, we performed

UUO surgery in bigenic Gli1-CreERt2; tdTomato mice without

tamoxifen injection. There was no significant recombination un-

der these conditions (Figures S4D–S4F). We also excluded the

possibility that residual tamoxifen might label Gli1+ cells after

injury by extending the time between tamoxifen administration

and UUO surgery from 10 days to 3 months. Importantly, the

Figure 3. Gli1+ Cells Represent a Small CFU-F Enriched Fraction of the PDGFRb+ Population and Inhibition of Gli Reduces Their Self-Renewal

(A) Gli1-tdTomato+ cells represent only a small fraction of the PDGFRb+ kidney cell population.

(B) PDGFRb+, Gli1-tdTomato+ cells exhibit superior clonogenicity by CFU-F assay (>50 cells/colony at 14 days, n = 3,*p < 0.05 by t test, mean ± SEM).

(C) Gli1-tdTomato+ cells from cultured bone chip also exhibit superior clonogenicity by CFU-F assay.

(D) Colonies cultured from whole hearts 7 days after sorting.

(E) Gli1 protein level is regulated by the Hedgehog pathway in Gli1+ cells cultured from bone chips.

(F) Hedgehog pathway also regulates clonogenicicty of Gli1+ cells cultured from bone chips. cyclo, cyclopamine; Shh, Sonic Hedgehog. Scale bars, 500 mm, *p <

0.05, **p < 0.01, ***p < 0.001 by t test; mean ± SEM. See also Figure S3.
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frequency of labeled cells after UUO was comparable to that of

our original experiments, indicating that recombination was not

occurring after surgery (Figures S4D–S4F). We also counter-

stained fibrotic kidneys after UUO and demonstrated that indeed

all myofibroblasts (�96% of a-SMA+ cells) express PDGFRb

(Figures S4H and S4I), consistent with a recent report (Hender-

son et al., 2013).

Cardiac fibrosis in the AT2-induced hypertensive heart dis-

ease model primarily affects coronary arteries and arterioles

with extensions of collagen from the perivascular space into

the cardiac interstitium (Weber et al., 1995), and this is what

was observed in Gli1-CreERt2; tdTomato mice (Figure 4B).

Fate tracing experiments revealed expansion of Gli1+ cells in

the perivascular space where the vast majority of Gli1+ cells

differentiated into a-SMA+ myofibroblasts (Figures 4B–4D). We

also used AAC surgery to induce pressure-overload heart

failure as a second model with perivascular but also interstitial

myocardial fibrosis. In this case we observed both perivascular

Gli1+ expansion but also expansion of Gli1+ cells in the cardiac

interstitium distant from arteries and arterioles (Figures 4E–4I)

that also differentiated into a-SMA+ myofibroblasts (Figures 4G

and 4I).

Large interstitial collagen 1+ fibrotic areas were entirely full of

Gli1+ cells (Figure S4J), consistent with matrix secretion by

Gli1+ cells, prompting us to ask whether Gli1+ cells mediate scar-

ring after myocardial infarction. Indeed after coronary artery liga-

tion the entire left ventricular scar area was full of a-SMA+ Gli1+

cells (Figures S4K–S4M). We next quantitated the contribution of

Gli1+ cells to the myofibroblast pool in kidney and heart. This

analysis revealed that �45% of myofibroblasts in the kidney

and�60% of cardiac myofibroblasts derived from Gli1+ progen-

itors (Figure S5A). Given the significant contribution of Gli1+ cells

to the myofibroblast pool in heart and kidney, we then asked

whether Gli1+ cells also contribute to themyofibroblast pool after

liver and lung injury. Indeed, we observed significant expansion

and differentiation into a-SMA+ cells after liver and lung injury

(Figures 5A–5F). Gli1+ cells contributed to �37% of a- SMA+

interstitial cells after lung injury and �39% of interstitial

a-SMA+ cells in liver fibrosis (Figure S6G).

After injury of major organs Gli1+ cells expanded through

proliferation (Figures S6A–S6F) and themajority of Gli1+ cells ac-

quired a-SMA expression (Figures 4 and 5), suggesting that peri-

vascular Gli1+ cells are committed to the myofibroblast lineage

after injury. In line with these in vivo fate tracing studies, isolated

FACS-purified Gli1+ cells from healthy bone marrow or heart did

not express a-SMA 7 days after isolation. However, treatment

with transforming growth factor beta (TGF-b) resulted in signifi-

cant upregulation of a-SMA mRNA and expression of a-SMA+

stress fibers (Figures 5G–5J).

Gli1+ Cells Do Not Express NG2 in Homeostasis or
Fibrosis but Acquire NG2 Expression during
Angiogenesis
Although not all pericytes express NG2 (Song et al., 2005; Stark

et al., 2013), NG2 has been proposed as amarker of mature peri-

cytes by some authors (Song et al., 2005). With an important role

in angiogenesis where it promotes ECmigration and proliferation

(Fukushi et al., 2004; Stallcup, 2002), NG2 expressionmay not be

static but rather induced in pericytes during angiogenesis and

microvascular remodeling (Murfee et al., 2006). By contrast,

many pericytes might show reduced or no expression of NG2

during homeostasis. In tumors, it has been demonstrated that

PDGFRb+/NG2� perivascular cells can differentiate into mature

NG2+ pericytes (Song et al., 2005). Moreover, recent work sug-

gests that during injury and repair of themouse incisor, Gli1+ pro-

genitors differentiate into NG2+ mature pericytes. Interestingly,

the authors also demonstrated that Gli1+ cells give rise to the

entire MSC population from the mouse incisor, whereas NG2+

cells only contribute a minor subpopulation (Zhao et al., 2014).

These data suggested that Gli1 expression may define immature

perivascular cells, distinct from mature NG2+ pericytes, and

constitute the major progenitor pool for MSCs. We therefore

asked whether Gli1+ cells could acquire expression of NG2

during fibrosis. Interestingly, we observed that only a small

fraction of Gli1+ cells expressed NG2 (�5%) and this fraction

actually decreased after UUO or AAC (Figure S5B). Of note,

Gli1+ cells retained expression of other pericyte/MSC markers,

i.e. 3G5, PDGFRa, PDGFRb, and Nestin, during fibrosis in vivo

(Figure S5C).

Given a reported role for NG2 in angiogenesis (Fukushi et al.,

2004), we next asked whether Gli1+ cells gain NG2 expression

after myocardial infarction because angiogenesis is involved in

the repair process of this model. Indeed, we observed Gli1+ cells

expressing NG2 and CD146 assembling vascular-like structures

within the left ventricular scar after coronary artery ligation (Fig-

ure S5D). Gli1+ cells from bone chips did not express NG2

in vitro (Figure S2).We then tested whether cultured cells acquire

NG2expression and contribute to neovascularization in an in vivo

Matrigel-plug angiogenesis assay. Four weeks after implanting

Gli1+ cells, we observed developing vessels with Gli1+ cells

surrounding CD31+ ECs (Figure S5E). Gli1+ cells adjacent to

ECs acquired expression of NG2 and CD146 (Figure S5E).

These experiments suggest that Gli1+ cells acquire expression

of NG2 during angiogenesis. Because NG2 can directly bind to

Figure 4. After Kidney or Heart Injury Gli1+ Cells Expand and Differentiate into Myofibroblasts

(A) Genetic lineage analysis of Gli1+ cells after unilateral ureteral obstruction (UUO, n = 4). Gli1+ cells expand after UUO and acquire alpha smooth muscle actin

(a-SMA) expression. tdTomato or a-SMA increases are measured in 4003 high power fields (hpf). Scale bars, left panel, 500 mm; all others, 50 mm; ***p < 0.001 by

t test; mean ± SEM.

(B–D) Myocardial fibrosis induced by angiotensin-2 (AT2, n = 4; PBS, n = 3) causes hypertension-induced, predominantly perivascular fibrosis aroundmyocardial

arteries where Gli1+ cells expand and differentiate into a-SMA+ myofibroblasts. Quantification by confocal micrographs in 4003 hpf. Scale bars, left two panels,

500 mm; all others, 50 mm; ***p < 0.001 by t test; mean ± SEM.

(E–I) Ascending aortic constriction induces cardiac hypertrophy, fibrosis, and chronic heart failure (AAC, n = 4; sham, n = 3). After AAC, Gli1+ cells expand

dramatically in the myocardial interstitium and acquire a-SMA expression. Quantification by confocal micrographs in 4003 hpf. For studying coexpression of

tdTomato and a-SMA it is important to study the perinuclear region due to a converse a-SMA tdTomato expression pattern (see Figure S4G). Scale bars, left two

panels, 500 mm; all others, 50 mm; **p < 0.05, ***p < 0.001 by t test; mean ± SEM. See also Figures S4 and S5.
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Figure 5. Fate Tracing of Gli1+ Cells in Liver and Lung Injury

(A–C) Hepatic fibrosis was induced by carbon tetrachloride injections (CCL4, n = 5; vehicle, n = 3) twice per week and the fate of Gli1-labeled cells was analyzed.

Hepatocyte necrosis (asterisk) and fibrosis was visible, with expansion of Gli1-tdTomato+ cells in fibrotic areas (arrowheads). Gli1+ cells acquired a-SMA

expression (arrows). Throughout this Figure, quantification is from confocal micrographs in 4003 hpf, in this case from periportal and pericentral fields in (B) and

(C). Scale bars, left panel, 500 mm; all others, 50 mm, ***p < 0.001 by t test; mean ± SEM.

(D–F) Pulmonary fibrosis was induced by bleomycin (n = 4) or vehicle (n = 3). Lowmagnification (left panel) shows Gli1+ expansion (quantification in E) with severe

pulmonary fibrosis (trichrome). Gli1+ cells line the peribronchial smooth muscle cell layer (arrowhead, bronchus-lumen = asterisk) of a healthy noninjured lung. In

(legend continued on next page)
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PDGF-AA (Goretzki et al., 1999), an essential autocrine regulator

of vascular endothelial growth factor (VEGF) expression and

therefore angiogenesis (Shikada et al., 2005), these results are

also consistent with a proangiogenic role for NG2 expression

in Gli1+ MSC-like cells.

Gli Inhibition and Myofibroblast Differentiation Reduces
Gli1+ Progenitor EC Tube Association In Vitro
Hh signaling plays a critical role in angiogenesis, while detach-

ment of perivascular cells from capillaries has been proposed

as an early event triggering capillary destabilization and hypoxia

in fibrosis (Schrimpf et al., 2014). We therefore studied tube for-

mation with Gli1+ cells and ECs in 3D collagen gels in vitro. Inter-

estingly, Shh treatment increased the number of Gli1+ cells in the

gels and promoted their association with EC tubes. Inhibition of

Gli1 by GANT61 dramatically reduced the fraction of Gli1+ cells

associated with EC tubes (Figures S6H–S6K). Our previous

data demonstrate that TGF-b treatment leads to myofibroblast

differentiation of Gli1+ cells. In the tube formation assays, TGF-

b significantly reduced the fraction of Gli1+ cells adjacent to EC

tubes, whereas treatment with VEGF-165 resulted in a high frac-

tion of Gli1+ cells associated with EC tubes. These data suggest

that several pathways are important in Gli1+ progenitor/EC tube

association and that myofibroblast differentiation reduces the

association of Gli1+ cells with ECs.

Resident, but Not Circulating, Gli1+ Progenitor Cells
Contribute to Fibrosis
It has been proposed that bone-marrow-derived MSCs circulate

and home to injured kidney where they differentiate into a-SMA+

myofibroblasts (LeBleu et al., 2013). Because our results suggest

that Gli1+ cells are myofibroblast progenitors, are MSC-like, and

are located both within organs but also in the bone marrow, we

therefore asked whether Gli1+ cells circulate and home to injured

organs. While bonemarrow transplantation (BMTX) is a standard

approach to trace the fate of circulating cells, irradiation injury

may promote fibrosis and alter MSC properties, and it is unclear

whether MSCs actually engraft after BMTX (Cilloni et al., 2000).

We therefore utilized both BMTX and also parabiosis, where

two mice are conjoined and share one blood circulation, to ask

whether Gli1+ cells circulate and home to injured tissue.

Ptprca-Pepcb mice harboring the common leukocyte antigen

variant CD45.1 were lethally irradiated and received whole

bone marrow of bigenic Gli1-CreERt2; tdTomato donors

(CD45.2) that were injected with tamoxifen prior to sacrifice

and bone marrow harvest. Five weeks later, the mice underwent

UUO or sham surgery (Figure 6A). Flow cytometric analysis using

antibodies specific for the common leukocyte antigen variants

demonstrated a successful engraftment of CD45.2+ donor cells

into recipient bone marrow (Figure 6B). These engrafted

CD45.2+ donor leukocytes migrated into the kidney after UUO

surgery, as expected (Figure 6C). However, only a small number

of Gli1+ cells engrafted into bone marrow (Figures 6D and 6E),

whereas many more Gli1+ cells were trapped in the lung (Figures

6C–6E), consistent with previous reports (Schrepfer et al., 2007).

The number of Gli1-tdTomato+ cells between sham, contralat-

eral (CLK), or UUO kidney did not differ significantly, and impor-

tantly, no interstitial tdTomato+ cells were observed (Figures

6D and 6F). Some Gli1+ cells were also trapped in kidney

glomeruli (Figure 6F). Interestingly, Gli1+ cells persisted in the

lung >6 weeks after transplantation, with some even expressing

a-SMA (Figure 6F). These results suggest that engrafted Gli1+

donor cells do not circulate and home to the kidney nor

contribute to the myofibroblast pool after injury (UUO). Because

only a small fraction of Gli1+ cells engrafted in bone marrow,

however, we next turned to the parabiosis model to examine

Gli1+ cell circulation.

Bigenic Gli1-CreERt2; tdTomato mice received tamoxifen

and were conjoined 10 days after the last tamoxifen injection

(Figure 6G). Shared circulation was verified 4 weeks after para-

biosis surgery (Figure 6H) and UUO surgery was performed in

the Ptprca-Pepcb CD45.1+ parabiont. Mice were sacrificed

10 days later. Flow cytometric analysis of PBS perfused spleens

and kidneys showed a complete cross-circulation with CD45.1+

and CD45.2+ leukocytes in the tissue of both mice (Figures 6I–

6K). There was a significant influx of CD45.2+ leukocytes from

the Gli1-CreERt2; tdTomato parabiont in the UUO kidney of the

CD45.1+ parabiont (z17% of all kidney cells, Figures 6J and

6L), but few Gli1-tdTomato+ cells were detected in CLK or

UUO kidney of the CD45.1+ parabiont (Figures 6J and 6M).

Microscopic evaluation failed to detect any Gli1-tdTomato+ cells

in the CD45.1+ parabiont despite robust fibrosis and a-SMA+

myofibroblast expansion (Figure 6N). This experiment provides

clear evidence that neither circulating nor bone-marrow-derived

Gli1+ cells contribute to the myofibroblast pool in kidney fibrosis.

Ablation of Gli1+ Cells Ameliorates Kidney Fibrosis
To assess the functional contribution of Gli1+ cells to fibrosis,

we crossed mice with an inducible human diphtheria toxin

(DTX) receptor allele (iDTR) to Gli1-CreERt2 mice (Figure 7A).

After tamoxifen-induced recombination of the transcriptional

stop sequence, administration of DTX ablates Gli1+ cells in this

model. Tamoxifen was given to bigenic mice before UUO or

sham surgery. After surgery, mice were injected with either

DTX or vehicle (PBS) as indicated (Figure 7B). Successful abla-

tion of Gli1+ cells after UUO was verified by quantitative PCR

for DTR mRNA (Figure 7F). There was a striking reduction in kid-

ney fibrosis readouts after DTX compared to vehicle, whereas

ablation of the Gli1+ progenitor cell population in the sham group

had no appreciable effect (Figures 7C–7E and S7A–S7F).

Despite the fact that Gli1+ cells represent only 0.2% of the total

PDGFRb+ kidney cell population, their ablation after injury

reduced fibrosis dramatically by �50% (Figure S7A), indicating

that the Gli1+ population plays a critical role in regulating fibrosis

during chronic injury. To test whether our ablation approach is

specific to the Gli1+ population, we generated triple transgenic

fibrosis Gli1+ cells expand into interstitium and acquire a-SMA expression (arrows, quantification in F). Scale bars, left two panels, 500 mm; all others, 20 mm;

**p < 0.01, ***p < 0.001 by t test; mean ± SEM.

(G–J) Sorted Gli1+ cells from compact bone or myocardium differentiate into a-SMA+ myofibroblasts after exposure (24 hr) to transforming growth factor beta

(TGF-b) in vitro (n = 3). Scale bars, 50 mm; *p < 0.05, ***p < 0.001 by t test; mean ± SEM. See also Figures S4 and S5.
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Figure 6. Circulating Gli1+ Cells Do Not Contribute to Kidney Fibrosis

(A) Bone marrow transplantation scheme. Marrow from genetically labeled Gli1-CreERt2; tdTomato donors was transplanted into lethally irradiated, unlabeled

CD45.1 recipients. To increase the number of transplanted Gli1+ cells, we added 2 3 106 sorted Gli1+ cells from bone chips to the whole bone marrow cell

solution. After engraftment was verified, recipients underwent UUO (n = 5) or sham (n = 3) surgery.

(B) Verification of engraftment of CD45.2+ donor leukocytes into CD45.1 recipients.

(C) CD45.2+ leukocytes from Gli1-CreERt2; tdTomato donors increase in UUO kidney of the CD45.1+ recipient compared to the contralateral (CLK) or sham

kidney. Data were assessed by flow cytometry of whole digested kidneys (sham, n = 3; CLK, n = 5; UUO, n = 5). ***p < 0.001 by one way ANOVA with posthoc

Tukey.

(D) No increase in tdTomato+ cells in recipients’ kidneys 10 days after UUO (sham, n = 3; CLK, n = 5; UUO, n = 5). p values, not significant by one-way ANOVAwith

posthoc Tukey.

(E and F) tdTomato+ cell distribution in bone marrow (BM), lung, sham kidneys, contralateral kidneys (CLK), and UUO kidneys of recipients. Scale bar, left panel,

25 mm; all others, 500 mm; inserts, 50 mm.

(legend continued on next page)
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mice (Gli1-CreERt2; iDTR; tdTomato) and repeated the

UUO ablation experiment. DTX administration substantially

decreased tdTomato+ cells, as expected (Figures S7M–S7O).

We detected apoptotic tdTomato+ cells (TUNEL+) after DTX in-

jection, yet we did not observe increased apoptosis in other renal

cell populations, providing strong evidence that DTX caused the

specific ablation of Gli1+ cells and not other cell types (Figures

S7P and S7Q).

Ablation of Gli1+ Cells Reduces Heart Fibrosis and
Rescues Left Ventricular Function after Aortic Banding
We next asked whether ablation of Gli1+ cells might improve or-

gan function during chronic disease and utilized the AAC model

of heart fibrosis with noninvasive measurement of cardiac func-

tion via echocardiography. Gli1-CreERt2; iDTR mice were in-

jected with high dose tamoxifen and subjected to AAC or

sham surgery. Mice were randomized to receive DTX or vehicle

based on their echocardiographically measured peak velocity at

the aortic suture site immediately after surgery (Figure S7H) and

their left ventricular ejection fraction (EF) at 2 weeks after sur-

gery. DTX or vehicle was given as indicated at 3 and 5 weeks af-

ter surgery (Figure 7G).

Ablation of Gli1+ cells after AAC reduced cardiac hypertrophy,

heart weight, and cardiomyocyte cross-sectional area (Figures

7G–7I). Quantitative PCR confirmed reduction of iDTR mRNA

expression by �75%, indicating successful ablation of Gli1-

iDTR+ cells (Figure 7J). Quantification of fibrotic readouts

demonstrated a remarkable reduction of interstitial myocardial

fibrosis after Gli1+ cell ablation, indicating that the perivascular

Gli1+ cell population is in fact an important driver of interstitial

myocardial fibrosis (Figures 7K–7P and S7I–S7K). Importantly,

echocardiographic analysis of left ventricular function demon-

strated that ablation of Gli1+ cells rescued chronic heart failure

after AAC by preserving left ventricular ejection fraction and

thus, myocardial function (Figures 7Q and 7R). These results

indicate not only that cardiac Gli1+ cells drive fibrogenesis in

pressure-overload heart failure, but that this process impairs

myocardial function.

DISCUSSION

Knowledge concerning the in vivo function of MSCs in special-

ized niches such as bone marrow and mouse incisor is growing

rapidly (Morrison and Scadden, 2014; Zhao et al., 2014). Thus

far, however, little is known about the in vivo role of MSCs in clin-

ically important solid organs such as kidney, heart, lung, and

liver, after injury and during repair. Here we demonstrate that

Gli1 expression in adult mice marks a perivascular cell popula-

tion that forms an extensive network from the adventitia of large

arteries to the pericyte niche in capillary beds of all major organs

tested. These Gli1+ cells express a typical mouse MSC surface

profile in vivo, are enriched for CFU-F, and possess a trilineage

differentiation capability in vitro, therefore fulfilling the most

commonly used definition of what has been termed an MSC

(Park et al., 2012). Our data extend the recent finding that Gli1

labels MSC-like cells in the mouse incisor (Zhao et al., 2014)

and strongly suggest that Gli1 is a general in vivo marker for

MSC-like cells during adult homeostasis. Indeed, it has become

evident in recent years that the perivasculature comprising peri-

cyte and adventitial locus might be the in vivo niche of MSCs,

which would also explain why MSCs can be isolated from virtu-

ally all organs (Murray et al., 2014).

Our genetic fate tracing results indicate that resident perivas-

cular Gli1+ cells undergo proliferative expansion after injury and

differentiate into myofibroblasts in vivo. Indeed, it was noted

over a century ago that fibrosis emanates from blood vessels (At-

kins, 1875) and recent work implicates vascular pericytes as my-

ofibroblast progenitors in the kidney (Humphreys et al., 2010),

lung (Hung et al., 2013), spinal cord (Göritz et al., 2011), dermis,

and skeletal muscle (Dulauroy et al., 2012). Despite this, the

contribution of pericytes to kidney fibrosis has recently been

questioned (LeBleu et al., 2013). To date, studies analyzing the

role of pericytes in solid organ fibrosis have used broad stromal

cell drivers that typically mediate recombination in several

different cell types including vascular smooth muscle cells, me-

sangial cells, resident fibroblasts, and pericytes (Asada et al.,

2011; Henderson et al., 2013; Humphreys et al., 2010; Hung

et al., 2013; LeBleu et al., 2013). A particular strength of our

work is that while PDGFRb is expressed in a relatively large

cell population across organs tested, Gli1 specifically labels a

very small subset of this cell population surrounding the macro-

vasculature and microvasculature, which we show is enriched

for CFU-F and is committed to the myofibroblast lineage after

injury.

The cellular origin of myofibroblasts in cardiac fibrosis has

been unclear for many years, although historic observations

(Maccallum, 1899) and more recent work have suggested that

perivascular cells might be involved (Weber et al., 2013), but

no fate tracing data for pericytes or perivascular cells has ex-

isted. In fact for many years it was believed that ECs were a

major source of myofibroblasts in heart fibrosis via endothelial

to mesenchymal transition (EndoMT) (Zeisberg et al., 2007). A

very recent paper implicates resident myocardial stroma as

the major source of myofibroblasts in pressure-overloaded

(G and H) Parabiosis experimental design. After tamoxifen, Gli1-CreERt2; tdTomato mice (CD45.2+) were conjoined with unlabeled (CD45.1+) mice. Shared

circulation was verified by flow cytometric analysis of peripheral blood from the CD45.1+ parabiont (H, n = 8). Thereafter UUO was performed in the CD45.1+

parabiont and analyzed 10 days after surgery.

(I) Spleen chimerism for the common leukocyte antigen variants assessed by flow cytometry (n = 8 pairs, mean ± SEM).

(J) Flow cytometric plots of whole digested CLK and UUO kidney from the CD45.1+ parabiont indicating influx of leukocytes from the Gli1-tdTomato parabiont

with almost no detection of tdTomato+.

(K) Chimerism for CD45.1+ versus CD45.2+ leukocytes in CLK and UUO kidneys (n = 8, mean ± SEM).

(L) Influx of CD45.2+ leukocytes from the Gli1-tdTomato parabiont in CLK and UUO kidneys (n = 8, ***p < 0.001 by t test; mean ± SEM).

(M) Gli1-tdTomato cells do not circulate. Almost no tdTomato+ cells are detected in the kidneys of the CD45.1 (n = 8; p, not significant by t test; mean ± SEM).

(N) Gli1-tdTomato+ cells are seen in the uninjured kidneys of the CD45.2 parabiont; however, no Gli1-tdTomato+ cells are observed in the CD45.1 parabiont

despite robust fibrosis (a-SMA staining). Scale bars, top panel, 500 mm; bottom, 50 mm.
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cardiac fibrosis, whereas EndoMT or circulating precursors

were not observed (Moore-Morris et al., 2014). These latter re-

sults are consistent with our finding that resident perivascular

Gli1+ cells with distinct characteristics of MSCs differentiate

into myofibroblasts after injury of major organs including the

heart.

Matrix deposition impairs both systolic and diastolic heart

function and myofibroblasts are the main effector cells respon-

sible for this scarring in heart fibrosis. The cardiac interstitium

with fibroblasts and extracellular matrix has also been reported

to facilitate cardiac hypertrophy (Kakkar and Lee, 2010). How-

ever, whether ablation of myofibroblasts can affect scaring, hy-

pertrophy, and left ventricular function has remained unclear.

Our data clearly demonstrate that ablation of a myofibroblast

progenitor population and descendants reduces fibrosis severity

and cardiac hypertrophy and rescues systolic left ventricular

function after injury. However, our data also suggest that Gli1+

cells might gain markers of mature pericytes such as NG2 and

participate in angiogenesis. Clearly, Gli1+ cells are an intriguing

target for heart failure.

MSCs have recently been proposed by others as a source of

scar forming myofibroblasts in heart fibrosis and myelofibrosis

(Carlson et al., 2011; Schepers et al., 2013). However, this hy-

pothesis has remained speculative due to the absence of ge-

netic fate tracing data. Our results support the idea that tissue

resident perivascular MSC-like cells represent a major source

of myofibroblasts. They further suggest that under conditions

of chronic injury, MSC-like cells are not beneficial but actually

promote organ fibrosis. This might contradict the hypothesis

that MSCs act beneficially as ‘‘medicinal MSCs’’ that become

activated and promote tissue regeneration after injury (Caplan

and Correa, 2011) or the fact that exogenous infused MSCs

promote regeneration or ameliorate progression in many dis-

eases. While fibrotic scar is an adaptive response in certain

acute injuries (in myocardial infarction, for example, fibrosis

prevents left ventricular rupture), in chronic organ injury pro-

gressive myofibroblast expansion with scar deposition is path-

ologic and ultimately compromises organ function. Our results

emphasize that MSC-like cells do not always act in a beneficial

way.

Although ablation of Gli1+ cells substantially ameliorated

fibrosis in kidney and heart, we observed a-SMA+ myofibro-

blasts that do not derive from Gli1+ progenitors, suggesting a

heterogeneous lineage for the myofibroblast pool. It is striking

that Gli1+ cells reflect a very small proportion of total organ cells

and even PDGFRb+ cells but their ablation reduces fibrosis by

�50% in kidney and heart. Combined with the enhanced clono-

genic capacity of Gli1+ cells compared to Gli1� interstitial cells,

these results indicate that Gli1+ MSC-like cells represent a func-

tionally distinct interstitial subcompartment. The similarity of

these cells across organs also implies a conserved response

to chronic injury culminating in fibrosis.

The precise identity of myofibroblasts in kidney fibrosis

has been a subject of considerable controversy. In contrast

with our results here, another recent study reported that neither

PDGFRb- nor NG2-expressing cells contribute to the myofibro-

blast pool in kidney fibrosis (LeBleu et al., 2013). However,

shortly after this report, another group demonstrated that

PDGFRb+ cells do indeed contribute to the myofibroblast pool

in kidney, lung, and heart fibrosis (Henderson et al., 2013).

That myofibroblasts express PDGFRb+ has been known for

many years (Asada et al., 2011; Humphreys et al., 2010; Kra-

mann et al., 2013). While the reasons for these discrepant results

are unclear, mosaic transgene expression or expression pat-

terns unfaithful to the endogenous allele, both known properties

of random integration transgenics, is one possible explanation

(Duffield, 2014; Le et al., 2006). Our results here clearly indicate

that all myofibroblasts express PDGFRb and that Gli1+ cells do

not acquire significant NG2 expression in classical fibrosis

models.

The contribution of circulating, bone-marrow-derived progen-

itor cells to the pool of myofibroblasts is also controversial

(Kramann et al., 2013) and some evidence suggests that bone-

marrow-derived MSCs enter the circulation and home to sites

of injury. Our data from BMTX and parabiosis approaches pro-

vide conclusive evidence that Gli1+ MSC-like cells are tissue

Figure 7. Ablation of Gli1+ Cells via the Human Diphtheria Toxin Receptor Ameliorates Kidney and Heart Fibrosis and Rescues Left

Ventricular Function in Heart Failure

(A) Experimental scheme. Gli1-CreERt2; iDTR bigenic mice were administered tamoxifen, leading to heritable expression of the human DTR in Gli1+cells, allowing

ablation of these cells via diphtheria toxin (DTX) injection.

(B) Gli1-CreERt2; iDTR mice were subjected to UUO or sham surgery and injected with vehicle (VEH = PBS) or DTX after surgery as indicated (sham + VEH, n = 5;

sham + DTX, n = 7; UUO + VEH, n = 7; UUO + DTX, n = 8).

(C–E) Ablation of Gli1+ cells by DTX reduced severity of kidney fibrosis after UUO as demonstrated by trichrome staining, immunostaining, and western blotting

for a-SMA and quantification of interstitial fibrosis. Scale bars, left two panels, 500 mm; others, 50 mm; ***p < 0.001 by one-way ANOVA with posthoc Tukey;

mean ± SEM.

(F) iDTR mRNA increases in UUO kidneys reflecting the expansion of Gli1-iDTR+-cells, whereas DTX injection significantly reduced iDTR expression in UUO

kidneys, indicating ablation of Gli1-iDTR+ cells; ***p < 0.001 by t test; mean ± SEM.

(G) Gli1-CreERt2; iDTRmice underwent ascending aortic constriction (AAC) or sham surgery andwere randomized to subsequently receive either diphtheria-toxin

(DTX) (AAC, n = 9; sham, n = 5) or vehicle (PBS) (AAC, n = 10; sham, n = 5). Note decreased heart size in DTX-treated mice.

(H and I) Ablation of Gli1+ cells ameliorated cardiac hypertrophy as indicated by reduced heart weight and cardiomyocyte (CM) cross-sectional area (*p < 0.05 by

t test; mean ± SEM).

(J) Confirmation of ablation by reduction in mRNA for DTR receptor (*p < 0.05 by t test; mean ± SEM).

(K and L) Reduced interstitial fibrosis by trichrome stain after DTX injection. Scale bars, 50 mm; ***p < 0.001 by t test; mean ± SEM.

(M–O)Reduced fibronectin and collagen 1 expression andquantification afterDTX injection. Scale bars, left panel, 500mm; right panel, 50mm; ***p < 0.001by t test.

(P) Reduced a-SMA after DTX injection.

(Q and R) After AAC, vehicle-injected mice developed progressive heart failure, as expected (representative echocardiographic M-mode pictures in Q)

with significantly reduced left ventricular ejection fraction (EF) at 8 weeks. Ablation of Gli1+ cells by DTX treatment rescued this progressive heart failure. *p < 0.05,

**p < 0.01 by t test; mean ± SEM. See also Figure S6.
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resident cells that do not arise from the circulation. However, we

cannot exclude a contribution from Gli1� circulating cells.

Most studies of Hh signaling during fibrosis suggest that Hh li-

gands Shh and Ihh drive myofibroblast proliferation and activa-

tion (Fabian et al., 2012; Michelotti et al., 2013). However, Hh

signaling is also critical in angiogenesis and Shh gene transfer

has been shown to reduce fibrosis and conserve left ventricular

function after myocardial ischemia, possibly reflecting Shh-

driven proangiogenic signaling in the heart (Kusano et al.,

2005). Consistent with this possibility, we found that both Shh

and VEGF increased the number of Gli1+ cells associated with

EC tubes. Shh alsomediates proangiogenic signaling by upregu-

lating VEGF expression (Pola et al., 2003; Pola et al., 2001) and

VEGF can induce expression of the Hh transcriptional activator

Gli1 (Goel and Mercurio, 2013), suggesting the possible exis-

tence of a positive feedback loop.

Our data suggest dual roles for Gli1+ cells in both fibrosis and

angiogenesis. Gli1 is a transcriptional readout of Hh pathway ac-

tivity, indicating that Gli1+ MSC-like cells respond to Hh ligand.

Consistent with this, nerve-derived Shh drives Gli1 in mouse

incisor MSCs (Zhao et al., 2014) and a similar paradigm has

been described for the hair follicle (Brownell et al., 2011).

Whether or not such a paracrine signaling loop exists for

organ resident MSC-like cells is unclear. We analyzed bigenic

ShhCreERt2+; tdTomato+ mice for expression of Shh+ cells in

adult mice, andwe did not observe any tdTomato+ cells in kidney

or heart up to 2 weeks after tamoxifen injection or after injury

(data not shown). The known roles for Gli1 in regulating cell pro-

liferation and self-renewal of stem cells suggest similar roles in

MSC-like cells (Merchant et al., 2010; Takanaga et al., 2009).

Indeed, our data points toward constitutive expression of Gli1

in Gli1+ MSC-like cells in vitro, whereas inhibition of Gli by

GANT61 reduces both self-renewal and association of Gli1+ cells

with endothelial tubes. Whether steady state Gli expression

might promote a quiescent state of perivascular Gli1+ cells will

require further investigation.

EXPERIMENTAL PROCEDURES

Mice

All mouse experiments were performed according to the animal experimental

guidelines issued by the Animal Care and Use Committee at Harvard Univer-

sity. Gli1-nLacZ (JAX #008211) Gli1-CreERt2 (JAX #007913), Rosa26tdTomato

(JAX #007909) iDTR mice (JAX #007900), and Ptprca-Pepcb mice (JAX

#002014) were purchased from Jackson Laboratories. For lineage tracing

studies 6- to 7-week-old mice received 3 3 0.1 mg/kg bodyweight tamoxifen

in corn oil/3% ethanol (Sigma) via intraperitoneal injection 10 days before sur-

gery or disease induction unless otherwise stated. All models of organ injury

and cell-specific ablation experiments are described in the Supplemental

Experimental Procedures.

Bone Marrow Transplantation Experiments

Whole bone marrow was harvested from Gli1-CreERt2; tdTomato mice

(CD45.2) that had received tamoxifen injection previously. We added 2 3

106 FACS sorted Gli1-tdTomato+ cells isolated from bone chips of bigenic

Gli1-CreERt2; tdTomato mice to 3 3 106 freshly isolated whole bone marrow

cells per recipient and injected this into the tail vein of lethally irradiated

(1,050 Rads) CD45.1+ recipient mice (JAX #002014).

Parabiosis

Bigenic Gli1-CreERt2; tdTomato mice (8 weeks old) received tamoxifen (3 3

0.4 mg/kg bodyweight by gavage) and were conjoined to wild-type CD45.1

mice (JAX #002014, 8 week old) 10 days after the last tamoxifen injection.

Parabiosis was performed as previously described (Ruckh et al., 2012).

Cross-circulation was confirmed by flow cytometry of peripheral blood, sple-

nocytes, and digested kidneys using antibodies specific for the common

leukocyte variants CD45.1 and CD45.2.

Gene/Protein Expression

Primers are described in Table S1 and antibodies and methods are described

in the Supplemental Experimental Procedures.

Echocardiography

Echocardiography was performed in the AAC cell-ablation experiment imme-

diately after the AAC surgery to determine the peak velocity at the constriction,

2 weeks after surgery before the randomization to DTX or Vehicle group and at

4 and 8 weeks after the surgery in low dose isoflurane anesthesia (1.5%) using

a 28 MHz linear array transducer connected to a digital ultrasound console

(Vevo 2100 Visualsonics). Images and loops were stored and analyzed offline

using the Vevo 2100 analysis software (1.6.0 Visualsonics).

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes Supplemental Experimental

Procedures, seven figures, one table, and two movies and can be found with

this article online at http://dx.doi.org/10.1016/j.stem.2014.11.004.
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SUMMARY

Lipid metabolism is fundamental for brain develop-
ment and function, but its roles in normal and patho-
logical neural stem cell (NSC) regulation remain
largely unexplored. Here, we uncover a fatty acid-
mediated mechanism suppressing endogenous
NSC activity in Alzheimer’s disease (AD). We found
that postmortem AD brains and triple-transgenic Alz-
heimer’s disease (3xTg-AD) mice accumulate neutral
lipids within ependymal cells, the main support cell
of the forebrain NSC niche. Mass spectrometry
and microarray analyses identified these lipids as
oleic acid-enriched triglycerides that originate from
niche-derived rather than peripheral lipidmetabolism
defects. In wild-type mice, locally increasing oleic
acid was sufficient to recapitulate the AD-associated
ependymal triglyceride phenotype and inhibit NSC
proliferation. Moreover, inhibiting the rate-limiting
enzyme of oleic acid synthesis rescued proliferative
defects in both adult neurogenic niches of 3xTg-AD
mice. These studies support a pathogenic mecha-
nismwhereby AD-induced perturbation of niche fatty
acid metabolism suppresses the homeostatic and
regenerative functions of NSCs.

INTRODUCTION

Preservation of stem cell activity within adult tissues is essential

for maintaining tissue structure and function. In the brain, exper-

imental inhibition of neural stem cell (NSC) activity leads to def-

icits in learning and memory, mood, and stress regulation

(Imayoshi et al., 2008; Sakamoto et al., 2014; Sakamoto et al.,

2011; Snyder et al., 2001). In addition, following neural damage,

NSC-derived progeny are re-directed to areas of degeneration,

where they are involved in wound healing and cell replacement

and can serve as a target for therapeutic manipulations (Benner

et al., 2013; de Chevigny et al., 2008; Erlandsson et al., 2011;

Kolb et al., 2007). NSC activity decreases naturally during aging

and is dysregulated in models of neurodegenerative diseases,

suggesting an involvement in aging- and disease-associated

cognitive deficits (Bouab et al., 2011; Demars et al., 2010; Ham-

ilton et al., 2010; Hamilton et al., 2013; Lazarov and Marr, 2010;

Lazarov et al., 2010). Consistent with this, disturbances in neuro-

genesis have been reported in Alzheimer’s disease (AD) patients

(Crews et al., 2010; Perry et al., 2012; Ziabreva et al., 2006) and a

range of AD transgenic mouse models (Chuang, 2010; Hamilton

et al., 2010). Neural precursor activity can be regulated by gene

products involved in both sporadic AD (i.e., ApoE4) (Levi and Mi-

chaelson, 2007; Li et al., 2009; Yang et al., 2011) and familial AD

(i.e., beta-amyloid, soluble amyloid precursor protein) (Lazarov

andMarr, 2010; Smukler et al., 2011). Furthermore, genetic poly-

morphisms affecting NSC activity can influence AD risk (Nho

et al., 2015), while neurogenesis-related genes were identified

as a prominently over-represented class of AD risk genes in a

recent analysis of published genome-wide linkage, association,

and expression studies (Talwar et al., 2014). Thus, dissecting the

mechanisms involved in NSC dysregulation could provide new

opportunities for preventive and regenerative therapeutic strate-

gies for neurodegeneration.

Recently, lipids have gained attention in the regulation of NSC

behavior. In the forebrain subventricular zone (SVZ) niche, lipid

metabolism genes are among the major classes of transcrip-

tional differences between quiescent and activated NSCs

(Codega et al., 2014). Moreover, in both SVZ and hippocampal

dentate gyrus (DG) niches, neural precursors require fatty acid

oxidation for proliferation (Chorna et al., 2013; Knobloch et al.,

2013; Matsumata et al., 2012; Stoll et al., 2015). NSCs are posi-

tioned particularly well in the SVZ to be regulated by environ-

mental lipid signals. Systemic signals can reach NSCs via their

contacts with the cerebrospinal fluid (CSF) and SVZ blood

vessels (Codega et al., 2014; Mirzadeh et al., 2008; Tavazoie

et al., 2008). Ependymal cells are a major source of local signals,

constituting approximately 25% of cells within the SVZ niche

(Doetsch et al., 1997) and surrounding NSCs in pinwheel
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Figure 1. Early Onset of Neurogenesis Defects Correlates with Neutral Lipid Accumulations within Ependymal Niche Cells in the SVZ of AD

Mice and Patients

(A–D) Quantification and representative micrographs of Ki67+ proliferating cells (A), Ki67+/GFAP+ proliferating NSCs (B), Ki67+/DCX+ proliferating neuroblasts

(C), and DCX+ neuroblasts (D) in the SVZ niche of 2-month-old WT and 3xTg-AD mice (n = 4). Same fields shown in (C) and (D). Unpaired t test.

(E–H) Quantification and representative micrographs of Ki67+ proliferating cells (E), Ki67+/GFAP+ proliferating NSCs (F), Ki67+/DCX+ proliferating neuroblasts

(G), and DCX+ neuroblasts (H) in the DG niche of 2-month-old WT and 3xTg-AD mice (n = 4). Same fields shown in (E) and (G). Unpaired t test.

(I and J) ORO staining of coronal sections containing the lateral ventricle (LV) and third ventricle (3V) of 2-month-old and 11-month-old WT (I) and 3xTg-AD

(J) mice.

(legend continued on next page)
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structures within the walls of the lateral ventricles (Mirzadeh

et al., 2008). Ependymal cells provide a critical interface for the

exchange of ions, macromolecules, and immune cells between

the brain and the circulating CSF, secrete a variety of molecules

that regulate NSC activity, and have been identified as sites of

lipid synthesis and storage (Bouab et al., 2011; Etschmaier

et al., 2011; Hamilton et al., 2010).

Interestingly, AD is associated with both declines in neuro-

genesis-regulated cognitive processes and aberrations in lipid

metabolism. Indeed, lipid accumulations were one of the five

original AD-associated tissue pathologies reported by Alois

Alzheimer (Alzheimer, 1907). More recently, links have strength-

ened between aberrant lipid metabolism and neurodegenera-

tion in AD (Astarita et al., 2011; Fraser et al., 2010; Hussain

et al., 2013; Podtelezhnikov et al., 2011; Tanzi, 2012), while

epidemiological studies have demonstrated that AD risk factors

include peripheral metabolic conditions such as insulin resis-

tance, obesity, and dyslipidemia (Pasinetti and Eberstein,

2008). However, deeper mechanistic insights into the role of

abnormal lipid metabolism in AD have been hindered by the

technical complexity involved with localizing, identifying, and

determining the biological functions of individual lipid species

in the brain.

In the present study, we developed methodologies to over-

come these limitations, allowing us to uncover a new patholog-

ical mechanism in AD. Our results reveal that lipid metabolism

defects originating within a major neurogenic niche can disrupt

NSC-mediated regeneration and plasticity.

RESULTS

Early Onset of Neurogenesis Defects and
AD-Associated Neutral Lipid Accumulations at the
Brain-CSF Interface
The triple-transgenic Alzheimer’s disease (3xTg-AD) mouse is a

unique AD model that accumulates both amyloid plaques and

neurofibrillary tangles with age (Oddo et al., 2003). We have pre-

viously shown that neural precursor proliferation and neurogenic

output are decreased in 3xTg-ADmice at both 11 and 18months

of age (Hamilton et al., 2010). We hypothesized that if suppres-

sion at the level of NSCs underlies the defects in neurogenic

output, then it should be possible to identify an earlier time win-

dow when only proliferating precursors are affected. Consistent

with this, multi-stage analysis of SVZ neurogenesis in 2-month-

old mice revealed that 3xTg-AD mice already have significant

decreases in total Ki67+ cell proliferation (Figure 1A), Ki67+/glial

fibrillary acidic protein (GFAP+) proliferating NSCs (Figure 1B),

and Ki67+/DCX+ proliferating neuroblasts (Figure 1C), without

alterations in the total number of DCX+ neuroblasts (Figure 1D),

number of pinwheel units (Figure S1A), or neurospheres (Fig-

ure S1B). There was also no significant difference in Ki67+/

Iba1+ proliferating microglia (Figure S1C). In the hippocampal

DG niche, total Ki67+ (Figure 1E) and total DCX+ (Figure 1H) pop-

ulations were both significantly decreased, while Ki67+/GFAP+

proliferating NSCs (Figure 1F) and Ki67+/DCX+ proliferating neu-

roblasts (Figure 1G) showed trends toward decreases that ap-

proached statistical significance. The number of Ki67+/Iba1+

proliferating microglia was unchanged (Figure S1D).

Neurogenesis impairments in 3xTg-ADmice occur before am-

yloid plaques and neurofibrillary tangles (Hamilton et al., 2010),

suggesting the involvement of other pathogenic mechanisms.

We observed that NSC suppression in 2-month-old 3xTg-AD

mice occurred concomitant to a highly specific accumulation

of oil red O (ORO)-positive neutral lipid droplets along the entire

brain-CSF interface, including the lateral ventricle of the fore-

brain SVZ niche and the third ventricle of the hypothalamus

(Figures 1I and 1J). At 2 months of age, SVZ lipid droplets

were statistically significantly increased in 3xTg-AD mice

compared to wild-type (WT) mice (Figure S1E), and lipid droplet

numbers correlated well with the observed declines in SVZ neu-

rogenesis markers (Figures S1F–S1I). ORO-positive lipid drop-

lets continued increasing with age in 3xTg-AD mice; however,

even at 11 months of age, they were never detected outside of

the ventricular zone in either WT or 3xTg-AD mice (Figures 1I

and 1J). SVZ lipid droplets were found uniquely in ventricle-con-

tacting ependymal cells and did not accumulate in the sub-epen-

dymal populations of neural precursors (Figures 1K and 1L).

These data reveal a buildup of lipid droplets within the SVZ niche

during the window of preferential NSC inhibition.

We then tested whether aberrant lipid accumulations are pre-

sent in the SVZ of postmortem human AD brains (Figures 1M and

1N). Remarkably, we found similar lipid accumulations along the

lateral ventricles in post-mortem brain tissues from nine AD pa-

tients (78.0 ± 2.89 years old) and five age-matched cognitively

normal individuals (79.6 ± 5.88 years old) (Figures 1M and 1N;

Figures S1E and S1F; Table S1 for patient information). Four of

the five controls presented sparse ORO staining of the ependy-

mal layer along the majority of the ventricular wall (Figures 1M

and S1J). In contrast, the majority of AD brains showed dense

accumulations of ORO at the basal surface of the ependyma

(Figures 1N and S1K), with four of the nine presenting a mixture

of dense and sparse areas. These data collectively reveal a se-

lective accumulation of lipid droplets along the brain-CSF inter-

face of both human AD brains and 3xTg-AD mice, and at least in

3xTg-AD mice, this accumulation coincides with impaired NSC

function during early adulthood.

Accumulating AD-Associated Lipids Are Triglycerides
Enriched with Oleic Acid
Lipid droplets are lipid-rich organelles composed of neutral lipids

such as fatty acids, triglycerides, and sterols (Martin and Parton,

2006). To identify the classes of lipids accumulating within the

SVZ niche, we developed an imaging mass spectrometry

(IMS)-based lipidomics strategy. IMS is a unique form of mass

(K and L) Representative micrographs (K) and quantifications (L) of lipid droplets (arrowheads) in 3xTg-AD ependymal versus sub-ependymal cells (n = 3). One-

way ANOVA.

(M and N) ORO staining of transverse sections containing the LV and the SVZ of normal individuals (CTRL) (M) and AD patients (N). Panels at the right show

representative higher-magnification images.

The scale bar in (A) (for A–H) represents 5 mm, in (I) (for I and J) and (M) (for M and N) represents 100 and 10 mm, in (K) represents 1 and 2 mm. Error bars represent

mean ± SEM. *p % 0.05 and **p % 0.005. See also Figure S1 and Table S1.
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spectrometry that employs laser desorption-ionization to collect

mass spectra data at high-resolution intervals across a tissue

section, thereby revealing the spatial distribution of individual

biomolecules within the unperturbed tissue architecture. IMS re-

vealed that lipid accumulations in the SVZ niche are selectively

enriched in triglycerides. Twelve distinct triglycerides were found

to be increased by 2- to 27-fold in the SVZ niche of 3xTg-AD

mice compared to strain controls (Figure 2A). The four largest in-

creases occurred in triglycerides having structures of 50:1, 52:2,

54:2, and 54:3 (total carbon-to-unsaturation ratio) (Figure 2B),

and IMS ion density maps illustrated a specific enrichment of

these triglycerides along the ventricular borders (Figures 2C

and S2A). Conversely, cholesterol content in the SVZ was un-

changed (Figure S1B).

A

B

D E

C

Figure 2. Accumulating AD-Associated Lipids Are Triglycerides Enriched in OA

(A–C) IMS showing the 12 triglycerides that accumulate surrounding the lateral ventricle of 5-month-old 3xTg-AD mice. (A) Structures (total carbon-to-un-

saturation ratio) of the 12 enriched triglycerides with their associated total ion counts. (B) Table of m/z ratios and fold changes of the 4most enriched triglycerides

(50:1, 52:2, 54:2, and 54:3). (C) Representative ion density maps. Unpaired t test.

(D) Tandem mass spectrometry of the three major triglycerides (50:1, 52:2, and 54:2) to identify their fatty acid side chains. The fractionation pattern from the

sodium-adducted triglyceride 50:1 is shown. The inset table summarizes the combined fractionation patterns of the three major triglycerides, showing a pre-

dominant enrichment of OA (red).

(E) Fatty acid biosynthesis pathway involved in the production and subsequent processing of OA (18:1). Fatty acids identified as enriched in the 3xTg-AD SVZ are

shown in red. Enzymes involved at each step are shown, and include the SCD, ELOVL, and FASD gene families.

The scale bar in (C) represents 200 mm. Error bars represent mean ± SEM. *p % 0.05, **p % 0.005, and ***p % 0.0005. See also Figure S2.
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Triglycerides are composed of a glycerol head group with

three fatty acid side chains. Because individual fatty acids have

distinctive effects on energy metabolism, intra- and inter-cellular

signaling, gene expression, and membrane properties, we iden-

tified the constituent fatty acids of the accumulating ependymal

triglycerides using tandem mass spectrometry. Ionization of the

three most increased triglycerides yielded predictions of oleic

acid (OA) (18:1), palmitic acid (16:0), stearic acid (18:0), palmito-

leic acid (16:1), eicosenoic acid (20:1), and eicosadienoic acid

(20:2) sidechains inanapproximately7:5:3:1:1:1 ratio (Figure2D).

Interestingly, these fatty acids are closely related within a com-

mon fatty acid biosynthetic pathway (Figure 2E). Together, these

data reveal a panel of AD-associated triglycerides that accumu-

late at the brain-CSF interface and that are enriched in OA.

Short-Term ICV Infusion of OA Recapitulates Lipid
Droplets and AD-Associated Triglycerides but Does Not
Affect SVZ Neurogenesis
Because OA was the major fatty acid accumulating in the SVZ

niche, we investigated the consequences of increasing local

OA levels in the SVZ of WT mice. OA administration to WT

mice for 7 days by direct intracerebroventricular (ICV) infusion re-

sulted in the formation of ORO-positive ependymal lipid droplets

that closely resembled those of 3xTg-AD mice and human AD

patients (Figures 3A and 3B). Moreover, IMS showed a concom-

itant increase in AD-associated triglycerides (Figure 3C). To

determine whether this was a direct or indirect consequence of

OA administration, we traced the incorporation of the infused

OA with a sensitive in vivo metabolic labeling procedure that

uses OA comprised entirely of heavy 13C (13C OA) (Figures 3D–

3F). Comparison of IMS spectra between 13C OA and regular
12C OA revealed that OA infusion into WT mice is sufficient to

generate virtually all AD-associated triglycerides. For example,
13C OA shifted the triglyceride 50:1 by exactly 18.060 atomic

units (incorporation of one OA side chain), the triglyceride 52:2

by 18.060 and 36.120 atomic units (incorporation of up to

two OA side chains) (Figures 3D–3F), the triglyceride 54:2 by

18.060 and 36.120 atomic units (incorporation of up to two OA

side chains) and the species 54:3 by 18.060, 36.120, and

54.180 atomic units (incorporation of up to three OA side chains).

Uptake of 13COA into each of the 12 AD-associated triglycerides

is summarized in Figure 3F and shows that 11 of the 12 AD-asso-

ciated triglycerides are replicated in WT mice simply by ICV

infusion of OA. These metabolic labeling experiments also

demonstrated that some AD-associated triglycerides contained
13C OA that had been elongated (56:4 and 56:5), reduced (52:2

and 52:3), saturated (52:2 and 54:2), and/or desaturated (54:4,

56:4, and 56:5), revealing that OA at the brain-CSF interface

can be used as a substrate to locally generate longer chain

and polyunsaturated fatty acids.

We then assessed OA’s effects on SVZ neurogenesis

following this 7-day ICV infusion. Multi-stage analysis of SVZ

neurogenesis revealed that there were no changes in any of

the SVZ cell populations analyzed (Figures 3G–3M), including to-

tal cell proliferation (Figure 3G), proliferating NSCs (Figure 3H),

number of pinwheel units (Figure 3I), number of neurospheres

grown (Figure 3J), proliferating neuroblasts (Figure 3K), total neu-

roblasts (Figure 3L), and proliferating microglia or macrophages

(Figure 3M). Thus, short-term elevation of a single fatty acid, OA,

is sufficient to induce ependymal lipid droplet accumulation and

to replicate the AD-associated triglyceride phenotype, but it

does not have a generalized inhibitory or toxic effect on the SVZ.

OA Treatment Selectively Suppresses NSC Activity
Little is known about the impact of fatty acids on NSC function.

Because the 2- to 3-week in vivo division frequency of NSCs is

much longer than the 7-day OA infusion paradigm used earlier,

we employed more targeted in vitro and in vivo assays to specif-

ically test whether excess OA negatively regulates NSC activity.

We found that OA concentration is a critical determinant of

NSC colony formation in the in vitro neurosphere assay, because

doubling the OA concentration was sufficient to convert it from a

positive to a negative regulator of neurosphere formation (Fig-

ures 4A–4F and S3A–S3D). Neural precursors exposed to

elevated OA at the time of initial plating (when neurosphere

growth requires NSC activation) generated 50% fewer neuro-

sphere colonies (Figures 4A and 4B). In contrast, neural precur-

sors exposed to the same OA concentration after 4 days in vitro

(when neurosphere growth is driven by proliferation of progeni-

tors) were unaffected (Figures 4C and 4D). Consistent with a spe-

cific effect on NSCs, neurosphere self-renewal assays showed

that when OA and vehicle-treated spheres of equal sizes were

dissociated and re-plated under identical neurosphere-forming

conditions, there were 20% fewer neurosphere-initiating NSCs

in OA-treated neurospheres (Figures 4E and 4F). Flow cytometry

(Figure 4G) and immunocytochemistry (Figures 4H and 4I)

confirmed that 100 mM OA inhibits division of a sub-population

of neural precursors but does not have a generalized impact

on either proliferation or cell death. Thus, in vitro, elevated OA

levels selectively inhibit NSC proliferation.

The previous data suggested a model in which OA accumu-

lating in ependymal cells acts in a paracrine manner to dysregu-

late NSC activity. To begin exploring this idea, we first tested

whether the SVZ of 3xTg-AD mice releases anti-neurogenic fac-

tors by growing WT NSCs in the presence of either 3xTg-AD or

WT SVZ whole mounts. We found a 50% decrease in neuro-

sphere number after whole mount co-culture from 3xTg-AD

mice (Figure 4J), revealing that the SVZ of 3xTg-AD mice con-

tains factors that inhibit NSC proliferation. Conditioned media

from 3xTg-AD whole mounts likewise inhibited the neurosphere

number bymore than 50%when compared toWTwhole mounts

(Figure 4J), indicating that this AD-associated inhibitory activity

is mediated by soluble rather than contact-mediated mecha-

nisms. Interestingly, the decline in the neurosphere number is

similar in magnitude to that observed following 100 mMOA treat-

ment (Figures 4A and 4B). This confirms that soluble factors

released from the 3xTg-AD niche inhibit NSC activity.

NSCs only divide once every several weeks in vivo, making it

difficult to assess treatment-induced changes in their activity.

We therefore employed a well-characterized SVZ regeneration

assay to evaluate whether excess OA can suppress NSC activa-

tion in vivo. In this model, elimination of proliferating SVZ cells

(primarily progenitors and neuroblasts) with the anti-mitotic

agent cytosine arabinoside (AraC) results in more synchronized

activation of the quiescent NSC pool, which then rapidly repopu-

lates the SVZ niche (Doetsch et al., 1999). After 6 days of infusion

of AraC with either OA or vehicle, pumps were removed and the

animals were sacrificed 24-hr post-AraC withdrawal (Figures
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Figure 3. Short-Term ICV Infusion of OARecapitulates Lipid Droplets and AD-Associated Triglycerides but Does Not Significantly Affect SVZ

Neurogenesis

(A and B) ICV infusion of vehicle (n = 4) (A) or OA (n = 4) (B) for 7 days, with boxed areas magnified at the right.

(C) Representative IMS ion density maps following vehicle or OA infusion showing an AD-associated triglyceride that is induced by OA infusion.

(D and E) IMS following metabolic labeling with 12C OA (n = 3) versus 13C OA (n = 3) (D), with sample ion density maps of 52:2 (E).

(legend continued on next page)
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4K–4N). No proliferating or post-mitotic neuroblasts were pre-

sent in the SVZ (data not shown), consistent with previous find-

ings (Doetsch et al., 1999) and validating that the AraC treatment

was effective. Quantification revealed that OA inhibited the NSC-

mediated recovery, significantly decreasing the total numbers of

Ki67+ proliferating cells (Figure 4L) and Ki67+/GFAP+ prolifer-

ating NSCs (Figure 4M) when compared to vehicle. There was

no significant impact on the numbers of proliferating microglia

or macrophages within the SVZ (Figure 4N). Thus, increased

OA within the SVZ niche can suppress proliferation of NSCs,

adversely impacting their ability to maintain niche homeostasis.

Lipid Metabolism Alterations Occur within the SVZ
Niche
The previous data suggested that OA accumulation at the brain-

CSF interface is a key mediator of AD-associated NSC impair-

ment. To identify a possible systemic origin of the accumulating

OA,westudied theplasmaandCSFof3xTg-ADmiceusinga liquid

chromatography mass spectrometry (LC-MS)-based lipidomic

approach (see Experimental Procedures and Figures S4 and S5).

However, concentrations of the 12 AD-associated triglycerides

and their associated free fatty acids were unchanged between

3xTg-ADmiceand theirWTcontrols inboth thesecirculatingfluids

(Figures 5A and 5B). Moreover, the central versus peripheral lipid

profiles of 3xTg-ADmice exhibited differential changes as choles-

terol was increased in the 3xTg-AD plasma (Figure S5E) but not

within the 3xTg-AD SVZ (Figure S2B). We therefore explored

whether lipid metabolism was altered within the SVZ niche.

Gene expression in the microdissected SVZ of 3xTg-AD

versus WT mice was compared using a 55,681-probe genome-

widemicroarray and revealed 993 significantly up- or downregu-

lated genes (fold change R 1.4 and p % 0.005) (Figure 5C).

Functional analysis of this dataset identified cellular metabolism

(comprising carbohydrate, nucleic acid, amino acid, and lipid

metabolism) as one of the top five significantly altered cate-

gories, along with neurogenesis-related categories such as

cognitive function, cell cycle, and proliferation and cellular differ-

entiation (Figure 5D and Table S2). Manual and database-medi-

ated extraction of lipid-related genes revealed that 142 of the

993 significantly modulated changes (14.3%) were lipid related

(Figure 5E and Table S3), including genes implicated in various

aspects of fatty acid metabolism (i.e., PLA2, SCD-1, ELOVL7,

FABP5, LIPIN2, and NPC1).

Together, these data show that AD-associated triglycerides

accumulating in SVZ ependymal cells are unlikely to originate

in the periphery, and they identify the SVZ niche as a site of

AD-associated alterations in lipid metabolism gene expression.

Hyper-Activation of AKTSignalingMediatesOA-Induced
Impairment of NSC Activity
We next investigated ways of interfering with OA-induced NSC

impairments. Studies of several peripheral cell types indicate

that OA release can modulate AKT activity in target cells (Lee

et al., 2014; Shibata et al., 2013; Yun et al., 2006). Consistent

with AKT being a possible mediator of OA’s effects on NSCs, a

single ICV injection of OA into WT mice led to hyper-phosphory-

lation of AKT within the ipsilateral SVZ within 4 hr (Figures 6A–

6C). Similarly, when SVZ neural precursors were cultured using

the neurosphere assay, acutely treated with OA, and then lysed

after 15 min, 30 min, 1 hr, 2 hr, 4 hr, and 24 hr, an increase in AKT

signaling was observed beginning at the 4-hr point (Figures 6D

and 6E and data not shown).

To begin testing whether OA-induced hyper-activation of AKT

inhibits NSC activity, we used a pharmacological approach to

suppress AKT phosphorylation in cultured neurosphere-derived

cells (Figures 6D and 6E). This experiment showed that OA on its

own increased phosphorylated AKT (pAKT), 12.5 mM of the PI3-

kinase inhibitor LY294002 eliminated basal pAKT, and when OA

was combined with LY294002, OA normalized pAKT toward

control levels (Figures 6D and 6E). OA treatment and LY in-

hibition did not have a statistically significant effect on phos-

phorylated extracellular signal-related kinase (pERK) (Figure 6D).

Based on these biochemical data, we hypothesized that if OA-

induced hyper-phosphorylation of AKT mediates its inhibition

of NSCs, then simultaneous inhibition of pAKT with LY294002

should rescue OA’s inhibition of neurosphere formation. Indeed,

when neurospheres were passaged into the medium containing

OA, LY294002, or OA+ LY294002, OA reduced the neurosphere

number by 50% (as in our previous experiments), LY294002

dose-dependently inhibited the neurosphere number, and

remarkably, OA’s negative effect on neurosphere formation

was converted to a positive effect when combined with

LY294002 (i.e., an increased neurosphere number compared

to vehicle) (Figures 6F and 6G). These data implicate AKT

signaling as an important effector of OA’s effects on NSCs

in vitro and suggest that NSCs require an optimal level of AKT

signaling: excess OA under normal conditions leads to a detri-

mental hyper-stimulation of AKT activity, whereas excess OA un-

der conditions of insufficient AKT signaling leads to a beneficial

normalization of AKT activity.

We then used an adult brain electroporation approach (Bar-

nabé-Heider et al., 2008) to genetically target ventricle contact-

ing GFAP-expressing NSCs, allowing us to determine whether

AKT also mediates OA’s effects on NSC proliferation in vivo.

A plasmid encoding GFAP-cre was electroporated into the

ventricle walls of adult R26-flox-stop-flox-EYFP mice to induce

the expression of EYFP in GFAP+ NSCs and their progeny.

The GFAP-cre plasmid was co-electroporated with plasmids en-

coding either kinase-dead AKT (KD-AKT) or empty vector (EV).

Immediately following electroporation, 7-day mini-osmotic

pumps were implanted for ICV infusion of either vehicle or OA

to test the effects of OA on the electroporated ventricle-contact-

ing NSCs (Figures 6H and 6I). Consistent with our previous data,

quantification of the EYFP+ cells after 7 days showed that OA

(F) Table summarizing the number of 13C OA chains incorporated into each AD-associated triglyceride.

(G–M) 7-day vehicle (n = 5) or OA (n = 5) infusion for quantification of Ki67+ proliferating cells (G), Ki67+/GFAP+ proliferating NSCs (H), whole-mount pinwheel

units per field (n = 3 vehicle or n = 4OA) (I), neurosphere number (n = 3 vehicle or n = 4OA) (J), Ki67+/DCX+ proliferating neuroblasts (K), DCX+ neuroblasts (L), and

Ki67+/Iba-1+ proliferating microglia (M) in the SVZ niche. Unpaired t test.

Scale bars in (A) (for A and B) represent 200 and 10 mm and in (C) and (E) represent 200 mm. Error bars represent mean ± SEM. * in (A)–(C) denotes the ipsilateral

injection side.
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infusion in the EV group resulted in a 37.6% decrease in EYFP+

cells relative to vehicle that approached statistical significance

(p = 0.08) (Figure 6I). Importantly, this OA-induced suppression

of NSC proliferative expansion was attenuated in the KD-AKT

group (Figure 6I), which exhibited only a 21.2% decrease relative

to vehicle (p = 0.2). Together, these in vitro and in vivo rescue
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Figure 4. OA Treatment Selectively Suppresses NSC Activity In Vitro and In Vivo

(A–D) Primary neurospheres fromC57BL6micewere dissociated and re-plated under neurosphere-forming conditions and treatedwith either vehicle or OA (50 or

100 mM) on the day of plating (D0, NSC activation) (A and B) or 4 days later (D4, progenitor expansion) (C and D) (n = 3 per condition). One-way ANOVA.

(E and F) NSC self-renewal was assessed in dissociated secondary neurospheres plated in identical conditions after 10 days of continuous treatment with OA or

vehicle (n = 6 per condition). One-way ANOVA.

(G) Dissociated primary neurospheres from C57BL6 mice plated in the presence of EGF and treated on the day of plating with vehicle or 50 or 100 mM OA

conjugated to the vehicle for 2–3 days (n = 3 per condition). Quantification by flow cytometry analysis of carboxyfluorescein diacetate succinimidyl ester (CFSE),

a cell division assay. Cells were differentiated without EGF as a positive control for differentiation. One-way ANOVA.

(H and I) Quantification of immunocytochemistry for Ki67 (proliferation) (H) and terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling

(TUNEL, cell death) (I) (n = 3 per condition). One-way ANOVA.

(J) Neurosphere growth in the presence of 3xTg-AD or WT SVZ whole mounts (co-culture) (n = 4) or in the presence of filtered conditioned media from 3xTg-AD

(n = 3) or WT (n = 5) whole mounts (conditioned media). Unpaired t test.

(K–N) ICV infusion of AraC with vehicle (n = 3) or OA (n = 4). Schematic of AraC SVZ regeneration assay (K) with quantification and representative micrographs of

Ki67+ proliferating cells (L), Ki67+/GFAP+ proliferating NSCs (M), and Ki67+/Iba-1+ proliferatingmicroglia (N) in the SVZ. Unpaired t test. Scale bars in (L) (for L–N)

represent 5 mm. *p % 0.05 and ***p % 0.0005.

See also Figure S3.
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Figure 5. Lipid Metabolism Is Altered within the SVZ of 3xTg-AD Mice

(A and B) LC-MS analysis of lipid species within plasma and CSF of WT and 3xTg-AD mice (n = 4). The normalized peak area for the four major AD-associated

triglycerides (A) and their associated fatty acids (B) shows no significant differences. Unpaired t test.

(C–E) Microarray of microdissected SVZs of 7-month-old WT and 3xTg-ADmice (n = 4). (C) Volcano plot. (D) Ingenuity pathway analysis of differentially regulated

categories, hand-curated into thematic categories. (E) Heatmap of differentially regulated lipid-related genes, grouped hierarchically. Lipid-related genes were

extracted from the list of 993 modulated genes manually and cross-referenced with the Gene Ontology terms lipid, lipoprotein, triglyceride, and fatty acid. Error

bars represent mean ± SEM.

See also Figures S4 and S5 and Tables S2 and S3.
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experiments provide evidence that exogenous OA suppresses

NSC activity via hyper-activation of AKT signaling.

Inhibition of SCD-1 Activity Rescues NSC Impairment in
3xTg-AD Mice
To establish whether NSC suppression in 3xTg-AD mice is due

to elevated endogenous OA levels, we tested whether pharma-

cological inhibition of the OA-producing enzyme, stearoyl-CoA

desaturase (SCD), could attenuate the NSC dysfunction.

SCD-1 was identified in our microarray analysis of the 3xTg-AD

SVZ and is increased in the brains of human AD patients, where

levels of SCD-1-derived unsaturated fatty acids correlate nega-

tively with memory performance (Astarita et al., 2011; Cunnane

et al., 2012; Fraser et al., 2010). Thus, SCD-1 represents amech-

anistically relevant target for NSC modulation in AD.

28-day ICV mini-osmotic pumps containing either vehicle or

SCD-1 inhibitor ab142089 were implanted into 3xTg-AD mice

at 2 months of age (i.e., the onset of NSC impairments in the

SVZ). Analysis of brain sections of these mice by IMS confirmed

that infusion of the SCD-1 inhibitor resulted in a generalized

reduction of the OA-enriched AD-associated triglycerides in the

SVZ (Figure 7A). Remarkably, stage-specific neurogenesis anal-

ysis (Figures 7B–7E) revealed that SCD-1 inhibition prevented the

decline in the total number of Ki67+ proliferating cells (Figure 7B)

and in the Ki67+/GFAP+ NSC subpopulation (Figure 7C) in the

SVZ of these 3xTg-AD mice, maintaining levels found in WT ani-

mals. Proliferating and total DCX+ neuroblast populations were

not decreased in these mice (Figures 7D and 7E). SCD inhibition

also caused a small increase in proliferating Iba1+ microglia in

both WT and 3xTg-AD mice (WT, 0.0; 3xTg-AD, 3.22 ± 1.834

for vehicle versus WT, 30.07 ± 8.926; 3xTg-AD, 16.47 ± 4.92

cells/SVZ for inhibitor). We also analyzed the DG niche of these

mice (which is more distant from the ICV infusion site) and found

a complete rescue of total cell proliferation (Figure 7F) and prolif-

erating neuroblasts (Figure 7H), a partial rescue of NSC activity

(Figure 7G) and total neuroblasts (Figure 7I), and no change in

proliferatingmicroglia (data not shown). This in vivo rescueexper-

iment directly implicates aberrant OA metabolism in AD-associ-

ated NSC dysfunction, confirming the central hypothesis of this

study and identifying a strategy for rescuing NSC activity in AD.

B C EA

F

D

G

H

I

Figure 6. Hyper-Activation of AKT Signaling Mediates OA-Induced Impairment of NSC Activity

(A–C) Acute regulation of the AKT signaling pathway by OA in vivo. Representative western blot of ipsilateral SVZ microdissections 4 hr after ICV injection of

vehicle (n = 4) or OA (n = 4) (B) with densitometric quantification of pAKT (C). Unpaired t test.

(D and E) Dissociated primary neurospheres fromC57BL6mice plated and grown in the presence of EGF for 2 days and acutely treated for 4 hr with either vehicle

or 100 mM OA alone or combined with 12.5 mM of LY294002 (n = 3). Representative western blot (D) and densitometric quantifications for pAKT (E). One-way

ANOVA.

(F and G) Neurospheres grown in the presence of vehicle or 100 mM OA alone or combined with 12.5 or 25 mM of LY294002 (n = 4). Paired t test.

(H and I) Electroporation of a plasmid encoding GFAP-cre into the ventricle walls of adult R26-flox-stop-flox-EYFP mice to induce the expression of EYFP in

GFAP+ NSCs and their progeny. The GFAP-cre plasmid was co-electroporated with plasmids overexpressing either KD-AKT or EV. Immediately following

electroporation, 7-day osmotic pumps were implanted for ICV infusion of either vehicle or OA (n = 6 animals per condition). Quantification and representative

micrograph of the number of EYFP+ cells per ventricle, providing a measure of the proliferative expansion of the electroporated GFAP+ NSCs (I). Unpaired t test.

Scale bars in (I) represent 25 mm. Error bars represent mean ± SEM. *p % 0.05, **p % 0.005, and ***p % 0.0005.
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DISCUSSION

We identified lipid metabolism abnormalities within the NSC

niche of AD mice and patients and used recently developed

methodologies to dissect their impact on NSC activity. Our

results reveal a mechanism of stem cell dysregulation in which

disease-induced perturbations of niche fatty acid metabolism

suppress adult NSC activity. Moreover, they provide new
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Figure 7. Inhibition of SCD-1 Activity In Vivo Counteracts NSC Impairment in 3xTg-AD Mice

(A) Cohorts of 2-month-oldWTor 3xTg-ADmicewere implantedwith ICV osmotic pumps containing either vehicle (n = 3) or SCD-1 inhibitor (n = 5) for 25 days. The

fold change summary of IMS on brain sections shows that SCD-1 inhibitor decreased the accumulation of AD-associated OA-enriched triglycerides in the SVZ.

(B–E) Quantification of Ki67+ proliferating cells (B), Ki67+/GFAP+ proliferating NSCs (C), Ki67+/DCX+ proliferating neuroblasts (D), and DCX+ neuroblasts (E) in

the SVZ. Unpaired t test.

(F–I) Quantification of Ki67+ proliferating cells (F), Ki67+/GFAP+ proliferating NSCs (G), Ki67+/DCX+ proliferating neuroblasts (H), and DCX+ neuroblasts (I) in the

DG. Unpaired t test.

(J and K) Summary figure. (J) Elevated OA-enriched triglycerides within ependymal cells of 3xTg-AD mice leads to inhibition of NSC proliferation by OA-induced

hyper-activation of AKT signaling. (K) Pharmacological inhibition of hyper-activated AKT signaling using a PI3K inhibitor (LY) or inhibition of SCD-1 alleviates OA’s

inhibitory effects on NSC activation and increases proliferation and neurogenesis. Error bars represent mean ± SEM. *p % 0.05 and **p % 0.005.
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support for the notion that AD is, at least in part, a metabolic dis-

ease of the brain.

Niche Lipid Metabolism: A Regulator of NSCs
The complexity of identifying and localizing individual brain lipid

species represents a major obstacle to deciphering the roles of

specific lipids under normal and pathological conditions. Under

normal conditions, SVZ neural precursors depend on fatty acid

oxidation for proliferation (Stoll et al., 2015), while baseline and

exercise-induced hippocampal neurogenesis and cognitive

enhancement require brain fatty acid synthesis (Chorna et al.,

2013; Knobloch et al., 2013). However, alterations in lipid meta-

bolism are associated with many cognitive disorders, including

Huntington’s, Parkinson’s, and Niemann-Pick’s diseases, as

well as AD (Adibhatla and Hatcher, 2008; de la Monte and

Tong, 2014; Guschina et al., 2011; Martinez-Vicente et al.,

2010; Merlo et al., 2010; Sharon et al., 2003). Using imaging

techniques, we identified 12 triglycerides that are associated

with lipid droplet accumulations in AD, that are enriched with

OA side chains, and that selectively accumulate in ependymal

cells of the SVZ niche. This accumulation occurred in the

absence of changes in circulating triglycerides or fatty acids in

either plasma or CSF. However, it was associated with extensive

changes in local lipid metabolism gene expression within the

SVZ, including in theOA-producing enzymeSCD,which is prom-

inently expressed in peri-ventricular cells (Polo-Hernández et al.,

2010; Polo-Hernández et al., 2014). Local OA elevation was

sufficient to recapitulate the AD-associated triglyceride profile

and selectively suppress NSC expansion in vitro and in vivo.

Mechanistically, OA hyper-stimulated the critical AKT-signaling

pathway involved in long-term NSC preservation. NSC prolifera-

tion impairments could be rescued (1) by inhibiting AKT hyper-

activation (with kinase-dead AKT) in OA-treated WT mice or (2)

by suppressing endogenous OA synthesis (with an SCD inhibi-

tor) in 3xTg-AD mice. Thus, like many other niche signals, spe-

cific fatty acids produced within the NSC niche can influence

NSC maintenance via regulation of NSC activation, quiescence,

or both.

Implications for the Pathogenesis of Alzheimer’s
Disease
Neurogenesis occurs in both the human SVZ and the human hip-

pocampus (Ernst and Frisén, 2015). In other vertebrates, hippo-

campal neurogenesis has been implicated in learning, memory,

and mood regulation, and it is likely to have an analogous role

in modulating function of the human hippocampus (Spalding

et al., 2013). However, human SVZ neurogenesis exhibits a

marked evolutionary divergence. Long-distance migration of

SVZ-derived neuroblasts to the adult human olfactory bulbs is

virtually non-existent (Bergmann et al., 2012), while neurogene-

sis in the SVZ-adjacent striatum is significantly increased (Ernst

et al., 2014). Interestingly, the human striatum has profuse con-

nections with the cortex, and the emergence of human striatal

neurogenesis parallels the evolutionarily increased importance

of this structure in higher cognitive functions such as cognitive

flexibility and mesolimbic functions associated with regulation

of reward, motivation, and pleasure (Bergmann et al., 2015).

Our data lead to the predictions that abnormalities in brain

lipid metabolism suppress neurogenesis early during pathogen-

esis of human AD and that this suppression contributes to stria-

tal and hippocampal dysfunction. Consistent with these ideas,

atrophy of the hippocampus is a well-established occurrence

in AD, and recent analyses of the deep brain gray matter have

revealed that striatal abnormalities are more prominent than

previously appreciated. Changes to the gross structure and

size of the striatum occur early during progression of both famil-

ial (early onset) and more common sporadic (late onset) forms of

AD (Cho et al., 2013; de Jong et al., 2011; de Jong et al., 2008;

Pievani et al., 2013). Indeed, brain imaging has revealed that

structural changes of both the striatum and the hippocampus

are evident at pre- and early-symptomatic stages in carriers of

familial AD-causing mutations (Cash et al., 2013; Lee et al.,

2013; Ryan et al., 2013) and that the striatum in particular is

the site of the earliest amyloid accumulations in familial AD

(Klunk et al., 2007; Knight et al., 2011). In view of the major roles

of the human striatum and hippocampus in higher cognition,

testing the hypothesis that neurogenesis defects contribute to

the early striatal and hippocampal changes occurring in human

AD represents an important challenge. This will require the

development of innovative diagnostic and imaging tools

that can allow in vivo measurement of neurogenesis and epen-

dymal fatty acid levels with high spatial resolution in pre-AD

individuals.

Because the hippocampal NSC niche does not directly con-

tact ependymal cells, the partial normalization of hippocampal

neurogenesis in 3xTg-AD mice treated with SCD inhibitor sug-

gests that accumulating ependymal lipids penetrate deeper

into the brain parenchyma. In this regard, the principal genetic

risk factor for sporadic AD is the ApoE4 polymorphism of

ApoE, the main lipid transporting apolipoprotein produced in

the brain. Inheritance of a single ApoE4 allele increases AD risk

by a factor of 4, and two ApoE4 alleles increase the risk by a fac-

tor of 20 (Corder et al., 1994; Corder et al., 1993; Strittmatter and

Roses, 1996). Furthermore, ApoE polymorphism affects adult

neurogenesis (Levi and Michaelson, 2007; Li et al., 2009; Yang

et al., 2011). It will therefore be of great interest to know whether

the lipid metabolism changes in the SVZ niche have more wide-

spread effects on other aspects of AD pathogenesis, such as

gliosis, amyloid plaques, neurofibrillary tangles, cerebrovascular

amyloidosis, or synaptic dysfunction.

Collectively, this work shows that excessive levels of OA at

the ependymal surface of the brain result in the deterioration

of neurogenic niches in AD. Besides directly contributing to

cognitive decline, the observed suppression of NSC activity

may explain why the brain’s stem cell system does not mount

a more robust protective or regenerative response in AD. Future

work focused on fatty acid metabolism within the brain may lead

to new therapeutic approaches to prevent cognitive decline and

improve stem cell-mediated brain repair during AD.

EXPERIMENTAL PROCEDURES

Experiments were conducted in accordance with the guidelines of the Cana-

dian Council of Animal Care and were approved by the institutional animal

care committee of the Research Center of the University of Montreal Hospital.

Mouse Strains

Female 3xTg-AD PS1M146V, APPSwe, and TauP301L; their littermate WT strain

(Oddo et al., 2003); and male C57BL6 mice were used in this study.
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ICV Infusions

Alzet osmotic pumps (Durect) were stereotaxically implanted according to

manufacturer’s instructions. Pumps contained vehicle (fatty acid-free BSA),

500 mMOA, 10mM 12COAconjugated to vehicle, or 10mM 13COAconjugated

to vehicle (the latter for metabolic labeling studies). 2% AraC was ICV infused

with vehicle or 500 mMOA for 6 days, pumps were cut out, and mice sacrificed

24 hr later. Vehicle or 40 mM SCD-1 inhibitor was ICV infused for 25 days in

2-month-old WT or 3xTg-AD mice.

ICV Acute Injections

A 10-ml Hamilton syringe was used to inject 2 ml (1 ml/min) of vehicle or 500 mM

OA into the lateral ventricle of C57BL6 mice. Mice were sacrificed 4 hr later.

Adult Brain Electroporations

Electroporations were performed as described (Barnabé-Heider et al.,

2008). Plasmids were stereotaxically injected into the left lateral ventricle

(coordinates: 0-mm anterior-posterior, 0.9-mm medial-lateral, and 1.5-mm

dorsoventral, relative to Bregma). Each animal received an ICV injection of

2 ml, delivered over 1.5–2 min, containing 10 mg of each plasmid (20 mg total).

Human GFAP-cre (Michael Brenner, Raul Torres, and Klaus Rajewsky, cat#

40591, Addgene) with either KD-AKT (AKT-K179N) (William Sellers, cat#

9007, Addgene) or pECE EV (William Rutter, cat# 26453, Addgene) plasmids

was co-electroporated.

Neurosphere Assays

Neurospheres were generated using 20 ng/ml of epidermal growth factor

(EGF) (Sigma) as described previously (Bouab et al., 2011), according to a pro-

cedure modified from Reynolds and Weiss (1992). Clonal neurospheres were

grown at a density of 1.5 cells/ml in 24-well plates.

Laser Desorption Ionization Imaging Mass Spectrometry and

Tandem Mass Spectrometry

Spectral acquisitions were performed on either a MALDI-TOF/TOF Ultraflex-

treme mass spectrometer equipped with a SmartBeam II Nd:YAG/355-nm

laser or a SolariX XR 7T ParaCell Fourier transform ion cyclotronic resonance

(FT-ICR). IMS data were acquired using 100 shots per pixel using a 10-mm

lateral resolution and with a spectral resolution of 80,000 mm at a mass-to-

charge (m/z) ratio of 881.7569.

LC-MS

Plasma and CSF lipid extractions were carried out on a Synapt G2-S instru-

ment coupled to an Acquity UPLC Class I system both from waters.

Microarray

Microdissected SVZs from 7-month-old WT and 3xTg-AD mice were hybrid-

ized to the SurePrint G3 Mouse GE 8360K microarray (Agilent Technologies).

Microarray data are deposited in the GEO under accession number GEO:

GSE60460.

Statistical Analysis

Two-tailed unpaired t test, paired Student’s t test, or one-way ANOVA with

Tukey post hoc test was used as indicated in figure legends. All error bars

represent mean ± SEM. The significance level was set at p % 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.stem.2015.08.001.

AUTHOR CONTRIBUTIONS

L.K.H. developed the concept, carried out experiments, analyzed data, and

co-wrote the paper. M.D. and P.C. developed and carried out IMS experi-

ments and analyzed data. S.E.J. contributed to neurogenesis experiments

and flow cytometry. S.P. andM.P. carried out the human studies. A.A. contrib-

uted to neurogenesis experiments. F.B.-H. provided expertise with the in vivo

electroporations. A.F. performed the LC-MS experiments and analyzed data.

F.C. provided the 3xTg-AD mice. K.J.L.F. developed the concept, performed

surgeries, analyzed data, and co-wrote the paper. All authors revised the

manuscript.

ACKNOWLEDGMENTS

We thank Dr. S. Lacroix and N. Fortin for CSF and plasma extractions; Bruker

Daltonics for access to the FT-ICR; K. Kellersberger for assistance with all

FT-ICR-related data acquisition; the Genomics platform at The Institute for

Research on Immunology andCancer (IRIC) formicroarray and bio-informatics

analyses; and D. Gauchat at the CRCHUM cytometry core facility for assis-

tancewith flow cytometry. L.K.H. is funded by studentships from the Alzheimer

Society of Canada and the Fonds de recherche de Québec en Santé (FRQS).
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Alzheimer, A. (1907). Über eine eigenartige erkrankung der hirnrinde.

Allgemeine Zeitschrift für Psychiatrie und psychisch-gerichtliche Medizin 64,

146–148.

Astarita, G., Jung, K.M., Vasilevko, V., Dipatrizio, N.V., Martin, S.K., Cribbs,

D.H., Head, E., Cotman, C.W., and Piomelli, D. (2011). Elevated stearoyl-CoA

desaturase inbrains of patientswithAlzheimer’s disease. PLoSONE6, e24777.
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SUMMARY

The bacterial CRISPR-Cas9 system has emerged
as an effective tool for sequence-specific gene
knockout through non-homologous end joining
(NHEJ), but it remains inefficient for precise editing
of genome sequences. Here we develop a reporter-
based screening approach for high-throughput iden-
tification of chemical compounds that can modulate
precise genome editing through homology-directed
repair (HDR). Using our screening method, we
have identified small molecules that can enhance
CRISPR-mediated HDR efficiency, 3-fold for large
fragment insertions and 9-fold for point mutations.
Interestingly, we have also observed that a small
molecule that inhibits HDR can enhance frame shift
insertion and deletion (indel) mutations mediated
by NHEJ. The identified small molecules function
robustly in diverse cell types with minimal toxicity.
The use of small molecules provides a simple and
effective strategy to enhance precise genome engi-
neering applications and facilitates the study of DNA
repair mechanisms in mammalian cells.

The bacterial adaptive immune system CRISPR (clustered

regularly interspaced palindromic repeats)-Cas (CRISPR asso-

ciated protein) has been used for the sequence-specific editing

of mammalian genomes (Barrangou et al., 2007; Cong et al.,

2013; González et al., 2014; Mali et al., 2013; Smith et al.,

2014; Wang et al., 2013; Yang et al., 2013a). The CRISPR

system derived from Streptococcus pyogenes uses a Cas9

nuclease protein that complexes with a single guide RNA

(sgRNA) containing a 20-nucleotide (nt) sequence for intro-

ducing site-specific double-stranded breaks (Hsu et al., 2013;

Jinek et al., 2012). Targeting of the Cas9-sgRNA complex to

DNA is specified by basepairing between the sgRNA and

DNA as well as the presence of an adjacent NGG PAM (proto-

spacer adjacent motif) sequence (Marraffini and Sontheimer,

2010). The double-stranded break occurs 3 bp upstream of

the PAM site, allowing targeted sequence modifications via

alternative DNA repair pathways: either non-homologous end

joining (NHEJ) that introduces frame shift insertion and deletion

(indel) mutations leading to loss-of-function alleles (Geurts

et al., 2009; Lieber and Wilson, 2010; Sung et al., 2013; Tesson

et al., 2011; Wang et al., 2014) or homology-directed repair

(HDR) for precise insertion of point mutations or a fragment

of desired sequence at the targeted locus (Mazón et al.,

2010; Wang et al., 2014; Yin et al., 2014).

To date, CRISPR-mediated gene knockout through NHEJ-

induced indel mutations has worked efficiently. For example,

the efficiency for knocking out a protein-coding gene has been

reported to be 20%–60% in mouse embryonic stem cells

(ESCs) and zygotes (Wang et al., 2013; Yang et al., 2013a). How-

ever, precise introduction of a point mutation or a sequence

fragment directed by a homologous template has remained inef-

ficient (Mali et al., 2013; Wang et al., 2013; Yang et al., 2013a). A

long and tedious screening process via cell sorting or selection,

expansion, and sequencing is often required to identify correctly

edited cells. Improving the efficiency of precise CRISPR gene

editing remains a major challenge.

It has been shown that small molecule compounds can effec-

tively activate or block certain DNA repair pathways (Hollick

et al., 2003; Rahman et al., 2013; Srivastava et al., 2012). How-

ever, it remains unclear whether small molecules could be

used to modulate CRISPR-induced genome editing and DNA

repair via the HDRpathway. Herewe sought to identify new small

molecules that can enhance HDR for more efficient and precise

gene insertion or point mutations.

To quantitatively characterize CRISPR-mediated HDR effi-

ciency, we established a fluorescence reporter system in E14

mouse ESCs. We used ESCs in the screening assay because

ESCs exhibit overall better HDR efficiencies compared to so-

matic cells (Kass et al., 2013), thus providing an easier system

for measuring the gene insertion frequency. To create the

reporter system, we co-transfected ESCs via electroporation

with three plasmids: a Cas9-expressing vector, a sgRNA-ex-

pressing vector targeting the stop codon of Nanog (sgNanog),

and a circular template plasmid containing a promoterless
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superfolder GFP (sfGFP) with an N-terminal in-frame 2A pep-

tide (p2A) and two copies of nuclear localization sequence

(NLS) (Figure 1A). The template also contains two sfGFP-flank-

ing homology arms to Nanog, a 1.8 kilobase (kb) left arm,

and a 2.4 kb right arm. CRISPR-mediated insertion of the

p2A-NLSx2-sfGFP sequence into the endogenous Nanog locus

was measured by gain of green fluorescence using flow cytom-

etry 3 days after electroporation. Our results showed that only

co-delivery of all three plasmids yielded GFP-positive ESCs

(�17% of cells showing strong fluorescence), but the controls

lacking any of the three plasmids generated almost no GFP-

positive cells (Figure 1B). To confirm correct insertion of the

A B

C

D

E F

G

Figure 1. Establishment of a High-

Throughput Chemical Screening Platform

for Modulating CRISPR-Mediated HDR

Efficiency

(A) A fluorescence reporter system in E14 mouse

ESCs to characterize the HDR efficiency. An

sfGFP-encoding template is inserted at the Nanog

locus. The PAM is labeled in green, the stop codon

is shown in red, and the sgRNA target site is

shaded in gray. The cutting site (scissors) is 3 bp

downstream of 50-CCA-30 in this case. The binding

sites of two sets of primers are shown by arrows.

Primer set #1 binds to the sequences outside of

the homology arms, and primer set #2 contains a

forward primer binding to the sfGFP sequence

and a reverse primer binding outside of the 30 ho-
mology arm.

(B) Fluorescence histograms of mouse ESCs

transfected with different plasmid combinations

using flow cytometry analysis. (C) Sequencing re-

sults of the Nanog locus in GFP-positive cells.

(D) A scheme of the chemical screening platform

and a waterfall plot of 3,918 small molecules

screened for their activity of CRISPR-mediated

gene insertion. Highlighted dots are validated

compounds that showed increased or decreased

insertion efficiency. The dotted line showed the

mean value of all screened compounds.

(E) Validation of two enhancing and two repressing

compounds using flow cytometry analysis.

(F) Efficiency of sfGFP insertion into the Nanog lo-

cus. Gel pictures show sfGFP tagging using two

sets of primers as shown in Figure 1A. The PCR

products of primer set #1 were purified, cloned to a

modified pUC19backbone vector, and sequenced.

(G) Dose-dependent effects of four compounds

for modulating CRISPR gene editing. All data are

normalized to the knockin efficiency of DMSO-

treated control cells (dotted lines). Error bars

represent the SD of three biological replicates.

template into the Nanog locus in GFP-

positive cells, we sorted GFP-positive

cells, PCR amplified, and sequenced

to verify the target locus. We observed

correct sfGFP integration in GFP-positive

cells (Figure 1C). Furthermore, we de-

tected no fluorescence signal when using

a template without homology arms (Fig-

ure S1A). Together, the experiments sug-

gested a correlation between gain of fluorescence and HDR-

mediated precise gene insertion.

To investigate a broad range of small molecules that could

act as enhancers or inhibitors of CRISPR-mediated HDR, we

developed a high-throughput chemical screening assay based

on the reporter system (Figures 1D and S1B). In this assay,

mouse ESCs were co-transfected with Cas9, sgNanog, and

the template and seeded at a density of 2,000 cells per well

into Matrigel-coated 384-well plates containing the LIF-2i me-

dium supplemented with individual compounds from our known

drug collections (Supplemental Information). After 3 days of cul-

ture, cells were fixed, stained with DAPI, and imaged using an
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automated high-content IN Cell imaging system for the analysis

of the numbers of DAPI-positive and GFP/DAPI double-positive

nuclei in each well.

From a collection of roughly 4,000 small molecules with known

biological activity, we identified and confirmed using flow cytom-

etry that two small molecules, L755507 and Brefeldin A, could

improve the HDR efficiency (Figures 1D and 1E). L755507, a

b3-adrenergic receptor agonist (Parmee et al., 1998), increased

the efficiency of GFP insertion by 3-fold compared to DMSO-

treated control cells, whichwas further verified byPCRamplifica-

tion and sequencing of the target locus (Figures 1E and 1F). Bre-

feldin A, an inhibitor of intracellular protein transport from the ER

to the Golgi apparatus (Ktistakis et al., 1992), also exhibited

enhanced insertion efficiency by 2-fold (Figures 1E and 1F).

Interestingly, we also identified that two thymidine analogs,

azidothymidine (AZT) and Trifluridine (TFT), could decrease the

HDR efficiency (Figures 1D and 1E). AZT, previously used as

an anti-HIV drug that inhibits the reverse transcriptase activity

(Mitsuya et al., 1985), and TFT, which was identified as an anti-

herpes virus drug that functioned by blocking viral DNA replica-

tion (Little et al., 1968), decreased the HDR efficiency by 3-fold

as assayed using flow cytometry (Figure 1E), or by more than

10-fold as detected by sequencing (Figure 1F).

We further examined the dosage effects, treatment duration,

and cytotoxicity of the identified small molecules. We found

that HDR enhancers L755507 and Brefeldin A achieved their

maximal effects at 5 mM and 0.1 mM, respectively (Figure 1G).

The HDR inhibitors AZT and TFT exhibited maximal effects at

5 mM. In addition, we also examined compound treatment win-

dows of 0–24 hr, 24–48 hr, 48–72 hr, or 0–72 hr postelectropora-

tion. All compounds showed optimal activity within the first 24 hr,

suggesting that the genome knockin events occurred mostly

during the first 24 hr in our system (Figure S1C). Notably, at

their optimized concentrations, the compounds exhibited no or

very mild toxicity as assayed by both cell counts and MTS (3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) cell proliferation assay (Figures

S1D and S1E).

To test how generally these compounds can be used for

modulating HDR for different genomic loci and in different cell

types, we used another template to insert a t2A-Venus cassette

in-frame into the locus of Alpha Smooth Muscle Actin (ACTA2)

(Figure 2A), a gene expressed in awide variety of cancer cell lines

and normal cells (Ueyama et al., 1990). The template plasmid

contains a left homology arm of 780 bp and a right homology

arm of 695 bp that flank the t2A-Venus cassette. We first co-

transfected the template plasmid with a single construct ex-

pressing both Cas9 and sgACTA2 into HeLa cells. Sequencing

results of Venus-positive HeLa cells confirmed that Venus

expression represented the correct insertion of Venus into the

ACTA2 locus (Figure 2B). We then tested several other types of

human cells. Our flow cytometry results showed that the knockin

efficiency was dependent on the cell type, ranging from 0.8%

to 3.5%. Treating different types of cells with L755507 showed

consistently improved HDR efficiency, with the largest in-

crease of more than 2-fold in human umbilical vein endothelial

cells (HUVECs). The fact that L755507 consistently increased

the HDR efficiency in diverse cells including cancer cell lines

(K562 and HeLa), suspension cells (K562), primary neonatal

cells (HUVEC and fibroblast CRL-2097), and human ESC-

derived cells (neural stem cells) (Li et al., 2011) suggested that

the mechanism by which L755507 enhances CRISPR-mediated

HDR was common in both transformed and primary cells.

Precise editing of SNPs through single-stranded oligodeoxy-

nucleotide (ssODN) templates is an important application of

genome editing in disease modeling and gene therapy. We

next sought to test whether the identified small molecules

could enhance SNP editing through HDR using a short ssODN.

The method for introducing mutations into human induced

pluripotent stem cells (iPSCs) using CRISPR-Cas9 and ssODN

has been established (Ding et al., 2013b; Yang et al., 2013b).

Following a similar method, we synthesized a 200-nt ssODN

template to introduce an A4V mutation into the human SOD1

locus (Figure 2D); this is one of the common mutations that

causes Amyotrophic Lateral Sclerosis (ALS) in the U.S. popula-

tion (Rosen et al., 1994). We designed an sgRNA (sgSOD1) in

such a way that introduction of the A4V mutation also disrupted

the NGG PAM sequence, thus preventing further targeting by

sgSOD1 to the A4V alleles. We co-transfected two vectors that

encoded Cas9 and sgSOD1 with or without the ssODN template

into human iPSCs (Ding et al., 2013a, 2013b; Zhu et al., 2010).

The cells were then treated with DMSO or L755507 followed

by genomic DNA extraction, PCR cloning, and sequencing of

randomly picked E. coli transformants. The sequencing results

showed that compared to theDMSOcontrol, L755507 enhanced

the frequency of the A4V allele mutant by almost 9-fold (Figures

2E and 2F). Our results also showed decreased indel allele mu-

tation frequency with the addition of L755507. These results

demonstrated that our small molecules could dramatically

enhance SNP editing using a short ssODN template.

We next sought to test if the small molecules repressing HDR

also affect NHEJ. We reasoned that if a small molecule directly

inhibits the DNA cutting activity of Cas9, it should also inhibit

CRISPR-mediated gene deletion without a template. To test

this, we generated a clonal mouse ESC line carrying a monoal-

lelic sfGFP insertion at the Nanog locus (Figures S2A and S2B).

We designed three sgRNAs (sgGFP-1, 2, and 3) that targeted

within the sfGFP coding sequence on the same plasmid that en-

coded Cas9 (Figure 2G). Electroporation of any sgRNA resulted

in a population of cells that showed complete loss of GFP

expression after 3 days, while ESCs transfected with an sgRNA

(sgGAL4) with no targetable sites showed no loss of the

GFP signal (Figure 2G). Addition of L755507 immediately after

electroporation showed inhibitory effects on GFP knockout. Un-

expectedly, the knockin inhibitor, AZT, greatly increased GFP

knockout efficiency for all three sgRNAs tested. For example,

AZT increased the knockout efficiency by more than 1.8-fold in

the case of sgGFP-1 (Figure 2B). This was also consistent with

the deep sequencing results for indel detection (Table S1).

Together, these results suggested that AZT acted on the NHEJ

pathway instead of interacting with the Cas9-sgRNA complex,

and they also suggested a possible trade-off between the HDR

and NHEJ pathways.

Staining of pluripotency markers Oct4, Sox2, and Nanog

showed that the compounds did not affect pluripotency (Figures

S2C and S2D). Furthermore, neither electroporation (Figure S2E)

nor compound addition (Figure S2F) affected Nanog expression.

To rule out the possibility that the AZT does not cause more
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Figure 2. Different Identified Small Molecules Could Enhance HDR or NHEJ-Mediated CRISPR Genome Editing

(A) A scheme of insertion strategy at the human ACTA2 locus (top). The PAM is labeled in green, and the sgRNA target site is shaded in gray.

(B) Sequencing results of the ACTA2 locus in Venus-positive HeLa cells.

(C) Efficiency of Venus insertion measured by flow cytometry analysis. The error bars indicate the SD of three samples, and the p values are calculated using a

two-tailed Student’s t test. *p < 0.05; **p < 0.01.

(D) The strategy for introducing the A4V point mutation at the human SOD1 locus in human iPSCs. The PAM is labeled in green, and the sgRNA target site is

shaded in gray. The point mutation is labeled in red.

(E) Sequencing results of the SOD1 locus.

(F) Comparison of A4V allele mutant frequency and indel allele frequency in human iPSCs as assayed by PCR cloning and bacterial colony sequencing with no

template, DMSO, or L755507.

(G) Test of knockout efficiency using a clonal mouse ESC line carrying a monoallelic sfGFP insertion at theNanog locus in the presence of L755705 and AZT. The

dot plots of cells transfected with a non-cognate sgRNA (sgGAL4) are shown on the top. The panel shows cells transfected with three different sgRNAs (with their

target sites shown in the scheme) in the presence of DMSO (left), L755507 (middle), and AZT (right).
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errors in replication that in turn lead to inactivation of GFP, we

passaged Nanog-sfGFP ESC lines for 10 passages under AZT

treatment without the CRISPR components and observed no

loss of GFP signals (Figure S2G). These results also showed

that the compounds identified in the screening system could

modulate CRISPR-mediated gene knockout.

In summary, we developed a high-throughput chemical

screening platform for CRISPR genome editing and provided

proof-of-principle demonstration that small molecules could be

used to modulate the efficiency of CRISPR genome editing.

We report several small molecules that could enhance or repress

HDR-mediated precise gene editing. The identified compounds

likely interact with the NHEJ or HDR DNA repair pathways, thus

providing a set of useful tools for themechanistic interrogation of

these pathways. The identified chemicals exhibit minimal toxicity

and work in diverse cell types, which can be used to enhance

both large template-mediated gene insertion and ssODN-medi-

ated SNP editing. We also report small molecules that can

enhance gene knockout without a template. The observation

that reducing HDR could increase NHEJ may suggest a trade-

off between the two DNA repair pathways after DNA cutting by

the Cas9 nuclease. Identification of diverse classes of small mol-

ecules provides an approach that facilitates precise CRISPR

genome editing for both biomedical research and clinical

applications.
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SUMMARY

Cellular reprogramming highlights the epigenetic
plasticity of the somatic cell state. Long noncoding
RNAs (lncRNAs) have emerging roles in epigenetic
regulation, but their potential functions in reprogram-
ming cell fate have been largely unexplored.We used
single-cell RNA sequencing to characterize the
expression patterns of over 16,000 genes, including
437 lncRNAs, during defined stages of reprogram-
ming to pluripotency. Self-organizing maps (SOMs)
were used as an intuitive way to structure and
interrogate transcriptome data at the single-cell
level. Early molecular events during reprogramming
involved the activation of Ras signaling pathways,
along with hundreds of lncRNAs. Loss-of-function
studies showed that activated lncRNAs can repress
lineage-specific genes, while lncRNAs activated in
multiple reprogramming cell types can regulate
metabolic gene expression. Our findings demon-
strate that reprogramming cells activate defined
sets of functionally relevant lncRNAs and provide a
resource to further investigate how dynamic changes
in the transcriptome reprogram cell state.

INTRODUCTION

Normal embryonic development proceeds through a progres-

sive narrowing of cell fate potential and loss of cellular plasticity,

coupled with the acquisition of increasingly specialized, mature

cell phenotypes (Hemberger et al., 2009). This progression is re-

flected in the changing transcriptome and is driven by transcrip-

tion factors and noncoding RNAs, which comprise a regulatory

network that is highly resistant to perturbation. Various classes

of noncoding regulatory RNAs, including long noncoding RNAs

(lncRNAs) (Lee, 2012; Rinn and Chang, 2012) and small RNAs

(e.g., Piwi-interacting RNAs) (Law and Jacobsen, 2010; Moazed,

2009), contribute to the establishment of epigenetic chromatin

marks that stabilize cell state. Thus, to reprogram the somatic

identity of a cell, the combined effects of epigenetic and regula-

tory circuit stability must be overcome.

Induced reprogramming to the pluripotent state can be initi-

ated by the enforced expression of Oct4, Sox2, Klf4, and Myc

(OSKM) (Takahashi and Yamanaka, 2006). These factors act in

conjunction with other transcription factors and multiple chro-

matin-modifying enzymes (Onder et al., 2012) to initiate a

cascade of changes that ultimately convert a somatic cell of

limited potential to the pluripotent state (Apostolou and Hoched-

linger, 2013; Papp and Plath, 2013; Theunissen and Jaenisch,

2014). Apart from induced pluripotent stem cell (iPSC) reprog-

ramming, these defined factors and chromatin regulators have

also been shown to facilitate malignant transformation and pro-

gression, which might be viewed as a form of pathological re-

programming (Goding et al., 2014; Suvà et al., 2013). For

example, the catalytic subunit of Polycomb repressive complex

2 (PRC2), Ezh2, enhances the reprogramming potency of OSKM

(Buganim et al., 2012) and is also overexpressed in multiple

malignancies, including metastatic prostate cancer (Varambally

et al., 2002) and lymphomas (Laugesen and Helin, 2014). PRC2

physically associates with lncRNAs in embryonic stem cells

(ESCs) (Guttman et al., 2011; Zhao et al., 2010) and other cell

types, and lncRNAs such as Xist and HOTAIR guide PRC2 com-

plexes to their genomic targets (Rinn and Chang, 2012). Notably,

loss of Xist can lead to the development of hematologic cancer

(Yildirim et al., 2013), while HOTAIR overexpression can facilitate

breast cancer metastasis (Gupta et al., 2010). However, only

a small fraction of the thousands of mostly uncharacterized

lncRNAs are known to affect cell state (Flynn and Chang,

2014), and the ways in which they do so are not fully understood.

At this early stage of understanding, a clearer and more compre-

hensive portrait of lncRNA expression could provide missing

information on how a cell overrides its starting identity and rede-

fines a new one, whether in the context of OSKM reprogramming

or cellular transformation.

Insights intomany aspects of reprogramming are sought at the

single-cell level (Buganim et al., 2012; Polo et al., 2012; Smith

et al., 2010) because each cell reveals a possibly unique expres-

sion state, with its particular repertoire of regulatory factors and

target gene behavior. To gain a transcriptome-level understand-

ing of how individual cells are reprogrammed, we used single-cell

RNA sequencing (RNA-seq) (Ramsköld et al., 2012), augmented

by single-molecule RNA-fluorescent in situ hybridization

(smFISH) (Raj et al., 2008). Further analysis of induced lncRNAs

identified distinct groups with possible roles in suppressing

somatic cell identity, conferring greater cellular plasticity, or
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promoting proliferation and self-renewal. Loss-of-function ex-

periments of induced lncRNAs provided evidence for specific

repression of genes characteristic of mature cell fates or regula-

tion of genes involved in metabolic functions. We suggest that

lncRNAs identified in the context of somatic cell reprogramming

may also act in pathological reprogramming, especially in can-

cers that engage other parts of the OSKM pathway.

RESULTS

Single-Cell Analysis of the Reprogramming
Transcriptome
Weperformed single-cell RNA-seq on cells derived from the ‘‘re-

programmable’’ mouse (Figure 1A) (Carey et al., 2010). Tail-tip

fibroblasts (TTFs) from OSKM transgene-inducible mice were

cultured in the presence of doxycycline (dox) under ESC culture

conditions for 2 weeks. Flow cytometry analysis revealed that

these transgene-expressing cells (Figure S1A available online),

which we refer to as transitional cells, did not yet express the

SSEA1 antigen (Figure S1B). After 3 weeks of dox exposure,

we obtained early-stage iPSCs that expressed SSEA1 (Fig-

ure S1B), exhibited ESC-like morphology (Figure S1C), and

had single-cell cloning efficiencies of �50% when compared

to ESCs (Figure S1D). We then cultured these early-stage iPSCs

in the absence of dox for 4–6 additional weeks to profile the tran-

scriptomes of late-stage iPSCs, along with pluripotent ESCs.

Together, we generated 81 single-cell RNA-seq data sets (14–

21 libraries per cell type) at a sequencing depth of 5–10 million

mapped reads per cell. This unbiased experimental approach

allowed us to detect and characterize the expression patterns

of over 16,000 protein-coding and noncoding genes, including

lncRNAs.

We analyzed these high-dimensional data using a self-orga-

nizing map (SOM) (Figure S2), which provides an intuitive way

to visualize and interrogate single-cell heterogeneity based on

the behavior of coordinately expressed gene sets. The SOM

displays similarity relationships in a 2D heat map in which

spatial proximity reflects expression pattern similarity. We map-

ped 16,113 genes expressed at >10 reads per kilobase per

million mapped reads (RPKM) onto a SOM, where each hexag-

onal unit represents a set of genes whose expression patterns

are most similar to each other. These units are then clustered

and are located in the same fixed positions across all single-

cell components of the SOM. Each single-cell transcriptome

can then be visualized as a component of the SOM (Figure 1A,

five representative single-cell components shown for each cell

type).

To examine how individual transcriptomes from different

experimental time points were related, we performed principal-

component analysis (PCA), which revealed a clear separation

between (1) TTFs and transitional cells and (2) early- and late-

stage iPSCs and ESCs when projected onto the first two prin-

cipal components (Figure 1B). We next examined genes with

the highest correlation to Oct4 expression and identified many

genes expected to be involved in reprogramming and pluripo-

tency, including Nanog, Cdh1, Tdh, Utf1, Sall4, Tet1, Rex1,

Trim71, Fbxo15, Dppa2, Tcl1, and Tcfcp2l1 (Figure 1C) (Orkin

and Hochedlinger, 2011). The single-cell RNA-seq data also

allowed us to identify genes of potential interest that may also

contribute to somatic cell reprogramming (Figure 1C). Many of

the genes that correlated most strongly with Oct4 expression

were heterogeneously expressed at lower levels in transitional

cells but then became coherently expressed at higher levels in

both early- and late-stage iPSCs (Figure 1C). To examine all pro-

tein-coding genes that were specifically activated upon OSKM

induction, we performed hierarchical clustering on genes that

were expressed at >10 RPKM in transitional cells and iPSCs,

while being expressed at <10 RPKM in primary TTFs. This group

included 1,835 protein-coding genes (Figure 1D).

Activation of Ras Signaling Pathways during
Reprogramming
To examine how individual cells responded to OSKM induction,

we analyzed single-cell components of the SOM. After 2 weeks

of OSKM expression, transitional cells strongly expressed a

cluster of genes (cluster 0) that was significantly enriched for

the Gene Ontology (GO) term ‘‘Ras protein signal transduction’’

(Bonferroni-corrected p value: 5.503 10�4) (Figure 2). Thirty-five

genes were annotated to this GO term, includingNrg1, which en-

hances self-renewal and proliferation of tumor-initiating cells

(Lee et al., 2014), andGit1 (Huang et al., 2014) and Rap1a (Bailey

et al., 2009), which are involved in cancer cell metastasis. Nine-

teen lncRNAs (Table S1) were also coordinately expressed with

these genes, suggesting their possible involvement in the regu-

lation of Ras signaling pathways. Additionally, transitional cells

exhibited strong upregulation of 16 lncRNAs (Table S1) within a

cluster of genes (cluster 21) significantly enriched for the GO

term ‘‘regulation of signal transduction’’ (Bonferroni-corrected

p value: 5.553 10�3) (Figure 2). One hundred genes were anno-

tated to this term, such as the oncogenesMyc andHras1 and the

Ras activator Rasgrp3 (Yang et al., 2010). One cluster in partic-

ular (cluster 24) was significantly enriched for the GO term

‘‘intracellular signal transduction’’ (Bonferroni-corrected p value:

3.52 3 10�7) (Figure 2) and contained numerous Ras-related

genes, including Rras, Rheb, and several members of the Ras

oncogene family (e.g., Rab2a, Rab11a) and Ras homolog family

(e.g., Rhog, Rhoa, Rhoc, Rhoq) of genes (Karnoub and Wein-

berg, 2008). Taken together, these results show that activation

of Ras signaling pathways and associated lncRNAs are early

molecular events in this reprogramming paradigm.

Coordinate Expression of Pluripotency Factors and
Noncoding Genes
Early-stage iPSCs strongly expressed numerous pluripotency

factors and related genes in one prominent cluster (cluster 7),

including Oct4, Sox2, Nanog, Lin28a, Rex1, Esrrb, Lifr, Fbxo15,

Sall4, Epcam, Dppa2, Dnmt3l, Tet1, Jarid2, Klf5, Trim71, Nodal,

Tcfcp2l1, Tcl1, Cdh1, Tdh, Utf1, and Eras (Figure 2). However,

the most significantly enriched GO term in this cluster was for

‘‘unannotated’’ (Bonferroni-corrected p value: 0) and included

285 noncoding genes of unknown function, underscoring the

need for a more in-depth characterization of the noncoding tran-

scriptome. Among these genes were 29 lncRNAs (Table S1) and

27 processed transcripts, which are also classified as a type of

lncRNA in the Ensembl annotation (Flicek et al., 2014), as well

as numerous pseudogenes. A nearby cluster (cluster 2) in the

SOM also contained the Meg3 and Rian lncRNAs, along with

32 additional lncRNAs (Table S1), Klf4, and Kras. Moreover,
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two clusters (cluster 9, cluster 10) directly adjacent to the plurip-

otency cluster (cluster 7) were significantly enriched for the core

PRC2 components Ezh2, Suz12, and Eed and 14 lncRNAs (Fig-

ure 2 and Table S1). Taken together, these results demonstrate

that early-stage iPSCs exhibit a significant upregulation of hun-

dreds of noncoding genes, including lncRNAs, whose reprog-

ramming functions are largely unknown.

lncRNAs Activated during Reprogramming
To systematically characterize the expression patterns of

lncRNAs activated during reprogramming (Ladr), we focused

further analysis on the lncRNA transcriptome. We mapped 437

lncRNAs expressed at >10 RPKM onto a new, lncRNA-specific

SOM (Figure 3A, five representative single-cell components

shown for each cell type) to assess single-cell heterogeneity

and to analyze individual lncRNA variation. Of the 437 lncRNAs,

we identified 312 activated lncRNAs that were expressed at >10

RPKM in transitional cells and/or iPSCs and ESCs, while being

expressed at <10 RPKM in TTFs (Figure 3B and Table S2),

indicating the dynamic nature of the lncRNA landscape during

somatic cell reprogramming.

To assess the potential functions of activated lncRNAs, we

first examined previously identified catalogs of Polycomb-asso-

ciated lncRNAs (Guttman et al., 2011; Zhao et al., 2010). This re-

vealed substantial overlap between the PRC2 transcriptome and

activated lncRNAs (n = 150) (Figure 4A and Table S3), suggesting

that many of these Polycomb-bound lncRNAs may repress

developmental genes. Although several coherent clusters of

PRC2-bound lncRNAs were strongly upregulated in early- and

late-stage iPSCs relative to transitional cells, hierarchical clus-

tering analysis suggested that these lncRNAs were heteroge-

neously expressed in individual cells. To examine whether this

apparent heterogeneity could be attributed mainly to technical

noise or to biological variation, we calculated the coefficient of

variation (CV) for lncRNAs expressed in late-stage iPSCs and

determined the relationship between the CV and mean expres-

sion level. Numerous lncRNAs (e.g., Ladr83, Ladr91, Ladr55,

Ladr1, Rian, Meg3) exhibited greater variability when compared

to the average noise for a given mean expression level, strongly

suggesting that biological variation is indeed elevated for these

lncRNAs (Figure 4B). Consistent with our single-cell RNA-seq

analysis, clonal iPSC lines exhibit functionally relevant heteroge-

neity in Meg3 lncRNA expression, where iPSC lines that lack

Meg3 expression are unable to generate all-iPSCmice (Stadtfeld

et al., 2012).

Wealso examined single-cell lncRNAheterogeneity at the tran-

scriptome- and single-molecule levels using the lncRNA SOM

and smFISH, respectively. For the lncRNA SOM, we calculated

the component (single-cell) variance for each hexagonal cluster

of lncRNA genes (Figure 4C). The lncRNA Ladr83 mapped to a

cluster with high variance, while Ladr49 mapped to a lower

variance cluster (Figure 4C; Figures S3A and S3B). We validated

these lncRNA SOM results using smFISH as an orthogonal

approach to determine the number of Ladr83 and Ladr49

molecules in hundreds of cells (n = 351) (Figure 4D). Ladr83 was

more heterogeneously expressed in both early- and late-stage

iPSCs relative to ESCs, with a subset of late-stage iPSCs ex-

pressing high levels of Ladr83 (61–113 lncRNA molecules/cell)

when compared to ESCs (median: 14 lncRNA molecules/cell).

However, the distributions of Ladr49 expression in both early-

and late-stage iPSCs were indistinguishable from ESCs (Fig-

ure 4E). Taken together, these results demonstrate the utility of

the SOM in characterizing cell-to-cell variation and suggest that

definedsetsof lncRNAsareheterogeneously expressed in iPSCs.

Suppression of Lineage-Specific Genes by Activated
lncRNAs
To examine the functional roles of Ladr49 and Ladr83, we used a

pool of 2–4 small interfering RNAs (siRNAs) per lncRNA to knock

down their expression levels in late-stage iPSCs (Figure S4A).

While knockdown of Ladr49 or Ladr83 had modest effects on

reprogramming efficiencies (Figure S4B), Ladr49 knockdown

resulted in the upregulation of muscle-related genes in iPSCs

(Figure 5A). GO analysis revealed significant enrichment for

the terms ‘‘contractile fiber,’’ ‘‘sarcomere,’’ and ‘‘striated muscle

thin filament.’’ These muscle-related genes were strongly ex-

pressed in TTFs and clustered together in the SOM, while they

were expressed at low levels in late-stage iPSCs (Figure 5B).

These results indicate that Ladr49 is required to repress a subset

of the myogenic program during somatic cell reprogramming.

Notably, Ladr83 knockdown resulted in the upregulation of

muscle genes that were also upregulated upon Ladr49 loss-of-

function (Figure 5C), suggesting that lncRNAs may act coopera-

tively and/or redundantly during cell fate reprogramming.

However, both Ladr83 and Ladr49 knockdowns did not signifi-

cantly perturb expression levels of the reprogramming and

pluripotency genes Oct4, Sox2, Klf4, Myc, Lin28, and Nanog

(Figure 5C), consistent with a specific role for these lncRNAs in

repressing developmental genes during reprogramming. When

we analyzed the differential expression of all Ensembl-annotated

lncRNAs in populations of ESCs and TTFs by RNA-seq, Ladr49

and Ladr83 were among the 48 most significantly upregulated

lncRNAs in ESCs versus TTFs (Figure 5D). Twenty-two of these

lncRNAs (46%), including Ladr49 and Ladr83, were previously

shown to physically associate with PRC2 (Guttman et al.,

2011; Zhao et al., 2010) (Figure 5E), suggesting that other

PRC2-bound lncRNAs are likely to have functional roles in

regulating lineage-specific genes.

To examine the cell-type specificity of activated lncRNAs, we

also analyzed the transcriptome data from iPSCs derived from

Figure 1. Single-Cell Transcriptome Analysis of Cellular Reprogramming

(A) Schematic illustration of reprogramming experiments and single-cell RNA-seq analysis using the self-organizing map (SOM). Five representative SOM

components are shown for each cell type.

(B) Principal component (PC) analysis of 81 single-cell transcriptomes using all protein-coding genes expressed at >1 RPKM.

(C) Heatmap of protein-coding genes that correlate most highly (Pearson correlation) with Oct4 expression during the reprogramming time course.

(D) Hierarchical clustering of activated protein-coding genes during the reprogramming time course using genes expressed at >10 RPKM in non-TTFs and <10

RPKM in all TTFs.

See also Figure S1.
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Figure 2. Analysis of Transcriptome Dynamics Using the Self-Organizing Map

Single-cell transcriptomes depicted as individual components of the self-organizing map (SOM). Boxes represent individual cells at defined stages of re-

programming, with clusters outlined in white. Significantly enriched Gene Ontology (GO) terms for indicated clusters are shown (Bonferroni-corrected p values).

See also Figure S2 and Table S1.
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Figure 3. lncRNAs Activated during Reprogramming

(A) Schematic illustration of lncRNAs activated during defined stages of reprogramming (>10 RPKM) and lncRNA transcriptome analysis using the self-organizing

map (SOM). Five representative SOM components are shown for each cell type.

(B) Hierarchical clustering of activated lncRNA genes during the reprogramming time course using genes expressed at >10 RPKM in non-TTFs and <10 RPKM in

all TTFs. See also Table S2.
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Figure 4. Activated lncRNA Expression Variability in iPSCs

(A) Heatmap of activated lncRNAs previously shown to physically associate with Polycomb repressive complex 2 in pluripotent stem cells.

(B) Plot showing the relationship between average lncRNA expression and coefficient of variation in single late-stage iPSCs.

(legend continued on next page)
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CD117+ hematopoietic progenitor cells (HPCs) (Chang et al.,

2014). One hundred and thirty lncRNAs were significantly upre-

gulated during HPC reprogramming into iPSCs (Figure 6A),

with 64 lncRNAs overlapping with the activated lncRNAs that

we characterized during TTF reprogramming (Figure 6B). Of

the remaining 66 lncRNAs specifically activated in HPC-iPSCs

(Table S2), we examined one lncRNA in particular, Ladr317, us-

ing smFISH in early- and late-stage iPSCs derived from TTFs

(Figure 6C). Ladr317 was expressed at both stages, with lower

levels in early-stage iPSCs relative to ESCs. However, late-stage

iPSCs exhibited comparable levels of Ladr317 when compared

to ESCs. Loss-of-function experiments in late-stage iPSCs re-

vealed that Ladr317 is required to repress genes involved in

interferon signaling: Irgm1, Usp18, and Ifit3 (Figure 6D), consis-

tent with a functional role in repressing hematopoietic lineage-

specific genes. When we examined lncRNAs activated during

HPC reprogramming in our single-cell data from TTF reprogram-

ming, only a small fraction of these lncRNAs were expressed in

TTF-iPSCs (Figure 6E), suggesting that most of these lncRNAs

are not involved in silencing fibroblast lineage genes.

Regulation of Metabolic Genes by Activated lncRNAs
To explore the potential functions of lncRNAs activated in

multiple reprogramming cell types, we performed hierarchical

clustering on lncRNAs upregulated in both TTF-iPSCs and

HPC-iPSCs. Many of these overlapping lncRNAs were strongly

upregulated in early- and late-stage TTF-iPSCs (Figure 7A), in

contrast to the same analysis performed using lncRNAs specific

to HPC reprogramming (Figure 6E). We selected two of these

robustly expressed lncRNAs for loss-of-function analysis, based

additionally on their sequence conservation in the human

genome (Figure S5A) (Kuhn et al., 2013) and their high correlation

with Oct4 expression (Figure S5B). Knockdown of either Ladr86

or Ladr91 (Figures S3C, S3D, and S4A) repressed a common set

of mitochondrial genes. Downregulated genes in both experi-

ments were enriched for the GO terms ‘‘membrane-bounded

organelle’’ and ‘‘mitochondrion’’ (Figures 7B and 7C), suggesting

that these lncRNAs are involved in regulating metabolic aspects

of reprogramming in at least two different lineages and perhaps

very broadly.

DISCUSSION

Normal somatic cells are understood to have restricted develop-

mental and epigenetic plasticity (Hemberger et al., 2009). Multi-

ple mechanisms stabilize the mature cell state and must be

overcome during cellular reprogramming. To examine regulators

of cell state conversion, we measured the transcriptomes of in-

dividual cells at defined stages of reprogramming to pluripo-

tency. As shown in earlier studies (Apostolou and Hochedlinger,

2013; Papp and Plath, 2013; Theunissen and Jaenisch, 2014),

we observed coordinated expression of known OSKM pathway

genes in early- and late-stage iPSCs, while identifying additional

coexpressed protein-coding and lncRNA genes.

Activation of many lncRNA and Ras-related genes are early

molecular events that are prominent in transitional cells. While

the significance of this observation is yet to be established, find-

ings from other systems suggest that such mechanisms might

be common to multiple reprogramming systems. For example,

reprogramming by somatic cell nuclear transfer (SCNT) (Gurdon

and Melton, 2008) may also involve lncRNA and Ras-related

genes upregulated in our transitional cells, based on mapping

oocyte single-cell RNA-seq data onto our SOM (Figures 2 and

S2B) (Ramsköld et al., 2012). Similarities between SCNT and

iPSC reprogramming are also highlighted by iPSC activation of

germ cell-related genes (Figures S6A–S6C) and expression of

Piwi-interacting RNA (piRNA)-like small RNAs (Figures S6D–

S6F), which are also detected in oocytes (Tam et al., 2008) and

human iPSCs (Marchetto et al., 2013). Given their known

functions in imprinting (Watanabe et al., 2011) and epigenetic

regulation (Stuwe et al., 2014), piRNAs may also be involved

in regulating imprinted loci during reprogramming. Because

SCNT-derived pluripotent stem cells have less epigenetic and

imprinting defects than iPSCs, investigating oocyte-enriched

noncoding RNAs in OSKM-mediated reprogramming may pro-

vide insights for minimizing unwanted epigenetic signatures.

Our loss-of-function experiments argue that at least some

OSKM-induced lncRNAs are functionally relevant in reprogram-

ming. We have shown that individual lncRNAs are required

to properly silence lineage-specific genes. OSKM-induced vari-

ation in lncRNA expression levels, however, might contribute to

a form of ‘‘epigenetic memory’’ in iPSCs (Kim et al., 2010; Polo

et al., 2010). For example, lower levels of Ladr49, generated by

experimental knockdown, gave elevated expression of specific

muscle-related genes in iPSC populations. Failure to activate

Ladr49 in iPSCs might introduce a bias favoring muscle deriva-

tives and/or produce an inappropriate mixed phenotype. This

scenario is consistent with prior reports that differences in

OSKM stoichiometry during reprogramming can produce vary-

ing and functionally relevant effects on the expression of specific

imprinted lncRNAs (Carey et al., 2011; Stadtfeld et al., 2010).

OSKM-mediated reprogramming also results in the elevated

expression of specific lncRNAs in iPSCs relative to ESCs (Fig-

ure 4E) (Loewer et al., 2010), but the functional consequences

of these observations are unclear. One potential role for

such lncRNAs is suggested by studies of lincRNA-RoR, which

is required for iPSC reprogramming (Loewer et al., 2010).

LincRNA-RoR acts as a repressor of the tumor suppressor

gene p53 (Zhang et al., 2013), conferring reprogrammed cells

with the ability to overcome p53-mediated apoptosis. p53

inactivation, whether through genetic mutation or experimental

perturbation, promotes cancer and somatic cell reprogramming

(Krizhanovsky and Lowe, 2009). Additionally, leukemia cells acti-

vate the expression of many unannotated lncRNAs that are regu-

lated by oncogenic Notch signaling (Trimarchi et al., 2014). We

also found that perturbing signaling pathways in iPSCs under

‘‘2i’’ conditions (Mek and Gsk3 inhibition) (Ying et al., 2008) acti-

vates a unique set of lncRNAs (Figure S7). Collectively, these

(C) Individual cell components of the lncRNA SOM (left) and component variance for each hexagonal unit of the lncRNA SOM (right).

(D) Representative phase contrast (merged with fluorescence) and fluorescence images of a single early-stage iPSC using smFISH. Scale bar, 10 mm.

(E) Cumulative distribution function plots of lncRNA molecules per cell, as determined by smFISH.

See also Figure S3 and Table S3.
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Figure 5. Repression of Developmental Genes by Ladr49 and Ladr83

(A) Differential expression analysis of significantly upregulated or downregulated genes in late-stage iPSCs deficient for Ladr49, as determined by population level

RNA-seq, and Gene Ontology (GO) analysis for significantly enriched GO terms in upregulated genes. Bonferroni-corrected p values are shown.

(B) Individual cell SOM components of indicated cell types with muscle-related genes labeled.

(C) Effective read counts (normalized reads) for muscle-related (top) and reprogramming and pluripotency (bottom) genes in late-stage iPSCs, as determined by

population level RNA-seq.

(D) Differential expression analysis of significantly upregulated or downregulated lncRNA genes in ESCs versus TTF cells, as determined by population level

RNA-seq.

(E) Fraction of upregulated or downregulated lncRNAs that is physically associated with Polycomb repressive complex 2 in ESCs.

See also Figure S4.
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Figure 6. Lineage-Specific Role for Ladr317 in Hematopoietic Reprogramming

(A) Differential expression analysis of significantly upregulated or downregulated lncRNA genes in HPC versus HPC-iPSCs, as determined by population level

RNA-seq.

(B) Fraction of lncRNAs that are upregulated in HPC-iPSCs or both HPC-iPSCs and TTF-iPSCs.

(legend continued on next page)
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results suggest that lncRNAs activated during reprogramming

might also participate in oncogenic signaling pathways. Finally,

we identified Ladr lncRNAs that are activated in multiple reprog-

ramming cell types. Loss-of-function experiments for Ladr86

and Ladr91 affected genes acting in mitochondrial functions,

including electron transport (Figures 7B and 7C). While the

downstream consequences are unknown, a prior study linked

aberrant mitochondrial membrane potential in pluripotent stem

cells with elevated teratoma frequency (Schieke et al., 2008).

Taken together, our results suggest a model in which somatic

cells activate lineage-specific lncRNAs to repress develop-

mental genes, while also upregulating a common set of lncRNAs

that facilitate metabolic reprogramming in a lineage-indepen-

dent manner (Figure 7D). Our single-cell transcriptome analysis

of induced pluripotency provides a resource to further examine

the molecular mechanisms by which lncRNAs reprogram so-

matic cell state. In addition to lncRNAs, other classes of non-

coding genes, such as pseudogenes, are also activated during

reprogramming and have emerging roles in cancer development

(Cooke et al., 2014; Han et al., 2014). Further studies of the

noncoding transcriptome in various reprogramming contexts

are likely to advance our basic understanding of cell state plas-

ticity and cellular transformation.

EXPERIMENTAL PROCEDURES

iPSC Reprogramming

Tail-tip fibroblast (TTF) cultures were established from 3- to 8-day-old reprog-

rammable mice homozygous for both the tet-inducible OSKM polycistronic

cassette and the ROSA26-M2rtTA allele (Carey et al., 2010). Maintenance of

animals and tail tip excision were performed according to a mouse protocol

approved by the Caltech Institutional Animal Care and Use Committee

(IACUC). TTFs (+ doxycycline), iPSCs, and ESCswere cultured in ESCmedium

(Dulbecco’s modified Eagle’s medium, 15% fetal bovine serum, sodium

bicarbonate, HEPES, nonessential amino acids, penicillin-streptomycin,

L-glutamine, b-mercaptoethanol, 1000 U/ml LIF) and grown on 6-well plates

coated with 0.1% gelatin and irradiated MEF feeder cells (GlobalStem). For

‘‘2i’’ conditions, iPSCs were grown in ESGRO-2i medium (Millipore). For

lncRNA loss-of-function, iPSCs were transfected with siRNAs (Integrated

DNA Technologies) using Lipofectamine RNAiMAX (Life Technologies). For

SSEA-1 detection, StainAlive SSEA-1 DyLight 488 antibody (Stemgent) was

used to detect SSEA-1 positive cells at specified time points during reprog-

ramming, which were isolated using flow cytometry on an iCyt Mission Tech-

nology Reflection Cell Sorter inside a Baker Bioguard III biosafety cabinet.

Single-Cell and Bulk Sample cDNA Synthesis and Amplification

cDNA synthesis was performed using the Smart-Seq protocol as previously

described (Ramsköld et al., 2012). Briefly, the SMARTer Ultra Low RNA kit

for Illumina sequencing (Clontech Laboratories) was used to generate and

amplify cDNA from single cells isolated using a micromanipulator or from

bulk samples. Intact single cells were deposited directly into hypotonic lysis

buffer. Poly(A)+ RNA was reverse transcribed through oligo dT priming to

generate full-length cDNA, which was then amplified using 20–22 cycles.

cDNA length distribution was assessed using High Sensitivity DNA kits on

a Bioanalyzer (Agilent Technologies), and only samples showing a broad

length distribution peak centered at 2 kb were subsequently used for library

generation.

Single-Cell and Bulk Sample RNA-Seq Library Generation and

Sequencing

Single-cell and bulk sample RNA-seq libraries were constructed using the Nex-

tera DNA Sample Prep kit (Illumina). Briefly, cDNA was ‘‘tagmentated’’ at 55�C
with Nextera transposase, and tagmented DNA was purified using Agencourt

AMPureXPbeads (BeckmanCoulterGenomics). PurifiedDNAwasamplifiedus-

ingfivecyclesofNexteraPCR,and libraryqualitywasassessedusingHighSensi-

tivityDNAkitsonaBioanalyzer (Agilent).Librariesweresequencedonthe Illumina

HiSeq2000. Single-end reads of 50 bp or 100 bp length were obtained.

Read Mapping and Expression Quantification

All reads were trimmed down to 50 bp (if necessary) andmapped to themouse

genome (version mm9) with TopHat (Trapnell et al., 2009) (version 1.2.1) while

supplying splice junctions annotated in the ENSEMBL63 set of transcript

models. RPKMs for the ENSEMBL63 annotation were obtained using Cufflinks

(Trapnell et al., 2010) (version 1.0.3) with otherwise default settings. For down-

stream analysis, the biotype classification of genes and transcripts in the

ENSEMBL annotation was used to identify noncoding genes. Hierarchical

clustering was carried out using Cluster 3.0 (de Hoon et al., 2004) and visual-

ized using Java Treeview (Saldanha, 2004). For differential expression anal-

ysis, we aligned reads against the refSeq mouse transcriptome using Bowtie

version 0.12.7 (Langmead et al., 2009). Expression levels were then estimated

using eXpress (Roberts and Pachter, 2013) (version 1.3.0), with gene-level

effective counts and RPKM values derived from the sum of the corresponding

values for all isoforms of a gene. The effective count values were then used as

input to DESeq (Anders and Huber, 2010) to assess differential expression.

For chromatin immunoprecipitation sequencing analysis, sequencing data

were downloaded from NCBI Gene Expression Omnibus accession numbers

GSM307140, GSM623989, GSM307137, GSM307138, GSM307155, and

GSM623991 and EMBL European Bioinformatics Institute accession number

E-MTAB-1600. Reads were extracted using the fastq-dump program in the

SRA ToolKit and mapped to the mm9 version of the mouse genome using

Bowtie 0.12.7 with the following settings: ‘‘-v 2 -k 2 -m 1 -t–best–strata,’’

i.e., retaining only unique reads and allowing for up to two mismatches in a

read. Enriched regions were called using ERANGE 3.2 (Johnson et al., 2007)

with the following settings: ‘‘-minimum 2 -ratio 3 -shift learn -revbackground.’’

Self-Organizing Maps

The 5,000 genes with the greatest variance among the libraries were used for

training a self-organizing map. Prior to SOM training, the data vectors were

normalized on a gene-by-gene basis by subtracting each vector mean and

dividing by its standard deviation. The SOMwas constructed using the R pack-

age ‘‘kohonen.’’ The total number of map units was set to the heuristic value

53sqrt(N), where N is the number of data vectors. The map grid was initialized

with the first two principal components of the data multiplied by a sinusoidal

function to yield smooth toroidal boundary conditions. Training lasted 200

epochs (presentations of the data), during which the radius within which units

were adapted toward the winning unit decreased linearly from h/8 to 2 units,

where h is the map height (always chosen as the direction of largest length).

Further analysis, including clustering and visualization, was performed with

custom python code. Clusters were seeded by the local minima of the u-ma-

trix, with a value for each unit defined as the average of the vector difference

between that unit’s prototype and its six neighbors on the hexagonal grid.

All other unit prototypes were then assigned to clusters according to the min-

imum vector distance to a seed unit. The lists of clustered genes were submit-

ted to the Princeton GO TermFinder (Boyle et al., 2004) server (http://go.

princeton.edu) in order to determine enriched terms.

Single-Molecule Fluorescence In Situ Hybridization

smFISH was performed as previously described (Raj et al., 2008). Up to 48

DNA probes per target mRNA or lncRNA were synthesized and conjugated

(C) Representative phase contrast (merged with fluorescence) and fluorescence images of a single early-stage iPSC using smFISH, and cumulative distribution

function plots of lncRNA molecules per cell, as determined by smFISH. Scale bar, 10 mm.

(D) Differential expression analysis of significantly upregulated or downregulated genes in late-stage iPSCs deficient for Ladr317, as determined by population

level RNA-seq.

(E) Hierarchical clustering of lncRNAs activated in HPC-iPSCs, as determined by single-cell RNA-seq. RPKM, reads per kilobase per million mapped reads.
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Figure 7. Regulation of Metabolic Genes by Ladr86 and Ladr91

(A) Hierarchical clustering of lncRNAs activated in both HPC-iPSCs and TTF-iPSCs, as determined by single-cell RNA-seq. RPKM, reads per kilobase per million

mapped reads.

(B and C) Differential expression analysis of significantly upregulated or downregulated genes in late-stage iPSCs deficient for Ladr86 (B) or Ladr91 (C), as

determined by population level RNA-seq, and Gene Ontology (GO) analysis for significantly enriched GO terms in downregulated genes. Bonferroni-corrected

p values are shown.

(D) Model showing lineage-specific and lineage-independent functions of activated lncRNAs during fibroblast and blood cell reprogramming.

See also Figures S5–S7 and Tables S4 and S5.
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to Alexa fluorophore 488, 555, 594, or 647 (Life Technologies) and then purified

by HPLC. Cells were trypsinized, fixed in 4% formaldehyde, and permeabilized

in 70% ethanol overnight. Cells were then hybridized with the probe overnight

at 30�C, in 20% formamide, 2X SSC, 0.1 g/ml dextran sulfate, 1 mg/ml E. coli

tRNA, 2 mM vanadyl ribonucleoside complex, and 0.1% Tween 20 in

nuclease-free water. Samples were washed twice in 20% formamide, 2X

SSC, and Tween 20 at 30�C and then twice in 2X SSC+0.1% Tween at RT.

One microliter of hybridized cells was placed between #1 coverslips and flat-

tened. Automated grid-based acquisition was performed on a Nikon Ti-E with

Perfect Focus System, Semrock FISH filtersets, Lambda LS Xenona Arc

Lamp, 60x 1.4NA oil objective, and Coolsnap HQ2 camera. Semiautomated

dot detection and segmentation was performed using custom-built MATLAB

software with a Laplacian-of-Gaussian Kernel, using Otsu’s method to deter-

mine the ‘‘dotness’’ threshold across all cells in the data set.

Small RNA Sequencing and Analysis

Oxidation and beta-elimination of small RNAs were performed as previously

described (Ameres et al., 2010). The Illumina-compatible NEBNext Small

RNA Sample Prep Set 1 (New England Biolabs) was used to prepare small

RNA libraries for sequencing on the Illumina platform. Sequencing adapters

were removed from readsbyfinding the30-most completematch to theadaptor

sequence and trimming the read after that position. The resulting were first

mapped to the collection of ribosomal repeats (annotated using the Repeat-

Masker file downloaded from the UCSC genome browser), small nucleolar

RNAs, and small nuclear RNAs in the mouse genome (version mm9) using

Bowtie version 0.12.7 in order to remove common contaminant reads. The

unmapped reads from this filtering step were then aligned against the mm9

genome to determine the number of mappable reads. Both bowtie mapping

steps were carried out with the following settings: ‘‘-v 0 -a -t–best–strata,’’

i.e., nomismatches and an unlimited number of locations to which a read could

map to. Enrichment of repeat classes in sequencing was estimated by calcu-

lating RPM (reads per million mapped reads) scores for each individual repeat

annotated in theUCSCRepeatMasker file, then summing over all the instances

of each repeat class in order to derive a total repeat class RPM score.

ACCESSION NUMBERS

Sequencing data have been deposited in the National Center for Biotech-

nology Information Gene Expression Omnibus under accession number

GSE55291.
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SUMMARY

Hematopoietic stem cells (HSCs) possess unique
gene expression programs that enforce their identity
and regulate lineage commitment. Long non-coding
RNAs (lncRNAs) have emerged as important re-
gulators of gene expression and cell fate decisions,
although their functions in HSCs are unclear. Here
we profiled the transcriptome of purified HSCs by
deep sequencing and identified 323 unannotated
lncRNAs. Comparing their expression in differ-
entiated lineages revealed 159 lncRNAs enriched
in HSCs, some of which are likely HSC specific
(LncHSCs). These lncRNA genes share epigenetic
features with protein-coding genes, including regu-
lated expression via DNA methylation, and knocking
down two LncHSCs revealed distinct effects on
HSC self-renewal and lineage commitment. Wemap-
ped the genomic binding sites of one of these candi-
dates and found enrichment for key hematopoietic
transcription factor binding sites, especially E2A.
Together, these results demonstrate that lncRNAs
play important roles in regulating HSCs, providing
an additional layer to the genetic circuitry controlling
HSC function.

INTRODUCTION

Hematopoietic stem cells (HSCs) continuously regenerate all

blood and immune cell types throughout life and are also capable

of self-renewal. Protein-coding genes specifically expressed in

HSCs (HSC ‘‘fingerprint’’ genes (Chambers et al., 2007) have

been identified by microarray studies, and many have been

shown to be functionally critical for HSC function (reviewed in

Rossi et al., 2012). Similarly, microRNAs can regulate HSC func-

tion (Lechman et al., 2012; O’Connell et al., 2008, 2010).

Recent whole transcriptome sequencing has revealed a large

number of putative long non-coding RNAs (lncRNAs). The func-

tion of some lncRNAs has been established in a limited scope of

biological processes, such as cell cycle regulation, embryonic

stem cell (ESC) pluripotency, lineage differentiation, and cancer

progression (Guttman et al., 2011; Hung et al., 2011; Klattenhoff

et al., 2013; Prensner et al., 2011). In the hematopoietic system,

only a few lncRNAs have been identified to be involved in differ-

entiation or quiescence. Xist-deficient HSCs exhibit aberrant

maturation and age-dependent loss (Yildirim et al., 2013), and

maternal deletion of the H19 regulatory elements reduced HSC

quiescence (Venkatraman et al., 2013). In addition, LncRNA

erythroid prosurvival (lincRNA-EPS) has been found to promote

terminal differentiation of mature erythrocytes by inhibiting

apoptosis (Hu et al., 2011), whereas HOTAIRM1 and eosinophil

granule ontogeny (EGO) are involved in granulocyte differentia-

tion (Wagner et al., 2007; Zhang et al., 2009). Furthermore, recent

genomic profiling identified thousands of lncRNAs expressed in

erythroid cells. Some of them have been shown to play a role in

erythroid maturation and erythro-megakaryocyte development

(Alvarez-Dominguez et al., 2014; Paralkar et al., 2014).

Nevertheless, lncRNAs function in HSCs still remains largely

unknown. Considering that lncRNAs usually exhibit cell type-

or stage-specific expression and HSCs are rare (�0.01% of

bone marrow), we reasoned that many HSC-specific lncRNAs

may not have been identified and annotated yet. Notably, Cabe-

zas-Wallscheid et al. (2014) recently identified hundreds of

lncRNAs expressed in HSCs and compared their expression

with that in lineage-primed progenitors. However, without ex-

pression validation, comparison of expression in differentiated

lineages, and functional studies, their specificity and regulatory

role remains unclear. Therefore we aimed here to identify the

full complement of lncRNAs expressed in HSC with extremely

deep RNA sequencing to determine lncRNAs specific to HSCs

relative to representative differentiated lineages and also to

perform an initial analysis of their relevance to HSC function.

RESULTS

Identification of HSC-Specific lncRNAs
To identify unannotated putative lncRNAs, we purified the most

primitive long-term HSCs (SP-KSL-CD150+, hereafter termed

HSCs) from mouse bone marrow by fluorescence-activated

cell sorting (FACS). To uncover lncRNAs expressed in HSCs

across different ages, we performed RNA sequencing (RNA-

seq) on HSCs from 4-month-old (m04), 12-month-old (m12),

and 24-month-old (m24) mice (Sun et al., 2014), generating
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368, 311, and 293 million mapped reads for m04, m12, and m24

HSCs, respectively. To achieve the greatest power to detect un-

annotated transcripts, we also included RNA-seq data from

Dnmt3a knockout (KO) HSCs (Jeong et al., 2014) to reach a total

of 1,389 million mapped reads for the HSC transcriptome.

Although Dnmt3a KO HSCs differentiate inefficiently, they retain

many features of normal self-renewing HSCs, adding power to

novel gene discovery. In addition, we performed RNA-seq on

sorted bone marrow B cells (B220+) and granulocytes (Gr1+)

for comparison. We then performed a stringent series of filtering

steps to identify lncRNAs in different ages of wild-type (WT)

HSCs, including a minimum length of 200 bases and multiple

exons (Figure 1A).

We first verified the high quality of our data by confirming

the lineage-specific expression of known protein-coding ‘‘finger-

print’’ genes (Chambers et al., 2007), such as Myct1, Ebf1, and

Cldn1, with HSC-, B cell-, and granulocyte-specific expression,

respectively (Figure S1A). Next, we identified 2,614 transcripts

annotated previously as non-coding RNAs by the University

of California, Santa Cruz (UCSC) Known Gene, RefSeq, or

Ensemble databases. Comparing their expressions in these

three cell types revealed that 154, 57, and 81 lncRNAs were en-

riched to HSCs, B cells, and granulocytes (Table S1), such as

AK018427, AK156636, and AK089406 (Figure S1B).

With known genes filtered out, we focused on the remaining

unannotated and multiply spliced transcripts, which resulted in

503 unannotated genes in HSCs. Comparison of the expression

of these transcripts in HSCs, B cells, and granulocytes revealed

that almost one-third were HSC-specific (Figure 1B). Comparing

their expression in 20 additional tissues (RNA-seq data from
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Figure 1. Identification of HSC-Specific LncRNAs

(A) Flowchart for the identification of LncHSCs. Filters indicate exclusion criteria.

(B) Heatmap to compare gene expression between HSCs, B cells (B), and granulocytes (Gr), including protein-coding genes, previously annotated lncRNAs, and

unannotated transcripts.

(C) Expression of the transcripts identified in HSCs, B cells, granulocytes, and 20 other tissues, including cerebellum, cortex, ESC, heart, kidney, lung, embryonic

fibroblasts (mouse embryonic fibroblasts [MEFs]), spleen, colon, duodenum,mammary gland, ovary, subcutaneous fat pad (subcutaneous adipose tissue [Sfat]),

genital fat pad (Gfat), stomach, testis, and thymus (GSE36025 and GSE36026).

(D) Coding potential prediction by CPAT for 503 unannotated transcripts identified in HSCs.

(E) UCSC browser track showing two LncHSCs with expression (green), H3K4me3 signal (pink), and H3K36me3 (blue).

(F) UCSC browser track showing one LncHSC is located in the UMR, with expression (green), H3K4me3 signal (pink) and DNA methylation (red), and UMR

(blue bar).

See also Figure S1 and Table S1.
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Figure 2. Transcriptional Regulation of LncHSCs

(A) Heatmap depicting the expression of 159 LncHSCs: 4-month-old HSCs versus 12-month-old HSCs and 24-month-old HSCs (left) andWT versus Dnmt3a KO

HSCs (right).

(legend continued on next page)
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Encode) showed a generally low expression across most tis-

sues, except for a few expressed in testis (Figure 1C), suggesting

that they are highly hematopoietically enriched (HE) (Table S1).

Prediction of their coding probability using Coding Potential

Assessment Tool (CPAT) software (Wang et al., 2013) revealed

395 with a low coding probability (<0.44), representing likely

non-coding RNAs (Figure 1D). We further filtered out minimally

expressed transcripts in WT HSCs when their fragments per ki-

lobases of exons for per million mapped reads (FPKM) was <0.3

at all three different ages, which gave rise to 332 genes. Compar-

ison of their expressions in B cells and granulocytes resulted in

159 high-confidence lncRNAs that are HSC-enriched (Table

S1). A similar assembly of B cell and granulocyte RNA-seq reads

identified 124 B cell- (LncB) and 107 granulocyte-enriched

(LncGr), previously unannotated transcripts (Table S1). Notably,

most of the B cell-specific transcripts identified this way corre-

spond to antibody-variable regions.

We next examined the features of the set of HSC-enriched

lncRNAs (named LncHSCs). The LncHSCs generally have fewer

exons and lower expression but similar transcript lengths and

conservation (PhastCon) scores compared with protein-coding

genes (Figures S1C–S1F), in line with previous reports (Derrien

et al., 2012). Because retrovirus-related transposon elements

(TEs) have been shown to be enriched in ESC lncRNAs (Kelley

and Rinn, 2012), we considered whether this was also applicable

to LncHSCs. Consistent with a previous report (Kapusta et al.,

2013), we found that TEs cover about 40% of the genomic

sequence, 15% of known lncRNAs, but 5% of protein coding

genes. For LncHSCs, TEs (particularly LTR-associated; Fig-

ure S1G) contribute to about 35% of their genomic sequences.

These results suggest that LncHSCs here are distinct from pro-

tein-coding genes and likely to act as lncRNAs.

We further examined the chromatin state of the LncHSCs.

Chromatin immunoprecipitation sequencing (ChIP-seq) data

for two activation-associated histone marks, histone H3 Lys4 tri-

methylation (H3K4me3) and histone H3 Lys36 trimethylation

(H3K36me3), in purified WT HSCs were obtained from previous

studies (Sun et al., 2014; Jeong et al., 2014). For LncHSCs,

H3K4me3 was typically located at their predicted transcriptional

start site (TSS) and H3K36me3 along their gene bodies (Fig-

ure 1E). For DNA methylation, whole-genome DNA methylation

analysis in HSCs showed that 62% of lncHSCs are marked by

undermethylated regions (UMRs) in their promoter regions, and

some are even located in a methylation canyon (UMR >3.5 kb)

(Jeong et al., 2014). One example is located in a canyon with a

broad H3K4me3 peak (Figure 1F). Another example is a lncHSC

whose transcription originates from the promoter of an active

protein coding gene, but in the opposite direction (Figure S1H),

consistent with behavior previously noted as common among

lncRNAs (Sigova et al., 2013).

LncHSCs Showed Altered Expression with HSC
Functional Decline
To gain insights into the function of LncHSCs in HSC self-

renewal and differentiation, we compared their expression be-

tween different HSC ages and between WT and Dnmt3a KO

HSCs because our previous studies showed that aged HSCs

exhibited a repopulation defect and myeloid-biased differentia-

tion, and Dnmt3a–/– HSCs exhibit defective differentiation and

enhanced self-renewal (Challen et al., 2012). There is a small

subset of LncHSCs (29 of 159) whose expression changes be-

tween 4- and 24-month-old HSCs (false discovery rate [FDR] <

1E-04). However, almost 58% of LncHSCs (92 of 159) showed

significant expression changes (FDR < 1E-04) between age-

matched m12 WT HSCs and Dnmt3a KO HSCs (Figure 2A). To

examine the basis for these differences at the epigenetic level,

whole-genome bisulfate sequencing of WT and Dnmt3a KO

HSCs (Jeong et al., 2014) was analyzed. Interestingly, a majority

of LncHSCs showed strong loss of DNA methylation at their

TSS regions after Dnmt3a KO, suggesting a role for Dnmt3a

in their regulation. For example, LncHSC-1 to LncHSC-6 all

show decreased methylation at their TSS regions. However,

decreased methylation was not always correlated with expres-

sion changes (Figure S2A). LncHSC-1 and LncHSC-2 exhibit

decreased expression, LncHSC-3 and LncHSC-4 show upregu-

lation and are accompanied by increased H3K4me3 (Figure 2B),

and LncHSC-5 and LncHSC-6 do not show significant expres-

sion changes (Figure S2B). This relatively poor correlation be-

tween DNAmethylation changes and gene expression alteration

resembles the observations from protein-coding genes (Challen

et al., 2012).

We also examined the promoters (TSS ± 5 kb) of LncHSCs for

critical HSC-associated transcription factor (TF) binding. Using

published ChIP-seq data for ten key HSC TFs, including Erg,

Fli1, Lmo2, Meis1, Gata2, Runx1, PU.1, Scl, Lyl1, and Gata2,

across a variety of blood lineages (more than ten) (Hannah

et al., 2011), we found that 51% of LncHSCs contain at least

one or more TF binding sites on their promoters (e.g., LncHSC-

1 and LncHSC-2; Figure S2C). Among these ten TFs, Erg, Flil1,

and Pu.1 are the top three factors, exhibiting binding sites near

38%, 29%, and 25% of LncHSCs, respectively. This percentage

is comparable with protein-coding genes but much higher than

the genome random control, suggesting that the expression of

LncHSCs may be precisely regulated by hematopoietic TFs

(Figure S2D).

(B) UCSC browser track showing the expression (green), H3K4me3 signal (pink), and DNA methylation (red) for LncHSC-3 and LncHSC-4 in WT and Dnmt3a KO

(3a KO) HSCs. Gray and black bars show differential DNA methylation between WT and 3a KO HSCs.

(C) qRT-PCR analysis of selected LncHSCs. 50,000 KSL cells (c-Kit+Sca-1+Lin), CD4 T cells (CD4+), CD8 T cells (CD8+), B cells (B220+), macrophages (Mac1+),

granulocytes (Gr1+), and red blood cells (TER119+) were sorted for RT-PCR. The expression levels were plotted relative to that in KSL cells (set as 100, n = 3,

mean ± SD).

(D) UCSC browser track showing DNA methylation (red), expression (green), H3K4me3 (pink), H3K27me3 (orange), H3K27ac (dark green), and H3K4me1 (blue).

(E) Representative images of LncHSC-1 expression in HSCs analyzed by RNA-FISH. Green designates the 18S rRNA signal, and red designates the LncHSC-1

signal.

(F) Representative images of LncHSC-2 and LncGr-1 expression in HSCs and granulocytes analyzed by RNA-FISH. Green designates the LncHSC-2 signal, and

red designates the LncGr-1 signal.

See also Figures S2 and S3.
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Next, we selected LncHSC-1 through LncHSC-6 for expres-

sion validation by quantitative RT-PCR. Among them, two over-

lapped with unannotated expressed sequence tags (ESTs):

LncHSC-1 (AK039852) and LncHSC-2 (DT926623). Notably,

LncHSC-2 is represented as an EST on Affymetrix microarrays

(MOE430 V2.0) and has been identified previously as an HSC

fingerprint gene (Chambers et al., 2007; Figure S2E). qRT-PCR

confirmed that LncHSC-1 through LncHSC-6 are highly ex-

pressed in stem and progenitor cell populations (c-Kit+Sca-

1+Lin [KSL]) but not, or at very low levels, in six other terminally

differentiated blood lineages (CD4, CD8, B220, Gr1, Mac1, and

Ter119; Figure 2C). For LncHSC-4, we detected a higher expres-

sion in erythroid cells (Ter119) than other blood lineages. Indeed,

LncHSC-4 (aka Lincred1; Tallack et al., 2012) has been shown

to be regulated by Klf1, Gata1, and Tal1 and, possibly, to be

involved in erythroid differentiation.

To gain insights into how LncHSCs control HSC function, we

focused on LncHSC-1 and LncHSC-2, which exhibit several

features of interest. These two transcripts are highly expressed

in WT HSC (FPKM > 3) but suppressed in Dnmt3a KO HSCs

(Figure S2B), and their promoter regions are bound by multiple

TFs in hematopoietic progenitor cells (Figure S2C). Further

expression analysis in HSC and different progenitors revealed

that LncHSC-1 is more HSC-specific, and LncHSC-2 is ex-

pressed in HSCs and also different progenitors but not termi-

nally differentiated cells (Figure S2F). Moreover, we found that

LncHSC-1 and LncHSC-2 are transcribed from enhancer re-

gions, marked by histone H3 Lys27 acetylation (H3K27ac) or his-

tone H3 Lys4 monomethylation (H3K4me1) but not H3K4me3

and H3K27me3 (Figure 2D). LncHSC-1 is located close to

two functionally important coding genes, Zfp36l2 and Thada.

Genomic translocation has been reported within Thada and

distal to the Zfp36l2 locus in various myeloid malignancies

(Trubia et al., 2006). In addition, heterozygous mutations of

Zfp36l2 have been detected in leukemias (Iwanaga et al.,

2011). Zfp36l2 homozygous knockout mice die from HSC failure

within 2 weeks of birth (Stumpo et al., 2009), and, recently, it has

been reported that Zfp36l2 is required for self-renewal of

erythroid progenitors (Zhang et al., 2013). The human synteny

block, including LncHSC-1, is also located close to THADA

and ZFP36L2 on chromosome 2. RNA-seq data from bone

marrow of The Cancer Genome Atlas (TCGA) patients (Ley

et al., 2010) indicated that there are several unannotated tran-

scripts expressed in this region. However, based on sequence

homology, we could not identify specific orthologs to LncHSC-

1, consistent with generally poor conservation for lncRNAs

across species (Ulitsky et al., 2011). In mouse HSCs, there

are four LncHSCs (LncHSC-1, LncHSC-3, LncHSC-82, and

LncHSC-13) close to the Thada and Zfp36l2 genes, all four of

which showed expression changes after Dnmt3a KO, with

LncHSC-1 and LncHSC-13 downregulated and LncHSC-3

and LncHSC-82 upregulated (Figure S3A). To examine how

the transcripts in this region were impacted by human DNMT3A

mutations, we reconstructed and selected, from TCGA

acute myeloid leukemia (AML) patient data, one abundantly

expressed transcript at this region (corresponding to the EST

tag AF150238; Figure S3B), and found that patients with a

DNMT3A mutation showed increased expression (p value =

0.01; Figure S3C). These data suggest a similar regulation

of putative lncRNAs by DNA methylation in this syntenic region

despite the lack of clear sequence homology. For lncHSC-2, it

is close to a protein-coding gene, Pkn2, and sequence compar-

ison by nucleotide-nucleotide BLAST (BLASTN) revealed that

it is highly homologous (87.6%) to a 3-kb region in its human

synteny block, which is also close to the PKN2 gene. However,

we did not detect expressed transcripts at this region in TCGA

patients.

LncRNA function is also dependent on subcellular localization.

Enhancer-associated lncRNAs aremore enriched in the nucleus,

whereas lncRNAs involved in other functions such as posttran-

scriptional and translational processes tend to be more cyto-

plasmic. We therefore performed RNA fluorescence in situ

hybridization (FISH) to determine the localization of LncHSCs.

LncHSC-1 is mainly located in the HSC nucleus compared

with the control 18S rRNA (Figure 2E). In parallel, LncHSC-2 is

also located in the HSC nucleus, suggesting that LncHSC-1

and LncHSC-2 are likely functional noncoding RNAs. To confirm

their specificity, we also examined one granulocyte-enriched

LncRNA (LncGr-1), which was found to be exclusively expressed

in granulocytes but not in HSCs (Figure 2F).

LncHSCsControl HSC In Vitro and In Vivo Differentiation
To characterize the functions of LncHSC-1/2, we generated ret-

rovirally expressed constructs to knock down their expression

(Figure 3A). In stem and progenitor cells (Sca-1+), the knock-

down (KD) constructs led to 50%–70% reduction of their expres-

sion by RT-PCR (Figure 3B). To examine their effects on HSC

self-renewal and differentiation, retrovirally transduced KSL-

GFP+ cells were sorted after 2 days of in vitro culture and plated

in methylcellulose for colony-forming unit (CFU) assays. Knock-

down of those transcripts had no effect on colony number or line-

age specificity after the first plating (Figure S3D). However, after

the second plating, KD of LncHSC-1 significantly increased the

colony numbers compared with the control, suggesting that

progenitors with reduced LncHSC-1 in the first plating had not

undergone terminal differentiation (Figure 3C). Indeed, KD of

LncHSC-1 led to an increase in cells expressing the HSC/pro-

genitor marker c-Kit (Figure S3D), and cells from second-plating

colonies had a more homogeneous morphology (Figure 3D).

Next we performed transplantation to examine the function

of LncHSC1/2 in vivo. Because we observed that KD of

LncHSC-1 increased the myeloid colony number in vitro, we

also generated retroviral constructs to overexpress LncHSC-1

in stem/progenitor cells. However, after transplantation for

16 weeks, even though the LncHSC-1 transcript level increased

almost 500-fold in the GFP+ (Lin�c-kit+ Sca-1+) KSL cell popula-

tion, there was no difference in lineage differentiation (Figures

S3E and S3F). Meanwhile, we transplanted stem/progenitor

cells transduced with the LncHSC-1/2 KD constructs. 16 weeks

after transplantation, the percentages of donor-derived cells

(CD45.2+) in the peripheral blood (PB) were similar between the

groups. However, although the initial transduction efficiency

(Figure S4A) and donor engraftment efficiency (Figure S4B) are

similar, the percentage of the GFP+ population varied signifi-

cantly between different groups (Figure 4A), possibly because

of the effects of LncHSC onHSC self-renewal. To determine their

impact on lineage differentiation, we compared the percentage

of different lineages within the GFP+ population. We found that
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KDof LncHSC-1 significantly increasedmyeloid differentiation at

the expense of B cells compared with control KD, in alignment

with the in vitro findings. In contrast, KD of LncHSC-2 signifi-

cantly increased T cell lineage and decreased B cell output.

As a control, the CD45.2+GFP– population showed similar

lineage distributions between different groups (Figure 4B). To

confirm the KD efficiency in vivo, we isolated bone marrow

(BM) GFP+KSL cells 20 weeks after transplantation for RT-PCR

and confirmed that LncHSCs were knocked down (Figure S4C).

We further performed lineage, progenitor, andHSCanalyses in

the bonemarrowafter 20weeks. Notably, thebonemarrowGFP+

population in the LncHSC-1 KD-1 and LncHSC-2 KD-2 groups

was too low for detailed HSC and progenitor analyses, so we

focused on the LncHSC-1 KD-2 (short hairpin RNA [shRNA] #2)

and LncHSC-2 KD-1 (shRNA#1) groups. We found that there

were no significant differences for the granulocyte-macrophage

progenitor (GMP), common myeloid progenitor (CMP), and

megakaryocyte-erythroid progenitor (MEP) population or the

Figure 3. LncHSCs Regulate HSC Differentiation In Vitro

(A) Flow chart depicting knockdown of LncHSC for in vitro and in vivo functional studies. 5-FU, 5-fluorouracil.

(B) Quantitative RT-PCR showing LncHSCs knockdown. Sca-1+ cells were transduced with knockdown constructs and cultured in vitro for 2 days, and then

20,000 GFP+ cells were sorted for RT-PCR (n = 3, mean ± SD).

(C) Methylcellulose CFU assay using 200 KSL-GFP+ cells (transduced by LncHSC-1 KD-1 and LncHSC-2 KD-1). Sorted cells were put into one well of 6-well plate

containing Methocult3434, and the average colony numbers were counted after 14 days. For the second plating, 2,000 live cells from the colonies obtained in the

first plating were plated as before and cultured for 14 days. **p < 0.01. (n = 3, mean ± SD). Data are representative of three experiments.

(D) Morphology of cells from the colonies at the second plating by cytospin.

See also Figure S3.
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Figure 4. LncHSCs Control HSC Function In Vivo

(A) Contribution of retrovirally transduced donor HSCs (CD45.2+GFP+) to recipient mouse PB after primary transplantation. *p < 0.05, **p < 0.01. Error bars

represent mean ± SEM (n = 10 for control KD and 5–8 for LncHSCs KD).

(B) Analysis of HSC differentiation in peripheral blood at 16 weeks post-primary transplant. The percentage of the indicated lineages within CD45.2+GFP�

or CD45.2+GFP+ cell compartments are shown. Myeloid cells (Mye) were defined as Gr1+ and Mac1+, B cells (B) are B220+, and T cells (T) are CD4+ and CD8+.

**p < 0.01, ***p < 0.001. Error bars represent mean ± SEM (n = 10 for control KD and 5–8 for LncHSCs KD).

(C) Contribution of donor HSCs (CD45.2+GFP� or CD45.2+GFP+) to recipient mouse PB after secondary transplantation. Data are mean ± SEM (n = 5-6). For

secondary transplantation, 500 CD45.2+GFP+ KSL cells from primary recipients were re-sorted 20weeks after transplantation, mixedwith 250,000 CD45.1WBM

cells, and injected into new lethally irradiated CD45.1 recipients.

(legend continued on next page)
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long-term (LT)-HSC, short-termHSC, andmultipotent progenitor

populations after KD (Figure S4D). However, we observed that

KD of LncHSC-1 led to increased myeloid cells and lineage-

negative c-kit-positive (LK) cells (myeloid progenitors) and that

KD of LncHSC-2 led to more T cells, consistent with the periph-

eral analysis (Figure S4E).

To examine HSC self-renewal activity, 500 BM GFP+KSL cells

from primary recipients of LncHSC-1 (KD-2) and LncHSC-2

(KD-1) were sorted and transplanted into secondary recipients.

Peripheral blood (PB) analysis showed that GFP+ levels

were comparable between different groups (Figure 4C). KD

of LncHSC-1 increased myeloid differentiation, and KD of

LncHSC-2 increased T cell differentiation, consistent with pri-

mary transplantation results (Figure 4D). For the bone marrow

analysis 16 weeks after secondary transplantation, interestingly,

the percentage of the side population (SP) and KSL cells was

decreased for LncHSC-2 KD, suggesting that LncHSC-2 is

involved in HSC long-term self-renewal (Figure 4E).

Although the bone marrow of primary recipients of LncHSC-2

KD-2-transduced cells had too few GFP+ cells for a detailed

analysis, we were able to isolate enough KSL GFP+ cells from

a pool of these mice to perform secondary transplantation to

verify the effect on self-renewal. Again, we observed that the per-

centage of GFP+ cells in the peripheral blood was very low at

4 weeks and almost undetectable at 16 weeks (Figure S4F).

This precluded us from performing a lineage analysis with this

KD construct. In the bone marrow at 16 weeks, we observed

dramatically decreased total GFP+ cells for both LncHSC-2 KD

constructs but not LncHSC-1 KD (Figure S4G). These results

suggest that both shRNAs for LncHSC-2 affected HSC self-

renewal but with different efficiency.

The mechanisms through which lncRNAs work are largely

obscure and likely to vary. It has been shown that lncRNAs can

modulate gene expression through RNA-protein, RNA-RNA, or

RNA-DNA interactions (Guttman and Rinn, 2012). To determine

the immediate impact on gene expression after LncHSC KD,

stem and progenitor cells were transduced with a retrovirus.

After in vitro culture for 2 days, GFP+ KSL cells were purified

and subjected to RNA-seq. As expected, the results revealed

the targeted LncHSCs were specifically reduced. However,

we only identified 70 and 84 significantly changed genes

after KD of LncHSC-1 and LncHSC-2, respectively (Table S2).

Moreover, we did not see any expression changes of neigh-

boring genes after KD of either LncHSC-1 or LncHSC-2, indi-

cating that LncHSC-1 and LncHSC-2 are possibly trans-acting

lncRNAs.

ChIRP-Seq Reveals LncHSC-2 Occupancy Sites
Genome-wide
To better understand the functions of LncHSCs, we sought to

determine their binding sites by chromatin isolation by RNA pu-

rification sequencing (ChIRP-seq) (Chu et al., 2011; Engreitz

et al., 2013; Simon et al., 2011). Given the technical challenges

because of the limited number of primary HSCs, we utilized

HPC5 cells, a mouse bone marrow-derived multipotent progen-

itor line (Pinto do O et al., 2002) that expresses LncHSC-2

at levels comparable with primary HSCs. We therefore per-

formed ChIRP-seq to identify LncHSC-2 binding sites using

HPC5 cells. After pull-down, RT-PCR showed that more than

90% of LncHSC-2 RNA was pulled down. For the negative con-

trol, less than 1% of GAPDH RNA was pulled down (Figure S5A).

From CHIRP-seq, we identified 264 LncHSC-2 binding sites

concordant in three of four biological replicates and absent in

a LacZ negative control (for peak coordinates, see Table S3).

Similar to transcription factors, LncHSC-2 binding sites were

focal (median size, 284 base pairs [bp]), and most did not spread

beyond 600 bp. The distribution of binding sites showed that

�11% were localized to promoter/50 UTR elements (Figure 5A,

left), representing a 3- to 7-fold enrichment over the genome

background (Figure 5A, right). The remaining peaks occurred pri-

marily in intronic and intergenic regions.

Next we asked whether LncHSC-2 accesses the genome

through specific DNA sequences. A motif analysis of LncHSC-2

binding sites identified four core motifs (Table S4), suggesting

that specific DNA motifs may be involved in LncHSC-2 occu-

pancy. To further characterize the motifs, we quantified their sim-

ilarity toknownDNAsequencemotifs. This revealedasignificantly

enriched bHLHmotif corresponding to a transcription factor E2A

isoformencodedbyTcf3 (Figure5B;TableS4).E2Aproteinsact to

promote the developmental progression of the entire spectrum of

early hematopoietic progenitors, including LT-HSC, MPP, and

common lymphoid progenitors (Semerad et al., 2009). To gain in-

sights into potential LncHSC-2-mediated chromatin states, we

tested the overrepresentation of its occupied sites (relative to

the LacZ control) among the ChIP-seq profiles of hematopoietic

transcriptional regulators and epigenetic marks in LT-HSC,multi-

potent progenitors (HPC-7cells), aswell as tissues (bonemarrow,

thymus, and spleen). LncHSC-2 sites were characterized by sig-

nificant enrichment of undermethylated CpG regions (UMRs), the

active histone marks H3K4me3/H3K27ac, and the TFs Erg/Fli1/

Meis1/Pu.1 (Figure 5C; Table S5). Remarkably, a Genomic Re-

gions Enrichment of Annotations Tool (GREAT) analysis of mouse

genotype-phenotype associations showed that gene and pro-

moter proximal binding sites were significantly enriched almost

exclusively for hematopoietic and immune system phenotypes

(14 of 16 terms with binomial test, q < 0.05), including abnormal

lymphopoiesis (Table S5).

Having identified potential associations between LncHSC-2

and individual transcriptional regulators and epigenetic marks,

we next analyzed occupancy patterns of regions bound by

LncHSC-2 and enriched factors by hierarchical clustering. This

analysis separated LncHSC-2-bound sites into two major clus-

ters: undermethylated promoter proximal regions associated

with activating chromatin marks (H3K4me3 and H3K27ac) and

(D) Analysis of peripheral blood cells 16 weeks post-secondary transplant. The percentage of the indicated lineages within CD45.2+GFP– and CD45.2+GFP+ cell

compartments are shown. Myeloid cells were defined as Gr1+ and Mac1+, B cells are B220+, and T cells are CD4+ and CD8+. **p < 0.01, ***p < 0.001. Error bars

represent mean ± SEM (n = 5–6).

(E) Bonemarrow FACS analysis showing frequencies of side population, LK, and LSK cells 16weeks after secondary transplantation in mice. Error bars represent

mean ± SEM. **p < 0.01 (n = 3–6).

See also Figure S4 and Table S2.
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hematopoietic TFs and promoter-distal intergenic/intronic re-

gions associated with insulator CTCF, enhancers, or E2A binding

motifs (Figure 5D). One LncHSC-2-occupied site containing an

E2A motif mapped to the intronic region of the Pml (promyelo-

cytic leukemia protein) gene locus (Figure 5E). As a tumor

suppressor, Pml is essential for HSC maintenance, and its

deficiency affects all hematopoietic lineages in recipient mice

after BM transplant (Ito et al., 2008). The core promoter of Itpkb

is a site of potential co-occupancy by LncHSC-2 and the TFs

Erg, Pu.1, Fli1, and Meis1 (Figure 5E). Mice lacking Itpkb, the B

isoform of the Ins(1,4,5)P3 3-kinase, have a complete and

specific T cell deficiency because of a developmental block at

the double-positive thymocyte stage (Pouillon et al., 2003). Other

LncHSC-2 co-occupied promoter regions include Cox5b, Itgb2,

Tnf, and Slc35c2 (Figure S5B).

Because a motif analysis showed that lncHSC-2 binding

sites are highly enriched for E2A binding, we wondered

whether LncHSC-2 is involved in recruiting E2A to its target

sites. To address this question, we analyzed previous ChIP-

seq data for E2A binding in HPC7 cells and found that there

are almost 20 binding peaks overlapped between E2A and

LncHSC-2 (Table S5). From them, we selected three sites

with the highest scores of enrichment, which are close to the

genes Nln, Slc35c2, and Itgb2, respectively. Interestingly,

ChIP qPCR showed that E2A binding on these sites was abro-

gated after LncHSC-2 KD (Figure 5F), suggesting that

LncHSC-2 is directly involved or responsible for E2A binding

on some target sites.

Recent studies have implicated transposable elements such

as endogenous retroviruses (ERVs) and long terminal repeats

(LTRs) in the evolution, regulation, and function of lncRNAs

(Kapusta et al., 2013; Kelley and Rinn, 2012). To measure

whether LncHSC-2 was enriched at any classes of repetitive

elements, we performed peak calling again with both unique

and multiple-mapped paired-end reads (including up to two

alignments). The results show that LncHSC-2 binding sites

are specifically enriched for the ERVL-mammalian apparent

LTR retrotransposon LTR families of repeats and depleted of

long interspersed nuclear elements (L1), short interspersed nu-

clear elements (B4 and Alu), and Simple repeats (Figure S5C;

Table S6).

DISCUSSION

In this study, we carried out a comprehensive RNA-seq analysis

in purified HSCs, differentiated B cells, and granulocytes. We

discovered 2,614 known lncRNAs and almost 500 unannotated

transcripts expressed in HSCs. This list contains almost all of

the lncRNAs identified from in a previous study (Cabezas-Wall-

scheid et al., 2014) but is more comprehensive. Furthermore,

we performed a series of analyses to characterize those

lncRNAs, including examining their conservation, overlap with

repeats, and correlation with DNA methylation and histone

marks.

Although the known lncRNAs may play important functions

for HSCs, in this study we specifically focused on previously

unannotated transcripts and identified 159 high-confidence

LncHSCs compared with the representative differentiated line-

ages of B cells and granulocytes. Among them, we demon-

strated that LncHSC-1 and LncHSC-2 are located in the nucleus

and expressed differentially betweenWT and Dnmt3a KOHSCs.

KD of LncHSC1/2 revealed that LncHSC-1 is involved in myeloid

differentiation and that LncHSC-2 is involved in HSC self-

renewal and T cell differentiation. Moreover, we determined

that LncHSC-2 bind sites are enriched for the hematopoietic-

specific TF binding sites, especially E2A, which is a well-recog-

nized regulator of hematopoietic differentiation.

How Complete Is Our Catalog of Potential HSC-Specific
LncRNAs?
Herewe used extremely deep sequencing data (> 1.3 billion HSC

reads when combined) to detect lncRNA expression in HSCs.

The number of transcripts that are truly unique to HSCs could

be reduced when similarly deep sequencing was performed

across additional hematopoietic lineages and when lncRNAs

shared with progenitors were eliminated. On the other hand,

our filtering criteria were highly stringent, including size, splicing,

and expression level criteria, and we excluded putative lncRNAs

Figure 5. ChIRP-Seq Reveals LncHSC-2 Binding Sites in the Genome

(A) LncHSC-2 binding sites are enriched in promoter-proximal regions. Left: the distribution of LncHSC-2 binding sites across the indicated intergenic or

intragenic regions. Right: enrichment of LncHSC-2 sites (versus the genomic background) among transcript features. CDS, coding sequence.

(B) Enriched sequence motif associated with lncHSC-2 binding sites (bottom) strongly resembling the mouse Tcfe2a secondary motif (top).

(C) Co-enrichment analysis of lncHSC-2 binding sites with sequence features, ChIP-seq profiles of hematopoietic transcriptional regulators and epigenetic marks

in HSCs, multipotent progenitors (HPC-7 cells), bone marrow, thymus, and spleen. The enrichment for LncHSC-2 binding compared with the LacZ negative

control was assessed by Fisher’s exact test with multiple testing correction. Colors subdivide the results into three classes: epigenetic mark (red), sequence

feature (green), and TF binding site (blue). Dot sizes are proportionate to the odds ratio. The x axis values represent the –log Benjamini-Hochberg-corrected p

value.

(D) Hierarchical clustering of genomic regions bound by lncHSC-2 and published hematopoietic lineage TFs or epigenetic marks. The major partition of columns

separates LncHSC-2 occupancy into two main branches, with unmethylated promoter-proximal regions associated with transcriptional activation marks

(H3K4me3/H3K27ac/PolII) and Erg/Fli/Meis1/Pu.1 TFs to the left and promoter distal intronic or intergenic regions associated with bone marrow tissue enhancer

or insulator elements (CTCF) E2A sequence motifs to the right. Each line corresponds to a LncHSC-2 peak, where blue/white coloring indicates the presence/

absence of the additional given factors.

(E) LncHSC-2 occupancy at the genes Pml (top) and Itpkb (bottom). Shown are LncHSC-2 and LacZ control ChIRP-seq signal density tracks generated by

MACS2 representing the fragment pileup signal per million reads. Additional overlaid tracks are HSCH3K4me3, RNA-seq, undermethylated regions (Jeong et al.,

2014), and hematopoietic lineage TF binding sites (Wilson et al., 2010).

(F) ChIP qPCR to show E2A binding to three LncHSC-2 binding peaks after LncHSC-2 KD in primary Sca-1+ cells. The y axis represents the percentage of

immunoprecipitated DNA compared with the input. Mean ± SEM values are shown (n = 4).

See also Figure S5 and Tables S3, S4, S5, and S6.
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that overlapped with protein-coding genes and their extended

30 UTRs, even when they were predicted by splice motif analysis

to be transcribed in the opposite direction of the associated

coding gene. In this regard, all lncRNAs identified in our study

are intergenic, which may underestimate the number of bona

fide HSC-specific lncRNAs. Finally, our use of poly-A+ RNA

and filtering criteria likely excludes many enhancer RNAs

(eRNAs) (Natoli and Andrau, 2012), another interesting set of

non-coding RNAs. Therefore, with this comprehensive but con-

servative approach, we can expect that these 159 LncHSCs,

because of their low expression in most other tissues (Figure 1),

are unlikely to have been discovered using any other approach.

This relatively small number (a total of �300 HSC-specific

lncRNAs including those annotated previously) is aligned with

the small number of protein-coding genes (�300) thought to be

uniquely expressed in HSCs comparedwith other blood lineages

(Chambers et al., 2007) and is larger than the number of B cell- or

granulocyte-specific lncRNAs, perhaps suggesting their partic-

ular roles in primitive cells.

Functional Characterization of LncHSCs
More data on the functional relevance of lncRNAs will be needed

to understand their importance relative to protein-coding genes.

About two-thirds (116 of 152) of reported protein-coding gene

KOs result in some degree of hematopoietic defect after HSC

or bone marrow transplantation (Rossi et al., 2012). Here both

LncHSCs we tested in vivo showed an impact on lineage differ-

entiation, and LncHSC-2 showed an effect on self-renewal after

KD and transplantation. Although the shRNAs we used here pro-

vide an efficient strategy for initial screening, further confirmation

of these phenotypes using complete ablation and rescue exper-

iments would be of value in the future.

In addition to functional studies, mapping the binding sites of

LncHSC-2 using ChIRP-seq revealed that they are enriched for

TF binding sites. KD of LncHSC-2 blocked E2A binding on

some target sites, suggesting that LncHSC-2 is involved in TF

binding. Whether LncHSC-2 binds directly to TFs or through

other complexes to recruit them would need to be further

examined.

Although lncRNAs are recognized as being less conserved

across species than coding genes, we identified a human syn-

tenic region with several putative lncRNAs that changed in

DNMT3A mutant AML patients in concordance with changes

in similarly localized transcripts in mouse Dnmt3a KO HSCs.

Whether these LncHSCs contribute to disease development re-

mains to be determined, but the frequent mutation ofDNMT3A in

AML (Ley et al., 2010; Yan et al., 2011) and other hematologic

malignancies (Goodell and Godley, 2013), and the observation

that >50% of LncHSCs change in expression after Dnmt3a KO,

suggest that this relationship warrants further investigation.

EXPERIMENTAL PROCEDURES

See Supplemental Information for more extensive methods.

HSC Purification

All animal procedures were IUCAC-approved and conducted in accordance

with institutional guidelines. Whole bone marrow cells were isolated from

mouse femurs, tibiae, pelves, and humeri. LT-HSCs were purified using the

SP method, as described previously (Goodell et al., 1996), in conjunction

with the following cell surface markers: Lineage– (CD3, CD4, CD8, B220,

Gr1, Mac1, and T119) and Sca-1+ c-Kit+ CD150+.

RNA Sequencing

RNA was isolated from FACS-sorted HSCs with the RNeasy micro kit

(QIAGEN). Paired-end libraries were generated with the Illumina TruSeq RNA

kit. Alignment was performed by RNA-seq unified mapper (Grant et al.,

2011). Cufflinks and Cuffdiff (Trapnell et al., 2010) were used for transcript

reconstruction, quantification, and differential expression analysis.

shRNA Cloning and Viral Transduction

Oligos targeting each desired transcript were cloned with the BLOCK-iT PolII

miRRNAi expression vector kit (Invitrogen). The oligoswere further recombined

into the retroviral MSCV-RFB vector. For retroviral transduction of hematopoi-

etic progenitors, the suspension was spin-infected at 2503 g at room temper-

ature for 2 hr in the presence of polybrene (4 mg/ml). For in vivo transplantation,

cells were incubated for a further 1 hr at 37�C. For in vitro assays, transduced

cells were cultured in fresh transduction medium for a further 2 days.

In Vivo Transplantation

C57Bl/6 CD45.1 mice were transplanted by retro-orbital injection following a

split dose of 10.5 Gy of lethal irradiation. 50,000 Sca-1+ (CD45.2) donor cells

were injected into the recipient mice. For secondary transplantation, 500

CD45.2+GFP+ KSL cells from primary recipients were re-sorted 20weeks after

transplantation, mixed with 250,000 CD45.1 whole bone marrow (WBM) cells,

and injected into new lethally irradiated recipients.

FISH

Single-molecule RNA FISH was performed using the QuantiGene ViewRNA

ISH cell assay according to the manufacturer’s instructions (Affymetrix). Im-

ages were taken on an API Deltavision deconvolution microscope (Applied

Precision).

ChIRP

ChIRP was performed as described previously (Chu et al., 2011).
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SUMMARY

Aging is amajor risk factor formany human diseases,
and in vitro generation of human neurons is an attrac-
tive approach for modeling aging-related brain
disorders. However, modeling aging in differentiated
human neurons has proved challenging. We gener-
ated neurons from human donors across a broad
range of ages, either by iPSC-based reprogramming
and differentiation or by direct conversion into
induced neurons (iNs). While iPSCs and derived neu-
rons did not retain aging-associated gene signa-
tures, iNs displayed age-specific transcriptional pro-
files and revealed age-associated decreases in the
nuclear transport receptor RanBP17. We detected
an age-dependent loss of nucleocytoplasmic
compartmentalization (NCC) in donor fibroblasts
and corresponding iNs and found that reduced
RanBP17 impaired NCC in young cells, while iPSC
rejuvenation restored NCC in aged cells. These re-
sults show that iNs retain important aging-related
signatures, thus allowing modeling of the aging pro-
cess in vitro, and they identify impaired NCC as an
important factor in human aging.

INTRODUCTION

The inevitable process of aging affects all tissues of the body and

determines the quality and length of life. Human aging is by far

the most critical risk factor for the development of several dis-

eases that appear to exclusively affect the elderly, due to mostly

unknown reasons (Cummings, 2008; Gladyshev, 2013). While

aggressive familial early onset versions of fatal neurodegenera-

tive diseases like Alzheimer’s or Parkinson’s disease can emerge

in mid-life, the overwhelming majority of cases develop sporad-

ically in old age, without known genetic causes. Neurons are a

prime target for cellular aging. Unlike most other cell types, neu-

rons are mainly born during embryogenesis and then face a de-

mand for life-long performance. Progressive aging also leads to

declines in neuronal plasticity and cognitive performances in the

majority of healthy people, suggesting that neurons in the brain

might decay over their lifetime (Burke and Barnes, 2006; Yankner

et al., 2008). Interestingly, transcriptional profiling of different tis-

sues has revealed similar age-related changes across different

tissues, including genes involved in stress response, inflamma-

tion, and Ca2+ homeostasis, whereas tissue-specific changes

of the aging human cortex were detected in genes controlling

synaptic functions (Adler et al., 2007; Fraser et al., 2005; Lu

et al., 2004; Murphy, 2006).

To experimentally assess how progressive human age can

cause persistent cellular alterations that eventually emerge as

decreased functionality, vital human cells, particularly neurons

from donors of a broad range of ages, would be highly desirable.

However, due to the inaccessibility of live human brain tissue,

most studies have been limited to animal models that, while

yielding important insights, have also revealed limitations

regarding transferability to human physiology and lifespan. Hu-

man patient-specific induced pluripotent stem cell (iPSC)-based

disease models have provided fascinating insights into disease-

relevant mechanisms and pre-clinical drug evaluation directly in

functional human neurons (Israel et al., 2012; Mertens et al.,

2013b). However, preservation of human age as a major patho-

genic risk factor would seem unlikely, given that cells must

transit the embryo-like iPSC state, which likely rejuvenates old

somatic cells back into an embryonic state (Lapasset et al.,

2011; Maherali et al., 2007; Meissner et al., 2008). Furthermore,

the numerous cell divisions required for the reprogramming pro-

cess and differentiation may dilute any accumulated macromo-

lecular damage. The direct transcription factor-based conver-

sion of fibroblasts into induced neurons (iNs) represents an

alternative avenue for generating human neurons in vitro (Pang

et al., 2011; Vierbuchen et al., 2010). Induction of only two tran-

scription factors in combination with a cocktail of small molecu-

lar enhancers was shown to directly yield functional iNs from

human fibroblasts with high efficiencies (Ladewig et al., 2012;

Liu et al., 2013). As iNs circumvent the pluripotent state as well

as any cell division, we hypothesize that direct conversion
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preserves the cellular signatures of aging and results in neurons

that show age equivalence with their human donor. In this study,

we set out to analyze primary cells from young and old human

donors to identify the key factors relevant to human aging and

to subsequently program these cells into iNs to generate an

age-equivalent in vitro model for neuronal cell aging.

RESULTS

iPSC Reprogramming Erases Transcriptomic
Signatures of Aging Present in Primary Fibroblasts
Increasing evidence suggests that iPSC reprogramming of

somatic cells into the embryo-like state largely resets their epige-

netic state and either permanently deletes or temporarily con-

ceals any memory of their age of origin. To test this paradigm

in the context of human aging, we obtained skin fibroblasts

from 19 individuals ranging in age from 0 to 89 years (Table S1)

and reprogrammed 16 lines into iPSCs by overexpression of

the four Yamanaka factors (Figure 1A) (Takahashi et al., 2007).

Clonally derived iPSCs showed typical morphologies of human

pluripotent cells and nuclear expression of Nanog (Figure 1B);

they were analyzed by G-banding to be karyotypically normal

(Figure 1C). All iPSC lines possessed an expression profile

typical of pluripotent stem cells, with Lin28A/B, MycN, Nanog,

Tert, Oct4, Nodal, Dppa2/4, and Otx2 all being more than

1,0003 upregulated as compared to fibroblasts (Figure 1D; Ta-

ble S2). To investigate the extent to which iPSCs can retain the

aging signatures of their donors, we performed high-throughput

whole transcriptome RNA sequencing (RNA-seq) and compared

the gene expression patterns of old and young fibroblasts and of

derived iPSCs. The expression profiles of fibroblasts and iPSC

samples were clearly distinguishable and clustered by overall

expression similarity (Figure 1E). The independent clonal iPSC

lines from the same donor typically, but not always, clustered

together (Figure 1E). To identify putative aging genes, we per-

formed differential expression analysis between cells derived

from donors <40 years and cells from donors >40 years of age

and found that, in fibroblasts, 78 genes were significantly differ-

entially expressed, with a false discovery rate (FDR)-adjusted p

value (padj) of <0.05 (Figure 1F; Table S3) (Benjamini and Hoch-

berg, 1995). In contrast, iPSCs showed fewer overall expression

variations and only one gene was determined to be significantly

differentially expressed (Figure 1G). When only retrovirus-based

iPSCs were compared, no genes were found to be significantly

differentially expressed (data not shown). These data thus

confirm that the age-dependent gene expression signatures pre-

sent in primary fibroblasts become largely erased during reprog-

ramming into iPSCs.

Direct iNConversion Yields Functional iNs and Is Equally
Efficient for Young- and Old-Derived Fibroblasts
To generate neurons directly from fibroblasts, we optimized an

Ascl1/Ngn2 (AN)-based and small molecule-enhanced iN proto-

col (Figure 2A) (Ladewig et al., 2012; Liu et al., 2013). Fibroblast

identity was verified and the cells were lentivirally transduced to

express rtTA and a 2A-peptide-linked transcript coding for Ngn2

and Ascl1, resulting in transgenic, but silent and expandable, AN

fibroblasts (Figures 2B and S1). For iN conversion, cells were

transferred to conversion media containing small molecular in-

hibitors for TGFb/SMAD and GSK3b signaling as well as en-

hancers of intracellular cyclic AMP (cAMP) (Figure 2B). Under

these conditions, fibroblasts underwent marked morphological

changes, with typical neuronal morphologies appearing around

week 2 of conversion and becoming more pronounced after 3

to 6 weeks. Neuronal cells stained positive for bIII-tubulin, phos-

phorylated human Tau (hTau), MAP2ab, and themature neuronal

marker NeuN, and most cells showed punctate staining for the

glutamateric synaptic marker vGlut1 (Figure 2C). Non-neuronal

cells showed typical fibroblast morphologies and Vimentin

expression; cell division was not involved in the iN process (Fig-

ure S1). Following gentle relocation onto a layer of astrocytes

during week 4 of conversion, iNs displayed pronounced human

synapsin-I promoter-driven red fluorescent protein (RFP) fluo-

rescence (LV-hSyn::RFP), mature neuronal morphologies, and

punctate staining of synapsin-I at the intersections of neurites

(Figure 2D). They also showed both evoked and spontaneous

action potential firing (Figure 2E). We next applied this iN para-

digm to our fibroblast cohort and found that cells from all ages

efficiently converted into iNs that showed solid neuronal marker

expression within 3 weeks (Figure 2F). Quantification revealed

that, independent of donor age, typically over 50% of all DAPI-

positive cells were positive for bIII-tubulin and hTau, around

40% expressed NeuN, and over 30% were consistently positive

for MAP2ab (Figures 2G and S1). Equally, iNs generated from all

tested donors (n = 13) displayed Na+/K+ channel-mediated in-

ward/outward currents as well as multiple evoked action poten-

tials with no apparent differences between iNs derived from

young and old donors’ fibroblasts (Figure 2H). Quantification of

neuronal subtype markers revealed that a consistent majority

of the neurons adopted a glutamatergic fate and usually 15%–

20% of the cells were gamma aminobutyric acid (GABA)-posi-

tive, whereas dopaminergic or serotoninergic markers were

only sporadically observed (Figures 2I and S1). Using this iN pro-

tocol, functional iNs can be efficiently generated from fibroblasts

of all ages with no apparent differences in their basic cellular and

functional properties.

Fluorescence-Activated Cell Sorting-Based Purification
of PSA-NCAM-Positive iNs for Whole Transcriptome
RNA-Seq
To analyze the transcriptome of iNs via RNA-seq, neuronal RNA

needs tobepure,withminimal fibroblast contamination thatmight

confound analysis regarding cell aging. As live iNs express PSA-

NCAM on the cell surface, we established a fluorescence-acti-

vated cell sorting (FACS)-based protocol for purification of

neurons (Figures 3A and 3B). Following sorting and plating on as-

trocytes, over 90% of human cells expressed bIII-tubulin, with

over 95%of them also being hTau-positive (Figure 3C). Following

prolonged culture, almost all human cells showed mature

neuronal morphologies and marker expression (Figure 3D). We

nextperformedRNA-seqanalysesover the timecourseof conver-

sion and observed dramatic gradual changes in gene expression

(Figure3E).Neuronal genes suchasDcx,NeuroD2, andMapt, and

voltage-gatedNa+andK+channels, synapticproteins, andneuro-

transmitter receptors were strongly upregulated, whereas fibro-

blast genes such as dermokine (Dmkn), collagen, keratin, and

cell-cycle genes such as Ccna2, Ccnb2, Nuf2, and Anln were

dramatically downregulated (Figure S2; Table S4). Neighboring
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timepoints clustered together, indicatinga gradual processof cell

type conversion. Gene ontology (GO) term analysis of the 200

most strongly increased genes revealed highly significant enrich-

ment of interacting factors that control neuron generation and

function (Figures 3F and S2; Table S5). As expected, FACS-puri-

fied neurons showedmarked enrichment of neuronal genes such

as neuronal Ca2+ and K+ channels, glutamate receptors, synaptic

proteins, and neuronal cytoskeletal markers as compared to their

unsortedcounterparts (Figures3Eand3G), indicatingefficientpu-

rification of iNs from remaining fibroblasts for RNA-seq.

Figure 1. Age-Dependent Transcriptome Signatures in Fibroblasts and Derived iPSCs

(A) iPSC reprogramming of young and old donor fibroblasts using the four Yamanaka-factors (4YF).

(B) Phase contrast images and immunocytochemical characterization of human iPSCs stained with Nanog. The scale bars represent 20 mm.

(C) Representative image for karyotype analysis of iPSC clones with G-banding (all included lines tested normal).

(D) Differentially expressed genes between fibroblasts and iPSCs. The top 100 up and downregulated genes are shown (extended data in Table S2).

(E) Heatmap showing hierarchical clustering of transcriptome similarity of fibroblasts and derived iPSCs. The black bars indicate multiple iPSC clones from the

same donor that cluster together, and the * indicates lines from the same donor that do not cluster together.

(F and G) MA plot shows differential expression between young (<40 year) and old (>40 year) fibroblasts and iPSCs (one clone per donor used for analysis). The

colored dots indicate significant aging genes (padj < 0.05) (extended data in Table S3).
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Figure 2. Direct Conversion of Young and Old Human Fibroblasts into Functional iNs Is Efficient Regardless of Donor Age

(A) Direct iN conversion of young and old donor fibroblasts using Ngn2-2A-Ascl1 (N2A) and small molecular enhancers (SM).

(B) Schematic of lentiviral system for inducible overexpression of N2A and SM for iN conversion.

(C) Phase contrast images of progressively converting fibroblasts, and immunofluorescence images of 6-week converted fibroblasts stained with bIII-tubulin,

hTau, NeuN, Map2ab, and vGlut1.

(D) iNs co-cultured on astrocytes labeled with LV-hSyn::RFP and stained for synapsin-I following 8 weeks of conversion.

(E) Electrophysiological characterization of iNs shows multiple evoked and spontaneous action potentials.

(F) Immunocytochemical characterization of iN from young and old donors after 3 weeks of conversion. All of the scale bars represent 20 mM.

(G) Quantification of neuronal yields per DAPI from 18 donors following 3 weeks of conversion. The bar graphs show mean + SEM.

(H) Electrophysiological characterization of young- and old-derived iNs shows Na+/K+ channel-mediated inward/outward currents in response to depolarizing

voltage steps (upper) and multiple evoked action potentials (lower) without apparent differences between young and old (n = 13 donors).

(I) Quantification of neuronal subtype markers based on immunocytochemical analysis (extended data in Figure S2).

Also see related Figure S1.
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Figure 3. FACS-Based Purification and Transcriptome Analysis of iNs

(A) Immunocytochemical staining of iNs with PSA-NCAM shows punctate staining on the surface of neurons.

(B) Density plot of PSA-NCAM-stained iN cultures during FACSorting.

(C)QuantificationofbIII-tubulinandhTau-positiveneuronsoverhumannuclei (hNuc)1weekafter FACSpurificationand replating.Thebargraphsshowmean+SEM.

(D) Immunocytochemical analysis of 3-week-old sorted neurons following a total of 8 weeks of conversion stained with bIII-tubulin, hTau, and human nuclei

(hNuc). The scale bars represent 20 mm.

(E) Heatmap of time course RNA-seq expression analysis of progressively converting iN cells and FACS-purified iNs (extended data in Table S4).

(F) GO term analysis of the 200 most strongly (fold change) upregulated genes following 18 days of iN conversion (extended data in Table S5).

(G)GeneexpressionanalysisbeforeandafterPSA-NCAMFACSpurification.Thebarsshownormalizedcountsofday18bulk (white) andday18sorted (black) samples.

Also see related Figure S2.
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iNs from Young and Old Donors Show Specific
Transcriptional Aging Signatures
To explore our hypothesis that fibroblast-derived iNs retain infor-

mation about their donor’s age, we performed RNA-seq analysis

of iNs FACS-purified at 3 weeks of conversion (n = 22 samples

from 18 donors). Unsupervised hierarchical clustering based

on overall gene expression showed high similarity between all

iN samples, and independently repeated iN conversions from

the same fibroblasts reliably clustered together (Figure 4A). Strik-

ingly, differential expression analysis between young (<40 years)

and old (>40 years) fibroblasts and iNs revealed profound age-

dependent gene expression in the iNs, with 202 genes signifi-

cantly differentially expressed (FDR < 0.05; Figures 4B and

4C). In addition, linear correlation of normalized gene expression

values with donor age confirmed that both fibroblasts and iNs

showed a subset of genes progressively increasing or

decreasing with age (Figure S3). Surprisingly, only seven of the

differentially expressed genes overlapped between fibroblasts

and iNs, as both cell types appeared to show cell-type-specific,

age-dependent expression profiles (Figure 4D; Table S3). GO

term and KEGG pathway analysis revealed that, in fibroblasts,

genes involved in wound healing, stress response, and Ca2+

signaling—which are categories that have been previously

been implicated in skin aging—were significantly altered (Fig-

ure 4E; Table S6) (Adler et al., 2007; Fraser et al., 2005; Lu

et al., 2004; Murphy, 2006; Peterson et al., 1985; Rando and

Chang, 2012). Enriched gene categories in aging iNs related to

functional neuronal categories such as Ca2+ homeostasis,

neuron projection, and regulation of synaptic plasticity (Fig-

ure 4F). Most interestingly, several genes from these categories,

namely calcitonin (Calca), the cation channel Trpc6, the endothe-

lin receptor Ednrb, and the catenin Ctnna1 also relate to the GO

term ‘‘aging’’ (GO:0007568), which was also enriched in our ag-

ing iN system (Table S6).

Expression of the Nuclear Pore-Associated Transport
Protein RanBP17 during Aging
To further explore aging-related changes in gene expression, we

performed RNA-seq analysis of 14 human prefrontal cortex sam-

ples from 0 up to 89 years of age and analyzed gene expression.

First, we noticed that cortical samples consisted of RNA from

multiple cell types as they contain large numbers of glial,

neuronal, endothelial, and hematopoietic cell-derived tran-

scripts, with neuron-derived RNA being only a minor fraction

(Figure S4). We analyzed for differentially expressed aging genes

and detected 49 highly significant (padj < 0.05) genes that over-

lapped between aging iNs and cortex, an overlap 7-fold higher

than between iNs and fibroblasts. Further, cortical aging genes

Figure 4. Age-Dependent Gene Expression in Human Fibroblasts and iNs

(A) Heatmap showing hierarchical clustering of transcriptome similarity of fibroblasts and derived iNs. The black bars indicate multiple independent conversions

from the same donor.

(B and C) Heatmaps of significantly differentially expressed genes between young (<40 year) and old (>40 year) FACS-purified fibroblasts (red; 78 genes) and iNs

(blue; 202 genes) with an FDR-adjusted p value < 0.05 (extended data in Table S3).

(D) Schematic Venn diagram showing the overlap of fibroblast and iN aging genes.

(E and F) GO term and KEGG pathway analysis of the 78 fibroblast and 202 iN aging genes (extended data in Table S6).

Also see related Figure S3.
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were enriched for several similar functional GO/KEGG cate-

gories like aging iNs, but also showed enrichment for genes

involved in ‘‘learning and memory’’, ‘‘Alzheimer’s disease’’,

‘‘intracellular transport’’, and other categories (Figure S4). Inter-

estingly, we detected only three significant aging genes, LAMA3,

PCDH10, and RANBP17, to be shared between aging fibro-

blasts, iNs, and the brain (Figure 5A). We reasoned that potential

master regulators of aging might reveal themselves in this cate-

gory. We became particularly interested in the nuclear pore-

associated transport receptor RanBP17, which we found signif-

icantly downregulated in the elderly (Figure 5B). For validation of

the RNA-seq data for RanBP17, we performed quantitative (q)

PCR and western blotting, which both confirmed progressive

reduction of RanBP17 with age (Figures 5B and S4). RanBP17

belongs to the importin-b family, which are involved in the trans-

port of nuclear localization signal (NLS)-containing cargo pro-

teins through the nuclear pore complex by binding FG-repeat-

containing nucleoporins (Koch et al., 2000; Lee et al., 2010). In

line with this, RanBP17 localized as a rim around the nucleus

in both fibroblasts and neurons (Figure 5C). To further explore

protein levels of RanBP17 in the aging human brain, we paraffin

sectioned and immunostained ten of the cortex samples. All of

them showed clear staining for bIII-tubulin in cortical neurons

in the different layers (Figures 5D and 5E). Immunostaining for

RanBP17 showed strong expression in layer II and III neurons

of the young adult cortex, whereas it was often barely detectable

above background in cortical neurons of old brains (Figures 5E

and 5F). Quantification of neuronal RanBP17 immunofluores-

cence over background revealed significantly lower levels of

RanBP17 in old brains compared to young (Figure 5G), and

RanBP17 levels as determined bywestern blot analysis inversely

correlated with age (Figures 5H and S4), thus confirming

the decreasing expression RanBP17 protein with age in vivo.

In addition, several independent ‘‘omics’’ studies showed

RanBP17 consistently among the very top age-dependent genes

in 519 samples of glioblastomamultiforme (Broad Institute TCGA

Genome Data Analysis Center, 2014), 480 samples of kidney

renal clear cell carcinoma (Broad Institute TCGA Genome Data

Analysis Center, 2013a), and 226 samples of thyroid adenocarci-

noma (Broad Institute TCGA Genome Data Analysis Center,

2013b; summarized in Figure S5).

Impaired Nucleocytoplasmic Compartmentalization
in Old Fibroblasts and Age-Equivalent Mature iNs
Based on these data, we reasoned that the decrease in

RanBP17 might indicate a possible functional impairment of

the nuclear pore in the aged. As the most prominent function

of the nuclear pore is to maintain proper nucleocytoplasmic

compartmentalization (NCC), we established a reporter assay

to measure NCC using lentiviral delivery of a dual reporter sys-

tem (2Gi2R). This reporter consists of a fused double-GFP con-

taining an NES sequence (2G:NES) and an internal ribosome en-

try site (IRES)-linked double-RFP containing an NLS sequence

(2R:NLS) (Figure 6A). Increased false localization of green fluo-

rescence in the nucleus alongwith a simultaneous loss of nuclear

red fluorescence (GFPnuc/RFPnuc), thus represents ameasure for

loss of NCC (Figure 6A). To test whether there is a detectable dif-

ference in NCC between cell populations, we measured GFPnuc/

RFPnuc in nuclei of fibroblasts using automated region of interest

(ROI) selection based on binarized DAPI images from confocal

sections (Figure 6B). To first test the applicability of our NCC

assay, we overexpressed the HIV-1 protein Vpr in young fibro-

blasts since Vpr is suspected of altering the integrity of the nu-

clear envelope (Blömer et al., 1997; Guenzel et al., 2014). Vpr

overexpression resulted in a marked increase in GFPnuc/RFPnuc

ratios (Figure S6). Treatment of cells with the nuclear export in-

hibitor Leptomycin B resulted in a progressive increase in green

fluorescence in the nucleus over time, paralleled by increasing

GFPnuc/RFPnuc ratios, which were solely attributed to increasing

mislocalization of 2G:NES over time (Figure S6). Most interest-

ingly, fibroblasts derived from old donors showed relatively

more GFP in the nucleus and more RFP in the cytoplasm (Fig-

ure 6C). Quantification revealed a significant impairment of

NCC in old compared to young and middle-aged donor-derived

cells (Figure 6D). Loss of NCC significantly correlated with donor

age as well as with RanBP17 expression levels (Figures 6E and

S6). Thus, using 2Gi2R as a sensitive NCC reporter, we were

able to identify an age-dependent impairment of NCC in old

donor-derived human fibroblasts. Further, as 3-week-old iNs

showed aging transcriptome signatures, including decreased

RanBP17 levels in the old, we asked whether mature and func-

tional iNs from old donors possessed altered NCC. We trans-

duced iNs with the 2Gi2R reporter and let themmature on astro-

cytes until week 6 (Figure 6F). Mature neurons showed complex

morphologies and solid expression of the NCC reporter proteins

(Figure 6G). Strikingly, iNs from the oldest donors showed signif-

icantly increased GFPnuc/RFPnuc ratios compared to both

middle-aged (29 year–50 year) and young donor-derived iNs

(Figure 6H). Strongly affected neurons showed obvious

compartmentalization defects; the extent of the detected loss

of neuronal NCC significantly correlated with donor age and

RanBP17 expression (Figure S6). These data show that, in addi-

tion to transcriptomic changes after 3 weeks of conversion,

mature human iNs show functional NCC impairment, thus impli-

cating NCC as an important functional signature of old human

neurons. To confirm age-related NCC impairment, we next

applied fluorescence loss in photobleaching (FLIP) as a

second assay to measure compartmentalization to our aging fi-

broblasts. For this, we performed live-cell analysis of a shuttling

2xGFP:NLS:NES probe in young and old fibroblasts. FLIP re-

vealed significantly longer half-life times in old donor-derived

cells, indicating less efficient shuttling of the 2xGFP:NLS:NES

probe (Figure S6). This observation represents an additional

experimental measure supporting observed NCC defects as de-

tected using the 2Gi2R assay.

RanBP17 Decrease Causes Loss of NCC in Young Cells,
and iPSC Rejuvenation Restores NCC in Old Cells
To examine whether the age-dependent loss of RanBP17 plays

an active role in the age-dependent loss of NCC, we generated

lentiviruses carrying short hairpin (sh)RNAs against RanBP17

(iR#1 and iR#2; Figure 7A). Efficient knock down of RanBP17

was achieved with both constructs on protein and mRNA levels

(Figures 7B and 7C), but cells transduced with iR#2 showed a

stronger mRNA decrease and signs of toxicity after 5 days

(data not shown). Moderate knock down using iR#1 resulted in

a marked increase in GFPnuc/RFPnuc in different cell lines, sug-

gesting a causative role for RanBP17 in the loss of NCC in old
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Figure 5. Expression of RanBP17 in the Aging Human Prefrontal Cortex

(A) Schematic Venn diagram showing the overlap of postmortem cortex, fibroblast, and iN aging genes.

(B) Correlation of RanBP17 expression with age in fibroblasts (red), purified iNs (blue), and RNA extracted from the human prefrontal cortex (green, n = 14 donors;

Table S1). The data points indicate single donors, and the lines depict linear regression function (expression values: VST normalized counts).

(C) Immunocytochemical analysis of subcellular RanBP17 localization in fibroblasts (upper) and iNs (lower) co-stained with hTau and Lamin B1. The scale bars

represent 10 mm.

(D) Formalin-fixed human cortices were embedded in paraffin and sectioned for immunohistochemistry to identify cortical neurons and layers. The bIII-tubulin-

positive cortical neurons were brightly stained in cortices from young adult and old brains (look-up-table, LUT, colored; numbers indicate cortical layer structure).

(E) Immunohistochemical analysis of young adult and old brains for bIII-tubulin and age-dependent decrease in RanBP17 in neurons. The scale bar represents

20 mm.

(F) Representative images of RanBP17-stained cortical neurons show loss of RanBP17 from the neuronal somata and nuclei in old brains.

(G) Quantification of neuronal fluorescence intensity comparing young and old brains (n = 10 donors). The bar graph shows means and dots individual cells

(significance values: ****p < 0.001).

(H) Quantification of western blot analysis for RanB17 protein over actin. The graph shows a correlation of cortical RanBP17 over actin with age. The dots indicate

values of single donors ± SEM, and the line depicts linear regression.

Also see related Figures S4 and S5.
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cells (Figure 7D). Interestingly, knock down of RanBP17 in young

fibroblasts (1 year) changed the expression of 68% of the 78

identified fibroblast aging genes in the same direction, as was

observed in progressive aging, further strengthening the idea

that RanBP17 plays an upstream role for the cellular aging phe-

notypes (Figure 7E). Next, since iPSCs from old donors

Figure 6. NCC in Young and Old Fibroblasts and Age-Equivalent iNs

(A) 2Gi2R: lentiviral vector for expression of the IRES-linked NCC reporters 2xGFP:NES and 2xRFP:NLS. The experimental rationale for NCC measurement is

that increasing GFPnuc/RFPnuc ratios indicate NCC defects and RFPnuc/RFPcyt and GFPnuc/GFPcyt ratios divide into import- or export-related phenotypes,

respectively.

(B) ROI selection of confocal sections for the measurement of nuclear GFP and RFP in cultured fibroblasts.

(C) Representative florescence images of 2Gi2R reporter fibroblasts from a young adult (29 year) and old (69 year) donor. The scale bars represent 20 mm.

(D) GFPnuc/RFPnuc, ratios in aging fibroblasts (n = 16 donors; normalized to young group). The bar graphs show mean + SEM and the dots indicate single cells

(significance values: *p < 0.05; **p < 0.01; ***p < 0.005; and ****p < 0.001).

(E) Correlation of NCC values of individual donors with age (black dots). The red line depicts linear regression fit, and the shaded area is the 95% confidence

interval.

(F) Experimental design: 3-week-old iNs were transduced with NCC reporter virus and relocated on a layer of astrocytes for maturation.

(G) NCC was assessed by measuring neuronal GFPnuc/RFPnuc ratios in confocal sections.

(H) GFPnuc/RFPnuc ratios in aging iNs (n = 14 donors). The data is normalized to the young group. The bar graphs show mean, and the dots indicate single cells

(significance values: *p < 0.05; **p < 0.01; ***p < 0.005; and ****p < 0.001).

(I) Correlation of NCC values of individual donors with age (black dots). The blue line depicts linear regression fit, and the shaded area is the 95% confidence

interval.

Also see related Figure S6.

Cell Stem Cell 17, 705–718, December 3, 2015 ª2015 Elsevier Inc. 713



appeared to rejuvenate their transcriptome and restored

RanBP17 expression (Figure 7F), we wonderedwhether iPSC re-

programming might reconstitute proper NCC in old donor-

derived cells. To assess NCC in iPSCs that normally grow in

dense colonies, we transferred 11 reporter iPSC lines to the Plu-

riPro monolayer culture system and measured NCC (Figure 7G).

As anticipated, we found that GFPnuc/RFPnuc ratios from young,

middle-aged, and old donors were indeed very similar with re-

gard to compartmentalization and no detectable age-dependent

impairment was detectable (Figures 7H and 7I). These data indi-

cate that loss of RanBP17 is sufficient to impair NCC, and that

iPSC reprogramming functionally restores NCC in old-derived

cells.

iPSC-Derived iNs Remain Transcriptionally Rejuvenated
To test if potentially concealed transcriptomic aging signatures

reappeared following neuronal differentiation of iPSCs, we

directly converted iPSCs from a subset of donors into neurons

using the same N2A-based approach, PSA-NCAM-based FACS

purification, and RNA-seq (Figure S7). As expected, iPSC-iNs

Figure 7. RanBP17 Decrease Causes Loss of NCC and iPSC Reprogramming Restores NCC in Old Donor-Derived Cells

(A) Lentiviral vector for RanBP17 knockdown (shRNAs: iR#1 and iR#2).

(B) Western immunoblotting for RanBP17 in cells expressing iR#1, iR#2, or scrambled control shRNA.

(C) qPCR analysis for iR#1 and iR#2 compared to scrambled control.

(D) GFPnuc/RFPnuc ratios in young (1 year, left) and old (71 year, right) RanBP17 knockdown cells. The bar graphs show mean, and the dots indicate single cells

(significance values: *p < 0.05; **p < 0.01; ***p < 0.005, and ****p < 0.001).

(E) Fibroblast aging genes in response to RanBP17 knockdown. The graph shows expression changes (old versus young) of the 78 fibroblast aging genes in

response to aging (black bars) and in response to RanBP17 knockdown in young fibroblasts (1 year). The RanBP17 knockdown caused 68%of the aging genes to

change in the same direction as in aging.

(F) RanBP17 mRNA levels in fibroblasts (red) and corresponding iPSCs (green; VST normalized counts).

(G) Monolayer PluriPro culture of iPSCs for the measurement of NCC.

(H) GFPnuc/RFPnuc ratios in iPSCs reprogrammed from young and old donors (n = 12 donors). The bars represent means, and the dots represent individual cells.

(I) Correlation of NCCwith donor age in iPSCs. The black dots represent individual donor iPSCs. The green line represents the linear regression fit, and the shaded

area is the 95% confidence interval.

Also see related Figure S7.

714 Cell Stem Cell 17, 705–718, December 3, 2015 ª2015 Elsevier Inc.



showed very little significant transcriptomic aging signs. Differen-

tial expression analysis showed a 19-fold lower number of age-

dependent genes in iPSC-iNs than in the corresponding fibro-

blast-derived iNs from the exact same subset of donors (12

versus 227 genes, respectively; Figure S7). None of these genes

overlapped with any of the fibroblasts or iN aging genes and

only one gene overlapped with the cortex aging genes. These

data suggest that, following differentiation, iPSC derivatives, at

least the iNs, remain in a largely rejuvenated state.

DISCUSSION

Modeling Aging with Human iNs In Vitro
The advent of iPSC technology has allowed for the investigation

of human diseases directly in the affected human cell type (Mar-

chetto et al., 2011; Mertens et al., 2013a). While this approach

appears highly useful for the study of neurodegenerative disor-

ders in patient-specific iPSC derivatives, age-related physiolog-

ical changes might be one of the most important factors in the

development of disease-associated pathologies. Fibroblasts

from centenarians can be reprogrammed into iPSCs with telo-

mere size, oxidative damage, and mitochondrial metabolism

indistinguishable from embryonic stem cells (Lapasset et al.,

2011; Suhr et al., 2010; Takahashi et al., 2007). Further, mesen-

chymal stem cells reprogrammed into iPSCs and subsequently

redifferentiated toward mesenchymal stem cells showed that

age-related DNA methylation patterns were erased during re-

programming. In line with our transcriptomic observations in

iPSC-derived iNs, iPSC-derived mesenchymal stem cell

(MSCs) remained rejuvenated on the methylome level, suggest-

ing that aging signatures might be constantly erased rather than

temporarily concealed in iPSCs (Frobel et al., 2014). However,

the question of whether the cell-rejuvenating aspect and the

dedifferentiation aspect of iPSC reprogramming can be un-

coupled remains relevant. Interestingly, some rejuvenating as-

pects of the four Yamanaka factors appear to impact early during

reprogramming, and aspects of rejuvenation might be possible

without full dedifferentiation, as senescence-associated nucleo-

cytoplasmic mobility of the epigenetic modifier HP1b could be

restored in old cells within days (Manukyan and Singh, 2014).

Taking all this into account, it can be expected that neurons

differentiated from, for example, Alzheimer’s or Parkinson’s

patient-specific iPSCs are phenotypically young. Consistently,

attempts to model age-related neurodegenerative states in

iPSC-derived neurons have made use of additional stressors

such as excitotoxicity (Koch et al., 2011), reactive oxygen spe-

cies (Mertens et al., 2013a; Nguyen et al., 2011; Reinhardt

et al., 2013), or overexpression of disease- or aging-related

mutant proteins to accelerate pathological processes in these

otherwise rejuvenated neuronal cells (Koch et al., 2012; Miller

et al., 2013). An issue with such approaches is that selected

stressors, unlike intrinsic cell aging, usually act exogenously on

the cells and mimic only limited, if any, aspects of cellular aging.

In contrast, iN conversion represents a technology that circum-

vents the early embryonic and pre-germline state of iPSCs,

and we demonstrated that direct conversion yields authentic hu-

man neurons that reflect important aspects of cellular age. In

addition, the fact that iN goes directly from one fibroblast to

one neuron and does not involve or require cell divisions that

might dilute or induce repair of macromolecular damage might

contribute to the fact that aging phenotypes present in cultured

primary fibroblasts become translated to a neuronal context dur-

ing iN (Hennekam, 2006; Liu et al., 2013; Toyama and Hetzer,

2013). Consistent with earlier transcriptome studies on the aging

brain, we found gene categories differentially expressed in aging

iNs that point to age-dependent differential regulation of synap-

tic function, projection development, and Ca2+ homeostasis,

which in turn impacts functions such as synaptic plasticity and

projection (Burke and Barnes, 2006; Fraser et al., 2005; Lu

et al., 2004). Interestingly, while only less than 4% of the iN aging

genes overlapped with the fibroblast aging genes, 7-fold more

overlapped with the postmortem cortex, suggesting the pres-

ence of an aging transcriptome signature relevant for the aging

brain. Our findings also raise the question of how cellular age

is encoded during the fibroblasts-to-neurons transition. A

possible explanation, in addition to preserved macromolecular

damage, is that only a small number of genes function as master

regulators of aging; if perturbed, they impair important down-

stream processes that eventually unfold as phenotypical aging.

RanBP17 emerged as being one of these genes identified in

this study.

NCC and Aging
Progeria syndromes such as Hutchinson-Gilford progeria syn-

drome (HGPS) have provided unique opportunities to study

cellular processes in the context of accelerated aging (Gordon

et al., 2014). The mutations in the nuclear envelope protein Lam-

inA/C (progerin) result in nuclear stiffness and severely altered

nuclear architecture, leading to a body-wide phenotype of pre-

mature aging (Hennekam, 2006; Scaffidi and Misteli, 2006).

While HGPS pathology involves DNA damage and stress-

response pathways, the cellular mechanisms that are primarily

impaired by progerin, and how they might mimic old cellular

age in various tissues remain unknown. Apart from genetically

encoded aging, growing evidence has drawn attention to the nu-

clear pore complex as a primary target for aging in organisms

with long lifespans. Nucleoporins have been identified as

extremely long-lived low-turnover proteins with very limited ca-

pacity for renewal and repair, especially in postmitotic cells (Sa-

vas et al., 2012; Toyama et al., 2013). Thus, one may speculate

that heavily damaged nuclear pore complexes would likely

impair the function of their interaction partners. By studying

normal progressive human aging in fibroblasts, iNs, and the

cortex, we have shown that RanBP17 is significantly downregu-

lated with age in several human systems. Strikingly, our results

have been further confirmed by several independent GDAC an-

alyses based on a combined 1,200+ samples that also found

RanBP17 to be one of the most significantly age-regulated

genes in human glioblastomas, kidney, and thyroid carcinomas

(summarized in Figure S6). Furthermore, an analysis detected

RanBP17 among 14 genes that showed both significant age-

correlation and age-dependent differential expression in three

independent gene expression platforms (Bozdag et al., 2013).

However, the questions of how progressive aging might affect

RanBP17 expression, as well as the exact mechanisms of how

RanBP17 loss disturbs NCC remain to be explored. While not

directly assessed here, in view of the accelerated aging pheno-

type observed in HGPS, it appears conceivable that a
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progerin-impaired nuclear envelope structure might allow nu-

clear leakiness, which could lead to phenotypical cell aging,

including DNA damage and deficient response pathways (Mu-

sich and Zou, 2009). Most likely, nuclear malformations would

also affect the envelope-embedded nuclear pore complex and

its interaction partners, which are the main gatekeepers of

compartmentalization (Capelson and Hetzer, 2009). Our results

would thus favor a model where NCC becomes impaired in old

cells as a consequence of altered gene expression and altered

nuclear pore function (D’Angelo et al., 2009).

The identification of NCC impairment in aging holds serious

implications for nuclear integrity related to cell aging. For

example, genetic polymorphisms within the FOXO3 gene have

been associated with human longevity (Flachsbart et al., 2009;

Willcox et al., 2008). Interestingly, FOXO3a protein mediates

oxidative defense and cell survival, and its activity is regulated

by nucleocytoplasmic shuttling through its NLS and NES se-

quences; thus it might represent a potential downstream effector

of impaired NCC in old cells (Lehtinen et al., 2006). Similarly, the

anti-neurogenic repressor element 1-silencing transcription fac-

tor (REST) is an important neuroprotective factor in the old brain

that, when lost from the nucleus, might permit neurodegenera-

tion (Lu et al., 2014). Furthermore, injury-induced and Ca2+-

mediated HDAC5 export from the nucleus is important for the

regeneration of peripheral nerves (Cho et al., 2013), and impor-

tin-b itself has been shown to play a role in transducingNLS-con-

taining damage signals back from the injured axon to the nucleus

(Hanz et al., 2003). Together with our data, all these findings point

to NCC as potentially a key process in the age-related loss of

neuronal performance and stress resistance in the old brain.

Given that RanBP17 decrease appears in different tissues,

NCC defects may also be present in other aging cell types,

contributing to a range of age-related phenotypes in different or-

gans. However, the functional relationship, if any, of age-related

NCC impairment with potential downstream effectors, including

the ones mentioned above, needs to be determined.

Wehereprovideaset ofdatashowing that, unlike in rejuvenated

iPSCsand their derivatives, humanagingcanbemodeled through

direct cell type conversion into iNs that preserve transcriptomic

features of their donors age. Based on transcriptome profiling of

aging fibroblasts, derived iNs, and the aging human cortex, we

identified the nuclear pore-associated transport protein RanBP17

as a significant factor in cell aging that goes along with an impair-

mentof protein localization between thenucleus andcytoplasm in

different human somatic cell types, including neurons.

EXPERIMENTAL PROCEDURES

Direct Conversion of Adult Human Fibroblasts into iNs

Primary human dermal fibroblasts were obtained from the Coriell Institute Cell

Repository, the University Hospital in Erlangen, DNA and Cell Bank of ICM in

Paris, and ATCC (Table S1). Protocols were previously approved by the Salk

Institute Institutional Review Board and informed consent was obtained from

all subjects. Cells were cultured in DMEM containing 15% tetracycline-free

fetal bovine serum and 0.1% NEAA (Life Technologies), transduced with lenti-

viral particles for EtO (Ladewig et al., 2012; Mertens et al., 2013a) and XTP-

Ngn2:2A:Ascl1 (N2A), and expanded in the presence of G418 (200 mg/ml;

Life Technologies) and puromycin (1 mg/ml; Sigma Aldrich). For iN conversion,

fibroblasts were pooled into high densities and after 24 hr the medium was

changed to neuron conversion (NC) medium based on DMEM:F12/Neurobasal

(1:1) for 3 weeks. NC contains the following supplements: N2 supplement, B27

supplement (both 13; GIBCO), doxycycline (2 mg/ml; Sigma Aldrich), Laminin

(1 mg/ml; Life Technologies), dibutyryl cAMP (500 mg/ml; Sigma Aldrich), hu-

man recombinant Noggin (150 ng/ml; Preprotech), LDN-193189 (0.5 mM;

Cayman Chemicals) and A83-1 (0.5 mM; Stemgent), CHIR99021 (3 mM; LC

Laboratories), Forskolin (5 mM; LC Laboratories), and SB-431542 (10 mM;

Cayman Chemicals). Medium was changed every third day. For further matu-

ration, iNs were switched to DMEM:F12/Neurobasal-based neural maturation

media (NM) containing N2, B27, GDNF, BDNF (both 20 ng/ml; R&D), dibutyryl

cAMP (500 mg/ml; Sigma Aldrich), doxycycline (2 mg/ml; Sigma-Aldrich), and

laminin (1 mg/ml; Life Technologies). Formaturation on astrocyes, iNswere dis-

lodged during week 4 using TrypLE and replated on a feeder layer of mouse

astrocytes and cultured in NMmedia containing 1% knockout serum replace-

ment (KOSR) (Life Technologies).

FACS Purification of iNs and RNA Isolation

Following 3 weeks of iN conversion, iNs were detached using TrypLE and

stained for PSA-NCAM (1:100) for 45 min at 4�C in sorting buffer (250 mM

myo-inositol and 5 mg/ml polyvinyl alcohol, PVA, in PBS) containing 1%

KOSR. Cells were washed and stained with Alexa-747 anti mouse IgM for

30 min at 4�C, resuspended in sorting buffer containing EDTA and DNase,

and filtered using a 40 mm cell strainer. The Alexa647-positive population

was sorted directly into Trizol-LS, and RNAwas isolated according to theman-

ufacturer’s instructions and digested with TURBO DNase (Life Technologies).

RNA integrity (RIN) numbers were assessed using the Agilent TapeStation

before library preparation.

NCC Assay

Cells were transduced with the LV-XEP-2Gi2R carrying the IRES-linked se-

quences for 2xGFP:NES and 2xRFP:NLS. We used the HIV-Rev NES

(LQLPPLERLTL) and the SV40 Large-T NLS (PKKKRKV). For imaging, cells

were transferred to tissue culture-treated ibidi m-slides coated with astrocytes

for iNs, PluriPro matrix (Cell Guidance Systems) for iPSCs, and uncoated for

fibroblasts. Cell were fixed with 4% PFA for 20 min at room temperature and

mounted in PVA-DABCO (Sigma Aldrich). Confocal images were taken on

Zeiss LSM710 or LSM780 series confocal microscope. All data for one NCC

experiment were acquired from cells cultured, transduced, and processed in

parallel and images were taken on the same microscope with exactly the

same settings reused. For analysis, 2 mm confocal sections through the nu-

clear layer were acquired from three confocal z stacks. Image J software

was used to identify nuclear ROIs based on binarized DAPI channels and green

and red fluorescence means were measured in the ROIs. Because of the

morphological complexity of the astrocyte iN co-cultures, neuronal nuclear

ROIs were selected manually. To quantify the integrity of cellular NCC,

GFPnuc/RFPnuc were calculated in transgenic cells using Microsoft Excel and

further processes in GraphPad Prism 6.
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Guenzel, C.A., Hérate, C., and Benichou, S. (2014). HIV-1 Vpr-a still ‘‘enigmatic

multitasker’’. Front Microbiol 5, 127.

Hanz, S., Perlson, E., Willis, D., Zheng, J.-Q., Massarwa, R., Huerta, J.J.,

Koltzenburg, M., Kohler, M., van-Minnen, J., Twiss, J.L., and Fainzilber, M.

(2003). Axoplasmic importins enable retrograde injury signaling in lesioned

nerve. Neuron 40, 1095–1104.

Hennekam, R.C.M. (2006). Hutchinson-Gilford progeria syndrome: review of

the phenotype. Am. J. Med. Genet. A. 140, 2603–2624.

Israel, M.A., Yuan, S.H., Bardy, C., Reyna, S.M., Mu, Y., Herrera, C., Hefferan,

M.P., Van Gorp, S., Nazor, K.L., Boscolo, F.S., et al. (2012). Probing sporadic

and familial Alzheimer’s disease using induced pluripotent stem cells. Nature

482, 216–220.
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Mertens, J., Stüber, K., Poppe, D., Doerr, J., Ladewig, J., Brüstle, O., and
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K., Schüle, B., Dolmetsch, R.E., Langston, W., et al. (2011). LRRK2 mutant

iPSC-derived DA neurons demonstrate increased susceptibility to oxidative

stress. Cell Stem Cell 8, 267–280.

Pang, Z.P., Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, D.R., Yang,

T.Q., Citri, A., Sebastiano, V., Marro, S., Südhof, T.C., and Wernig, M.
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SUMMARY

Heterogeneous pools of adult neural stem cells
(NSCs) contribute to brain maintenance and regener-
ation after injury. The balance of NSC activation and
quiescence, as well as the induction of lineage-spe-
cific transcription factors, may contribute to diversity
of neuronal and glial fates. To identify molecular
hallmarks governing these characteristics, we per-
formed single-cell sequencing of an unbiased pool
of adult subventricular zone NSCs. This analysis
identified a discrete, dormant NSC subpopulation
that already expresses distinct combinations of line-
age-specific transcription factors during homeosta-
sis. Dormant NSCs enter a primed-quiescent state
before activation, which is accompanied by downre-
gulation of glycolytic metabolism, Notch, and BMP
signaling and a concomitant upregulation of line-
age-specific transcription factors and protein syn-
thesis. In response to brain ischemia, interferon
gamma signaling induces dormant NSC subpopula-
tions to enter the primed-quiescent state. This study
unveils general principles underlying NSC activation
and lineage priming and opens potential avenues
for regenerative medicine in the brain.

INTRODUCTION

Neural stem cells (NSCs, also known as type B cells) majorly

contribute to cellular plasticity in the adult brain. In the subven-

tricular zone (SVZ) niche, these cells continuously generate

neuroblasts that migrate along the rostral migratory stream to

the olfactory bulb to produce new granule and periglomerular

neurons (Ihrie and Alvarez-Buylla, 2011; Ming and Song, 2011).

Emerging evidence suggests that NSCs are functionally het-

erogeneous. For example, cells expressing different combina-

tions of classical stem cells markers (i.e., glutamate aspartate

transporter [GLAST], glial fibrillary acidic protein [GFAP], and

BLBP), coexist in vivo and produce progeny with different dy-

namics (Calzolari et al., 2015; Codega et al., 2014; Giachino

et al., 2014; Mich et al., 2014). NSCs not only differ in their state

of activation, but also distinct pools of NSCs with different

capacity to produce neuronal and glial progeny have been pro-

posed to exist in the adult SVZ (Calzolari et al., 2015; Merkle

et al., 2007; Ortega et al., 2013; Young et al., 2007).

However, because previous studies have been limited to the

study of only a small number of factors or have been performed

in potentially mixed cell populations, it is currently unknown how

NSC activation and lineage determination is molecularly

controlled. After brain injury, endogenous NSCs can be activated

to producemultiple types of progeny to contribute to brain repair

(Nakafuku and Grande, 2013; Benner et al., 2013). It is currently

unclear how distinct pools of NSCs may react to brain injury and

the molecular triggers of injury-induced activation of NSCs.

Here we isolated NSCs from their in vivo niche to study their

molecular heterogeneity in an unbiased manner using single-

cell transcriptomics. We report pervasive molecular heterogene-

ity in NSCs and uncover dynamic state transitions during both

homeostasis and injury.

RESULTS

Transcriptome Analysis of Single NSCs
To resolve the molecular profiles of individual NSCs, we

analyzed their transcriptome by single-cell RNA-seq. NSCs

were isolated from their natural environment according to the

expression of GLAST and Prominin1 (also known as CD133;

Prom1). GLAST expression largely overlaps with that GFAP

(Beckervordersandforth et al., 2010; Codega et al., 2014; Platel

et al., 2009), and reporter expression of hGFAP-GFP together

with Prom1 has been used tomark and extract SVZNSCs (Beck-

ervordersandforth et al., 2010; Codega et al., 2014; Mirzadeh

et al., 2008). In addition, GLAST+/Prom1+ cells correspond to

radial glia in the developing brain (Johnson et al., 2015). We first

confirmed the presence of GLAST and Prominin1 in adult

SVZ wholemount stainings. Consistent with their NSC identity,

GLAST+ cells coexpressed GFAP and were located at the center

of the pinwheel structures (Figure 1A). In agreement with previ-

ous reports, GLAST expression colocalized with Prominin1 in

some monociliated cells, but not in multiciliated ependymal cells

(Figure 1A) (Lavado and Oliver, 2011). As determined by flow

cytometry, CD45�GLAST+Prom1+ cells constituted a distinct

population that did not overlap with PSA-NCAM-expressing

neuroblasts or CD24hiProm1hi ependymal cells, and only

partially overlapped with O4-expressing oligodendrocytes (Fig-

ure 1C and Figure S1). To validate NSC behavior in vivo, we per-

formed orthotopic SVZ transplants. One month after injection
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into the SVZ, GLAST+/Prom1+-cells expressedGFAP+ andwere

located in the host niche fromwhere they continuously produced

olfactory bulb granule and periglomerular neurons for a period of

at least 1 month (Figure S1). Thus, our combination of surface

markers allows the isolation of NSCs by flow cytometry, circum-

venting the need for transgenic animals.

We next analyzed the transcriptome of 104 GLAST+/Prom1+

and 26 PSA-NCAM+ cells by single-cell RNA-seq using Smart-

seq2 technology (Picelli et al., 2013). Two replicates from 1,000

cells were additionally prepared as population controls. Single-

cell libraries were sequenced at an average depth of 8.3 million

read pairs, with an average transcriptome alignment rate of

59% (Table S1). While gene expression levels were highly

correlated between population replicates (Pearson r = 0.96),

we observed higher variability between single cells (Pearson

0.11 < r < 0.64; mean 0.38). Yet, the gene expression levels of

the single cell ensemble highly correlate to the population

samples (Pearson r = 0.85) (Figure S2). Consistent with previous

studies (Treutlein et al., 2014; Wu et al., 2014), RNA spike-in

standards that were included to control for technical noise

showed high correlation across transcript abundances that

spanned approximately five orders of magnitude (Figure S2).

We next performed principal component analysis (PCA) on all

cells using the gene expression values of genes that were

detected in at least two cells (TMM-FPKM > 1, 15,846 genes).

This unbiased analysis clearly discriminated three main clusters

of cells (Figure 1D). These clusters were assigned to different cell

types after we scrutinized the genes exhibiting the highest coor-

dinates in the respective principal component for known marker

genes (Figure 1E). One cell cluster encompassed PSA-NCAM+

cells and associated with expression of neuroblast markers

such as doublecortin (Dcx), CD24a, and Tubb3. The second

cluster, containing the majority of the GLAST+/Prom1+ cells

(92 out of 104), associated with expression of NSC markers

like Glast (Slc1a3), Tlx (Nr2e1), Sox9, Vcam1, and Hes5. The

smallest cluster associated with the oligodendroglial genes

Sox10, Plp1, andMbp (12 out of 104) (see Figure S1). Oligoden-

drocytes express very low levels of GLAST and Prom1, and for

further experiments we excluded them by co-staining cells

with O4+ in flow cytometry (see Figure S1). Thus, PSA-NCAM+

and GLAST+/Prom1+ cells have distinct transcriptomes that

can be classified by single-cell RNA-seq and correspond to neu-

roblasts and NSCs, respectively.

NSCs Are Molecularly Heterogeneous
To gain further insights into the molecular heterogeneity of these

cell types, genes with the highest coordinates in the first four prin-

cipal components (1,844 genes with correlation coefficient >0.5
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Figure 1. Single-Cell RNA-Seq Analysis of NSCs and Neuroblasts Defines Cell-Type-Specific Transcriptomes
(A) Confocal images of a wholemount staining of the lateral wall of the lateral ventricle. Cells were immunostained for GLAST (green), GFAP (blue), and Prominin1

(Prom-1) (white). Pinwheel structures are defined by b-catenin (red). Arrowheads mark the cilium of monociliated GLAST- and Prom1-expressing cells. Scale

bar, 10 mm.

(B) Schematic representation of the SVZ.

(C) FACS strategy for the isolation of NSCs, which express both GLAST and Prom1, and neuroblasts, which express PSA-NCAM, from the SVZ niche. See also

Figures S1 and S2.

(D) PCA of single-cell RNA-seq transcriptomes from 104 GLAST/Prominin1 and 26 PSA-NCAM cells. See also Table S1.

(E) Genes characterizing each population based on the correlations with principal components 2 and 3 from the PCA (each point corresponds to a gene and

previously known marker genes are highlighted in color).
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and p < 10e�9, Table S2) were used for unsupervised hierarchical

clustering. This approach further partitioned NSCs, but not neu-

roblasts or oligodendrocytes, into two additional subpopulations

(Figure 2A). One NSC cluster associated with expression of Egfr,

a known marker of active NSCs (Codega et al., 2014), and with

cell-cycle-related genes (e.g., Mki67 and Mcm2), on the basis

of which we named them active NSCs (aNSCs). Conversely, the

cluster that lacked activation markers was named quiescent

NSCs (qNSCs). Cell-to-cell Pearson correlation coefficients,

which measure the similarity between gene expression across in-

dividual cells, also validated the presence of these clusters (Fig-

ure S3). In addition, we confirmed the identity of these clusters

by comparing our data to that of previous datasets (Figure S3).

To obtain functional insights into the gene classes that define

each cell subtype, we performed gene ontology and pathway

analyses (Huang et al., 2009) on the seven modules of co-regu-

lated genes obtained by hierarchical clustering (Figure 2A). Of

note, each cluster contains not only coding genes that may

include novel marker genes, but also lncRNAs expressed in a

cell-type- and state-specific manner (Table S2). As expected,

genes that were uniquely expressed in oligodendrocytes, were

enriched in functional categories such as myelination, synaptic

transmission, and oligodendrocyte differentiation (class I). The

other gene modules (class II–VII) corresponded to dynamically

regulated genes between qNSCs, aNSCs, and neuroblasts (Fig-

ure 2B), likely reflecting state transitions along the neurogenic
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Figure 2. Single-Cell RNA-Seq Uncovers NSC Heterogeneity

(A) Hierarchical clustering of 1,844 genes with high correlation (p < 1e�9) with the first four principal components of PCA identifies four main, molecularly distinct

populations. Quiescent and active NSC groups are further subdivided in two subgroups. See also Figure S3. Cells are shown in rows and genes in columns.

(B) Violin plots showing the course of expression for genes in clusters II–VII in cells from the neurogenic lineage (NSCs and neuroblasts). Main Gene Ontology

terms for each class are highlighted (see also Table S2).

(C) Minimum spanning tree (MST) constructed byMonocle based on the expression pattern of 2,688 genes with the highest coordinates (p < 10e�5) with first two

dimensions of PCA on qNSCs and aNSCs. Each point represents a cell and the solid black line indicates the pseudotime ordering. Different groups are color-

coded based on PCA clustering.

(D) FACS strategy to enrich for qNSCs and aNSCs by flow cytometry based on EGFR expression. For the inset in (E), EGFR� cells were split according to GLAST

expression as depicted with the dashed line.

(E) Representative image of a qNSC, aNSC, and neuroblasts (NBs) incubated with OP-Puro for 1 hr and immunostained for GLAST. Quantification of the relative

OP-Puro incorporation in the different cell groups is shown at right (qNSCs = 1 ± 0.09; aNSCs = 7.91 ± 0.35; NBs = 1.35 ± 0.05; mean and SD are shown; n = 1,029

cells from four replicates; ***p < 0.001 by two-way ANOVA, Holm-Sidak-corrected). The inset shows quantification of OP-Puro incorporation in GLASThi and

GLASTlo qNSCs as measured 1 hr after OP-Puro and 24 hr after sorting (hi = 1 ± 0.45, lo = 3.4 ± 0.50; n = 108 cells from two replicates; p < 0.01; Student’s t test).

See also Figure S4. Scale bar, 10 mm.
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lineage. Expression of these genes further divided quiescent

and active NSCs into two subpopulations each (qNSC1/2 and

aNSC1/2) that reflect four different states within NSCs that

have not been described previously. To gain further resolution

of this partition, we performed pseudotemporal ordering of the

transcriptional dynamics in these cells (Trapnell et al., 2014).

Applying this algorithm, cells are ordered in ‘‘pseudotime,’’ a

quantitative measure of the progress along a biological pro-

cess (NSC exit from dormancy in this case). This analysis placed

qNSC1 at one end of the continuum, followed by qNSC2,

aNSC1, and aNSC2 (Figure 2C). Lineage tracing of Glast-ex-

pressing cells has shown that after temozolomide-induced

ablation of Glastlow active cells, the Glasthigh-subpopulation,

which contains our qNSC1, generate active progeny as well as

neuroblasts (Mich et al., 2014). Thus, the pseudotime analysis

together with previous lineage tracing of Glast-cells suggests

that a dormant state (qNSC1) precedes a primed-quiescent

state (qNSC2) before an NSC becomes active.

Genes expressed in all NSC subpopulations (class II and III)

have functions in metabolic pathways. Class II was associated

with fatty acid metabolism and lipid biosynthesis (e.g., Fasn

and Ldhb). Lipogenesis has recently emerged as a keymetabolic

pathway in hippocampal NSC maintenance (Knobloch et al.,

2013). Our data show that this process operates in the SVZ in

both quiescent and active NSCs and not in their differentiated

progeny. Class III genes, which include many NSC/astrocyte

markers (e.g., Nr2e1, Hes5, Fabp7 [Blbp], Aldh1l1, Slc1a3, and

Slc1a2), were enriched for genes involved in glycolysis. We

find that expression of these genes is highest in qNSCs and

already lower in aNSCs, suggesting that glycolytic metabolism

is a defining feature of qNSCs, similar to quiescent stem cells

in the hematopoietic system (Simsek et al., 2010). The decrease

of glial-associated genes in aNSCs compared to qNSCs sug-

gests that the glial gene-expression program starts to be shut

down at the aNSC level, presumably to initiate the acquisition

of neuronal fate.

The gene signature most closely associated with aNSCs

comprised three gene modules functionally related to cell cycle

(class IV; including Egfr and Cdk2), protein synthesis (class V;

e.g., Rpl family), andmitosis (class VI; e.g.,Aurkb), with this latter

module separating non-mitotic-aNSC1 and mitotic-aNSC2.

Genes involved in protein synthesis also explained the separa-

tion between dormant (qNSC1) and primed-quiescent (qNSC2)

cells, suggesting that translational activation is one of the earlier

events in the exit from dormancy. In support of this finding, PCA

performed exclusively on qNSCs as well as other independent

clustering methods again distinguished the same partition (Fig-

ure S3). The requirement of a tight regulation of global protein

translation in stem cell function has been previously reported

for hematopoietic stem cells (Signer et al., 2014). For functional

validation of the RNA-seq data, we measured the rate of protein

synthesis in aNSCs and qNSCs by O-propargyl-puromycin

(OP-Puro) incorporation (Liu et al., 2012) directly after flow cy-

tometry. aNSCs exhibited a 7.9-fold increase in the rate of pro-

tein synthesis as compared to qNSCs (Figures 2D and 2E and

Figure S4). Consistently, after we injected OP-Puro intraventric-

ularly, we found that Ki67+ aNSCs are the cells with the highest

translational activity in the intact SVZ in vivo (Figure S4). Notably,

ependymal cells appeared almost unstained, indicating a

comparatively very low level of translation (Figure S4). Because

Glast mRNA expression is higher in dormant NSCs, we hypoth-

esized that surface-protein expression of GLAST in combination

with Prom1 and the absence of EGFR could be used to enrich for

dormant and primed-quiescent NSCs (Figure 2D). Analysis of

OP-Puro incorporation in GLASThi and GLASTlo qNSCs showed

that cells in the primed-quiescent state, GLASTlo, have a higher

rate of protein synthesis than their dormant counterparts,

GLASThi cells (Figure 2E). Together, these data validate our

strategy to enrich for dormant and primed-quiescent NSCs

and show that the global rate of protein synthesis defines these

two states.

The last gene module comprised genes expressed in neuro-

blasts (class VII; e.g., Dlx family, Sp8, Dcx, and Gad1), which

were functionally involved in neuron differentiation. Of note,

many neuroblast-associated genes started to be upregulated

at the aNSC level, indicating that these cells had initiated

the differentiation program. Altogether, the transcriptome of

NSCs is spread across a continuum of dormancy to activation

that is associated with dynamic and stage-specific molecular

signatures.

NSCs Have a Distinct Molecular Profile
NSCs, and specially qNSCs, share many markers (i.e., Aldh1l1

and Gjb6) and molecular features (i.e., high glycolytic activity)

with more mature parenchymal astrocytes. This prompted us

to validate the in vivo neurogenic activity of qNSCs by orthotopic

transplantation. Similar to the total NSC population and as previ-

ously described (Codega et al., 2014), qNSCs entered activation

in vivo and produced neuroblasts and olfactory neurons for a

period of at least 1 month after being injected into the SVZ

(Figure S1). We next performed single-cell RNA-seq analyses

of 21 GLASThi (CD45�,O4�) astrocytes from the striatum and

the somatosensory cortex to compare their transcriptome to

that of SVZ NSCs. PCA placed parenchymal astrocytes at one

end of the NSC-‘‘activation-state’’ continuum, preceding, and

with only a minor overlap with, dormant qNSC1 cells (Figure 3A).

As recently described (Zeisel et al., 2015), even at these low cell

numbers, we were able to observe two main clusters of cortical

astrocytes (not shown). We next set out to identify genes that

would distinguish qNSC1 from parenchymal astrocytes by using

a likelihood-ratio test (McDavid et al., 2013), which has been

recently applied to single-cell transcriptomes of closely related

cell populations (Macosko et al., 2015). This analysis revealed

that qNSC1 cells express higher levels of transcripts known to

be enriched in SVZ NSCs like Thbs4 or Rarres2 (Beckervorder-

sandforth et al., 2010; Benner et al., 2013). We also describe

the expression of additional factors that exhibit preferential

expression in the SVZ in the adult brain (Figure 3B and Fig-

ure S3H). Among NSC-enriched transcripts (cluster III in Fig-

ure 2A), we found that the tetraspanins Cd9 and Cd81 were

more highly expressed in qNSC1 than in parenchymal astrocytes

(Figure 3B and Figure S3H). To validate whether CD9 expression

could indeed distinguish NSCs fromparenchymal astrocytes, we

tested CD9 expression by flow cytometry. Consistent with the

RNA-seq data, NSCs expressed substantially higher levels of

CD9 in their surfaces as compared to cortical and striatal astro-

cytes (Figure 3C and Figure S3). To examine the spatial location

of CD9 within the SVZ, we performed immunohistochemical
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staining in SVZwholemounts and coronal sections. Coronal sec-

tions showed CD9 to be highly expressed across the entire

ventricular wall, which includes expression in ependymal cells

and GFAP-NSCs. In the underlying parenchyma, CD9 is ex-

pressed in whitematter, labeling some axons (Figure 3D and Fig-

ure S3). Wholemount staining confirmed CD9 localization across

the ventricular surface, including in the membrane of some

monociliated NSCs at the center of pinwheels (Figure 3E). Since

aNSCs also share many molecular features (i.e., Ascl1 expres-

sion) with transit amplifying progenitors (TAPs, also known as

type C), we also analyzed the transcriptome of 27 EGFR+

(CD45�,O4�,PSA-NCAM�,GLAST�/Prom1�) TAPs. As shown

in the PCA in Figure 3A, TAPs constitute a cluster that immedi-

ately follows aNSC2 along the lineage progression continuum.

Altogether, NSCs in their multiple states have distinct molecular

hallmarks that allow them to be distinguished from closely

related cell types.

Transcriptional Control of NSC Activation
To uncover putative transcriptional regulators of the quiescent

and active states, we subjected the 92 NSC transcriptomes to

PCA using only the expression values of transcription factors

(TFs) (Zhang et al., 2012). Indeed, TF expression alone identified

qNSC and aNSC clusters, which completely overlapped with

the whole-transcriptome PCA-based separation (Figure 4A). The

TFs Sox9, Id2, and Id3, among others, were associated with

quiescence. The active state was associated with the expression

of immediate early genes Egr1, Fos, SoxC factors (Sox4 and

Sox11), and Ascl1. Further, comparison of the aNSC signature

(genes in classes IV–VI in Figure 2A) to recent Ascl1 ChIP-seq

data (Andersen et al., 2014) revealed that a significant proportion

of the aNSC transcriptome is under the direct control of Ascl1

(17.4%, p < 1.65e�13; Figure S3). These data implicate Ascl1

as a key factor in the activation of NSCs, consistent with its func-

tion in the dentate gyrus (Andersen et al., 2014). Notably, we also

A B C

ED

Figure 3. Unique Molecular Properties of NSCs

(A) PCA of the transcriptome of 92 NSCs, 21 astrocytes, and 27 TAPs. Note that parenchymal astrocytes (Astro.) and transient amplifying progenitors (TAPs) are

each at one end of the NSC activation continuum.

(B) Violin plots with superimposed boxplots for the expression of Thbs4 and Cd9 in astrocytes and dormant NSCs (qNSC1). Benjamini-Hochberg corrected

p values are by likelihood-ratio test.

(C) Scheme of the location of the cells analyzed by FACS. In the bottom, a histogram depicting both CD9 expression in GLAST+ (CD45�,O4�) cells from the cortex

(Ctx) and striatum (Str.) and GLAST+PROM1+ (CD45�,PSA-NCAM�,O4�) cells from the SVZ (NSCs) is shown.

(D) Confocal image of the anterior septal (left) and lateral (right) ventricle walls immunostained for CD9. See also Figure S3. Arrows indicate the location of

ventricle-contacting GFAP-expressing cells.

(E) Confocal stack of an SVZwholemount immunostained for CD9. The first 1 mm from the ventricle is shown in the confocal stack. The arrow indicates CD9 signal

at the center of a representative pinwheel. Scale bar, 10 mm. LV, lateral ventricle; CC, corpus callosum.
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observed that neuroblast-associated TFs such asDlx1, Dlx2, and

Bcl11a were detected in aNSCs. Since previous cell-population-

basedstudies could not excludeminor neuroblast contaminations

(Beckervordersandforth et al., 2010; Codega et al., 2014), our sin-

gle-cell approach provides now definitive evidence for the initia-

tion of a lineage differentiation program in aNSCs based on the

co-expressionof stemcell- anddifferentiation-associated factors.

Notch signaling has been proposed as an essential regulator

of quiescence and as a generator of heterogeneity in NSCs (Ba-

sak et al., 2012; Giachino and Taylor, 2014; Imayoshi et al., 2010;

Kawaguchi et al., 2013). Consistently, using one-dimensional PC

projections (Durruthy-Durruthy et al., 2014), we found that

Notch2 receptor and the Notch target gene Lfng were enriched

in qNSCs (Figure 4B). Notch ligands Dll1 and Dll3 showed the
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Figure 4. Transcriptional Control of NSC Activation and Lineage Priming

(A) Hierarchical clustering of the expression levels of 135 transcription factors with strong correlation (p < 1e�5) in the first two principal components in the PCA.

PCA was performed on 92 NSC transcriptomes. Selected TFs in each cluster are highlighted. Cells are shown in rows and genes in columns.

(B) One-dimensional PCA of 92 NSCs. Each point corresponds to one cell and the color on each cell corresponds the scaled expression value of the respective

gene in each single cell.

(C) Correlation heatmap for 23 selected transcription factors in 92 NSCs. See also Table S3.

(D) Confocal image of the SVZ immunostained for NR2F1 and GFAP. Scale bar, 100 mm.

(E) Representative genome tracks showing the expression of dorsal marker Emx1 and ventral marker Gli1 in two qNSCs and two aNSCs. The aNSC marker Egfr

and two widely expressed genes (Actb and Slc1a3) are shown.
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opposite pattern of expression, suggesting that they are already

segregated at the RNA level. Since quiescent and active NSCs

are in direct contact in the niche (Codega et al., 2014; Kawaguchi

et al., 2013; Mich et al., 2014), our data are in agreement with a

model in which Dll-expressing aNSCs directly control dormancy

of qNSCs. To test whether Notch inhibition would be sufficient

to drive qNSCs into activation, we treated qNSCs purified by

flow cytometry (GLAST+/Prom1+/EGFR�) with the g-secretase

inhibitor DAPT. Indeed, a short DAPT treatment increased OP-

Puro incorporation in qNSCs and increased the percentage of

activated cells (Figure S4). We also examined the distribution

of components of the BMP pathway. This pathway is known to

promote quiescence in hair follicle stem cells (Genander et al.,

2014). Here we found that expression of the BMP-target Id2

correlated with the expression of the receptor Bmpr1b in

qNSCs. Interestingly, the ligands Bmp1 and Bmp6 followed

the same pattern (Figure 4B). These results suggest that BMP,

unlike Notch signaling, may regulate quiescence in an autocrine

manner.

NSCs Are Primed for Lineage Differentiation
NSCs in the adult SVZ generate several subtypes of olfactory

bulb interneurons. These subtypes are believed to be derived

from distinctly located sets of committed NSCs, and not from

a pan-subtype multipotent NSC (Brill et al., 2009; Kelsch et al.,

2007; Merkle et al., 2007; Young et al., 2007). Different combina-

tions of TFs have been identified to be necessary or correlate

with the generation of specific neuronal subtypes (reviewed in

Alvarez-Buylla et al., 2008; Sequerra, 2014). The analyses of

TF combinations have been limited to a handful of factors

assayed at a time, precluding in-depth knowledge of the es-

tablishment and extent of this patterning. To identify the different

TF combinations across the 92 NSC transcriptomes, we

manually curated a list of subtype-associated TFs (Table S3)

and measured their expression correlation coefficients (Shalek

et al., 2013). This analysis uncovered several clusters of factors

whose expression varied in a correlated manner in the first five

principal components (50% of variation; Figure 4C). The pres-

ence of TFs with known spatial distribution within the clusters

facilitated the reconstruction of the original location of the

different NSCs within the SVZ. Dorsal markers like Emx1 corre-

lated with Eomes (also known as Tbr2), Neurod4, and Neurog2,

known to specify glutamatergic interneurons in the dorsal aspect

of the SVZ (Brill et al., 2009). These genes also clustered with

Fezf2 and Nr2f1 (also known as COUP-TF1), suggesting that

these genes might be involved in the specification of dorsally

generated interneurons. Indeed, as predicted in silico, we found

Nr2f1 expression to be dorsally restricted (Figure 4D). Ventral

markers Nkx2-1 and Nkx6-2 were highly correlated to one

another and inversely correlated with dorsal markers. Unexpect-

edly, they did not cluster with Gli1, another ventral marker (Ihrie

et al., 2011), suggesting that they constitute non-overlapping

domains within the ventral SVZ. Laterally expressed genes,

i.e., Gsx2 and Dlx2, clustered in a distinct domain, consistent

with a recent report (López-Juárez et al., 2013). Pax6 expression

defined another cluster, which included its cofactor Meis2

(Agoston et al., 2014), and presumably defined the dopaminergic

periglomerular neuron-generating domain. Last, we observed a

cluster that included the oligodendroglial TF Olig2. This cluster

contained Ascl1, which due to its broader expression was also

associated with other domains (e.g., Pax6). Since Ascl1-lineage

cells within the SVZ generate oligodendrocytes (Parras et al.,

2004), we hypothesized that this domain corresponds to a

distinct non-neurogenic NSC pool fated to become oligoden-

droglia (Ortega et al., 2013). Taken together, unbiased clustering

of lineage-related TFs defines another layer of heterogeneity

within NSCs that correlates with specific neuronal and glial sub-

types in their progeny, thus highlighting the fate-restricted nature

of adult NSCs. Importantly, this fate restriction is observed in

both active and quiescent cells (Figure 4E).

Ischemic Brain Injury Activates Dormant NSCs via
Interferon Gamma
The analysis of NSCs during homeostasis revealed pervasive

heterogeneitywithinNSCs. To study the transcriptional response

of NSCs to a physiological perturbation in vivo, we subjected

animals to a transient bilateral common carotid artery occlusion

that results in ischemic striatal damage (Yoshioka et al., 2011).

Single-cell RNA-seq libraries were generated from 45 NSCs

isolated from the SVZ 2 days after ischemia (Figure 5A). In addi-

tion, two replicates from 1,000 NSCs likewise isolated from SVZ

2 days after ischemia were used as population controls. Com-

bined PCA of injured and non-injured NSCs revealed that

ischemic injury activated the transition of NSCs into activation

(Figure 5B). Notably, we observed that only a few injured NSCs

were in a dormant state while the proportion of primed-quiescent

and active NSCs strikingly increased upon injury (qNSC1: 6.67%

injured versus 40.2%naive; qNSC2: 37.8% injured versus 26.1%

naive; aNSC: 55.5% injured versus 33.7% naive; p = 8e�5). We

also noted that several injured NSCs with a primed-quiescent

signature retained expression of genes otherwise only expressed

by dormant cells under homeostatic conditions (Figure 5C). We

hypothesize that these genes are a remnant of their previous

dormant state and call them ‘‘dormancy trace genes.’’ The tran-

sition from dormant to a primed-quiescent state (qNSC1 to

qNSC2) involves the activation of protein synthesis and cell-cycle

genes, which is reminiscent of the alert state of quiescentmuscle

stemcellswhen exposed to a remote injury (Rodgers et al., 2014).

To identify the underlying regulatory networks, we next per-

formed PCA on the injured NSC transcriptomes using injury-

induced genes extracted from the population RNA-seq data

(‘‘Injury signature;’’ 399 differentially expressed genes with

2-fold change and padj < 0.1, Table S4). This analysis showed

that the response was not homogeneous across all NSCs, but

instead revealed the presence of subsets of cells with low and

high induction of the injury signature (Figure S5). We then

performed unsupervised hierarchical clustering on 61 genes

with the highest PC1 coordinates (correlation coefficient > 0.45

and p < 1e�2) (Figure S5). This analysis further confirmed the

heterogeneous injury response in NSCs. Interestingly, most of

the cells with a higher induction of the injury signature belonged

to the quiescent group, while most of the aNSCs showed only a

mild induction. These results also highlight that differentially

expressed genes identified in population analyses may reflect

high levels of induction in only certain subsets of cells within

that population. Finally, we performed upstream regulator

analysis using the software Ingenuity to identify putative molec-

ular triggers of the injury response. This analysis showed an
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overrepresentation of interferon gamma (IFN-g) target genes

within our signature (Figure 5D).We next examined the transcrip-

tome of 34 NSCs isolated from the SVZ of IFN-g-Receptor1-defi-

cient (Ifngr1�/�) mice 2 days after ischemic injury. Indeed, the

injury-induced upregulation of INF-g-response genes was abro-

gated in �90% of the Ifngr1�/� cells (Figure S5 and Figure 5E).

A B  C  

D  E  

F  

Figure 5. IFN-g-Driven Activation of Dormant NSCs after Ischemic Injury

(A) Scheme of the experimental design.

(B) PCA of 124 NSC transcriptomes (92 non-injured, in grayscale; 45 ischemic injured, in red). The proportion of NSCs within the different transition states is

significantly changed by the injury (p < 0.0006, Fisher test).

(C) Relative gene expression values of dormant-NSC (qNSC1)-associated genes projected into the PCA shown in (B). Note that some injured cells (triangles)

within the qNSC2 cluster retain higher expression than their non-injured counterparts.

(D) STRING-based interaction plot for genes with the highest PC1 correlation in Figure S5A. See also Table S4. Only genes with at least one interaction are shown.

In red, predicted IFN-g target genes based on upstream regulator analysis (IPA) (p < 4.74e�10) are shown.

(E) Heatmap showing relative gene expression values across individual cells for 61 genes with the highest PC1 correlation (p < 1e�2). Genes are shown in rows

and cells from WT-injured and Ifngr1�/� Injured mice are shown in columns.

(F) Relative proportions of cells (fromWT, WT-Injured, and Ifngr1�/� Injured mice) in each of the qNSC subclasses as defined in Figure 2. p values (Fisher’s exact

test) are ***p = 0.0006 and *p = 0.02.
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Importantly, the exit of NSCs from the dormant into the primed-

quiescent state drastically decreased in the absence of IFNgR1

(60.7% qNSC1 in naive WTmice; 15.0% in injured WTmice; and

53.9% in Ignr1�/� injured mice; p < 0.006 and p < 0.02, Fig-

ure 5F). This effect was likely not due to developmental deficits

in thesemice sinceWT and Ifnr�/�mice showed similar numbers

of dormant and quiescent NSCs (Figure S5).

Taken together, our data indicate that injury activates the

transition of dormant NSCs into a primed quiescent state that

subsequently proceeds to activation via triggering of interferon

signaling.

DISCUSSION

Despite intensive investigation on NSC identity, it has remained

unclear to what degree cells in different states of activation or

lineage priming exist in vivo. By applying single-cell transcrip-

tomics to an unbiased pool of NSCs, we have reconstructed

at high resolution the molecular events orchestrating NSC acti-

vation, from dormancy to the generation of diverse progeny. In

agreement with previous studies (Codega et al., 2014; Mich

et al., 2014), we found NSCs in quiescent and active states. Add-

ing to this picture, our single-cell approach uncovered that dur-

ing the progression from a quiescent to an active state, NSCs

transit through multiple intermediate states that could not be

captured with commonly used markers or population-based

studies. Most interestingly, we find NSCs in a state of dormancy

characterized by a particularly low protein synthesis rate. These

cells progress to activation through an intermediate state of

primed quiescence, in which cells begin to increase their protein

synthesis machinery. These two states closely resemble the

recently described transition from G0 to an enhanced Galert

quiescent state in muscle satellite cells (Rodgers et al., 2014).

It will be interesting to study whether this constitutes a general

mechanism of stem cell activation in homeostasis across many

organs. Our data point toward a prominent role for translational

control during several steps of NSC lineage progression. As

more experimental tools become available to study protein syn-

thesis in vivo (Buszczak et al., 2014), it will be important to study

whether translational control exerts a regulatory effect on spe-

cific sets of transcripts to control NSC behavior.

One key step for future functional studies on NSCs is to find

stage-specific markers to distinguish them from other niche

cells. Our comparative analysis of the transcriptome of individual

NSCs and other related cell types, such as neuroblasts, TAPs,

oligodendrocytes, and parenchymal astrocytes will help in the

identification of NSC- and subtype-specific markers. As an

example, we have found that CD9 expression levels distinguishe

parenchymal astrocytes from SVZ NSCs. Of note, high CD9 also

marks Prom1� GLAST-expressing cells exclusively in the SVZ

and may thus allow the identification of a broader pool of

NSCs than the one marked by Prom1. In addition, stage-specific

markers will allow distinction of the different subpopulations

within NSCs, which will be critical to address the kinetics and

the neurogenic contribution of these cells. Previous fate map-

ping of Glast-expressing cells demonstrates that Glasthigh cells,

presumably including dormant NSCs, are indeed neurogenic

during niche repopulation (Mich et al., 2014). In line with this

finding, we show that after an ischemic insult NSCs transition

from a dormant to a primed-quiescent state, shown to be neuro-

genic in transplantation experiments. However, definitive proof

of their neurogenic ability awaits future confirmation by trans-

plantation studies or exclusive lineage tracing of dormant NSCs.

Single-cell analysis also enabled us to study the coordinated

expression of subtype-specific TFs in NSCs at higher throughput

than conventional methods. Such analyses will provide a power-

ful means to identify TFs involved in the specification of particular

neuronal subtypes that may be used for reprogramming ap-

proaches (Amamoto and Arlotta, 2014).

The high degree of NSC heterogeneity found in our study also

poses some important questions. Do the different subgroups

contribute equally to homeostatic neurogenesis? Do some cells

serve as a reservoir for brain repair? Along this line, we have

found here that dormant and quiescent NSCs are more respon-

sive to an injured environment. This is consistent with the notion

that qNSCs express a higher number of membrane receptors to

sense and respond to changes in their microenvironment (Co-

dega et al., 2014). However, within the injury niche, only a subset

of NSCs responds to IFN-g. The nature of this heterogeneous

response remains unknown, and we can only speculate that it

might be influenced by temporal dynamics, position within the

niche, or paracrine inhibition from early responder cells (Shalek

et al., 2014). Likewise, the presence of the injury-signature in

some Ifngr1�/�NSCsmight be explained by the concomitant ac-

tivity of other cytokines. Interestingly, IFN-g promotes exit from

dormancy into a primed quiescent state. A similar role of inter-

feron signaling has been previously reported for hematopoietic

stem cells where an acute treatment with interferon-a triggers

proliferation of dormant HSCs (Essers et al., 2009).

In summary, our data show that multiple molecularly distinct

groups of NSCs that respond differently to physiological stimuli

coexist in the adult neurogenic niche. We anticipate that the un-

derstanding and implementation of this molecular diversity will

be critical in harnessing the potential of NSCs for brain repair.

EXPERIMENTAL PROCEDURES

Animals

C57BL/6 male mice between 8 and 12 weeks of age were used for all exper-

iments. Mice were purchased from Charles River or bred in house at the

DKFZ Center for Preclinical Research facility. Animals were housed under

standard conditions and fed ad libitum. Male and female Ifngr1�/� (Ifnar1+/�

and Ifnar1�/�) (Huang et al., 1993) mice were 3 months old and backcrossed

to a C57BL/6 background. All procedures were in accordance with the

DKFZ guidelines and approved by the Regierungpräsidium Karlsruhe.

Global Forebrain Ischemia

Global ischemia was performed using the bilateral common carotid artery oc-

clusion method essentially as previously described (Yoshioka et al., 2011).

Briefly, mice were deeply anesthetized and a laser Doppler probe (Perimed)

was fixed at the skull for continuous measurement of regional cerebral blood

flow (rCBF). Next, both common carotid arteries were exposed and clamped

with surgical microclamps (Stoelting) for a period of 22min prior to reperfusion.

Only animals with an ischemic rCBF smaller than 13% of the pre-ischemic

value were used.

Stereotactic Injections

For transplantation experiments, two injections containing approximately

2,000–4,000 cells purified by flow cytometry from pan-YFP or pan-Tomato

(Rainbow 2) mice were performed at the following coordinates zeroed at the

bregma: 0.0/1.4/�2.1 and 0.5/1.2/�2.2 mm. Recipient mice were age and

Cell Stem Cell 17, 329–340, September 3, 2015 ª2015 Elsevier Inc. 337



gender matched. Mice were sacrificed at the indicated time point. To measure

protein synthesis in the SVZ, 1.5 ml of 20mM OP-Puro (dissolved in 5% DMSO

in PBS) was injected into the lateral ventricle at the following coordinates:

�0.5/1.2/�2mm.Mice were sacrificed 30min later and the contralateral hemi-

sphere was analyzed.

Flow Cytometry and Cell Picking

Animals were sacrificed by cervical dislocation and their brains were immedi-

ately placed on ice. The lateral SVZ was microdissected as a whole mount as

previously described (Mirzadeh et al., 2010). Pooled SVZ tissue (one to five

mice) was digested with trypsin and DNase according to the Neural Tissue

Dissociation kit in a Gentle MACS Dissociator (Miltenyi). To isolate cortical

and striatal astrocytes, we microdissected tissue pieces similarly sized to

the SVZ wholemount from the cortex immediately above the corpus callosum

and from the striatum after having dissected out the ventricle wall, and we pro-

cessed them in parallel. After being sorted, cells were manually picked with a

micropipette under continuous visual inspection in a Zeissmicroscope. Picked

cells were frozen at �80�C until further processing. For details regarding cell

staining, sorting, and picking, see Supplemental Experimental Procedures.

Library Preparation and Sequencing

RNA-seq libraries were prepared using Smart-seq2 technology as previously

described (Picelli et al., 2014). Briefly, lysed cells were thawed and subjected

to reverse transcription using an oligo(dT) primer and a locked nucleic

acid (LNA)-containing template-switching oligonucleotide (Exiqon). In a

randomly selected set of samples, we included ERCC Spike-Ins (Ambion) at

a 1:1,000,000 dilution. Full-length cDNAs were amplified by 20 cycles of

PCR using KAPA HiFi DNA polymerase (KAPA biosystems). Amplified cDNAs

for every single cell were quantified and run on a High Sensitivity Bioanalyzer

chip (Agilent). Samples containing no material or in which the cDNA appeared

degraded were excluded (approximately 10%) from further processing.

cDNAs were then converted into libraries for Illumina sequencing according

to the Nextera XT Sample Preparation (Illumina) protocol with minor modifica-

tions. For population studies, approximately 1 ng of total RNA from approxi-

mately 1,000 cells was subjected to the SMARTer Ultra LowRNA kit (Clontech)

according to the manufacturer’s instructions. Samples were sequenced in an

Illumina HiSeq 2000. For details, see Supplemental Experimental Procedures.

Immunohistochemistry, Immunocytochemistry, and Cell Culture

Mice were transcardially perfused first with HBSS and then with 4% parafor-

maldehyde (PFA). SVZwholemountswere processed for staining as previously

described (Mirzadeh et al., 2010). For staining of cells directly after sorting,

cells were plated in PDL and laminin-coated Lab-Tek chambers (Thermo) until

they adhered or until the duration of the respective treatment. Afterward, cells

were fixed for 20 min with 2% PFA in the medium and stained following stan-

dard procedures. The alkyne group in OP-Puro was detected using an Alexa-

488- or Alexa-647-coupled azide according to the Click-iT Cell Reaction Buffer

Kit (Life Technologies). FAC-sorted cells were incubated in the absence of

growth factors in Neurobasal medium supplemented with B27, glutamine,

and Pen/Strep. Cells were treated with 10 mMDAPT (Sigma) or DMSO (Sigma)

for the indicated time. OP-Puro (Jena Biosciences) was added to the cells at

50 mM for 1 hr prior to fixation. Antibodies are listed in the Supplemental Exper-

imental Procedures.

Imaging

Confocal images were acquired in a Leica TCS SP5 confocal microscope. Im-

age J was used for processing and images were only adjusted for brightness

and contrast. For OP-Puro quantifications, all images within compared groups

were acquired with identical settings. Analysis was performed in ImageJ soft-

ware using a custom-writtenmacro for unbiased segmentation and quantifica-

tion of pixel intensity and cell size. OP-Puro quantifications are depicted as the

integrated pixel intensity within a cell and normalized to a reference group

within the same experiment. In graphs, mean and SD are shown. Illustrator

CS5 (Adobe) was used for figure assembly.

Processing and Analysis of Single-Cell RNA-Seq Data

Data analysis was performed as described in detail in the Supplemental Exper-

imental Procedures. Briefly, the quality of raw reads was checked by FASTQC

and reads were trimmed using Btrim64 (Kong, 2011). Trimmed reads were

mapped to mouse genome (ENSEMBL Release 78) using STAR_2.4.0g (Dobin

et al., 2013). RNA-seq data quality metrics for each cell, including total reads,

transcriptome mapped reads, and transcriptome mapped rate was calculated

by picard-tools-1.123 (https://broadinstitute.github.io/picard/) as shown in

Table S1. Next, gene expression matrices were generated as previously

described (Shalek et al., 2013, 2014). To compare expression levels of

different genes across samples, we performed an additional TMM (trimmed

mean of M values) normalization on FPKM (fragments per kilobase of

transcript per million mapped reads) using Trinity (Haas et al., 2013) (http://

trinityrnaseq.github.io/) based on edgeR (Robinson and Oshlack, 2010). PCA

on gene expression matrices was done using custom R scripts based on

FactoMineR library (http://factominer.free.fr/). Hierarchical clustering was

performed on cells and on the genes identified by PCA using Euclidean

distance or correlation metric. We also assessed the stability of the number

of clusters identified by hierarchical clustering by a previously described

resampling method (Wu et al., 2014). To reconstruct the pseudotemporal

order of NSCs, we applied Monocle (Trapnell et al., 2014) to the expression

pattern of genes with the highest coordinates (p < 10e�5) with the first three

dimensions of PCA. To determine qNSC1-enriched genes, a likelihood-ratio

test (McDavid et al., 2013) was used to test genes that were differentially ex-

pressed between qNSC1 and astrocytes (p < 0.01, Benjamini and Hochberg

corrected).
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SUMMARY

Transplantation of in-vitro-generated organ buds is a
promising approach toward regenerating functional
and vascularized organs. Though it has been recently
shown in the context of liver models, demonstrating
the applicability of this approach to other systems
by delineating themolecular mechanisms guiding or-
gan bud formation is critical. Here, we demonstrate a
generalized method for organ bud formation from
diverse tissues by combining pluripotent stem cell-
derived tissue-specific progenitors or relevant tissue
samples with endothelial cells and mesenchymal
stem cells (MSCs). The MSCs initiated condensation
within these heterotypic cell mixtures, which was
dependent upon substrate matrix stiffness. Defining
optimal mechanical properties promoted formation
of 3D, transplantable organ buds from tissues
including kidney, pancreas, intestine, heart, lung,
and brain. Transplanted pancreatic and renal buds
were rapidly vascularized and self-organized into
functional, tissue-specific structures. These findings
provide a general platform for harnessing mechani-
cal properties to generate vascularized, complex or-
gan buds with broad applications for regenerative
medicine.

INTRODUCTION

Current stem cell therapies primarily target diseases that are

treatable by cell transplantation, which is accomplished via

cell-type specification of stem cells and reprogramming factors

(Sasai, 2013b). However, these prevailing transplantation ap-

proaches produce limited clinical therapeutic outcomes as well

as potential side effects compared with organ-based therapy

(also termed organ transplantation). Given the limitations of

cell-based approaches, the development of innovative technol-

ogies that enable the reconstitution of 3D organs from stem cells

is urgently required to potentially address the severe donor or-

gan shortage and to lower the high medical costs incurred by

the increasing numbers of waiting patients.

Despite the recent remarkable progress in ‘‘organoid technol-

ogy,’’ including the generation of the optic cup (Eiraku et al.,

2011), the pituitary epithelium (Suga et al., 2011), the intestine

(Sato and Clevers, 2013), and the cerebrum (Lancaster and Kno-

blich, 2014), the reported examples are composed entirely of

epithelial structures and generally lack complex structures

such as blood vessels. These characteristics limit their applica-

tion, especially in the context of clinical transplantation. Specif-

ically, much of the reported examples have relied on tissues

with a high level of intrinsic self-organizing capacity from uni-

lineage progenitor aggregates such as pluripotent stem cells;

however, the likelihood of growing a complex and well-vascular-

ized organ in dishes has seemed much less plausible (Ding and

Cowan, 2013).

In general, the organ develops from a condensed tissue mass

prior to blood perfusion, termed the ‘‘organ bud,’’ emerging at

early stages of organogenesis through the process of cell

condensation. For instance, the multicellular orchestration that

occurs between mesenchymal cells, undifferentiated vascular

endothelial cells, and endoderm cells is required for the initiation

of 3D liver bud condensation, which is characterized by a drastic

delamination from an endodermal sheet-like tissue (Matsumoto

et al., 2001). By mimicking this early organogenetic event, we

have recently developed a groundbreaking culture method for

deriving a 3D and transplantable organ bud in a dish from human

induced pluripotent stem cells (iPSCs) cocultured with mesen-

chymal and endothelial progenitors. This system enables multi-

ple progenitors to interact in a 4D (spatiotemporal) manner

in vitro and in vivo, demonstrating the growth of a vascularized

and functional organ via a human iPSC-derived organ bud

transplant (Takebe et al., 2012, 2013, 2014b). The most notable

aspect of our previous findings is the extremely large-scale

morphogenetic changes that occurred even in 2D culture,

in which transplantable tissues can be grown on a millimeter

or even a centimeter scale from multiple heterotypic cell

collectives.

The next critical steps would be to gain insight regarding the

mechanisms underlying this dynamic process in culture and to
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evaluate the translatability of such regenerative methods in other

organ systems. The primary purpose of the present study was to

dissect the mechanism of 4D self-assembly at the cellular level

using integrated computational and biological approaches com-

bined with live imaging analysis and to define the essential pa-

rameters required for the reproduction of this culture, including

the environmental culture conditions. Next, we evaluated the

adaptability of our proof-of-principle approach in multiple organ

systems of health and disease, and finally, we determined the

self-organizing capacity of vascularized and functional tissues

by organ bud transplantation.

RESULTS

Quantitative Imaging Analysis Suggests the Presence
of Contractile Mechanisms for Self-Driven Behaviors
in Culture
To elucidate themechanisms underlying the observed surprising

degree of collective behavior, we initially tracked cellular move-

ments during organ bud formation by performing a time-lapse

imaging analysis. Human iPSC-derived hepatic endoderm cells,

umbilical cord-derived endothelial cells (HUVECs), and mesen-

chymal stem cells (MSCs) were labeled with distinctive fluores-

cent markers and cocultured on a solidified matrix gel as previ-

ously described (Takebe et al., 2013). Live cell tracking

revealed that after rapid cell convergence, the assembly of vas-

cularized organ buds was initiated (Figures 1A and 1B); this was

followed by subsequent spatial rearrangements via self-organi-

zation, as demonstrated by the formation of an endothelial-like

network (Figure 1B, lower right). During the initial self-convergent

phase, we discovered the formation of a cohesive multicellular

unit that behaved as a group and consisted of cells that quickly

traveled to a single center, a process termed collective conden-

sation (Figure 1A).

To further understand the early dynamics of 3D organ bud for-

mation, a time course of the condensate shape was evaluated

using live imaging (Figures 1B and 1C). Estimation of the aver-

aged radius of the condensate, which was calculated as O(A/p)
(where A is the projected area of the condensate), clearly re-

vealed that the edge of the condensate moved toward its center

at a rate of <10 mm/h in t % 7 hr and then accelerated to

400 �500 mm/h over the next several hours (Figure 1C), exhibit-

ing parallel dynamics throughout both x and y axes (Figure 1B).

Subsequently, the radius of the organ bud converged exponen-

tially to�2mm. By contrast, its circularity, a structural parameter

that indicates how closely the shape of an object approaches

that of a circle, decreased monotonically from the beginning of

the cell culture and reached a minimum value of �0.5 at t =

�10 hr. The circularity then increased and finally achieved a con-

stant value of �0.85 at t = �20 hr (Figure 1C).

The maximum velocity of the condensate edge, 400

�500 mm/h, was much higher than that reported for cell migra-

tion (Dourdin et al., 2001; Wolf et al., 2003), which indicated

that the formation of the condensate was based not on active

cell migration but on cell contraction. In addition, the serial mea-

surements of the condensate size from t =�15 hr (red line in Fig-

ure 1C) suggested that the collective behaviors could be approx-

imated with a predictive curve (dotted line in Figure 1C)

generated using the Kelvin-Voigt model, implying that the forma-

tion of tissue-level cumulative stress fibers might at least trigger

this process (Figure 1C). Indeed, the Kelvin-Voigtmodel, which is

a simple viscoelastic model that contains a dashpot with viscos-

ity and a spring of stiffness k connected in parallel, is described

by an exponential function, Aexp(�t/t) + B, and has commonly

been used to study the viscoelastic behaviors of various tissues

and cytoskeletal components such as stress fibers (Besser and

Schwarz, 2007; Forgacs et al., 1998; Fung, 1993). Furthermore,

the circularity results clearly showed that the shape of the con-

densates at t % 10 hr deviated from a circle (in 3D, a sphere).

This observation correlates with the equilibrium state at which

condensates of adhesive cells minimize the surface free energy

of the system (Steinberg, 1962). These results indicate that the

cumulative driving force for condensate formation at t % 10 hr

increased due to the formation of stress fibers and cell-cell junc-

tions; however, the driving force still did not exceed the adhesion

strength of the cell-extracellular environment.

MSC-Dependent Cytoskeletal Contraction Is Essential
for Cell-Collective Behaviors
To identify the critical cell types for this dynamic and directed

collective movement, we examined all of the possible combina-

tions of the three cell lineages. Clearly, the lack of MSCs in the

coculture led to a failure in condensate formation, but a single

MSC culture was not sufficient for termination, revealing that

the presence of MSCs triggered the initiation of self-condensa-

tion (Figure 1D). Although we exposed HUVECs and iPSC-HEs

(iPSC-derived hepatic endoderm cells) to the condition medium

generated by MSCs, no condensing phenomena were observed

(data not shown). To test the ‘‘contraction mechanism’’ implied

by the above-mentioned observation, we evaluated the contri-

butions of the contraction force of the MSCs at the molecular

level against both their substratum and the surrounding cells.

During embryonic invagination, a group of cells undergoes

constriction. The drastic inward displacement of cell-cell junc-

tions is driven by myosin II (MII) activity, allowing cells to invagi-

nate during embryonic gastrulation (Bertet et al., 2004; Pouille

et al., 2009; Shindo and Wallingford, 2014). Di-phosphorylation

of the MII regulatory light chain (ppMRLC) possesses a greater

actin-activatedMg2+-ATPase activity thanmonophosphorylated

MRLC (pMRLC) to produce a contractile force (Mizutani et al.,

2006). This knowledge led us to evaluate MII activity by

measuring the time-course-dependent changes in the amount

of MRLC, pMRLC, and ppMRLC by western blot analysis. We

showed a significant peak in ppMRLC after 4 hr of plating as

well as an increase in the total amount of MRLC during the

condensate-forming process, which corresponded to the time

at which cells initiate their collective movements (Figure 1E).

As a consequence, ppMRLC is known to significantly enhance

MII ATPase activity for producing contractile force (Straight

et al., 2003). Consistently, we found that this condensate forma-

tion could be completely antagonized by treatment with blebbis-

tatin (an MII ATPase inhibitor) (Figure 1F). In parallel, similar to

published results (Shin et al., 2014; Shutova et al., 2012), bleb-

bistatin significantly increased MIIA phosphorylation at S1943

(pS1943: inactivates MIIA activity) at 6 hr, as measured by intra-

cellular flow cytometry and western blot analysis, respectively

(Figures 1G and 1H). Similarly, the addition of a Rho kinase inhib-

itor, Y-27632, to the cocultures partially delayed condensate
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Figure 1. Mesenchymal Cell-Driven Contraction Is Essential for the Dynamic Condensation of Heterotypic Cell Collectives
(A) Self-driven rapid condensation of human iPSC-derived hepatic cells.

(B) Parallel dynamics of the movement of the condensate edge on both the x and y axes during condensation. Green, human iPSC-hepatic cells; red, HUVECs;

unlabeled, MSCs. Bar, 740 mm.

(C) Structural analysis of 3D organ bud formation dynamics. The sourcemovie is Movie S1 from our previous paper (Takebe et al., 2013).A is the projected area of

the organ bud (red). Circularity was defined as 4pA divided by the square of the contour line length, L2(blue). The black dotted line is a curve that fits with the

Kelvin-Voigt model.

(D) Examination of all possible combinations of three lineages. iPSC, iPSC-derived hepatic endoderm cells; EC, HUVECs; MC, hMSCs.

(E) Western blot analysis using total MRLC, pMRLC, and ppMRLC antibodies with total cell lysates at specific time points.

(F) Pharmacological inhibition of dynamic condensation.

(G) Blebbistatin treatment significantly increased the inactive form of MIIA after 8 hr of culture (data represent the means ± SD, n = 3, *p < 0.05). AMD, AMD3100;

Rock, Rho kinase inhibitor Y-27632; Bleb, blebbistatin.

(H) Western blot analysis using antibody against pS1943 with untreated and drug-treated cells at 6 hr.
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formation, presumably through the phosphorylation of MRLC

(Figures 1E, 1F and S1). In contrast, pharmacological inhibition

of chemokine receptor pathways in response to the addition of

AMD3100 did not hinder organ bud formation, although a recent

report suggested the potential importance of a self-generated

chemokine gradient during organogenesis (Figure 1F) (Donà

et al., 2013). Furthermore, we have performed the immunostain-

ing of MIIA in the sectioned organ bud, revealing that CD90+

MSCs significantly expressed MIIA at 24 hr of culturing (Fig-

ure S1B). These results clearly suggested that the MSC-based

traction force produced by the actomyosin cytoskeletal axis

plays an important role in the directed and drastic movements

of cell collectives.

Self-Condensation Can Be Maximized by Soft
Environmental Conditions in Culture
Cellular cytoskeletal contraction in culture is balanced by the de-

gree of attachment to the anchoring matrix (Discher et al., 2005).

Recent studies measuring the traction force of single cells have

shown that cytoskeletal tension can be modulated by the

biochemical and biophysical parameters of the substratum (Liu

et al., 2010). Therefore, we assumed that the modulation of sub-

stratum conditions could alter the collective behavior of the

cultured cells if the contraction mechanism is the correct expla-

nation for this process. In our previous study, various biochem-

Figure 2. Stiffness-Directed Contraction Is

Essential for Dynamic Condensation

(A) Stiffness optimization for dynamic condensa-

tion. An organ bud formed in culture is shown

2 days after plating.

(B) Time-lapse confocal microscopy of the

condensate formation process. Each image was

obtained by maximum intensity projections of a

series of z stacks at the indicated time points. GFP-

HUVECs and KO-hMSCs are shown.

(C and D) The velocity and order parameter (S) of

the cell movement depend on the substrate stiff-

ness. The red and blue lines represent the mean

values for 0–200 min and 300–500 min, respec-

tively. Error bars denote the standard deviation

(SD). Note that the perfectly synchronized move-

ment of cells yieldsS = 1 ± 0, whereasS gets closer

to 0 with a large SD during random movement.

ical conditionswere tested utilizing hydro-

gels, collagens, laminin, entactin, and

their combinations (Takebe et al., 2013).

The results showed that a basement

membrane composite, such as Matrigel,

is the most efficient matrix. To further

clarify the essential parameters, we as-

sessed the effect of substrate stiffness

using hydrogels with tunable elasticity.

Here, MSCs and HUVECs were cocul-

tured on Matrigel-coated hydrogels with

different elastic moduli (E �0.1–100 kPa)

and on a plastic plate (E �GPa). After in-

cubation for 24 hr, significant differences

in self-driven behavior were already

discernible (Figure 2A): the cells on hydrogels with E �10–

20 kPa organized into mm-sized large condensates, whereas

the cells on softer or stiffer substrates formed smaller clusters

(%100 mm). Fluorescence images also showed that the cells

moved collectively and directionally only on substrates with a

moderate stiffness (Figures 2B and S2). As shown in Figures

2C and 2D, both the velocity and order parameters exhibited

maxima at E = 17 kPa. Such enhanced collective behaviors of

cells on a gel substrate with intermediate stiffness indicate that

the competition between cell-hydrogel and cell-cell interactions

might be involved in the mechanism underlying the formation of

cell condensates, especially in their initiation process. This

observation clearly indicated that the formation of the conden-

sate was driven by the interplay between cell-hydrogel and

cell-cell interactions (Supplemental Discussion).

Translatability of the Contractile Principle to Other
Organ Systems
Considering that the MSC-driven contraction force on defined

stiffness is central to the observed self-driven behavior, we

wondered whether this principle could be extended to organ

systems beyond the barriers of the germ layer, with the goal of

future applications in regenerative medicine. To address this

practical question, we evaluated the adaptability of our proof-

of-principle approach to other organs using multiple cells or
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tissue fragments (up to 200 mm) isolated from adult mice (Fig-

ure 3A). Surprisingly, the dynamic condensation of cell collec-

tives was maintained for all of the cell/tissue types tested,

including liver, intestine, lung, heart, kidney, brain, and even can-

cer (HepG2) (Figure 3B). Time-lapse imaging analyses revealed

that both the embryonic and adult cells autonomously formed

a single 3D condensate that tolerated additional manipulations

well, including transplantation (Figure S3A). When the conden-

sates were designed to contain endothelial cells in culture, the

transplanted tissues underwent a much more rapid perfusion

with recipient circulation (average perfusion time: �72 hr) (Fig-

ure S3B) compared with reliable conventional tissue engineering

approaches (average perfusion time: �192 hr) (Figure 3G). This

result suggested that scaffold-free and self-condensation ap-

proaches are superior for the induction of vascularization.

Although the presence of endothelial cells was dispensable for

the generation of condensates, the post-transplant outcomes

were clearly disappointing in the absence of HUVECs because

no signs of functional vascularization were observed in vivo (Fig-

ure S3B, right).

Next, we selected pancreatic cells for in-depth characteriza-

tion due to the increasing evidence that the pancreas follows a

developmental program similar to that of the liver (Lammert

et al., 2001). Dissociated murine b cells (MIN6) were cocultured

with HUVECs and MSCs, resulting in dynamic condensate for-

mation similar to that observed in the liver bud experiments

(Figure 3C). After 4 days of culture with endothelial medium,

the condensates developed into large, mechanically stable,

3D tissues that exhibited several signs of self-organization (Fig-

ure 3D). Furthermore, the transplantation of a 3D pancreatic

condensate resulted in rapid reperfusion and stimulated suc-

cessful b cell engraftment (Figure 3E). After 14 days, the trans-

plants developed islet-like structures with functional microvas-

cular networks (Figure S4A) that were connected to the

recipient circulatory system (Figures 3F and 3G). Consistent

with previous reports, the intravital quantification of the func-

tional vascular density showed that the capillary network was

4.2-fold denser in the reconstituted islet-like tissues compared

to the surrounding tissues (Figure 3H and Movie S3). The inner

part of the islet-like tissues contained human endothelial cells

with basement membrane, which is known to support b cell

function (Figures S4B and S4C). To evaluate their therapeutic

potency, in-vitro-derived condensates were transplanted into

the kidney subcapsule of a type 1 fulminant diabetic mouse

model. The mice were successfully treated with a condensate

transplant, as demonstrated by the rapid normalization of

body weight and blood glucose levels. In contrast, mice trans-

planted with a single dispersed b cell showed delayed effects,

presumably due to the transplant’s failure to undergo vascular-

ization and subsequent engraftment (Figure 3I). Thus, we

experimentally demonstrated that this principle is applicable

to other organ systems using an optimal cell population and

successfully reconstituted vascularized and functional 3D tis-

sues in vivo.

Functional and Vascularized Kidney Formation via
In-Vitro-Grown Organ Bud Transplantation
Interestingly, we noticed that in some organs, embryonic cell-

derived condensates, i.e., organ buds grown in vitro, were ulti-

mately able to efficiently self-organize into functional tissues,

whereas adult organ cell-derived condensates reconstituted tis-

sues with a minimal resemblance to the original tissue after

transplantation (Figures 4, S4D, and S4E). For example, the

transplantation of reconstituted organ buds from embryonic

day (E) 13.5 kidney-derived dissociated cells resulted in the

development of glomerular-like microtissues after 8 days of

transplantation followed by quick revascularization (Figures 4A

and 4B). To provide additional definitive proof of self-organiza-

tion, we generated a kidney bud in culture frommixed embryonic

kidney cells dissociated from three distinctly labeled cell popula-

tions from E13.5 mice (beta-actin-GFP, -RFP, and -CFP), trans-

planted the bud inside the cranium, and performed repeated live

imaging. Intravital confocal imaging at 14 days revealed the suc-

cessful formation of multi-color integrated glomerular-like tis-

sues (Figures 4C and S4F), confirming that the dissociated

embryonic cells self-organized into a glomerular architecture

in vivo. The infusion of high-molecular-weight FITC dextran via

the systemic circulation with fluorescein-conjugated mouse

CD31 antibody revealed the presence of a number of newly

generated glomerular-like structures containing an abundant

microcirculation at day 28 (Figures 4D and 4E). Notably, without

the organ bud formation culture, E13.5 kidney-derived single-

cell transplantation barely reconstituted such structures (Fig-

ure 4E, lower). To characterize the degree of maturation, global

gene expression profiling was performed by focusing the re-

ported kidney signature genes, which are known to be downre-

gulated throughout development (Schwab et al., 2003). Hierar-

chical clustering analysis of the explants at day 14 and 28 and

kidneys of multiple developmental stages revealed the success-

ful maturation of the transplants into tissues corresponding to

Figure 3. Universal Culture Platform for Growing Self-Condensed Tissues from Hetero-Mixtures of Cell Collectives

(A) Schematic representations of organ bud formation experiments using a variety of organ systems.

(B) The MSC-based condensation principle is adaptable to all tissue types examined in this study, including intestine, lung, kidney, heart, brain, and even cancer

cells. The two rows show a macroscopic view of the tissues before or after condensation.

(C and D) Macroscopic or confocal image of the self-condensed b cells. Red, b cell; green, HUVECs; unlabeled, hMSCs. Bar, 1 mm, 250 mm, and 100 mm.

(E) b cell-derived condensates were quickly vascularized by the recipient circulation in the presence of HUVECs, whereas the endothelial cell-absent condensate

failed.

(F) Intravital visualization of human-mouse chimeric vessels on day 9. Red, b cell; green, HUVECs; blue, mouse-specific CD31; unlabeled, hMSCs.

(G) A comparison of the numbers of days required for functional blood vessel establishment between our vascularized condensate- and tissue engineering-based

approaches (data represent the means ± SD, n = 6, **p < 0.01).

(H) The vascular density (%) inside/outside of the reconstituted, native islets and exocrine pancreas, respectively (data represent themeans ± SD, n = 6, *p < 0.05,

NS: not significant).

(I) Changes in blood glucose after in-vitro-grown condensate transplantation compared with the single dispersed b cell or sham transplanted groups (data

represent the means ± SD, n = 3).

Cell Stem Cell 16, 556–565, May 7, 2015 ª2015 Elsevier Inc. 561



(legend on next page)

562 Cell Stem Cell 16, 556–565, May 7, 2015 ª2015 Elsevier Inc.



postnatal kidneys, compared to the original E13.5-derived pri-

mary tissue (Figure 4F).

Furthermore, to demonstrate the functionality, we injected

Lucifer Yellow, a dye that is freely filtered in glomeruli, intrave-

nously to label Bowman’s space and subsequent excretion

(Hackl et al., 2013). Repeated live imaging analysis identified

multiple steps in urine production: initial perfusion into the

glomerular capillaries (Figure 4G, left), primary filtration into the

urinary space (Figure 4G, middle), and subsequent outflow into

collecting systems (Figure 4G, right). The formation of slit pro-

teins surrounding the basement membrane was confirmed by

co-immunostaining of GFP, nephrin, and laminins in the ex-

planted transplants at day 21 (Figure 4H, upper). Additional

immunofluorescence confirmed the presence of WT1 (Wilms’

tumor suppressor-1) and LTA (lectin Lotus tetragonobulus

agglutinin) surrounding the developed glomeruli, suggesting

the differentiation into podocytes and proximal tubule formation,

respectively (Figure 4H, lower). Indeed, electron microscopy

further confirmed the presence of podocytes with foot pro-

cesses that were separated from the glomerular endothelium

by a basement membrane (Figure 4I). Together, we concluded

that immature organ buds grown from dissociated embryonic

cells using our culture method would aid in generating the func-

tional and vascularized kidney in vivo by maximizing the intrinsic

self-organizing capacity of the cells.

DISCUSSION

In the 1960s, small aggregates of dissociated embryonic cells

were shown to reconstitute tissues with an architecture resem-

bling that of the original tissue via self-organization. After the

required types and numbers of various cells had aggregated

to allow the close interaction of the cells, individual cells

were able to self-organize to form functional tissues in vitro

(Takeichi, 2011). This classic knowledge is now being adapted

into recent studies of brain, optic cup, and adenohypophysis

derived from pluripotent stem cell-derived small cell aggre-

gates (Sasai, 2013a). However, these previous self-organization

studies, which used multi-well dishes with steep sides and

rounded bottoms to the wells, generally started with micro-

meter-scale tiny aggregates, and such stem cell aggregates

self-organized into entirely epithelial structures, limiting their

utility to specific organs such as neural systems due to their

marked propensity to self-organize in the absence of vascula-

tures. In addition to the limited scalability of the culture, none of

the available culture systems have resulted in self-assembling

tissue formation from optimal heterogeneous mixtures of cell

collectives.

Considering both the dependence on the substrate stiffness

and the requirement for MSCs, we concluded that MSC-driven

contraction on a soft substrate condition should be one potential

mechanism for the heterotypic collective behaviors. Previous

study showed that visceral endoderm cells in non-muscle

myosin heavy chain IIA knockout mouse do not differentiate, ex-

hibiting the defects in cell adhesion and subsequent tissue orga-

nization prior to organ bud development in mouse embryonic

cells (Conti et al., 2004). Combined with loss-of-function exper-

iments such as knockdown-based approaches (Raab et al.,

2012), future exploration of the contraction mechanism in organ

bud self-organization in human iPSCs would elucidate a unique

role of myosin for human organogenesis in a dish.

Thus, the present work demonstrates one promising principle:

much larger-scale self-organized tissues can easily be assem-

bled via condensation from desired multiple cell/tissue types.

Self-assembled condensates, which are better defined than ag-

gregates, could be used to examine the subsequent self-orga-

nizing potential of cells in vivo after transplantation. Endothelial

cells were experimentally integrated into the condensates to

assess the potential for rapid vascularization and subsequent

functionalization. However, we and others are also interested

in evaluating the substantial potential of other, unexplored sup-

porting cell types, such as neural cells, to stimulate more precise

tissue reconstitution.

Moreover, as evidenced by the kidney self-organization exper-

iments presented herein, less mature tissues, or organ buds,

generated through the condensation principle might be the

most efficient approach toward the reconstitution of mature or-

gan functions after transplantation, rather than condensates

generated from cells of a more advanced stage. This concept

is particularly important to note when adapting this to human

pluripotent stem cell (Takebe et al., 2013) or adult stem cell

(Takebe et al., 2014a) derivatives.

Further refinements are needed to determine the optimal

conditions for targeted tissue self-organization; however,

Figure 4. Self-Organization of Functional and Vascularized Kidney via In-Vitro-Grown 3D Organ Bud Transplantation

(A) Macroscopic observation of transplanted in-vitro-grown kidney buds showing perfusion and sophistication of reconstituted blood vessels. The dotted area

indicates the transplants.

(B) Intravital tracking of kidney buds showing in vivo dynamics of kidney development.

(C) Self-organization of glomerular structures from kidney bud generated from three distinct fluorescent embryonic mice after 14 days. Bar, 50 mm.

(D) mCD31-647 infusion study demonstrating the formation of multi-colored labeled, glomerular-like tissue with capillaries.

(E) Generation of functional nephrons from transplanted kidney buds at 28 days after transplantation under a cranial window. Tissues resembling glomeruli or

tubular structures barely developed from the E13.5-dispersed cell transplant (right lower panel). Red, dextran; green, GFPs; blue, mouse-specific CD31; un-

labeled, HUVECs and hMSCs.

(F) Comparison of kidney developmental gene signatures among in-vitro-derived kidney buds at 2 and 4 weeks after transplantation and primary kidneys (E13.5,

0 day [P0] and 8 weeks [P8wk] after birth).

(G) Intravital visualization of the renal functions of the generated glomeruli after 21 days of transplantation, including initial blood perfusion (left), primary filtration

into Bowman’s space (middle), and urinary outflow into collecting systems (right). Red, mouseGFP; green, Lucifer Yellow; blue, mouse-specific CD31; unlabeled,

HUVECs and hMSCs. Yellow arrowhead, Lucifer Yellow; white arrowhead, Lucifer-Yellow-negative endothelial cells.

(H) Histological analysis of reconstituted tissues explanted at 21 days. Immunostaining for LTA, nephrin, WT1, GFP, and laminin is shown in each panel. Bars,

100 mm.

(I) Electron microscopy of kidney bud transplants at 21 days. GL; glomerulus; PT, proximal tubule; P, podocyte; E, capillary endothelium; R, red blood cell;

M, mesangial cell; bm, basement membrane; fp, foot processes; mv, microvilli; ly, lysosome; mt, mitochondria.
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proof-of-concept organ bud transplantation might be a rational

approach toward the generation of vascularized and functional

complex organs. This culture principle will not only be a powerful

tool for the study of human developmental biology and pathol-

ogy using pluripotent stem cells, but it will also facilitate the

realization of next-generation generative medicine using

in-vitro-grown complex tissue architectures for currently un-

treatable patients.

EXPERIMENTAL PROCEDURES

Self-Condensation Culture

To generate liver buds in vitro, we resuspended �1–2 3 106 iPSC-hepatic

cells, �8–16 3 105 HUVECs, and �2–4 3 105 hMSCs in a mixture of EGM

and hepatocyte culture medium (HCM) (Cambrex) containing dexamethasone

(0.1 mM, Sigma-Aldrich), oncostatin M (10 ng/ml, R&D Systems), HGF

(20 ng/ml, Kringle Pharma, Inc.), and SingleQuots (Lonza) and plated them

onto pre-solidified Matrigel (BD Biosciences) in a 24-well plate. Mechanically

defined substrate (with methods described as follows) was mainly used in ex-

periments shown in Figure 2. Regarding the mixture ratios for pancreatic or

kidney tissue generation, we have adopted the following specific ratios.

Pancreatic cells: HUVEC: MSC = 10:5:2, and kidney cells: HUVEC: MSC =

10:1:2, but this needs further intensive optimization. After�4–6 days of culture,

self-organized human iPSC-LBs (iPSC-derived liver buds) were analyzed us-

ing a Leica TCS SP8 confocal microscope (Leica Microsystems, Germany).

To analyze the contribution of the substrate stiffness, we resuspended 2 3

106 HUVECs and 6 3 105 hMSCs in a mixture of EGM and seeded them on

a substrate placed in a 24-well plate.

Statistical Analysis

The data for the biological assays are expressed as themeans ± SD from three

or five independent experiments. Comparisons between three or four groups

were analyzed usingWilcoxon statistical analyses or the Kruskal-Wallis test by

ranks, and post hoc comparisons were performed using the Mann-Whitney

U test with a Bonferroni correction. Two-tailed p < 0.05 was considered to

be significant.
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