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Freshwater planarians are flatworms of the Lophotrochozoan superphylum and are well known for

their regenerative abilities, which rely on a large population of pluripotent adult stem cells. However,

the mechanisms by which planarians maintain a precise population of adult stem cells while balancing

proliferation and cell death, remain to be elucidated. Here we have identified, characterized, and

functionally tested the core Retinoblastoma (Rb) pathway components in planarian adult stem cell

biology. The Rb pathway is an ancient and conserved mechanism of proliferation control from plants to

animals and is composed of three core components: an Rb protein, and a transcription factor

heterodimer of E2F and DP proteins. Although the planarian genome contains all components of the

Rb pathway, we found that they have undergone gene loss from the ancestral state, similar to other

species in their phylum. The single Rb homolog (Smed-Rb) was highly expressed in planarian stem cells

and was required for stem cell maintenance, similar to the Rb-homologs p107 and p130 in vertebrates.

We show that planarians and their phylum have undergone the most severe reduction in E2F genes

observed thus far, and the single remaining E2F was predicted to be a repressive-type E2F (Smed-E2F4-1).

Knockdown of either Smed-E2F4-1 or its dimerization partner Dp (Smed-Dp) by RNAi resulted in

temporary hyper-proliferation. Finally, we showed that known Rb-interacting genes in other systems,

histone deacetylase 1 and cyclinD (Smed-HDAC1; Smed-cycD), were similar to Rb in expression and

phenotypes when knocked down by RNAi, suggesting that these established interactions with Rb may

also be conserved in planarians. Together, these results showed that planarians use the conserved

components of the Rb tumor suppressor pathway to control proliferation and cell survival.

& 2012 Elsevier Inc. All rights reserved.
Introduction

The ability to regulate cell division is a fundamental property
of all animals, and the Retinoblastoma pathway (Rb) is an ancient
and critical component of this process. Originally discovered in
humans, it is now clear that the Rb tumor suppressor pathway
existed prior to multicellularity and prior to the split between
animals and plants (Messenguy et al., 2000; Van den Heuvel and
Dyson, 2008; Wildwater et al., 2005). Mechanistically, there are
three proteins at the core of the Rb pathway: an RB protein, which
binds the transcription factor heterodimer complex composed of
E2F and DP proteins. E2F proteins are generally either transcrip-
tional activators or repressors, which compete for DNA binding at
genetic loci required for cell cycle progression (Attwooll et al.,
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2004; Crosby and Almasan, 2004). RB proteins typically disrupt
activating-E2F complexes and modify repressive E2F function,
thus altering the activator/repressor balance to fine-tune cell
cycle entry at the G1/S transition (Burkhart and Sage, 2008;
Classon and Harlow, 2002; Soleimani et al., 2012). RB binding to
E2Fs, in turn, is negatively regulated through phosphorylation of
RB by CDK/cyclin complexes (Dora et al., 1999). Cancer can result
in humans, for example, when Rb is mutated and activating-E2F
complexes drive ectopic cell cycle entry (Attwooll et al., 2004).

A large body of work has shown that the genes in the Rb
pathway have a complex evolutionary history as well as diverse
functions. For example, mammals have 3 RB homologs which are
partially redundant, can cross regulate, and have specific prefer-
ences for which types of E2Fs they bind (van den Heuvel and
Dyson, 2008). Furthermore, mammals have 8 E2F loci (E2F1-8):
E2Fs 1–3 are primarily activators, E2Fs 4–5 are primarily repres-
sors, and E2Fs 6–8 have lesser-known functions (van den Heuvel
and Dyson, 2008). Finally, mammals have 3 DP homologs. In total,
the high genetic redundancy in combination with the tissue or
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developmental stage of the animal, has led to the discoveries that
the Rb pathway functions in many diverse processes such as cell
cycle control, DNA segregation, apoptosis, cellular senescence,
and differentiation (Burkhart and Sage, 2008; Chicas et al., 2010;
Classon and Harlow, 2002; Crosby and Almasan, 2004; Moon
et al., 2008; Schvartzman et al., 2011; Wildwater et al., 2005). This
complexity has made it difficult to ascribe functions to any single
gene, and therefore, model organisms that have a simplified
genetic context for the Rb pathway can shed light on both its
evolution and function.

The Rb pathway has also undergone considerable evolution in
different animal phyla. Drosophila has 2 RBs, 2 E2Fs (1 activator,
1 repressor), and 1 DP (Betz et al., 1998). C. elegans has 1 RB,
3 E2Fs (only one of which has a mutant phenotype), and 1 DP.
Low genetic redundancy, typical of invertebrates, has allowed the
elegant genetic dissection of Rb pathway functions (van den
Heuvel and Dyson, 2008). These model systems have shown that
RB can transcriptionally repress target loci through the recruit-
ment of repressive chromatin remodelers such as histone deace-

tylase 1 (HDAC1) or complexes such as DREAM or NuRD (Cui et al.,
2006; Dufourcq et al., 2002; Ferreira et al., 1998; Lu and Horvitz,
1998; Rossi et al., 1998). Interestingly, the C. elegans Rb pathway
functions primarily to antagonize RAS-signalling in vulval differ-
entiation, and has minimal roles in cell division control (Lu and
Horvitz, 1998). In Drosophila, the Rb pathway controls cell cycle
entry during development by balancing activator and repressor
E2F function (Dimova et al., 2003; Frolov et al., 2001; Stevaux
et al., 2002). Interestingly, mutating both fly E2Fs leads to
relatively normal cell division and development until larval stages
(Frolov et al., 2001). In summary, work from flies and C. elegans

suggests that the Rb pathway does not function in tumor
suppression per se, even though it has roles in aspects of cell
division, cell death, and differentiation.

Despite the large body of work in vertebrates, flies, and
C. elegans, it has been difficult to test Rb pathway function in
adult animals or adult stem cells (ASCs), and there is virtually no
functional data from animals outside of these clades. Adult
freshwater planarians (flatworms) are ideal organisms to test
the functional evolution of the Rb pathway because they have a
large population of adult stem cells (ASCs), the ability to modulate
cell division of their ASCs on a global scale, and their phylogenetic
position in the Lophotrochozoan superphylum facilitates evolu-
tionary comparisons. The asexual planarian, Schmidtea mediterranea

(S. med), is a constitutive adult, with no known senescence or aging,
and can regenerate from virtually any injury (Elliott and Sánchez
Alvarado, 2012; Newmark and Sánchez Alvarado, 2002; Reddien
et al., 2005a; Reddien and Sánchez Alvarado, 2004). Both their
longevity and regenerative abilities depend on a large population of
pluripotent ASCs. Planarians have already been shown to have
conserved genetic mechanisms that control ASC proliferation, which
can be drastically modulated in a given context (Wenemoser et al.,
2012). For example, when planarians undergo injury, stem cells
temporarily hyper-proliferate to replace missing structures through
use of TOR signalling (Tu et al., 2012). In contrast, when planarians
are starved, they decrease cell division and increase apoptosis
(Kadosh and Struhl, 1998). Finally, non-injured planarians use the
p53, PTEN, and EGFR pathways to limit proliferation in their stem
cell lineages (Fraguas et al., 2011; Oviedo, 2008; Pearson and
Sanchez Alvarado, 2010). With a completely sequenced genome,
low genetic redundancy, and the ability to test gene function in
adult animals by RNAi, planarians are a powerful system to under-
stand the mechanisms of proliferation control in ASCs.

In this study, we tested the function of the Rb pathway in
proliferation control in planarians. We find that planarians (and
their phylum) have undergone the most severe reduction in the
Rb pathway described to date for any animal clade. Despite this,
each component of the canonical Rb pathway is involved in
regulating proliferation of adult stem cells. We find that Lopho-
trochozoans as a superphylum have lost an E2F7/8 homolog while
the flatworms have additionally lost an activating E2F1/2/3
homolog, and have only retained a single, repressive E2F4/5-like
molecule (Smed-E2F4-1). When Smed-E2F4-1 was knocked down
by RNAi, animals showed briefly increased cell cycle entry,
suggesting that this gene indeed functions as a repressor of cell
cycle genes. Similar results were obtained for E2F’s binding
partner, Smed-Dp. Our analysis of RB homologs showed that
planarians have a single Rb (Smed-Rb) that was more similar to
vertebrate RB-homologs, p107 and p130. This supported previous
data that p107/p130 represent the ancestral protein state of the
Rb family and that RB itself arose specifically at the base of the
Deuterostomes via gene duplication (Cao et al., 2010; Wirt and
Sage, 2010). When Smed-Rb was knocked down by RNAi, stem cell
self-renewal was abolished. Finally, we investigated the roles of
planarian orthologs of upstream (cyclins D and E)
and downstream (HDAC1) regulators of RB in other systems.
We found that both HDAC1 and cyclinD RNAi animals showed
phenotypes consistent with function in the Rb pathway and stem
cell self-renewal. Interestingly, planarians and other flatworms
appeared to have lost a cyclinE ortholog. From these data, we
concluded that planarians have retained the ancestral function of
the Rb pathway in proliferation control, however, they have done
so without retaining cyclinE or an activating E2F-like molecule.
From this, we hypothesize that planarians have evolved to
transcribe cell cycle entry genes through the negative regulation
of a repressive E2F complex.
Materials and methods

Phylogenetics and cloning

Rb pathway gene homologs were found in the sequenced and
assembled planarian genome as previously described (Pearson and
Sanchez Alvarado, 2010; Robb et al., 2008; Sánchez Alvarado et al.,
2002, 2003). Primers were designed and full length genes were
cloned by 30 RACE. Cloned ORFs were then converted to predicted
proteins and subjected to Bayesian phylogenetic analyses. Protein
sequences used in phylogenies were obtained from the NCBI Entrez
protein database or directly from the genome sequencing projects
of included organisms. The program Geneious (www.geneious.-
com) was used with the MUSCLE alignment plugin, and two tree
building plugins for Geneious were used as independent analyses.
Both Maximum Likelihood and Bayesian analyses were performed
with the following settings: Maximum Likelihood – 10,000 boot-
strap replicates, WAG substitution model, estimated distances;
Bayesian – 1million replicates, WAG substitution model, 4 heated
chains, 25% burnin, subsample frequency of 1000. Consensus
tree images were saved through Geneious, which were then
manipulated in Adobe Photoshop. Alignments are provided as
supplemental files A1-A2. Smed-Rb, Smed-E2F4-1, Smed-HDAC1,
Smed-cyclinD, and Smed-Dp sequences were deposited in GenBank
as accession numbers: JX967264-JX967268, respectively. Transcripts
listed in Tables S2–S3 can be found in the transcriptome database
associated with the NCBI GEO project: GSE37910.

Animal husbandry and RNAi

Asexual S. mediterranea CIW4 strain were reared as previ-
ously described (Sánchez Alvarado et al., 2002). RNAi experi-
ments were performed using previously described expression
constructs and HT115 bacteria (Newmark et al., 2003). Briefly,
bacteria were grown to an O.D.600 of 0.8 and induced with
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1 mM IPTG for 2 h. Bacteria were pelleted and mixed with
liver paste at a ratio of 500 ml of liver per 100 ml of original
culture volume. Bacterial pellets were thoroughly mixed into
the liver paste and frozen as aliquots. The negative control,
‘‘control(RNAi)’’, was the unc22 sequence from C. elegans as
previously described (Reddien et al., 2005a). All RNAi food was
fed to 7-day starved experimental worms every 3rd day for
3 total feedings for Rb, HDAC1, and cyclinD, and 4 feedings for Dp

and E2F4-1. All time points are given post-RNAi where day 0
was the day of the third feed for all conditions, and day 3 is
the 4th feed for Dp and E2F4-1 and their respective controls.
Amputations were performed 7 days after the final feeding
unless noted otherwise. All animals used for immunostaining
were 2–3 mm in length and size-matched between experimental
and control worms.

Deep sequencing

RNA deep sequencing of the planarian stem cell, stem cell
progeny, and differentiated tissue compartments was recently
performed (Labbe et al., 2012). Briefly, we used flow cytometry to
obtain a cell population highly enriched in stem cells as pre-
viously described (Hayashi et al., 2006). Approximately 1.3 million
stem cells were isolated on a Becton–Dickinson FACSaria over
7 independent sorts. Two samples of RNA were subjected to next
generation sequencing for comparison of differential expression
enrichment in the stem cell compartment: (1) sorted stem cells;
and (2) irradiated worms 7 days post-irradiation which have no
stem cells or stem cell progeny. Here, we specifically used the
expression data to the full-length transcripts for: Rb, E2F4-1, Dp,
cyclinD, and HDAC1 (Table S1); all planarian cyclins (Table S2);
and all planarian CDKs (Table S3).

Immunolabeling, TUNEL, and in situ hybridization (ISH)

ISH, double-fluorescent ISH (dFISH), and immunostaining were
performed as previously described (Pearson et al., 2009). Colori-
metric ISH and fluorescent phospho-histone H3 (H3P) stains were
imaged on a Leica M165 fluorescent dissecting microscope. The
rabbit monoclonal antibody to H3ser10p from Millipore (04–817)
was used for all cell division assays. TUNEL was performed as
previously described (Pellettieri and Alvarado, 2007). Rabbit
anti-PIWI-1 (gift of Dr. Peter Reddien (Wagner et al., 2011))
was used at 1:1500. TUNEL/PIWI-1 double stains were imaged
on a Leica DMIRE2 inverted fluorescence microscope with
a Hamamatsu Back-Thinned EM-CCD camera and spinning disc
confocal scan head. H3ser10p and TUNEL were quantified
using freely available ImageJ software (http://rsb.info.nih.gov/ij/).
Significance was determined by a Student’s t-test. All experiments
were, at minimum, triplicated and at least 10 worms were
used per stain and per time point. All time points are given as
post-RNAi where day 0 is the day of the final RNAi feeding.
Results

Platyhelminthes have single Rb and Dp homologs, and have

undergone an evolutionary reduction in E2F genes

Based on previous studies, it is clear that the ancestral state of
RB was closer in sequence and function to vertebrate p107/p130
proteins (Cao et al., 2010; Wirt and Sage, 2010). However, no
study has examined sequences from the Lophotrochozoa, where
several genome sequencing projects have been recently per-
formed. Examining sequences in the Lophotrochozoa is critical
because it is formally possible that RB and p107/p130 orthologs
exist in this superphylum and were lost in the Ecdysozoa. Thus,
the S. mediterranea genome and transcriptome were extensively
searched (Labbe et al., 2012; Robb et al., 2008; Sánchez Alvarado
et al., 2003), and similar to other non-chordates, a single homolog
of Rb was found (Smed-Rb; Rb for the rest of this article).
The full-length Rb was cloned and phylogenetic analyses were
performed, which gave several interesting results (Fig. 1A). First,
by using genomic sequences of four Lophotrochozoans, it was
clear that the ancestral state of Rb homologs was a single p107/
p130-like molecule. In addition, the two fly homologs of RB are
a Drosophila-specific duplication as three other insects and a
crustacean do not have more than a single RB homolog. Finally,
in the Deuterostome lineage, RB and p107/p130 split from each
other very early because two other non-vertebrate chordates have
clear RB and p107/p130 orthologs. Together, phylogenetic analy-
sis supported previous hypotheses that invertebrate RB homologs
are structurally more similar to p107/p130 and also represent the
ancestral sequence of the molecule (Cao et al., 2010; Wirt and
Sage, 2010). However, despite the fact the SMED-RB had approxi-
mately 10% more amino acid identity to p107/p130, we were
unable to identify domains that are present in vertebrate p107
and p130 and absent in vertebrate RB. These include an N-
terminal CDK-inhibitory domain, and a cyclin-binding domain
inside a split Rb-B pocket domain (Cao et al., 2010; Wirt and Sage,
2010). These domain rearrangements are thus likely to be
vertebrate-specific alterations because fly and C. elegans Rb
homologs also lack these features.

A search for a DP-like protein in the planarian genome
uncovered the presence of a single Dp gene, which has been the
case for all non-vertebrate organisms examined (Smed-Dp; Dp for
the rest of this manuscript). The planarian E2F gene complement
was more complex and interesting. A search of the planarian
transcriptome returned a single E2F. However, a search of the
planarian genome detected 4 other regions of E2F homology.
Three of these other E2Fs appeared to be recent duplicates based
on high nucleotide identity (i.e., 87–91% nucleotide identity) with
the intact E2F transcript, which explained why transcript assem-
bly could not assemble multiple E2F genes (Labbe et al., 2012). In
addition, two of the four genes had stop codons in key domains in
their predicted amino acid sequences, which suggested that these
may represent pseudogenes (we have named these sequences
Smed-pE2Fa-d). We were unsuccessful in cloning any of these
paralogous or pseudo-E2Fs, suggesting that they are either not
transcribed in asexual planarians or are degraded quickly. Finally,
it is noteworthy that even if the pseudo-E2Fs were transcribed,
RNAi is predicted to knock them down due to the near identical
nucleotide sequences.

The evolution of the E2F family has never been completely
understood, primarily because Lophotrochozoan genomes have
not been accessible until recently. To understand the evolution of
this gene family as a whole and in the flatworms, phylogenetic
analysis was performed using 6 Lophotrochozoans, which
included 4 flatworm species (Fig. 1B). This complement of species
yielded several interesting results. First, the ancestral E2F gene
complement for all animals was a single member of each: E2F1/2/
3/6, E2F4/5, and E2F7/8. This conclusion was reached because we
observed that C. elegans, the insect Nasonia vitripennis, and the
cnidarian Nematostella vectensis, have representative molecules
of all three E2F types (as do vertebrates). Second, it is clear that
E2Fs 1, 2, 3, and 6 arose specifically in the vertebrates through
duplication of a single gene. Third, Lophotrochozoans appear to
have lost an E2F7/8 homolog, which could not be found in
members of molluscs, annelids, or platyhelminthes. In terms of
the evolution of E2F genes in the Platyhelminthes, we observed
that an activating E2F1/2/3-like molecule was additionally lost in
this phylum. Finally, the observed S. mediterranea pseudo-E2F

http://rsb.info.nih.gov/ij/


Fig. 1. Evolution of the Rb pathway and analysis of Smed-Rb expression. (A) A Bayesian phylogeny of RB homologs. The S. mediterranea homolog used in this study clearly

groups with p107/p130. Non-vertebrate chordates have clear RB orthologs, and thus the split of RB from p107/p130 occurred at the base of the Dueterostomes. Only

Drosophila melanogaster was found to have more than a single RB homolog in the Protostomes used. (B) A Bayesian phylogeny of the E2F family. Nematodes, insects, and

vertebrates have representative members of each E2F sub-type. No E2F7/8 homolog could be found in the Lophotrochozoans, and no activating E2F1/2/3/6 could be found

in the flatworms. The S. mediterranea homolog used in this study clearly groups with E2F4/5. (C) WISH for the stem cell marker piwi-1, and Rb. Rb showed a stem cell

specific pattern, which was ablated by 24 h post-irradiation, similar to piwi-1. Rb expression in the brain remains following irradiation (blue arrowheads). White asterisks

mark the pharynx. (D) Double FISH for piwi-1 and Rb. White cells indicate double-positive cells which make up 90.5%71.8% of the piwi-1þ cell population. Examples of the

remaining 9.5% of piwi-1 single-positive cells are marked by yellow arrowheads. The blue arrowheads mark the Rb brain-specific expression. For phylogenies: only

bootstrap values over 50 or key nodes are shown; arrows indicate the S. mediterranea homolog used in this study. Species used: Mb¼Monosiga brevicollis; Nv¼Nematostella

vectensis; Crei¼Chlamydomonas reinhardtii; At¼Arabidopsis thaliana; Ce¼C. elegans; As¼Ascaris suum; Bm¼Brugia malayi; Dm¼Drosophila melanogaster; Tc¼Tribolium

castaneum; Ag¼Anopheles gambiae; Nvit¼Nasonia vitripennis; Dpul¼Daphnia pulex; Lg¼Lottia gigantea; Hr¼Helobdella robusta; Cc¼Capitella capitata; Mlig¼Macrostomum

ligano; Sman¼Schistosoma mansoni; Em¼Echinococcus multilocularis; Smed¼Schmidtea mediterranea; Sp¼Strongylocentrotus purpuratus; Bf¼Branchiostoma floridae;

Dr¼Danio rerio; Tn¼Tetraodon nigroviridis; Gg¼Gallus gallus; Mm¼Mus musculus; Hs¼Homo sapiens.
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duplications do not exist in other sequenced flatworms, nor do
these molecules represent other E2F types (i.e., all are predicted
to be E2F4/5 homologs). Whether these duplicates are specific to S.

mediterranea or are representative of other free-living flatworms
of the triclads or polyclads remains to be determined upon further
genome sequencing. In conclusion, while Rb and Dp genes are
represented by the ancestral single homolog in planarians, the
E2F family had an interesting evolutionary history and has been
reduced from 3 ancestral genes to 1 of the repressive-type E2F4/5
in flatworms. Thus, we have named this gene Smed-E2F4-1 (E2F4-
1 for the rest of this study).

Planarian Rb, E2F4-1, and Dp are primarily expressed in planarian

stem cells

To first determine where Rb, Dp, and E2F4-1 were expressed,
we performed whole mount in situ hybridization (WISH). While
we could not obtain specific expression patterns for Dp and
E2F4-1 (Fig. S1), the resulting pattern for Rb was similar to that
observed for the known pan-stem cell marker Smed-piwi-1
(Reddien et al., 2005b), with the additional pattern of expression
in the brain (Fig. 1C, blue arrow heads). If Smed-Rb is expressed in
planarian stem cells, its stem cell-like expression pattern should
disappear within 24 h following a lethal dose of irradiation,
similar to Smed-piwi-1 (Eisenhoffer et al., 2008). As expected,
when planarians were gamma-irradiated with 60 Gy., Rb stem cell
expression was abolished by 24 h while the brain pattern
remained due to planarian neurons being radiation-insensitive
(Fig. 1C). Further reduction in Rb expression was not seen over the
subsequent 24 h. Together, this suggested that Rb is expressed
primarily in the stem cell compartment.

We further examined whether Rb, E2F4-1, or Dp were expressed
in stem cells by two other methods: RNA deep sequencing of stem
cells (Labbe et al., 2012), and double fluorescent WISH (dFISH; Rb

only). Comparing stem cell expression to the rest of the tissues in
the worm, we found 9.9-fold differential expression in the stem
cell compartment for Rb and 3.1 and 3.8 fold differential expres-
sion for E2F4-1 and Dp, respectively (Table S1). Finally, dFISH
was performed with Rb and Smed-piwi-1. We found that 90.5%
(71.8%; 333/368 total cells, n¼5) of piwi-1þ cells also express Rb
Fig. 2. Live images representing the RNAi phenotypes from knockdown of Rb, E2F4-1 a

approximately 9 days following RNAi feeding (yellow arrows). E2F4-1 and Dp showed

ultimately resulted in a stereotypical stem cell defective phenotype of ventral curling by

regenerating a new head at either day 3 or 7 post amputation. White arrowheads mar

Rb(RNAi) animals showed virtually no regeneration by day 7. E2F4-1 and Dp RNAi anim

ability. These results demonstrated a requirement for the Rb pathway in both tissue h
(Fig. 1D). Taken together, our data showed that the core compo-
nents of the Rb pathway were highly expressed in the stem cell
compartment.

Planarian Rb, E2F4-1, and Dp are all required for stem cell function

during normal tissue homeostasis and during regeneration

To investigate the effects of Rb, E2F4-1, or Dp on stem cell
function, we knocked down expression of these genes using RNAi,
then observed animals for defects in tissue homeostasis in
uninjured animals. Stem cell loss in planarians by irradiation or
RNAi against stem cell-specific genes results in characteristic
stem cell deficient phenotypes including head regression, dorsal
lesions, and ventral curling (Pearson and Sanchez Alvarado, 2010;
Reddien et al., 2005a). Administration of RNAi against either Rb,
E2F4-1, or Dp led to the development of these stem cell deficient
phenotypes in 100% of the worms by 14–16 days post-RNAi
(Fig. 2A). It should be noted that a single lesion, directly dorsal
to the pharynx, was observed in E2F4-1 and Dp RNAi animals,
while multiple dorsal lesions were observed in Rb(RNAi) animals.
Although dorsal lesioning is commonly observed in the course of
stem cell deficient phenotypes, it is not a required step in the
progression, and it is largely unknown why it is observed.
Together, however, these phenotypes indicated that stem cell
output during tissue homeostasis requires the activity of the Rb
pathway.

The ability of planarians to regenerate is another assay
to examine proper stem cell functions in response to injury,
which involves temporary hyper-proliferation to make the miss-
ing tissue, and production of the correct differentiated progeny.
RNAi-treated worms were assayed using the same feeding sche-
dule as the homeostasis experiments combined with amputation
of the worms into 3 fragments 7 days after the final feedings
(the very beginning of any observable phenotypes). In all 3 RNAi
treatments, regeneration ability was markedly reduced at 3 days
of regeneration and severely compromised by 7 days of regene-
ration (Fig. 2B). This suggested that perturbation of the Rb path-
way impairs stem cell function, concordant with observations
during tissue homeostasis. Despite clear stem cell defective
phenotypes for both intact homeostasis and regeneration, these
nd Dp genes. (A) Intact phenotypes. Rb typically presented multiple dorsal lesions

a single dorsal lesion directly over the pharynx. Despite this, all RNAi treatments

14 days post RNAi. (B) Time course of head regeneration. Each image shows a tail

k the edges of the amputation, and any newly regenerated tissue is unpigmented.

als showed slightly more regeneration than Rb, yet were deficient for regenerative

omeostasis and regeneration.
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gross phenotypes do not predict a specific molecular mechanism.
Therefore, we next measured proliferation, survival, and differ-
entiation following Rb pathway knockdown.

The Rb pathway regulates stem cell division in planarians

Because the core Rb pathway is well established in other model
systems to have key roles in cell division, we first examined how
numbers of dividing cells may be changing during the time course of
the Rb, E2F4-1, or Dp RNAi phenotypes. To achieve this, we measured
the number of cells undergoing the G2/M transition of the cell cycle
using the antibody to Histone-H3 phosphorylated on serine 10 (H3P).
We quantified the staining every 3 days for 15 days following RNAi,
where day 0 in our time course is the day of the third RNAi feeding.
When knocked down, Rb(RNAi) animals showed a slight, yet sig-
nificant increase in cell proliferation at day 0 compared to controls,
while days 3 and 6 showed no difference with controls. After day 6,
however, Rb(RNAi) animals showed significant hypo-proliferation,
which suggested that Rb is either required for mitotic progression,
stem cell self-renewal, or for stem cell survival.

Due to the sequence similarity of E2F4-1 to the repressive E2Fs
4 and 5, we predicted that SMED-E2F4-1 may function as a
repressor. If the function of E2F in controlling cell cycle genes
has been conserved in planarians, then knockdown of a repressive
E2F may show de-repression of cell cycle genes and increased cell
cycle entry. In addition, because planarians only have a single Dp

gene, we predicted that all E2F function requires DP, and both
should have closely matched RNAi phenotypes. When we
knocked down either E2F4-1 or Dp by RNAi, significant increases
in cell division were observed for both conditions during the first
3–6 days following RNAi (Fig. 3). However, similar to Rb(RNAi)
animals, E2F4-1 and Dp RNAi animals ultimately resulted in loss
of proliferation. In total, our data showed that Rb pathway
components are required for proper proliferation control and
stem cell function in planarians. We next tested the effects of
losing Rb, E2F4-1 or Dp on the maintenance of the stem cell
population and the differentiation of stem cell progeny.

Rb, E2F4-1, and Dp are ultimately required for stem cell maintenance

The gross disruption of homeostasis and regeneration sug-
gested that the Rb pathway is necessary for stem cell output in
Fig. 3. Cell division (anti-H3P) during the course of Rb, Dp, or E2F4-1 RNAi phenotypes

day 3 post-RNAi, E2F4-1 and Dp RNAi animals showed significant increases in cell div

error bars are standard error). (B) Representative stains for both the hyper- (day 3) and h

the dorsal side with anterior to the left. Significance indicators: *¼po0.05; **¼po0.0
planarians (Fig. 2), however, the specific defects in lineage
production can happen at multiple levels in the lineage hierarchy
while yielding the same morphological phenotypes (Reddien
et al., 2005b). Planarians offer significant advantages to visualize
the entire stem cell population and stem cell progeny in whole
animals during the time course of phenotypic progression. It has
been shown that a large number of ‘‘early progeny’’ from
planarian stem cells become post-mitotic and express the marker
Smed-prog-1 within 24 h of their birth (formerly Smed-NB21.11e)
and then transition to a ‘‘late progeny’’ fate within the next 24–
48 h (Eisenhoffer et al., 2008). Combined with the stem cell
marker piwi-1, we can examine the population dynamics of these
three cell types, which can then provide mechanistic insight as to
how lineage development is affected. For example, if we observe a
decrease in stem cells and a concurrent increase in stem cell
progeny, then we would interpret this as premature differentia-
tion of the stem cell population. On the other hand, if all three cell
populations decrease with similar kinetics, this would be indica-
tive of a stem cell defect in the processes of cell division, self-
renewal, or cell survival. Analyses of the stem cells and their
progeny were performed for 15 days following RNAi for each
gene, and a steady decrease in both stem cells and their early
progeny was observed (Fig. 4). Furthermore, the late progeny
marker, AGAT1, followed a similar timecourse of loss (Figs. S2–S3)
(Eisenhoffer et al., 2008). These data suggested that the Rb
pathway is not necessary for the differentiation process, and
instead, the stem cell population is specifically affected, consis-
tent with our results for proliferation. Thus, the Rb pathway is
either necessary for stem cell division/self-renewal or cell survi-
val, which was tested next.

Planarian Rb is required for stem cell self-renewal and somatic cell

survival

Roles of vertebrate p107 and p130 in promoting cell survival
and differentiation are well known (Crosby and Almasan, 2004;
Jiang et al., 2010; Manning and Dyson, 2011; van den Heuvel and
Dyson, 2008). While we observed temporary stem cell hyper-
proliferation in both E2F4-1 and Dp RNAi-treated worms, these
knockdowns as well as Rb(RNAi) ultimately resulted in a loss of
stem cells. Because SMED-RB is more closely related in sequence
to p107/p130, we hypothesized that the loss of stem cells in
. (A) Each RNAi treatment was normalized to control worms and plotted above. At

ision, while Rb(RNAi) animals showed mostly hypo-proliferation (Student’s t-test,

ypo- (day 15) proliferation phases are shown to the right. Images were taken from

1; ***¼po0.001.



Fig. 4. Stem cell lineage development requires the Rb pathway. All panels show WISH for either stem cell or stem cell progeny markers during the time course of RNAi

phenotypes. All worms used were 2–3 mm in length. Even at the hyper-proliferation stage for E2F4-1 and Dp RNAi animals (day 3), increases in either stem cells or stem

cell progeny are not seen. By day 15 post-RNAi we observed severe reduction of the stem cells and stem cell progeny, suggesting that the Rb pathway is ultimately required

for cell proliferation, self-renewal, or cell survival.
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Rb(RNAi) animals may be due to increased apoptosis of stem cells,
as opposed to loss of self-renewal or increased exit from the cell
cycle. To test this, we first measured global cell death by TUNEL
labelling in Rb(RNAi) treated worms and then quantified cell
corpses. Following Rb(RNAi), we observed significant increases
in cell death during the time course of phenotypic progression
(Fig. 5A).

We hypothesized that the stem cell loss we observed was
specifically due to increases in stem cell death. To test this, we
performed a double labeling for PIWI-1 protein and TUNEL, and
then quantified levels of co-localization in RNAi-treated worms. It
should be noted that while the PIWI-1 antibody labels all piwi-1þ

stem cells, the PIWI-1 protein also perdures into and labels early
stem cell progeny to some extent (Guo et al., 2006; Scimone et al.,
2011). We focused our analysis on day 6 after RNAi feedings as
Rb(RNAi) animals still possess a substantial stem cell population
at this time point yet also exhibit increased TUNEL staining
(Figs. 4 and 5A). Following quantification of PIWI-1þTUNELþ

cells, we made several interesting observations. First, we unex-
pectedly detected TUNELþPIWI-1þ cells in our control(RNAi)
animals (Fig. 5C, E), which suggested that there is a basal level
of cell death experienced by unperturbed PIWIþ cells in planar-
ians. Second, we could not detect significant increases in cell
death in the PIWI-1þ population of cells upon knockdown of Rb

(Fig. 5E), which suggested that the stem cells may not require
Rb for survival. Finally, in several more phenotypically-severe
Rb(RNAi) animals at this time point, we observed high levels of
TUNEL labeling in anterior regions of animals where the stem
cells had already been lost (Fig. 5D). Thus, while we could not
conclude that Rb is required for stem cell survival, the contribu-
tion to increased global cell death is due to apoptosis of non-stem
cell types. Similar to the role of p107 in the survival of mouse
cortical neurons (Vanderluit et al., 2007), these dying cells may be
the neural cell types in the planarian brain that also express
planarian Rb, which was supported using TUNEL, the neural
marker anti-SYNAPSIN, and DAPI (Fig. 5F). From these data, we
concluded that Rb was not required for stem cell survival, and
thus the loss of cell division and stem cell population in Rb(RNAi)
animals was likely due to defects in self-renewal.

Smed-HDAC1 and Smed-cyclinD are also required for stem cell

self-renewal

Our results on the core Rb pathway components in planarians
showed a requirement for the pathway in stem cell self-renewal.
However, we sought to extend our analyses to include an
upstream and downstream regulator of RB function in other
systems. It is known that interaction with chromatin modifiers
is another major branch of RB functional activity (Chae et al.,
2012; Cui et al., 2006; Dufourcq et al., 2002; Ferreira et al., 1998;
Lu and Horvitz, 1998). For example, RB is known in other systems
to bind several chromatin remodelers, including histone deactylase



Fig. 5. Cell death quantification during the time course of the Rb(RNAi) phenotype. (A) We detected significant increases in TUNEL positive nuclei (TPN) at most time points

of phenotypic progression (Student’s t-test, error bars are standard error). (B)–(D) Anterior is to the left. Confocal images of PIWI-1 (green) and TUNEL (magenta) double

stains at day 6 post-RNAi. Asterisks denote position of the eyes, dashed line denotes body-edge. Any strong staining at the body-edge is considered background.

(B) control(RNAi), head region; (C) control(RNAi), tail region, inset shows a double-positive cell; (D) Rb(RNAi), head region with minimal stem cells yet high TUNEL labeling

in the brain region; (E) Quantification of TUNEL staining in PIWI-1þ cells between control and Rb RNAi animals; (F) A whole-mount stain on an Rb(RNAi) animal 9 days post

RNAi, anterior is to the left. Using the pan-neural synaptic marker anti-SYNAPSIN (green) and nuclei label DAPI (blue), the brain is easily visualized. TUNELþ cells (red)

were detected within the boundaries of the brain (white arrowheads), as well as peripheral neurons of the head (white arrows). Many other cells labeled near the margin

of the brain, and could not be distinctly counted as being neural in position (yellow arrowheads). From these data, some of the increased cell death observed when Rb is

knocked down, occurs in the brain. Significance indicators: *¼po0.05; **¼po0.01; ***¼po0.001.
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1 (HDAC1), which can mediate the transcriptional repression of
RB target genes and also has roles in regulating embryonic stem
cell self-renewal and differentiation (Dovey et al., 2010; Ferreira
et al., 1998; van den Heuvel and Dyson, 2008). In addition,
CyclinD-CDK4/6 and CyclinE-CDK2 complexes are well known
to phosphorylate and modify RB activity (Malumbres and
Barbacid, 2005). Similar to our analysis for the other components
of the Rb pathway, we searched the planarian genome and
transcriptome for HDAC1, cyclinD, cyclinE, and CDKs 2, 4, and 6.
Interestingly, planarians were found to have 20 homologs to
cyclin genes, though no homologs to cyclinE could be detected
(their expression analysis is summarized in Table S2). To ensure
that this sequence was not simply missing in planarians, 3 other
flatworm genomes were examined and no cyclinE genes could be
found, while 2 non-flatworm Lophotrochozoans had clear cyclinE

genes. Thus, it appeared that the loss of an activating E2F in
flatworms coincided with loss of cyclinE (see Discussion). For the
CDK gene family, 30 CDK homologs were detected and a best
reciprocal BLAST hit to CDK 2, 4, and 6 were all found (their
expression analysis is summarized in Table S3). Importantly, we
observed that the CyclinD-binding CDKs (4 and 6) were highly
enriched in stem cells, whereas the predicted CyclinE-binding
CDK (2) had virtually no expression in any cell compartment.

When the S. mediterranea genome was searched for the
presence of an HDAC1 homolog, a single ortholog with 75% amino
acid identity to mouse HDAC1 was found, which we have named
Smed-HDAC1 (HDAC1 for the rest of this manuscript; originally
found in the RNAi screen by Reddien et al. (2005a)). In addition,
we found a single cyclinD ortholog (Smed-cycD). Although expres-
sion patterns for cycD could not be detected, in situ hybridization
revealed that HDAC1 was expressed in a stem cell specific pattern,
which was ablated within 24 h following gamma irradiation
(Fig. 6A). Importantly, following irradiation we observed remain-
ing brain expression, similar to Rb (Fig. 1). Aligning the stem cell-
specific RNAseq data to the cycD and HDAC1 transcripts showed a
26.4- and 9.4-fold differential expression in the stem cell com-
partment over the rest of the worm, respectively (Table S1).

We next analyzed RNAi phenotypes during intact homeostasis
and regeneration following injury, and observed stem cell-
defective phenotypes in both contexts (Fig. 6C). Similar to the
observed phenotypes on cell division and lineage production in
Rb(RNAi) worms, HDAC1 and cycD RNAi animals displayed a loss
of stem cells, progeny, and H3P staining at early time points
following RNAi (Fig. 6B, D). Interestingly, the kinetics of the loss of
these markers was substantially more rapid than observed for Rb,
E2F4-1, or Dp. Whether this is due to real mechanistic differences
or simply different RNAi kinetics, could not be determined.
These data, however, were consistent with the notion that cycD

and HDAC1 may modulate the functions of RB in stem cell division
and self-renewal in planarians. In future studies, it will be
important to determine the genomic targets of RB and HDAC1
as well as the phosphorylation status of RB during the cell cycle to
further understand the biology of stem cell self-renewal in
planarians.
Discussion

Evolution of the Rb pathway and cell division

It is widely thought that the more ancient the conservation in
genetic pathways, the more difficult it is for natural selection to
alter them. Here we demonstrated that despite conservation from
plants to animals, the Rb pathway can be substantially modified.
In the first study to examine Rb pathway function and gene
complement in Lophotrochozoans, we showed that freshwater
planarians have conserved the ancestral roles for RB in cell
division and cell death. However, flatworms as a phylum have
undergone loss of an activating E2F homolog. Further analysis
showed that flatworms have also lost a cyclinE homolog, which is
a critical regulator of RB activity in other systems. It is interesting
to hypothesize that the loss of either cyclinE or the activating E2F
was an initial trigger that selected for the rapid loss of the other
gene to balance pathway activity (Fig. 7). On the other hand,
perhaps another cyclin has taken up the role of cyclinE in
planarians, or another molecule has substituted for the loss of
an activating E2F. Interestingly, the canonical binding partner of
CyclinE, CDK2, still exists in planarians, but has extraordinarily
low expression based on RNAseq, suggesting that it may no longer
function in the cell cycle (Fig. 7).

Our analysis of planarian RB has shown that it has more
sequence similarity to p107/p130 in vertebrates, and our func-
tional analyses support this conclusion. Similar to p107 in mice,
we show that Smed-Rb does not behave like a classical tumor



Fig. 6. Functions of HDAC1 and cycD in planarians. (A) Similar to Rb, HDAC1 showed a stem cell specific expression pattern, which was ablated by 24 h following 60 Gy. of

irradiation. Also observed was brain-specific staining once the stem cell pattern was ablated (blue arrowheads). Asterisks mark the pharynx. (B) Effects of HDAC1 and cycD

RNAi on stem cell lineage development showed dramatic reduction of both the stem cell population and stem cell progeny by day 6 post-RNAi. (C) When knocked down by

RNAi, HDAC1 and cycD animals showed stem cell defective phenotypes during both intact homeostasis and during head regeneration (white arrowheads mark dorsal

lesions or amputation plane). (D) As stem cells are lost, cell division goes down as expected, as measured by anti-H3P (Student’s t-test, error bars are standard error).

***¼po0.001.

Fig. 7. Model of Rb pathway function in planarians. (A) Planarian Rb functions at multiple levels in stem cell lineage development. Our data suggested that Rb and HDAC1

are specifically expressed in both stem cells and post-mitotic neurons in the brain. When knocked down by RNAi Rb and HDAC1 were required for stem cell self-renewal.

Some of the increase in cell death in Rb(RNAi) animals occurs in the brain, and Rb may have a pro-survival role in neurons. (B) Shown is the canonical regulation of Rb

activity by phosphorylation by cyclin/CDK complexes. When Rb is inactivated, activating E2F1-3/Dp complexes activate transcription of genes that drive entry into the cell

cycle. (C) Based on the data, shown is a graphical hypothesis how planarian Rb functions in adult stem cell proliferation control. Despite no activating E2F, and no cyclinE,

the core Rb pathway in planarians still controls cell division. We hypothesize that HDAC1 and CyclinD are still involved in this process, but may function slightly differently

to compensate for cyclinE and E2F1-3 loss. Red line through cyclinE denotes gene loss, while red line through CDK2 denotes no expression. We hypothesize that with no

activating E2F1-3, planarians may use an unknown activating transcription factor to transcribe cell cycle genes and enter the cell cycle.
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suppressor: it is highly transcribed in cycling cells, is required for
cell-cycle progression, and promotes cell survival. Unlike p107, it
does not appear that Smed-Rb is required for differentiation
because stem cell progeny were produced during the entire time
course of the Rb(RNAi) phenotypic progression (Fig. 4). Overall,
our results support the previous hypothesis that the ancestral
function of RB-like molecules was in cell division and cell
survival, similar to p107 and p130 in vertebrates, and when
combined with the plant and vertebrate data, also suggests that
RB evolved for specific roles in stem cell biology. It will be
interesting to further test whether the Drosophila Rb genes have
any unappreciated role in adult stem cell compartments such as
intestinal stem cells or neural stem cells.

E2F/Dp-independent roles of planarian Rb?

In other systems, RB proteins have been reported to have
approximately 100 binding partners in addition to E2F and DP
proteins (van den Heuvel and Dyson, 2008). Thus, similar to other
systems (Chi and Reinke, 2006), it is likely that planarian RB may
have roles independent of E2F4-1/DP and cell cycle regulation,
which is supported by the differences in phenotypic progression
between Rb(RNAi) and E2F4-1 or Dp RNAi worms. For example,
the very different kinetics of cell division suggests that RB may
have a different role in the stem cell from E2F4-1 and DP. Perhaps
this role is in chromatin remodeling to repress a different set of
target genes than the E2F4-1 targets. A recent report of another
RB-binding chromatin remodeler, RbAp48, also showed a stem
cell defective phenotype in the planarian Dugesia japonica,
although lineage markers were not used to analyze the phenotype
(Bonuccelli et al., 2010). Another well-known binding partner of
RB proteins, which is also involved in chromatin remodeling, is
histone. deacetylase 1 (HDAC1) (Ferreira et al., 1998). We find
both RbAp48 and HDAC1 to be very highly expressed specifically
in planarian stem cells (Table S1), and our results upon knock-
down of HDAC1 are consistent with the self-renewal and prolif-
eration defects observed for Rb(RNAi). In future studies, it will be
interesting to determine biochemically what other proteins bind
RB in planarians to elucidate complexes that function indepen-
dent of cell cycle regulation. Given the expression of Rb and
HDAC1 in the planarian brain and cell death observed in the brain
of Rb(RNAi) animals, one possibility is that RB functions in a
specific, pro-survival protein complex in planarian neurons
(Fig. 7). However, it remains formally possible that the increases
in cell death observed in Rb(RNAi) planarians, or Rb-mutants in
other model systems, could be due to cell non-autonomous
effects on differentiated tissues of losing the stem cell population.
We do not believe this to be the case because early time points in
the Rb(RNAi) time course have not lost appreciable numbers of
stem cells or stem cell progeny, yet show significantly increased
cell death (Figs. 4 and 5A).

p53 and Rb tumor suppressor pathways in stem cell lineage

development

In mammals, Rb and p53 pathways are known to converge and
synergize in many tumor types, such that double mutants of both
genes are more severe than either single mutants (Beck et al., 2000;
Berman et al., 2008; Chow et al., 2011; Meuwissen et al., 2003;
Miyamoto et al., 1996; Moon et al., 2008; Schvartzman et al., 2011;
Zhou et al., 2006). We have previously shown that planarian p53
primarily functions in newly-born stem cell progeny (prog-1þ

population) to promote differentiation and cell cycle exit. Therefore,
a simple model for loss of stem cells in Rb(RNAi) animals would be
the de-repression of p53 in stem cells, which would cause cell cycle
exit and premature differentiation. When we tested Rb(RNAi)
animals for de-repression of p53, we did not observe increases in
p53 expression, and therefore we believe that crosstalk between
these pathways may not be occurring in planarians (Fig. S4). In
addition, p53 is expressed in a different spatial domain than Rb, and
p53(RNAi) results in dramatically different effects on lineage pro-
duction than knockdown of the Rb pathway (Pearson and Sanchez
Alvarado, 2010). Finally, we did not observe increases in differen-
tiating cells in Rb(RNAi) animals (Fig. 4). Together this suggests that
both pathways serve fundamentally different roles in stem cell
lineage determination and cell cycle control (Fig. 7A). This is not
entirely unexpected because while the Rb and p53 pathways
converge in mammalian neural stem cell lineage development
and tumorigenesis, they appear to have differing roles in the
hematopoietic stem cell compartment (Liu et al., 2009; Walkley
and Orkin, 2006). In future experiments, it will be critical to
understand what the genomic targets of each pathway are in order
to further understand their roles in stem cell lineage development
and proliferation control.
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Signal transduction pathways play diverse, context-dependent
roles in vertebrate development. In studies of human embryonic
stem cells (hESCs), conflicting reports claim Wnt/β-catenin signal-
ing promotes either self-renewal or differentiation. We use a sen-
sitive reporter to establish that Wnt/β-catenin signaling is not
active during hESC self-renewal. Inhibiting this pathway over mul-
tiple passages has no detrimental effect on hESC maintenance,
whereas activating signaling results in loss of self-renewal and
induction of mesoderm lineage genes. Following exposure to
pathway agonists, hESCs exhibit a delay in activation of β-catenin
signaling, which led us to postulate that Wnt/β-catenin signaling is
actively repressed during self-renewal. In support of this hypoth-
esis, we demonstrate that OCT4 represses β-catenin signaling dur-
ing self-renewal and that targeted knockdown of OCT4 activates
β-catenin signaling in hESCs. Using a fluorescent reporter of β-cat-
enin signaling in live hESCs, we observe that the reporter is acti-
vated in a very heterogeneous manner in response to stimulation
with Wnt ligand. Sorting cells on the basis of their fluorescence
reveals that hESCs with elevated β-catenin signaling express
higher levels of differentiation markers. Together these data sup-
port a dominant role for Wnt/β-catenin signaling in the differen-
tiation rather than self-renewal of hESCs.

Embryonic stem cells (ESCs) derived from the inner cell mass of
preimplantation-stage mammalian embryos are pluripotent

cells capable of proliferating in their undifferentiated state in vitro
while maintaining the ability to give rise to all three primary germ
layers. Once established in culture, ESC lines can be propagated
indefinitely. Whereas human and mouse ESCs share many key
characteristics, these species differ in the signal transduction
pathways that influence self-renewal. This may be partly due to
the fact that human ESCs (hESCs) more closely resemble epiblast
stem cells from the mouse, which correspond to a slightly later
developmental stage than inner cell mass cells (1, 2).
The Wnt gene family encodes evolutionarily conserved, se-

creted glycoproteins that act as ligands to stimulate several signal
transduction pathways, thereby regulating processes in both
embryonic development and in adults (3–5). Signaling through
the best understood pathway, the Wnt/β-catenin pathway, is
mediated through posttranslational regulation of the stability of
β-catenin. Activation of Wnt signaling leads to the accumulation
of β-catenin in nuclei, where it binds to high mobility group
(HMG) box transcription factors of the T-cell factor (TCF) and
lymphoid enhancing factor (LEF) families and promotes con-
text-dependent changes in transcription (5).
Wnt/β-catenin signaling has been implicated in the mainte-

nance of both mouse and human ESCs in vitro (6–13). Wnt
signaling has also been reported to promote the acquisition of
a pluripotent state during reprogramming of somatic cells to
induced pluripotent stem cells (14, 15). Many studies have shown
that activating Wnt/β-catenin signaling promotes self-renewal of
mouse ESCs (mESCs) (6, 7, 10–13), whereas reciprocal loss-of-
function (LOF) studies indicate that β-catenin is required for

multilineage differentiation but is dispensable for self-renewal
(13, 16, 17).
The role of Wnt/β-catenin signaling in hESCs is less clear due

to contradictory results among published studies. Sato et al. (7)
found that activating the Wnt/β-catenin pathway with either
Wnt3A or a GSK3 inhibitor, BIO, maintained the self-renewal of
hESCs under feeder-free conditions. Conversely, others have
reported that Wnt3A or GSK3 inhibitors lead to differentiation
of hESCs toward primitive streak and definitive endoderm lin-
eages (18, 19). Ullmann et al. (20) found that BIO promoted
undifferentiated cellular morphology and maintained expression
of pluripotency markers in short-term assays, but was not suffi-
cient to expand undifferentiated hESCs over multiple passages.
In other studies, Wnt3A and Wnt1 transiently stimulated pro-
liferation and/or increased clonal survival of hESCs, but failed to
maintain other functional measures of pluripotency over several
passages (21–23). Whether Wnt/β-catenin signaling maintains
hESCs in an undifferentiated and self-renewing state, or whether
it promotes differentiation, remains controversial.

Results
Activation of Wnt/β-Catenin Signaling Promotes Loss of Self-Renewal
of hESCs. To resolve the roles of Wnt/β-catenin signaling in
hESCs, we first investigated the consequences of activating the
pathway during multiple passages of the cells. hESCs cultured
with Wnt3A conditioned medium (CM) adopt a morphology
characteristic of differentiation (Fig. 1A) and down-regulate
expression of stem cell surface markers, GCTM2 and CD9 (Fig.
1B). If Wnt/β-catenin signaling were promoting the maintenance
of hESCs, then one would expect the application of exogenous
Wnt3A ligand should promote expansion of phenotypically un-
differentiated cells via self-renewal. Therefore, we measured the
total number of GCTM2+/CD9+ cells present when hESCs were
cultured with Wnt3A CM at 1- and 2-wk time points. We ob-
served that increasing concentrations of Wnt3A CM led to sig-
nificantly fewer undifferentiated hESCs after 2 wk compared
with control CM (Fig. 1C). Remarkably, this change occurred
despite cells being cultured on mouse embryonic fibroblasts
(MEFs) and in medium otherwise supportive of maintenance.
Likewise, treatment of hESCs with Wnt3A CM also led to down-
regulation of POU5F1 (OCT4) and NANOG mRNA levels rel-
ative to control L cell CM (LCM) (Fig. 1D). Importantly, the loss
of maintenance markers occurred in a dose-dependent manner.
We also activated Wnt/β-catenin signaling with recombinant
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Wnt3A or with the GSK3-β inhibitor, BIO, and found that these
treatments led to similar results as Wnt3A CM (Fig. S1A).
We hypothesized that if Wnt3A CM promotes loss of hESC

maintenance through Wnt/β-catenin signaling, then we should be
able to block this effect using downstream inhibitors of the
pathway. XAV939 (XAV) is a Tankyrase inhibitor that effec-
tively antagonizes Wnt/β-catenin signaling downstream of re-
ceptor activation by stabilizing levels of Axin, a negative
regulator of β-catenin (Fig. S2) (24). We found that the ability of
Wnt3A CM to promote loss of maintenance of hESCs was
blocked by coincubating cells with XAV in a dose-dependent
manner (Fig. 1 A–C). This observation suggests that the effects
of Wnt3A CM are due specifically to Wnt/β-catenin signaling
and not to other components of the CM. Down-regulation of
POU5F1 and NANOG transcripts was also inhibited by XAV
(Fig. 1D). Collectively, these experiments demonstrate that ac-
tivating Wnt/β-catenin signaling leads to loss of hESC mainte-
nance under conditions that are permissive for self-renewal.

Endogenous Wnt/β-Catenin Signaling Is Not Required for Self-
Renewal of hESCs. We next investigated the effects of long-term
inhibition of Wnt/β-catenin signaling in hESCs. We cultured
hESCs with 2.5 μM XAV for 8 wk and found no significant dif-
ference from hESCs cultured in standard hESC medium (KSR)

on MEFs (Fig. 1 E and F). The weekly split ratio for XAV-
cultured hESCs was stable and the hESCs remain phenotypically
undifferentiated (>90% GCTM2+/CD9+, indistinguishable from
controls; Fig. 1E). Transcripts for POU5F1 and NANOG are
equal or higher in XAV- versus vehicle-treated hESCs (Fig. 1D).
These observations show that endogenous Wnt/β-catenin signal-
ing is dispensable for hESC self-renewal.

Wnt/β-Catenin Signaling Drives Mesoderm Lineage Differentiation of
hESCs. Our observation that cell morphologies change in the
presence of exogenous Wnt3A (Fig. 1A) suggested that Wnt/
β-catenin signaling promotes differentiation of hESCs. To in-
vestigate this directly we asked whether Wnt/β-catenin signaling
promotes changes in expression of a panel of lineage-specific
markers assessed by qRT-PCR. We found that Wnt3A leads to
elevation of transcripts associated with early mesoderm, endo-
derm, and primitive streak cell fates (Fig. 2A). Comparable
results are observed following treatment of hESCs with either
recombinant Wnt3A protein or with Wnt3A CM (Fig. S3). As
a control we showed that XAV blocks induction of mesoderm
and primitive streak transcripts in hESCs treated with Wnt3A
CM and reduces levels of endoderm transcripts (Fig. 2A). In-
terestingly, serum alone, without adding exogenous Wnt, also
induces transcripts associated with multilineage differentiation.
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Fig. 1. Wnt3A fails to maintain hESCs. (A) H1 cells cultured for 1 wk on MEFs in KSR media, 50% (vol/vol) control L cell CM (LCM) in KSR, 50% (vol/vol) Wnt3A
CM, or 50%Wnt3A CM + 2.5 μM XAV. DMSO vehicle control was included in all media without XAV. (B) Representative flow cytometric plots showing GCTM2
and CD9 coexpression in hESCs cultured in the same conditions as A for 1 wk. (C) Graph showing the total number of GCTM2+/CD9+ cells each week per well of
a 12-well plate. Graphs of mean + SEM from three independent experiments. Differences at week two (wk2) were significant by ANOVA with a posttest for
linear trend (*P < 0.05, ***P < 0.001). (D) Representatitve qRT-PCR of stem cell pluripotency-associated transcripts. Graphs of mean + SEM of experimental
replicates. (E) Representative flow cytometric plots of GCTM2 and CD9 coexpression for hESCs cultured continuously with 2.5 μM XAV for 6 wk. For C and D:
concentrations of Wnt3a CM tested were 12.5, 25, and 50%, with LCM added to yield 50% total CM; XAV concentrations tested were 0.2 μM and 2.5 μM in
50% Wnt3A CM. (F) Graph showing the total number of GCTM2+/CD9+ cells per well of a 12-well plate after 8 wk of continual exposure to 50% L or Wnt3A
CM, DMSO (vehicle control), or 2.5 μM XAV. Graphs of mean + SEM from two independent experiments.
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We found that inhibition of β-catenin signaling via XAV is also
sufficient to block serum-induced mesoderm transcripts in a dose-
dependent manner (Fig. 2B). Taken together, these results sug-
gest that Wnt/β-catenin signaling drives transcriptional changes
indicative of mesoderm lineage differentiation of hESCs. This
finding is in agreement with previous publications suggesting a
role for Wnt in differentiation rather than self-renewal of hESCs
(18, 19, 22).

Endogenous Wnt/β-Catenin Signaling Is Inactive in Undifferentiated
hESCs and Active in Differentiating hESCs. To monitor β-catenin/
TCF signaling in live cells, we generated multiple hESC lines
stably transduced with a fluorescence-based β-catenin activated
reporter (BAR-VENUS; Fig. 3A). Remarkably, hESCs stably
transduced with the BAR reporter have low/undetectable levels of
β-catenin signaling in mostly undifferentiated colonies, whereas
endogenous BAR activity is observed primarily in cases of mor-
phological differentiation (Fig. 3B). The levels of VENUS in
undifferentiated hESCs were similar to those produced by a con-
trol reporter that contained mutant TCF-binding sites, denoted as
found unresponsive BAR (FUBAR) (25). Moreover, we found
that CTNNB1 (β-catenin) siRNA transfection did not significantly
reduce basal levels of VENUS expression in undifferentiated
hESCs (Fig. 3C). This result suggests that endogenous Wnt/β-
catenin signaling is less active in undifferentiated hESCs during
self-renewal.

Heterogeneous Activation of Wnt/β-Catenin Signaling in Response to
Pathway Agonists Reflects Intrinsic Differences in hESCs. To confirm
that BAR could be activated, we stimulated hESCs with exoge-
nous Wnt3A or the GSK3 inhibitor, CHIR99021 (CHIR). We
also confirmed that β-catenin protein levels were stabilized, as
expected, with pathway agonists (Fig. S4). We observed a het-
erogeneous pattern of VENUS expression both within and be-
tween colonies of H1-BARV hESCs exposed to pathway agonists,
even though expression of the Ubiquitin-DsRED portion of the
integrated construct was strongly maintained in all colonies (Fig.
3 D and E). We then tested whether heterogeneity observed with
Wnt-induced VENUS expression was due to differences in the
intrinsic ability of the cells to respond to Wnt signaling or due to
transient silencing of the BAR-VENUS portion of the integrated

reporter. Specifically, H1-BAR-VENUS cells were stimulated
with Wnt3A CM for 72 h to induce VENUS expression, then
FACS-sorted cells into VENUS-negative, -low, and -high sub-
populations for transcriptional analysis. In this context, the
VENUS-negative cells had been exposed to the same Wnt3A
signal as the VENUS-positive cells. If VENUS-negative cells
have silenced the VENUS reporter but actively signal through
β-catenin, then we would expect their transcriptional response to
be equivalent to VENUS-positive cells. Instead, we found that
VENUS-negative cells have a much lower Wnt transcriptional
signature versus VENUS-positive cells (Fig. 3F), suggesting that
these cells in fact have low levels of β-catenin signaling. Com-
pared with control LCM-treated hESCs, Wnt-treated VENUS-
negative hESCs express similar or lower levels of transcripts for
Wnt/β-catenin target genes, as well as mesoderm and endoderm
lineages (Fig. 3F). Furthermore, VENUS-high cells express
higher levels of Wnt3A-induced transcripts compared with VE-
NUS-low cells, indicating that the fluorescent intensity of our
BAR-VENUS reporter correlates with quantitative transcrip-
tional measures of Wnt/β-catenin signaling. These results confirm
that the heterogeneous reporter response observed in BAR-
VENUS cells reflects genuine transcriptional differences in levels
of Wnt/β-catenin signaling in cultures of hESCs.
Interestingly, we observe that Wnt-induced reporter expres-

sion is reversible if VENUS-positive hESCs are replated back
into self-renewal conditions without Wnt (Fig. S5). hESCs
treated with Wnt3A CM for 1 wk, then replated in KSR media
without Wnt for another week also express an undifferentiated
phenotype, comparable to controls (Fig. S5).

hESCs Exhibit a Delay in Activating Wnt/β-Catenin Signaling Compared
with Nonpluripotent Cells. When we examined the time frame of
VENUS expression in hESCs following stimulation with Wnt3A,
we found that it takes at least 3 d to detect robust and statistically
significant increases in the percentage of VENUS-positive cells
above control LCM-treated cells (Fig. 3G). We also observed
consistent results regarding the kinetics of Wnt3A-induced re-
porter activation using H1-BAR-Luciferase (H1-BAR-Luc) cells.
In comparison with nonpluripotent cells, hESCs require longer to
activate the BAR-Luciferase reporter following stimulation with
Wnt3A (72 h for hESCs versus 18 h for nonpluripotent HEK293T,
RKO, and A375 cells; Fig. 3H). These observations are consistent
with the hypothesis that undifferentiated hESCs are refractory to
Wnt/β-catenin signaling due to active repression of the pathway
and that the delay in reporter response reflects the gradual alle-
viation of this repression.

Oct4 Functionally Represses Wnt/β-Catenin Signaling in Undifferentiated
hESCs. A key stem cell pluripotency factor, OCT4, has been pre-
viously reported to regulate levels of β-catenin (26). Thus, we
examined whether OCT4 functionally regulates Wnt/β-catenin
signaling in hESCs by carrying out LOF experiments with siRNAs.
Interestingly, transient knockdown of POU5F1 (OCT4) results in
activation of the BAR reporter (Fig. 4A) and stabilization of
β-catenin protein levels (Fig. S4) in hESCs independent of exog-
enous Wnt. Two of our POU5F1 siRNAs (POU5F1-A and -B)
achieved complete OCT4 knockdown in ≥90% of hESCs (Fig. 4 B
and C), whereas one POU5F1 siRNA sequence (POU5F1-C) was
less efficient at knocking down OCT4 protein (Fig. 4 B and D).
Levels of reporter activation resulting from OCT4 knockdown with
POU5F1-A and -B were statistically significant compared with
control siRNA and similar to, or higher than, that achieved by
knockdown of AXIN1 and AXIN2, known negative regulators of
β-catenin. BAR-VENUS expression could be blocked by cotrans-
fection of CTNNB1 siRNA with POU5F1 siRNA, indicating that
β-catenin is required for reporter activation in cells depleted
of OCT4.
Although reduced OCT4 expression will eventually lead to

differentiation of hESCs (27), at 72 h post-siRNA transfection
OCT4-negative hESCs are still positive for other stem cell
markers, GCTM2 and CD9 (Fig. 4C). This combination of cell
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surface markers was chosen because coexpression of GCTM2
and CD9 is reported to correlate with OCT4 protein coex-
pression, increased levels of pluripotency transcripts, and de-
creased levels of lineage-specific transcripts in hESCs (28).
Therefore, activation of the BAR reporter by POU5F1 knock-
down at this time point is unlikely to be due to overt differen-
tiation. Interestingly, when we treat hESCs with the inefficient
POU5F1 siRNA (POU5F1-C), which results in a mixed pop-
ulation of OCT4-positive and OCT4-negative cells, we observe
that all of the VENUS expression lies within the OCT4-negative
subpopulation (Fig. 4D). These experiments further support the
hypothesis that OCT4 functionally represses Wnt/β-catenin sig-
naling in hESCs.

We next investigated whether OCT4 gain-of-function can re-
press Wnt/β-catenin signaling in nonpluripotent cells. Indeed,
transient expression of OCT4 in HEK293T cells inhibits BAR
reporter activity induced by Wnt3A CM (Fig. 4E), consistent
with other reports (26, 29). OCT4 and NANOG are known to
regulate each others’ promoters (30–32). Not surprisingly, we
found that knockdown of POU5F1 in hESCs results in concur-
rent decrease of NANOG protein and vice versa (Fig. S6). Thus,
we also examined whether NANOG contributes to Wnt/β-cat-
enin repression in HEK293T cells. Our results indicate that ex-
pression of NANOG had no significant effect on Wnt-induced
BAR reporter activity, alone or in combination with OCT4,
implying that OCT4-mediated repression of Wnt/β-catenin sig-
naling does not require NANOG (Fig. 4F).
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Discussion
One explanation for variations in the effects of Wnt/β-catenin
activation in hESCs observed in different studies may involve the
dose and duration of Wnt stimulus. The fact that Wnt3A re-
quired more than 1 wk to significantly diminish self-renewal of
hESCs in the present study may explain why other studies that
used short-term assays did not observe the same effect. We also
tested multiple doses of Wnt3A and XAV to confirm effects
were dose dependent versus studies that used a single dose of
Wnt3A. Interestingly, similar to Bone et al. (18), we found that
the concentration of BIO published to maintain hESCs (2 μM)
(7) was not sufficient to robustly activate the β-catenin reporter
in the absence of exogenous Wnt (Fig. S1B). hESC maintenance
was diminished to a level similar to that observed with Wnt3A
when cells were cultured with a higher, reporter-activating con-
centration of BIO (4 μM) for 3 wk (Fig. S1A). Similarly, we
found that concentrations of recombinant Wnt3A that activated
the BAR reporter lead to loss of hESC maintenance, whereas
lower concentrations that did not robustly activate the reporter
had no effect on maintenance (Fig. S1 A and C).

Although other studies have concluded that Wnt/β-catenin
signaling is active in hESCs due to nuclear β-catenin immunos-
taining, subcellular localization of β-catenin in undifferentiated
versus differentiated hESCs is inconsistent between studies (7,
20). Moreover, steady-state levels of nuclear β-catenin do not al-
ways correlate with TCF-mediated transcriptional activity (33), and
the ability of β-catenin to facilitate transcriptional activation with
TCF may also be modulated by other interacting proteins, such as
ICAT for example (34). Therefore, our study used detection of
β-catenin/TCF transcriptional activity to monitor whether Wnt/
β-catenin signaling was active in live hESCs. Whereas negligible
endogenous β-catenin signaling was observed in undifferentiated
hESCs, endogenous signaling was subsequently elevated in hESCs
undergoing differentiation. Our demonstration that hESCs can be
sorted on the basis of a fluorescent β-catenin/TCF transcriptional
reporter provides a platform by which cells can be sorted on the
basis of live signaling activity, thereby allowing for more precise
interrogation ofWnt/ β-catenin signaling in a variety of downstream
applications.
Regarding the heterogeneity observed in β-catenin reporter

hESCs in response to exogenous Wnt3a, we cannot exclude the
possibility that some hESCs may be more primed for differenti-
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ation and this may account for differences in their sensitivity to
Wnt3a. Indeed, such heterogeneity has been previously reported
in hESC cultures (35). However, Wnt-induced reporter expres-
sion is reversible if the exogenous Wnt3a is withdrawn, and after
withdrawal the hESCs retain an undifferentiated phenotype and
self-renew, suggesting that VENUS-positive cells are not irre-
versibly committed to differentiate under these conditions.
Although Wnt/β-catenin signaling has been implicated in

promoting self-renewal of hESCs (7), several studies have found
β-catenin pathway activation transiently enhances hESC pro-
liferation and/or self-renewal, but ultimately fails to maintain
hESCs after multiple passages (9, 20–23). Our study calls for
a revised interpretation of the role of Wnt/β-catenin signaling in
hESCs and supports a primary role for Wnt/β-catenin signaling
in the differentiation, rather than self-renewal, of hESCs in vitro.
The long-term expansion achieved with sustained inhibition of
the pathway suggests that endogenous Wnt/β-catenin signaling is
in fact not required for the self-renewal of undifferentiated
hESCs. Furthermore, activating β-catenin signaling leads to in-
duction of mesoderm lineage transcripts and an eventual loss of
self-renewal after several passages. Given that activation of the
Wnt pathway leads to loss of hESC self-renewal, we speculate
that intrinsic inhibition of β-catenin/TCF signaling may actually
be critical for the maintenance of undifferentiated hESCs. In
support of this theory, we also find that Oct4, a key pluripotency
factor highly expressed in hESCs, functionally represses endog-
enous Wnt/β-catenin signaling in self-renewing hESCs. Taken

together, our results support a model whereby Wnt/β-catenin
signaling is repressed by Oct4 in the context of self-renewing
hESCs and is derepressed when hESCs differentiate.

Materials and Methods
hESC Culture. H1 hESCs were cultured on irradiated MEF feeders (2.5 × 104

MEF/cm2) in 20% (vol/vol) knockout serum replacement medium + 8 ng/mL
basic (b)FGF (36). Colonies were passaged ∼1:12 weekly as small clusters
using dispase (1.75 units/mL; Invitrogen). This split ratio corresponds to
30,000–50,000 hESCs per centimeter squared. MEF carryover was minimized
during passage by gravity settling hESC clusters in a conical tube, and then
aspirating the medium above the settled pellet before seeding hESCs. For
feeder-free experiments, hESCs were seeded onto matrigel (Invitrogen;
coated at 35 μg/cm2) and cultured in KSR medium + 4 ng/mL bFGF condi-
tioned overnight on irradiated MEFs (6 × 104 MEF/cm2) (hereby referred to as
MEF CM). MEF CM was sterile filtered and freshly supplemented with 8 ng/
mL bFGF before use. All hESC lines used for this study were confirmed to be
karyotypically normal and mycoplasma-free. For manual selection of hESC,
see Fig. S7.

Additional experimental procedures are provided in SI Materials
and Methods and Table S1.
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Single Adult Kidney Stem/Progenitor Cells
Reconstitute Three-Dimensional Nephron
Structures In Vitro

SHINJI KITAMURA,a HIROYUKI SAKURAI,b HIROFUMI MAKINO
a

Key Words. Adult kidney tissue stem cells • Three-dimensional nephron structures in vitro •

Organogenesis

ABSTRACT

The kidneys are formed during development from two distinct primordial tissues, the meta-
nephric mesenchyme and the ureteric bud. The metanephric mesenchyme develops into the
kidney nephron, the minimal functional unit of the kidney. A nephron consists of several seg-
ments and regulates water, electrolyte, and acid-base homeostasis in addition to secreting cer-
tain hormones. It has been predicted that the kidney will be among the last organs successfully
regenerated in vitro due to its complex structure and multiple functions. Here, we show that
adult kidney stem/progenitor cells (KS cells), derived from the S3 segment of adult rat kidney
nephrons, can reconstitute a three-dimensional kidney-like structure in vitro. Kidney-like struc-
tures were formed when a cluster of KS cells was suspended in an extracellular matrix gel and
cultured in the presence of several growth factors. Morphological analyses revealed that these
kidney-like structures contained every substructure of the kidney, including glomeruli, proximal
tubules, the loop of Henle, distal tubules, and collecting ducts, but no vasculature. Our results
demonstrate that a cluster of tissue stem/progenitor cells has the ability to reconstitute the
minimum unit of its organ of origin by differentiating into specialized cells in the correct loca-
tion. This process differs from embryonic kidney development, which requires the mutual induc-
tion of two different populations of progenitors, metanephric mesenchymal cells and ureteric
bud cells. STEM CELLS 2015;33:774–784

INTRODUCTION

In the embryo, the kidney develops from two

primordial cell types, metanephric mesenchymal

cells and ureteric bud cells. These cells differenti-

ate into more than a dozen distinct mature cell

types in the kidney. The minimum unit of the

kidney, the nephron, is composed of well-

defined segments: the glomerulus, the proximal

tubule (S1, PCT, S2 and S3), the loop of Henle,

the distal tubule, and the collecting duct

(Fig. 1A) [1]. Because of this complicated struc-

ture, it is believed that the kidney will be among

the last organs successfully regenerated in vitro.

Despite the challenge, a few attempts have

been reported to aim (re)construction of the

kidney. For example, glial cell line-derived

neurotrophic factor (GDNF)-overexpressing

human mesenchymal stem cells differentiate

into nephron structure when they are injected

near the ureteric bud of rat embryo [2]. This

report “borrowed” the in vivo kidney organo-

genesis machinery. Recently, acellular kidney

extracellular matrixes have been shown to serve

as scaffolds for the functional new kidney [3],

suggesting the importance of the three-

dimensional structure of the kidney. Another

group has tried to develop three-dimensional

branching tubular structures from the embry-

onic ureteric bud or its primordial tissue, Wolf-

fian duct, and let the structures induce freshly

isolated metanephric mesenchyme cells to form

nephron [4]. Their “neo-kidneys” attract host

blood vessels toward them when they are

transplanted into the kidney capsule.

In addition to these tissue engineering

approaches, some groups have attempted to

differentiate pluripotent stem cells into the

kidney [5, 6]. A major problem of using such

pluripotent stem cells is that undifferentiated

cells may form ectopic tumors. In this regard,

tissue stem cells are thought to be ideal

source for kidney regeneration. Recently,

Taguchi et al. [7] has succeeded in pinpointing

nephron progenitors in mouse embryo and has

established an efficient induction method for

embryonic stem cells (ESCs) to become neph-

ron progenitors. Since Six2-positive embryonic

nephron progenitor cells are reported to be

absent in the adult kidney [8], several other

candidate cells for adult tissue stem cells have

been proposed [9–11].
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We previously established kidney stem/progenitor cells (KS

cells) from adult kidney in an attempt to find a cell that has

very high proliferating capacity [12] and demonstrated that

these cells enhance the process of recovery from acute renal

injury in rats [13]. KS cells in monolayer culture appear epithe-

lial, rapidly proliferate, and are shown to express stem cell

markers such as Sca-1, c-Kit, Nestin, and Mushashi-1 together

with renal lineage marker such as Pax-2, WT-1. They seem to

spontaneously differentiate into various renal tubular epithelial

cells in two-dimensional (2D) culture as they become positive

for aquaporin (AQP)1, AQP2, or Tamm-Horsfall glycoprotein

(THP) and form numerous tubular structures in vivo after injec-

tion into the muscles of immunodeficient mice [12]. Based on

the expression pattern of a marker protein, KS cells are similar

to metanephric mesenchymal cells, a population in which

embryonic kidney tissue stem cells have been reported to

exist. Because KS cells resemble embryonic kidney tissue stem

cells and form numerous tubular structures in vivo after injec-

tion into the muscles of immunodeficient mice [12], we

hypothesized that these cells may have the potential to

undergo further differentiation into kidney-like structures.

MATERIALS AND METHODS

Establishment of Rat KS Cells

KS cells were obtained by microdissection from adult SD rat kid-

neys as previously described [12]. To harvest the KS cells, we iso-

lated single nephron from SD rat (Clea Japan, Inc., Tokyo, Japan,

http://www.clea-japan.com/en/index.html) with microdissection

methods. We microdissected each segments from nephron, such

as glomeruli, proximal convoluted tubule (S1/PCT), proximal

straight tubule (S2, S3), medullary thick ascending limb of Henle’s

loop and collecting duct. Each of the segments was transferred

into wells of 96-well plate that coated with type IV collagen (BD

Biosciences, www.bdbiosciences.com). The segments we cul-

tured in a 1:1 mixture of culture supernatant (Dulbecco’s modi-

fied Eagle’s medium [DMEM, www.sigma-aldrich.com]

containing 10% fetal calf serum (FCS)) from mouse mesenchymal

cells (MCSs) provided by Dr. Sugaya T (CMIC Company, Limited,

Tokyo, Japan) and modified K1 medium (1:1 mixture of DMEM

and Ham’s F-12 medium, [GIBCO, www.lifetechnologies.com/

gibco], supplemented with 10% FCS, 5 mg/ml insulin, 2.75 mg/ml

transferrin, 3.35 ng/ml sodium selenious acid [GIBCO, ww.invitro-

gen.com/GIBCO], 50 nM hydrocortisone [Sigma, www.sigma-

aldrich.com], 25 ng/ml hepatocyte growth factor [Sigma], and

2.5 mM nicotinamide [Sigma, www.sigma-aldrich.com]) for 7

days at 37�C and 5% CO2/100% humidity. Outgrowing cells were

harvested. We examined the morphology, the capacity of cell

proliferation, and gene expression described previously [12].

Then we harvested the KS cells. The KS cells were maintained on

type IV collagen (BD Biosciences, www.bdbiosciences.com) and

in same previous culture condition, as undifferentiated culture

condition. KS cells were differentiated in previous culture condi-

tion without MCSs, as differentiated culture condition described

previously [12]. KS cells could be harvested from an adult rat kid-

ney multiple times. We used the harvested other KS cells with

characteristics similar to those of KS 56 cells.

Establishment of Rat Metanephric Mesenchyme Cells
and Ureteric Bud Cells

Metanephric mesenchyme (MM) and ureteric bud (UB) tissues

were dissected from the embryonic kidneys of timed pregnant

SD rats (Crea JAPAN, Japan, http://www.clea-japan.com/en/

index.html) at day 13 (e13) of gestation with fine forceps. Cells

were cultured on type IV collagen (BD Biosciences, www.bdbio-

sciences.com) and maintained in a 1:1 mixture of culture

Figure 1. Kidney tissue stem cell-like characteristics of KS cells.
(A): Nephron structure: G; proximal tubule, S1, PCT, S2, S3 and
loop of Henle; DT; CD. (B–G): Characteristics of KS cells compared
to 17-day-old embryonic rat kidneys (E17K). (B): Green, Six2;
blue, DAPI. (C): Green, CD133; blue, DAPI. (D): Green, Vimentin;
blue, DAPI. Compared to 17-day-old embryonic rat kidneys. (E):
Green, Six2; red, Dolichos biflorus agglutinin, blue, DAPI. (F):
Green, CD133; red, Dolichos biflorus agglutinin, blue, DAPI. (G):
Green, Vimentin; red, Dolichos biflorus agglutinin, blue, DAPI.
Representative cell staining photomicrographs from four to five
independent experiments and embryonic kidney staining photo-
micrographs from two to three independent experiments. Scale
bar5 5 mm. Abbreviations: CD, collecting duct; DT, distal tubule;
G, glomerulus; KS cell, kidney stem/progenitor cell.
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supernatant (DMEM containing 10% FCS) from MCS and modi-

fied K1 medium (1:1 mixture of DMEM and Ham’s F-12

medium, (GIBCO, www.lifetechnologies.com/gibco), supple-

mented with 10% FCS, 5 mg/ml insulin, 2.75 mg/ml transferrin,

3.35 ng/ml sodium selenious acid [GIBCO, www.invitrogen.

com/GIBCO], 50 nM hydrocortisone [Sigma, www.sigma-aldrich.

com], 25 ng/ml hepatocyte growth factor [Sigma, www.sigma-

aldrich.com], and 2.5 mM nicotinamide [Sigma, www.sigma-

aldrich.com]) at 37�C and 5% CO2/100% humidity. Outgrowing

cells were observed after 7 days. We harvested the outgrowing

cells and divided them to obtain single cells using the limiting

dilution method. Finally, we harvested a monoclonal MM cell

line and a UB cell line.We used cells after four to eight passages

for this study.

Three-Dimensional Culture

The KS cell sheets were incubated with trypsin and harvested.

We generated a cell cluster from a KS cell sheet using the

hanging drop method. The cell suspensions were incubated at

50 ml/well using the hanging drop method. One well contained

from 6.25 3 103 to 200 3 103 KS cells. We cultured the cell

clusters for 6–8 hours using the same condition used for the

hanging drop method. After making KS cell clusters, we placed

the cell clusters into a half Matrigel (BD Biosciences, DMEM/F-

125 1:1). The half Matrigel was situated on top of Transwell

filters (Costar). Each cluster was cultured in DMEM/F-12 sup-

plemented with 10% FCS, 250 ng/ml GDNF (R&D Systems,

http://www.rndsystems.com/), 250 ng/ml basic fibroblast

growth factor (b-FGF) (Calbiochem, http://www.merckmillipore.

com/JP/ja/life-science-research/Eseb.qB.nekAAAE_lD53.L6J,nav?

RedirectedFrom5http://www.calbiochem.com/), and 250 ng/ml

hepatocyte growth factor (HGF) (Sigma, www.sigma-aldrich.

com) for 3–7 days until it displayed budding. After budding, we

added 500 ng/ml epidermal growth factor (EGF) (R&D Systems,

http://www.rndsystems.com/) and 250 ng/ml BMP-7 (R&D

Systems, http://www.rndsystems.com/) to the samples and

incubated them at 37�C and 5% CO2/100% humidity for 2

weeks. The kidney-like structures were observed reproducibly

as described previously.

Electron Microscopy

For electron microscopic analysis, pieces of specimens were

cut into small blocks and immersed in 0.1 M cacodylate

buffer containing 2.5% glutaraldehyde (pH 7.2) for 2 hours,

dehydrated through ascending grades of ethanol, and finally

embedded in Epon 812. Thin sections were stained with ura-

nyl acetate and citrate and examined using a transmission

electron microscope (HiTACHI Electron Microscope Model H-

700, Hitachi, Japan).

Immunostaining

Cells were cultured on 16-well chamber slides (Nunc, www.

thermosci.jp) coated with type IV collagen (BD Biosciences,

www.bdbiosciences.com). And frozen tissue sections of kidney-

like structures, 17-day-old embryonic rat kidneys, and adult rat

kidneys were subjected to immunofluorescence staining using

primary antibodies raised against Nephrin (Progen, www.pro

gen.de), Thy-1 (Santa Cruz, www.scbt.com), vWF (Chemicon,

Temecula, CA, www.millipore.com), CD31 (Ab cam, www.

abcam.co.jp), aquaporin-1 (Chemicon, Temecula, CA, www.milli

pore.com), Na-K-Cl cotransporter 2 (NKCC2) (Lifespan Bioscien-

ces, www.lsbio.com/), THP (AbD, www.abdserotec.com),

aquaporin-2 (Chemicon, Temecula, CA, www.millipore.com),

vimentin (Sigma, www.sigma-aldrich.com), Six2 (Proteintech),

CD133 (Santa Cruz, www.scbt.com), and pancreatic and duode-

nal homeobox-1 (PDX-1) (Santa Cruz, www.scbt.com); second-

ary antibodies conjugated with FITC or rhodamine (Chemicon,

(www.millipore.com) or Invitrogen, (www.lifetechnologies.com),

Molecular Probes, (www.lifetechnologies.com)); and DAPI

(Roche, https://lifescience.roche.com/) as previously described

[12]. For immunohistochemistry, the samples were fixed with

acetone for approximately 5 minutes at 4�C. Images were

recorded using a confocal fluorescence microscope (ZEISS Con-

focal Laser Scanning Microscope Model LSM510), FSX-100

(Olympus, Japan), or BIOZERO BZ-8000 fluorescent microscope

(Keyence, Japan).

PCR

To release the kidney-like structures from the half Matrigel

ECMs, we used a cell recovery solution (BD Biosciences, www.

bdbiosciences.com). We washed the kidney-like structures and

the half Matrigel twice with Ca2Mg2 phosphate-buffered

saline (PBS). We then added cell recovery solution on top of the

half Matrigel ECMs, allowed it to sit for 10–20 minutes,

removed the kidney-like structures using fine forceps under a

microscope, and placed the kidney-like structure in tubes. Total

RNA was extracted using the RNase plus Mini Kit (QIAGEN,

www.qiagen.co.jp). The total RNA was reverse transcribed into

cDNA. As RT-PCR, amplified using the GeneAmp RNA PCR core

kit (Roche, https://lifescience.roche.com/) with specific primer

pairs for each gene. The reactions were subjected to agarose

gel electrophoresis and visualized as previously described [12].

The primers are listed in Supporting Information Table S1.

Establishment of Single KS Cell Colony from KS Cells

The KS cells were separated to single KS cell using limiting

dilution methods. The single KS cell was cultured on type IV

collagen (BD Biosciences, www.bdbiosciences.com) and was

maintained in a 1:1 mixture of culture supernatant (DMEM

containing 10% FCS) from MCSs and modified K1 medium (1:1

mixture of DMEM and Ham’s F-12 medium, supplemented

with 10% FCS, 5 mg/ml insulin, 2.75 mg/ml transferrin, 3.35

ng/ml sodium selenious acid [GIBCO, www.invitrogen.com/

GIBCO], 50 nM hydrocortisone [Sigma, www.sigma-aldrich.

com], 25 ng/ml hepatocyte growth factor [Sigma, www.sigma-

aldrich.com], and 2.5 mM nicotinamide [Sigma, www.sigma-

aldrich.com]) at 37�C and 5% CO2/100% humidity as previous

described [12].

Statistical Analysis

The number of kidney-like structure formation from single KS

cells data was compared between group using Student’s

t tests. Significance was defined as p< .05.

RESULTS

Character of KS Cells

KS cells express stem cell markers such as Sca-1, c-Kit, Nestin,

and Mushashi-1 together with renal lineage marker such as

Pax-2, WT-1. In addition, KS cells expressed Six2 [8] (Fig. 1B),

CD133 [10, 14] (Fig. 1C), and Vimentin [10] (Fig. 1D), which
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are reported as kidney stem cell markers that were expressed

in embryonic kidney (Fig. 1E–1G) [8, 10, 14]. The Musahi-1-

positive cells decreased when we cultured the KS cells under

differentiated culture condition (Supporting Information Fig.

S1A, S1B). In addition, aquaporin-1 altered the expression and

distribution when we cultured KS cells under differentiated

Figure 2. Development of kidney-like structures from KS cells in vitro. (A): KS cells on type IV collagen. (B): KS cell sheet. Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F-12, 10% FCS, 250 ng/ml GDNF, 250 ng/ml b-FGF, 250 ng/ml HGF, 250 ng/dl BMP-7, and 500 ng/ml EGF. (C):
The method used for three-dimensional culture. A KS cell cluster was placed into half Matrigel using a combination of culture conditions. (D–
O): KS cell clusters were cultured under various conditions for 3 weeks. (D): KS cell cluster in half Matrigel. (E): DMEM/F-12 and 10% FCS. (F):
DMEM/F-12, 10% FCS and 250 ng/ml GDNF. (G): DMEM/F-12, 10% FCS, and 250 ng/ml b-FGF. (H): DMEM/F-12, 10% FCS, and 250 ng/ml
HGF. (I): DMEM/F-12, 10% FCS, 250 ng/ml GDNF, 250 ng/ml b-FGF, and 250 ng/ml HGF. (J): DMEM/F-12, 10% FCS, and 500 ng/ml EGF. (K):
DMEM/F-12, 10% FCS and 250 ng/ml BMP-7. (L): DMEM/F-12, 10% FCS, 250 ng/dl BMP-7, and 500 ng/ml EGF. (M): DMEM/F-12, 10% FCS,
250 ng/ml GDNF, 250 ng/ml b-FGF, 250 ng/ml HGF, 500 ng/ml EGF, and 250 ng/ml BMP-7. (N): DMEM/F-12, 10% FCS, and 250 ng/ml activin
A. (O): DMEM/F-12, 10% FCS, and 250 ng/ml follistatin. All cultures contained antibiotics (1% penicillin1 streptomycin). (H, I): Representative
pictures were presented after KS cell cluster culture for 3 weeks from three to four independent experiments. Scale bar5 100 mm. Abbrevia-
tions: FCS, fetal calf serum; b-FGF, basic fibroblast growth factor; EGF, epidermal growth factor; GDNF, glial cell line-derived neutrophic factor;
HGF, hepatocyte growth factor; KS cell, kidney stem/progenitor cell.
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culture condition (Supporting Information Fig. S1C, S1D).

Based on these findings, KS cells may be very close to adult

kidney-specific tissue stem cells. Thus, in this study, we

explore their potential to self-organize and reconstruct the

kidney.

Reconstituting Kidney-Like Structure from Kidney
Stem/Progenitor Cell Cluster

The KS cells grew like cobbled stone in 2D condition (Fig. 2A).

The KS cells did not show any signs of morphogenesis in the

presence of any growth factors when tested under 2D culture

conditions (Fig. 2B). Therefore, we generated cell clusters

from the KS cells using the hanging drop method (Fig. 2C).

The cell clusters (Fig. 2D) were transferred into three-

dimensional extracellular matrix (ECM) gels and cultured in

the presence of multiple growth factors. These growth factors

were chosen because they reported to be critical in certain

stages of kidney development [15–19]. Different growth

factor combinations have been tested (Fig. 2E–2O) and a

combination of GDNF, b-FGF, HGF, EGF, and BMP-7 consis-

tently induce the most kidney-like structure (Fig. 2M), defined

as a central large cyst (pelvis-like structure) with multiple

tubular projections (collecting duct/kidney tubule-like struc-

ture), with ball-like termini (glomerulus-like structure) after

3–4 weeks of culture. The efficiency of inducing such struc-

tures was more than 70%. As long as sufficient numbers of KS

cells were put into the cluster (describe later), the kidney-like

structures developed 9–10 times out of 12 attempts.

This morphogenesis seemed unique to KS cells as either

embryonic kidney-derived UB cell cluster or metanephric mes-

enchyme cell cluster did not undergo such a process (compare

Supporting Information Fig. S2A–S2C). Moreover, another tis-

sue stem cell type, a PDX-1-positive cell line (Supporting Infor-

mation Fig. S2D, S2E) that has been reported to be a

pancreas progenitor cell [20], did not reconstitute the renal

structure under the same culture conditions (Supporting Infor-

mation Fig. S2F). However, the PDX-1-positive cell cluster

reconstituted pancreatic-like formation in another culture

condition (Supporting Information Fig. S2G). These results sug-

gested that each tissue stem cell has a unique ability to differ-

entiate into its organ of origin.

We also noticed that three-dimensional structure of KS

cells depended on the size of the initial KS cell cluster (Fig. 3):

(a) when less than 6.25 3 103 cells were used for the cluster,

only cystic structures developed, (b) long, distinct tubular struc-

tures became apparent as the initial cell number was increased

up to 50 3 103 cells, and (c) kidney-like structures developed

when the initial cell number exceeded 100 3 103 cells (Fig. 3).

Morphological Analysis of Kidney-Like Structure

To characterize the kidney-like structures further, we exam-

ined each substructure at the cellular level. Ball-like structures

at the tips of numerous tubules contained many cells

(Fig. 4A). We examined each substructure at the cellular level.

Round, glomerulus-like structures were observed at the tips

of numerous tubules after 4 weeks of culture (Fig. 4B). The

glomerular configurations consisted of lumens covered by Bow-

man’s capsule-like structures (Fig. 4C). They were distinct from

the cysts and looked similar to the kidney glomeruli by elec-

tron microscopy (EM) analysis (compare Fig. 4D, 4E with Fig.

4F, 4G). The tubules that connected directly to the glomerulus-

like structures were slightly thicker than those in the center of

the tubular structures (Fig. 4H). These tubules were composed

of cubic-columnar epithelial cells with many villi on the lumen

side (Fig. 4I). This structure was similar to that of the kidney

proximal tubules in vivo, which also have the brush border

(compare Fig. 4J with Fig. 4K, 4L). Following the proximal

tubule-like structures, another distinct tubular structure was

observed, in which the lumen was surrounded by ciliated (Fig.

4M), flatter epithelial cells resembling the structure of the

Figure 3. The relationship between cell number in the cluster and the ability to reconstitute a kidney-like structure. Red bar: cyst for-
mation, Blue bar: long distinct tubules formation, Green bar: tubules with ball-like structures at the tip. Horizontal axis represents kid-
ney stem/progenitor cell (KS cell) number (6.25–200 3 103 cells)/cluster. The KS cell clusters were cultured for 3 weeks. Representative
photomicrographs were from three independence experiments. Scale bar5 100 mm.
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Figure 4. Morphological analysis of the kidney-like structure. (A): A kidney stem/progenitor cell cluster formed a KLS after 4 weeks of incuba-
tion using Dulbecco’s modified Eagle’s medium/F-12 plus 10% FCS, 250 ng/ml GDNF, 250 ng/ml b-FGF, 250 ng/ml HGF, 250 ng/dl BMP-7, and
500 ng/ml EGF. Glomerulus-like structures were formed at the tips of the tubular structures, proximal-like tubules, distal-like tubules, collecting
duct-like tubules, and renal pelvis-like structures. (B): Light microscopy of a glomerulus-like structure. (C): A section of the glomerulus-like
structure, as viewed using Toluidine blue staining. (D): Electron microscopy of a glomerulus-like structure (3800). (E): Glomerulus-like structure
(33,000). (F): Glomerulus of a 17-day-old embryonic kidney (32,000). (G): Glomeruli of the adult kidney (32,000). (H): Light microscopy of
proximal-like tubules and the loop of Henle-like structure. (I): Tubules stained with Toluidine blue. The tubular structure consists of several
cubic-columnar epithelial cells. (J): Proximal tubular-like cells. BB-like structure: (arrow) (310,000). (K): Proximal tubular cells of E17 kidney. BB
structure. Arrow: BB (38,000). (L): Proximal tubular cells of adult kidney. BB structure. Arrow: BB (39,000). (M): Primary cilia on distal tubule-
like cells (310,000). Arrow: PC. Proximal, proximal tubules-like structure; distal, distal tubules-like structure. Representative photomicrographs
were from more than five independent experiments. Scale bar5 100 mm. Abbreviations: BB, brush border; Bo, Bowman capsule epithelial-like
cell; CD, collecting duct-like structure; D/C, distal tubule-like structure or collecting duct-like structure; En, endothelial cell; G, glomerulus-like
structure; H, loop of Henle-like structure; KLS, kidney-like structure; L, lumen; LOH, loop of Henle-like structure; Me, mesangial-like cell; P,
proximal-like tubule; PC, primary cilia; Pe, renal pelvis-like structure; Po, podocyte-like cell; Pr, proximal tubule-like structure.
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Figure 5. Segment-specific marker protein expression of the kidney-like structure. (A–E): Staining of each segment of the kidney-like
structures. (F–J): Staining of an adult rat kidney (8–12W rats). (K–O): Staining of an embryonic 17 days old kidney. Staining of sections
of the glomerulus-like structures or glomeruli. (A, F, K): Green, nephrin; red, Thy-1; blue, DAPI. Staining of the tubule-like structures or
tubules. (B, G, L): Red, AQP-1; blue: DAPI. (C, H, M): Red, NKCC2; blue, DAPI. (D, I, N): Green, THP; blue, DAPI. (E, J, O): Red, AQP-2;
blue, DAPI. Scale bar5 10 mm. Representative photomicrographs were from 6 to 10 independent experiments. Abbreviations: AQP-1,
aquaporin-1; NKCC2, Na-K-Cl cotransporter 2; THP, Tamm-Horsfall glycoprotein.

780 Kidney Regeneration Using Adult Tissue Stem Cells

VC AlphaMed Press 2014 STEM CELLS



more distal kidney tubules. Thus, the kidney-like structure

turned out to contain at least three distinct segments, similar

to kidney glomerulus, proximal tubules, and distal tubules.

Molecular Marker Analysis of Kidney-Like Structure

An immunohistochemical analysis revealed that Nephrin [21]

(a podocyte marker, Fig. 5A) and Thy-1 [22] (a mesangial cell

marker, Fig. 5A) were expressed in the glomerulus-like struc-

tures, and Nephrin-positive cells and Thy-1-positive cells were

observed at distinct sites in the glomerulus-like structures

(Fig. 5A). The Nephrin and Thy-1 protein distribution of glo-

merular structure in kidney-like structure are very close to

that of embryonic day 17 kidney glomeruli (compare Fig. 5A

with Fig. 5F, 5K). Although we found foot process-like protru-

sion in the EM picture (Fig. 4E, arrowhead), the majority of

the nephrin-positive cells were segregated from the Thy-1

positive cells, indicating that the podocyte-like cells have not

form a functional filtration barrier.

Following the glomerulus-like structure, the proximal

tubule-like structures were present, where the cells in the

tubular structure stained positive for aquaporin-1 [23], a

proximal cell marker (compare Fig. 5B with Fig. 5G, 5L). In

the thinner tubular segment, some tubules were positive

for NKCC2 [24], a marker for the loop of Henle cells (com-

pare Fig. 5C with Fig. 5H, 5M), and some were positive for

THP (compare Fig. 5D with Fig. 5I, 5N) [25], a marker for

distal-collecting duct cells, and others were positive for

aquaporin-2 (compare Fig. 5E with Fig. 5J, 5O) [26], a col-

lecting duct cell marker. Interestingly, expression levels of

these tubular markers in the kidney-like structures appear

closer to those in the adult kidney than the E17 kidney.

Low magnification immunostaining images revealed that

the cells at the tips, in the glomerulus-like structures, were

different from the cells in the proximal tubule-like struc-

tures (Supporting Information Fig. S3A–S3D). Similar results

were obtained for the collecting duct-like structures and

distal tubule-like structures (Supporting Information

Fig. S3E–S3G). However, we were unable to say that loop

of Henle and distal tubules are formed successively as dis-

tinct segments.

It is of note that very little vWF or CD31 (an endothelial

marker) expression was observed in the cells of the

Figure 6. Time course of the expression of kidney-specific genes in kidney-like structures. (A): Each gene expression band was scanned
and subjected to densitometry. Each kidney-specific gene was expressed more strongly as the time in culture increased, paralleling the
days of embryonic kidney development (n5 3, representative data shown). (B): The AQP-1/GAPDH, AQP-2/GAPDH, and Nephrin/GAPDH
were measured. Representative results obtained from two independent experiments. Data represent mean6 SD values. Abbreviations:
1W, kidney-like structures cultured for 1 week; 3W, kidney-like structures cultured for 3 weeks; AK, adult kidney (8–12 weeks); AQP-1,
aquaporin-1; AQP-2, aquaporin-2; E13, 13-day-old embryonic kidney; E17, 17-day-old embryonic kidney; KS, kidney stem/progenitor cell.
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glomerulus-like structures (Supporting Information Fig. S4A–

S4C). These endothelial cells were observed in the glomerulus

of the adult kidney (positive control; Supporting Information

Fig. S4D, S4E).

When the expression levels of glomerulus- (nephrin), prox-

imal tubule-(aquaporin 1), and collecting duct-(aquaporin 2)-

specific gene were majored in the kidney-like structures at dif-

ferent time points, they were increased at the later time

points (Fig. 6), consistent with the idea that the cells in the

kidney-like structures were in the process of differentiation/

maturation.

A Single Clone of KS Cells Can Develop into the
Kidney-Like Structures

We have shown previously that more than certain numbers of

KS cells were required to undergo full-blown morphogenesis

to occur. Then one could argue that only a part of KS

cells possess tissue stem cell-like characteristics. To counter

this argument, we showed here that kidney-like structures

could be developed from a single KS cell. We established

five different clones of KS cells by limiting dilution (C1–5;

Fig. 7A–7E), and these cells were expanded in 2D culture.

Cell clusters of each clone were generated by the hanging

drop method, followed by three-dimensional ECM gel cul-

ture in the presence of growth factors, as described. Four

of the five clones formed kidney-like structures (Fig. 7F–7J,

7K). Although it is not clear when the KS cells begin to

differentiate or how differentiation progressed, many, if

not all, KS cells have the ability to reconstitute different

kidney epithelial cells. This observation, together with the

fact that KS cells retain their characteristics after several

passages [12], suggests that these cells are adult kidney

stem cells.

DISCUSSION

Diep et al. reported that adult nephron progenitor cells can

produce new nephrons in adult zebrafish in vivo [27], and Rin-

kevich et al. reported that the adult mammalian kidney

undergoes continuous tubulogenesis via expansions of fate-

restricted clones [28]. A cluster of KS cells was shown to dif-

ferentiate into a kidney-like structure without requiring

embryonic primordial cell types, such as metanephric mesen-

chyme and ureteric bud cells, suggesting that organogenesis

beginning from adult tissue stem/progenitor cells may follow

a different developmental program than organogenesis during

embryonic development. In addition, these researchers

reported that cell aggregates, rather than single stem cells,

are necessary to regenerate the kidney, which is very similar

to the results reported here.

We further characterized KS cells with different markers.

Because KS cells are derived from S3 segment of kidney proxi-

mal tubular cells, they should originate from nephron progeni-

tor cells present in the metanephric mesenchyme. Recently,

Kobayashi et al. reported such cells are positive for Six2 and

such cells are reported to be absent in the adult kidney [8].

KS cells were positive for Six2 (Fig. 1B), suggesting that these

cells may retain embryonic nephron stem cell characteristics.

How Six2 became positive in adult kidney-derived KS cells is

an interesting topic for further investigation. Sagrinati et al.

reported that CD133-positive parietal epithelial cells of the

Bowman’s capsule are adult kidney stem cells [14] and

recently Lindgren et al. reported that such cells are also

reside in the proximal tubule [10]. They used CD133 and

Vimentin as markers of possible kidney adult stem cells. KS

cells were positive for these markers (Fig. 1). To our knowl-

edge, there is no single bona fide marker specific for adult

Figure 7. KLS formation from single KS cell clones. Five randomly selected single KS cell clones were established and named,
C1–5. Light microscopic photographs. C1; A, C2; B, C3; C, C4; D, C5; E. KLSs were formed from each KS single-cell clone, C1–5.
Light microscopic photographs. C1; F, C2; G, C3; H, C4; I, C5; J. (K): A comparison of the number of tubules produced by individual
KS cell clone; each cell revealed a slightly different ability to reconstitute a kidney-like structure. *, p< .05. Representative
data from three independent experiments. Scale bar5 100 mm. Abbreviations: KLS, kidney-like structure; KS cell, kidney stem/
progenitor cell.
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kidney stem cells at present. Given the fact that KS cells were

positive for embryonic nephron tissue stem cell marker Six2

and possible adult kidney tissue stem cell marker combination

CD133/Vimentin, KS cells are likely to be very close, if not

identical, to adult kidney stem cells. It should be underscored

that KS cells could differentiate into collecting duct-like cells

or mesangial-like cells, which are not derived from nephron

progenitors.

Eiraku et al. reported the reconstitution of a three-

dimensional retinal structure from ESCs in vitro [29] by

inducing ESCs to differentiate into a cluster of neural lineage

cells followed by three-dimensional culture. Together with

our results, this finding suggests that tissue progenitor

cells likely possess an intrinsic program to produce the

three-dimensional structure of the organ from which they

originate.

The kidney-like structures could not show the vasculariza-

tion and make urine. The further examinations are required to

elucidate the issues. However, we believed that these kidney-

like structures should be attractive for in vitro kidney regenera-

tion and could contribute for not only the elucidation of kidney

regeneration but also for in vitro study toward alternatives to

animal experiments and custom-made medicine.

CONCLUSIONS

In summary, we have identified adult KS cells in rat that can

regenerate a kidney-like structure from a single cell in vitro.

Although the physiological roles of such cells are currently

unclear, analogous cells in the adult human kidney would be

a valuable resource for the regeneration of kidneys in vitro.
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In Vivo Rescue of the Hematopoietic Niche By
Pluripotent Stem Cell Complementation of
Defective Osteoblast Compartments
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ABSTRACT

Bone-forming osteoblasts play critical roles in supporting bone marrow hematopoiesis. Pluripo-
tent stem cells (PSCs), including embryonic stem cells (ESCs) and induced PSCs (iPSC), are capa-
ble of differentiating into osteoblasts. To determine the capacity of stem cells needed to rescue
aberrant skeletal development and bone marrow hematopoiesis in vivo, we used a skeletal
complementation model. Mice deficient in Runx2, a master transcription factor for osteoblasto-
genesis, fail to form a mineralized skeleton and bone marrow. Wild-type (WT) green fluorescent
protein (GFP)1 ESCs and yellow fluorescent protein (YFP)1 iPSCs were introduced into Runx2-
null blastocyst-stage embryos. We assessed GFP/YFP1 cell contribution by whole-mount fluores-
cence and histological analysis and found that the proportion of PSCs in the resulting chimeric
embryos is directly correlated with the degree of mineralization in the skull. Moreover, PSC con-
tribution to long bones successfully restored bone marrow hematopoiesis. We validated this
finding in a separate model with diphtheria toxin A-mediated ablation of hypertrophic chondro-
cytes and osteoblasts. Remarkably, chimeric embryos harboring as little as 37.5% WT PSCs
revealed grossly normal skeletal morphology, suggesting a near-complete rescue of skeletogene-
sis. In summary, we demonstrate that fractional contribution of PSCs in vivo is sufficient to
complement and reconstitute an osteoblast-deficient skeleton and hematopoietic marrow. Fur-
ther investigation using genetically modified PSCs with conditional loss of gene function in
osteoblasts will enable us to address the specific roles of signaling mediators to regulate bone
formation and hematopoietic niches in vivo. STEM CELLS 2017;35:2150–2159

SIGNIFICANCE STATEMENT

Given the central role of bone-forming osteoblasts in supporting bone marrow hematopoiesis

and in maintaining bone mass and strength, osteoblasts represent an important target tissue

for regenerative medicine. Although several groups have reported the directed differentiation

of pluripotent stem cells (PSCs) into osteoblasts in vitro, the field has lacked a rigorous assay

with which to evaluate the bone-forming and hematopoiesis-supporting capacity of PSC-derived

osteoblasts in vivo. Here, we describe two novel complementation assays, with which we dem-

onstrate that PSC-derived osteoblasts can compensate for the loss of osteoblast lineage cells in

transgenic mice to form mineralized bone and bone marrow hematopoietic niche in vivo.

Remarkably, the loss of >50% of endogenous osteoblasts during embryonic skeletal develop-

ment can be rescued by the injected PSCs. These assays will greatly enhance the ability of

researchers to evaluate the contribution of specific osteoblast lineage populations to skeletal

development and hematopoiesis.

INTRODUCTION

Within the bone marrow, hematopoiesis is crit-

ically dependent upon a supportive microenvi-

ronment, or niche, comprising interactions

between hematopoietic and non-hematopoietic

cells. Among non-hematopoietic stromal cells,

bone-forming osteoblasts of mesenchymal ori-

gin and their precursors are crucial

components of the bone marrow hematopoi-

etic niche. Growing evidence indicates that

cells at each stage of differentiation from mes-

enchymal stem cells to fully mature osteoblasts

serve distinct functions in supporting hemato-

poiesis [1–6].

The stage-specificity of hematopoietic sup-

port likely derives from the unique production

of cytokines and growth factors by cellular
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populations at varying points of differentiation along the oste-

oblast lineage. However, clarification of the relative contribu-

tions of specific subsets of osteoblast lineage cells to

hematopoietic niches is currently limited by two significant

barriers: (a) the inability to prospectively distinguish osteopro-

genitors, differentiating osteoblasts, and mature osteoblasts

and to harvest them in large numbers, and (b) the lack of a

rigorous in vivo model for assessment of osteogenic and

hematopoietic-supporting potential of various cellular

populations.

To circumvent these limitations, we have turned to plurip-

otent stem cells (PSCs) as a potential source of osteoblasts.

PSCs are unique in their ability to both self-renew and give

rise to differentiated tissues. They represent a potentially

unlimited source of osteoblast lineage cells for localized bone

repair and regeneration, as well as for disease modeling and

drug screening for systemic skeletal diseases. One source of

stem cell-derived osteoblasts is embryonic stem cells (ESCs),

which are derived from the inner cell mass of the blastocyst

[7–9] and can contribute to any tissue. ESCs have been differ-

entiated into several different tissue types including neurons

[10–12], cardiomyocytes [13, 14], and pancreatic progenitors

[15]. ESCs have also been differentiated into osteoblasts by

several laboratories. A typical protocol to direct the differenti-

ation of mouse [16, 17] or human [18] ESCs into osteoblasts

involves formation of embryoid bodies (EBs) that are subse-

quently disaggregated and plated in osteogenic medium con-

taining ascorbic acid and b-glycerophosphate (reviewed in ref.

19). The addition of factors such as dexamethasone, retinoic

acid, bone morphogenetic proteins, and vitamin D3 [20–24]

as well as the use of three-dimensional scaffolds [25–31] have

been reported to enhance osteogenic differentiation. While

the inability to derive patient-matched ESC lines may hinder

the use of ESCs in cellular transplantation, banks of ESC lines

to match various human leukocyte antigen-types could poten-

tially be generated [32].

As an alternative approach, a combination of only four

transcription factors—Oct3/4, Sox2, c-Myc, and Klf4—can con-

vert mouse fibroblasts into induced PSC (iPSC) [33]. Human

iPSCs can similarly be derived from human fibroblasts [34].

The ability to derive patient-matched iPSCs from accessible

somatic cells offers great potential for understanding disease

mechanisms, screening for novel therapeutics, and developing

cell-based regenerative therapies. As with ESCs, both mouse

[35, 36] and human [37] iPSCs have been differentiated into

osteoblasts using similar protocols (reviewed in ref. [19]).

More recently, Kanke et al. have differentiated iPSCs into

osteoblasts in a monolayer culture without EB formation via

mesodermal intermediates using small molecule inhibitors

[38]. Therefore, ESCs and iPSCs represent a renewable source

of bone-forming osteoblasts with significant clinical implica-

tions for understanding osteoblast support of hematopoiesis

as well as skeletal pathophysiology.

The success of stem cell-derived osteoblasts in regenera-

tive applications will depend largely on their ability to recapit-

ulate osteoblast function. A major barrier to the development

of a source of osteoblasts for regenerative purposes is the

lack of a rigorous method for evaluating the osteogenic

potential of mesenchymal progenitors or osteoblast precur-

sors. The differentiation of ESC and iPSCs into osteoblasts in

culture is typically assayed by mineral deposition, alkaline

phosphatase activity, and expression of osteoblast genes

[16–18, 21, 23, 24]. However, even under osteogenic condi-

tions, the differentiation of stem cells can result in a hetero-

geneous mix of multiple cellular lineages, and the above

assays can yield positive results even when only a small per-

centage of osteoblasts are present. Furthermore, these assays

do not accurately predict the ability of stem cell-derived

osteoblasts to form bone in vivo [27, 39]. Therefore, bone for-

mation should be directly evaluated in vivo. Assays of osteo-

genic capacity typically rely on ectopic bone formation, for

instance, by implantation under the skin or kidney capsule of

syngeneic or immunodeficient mice, often combined with a

carrier material [20, 25, 27, 28, 39–43], or by healing of a

critical-size calvarial defect [31, 44] or burr-hole fracture [25,

30]. However, these assays do not determine the ability of

stem cell-derived osteoblasts to contribute to normal endoge-

nous bone formation.

In mice, hematopoietic stem cells can reconstitute the

entire hematopoietic system following lethal irradiation [45].

Analogous experiments to assess the regenerative capacity of

stem cells that give rise to the skeleton, however, cannot

been performed for several reasons—the skeleton is com-

posed of greater than 200 distinct bones, it is not possible to

ablate the postnatal skeleton in a manner compatible with

survival, and mesenchymal stem cells introduced into the cir-

culation have not been shown definitively to engraft in the

skeleton [46]. Since a mineralized skeleton is dispensable for

survival during embryogenesis, this developmental period

affords an opportunity to investigate the skeletal contributions

of PSCs via a blastocyst chimera assay.

Therefore, we sought to develop a more physiologic

assessment of PSC contribution to skeletal function in vivo by

organ complementation. Organ complementation has been

used to demonstrate that b cell function in mutant mice lack-

ing a pancreas can be restored by contribution of wild-type

(WT) stem cells [47], and we have recently used a similar

approach to examine the contribution of PSCs to cardiac

development [48]. Here, we report that PSCs can reconstitute

skeletal elements and rescue bone marrow hematopoiesis in

vivo. Based on cell ablation studies, we find that as little as

37.5% chimerism is sufficient to restore grossly normal skele-

tal development.

MATERIALS AND METHODS

Experimental Animals

Runx2–/– mice [49, 50] and Osx1-Cre mice [51] have been

described. ROSA26eGFP-DTA mice were purchased from the

Jackson Laboratory (Bar Harbor, ME, https://www.jax.org/jax-

mice-and-services). All mice were examined at embryonic day

18.5 (E18.5) unless otherwise noted. Experimental animal pro-

tocols were approved by the Institutional Animal Care and

Use Committee of Massachusetts General Hospital.

Skeletal Complementation

The derivation of the ESC and iPSC lines has previously been

reported [48]. Runx21/– mice were mated to CD1 WT mice to

generate F1 Runx21CD1/– mice. F1 Runx21CD1/– female mice

were superovulated for timed matings to F1 Runx21CD1/–

male mice. Embryos were staged by vaginal plugging of the
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female, with noon on the day of appearance of the plug des-

ignated as E0.5. E3.5 blastocysts were harvested for injection

with ESCs or iPSCs at passage less than 25.

For the osterix (Osx):diptheria toxin A (DTA) study, Osx1-

Cre/1 mice were mated to ROSA26eGFP-DTA (DTA) mice to gen-

erate enhanced green fluorescent protein (eGFP)1 embryos

carrying either DTA/1 only (control) or Osx1-Cre/1;DTA/1

(ablated) alleles. Unlabeled WT ESCs were injected into

eGFP1 blastocyst-stage embryos from each group to generate

chimeras. P5 through P20 unlabeled WT ESCs were microin-

jected into E3.5 blastocysts from superovulated DTA/1

females that had been mated to Osx1-Cre/1 males. For both

approaches, the injected blastocysts were subsequently trans-

ferred into the uterus of 2.5 days postcoitum pseudopregnant

6- to 8-week-old CD-1 foster mothers previously mated with

vasectomized [52]. Chimeric embryos were recovered at

E18.5.

Genotyping

Microsatellite markers are DNA loci with repeated short

nucleotide sequences that can vary in length. We identified a

microsatellite marker in the Runx2 locus that differed in

length based on genetic background (CD1 vs. C57BL/6) (Sup-

porting Information Fig. S1A). We crossed Runx21/– males to

CD1 females, and intercrossed the resulting F1 heterozygous

mice, in which the WT Runx2 allele is of CD1 background

(Runx21CD1/–). In contrast, the injected ESC and iPSCs are of

C57BL/6 origin. By polymerase chain reaction (PCR) genotyp-

ing for the presence of Runx2 WT (CD1 or CD57BL/6 back-

ground), Runx2 null, and green fluorescent protein (GFP)/YFP

alleles (Supporting Information Fig. S1B), we could distinguish

the genotype of the original host blastocyst in resulting chi-

meric embryos with PSC contribution (Supporting Information

Fig. S1C, S1D).

Genotyping was performed by polymerase chain reaction

on tail genomic DNA. The following primers were used for

genotyping: Runx2 WT allele forward 50-AGCGACGTGAGCCC

GGTGGT-30, reverse 50-CTCAATCGGGGCACTGCGGC-30; Runx2

null allele forward 50-TACGGTATCGCCGCTCCCGATTCG-30, re-

verse 50-ATGATCTCCACCATGGTGCGGTTG-30; GFP forward 50-

TCATCTGCACCACCGGCAAGC-30, reverse 50-AGCAGGACCATGT

GATCGCGC-30; Cre forward 50-CGCGGTCTGGCAGTAAAAACTATC-

30, reverse 50-CCCACCGTCAGTACGTGAGATATC-30. Microsatellite

analysis was performed with forward 50-TAGGTATTTTGCA

CGCGCGC-30 and reverse 50-GCGTAACCTCTGGTCCTCGA-30 pri-

mers. PCR amplification was performed at 948C for 3 minutes,

30 cycles of 948C for 45 seconds, 618C for 30 seconds, 728C

for 30 seconds followed by 728C for 6 minutes then hold at

48C.

Flow Cytometry

Liver and spleen were homogenized to obtain single cells. Fol-

lowing addition of propidium iodide to gate out dead cells,

flow cytometric cell counting was performed on a FACSCalibur

or FACSAria II flow cytometer (BD Biosciences, San Jose, CA,

http://www.bdbiosciences.com/us/home) using CellQuest v3.3

software (BD Biosciences, San Jose, CA, http://www.bdbio-

sciences.com/us/home). Doublet discrimination and exclusion

was performed by gating cells according to their forward scat-

ter height (FSC-H) versus forward scatter width (FSC-W) and

side scatter height (SSC-H) versus side scatter width (SSC-W)

distributions. To determine the proportion of eGFP1/eGFP–

cells in each tissue sample, the data were analyzed with

FlowJo v7.6 software (FlowJo, LLC Ashland, OR, https://www.

flowjo.com).

Skeletal Preparations

Skeletons were fixed in 95% ethanol, then stained overnight

in 0.015% alcian blue in acetic acid/ethanol. Soft tissues were

cleared in 1% KOH, then stained overnight in 0.01% alizarin

red. Percentage mineralization was calculated by measuring

the area of alizarin red staining using Fiji image analysis soft-

ware [53].

Histology and Immunohistochemistry

Mouse limbs were snap frozen in liquid nitrogen and stored

at 2808C until used. Undecalcified frozen bones were

mounted on OCT medium and 10 mm slices were cut on a

Leica CM1850 cryostat. Frozen sections were fixed in 4% para-

formaldehyde for 10 minutes at room temperature (RT). After

washing with phosphate-buffered saline (PBS), endogenous

biotin was blocked using the Avidin/Biotin Blocking System

(BioLegend). Sections were blocked in PBS with 10% normal

donkey serum for 1 hour at RT, and then stained overnight at

48C with chicken anti-GFP (Aves) and rat anti-CD45 biotin

(BioLegend) antibodies. After washing with PBS, sections were

stained for 1 hour at RT with donkey anti-chicken CF488A

(Sigma-Aldrich) and Alexa Fluor 647 Streptavidin (BioLegend).

Nuclei were counterstained with 40,6-diamidino-2-phenylindole

(Sigma-Aldrich). Images were taken with Zeiss LSM780 confo-

cal microscope.

RESULTS

To evaluate the ability of PSCs to contribute to skeletal devel-

opment during embryogenesis, we used an organ complemen-

tation approach. Runx2/Cbfa1 is a transcription factor that is

absolutely required for osteoblast maturation [54]; Runx2–/–

mice fail to form a mineralized skeleton [50, 55]. In chimeric

embryos resulting from the introduction of GFP1 or YFP1 WT

PSCs into Runx2–/– blastocysts, we reasoned that only PSCs

expressing WT Runx2 could contribute to the formation of a

mineralized skeleton (Fig. 1A). To determine the genotype of

the host blastocyst, we developed a microsatellite assay to

distinguish the origin of WT alleles (host vs. injected PSCs)

(Supporting Information Fig. S1). While Runx2 is not required

for survival during early embryogenesis, Runx2–/– mice die of

perinatal respiratory failure [50, 55]. Because we anticipated a

small number of Runx2-deficient embryos with substantial

PSC contribution and did not want to lose these mice to peri-

natal lethality, we therefore analyzed all embryos before deliv-

ery at E18.5. We tested several lines of GFP/YFP-labeled ESC

and iPSC lines (Table 1) and found the highest contributions

with V6.5 SA-eGFP1 ESCs (67% embryos with contribution)

and TTF-R21–6 YFP1 iPSCs (34.9% embryos with contribu-

tion). The overall frequency of Runx2–/– embryos was 22.9%–

23.8% (Table 1), as expected based on Mendelian inheritance.

We first examined Runx2–/– blastocysts injected with

eGFP1 ESCs (Fig. 1B). Alizarin staining of skeletal preparations

highlights areas of mineralization. In the control embryo by

E18.5, there was abundant mineralization of the skull, ribs,

2152 Pluripotent Stem Cell Complementation of Bone

VC AlphaMed Press 2017 STEM CELLS

http://www.bdbiosciences.com/us/home
http://www.bdbiosciences.com/us/home
http://www.bdbiosciences.com/us/home
https://www.flowjo.com
https://www.flowjo.com


vertebral column, and long bones. In contrast, the Runx2–/–

embryo exhibited minimal mineralization only in the mid-shaft

of distal long bones (radius/ulna and tibia/fibula) due to

mineralization of chondrocytes (Fig. 1Bi, iv, v); as reported

previously, no mineralization was seen in the skull, mandible,

humerus, or femur [55]. In a partially rescued chimeric

embryo derived from a Runx2–/– host, patchy mineralization

was observed in the skull, mandible, maxilla, vertebrae, and

proximal long bones (humerus and femur) (Fig. 1B). We

observed similar patchy contribution of YFP1 iPSCs in chime-

ric embryos (data not shown).

To quantitate the contribution of GFP1 ESCs to chimeric

embryos, we performed flow cytometry analysis for GFP

expression in the liver and the spleen. There was good corre-

lation between the frequency of GFP1 ESC-derived cells in

liver and spleen (R25 0.955, Fig. 2A), and increasing GFP fre-

quency correlated with increasing GFP visualized in the skin

by whole-mount fluorescence (Fig. 2B). Moreover, as stem cell

contribution increased, skeletal morphology and mineraliza-

tion improved (R25 0.801, Fig. 2C, 2D). Similar findings were

observed with chimeras derived from iPSC injections

(R25 0.747, Fig. 3).

During embryonic development, hematopoiesis initiates in

the yolk sac, then migrates to the aorta-gonad-mesonephros

region, fetal liver, and spleen before ultimately taking up resi-

dence in the bone marrow perinatally [56]. Runx2–/– mice

lack a bone marrow cavity, and therefore hematopoiesis is

sustained in extramedullary sites such as the spleen [57]. In

Figure 1. Skeletal complementation with pluripotent stem cells. (A): In chimeric embryos resulting from Runx2–/– blastocysts injected
with wild-type (WT) stem cells, the mineralized skeleton will be entirely derived from stem cells. (B): Skeletal preparation of WT (left),
Runx2–/– (knockout [KO], right) and embryonic stem cell-injected KO blastocyst (KO1 ESC) E18.5 embryos (i). WT (left panels) embryo
reveals normal mineralization of the head (ii), ribs and vertebrae (iii), forelimb (iv), and hindlimb (v) as highlighted by alizarin red stain-
ing. KO embryos (right panels) exhibit minimal mineralization of the ulna, radius, and tibia (arrowheads in i). In chimeric embryos
derived from KO blastocysts injected with WT embryonic stem cells, patchy mineralization is observed in the skull, maxilla, mandible
(arrows, panel ii), vertebrae (arrows, panels ii and iii), humerus (arrow, panel iv) and femur (arrow, panel v). Abbreviations: ESC, embry-
onic stem cell; HET, heterozygous; iPSC, induced pluripotent stem cell; KO, knockout; WT, wild type.

Table 1. Pluripotent stem cell lines

Injected

line

No.

injected

No. with

stem cell

contribution

(%)

No.

Runx2–/–

(%)

No. Runx2–/– with

contribution

(%)

Embryonic stem cell lines

RN23 22 0 4 (18.2) 0

RN21G3 5 0 2 (40) 0

YFP ESC 10 1 (10) 3 (30) 0

eYFP4 10 0 3 (30) 0

eYFP6 17 1 (5.9) 2 (11.8) 0

eYFP8 1 0 1 (100) 0

eYFP11 18 0 3 (16.7) 0

eYFP12 101 32 (31.7) 26 (25.7) 8 (7.9)

SA-GFP 91 61 (67) 19 (20.9) 15 (16.5)

Total 275 95 (34.5) 63 (22.9) 23 (8.4)

Induced pluripotent stem cell lines

Nkx-z35 37 4 (10.8) 2 (5.4) 0

Nk5-2 28 0 6 (21.4) 0

YFP iPSC 17 2 (11.8) 2 (11.8) 0

iYFPLz2 85 29 (34.1) 11 (12.9) 3 (3.5)

TTF-R21-6 341 119 (34.9) 100 (29.3) 38 (11.1)

Total 508 154 (30.3) 121 (23.8) 41 (8.1)
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the humerus of Runx2–/–, the entire skeletal element consists

only of chondrocytes with no bone marrow cavity (Fig. 4A). In

contrast, in a chimeric embryo with approximately 15% contri-

bution (estimated proportion of GFP1 cells) from stem cells,

hematopoietic cells were identifiable within the bone marrow

cavity (Fig. 4B). Stem cell contribution exceeding 50% appears

to restore a near-normal bone marrow cavity in Runx2–/–

blastocyst-derived chimeric embryos (Fig. 4C, 4D). To confirm

that hematopoietic cells are present with the bone marrow

cavities of chimeric embryos, we performed immunohisto-

chemical staining for the hematopoietic cell marker CD45 (Fig.

4E). We found that the majority of CD451 hematopoietic cells

are derived from the host blastocyst, although stem cell-

derived (GFP1) hematopoietic cells ranged in frequency from

5% to 40%. The frequency of GFP1 hematopoietic cells did

not appear to correlate with the overall degree of stem cell

contribution as assessed by GFP frequency in the liver (Fig.

4F). Thus, the presence of a fraction of PSC-derived progeny

can rescue the bone marrow hematopoietic microenviron-

ment in vivo.

In the skull, the degree of mineralization seemed to corre-

late with the proportion of PSCs up until approximately 50%

contribution, above which skull mineralization appeared

grossly normal (Figs. 2C, 3B). Ossification of calvarial bones

occurs by intramembranous bone formation, in which mesen-

chymal progenitors give rise directly to osteoblasts. In con-

trast, bones of the axial and appendicular skeleton are

formed by endochondral ossification, in which skeletal ele-

ments form via a cartilage template intermediate [58]. In the

ribs of Runx2–/– embryos injected with either ESC or iPSCs,

we noticed that rescue of rib mineralization always appeared

to initiate in the same proximal location and extended only

for limited distances (Fig. 5). During endochondral bone for-

mation, chondrocyte differentiation and hypertrophy are fol-

lowed by apoptosis of hypertrophic chondrocytes, which in

turn triggers vascular invasion bringing osteoprogenitors that

will form trabecular and cortical bone [58, 59]. Runx2 is

expressed in prehypertrophic chondrocytes and required for

chondrocyte hypertrophy and vascular invasion [60, 61]. In

the ribs, vascular invasion initiates at the proximal end

between E15.5 and E16.5, at the same location where we

found partial mineralization in PSC-injected Runx2–/– chimeric

embryos (Supporting Information Fig. S2). Our observations in

the ribs (Fig. 5) raised the possibility that persistence of

Runx2-deficient chondrocytes that are unable to hypertrophy

and undergo apoptosis might hinder the expansion of PSC-

Figure 2. Embryonic stem cell (ESC) contribution in chimeric embryos. (A): The frequency of green fluorescent protein (GFP1) cells in
the liver by flow cytometry correlates with the frequency of GFP1 in the spleen in chimeric embryos. (B): Representative flow cytometry
profiles for percentage GFP expression in the liver, with corresponding whole mount images of GFP fluorescence shown below each
panel. (C): Skeletal preparations of the skull reveal increasing rescue of skull mineralization with increasing ESC contribution. A control
skull from a Runx2 wild-type embryo is shown for reference. (D): Quantitation of the percentage mineralized area of each skull as a
function of percentage GFP contribution in the liver. Abbreviation: GFP, green fluorescent protein.
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derived osteoblasts in endochondral bones. Since osteoblast

progenitors have migratory potential only during early differ-

entiation [62], any obstacle to migration might limit the

domain of mature osteoblasts and ossification within a skele-

tal element.

To determine whether clearing skeletal elements of

Runx2-deficient late hypertrophic chondrocytes and osteo-

progenitors might enable WT PSCs to contribute to a greater

proportion of the skeleton, we developed a cellular ablation

model. Osx1-Cre mice expressing Cre recombinase in late

hypertrophic chondrocytes and osteoprogenitors under con-

trol of the Osx promoter [51] were crossed to ROSA26-flox-

eGFP-flox-DTA mice (Fig. 6A). In response to Osx-driven Cre

expression during skeletal development, expression of DTA

will ablate Osx-expressing cells. In mice carrying both Osx1-

Cre and DTA transgenes, skeletal elements were absent in

the hindlimb (Fig. 6B). We screened E3.5 blastocysts for the

presence of the DTA allele by GFP expression, of which 50%

are expected to also carry the Osx1-Cre transgene, and

injected these with WT (GFP-negative) ESCs. In the resulting

chimeric mice, the contribution of stem cells can be esti-

mated by the percentage of GFP-negative cells in the liver.

In Osx1-Cre/1; DTA/1 double transgenic mice, increasing

rescue of skeletal formation was noted with increased stem

cell contribution. In the skeleton, ESC contributions of 20%

or less resulted in minimal skeletogenesis, while contribu-

tions above 37.5% resulted in significant restoration of the

skeleton as assessed by skeletal preparations (Fig. 6C). There-

fore, ESC- and iPSC-derived osteoblasts can reconstitute the

hematopoietic niche in vivo, and above a contribution

threshold of �40%, can restore near normal gross skeletal

morphology.

DISCUSSION

Osteoblasts are essential component of skeletal tissues, vital

for bone formation and repair. Osteoblast lineage cells are

also essential to the support of hematopoiesis in the bone

marrow microenvironment. Because osteoblasts are situated

in mineralized tissue, the ability to harvest and investigate

large populations of osteoblast lineage cells at defined stages

of differentiation has so far been limited. Here, we demon-

strate with skeletal complementation models that PSCs can

contribute robustly to skeletal development during embryo-

genesis, and can compensate for the absence of osteoblasts

to restore the hematopoietic niche.

Figure 3. Induced pluripotent stem cell (iPSC) contribution in chimeric embryos. (A): Representative flow cytometry profiles for per-
centage YFP expression in the liver, with corresponding whole mount images of YFP fluorescence shown below each panel. (B): Skeletal
preparations of the skull reveal increasing rescue of skull mineralization with increasing iPSC contribution. A control skull from a Runx2
wild-type embryo is shown for reference. (C): Quantitation of the percentage mineralized area of each skull as a function of percentage
yellow fluorescent protein contribution in the liver. Abbreviation: YFP, yellow fluorescent protein.
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We demonstrate that in Runx2–/– mice, which fail to form

a mineralized skeleton or hematopoietic bone marrow, intro-

duction of WT PSCs at the blastocyst stage partially rescues

development of skeletal elements and can support the forma-

tion of hematopoietic bone marrow as demonstrated by the

expression of CD45. As expected, the resulting hematopoietic

cells are chimeric and can be of either host blastocyst or

injected stem cell origin. Due to the limited numbers of chi-

meric embryos with >40% PSC contribution to Runx-deficient

embryos, the functional nature of the hematopoietic cells was

not evaluated. Additional studies are needed to more care-

fully examine the phenotype and function of rescued hemato-

poietic cells by flow cytometry, colony forming assays, and/or

transplantation. Also of interest is whether substantial PSC

Figure 4. Rescue of bone marrow hematopoiesis by stem cell-derived osteoblasts. (A): Skeletal preparations and hematoxylin- and eosin-
stained sections of the proximal humerus of E18.5 control (upper) and Runx2–/– (lower) embryos. Note the absence of hematopoietic bone
marrow in the Runx2–/– humerus. Scale bar5 1 mm (middle panels) or 200 lm (right panels). (B): Skull skeletal preparation demonstrating
partial rescue in a Runx2–/– host blastocyst injected with stem cells. Histological analysis reveals the formation of a bone marrow cavity.
Green fluorescent protein (GFP) expression confirms chimeric contribution of stem cells. Scale bar5 200 lm. (C): Histological analyses of
humeri of Runx2–/– blastocysts injected with embryonic stem cells (ESCs). ESC contribution (%) as determined by flow cytometry is pro-
vided under each panel. Scale bar5 200 lm. (D): Histological analyses of humeri of Runx2–/– blastocysts injected with induced pluripotent
stem cells. iPSC contribution (%) as determined by flow cytometry is provided under each panel. Scale bar5 200 lm. (E): Immunohisto-
chemical staining for CD45 (white), GFP (green), and nuclei (40,6-diamidino-2-phenylindole, blue) reveals CD451 hematopoietic cells in the
bone marrow. (F): The frequency of CD451 hematopoietic cells that are stem cell-derived (GFP1) does not correlate with the percentage
GFP contribution in the liver. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; GFP, green fluorescent protein.
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contribution results in survival of Runx2-deficient mice past

the perinatal period.

PSCs can contribute to both endochondral and intramem-

branous bone formation by skeletal complementation of Runx2-

deficient embryos. Intramembranous ossification occurs without

a cartilage intermediate, and the mineralization of the skull

clearly correlates with the degree of PSC contribution. In con-

trast, in the ribs, which develop by endochondral ossification,

our findings of limited rescue of mineralization in the ribs might

reflect persistent Runx2-deficient cartilage template. Future

studies will examine in detail whether the efficiency of skeletal

rescue differs in endochondral vs intramembranous bones.

To examine the contribution of PSCs in the absence of a

persistent cartilage template, we developed a second model

to ablate both hypertrophic chondrocytes and osteoblasts. In

this DTA ablation model, we find that, as in the calvariae, con-

tribution of >50% stem cells is sufficient to restore a grossly

normal pattern of skeletal mineralization, while chimerism in

the range of 20%–50% is associated with partial rescue. These

are in line with our findings with organ complementation of

cardiac development, where we have found in the heart that

40%–50% contribution was sufficient to restore normal car-

diac development [48]. Therefore, both the heart and the

skeleton can tolerate loss of up to 50% of contributing cells

without gross defects in organogenesis.

There are several potential uses for these models. They

can be used to examine the abilities of osteoblast lineage

Figure 5. Stereotypical rescue of rib mineralization by skeletal
complementation. Skeletal preparations of wild type and knockout
ribs. In ribs of chimeric embryos rescued with ESC or induced plu-
ripotent stem cell injection, mineralization is detected in proximal
ends of thoracic ribs. Abbreviations: ESC, embryonic stem cell; KO,
knockout; iPSC, induced pluripotent stem cell; WT, wild type.

Figure 6. Skeletal complementation in an osteoprogenitor ablation model. (A): In chimeric embryos resulting from blastocysts express-
ing both Osx1-Cre and diptheria toxin A (DTA) alleles and injected with wild-type pluripotent stem cells (PSCs), the mineralized skeleton
will be entirely derived from PSC progenies. (B): Skeletal preparation of E18.5 hindlimb from DTA/1 (left) and OsxCre/1;DTA/1
embryos demonstrates near ablation of skeletal elements in the latter. (C): Increased stem cell contribution is associated with increasing
normalization of the mineralized skeleton. Two control skeletons are shown for reference. Abbreviations: DTA, diptheria toxin A; ESC,
embryonic stem cell; GFP, green fluorescent protein; iPSC, induced pluripotent stem cell; PSC, pluripotent stem cell.
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cells at defined stages of differentiation to contribute to the

formation of a mineralized skeletal. We predict that while

osteoprogenitors may contribute broadly to skeletal develop-

ment, mature osteoblasts may have more restricted contribu-

tion due to their limited proliferative potential. Furthermore,

since osteoblast lineage cells have unique roles in supporting

hematopoiesis at specific stages of differentiation, we can

now examine in vivo whether reconstitution of the hemato-

poietic marrow favors certain hematopoietic lineages depend-

ing on the stage of osteoblasts introduced. Future studies will

explore these possibilities in greater detail and determine the

relative efficiency of stem cell-derived osteoblast lineage cells

to contribute to skeletal development.

CONCLUSION

In summary, we have demonstrated that pluripotent stem

cells can contribute to bone formation and support of the

bone marrow hematopoietic niche in vivo. We have devel-

oped two skeletal complementation assays that can be used

to further study the contribution of osteoblast lineage cells to

skeletal development and hematopoiesis.
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Abstract

Background
Pulmonary edema is a hallmark of acute respiratory distress syndrome (ARDS). Smoke
inhalation causes ARDS, thus significantly increasing the mortality of burn patients. Adi-
pose-derived stem cells (ASCs) exert potent anti-inflammatory properties. The goal of the
present study was to test the safety and ecfficacy of ASCs, in a well-characterized clinically
relevant ovine model of ARDS.

Methods
Female sheep were surgically prepared. ARDS was induced by cooled cotton smoke inhala-
tion. Following injury, sheep were ventilated, resuscitated with lactated Ringer's solution,
and cardiopulmonary hemodynamics were monitored for 48 hours in a conscious state. Pul-
monary microvascular hyper-permeability was assessed by measuring lung lymph flow,
extravascular lung water content, protein content in plasma and lung lymph fluid. Sheep
were randomly allocated to two groups: 1) ASCs: infused with 200 million of ASCs in 200mL
of PlasmaLyteA starting 1 hours post-injury, n = 5; 2) control, treated with 200mL of Plasma-
LyteA in a similar pattern, n = 5.

Results
Lung lymph flow increased 9-fold in control sheep as compared to baseline. Protein in the
plasma was significantly decreased, while it was increased in the lung lymph. The treatment
with ASCs significantly attenuated these changes. Treatment with ASCs almost led to the
reversal of increased pulmonary vascular permeability and lung water content. Pulmonary
gas exchange was significantly improved by ASCs. Infusion of the ASCs did not negatively
affect pulmonary artery pressure and other hemodynamic variables.
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Conclusions
ASCs infusion was well tolerated. The results suggest that intravenous ASCs modulate pul-
monary microvascular hyper-permeability and prevent the onset of ARDS in our experimen-
tal model.

Introduction
Acute respiratory distress syndrome (ARDS) is a severe form of acute lung injury caused by
sepsis, pneumonia, trauma, severe burn, and smoke inhalation injury [1]. Although survival
from ARDS has increased in recent years with the use of intensive supportive cares, such as
lung-protective ventilation and fluid-conservative management, the mortality of ARDS
patients is still high [1]. Due to the lack of specific treatment, smoke inhalation injury and
ARDS are a major cause of morbidity and mortality in burn patients [2]. Pathophysiological
changes in the lungs after smoke inhalation injury are characterized by increased pulmonary
microvascular permeability, edema formation, and airway obstruction. Chemical components
of smoke stimulate the release of neuropeptides from peripheral endings of sensory neurons
within the airways to induce neurogenic inflammation. Plasma extravasation and oedema
then result as secondary responses. Neurogenic inflammation results in narrowing of airway
lumina, which is attributable to airway mucosal hyperaemia, formation of obstructive casts in
the airway, and bronchospasm. These changes result in severe impairment of respiratory gas
exchange [3].

Mesenchymal stem cells (MSCs) have been shown to be beneficial in many pathological
conditions, such as myocardial infarction [4], graft versus host disease [5] and spinal cord
injury [6]. Believed to be multipotent cells, MSCs are capable of differentiating into multi cell
types i.e., adipocytes, chondrocytes and osteocytes [7]. In addition, they can also differentiate
into a variety of cell lineages that form mesenchymal tissues, such as marrow stroma, muscle,
cartilage, tendon, fat, and bone [8±10]. Other studies have shown that MSCs lead to improved
clearance of alveolar fluid and have anti-inflammatory effects on host tissue in preclinical
models of ARDS and sepsis [11]. To date, two clinical studies (Phase 1) on the safety of MSCs
use in patients with ARDS have been successfully completed [12, 13], and recently, we have
reported on the beneficial effects of clinical grade human bone marrow-derived MSCs in
ovine models of ARDS induced by pneumonia/sepsis [14].

In the present study, we tested the hypothesis that intravenously administered adipose-
derived stem cells (ASCs) effectively ameliorate the severity of pulmonary microvascular
hyper-permeability in ovine models of ARDS induced by smoke inhalation.

Material andmethods
Animal care and use
This study was approved by the Institutional Animal Care and Use Committee of the Univer-
sity of Texas Medical Branch (1308034) and conducted in compliance with the guidelines of
the National Institutes of Health and the American Physiological Society for the care and use
of laboratory animals.
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Surgical preparation
Ten female Merino sheep weighing 30±40 kg were surgically prepared 5±7 days before the
experiment. Under aseptic conditions, the animals were chronically instrumented with multi-
ple vascular catheters for hemodynamic monitoring as previously described [15]. In brief,
under isoflurane anesthesia (IsoSol, VEDCO, St. Joseph, MO) administered via endotracheal
tube, a 7F Swan-Ganz thermodilution catheter (model 131F7, Edwards Critical Care Division,
Irvine, CA) was inserted into the right jugular vein through a 9.0F Intro-Flex-Percutaneous
Sheath Introducer (CENTURION, Williamston, MI) and was advanced into the common pul-
monary artery. The right femoral artery was cannulated, and a polyvinylchloride catheter
(16-gauge, 24-in., Intracath, Becton Dickinson Vascular Access, Sandy, UT) was positioned in
the descending aorta. Through a left thoracotomy at the level of the fifth intercostal space, a
Silastic catheter (0.062-in. inner diameter, 0.125-in. outer diameter; Dow-Corning, Midland,
MI) was positioned in the left atrium. To determine pulmonary transvascular fluid flux (lung
lymph flow), a thoracotomy in the fifth and seventh intercostal space was performed, and the
efferent vessel of the caudal mediastinal lymph node was cannulated with Silastic medical
grade tubing (0.025-in inner diameter, Dow Corning, Midland, MI) with a modified method
based on the technique of Staub et al [16]. The animal was given a 5-day recovery period. Dur-
ing this time, they had free access to food and water. Pre and post surgical analgesia was pro-
vided with buprenorphine (Buprenorphine SR™, SR Veterinary Technologies, Windsor, CO).

Measured variables
Before beginning studies, catheters were connected to pressure transducers (model PX4X4,
Baxter Edwards Critical Care Division, Irvine, CA) with continuous flushing devices. Electron-
ically calculated mean pressures (MAP: mean arterial pressure; CVP: central venous pressure;
MPAP: mean pulmonary artery pressure; and LAP: left atrium pressure) were recorded on a
monitor with graphic and digital displays (MP30, Philips, Andover, MA). Pressures were mea-
sured while sheep were standing and calm. Zero calibrations were taken at the olecranon joint
on the frontal leg while the animals were standing. Core body temperature was measured with
the thermistor of the Swan-Ganz catheter. 10mL of Saline solution at 1ÊCserved as the thermal
indicator. Arterial blood gas samples were analyzed at 37ÊCand carboxyhemoglobin (COHb)
was measured using a conventional blood gas analyzer (RAPIDPoint 500 System, Siemens
Healthcare Diagnostics, Tarrytown, NY); consequently corrected for core body temperature.
The partial arterial oxygen pressure (PaO2)/inspired oxygen fraction (FiO2) ratio, cardiac
index (CI), systemic vascular resistance index (SVRI), and oxygenation index (OI) were calcu-
lated using standard formulas. Lung lymph flow was measured with graduated test tubes and a
stopwatch. Plasma and lymph protein concentrations were measured using a refractometer.

Experimental protocol
After baseline (BL) measurements and sample collections were completed in the healthy state,
a tracheostomy was performed under ketamine (KetaVed, Phoenix Scientific, St.Joseph, MO)
anesthesia (5mg/kg) and a cuffed tracheostomy tube (10mm diameter, Shiley, Irvine, CA) was
inserted into the trachea. In addition, a Foley urinary retention catheter (C.R. Bard, Inc., Cov-
ington, GA) was placed in the urinary bladder to monitor fluid balance. Anesthesia was main-
tained with 2% to 5%. Isoflurane (IsoSol, VEDCO, St. Joseph, MO) in O2. Smoke inhalation
was induced using a modified bee smoker. The bee smoker was filled with 40 g of burning cot-
ton towels and then attached to the tracheostomy tube via a modified endotracheal tube con-
taining an indwelling thermistor from a Swan-Ganz catheter. Four sets of twelve breaths of
smoke (total 48 breaths) were delivered, and the carboxyhemoglobin level was determined
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immediately after each set. The temperature of the smoke was not allowed to exceed 40ÊCdur-
ing the smoking procedure [15, 17, 18]. Immediately after injury, anesthesia was discontinued,
and the animals were allowed to awaken but were maintained on mechanical ventilation
(Hamilton-G5, Hamilton Medical, Switzerland) throughout the 48-h experimental period.

After the injury, sheep were randomly allocated to one of the two groups (n = 5 each): 1)
control (injured, treated with vehicle); and 2) ASCs treatment (injured, treated with 200 mil-
lion of adipose-derived stem cells). The cells were administered intravenously over 30 min via
central line, starting 1 h after injury.

All sheep were continuously (around the clock) monitored for 48 hours in the Translational
Intensive Care Unit. The variables of hemodynamics, pulmonary function, blood gas
exchange, and lung lymph flow (transvascular fluid flux) were recorded every 6 hours.

All sheep were mechanically ventilated in APVcmvmode with positive end-expiratory pres-
sure set at 5 cmH2O, tidal volume maintained at 12mL/kg and a respiratory rate of 20 breaths
per minute. The breath rate was periodically adjusted to maintain arterial carbon dioxide ten-
sion close to baseline values. One hundred percent oxygen was delivered in the first three
hours after injury to accelerate the dissociation of carbon monoxide from hemoglobin. The
fraction of inspiratory oxygen was periodically adjusted to maintain the arterial oxygen tension
above 95 mmHg.

All sheep received fluid resuscitation during the experiment with lactated Ringer's solution
following the Parkland formula. During experimental periods, the animals were allowed free
access to food, but not to water to accurately measure fluid intake.

ASCs isolation and culture conditions
Subcutaneous adipose tissue was isolated from healthy sheep from the left fifth intercostal inci-
sion in preparative surgery and was washed extensively with PBS containing 2% penicillin/
streptomycin. The tissue was then minced (2mm or less). Each 10 grams of minced fat tissue
was placed in processing 50 ml tube with 2.5 ml of Matrase™ and up to 30 ml of lactated Ring-
er's solution. Fat tissue was incubated at 37ÊCfor 2 hours using ARC System (InGeneron,
Inc). Because ovine adipose tissue has higher levels of saturated fat compared to adipose tissue
from humans, longer incubation time was needed for the enzymatic digestion of the fat. Fol-
lowing complete digestion, solution was filtered in Steriflip™ to collect the filtrate. The filtrate
was concentrated using ARC System by centrifuge at 600g for 10 minutes. Two washing steps
with 60 ml of lactated Ringer's solution were applied in order to have a pellet of stromal vascu-
lar fraction. Finally, the pellet was re-suspended in complete media [Dulbelco's Minimum
Essential Medium with 10% FBS and 2% antibacterial/antimycotic solution (10,000IU/mL
Penicillin; 10,000ug/mL Streptomycin)]. The final pellet was seeded into tissue culture flask of
175 cm2, and placed in the 5% CO2 and 37ÊCincubator. After incubating for 24 hours, the
media was replaced to remove unattached cells and debris. Cells were cultured and frozen
down in aliquots. Second passage cells were used for the experiments.

The cells were characterizes as below: 1) adherence to plastic in standard culture conditions,
2) expression of specific surface antigen assessed by flow cytometer or PCR (Negative for
CD45, CD31, CD14, CD11b and MHC Class II DQ/DR. Positive for CD44, CD73, CD90 and
CD105), 3) differentiation potential for osteoblasts, adipocytes and chondroblasts (Fig 1).

Necropsy
Forty-eight hours after injury, animals were deeply anesthetized and euthanized by intrave-
nous administration of xylazine (3.0mg/kg), ketamine (40mg/kg), and buprenorphine
(0.01mg/kg) following IACUC approved protocols, and American Veterinary Medical
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Association Guidelines for Euthanasia. The lower one-half of the lower lobe of the right lung
was used for the determination of bloodless wet-to-dry weight ratio. The organ tissue samples
were harvested, snap-frozen in liquid nitrogen and stored at -80ÊCfor later analysis.

Immunohistochemistry
For the distribution study, we prepared 3 sheep in the same manner, and treated with 200 mil-
lion of GFP-labeled ASCs. Sheep were euthanized 24 hours after the injury. Several organs
including the lung, liver, kidney, and spleen were removed, processed and paraffin embedded.
5 µm coronal sections were stained for histopathology analysis of ASCs distribution. In prepa-
ration for immunohistochemistry (IHC), samples were deparaffinized and rehydrated in
xylene, 100% and 95% alcohol. Antigen retrieval was completed in 95ÊC0.01M citrate buffer
pH 6 followed by a quenching process of 3% endogenous hydrogen peroxide. The sections
were blocked with the endogenous avidin- biotin complex (Life Technologies; Waltham, MA)
to reduce nonspecific binding. Slides were stained with primary antibody rabbit anti- GFP
(1:1000; Abcam Cambridge, MA) and secondary biotinylated anti- rabbit IgG (Vector Labora-
tories, Burlingame, CA). Horseradish peroxidase streptavidin (Vector Laboratories, Burlin-
game, CA) was used for color visualization in addition to diaminobenzidine (DAB; Dako,
Carpinteria, CA). Sections were counterstained with Harris hematoxylin (Protocol, Thermo-
Fischer Scientific, Waltham, MA).

Statistical analysis
All values were expressed as means ± SEM. Statistic analysis (Prism 6 software [GraphPad Soft-
ware, Inc. San Diego, CA]) was performed among the groups by two-way ANOVA, followed
by post hoc Bonferroni test. COHb levels after smoke inhalation injury and wet-to-dry weight
ratio between the groups were compared using non-parametric procedures (Mann-Whitney U
test) after confirming non-normal distribution. A value of P< 0.05 was regarded as statistically
significant.

Results
All animals survived the 48-hour experimental period. The arterial carboxyhemoglobin levels
determined immediately after smoke exposure averaged 74.6±4.3% in the control group and
69.5±3.3% in the ASCs group. There was no significant difference between these values.

Fig 1. Multipotent differentiation potential of ASCs. The cells were differentiated into osteoblasts (demonstrated by stainingwith Alizarin
Red), adipocytes (demonstrated by stainingwith Oil O Red) and chondroblasts (demonstrated by stainingwith Alcian blue).

https://doi.org/10.1371/journal.pone.0185937.g001
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Lung lymph flow, an index of pulmonary transvascular fluid flux, was increased ~9-fold in
control sheep compared to baseline (37.4±14.4 at 36hr, 4.2±1.1 at Baseline). This was associ-
ated with a significant total protein decrease in plasma and its increase in lung lymph. The
treatment with ASCs significantly attenuated increases in lymph flow (control vs. ASCs; 31.2
±6.2 and 13.9±3.1 at 18hr, 33.3±5.6 and 18.2±4.8 at 30hr, 34.1±5.5 and 15.0±4.3 at 36hr,
p<0.05) (Fig 2A). The plasma protein significantly decreased immediately after the injury vs.
baseline and continued to drop in the control group. Treatment with ASCs prevented these
changes (Fig 2B). Accumulated loss of protein with lung lymph tended to increase in both
groups, but it was significantly lower after 24hrs in ASC group (Fig 2C). Moreover, the treat-
ment with ASCs almost reversed increased pulmonary vascular permeability index {(lung
lymph protein × lung lymph flow)/plasma protein} (Fig 3A) and reduced lung water content
(Lung wet-to-dry weight ratio) (5.7±2.6 and 7.9±3.6, p = 0.0556) (Fig 3B).

PaO2/FiO2 ratio decreased below 300 after 24hours in control group. However, pulmonary
gas exchange was significantly improved by ASCs treatment. ASCs treatment delayed the

Fig 2. Fluid and protein leakage from lung. Intravenous administration of ASCs significantly reduced the pulmonary microvascular
hyperpermeability in sheep caused by cotton smoke inhalation. (A) Lung lymph flow, an index of pulmonary transvascular fluid flux, was
increased ~9-fold in control sheep compared to baseline. This was associatedwith a significant total protein decrease in plasma (B) and its
increase in lung lymph(C). Treatment with ASCs prevented these changes.

https://doi.org/10.1371/journal.pone.0185937.g002

Fig 3. Pulmonary vascular permeability. (A) The treatment with ASCs almost reversed increased
pulmonary vascular permeability index and (B) reduced lung water content (LungWet-to-Dry Ratio). Smoke
inhalation injury causes pulmonary vascular hyperpermeability to both fluid and protein, which was attenuated
by ASCs treatment.

https://doi.org/10.1371/journal.pone.0185937.g003
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onset of ARDS (PaO2/FiO2 ratio, control vs. ASCs: 262±127 and 406±101 at 24hr, 150±29 and
354±56 at 30hr, p<0.05) (Fig 4A). Oxygenation index increased markedly in the control group
after 18hr and continued to increase over the 48hrs study period. The latter was significantly
attenuated by ASCs (P<0.05 at 36hr and 48hr [Fig 4B]).

Peak and Pause airway pressures were increased more than 2 fold in the control group.
These changes were significantly inhibited by the ASCs treatment (Fig 4C and 4D).

In treatment group, urine output was significantly higher compared to the control group at
18, 24 and 30hrs after injury (Fig 5A). Increases in accumulated net fluid balance (fluid reten-
tion) were significantly attenuated by ASCs treatment compared to control group at 42 and
48hrs after injury (Fig 5B).

Systemic hemodynamics (Table 1)
Mean arterial pressure increased in both groups following injury as compared to baseline
values. There was no difference in comparison between the two groups. Systemic vascular
resistance also similarly increased post-injury in both groups. Additionally, the pulmonary
capillary wedge pressure and central venous pressure did not deviate between the two groups
over the experimental period.

The pulmonary artery pressure was not affected during the 30-minute infusion of 200 mil-
lion ASCs into the jugular vein. In the post-injury time, the changes in pulmonary artery pres-
sure were comparable in both groups except it was significantly higher at 18hrs in ASCs group.
Cardiac index displayed no sustained post-injury changes, and there were no differences
between sheep receiving therapeutic treatment and control group.

Fig 4. Pulmonary function. The administration of ASCs significantly improved pulmonary gas exchange,
evaluated by determining PaO2/FiO2 ratio (A), and pulmonary oxygenation index (B). Peak and Pause airway
pressures were gradually elevated after 18 hours and reachedmore than 2 fold in the control group at the end
of the study. The treatment also significantly reduced elevated airway pressures (C, D).

https://doi.org/10.1371/journal.pone.0185937.g004
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Histopathology
Many structurally intact ASCs were detected in the lung interstitial space and seemed to
migrate by changing their shape (Fig 6A). Few stained cells were found in liver vasculatures
and sinus 24hours after injury (Fig 6B). In spleen, many smaller particles were stained by anti-
GFP antibody, and no structurally intact cells were detected (Fig 6C). Urinary tubules were
filled by stained particles and some cells were found in glomerulus (Fig 6D), but its integrity
was disrupted.

Fig 5. Fluid balance. (A) Urine output was significantly higher in the treatment group. (B) Increases in
accumulated net fluid balance (fluid retention) were significantly attenuated by ASCs treatment compared to
control group.

https://doi.org/10.1371/journal.pone.0185937.g005

Table 1. Systemic hemodynamics.
Baseline Time After Injury, h

3 6 12 18 24 30 36 42 48
MAP, mmHg

Control 97.8±3.6 108±3.8 105±4.7 99±1.8 94.8±2.4 99.2±2.9 95.6±2.2 94.4±3.9 97.2±1.7 93±4.2
ASCs 96.6±3.1 114.4±3.4 111.0±3.0 103.8±3.2 101.8±2.6 96.8±4.0 97.6±1.5 99.0±4.0 104.4±2.1 101.8±3.0

PAP, mmHg
Control 20.6±0.9 22.0±1.6 24.0±1.4 20.2±0.7 21.4±1.2 29.0±2.5 29.2±2.2 26.4±2.3 26.2±1.8 25.8±1.8
ASCs 22.2±2.4 27.4±1.7 28.2±1.3 26.4±2.8 30.4±2.7* 27.4±1.5 27,2±1.6 27.8±1.9 28.4±1.4 26.2±2.3

PCWP, mmHg
Control 12.4±0.9 13.2±1.7 14.0±1.6 10.6±0.4 11.4±0.5 15.8±0.7 15.6±2.1 14.0±2.1 14.0±1.8 14.2±1.8
ASCs 13.2±1.9 17.0±1.2 15.2±0.6 14.4±1.2 16.0±1.7 15.2±0.7 15.0±1.2 14.8±2.0 14.6±1.9 15.0±1.8

CVP, mmHg
Control 8.2±1.0 7.4±1.2 7.6±1.0 6.6±1.0 6.2±1.0 9.0±1.3 6.0±1.6 7.6±1.9 10.2±1.6 10.8±1.7
ASCs 7.8±1.4 11.0±1.2 10.4±0.7 7.8±0.9 9.4±0.8 9.8±1.6 9.0±1.7 8.0±2.0 9.0±2.1 9.4±2.2

CI, L×min-1×m-2

Control 6.1±0.4 6.2±0.5 5.9±0.2 5.6±0.3 5.4±0.2 5.1±0.6 5.1±0.4 5.2±0.3 5.6±0.5 5.9±0.2
ASCs 6.4±0.3 6.7±0.4 6.5±0.4 6.3±0.2 6.1±0.2 6.2±0.5 5.3±0.2 6.0±0.4 6.8±0.7 6.0±0.7

SVRI, dynes×sec×cm-5m-2

Control 1204.2
±100.7

1322.4
±94.0

1325.5±66.9 1336.7
±75.8

1329.1
±54.3

1457.9
±132.9

1444.3
±117.3

1356.1
±69.6

1275.3
±116.6

1123.2±60.2

ASCs 1120.9±44.0 1250.9
±98.9

1262.7
±105.5

1226.8
±19.3

1208.2
±59.3

1153.3±95.0 1348.2±87.5 1219.0
±68.7

1177.7
±142.4

1314.5
±180.6

(MAP, mean arterial pressure; CVP, central venous pressure; MPAP, mean pulmonary artery pressure; and LAP, left atrium pressure)

https://doi.org/10.1371/journal.pone.0185937.t001
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Discussion
The main findings of the present work was as follows:

1) Intravenous administration of ASCs significantly reduced the pulmonary microvascular
hyperpermeability in sheep caused by cotton smoke inhalation. This was evidenced by signifi-
cantly attenuated increases in lung lymph flow, an index of pulmonary microvascular fluid
flux, pulmonary microvascular hyperpermeability index and reduced lung water content.
These observations were supported by the findings that ASCs significantly reduced the sys-
temic fluid retention, increased the plasma protein, prevented protein loss in lymph, and
increased the urinary output. 2) The administration of ASCs significantly improved pulmo-
nary gas exchange, evaluated by determining PaO2/FiO2 ratio (arterial/inspired air oxygen
partial pressures), and pulmonary oxygenation index. The treatment also significantly reduced
elevated airway pressures. The data from present study suggest that ASCs treatment delayed
the onset of mild ARDS and prevented the development of moderate and severe ARDS as the
PaO2/FiO2 ratio stayed above 300 up to 30hrs and above 200 in the remaining time period. It
is worth noting that the intravenous administration of ASCs was well tolerated, as there were
not any negative hemodynamic changes observed, including pulmonary arterial pressure dur-
ing the 30-minute infusion time.

Fig 6. Histopathology.Many structurally intact ASCs were detected in the lung interstitial space (A). Few stained cells were found in liver
(B). In the spleen, many smaller particles were stained by anti-GFP antibody (C). Urinary tubules were filled by stained particles (D).

https://doi.org/10.1371/journal.pone.0185937.g006
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MSCs are multipotent cells with low immunogenicity that secrete multiple anti-inflamma-
tory cytokines capable of modulating the immune response, attenuating bacterial infection by
secretion of antimicrobial peptides, and controlling oxidative stress through the transfer of
functional mitochondria to the damaged host cells [11, 19±21]. It has previously been shown
that MSCs from different origins ameliorated the severity of acute lung injury [22±25]. In con-
trast to our research, a majority of these studies were conducted with the rodent model, and
treated with bone marrow-derived human mesenchymal stem cells. The sheep model has
proven to be an excellent paragon for biomedical research. The anatomy and physiology of the
sheep respiratory system is well understood and much more comparable to humans. Hence,
the ovine model is appropriate for vaccines, asthma pathogenesis, and inhalation treatment
studies.

As mentioned, adipose-derived stem cells exerted a strong effect on systemic and pulmo-
nary microvascular hyper-permeability caused by smoke inhalation; however, the study is lim-
ited by insufficiently described mechanistic aspects underlying these salutary effects. It has
been shown that beneficial effects of MSCs are mediated by many different factors including
their ability to modulate innate and adaptive immune cells, by enhancing anti-inflammatory
pathways, such as IL-10 and IL-1 receptor antagonist [26, 27]. Previous studies reported that
MSCs alleviate severity of organ injury by their antioxidative effects [28]. MSCs attenuate neu-
trophil activity and protect against ventilator-induced lung injury [29]. Pati S et al. reported
that bone marrow derived mesenchymal stem cells inhibit inflammation and preserve vascular
endothelial integrity in the lungs after hemorrhage shock by inhibiting leucocyte adhesion
molecules [30]. In our previous studies, we have demonstrated important roles of oxidative
stress, neutrophil activation, adhesion molecules, and pro-inflammatory cytokines, such as IL-
1 and IL-6 in smoke inhalation-induced acute lung injury in sheep model [31±38]. Thus,
based on previous studies by others and our group, we speculate that ASCs may have attenu-
ated severity of smoke inhalation-induced acute lung injury by exerting their potent anti-
inflammatory (secretory function) properties.

Previous studies also reported that MSCs attenuate lung injury through lipoxin A4 (LXA4)
[39, 40]. It has also been shown that potent permeability factor angiopoietin-2 (ANG2) to play
a critical role in the pathophysiology of ARDS [41±43]. We have measured both LXA4 and
ANG2 in the lung tissue at 48 hours (time of necropsy); however, these values were not
affected by ASCs treatment, suggesting that LXA4 and ANG2 pathways are not involved in the
beneficial effect of ASCs on microvascular hyper-permeability and lung tissue injury at least at
48 hours.

Another limitation of our present study is that we were not able to measure inflammatory
or permeability markers in the lung tissue at different time points after the injury. It is possible
that the peak time of the expression of ANG2 and LXA4 occurred much earlier; as we have
reported in our previous studies that inflammatory mediators (lung IL-1β, TNF-α, IL-6) in
mice lung tissue peaked around 9 hours after the injury [36]. We have also reported on the
time course of cytokines in sheep sepsis study, in which IL-6 and PARP activation in lung tis-
sue peaked at 8 hours and 12 hours after injury [37].

In the present study, we have determined the distribution of intravenously administered
ASCs. We found many structurally intact ASCs in the lung parenchyma 24 hours after the
injury (microscopic image). Some intact cells were also spotted in the liver sinus. However, we
were not able to find intact ASCs in spleen or urine in spite of the positive signals of green fluo-
rescent protein (GFP) by whole organ imaging or flow cytometer.

Microscopically, we found numerous small particles stained with anti-GFP antibody in
spleen and renal tubules. It is worth nothing that whole organ imaging gives some idea of cell
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distribution, but this method does not provide information on the cell morphology, while
microscopic assay (immunohistochemistry) enables the determination of cell integrity.

Nevertheless, the above results suggest that most of the intravenously administered ASCs
are deposited in the lung tissue, migrating to interstitial space. Currently, we have no evidence
confirming their differentiation to lung epithelial or endothelial cells; however we do not
exclude the possibility of their engraftment, thus repairing the injured cellsÐthis hypothesis
should be further investigated. It appears that there was none or minimal (liver) distribution of
these cells in non-pulmonary organs at least 24 h injection (another limitation of this study is
that were not able to harvest lung tissue at different times after the ASCs infusion).

Previously, numbers of investigators reported in vivo cell distribution. Schrepfer et al. dem-
onstrated that most of intravenously (IV) infused MSCs were trapped in the lung 5 minutes
after injection, and lung passing was size dependent [44]. Fischer et al. investigated the pulmo-
nary first-pass effect and found MSCs in carotid artery immediately post- injection, but the
numbers were less than 1% of infused cells [45]. Barbash et al. showed that IV injected MSCs
were redistributed in liver, kidney and bladder 4 hours after injection using whole body fluo-
rescent imaging [46]. These studies suggest that a small amount of cells pass through the lung
microvasculature. However, this notion should be confirmed by future studies with frequent
sampling at various time points after the infusion.

Nevertheless, we are reporting for the first time, to our knowledge, the beneficial effects of
ASCs in a clinically relevant translation ovine model of acute lung injury induced by smoke
inhalation. This is of a particular importance, because there are no clinical studies demonstrat-
ing efficacy of MSCs in ARDS patients expect two phase-1 safety studies with limited numbers
of patients [12, 13]. Previously, our group demonstrated beneficial effects of clinical grade
human bone marrow-derived MSCs in ovine model of ALI/ARDS induced by pneumonia sep-
sis [14].

In conclusion, the results of our previous and present studies as well as prior studies by
others, strongly suggest that ASCs could be a safe and efficient therapeutic option for the treat-
ment of ARDS patients. These studies also indicate a need for large, multicenter and prospec-
tive clinical studies on the safety and efficacy of ASCs in ARDS patients. Future studies
exploring mechanistic aspects specifically focusing on the salutary effects of ASCs on endothe-
lial permeability are warranted.
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Stem cell therapy offers potential in the regeneration of craniofacial bone defects; however, it has not been 
studied clinically. Tissue repair cells (TRCs) isolated from bone marrow represent a mixed stem and progenitor 
population enriched in CD90- and CD14-positive cells. In this phase I/II, randomized, controlled feasibility trial, 
we investigated TRC cell therapy to reconstruct localized craniofacial bone defects. Twenty-four patients requir-
ing localized reconstruction of jawbone defects participated in this longitudinal trial. For regenerative therapy, 
patients were randomized to receive either guided bone regeneration (GBR) or TRC transplantation. At 6 or 12 
weeks following treatment, clinical and radiographic assessments of bone repair were performed. Bone biopsies 
were harvested and underwent quantitative micro-computed tomographic (µCT) and bone histomorphometric 
analyses. Oral implants were installed, subsequently restored, and functionally loaded with tooth restorations. 
Reconstructed sites were assessed for 1 year following therapy. No study-related, serious adverse events were 
reported. Following therapy, clinical, radiographic, tomographic, and histological measures demonstrated that 
TRC therapy accelerated alveolar bone regeneration compared to GBR therapy. Additionally, TRC treatment 
significantly reduced the need for secondary bone grafting at the time of oral implant placement with a five-
fold decrease in implant bony dehiscence exposure (residual bone defects) as compared to GBR-treated sites 
(p < 0.01). Transplantation of TRCs for treatment of alveolar bone defects appears safe and accelerates bone 
regeneration, enabling jawbone reconstruction with oral implants. The results from this trial support expanded 
studies of TRC therapy in the treatment of craniofacial deformities (ClinicalTrials.gov number CT00755911).

Key words: Bone regeneration; Craniofacial tissue engineering; Stem cells; Cell therapy; Implants

Bone marrow-derived mesenchymal stem cells are a 
commonly used cell type for utilization in cell-based regen-
erative approaches in craniofacial applications (8,9,15,17). 
Preclinical studies have demonstrated success in their use 
for bone regeneration (9,11,14,15), and more recently, 
several clinical reports have investigated the potential of 
autologous grafts containing bone marrow-derived cells 
in the repair of craniofacial defects (6,18–20,28). Though 
these preliminary reports hold promise, two limitations 
common to them are (1) the techniques used for cell isola-
tion are crude and (2) the grafts used for transplantation are 
not well characterized. 

To begin addressing these limitations, we report 
the first randomized, controlled clinical trial utilizing 
bone marrow-derived stem cells for the regeneration of 

INTRODUCTION

Treatment of oral and craniofacial diseases represent 
a substantial component of the global healthcare burden, 
with dental caries (tooth decay) and periodontal disease 
(gum disease) representing two of the most prevalent 
infections worldwide, oral cancer being the sixth most 
common cancer, and cleft lip and cleft palate represent-
ing two of the most common congenital defects (24,27). 
Though current treatment modalities provide functional 
and structural restorations of affected tissues, most 
approaches do not meet emerging concepts toward more 
biological treatment outcomes. New cell- and tissue-based 
strategies need development to overcome limitations of 
traditional treatments using allogeneic and synthetic sub-
stitutes for craniofacial reconstruction (29). 



768 KAIGLER ET AL.

craniofacial bone. This study compares a novel cell ther-
apy for the treatment of localized jaw bone defects to a 
conventional guided bone regeneration procedure (GBR) 
(22). The cells employed in this study, tissue repair cells 
(TRCs or ixmyelocel-T, Aastrom Biosciences, Ann Arbor, 
MI, USA), are composed of a mixture of bone marrow-
derived cells including expanded CD90+ mesenchymal 
stem cells, CD14+ monocytes/macrophages, as well as 
mononuclear cells from the original bone marrow aspirate 
(2,30). The central hypothesis underlying this feasibility 
trial was that a cell therapy approach using TRCs would 
be safe and efficacious in the regeneration of localized 
craniofacial bone defects. 

mATeRIAlS AND meTHODS

All chemicals are from Sigma-Aldrich (St. Louis, MO, 
USA) unless stated otherwise.

Patients

Following U.S. Food and Drug Administration and 
University of Michigan Institutional Review Board (IRB) 
approval, 24 patients requiring a tooth extraction were 
recruited to participate in this phase I/II trial (ClinicalTrials.
gov number CT00755911). No power analysis was per-
formed to determine the sample size, but instead, the 
number of participants for this trial was chosen for feasi-
bility rather than statistical precision as a first-in-humans 
investigation. Healthy male and female participants, ages 
20–70, were included if they were able and willing to read, 
understand, and sign an informed consent. Patients were 
excluded from participation if they had or exhibited one of 
the following conditions: blood dyscrasia, active infectious 
disease, liver or kidney dysfunction, endocrine disorders, 
cancer, current or history of bisphosphonate use, metabolic 
bone disorder, HIV+, pregnant, current smoker, < 2 mm of 
bone from apex of the tooth to be extracted to the floor of 
the maxillary sinus, < 4 mm of bone from apex of the tooth 
to be extracted to the crest of the alveolar bone. 

Study Design

From March 2008 to October 2009, 24 osseous 
defects of 24 patients were treated and evaluated for 
bone regeneration. Half (12) of the subjects were 
assigned to receive the TRC therapy, and the other half 
received the control GBR therapy. Further, the partici-
pants were allocated within each treatment arm for either 
a 6- or 12-week bone core harvest and comprehensive 
safety and efficacy measures. Thus, six patients each 
were assigned to one of four possible patient groups 
(treatment arm crossed with time of outcome). Patients 
were randomized in blocks of four with a computer-
generated randomization schedule, with one patient in 
each block assigned to one of the four patient groups. 
Due to the nature of the TRC group requiring autologous 

bone marrow aspiration, patient and surgeon masking 
was not possible. However, allocation of treatment was 
masked from examiners of primary outcome measures 
(radiographic, micro-computed tomography, histologi-
cal and biochemical assessments). Additionally, patients 
assigned to the 12-week time point were not allowed to 
“cross over” to the 6-week time point.

Clinical Procedures

The bioreactor production of TRCs has been previously 
described (7). Briefly, following University of Michigan 
Institutional Review Board (IRB) approval, 12 healthy 
human participants giving informed consent underwent a 
bone marrow aspiration of the posterior ilium under con-
scious sedation and local anesthetic (ClinicalTrials.gov 
number CT00755911). Collected marrow was transferred 
to a sterile blood bag and then inoculated into a bioreac-
tor, which is a proprietary computer-controlled, automated 
cell processing unit (Aastrom Biosciences). The cell cas-
sette within this system provides a functionally closed, 
sterile environment in which cell production occurs. The 
fluid pathway in the cell cassette includes the cell growth 
chamber, a medium supply container, a mechanism for 
medium delivery, a waste medium collection container, and 
a container for the collection of harvested cells. The culture 
medium consists of Iscove’s modified Dulbecco’s medium 
(IMDM), 10% fetal bovine serum, 10% horse serum, 5 µM 
hydrocortisone. This system incorporates single-pass perfu-
sion in which fresh medium flows slowly over cells without 
retention of waste metabolites or differentiating cytokines. 
After cultivation for 12 days at 37°C and 5% CO

2
, the TRC 

product was harvested by trypsinization, resuspended, and 
collected into a sterile bag where it was stored until the 
time of transplantation. According to previously described 
methods for characterization of TRCs (7,10), flow cytom-
etry was performed immediately following enrichment 
of TRCs with fluorochromes conjugated to antibodies to 
CD90, CD34, CD19, vascular endothelial growth factor 
receptor 1 (VEGFR1), Tie2 (tyrosine kinase with immu-
noglobulin-like and epidermal growth factor-like domains 
2), CD145, CD45, CD3, CD144, CD184, (Beckman 
Coulter, Indianapolis, IN, USA). The flow cytometry data 
confirmed the characterization of these cells as previously 
reported (7,10); hence, the data are not shown here. 

For the 24 patients selected to participate in this study, 
tooth extraction of a nonrestorable tooth was performed 
and its removal resulted in an area of a localized osseous 
defect. In the TRC group (n = 12), 1 ml of the TRC sus-
pension (approximately 1.5 ́  107 cells/ml) was placed 
onto an absorbable gelatin sponge (Gelfoam®, Pfizer, 
New York, NY, USA) sized to a dimension of ~2 cm3. 
The sponge was then delivered into the extraction socket. 
In the GBR group (n = 12), only the sponge, soaked in 
1 ml sterile saline, was transplanted into the socket. In 
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both treatment groups, a bioabsorbable collagen barrier 
membrane (Biomend®, Zimmer Dental, Carlsbad, CA, 
USA) was placed over the sponge to contain the cell con-
struct and the tissues were closed. Surgical reentry of the 
treated osseous defect was performed 6 or 12 weeks post-
surgery, and a bone core of 2 ́  7 mm was harvested with 
a trephine drill (Ace Surgical Supply Co., Brockton, MA, 
USA). The core was prepared for micro-computed tomog-
raphy (µCT) and histomorphometry through which bone 
mineral density (BMD), bone volume fraction (BVF), 
and bone area/tissue area (BA/TA) were all measured. 

Outcome Assessments

Radiographic bone height was assessed at the time 
of bone biopsies. Standardized digital radiographs were 
assessed using Emago® software (Exan Academic, Inc., 
Port Coquitlam, BC, Canada). In comparison to baseline 
images, the follow-up images (6 and 12 weeks) were cor-
rected for changes in gamma exposure and angulation 
differences. Linear measurements were taken from the 
base of the extraction socket to the alveolar crest along 
the long axis of the socket in the baseline, 6-week, and 
12-week images from both GBR and TRC treatment 
groups. “Linear radiographic bone height” measures were 
calculated as a percentage of the regenerated bone height 
over the height of the initial defect.

If sufficient bone volume and density (23) was present 
at the time of surgical reentry of treated sites, oral implants 
(Screwplant®, Implant Direct, Inc., Agoura Hills, CA, USA) 
of appropriate sizes were placed. If residual bone deficien-
cies remained at the time of implant placement causing 
implant exposure, an additional bone grafting procedure was 
performed. The degree to which implants were exposed was 
measured as the percent linear implant exposure (length of 
exposed area of implant divided by the total implant length) 
and the amount of secondary graft material was recorded at 
the time of surgery. This secondary grafting was performed 
with either an allogeneic bone graft material (Oragraft®, 
Salvin Dental Specialties, Inc., Charlotte, NC, USA) alone 
or in combination with a barrier membrane. 

The ability of the oral implant fixtures to sustain bio-
mechanical forces under functional loading with single 
tooth implant restorations (crowns) was assessed at 3 and 6 
months postloading, with qualitative radiographic evalua-
tion of changes in crestal bone height at these time points. 

Micro-computed tomographic (µCT) analyses of bone 
core biopsies were performed as previously described (25). 
Briefly, the nondecalcified core was captured with the scan-
ning direction parallel to the longitudinal axis of the core 
specimen. High-resolution scanning with an in-plane pixel 
size and slice thickness of 24 mm was performed. To cover 
the entire thickness of the bone core biopsy, the number of 
slices was set at 400. MicroView® software (GE Medical 
Systems, London, ON, Canada) was used to make three-

dimensional (3D) reconstructions from the set of scans. To 
obtain 3D images, a threshold value of 1,100 was used. On 
3D images of the specimen, the total volume (TV, mm3), 
bone volume (BV, mm3), and bone mineral density (BMD) 
of the bone core was measured directly, and the fractional 
bone volume (3D BV/TV, %) was calculated. After scan-
ning, the core was decalcified and, following decalcifica-
tion, was prepared histologically for standard hematoxylin 
and eosin (H&E) staining to perform bone histomorphom-
etry, as previously described (14).

Alkaline Phosphatase (AP) Activity

To quantify the AP activity of TRCs, following 1 week 
of culture in “osteogenic” media [minimum essential 
medium (MEM) with 15% fetal bovine serum, 5 mg/ml 
gentamycin, 5 mM b-glycerol phosphate, 100 nM dex-
amethasone, and 50 µM ascorbic acid 2-phosphate], cells 
were lysed in passive lysis buffer (Promega Corporation) 
according to the manufacturer’s instructions and cell 
lysates were sonicated and centrifuged. The supernatant 
was recovered for the quantitative colormetric AP assay 
as previously described (19). The cell pellet was used 
for DNA isolation and the determination of the DNA 
concentration using the Quant-iT™ dsDNA BR Assay 
(Invitrogen, Life Technologies Corporation, Grand Island, 
NY, USA) as per the manufacturer’s instructions.

Mineralization Assay (Von Kossa)

To detect TRC mineralized matrix formation indica-
tive of osteogenic differentiation, all 12 TRC populations 
were plated at a density of 30,000 cells per well in 12-well 
plates. At 100% confluence (which was reached follow-
ing 3–5 days of culture in plates), cells were induced with 
“osteogenic media” (described above) for 21 days. TRCs 
were fixed in 4% paraformaldehyde for 30 min, immersed 
in fresh 5% silver nitrate and incubated in the dark for 
30 min. After washing in water, TRCs were exposed to 
ultraviolet light for 30 min followed by a 4-min incuba-
tion in 1% sodium thiosulfate. Photographs were taken of 
the stained plates. These photographs were analyzed using 
the Mac software ImageJ (from the NIH, Bethesda, MD, 
USA), and the mineral density measurements were per-
formed on the photographs. Mineral density calculations 
were performed by taking a measurement from the control 
Von Kossa plate (uninduced cells) and a measurement from 
the osteogenically induced plate. The density measurement 
from the control plate (indicative of background staining) 
was subtracted from the measurement of the induced plate, 
and this difference was reported as a relative value (“Von 
Kossa relative staining intensity”; % of control).

Statistical Analysis

A data safety monitoring board (DSMB) provided 
oversight throughout the course of the investigation and 
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findings from this committee were submitted along with 
the yearly reports to the U.S. FDA. The outcomes of the 
investigation followed the study protocol for the primary 
outcome variables as well as for several post hoc analy-
ses, including correlation of BMD/BVF with osteogenic 
differentiation/mineralization, percentage of implant 
exposure, and need for additional bone grafting. Safety 
analyses were accumulated at each postbaseline visit and 
included reporting of adverse events by body system, 
severity, and relationship to TRC therapy, as assessed 
by the investigator. Statistical analysis was performed 
with the statistical software package R (R Foundation 
for Statistical Computing, Vienna, Austria). Data are 
reported as means ± standard deviation, and 95% confi-
dence intervals (CI) for the mean differences between 
groups (GBR and TRC) are reported in the tables; dif-
ferences in means between the treatment groups were 
assessed with a two-sample t test. Correlation was based 
upon Pearson’s product–moment correlation coefficient 
(r), with significance based on Fisher’s Z transformation. 
Statistical significance was defined as p < 0.05. 

ReSUlTS

Study Design and Patients

Throughout the study, there were no serious, study-
related adverse events that were reported in examination 
of comprehensive safety assessments during the trial. It 
should be noted that one patient was lost to follow-up 

and did not return for the final two study visits (following 
restoration). The baseline demographic characteristics 
of all study participants are shown in Table 1. Figure 1A 
shows the trial timeline, and Figure 1B displays the con-
sort diagram of the patient allocation to groups. It should 
be noted that, in order to obtain a total of 12 patients in 
the TRC groups (six for 6 weeks and six for 12 weeks), 
it required a total of 16 participants to be randomized to 
this group because aspirates could not be obtained from 
four patients due to high body mass index (BMI) values 
( >25). This necessitated the requirement for an amended 
protocol which, from this point, excluded study participa-
tion of patients who presented at bone marrow aspiration 
with a BMI > 25. 

Clinical Outcomes: Bone Density  
and Residual Bone Defects

Figure 2A shows images of GBR and TRC treatment 
defects at the time of tooth extraction (baseline) and 6 
weeks after therapy. At 6 weeks, there was greater radio-
graphic bone height achieved in the TRC group than in 
the GBR group, as measured by the percentage of the 
radiographic bone fill within the extraction defect (Fig. 
2B) (p = 0.01). At 12 weeks, the GBR group displayed 
74.6 ± 3.3% bone fill while the TRC groups showed 
80.1 ± 2.0% bone fill, p = 0.28 (Table 2). 

Figure 2C shows photographic images of TRC and 
GBR treatment sites at baseline, 6 weeks after treatment, 
and fully restored 1 year after initial surgery. Clinically, in 

Table 1. Patient Demographics

6-Week Time Point 12-Week Time Point

GBR TRC GBR TRC

% Female 66.7 50 50 50
Ethnicity 6 Caucasians 1 Asian, 

5 Caucasians
1 African American, 
4 Caucasians, 
1 Hispanic

1 African American, 
5 Caucasians

Mean age (range, years) 53 (38–62) 48 (31–57) 53 (46–63) 44 (38–56)
Maxillary/mandibular teeth 4/2 4/2 5/1 5/1
Reason for extraction Fractured tooth = 5

Periodontal disease = 1
Tooth decay = 0

Fractured tooth = 4
Periodontal disease = 1
Tooth decay = 1

Fractured tooth = 4
Periodontal disease = 0
Tooth decay = 2

Fractured tooth = 4
Periodontal disease = 1
Tooth decay = 1

Number of patients with  
 bone defect present at  
 time of extraction

3 4 4 4

Mean implant diameter  
 (range, mm)

4.5 (3.7–4.7) 4.2 (3.7–4.7) 4.2 (3.7–4.7) 4.4 (3.7–4.7)

Mean implant length  
 (range, mm)

12.0 (10–13) 12.3 (10–13) 11.5 (10–13) 12.3 (10–13)

Mean (keratinized) gingival  
 thickness, mm (SD)

1.8 (1.2) 1.5 (0.5) 1.8 (0.7) 1.1 (0.2)

Mean (keratinized) gingival  
 tissue width, mm (SD)

4.8 (2.9) 3.8 (0.7) 5.2 (1.2) 4.7 (1.8)

GBR, guided bone regeneration; TRC, tissue repair cell.
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Figure 1. Trial profile and consort diagram. (A) Trial timeline. (B) Consort diagram of patient distribution. mCT, micro-computed 
tomography; BVF, bone volume fraction; BMD, bone mineral density. 
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Figure 2. Tissue repair cells (TRCs) promote regeneration of alveolar bone defects. (A) Digital radiographic images of linear bone 
height density measures for guided bone regeneration (GBR) and TRC groups at the time of tooth extraction (baseline) and 6 weeks after 
treatment. (B) Standardized digital radiography (SDR) was used to assess linear changes in radiographic bone height from baseline to 
6- and 12-week time points. In the baseline images (A), the (orange) lines show the full extent (height) of the original defect, created fol-
lowing extraction of the tooth. In the 6-week images, the (green) lines show the extent (height) to which there was radiographic bone fill. 
These heights were calculated and the linear length of the bone fill was determined by calculating the percentage of the original defect 
which was filled with radiographic evidence of bone. (C) Clinical photographs of the defect site created immediately following removal 
of the tooth, at reentry into the site 6 weeks following treatment, and 12 months following treatment after full restoration of the site with 
an oral implant supported crown. (D) In some patients, residual bony defects were noted at the time of reentry into the defect sites, and in 
other patients, remaining bone deficiencies were identified during implant placement. There was significantly greater implant exposure in 
those patients receiving GBR versus those patients receiving TRCs (p < 0.04). (E) Micro-computed tomographic and histomorphometric 
analyses. Micro-CT and histological evaluation (H&E staining) of bone formation in a representative specimen from a GBR-treated site 
and a TRC treated site 6 weeks following treatment (original magnification: 2´). Both sections show varying degrees of mature cortical 
bone with high vascularity, as indicated by the abundance of blood vessels. Bone volume fraction (BVF), bone mineral density (BMD), 
and histomorphometric measures were quantified and compared between TRC and GBR treated sites at 6 and 12 weeks. 
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the GBR-treated sites, the regenerated tissues at 6 weeks 
appeared highly vascular and fibrous, and most speci-
mens were notably soft during biopsy harvest. Overall, 
the regenerated tissues in the TRC sites exhibited a bone-
like appearance clinically, were more dense, and demon-
strated high vascularity during biopsy harvest. 

At the time of reentry into the grafted sites, clinical 
assessments were performed to determine if there would 
be a need for additional bone grafting to stably place an 
oral implant. The decision was made to perform addi-
tional grafting if one of two possible scenarios occurred: 
(1) if residual bone defects persisted following initial 
treatment or (2) if bone deficiencies (i.e., dehiscences or 
fenestrations) were identified during oral implant place-
ment (Fig. 2D). In all four groups, oral implants were 
able to be stably placed at their respective scheduled 
time points. However, due to a greater number of resid-
ual bone defects present in the groups initially treated 
with GBR, there was a greater need for the GBR groups 
(6 and 12 weeks) to receive secondary bone grafting 
procedures at the time of implant placement, relative 
to the need within the TRC-treated groups (Table 3). 
Additionally, in the GBR groups at both 6 and 12 weeks, 
there was about sixfold greater percent implant exposure 
which necessitated more extensive secondary grafting, 
relative to this need in the TRC treated groups (p < 0.04) 
(Fig. 2D and Table 3). Although different implant 
lengths and diameters were used at the time of implant 
installation, in general the sizes used were quite similar 

(Table 1). For each of the treatment groups following  
the regenerative procedures, all implants achieved cli-
nical evidence of integration into the restored bone 
and were able to sustain biomechanical loading when 
restored with an implant restoration 6 months following 
placement. Implant stability was followed for 1 year, 
and all implants remained functionally integrated at 
study completion. 

Biopsy Analyses: µCT and Histomorphometry

Bone core biopsies from the regenerative sites were 
analyzed 6 and 12 weeks following treatment using 
three-dimensional µCT and histomorphometry (Fig. 2E 
and Table 2). Bone volume fraction (BVF) and bone 
mineral density (BMD) were the primary µCT out-
come measures, and analysis at 6 weeks showed that 
the BVF for the GBR group was 13 ± 6%, compared to 
28 ± 8% for the TRC-treated group (p = 0.08). Similarly, 
in comparisons of BMD measures between GBR- and 
TRC-treated groups, bone repair in the TRC group had 
a greater than twofold higher BMD (195.0 ± 63.3 mg/cc)  
than regenerated bone in the GBR group (85 ± 46.3 mg/
cc; p = 0.1).

Following micro-CT analysis, bone core biopsies of 
regenerated bone were further evaluated histomorpho-
metrically. When visualized under light microscopy, 
the majority of the samples were comprised of a highly 
cellular, dense connective tissue exhibiting the pres-
ence of an abundance of blood vessels, yet there were 

Table 2. Summary of Primary Outcome Measures

6-Week Time Point 12-Week Time Point

GBR TRC GBR TRC

Linear bone height (%)
 Mean 55.3 78.9 74.6 80.1
 Mean diff GBR & TRC 23.6 5.4
 95% CI 6.02, 41.09 −12.11, 22.95
 p value 0.01 0.28
Bone volume fraction (BVF)
 Mean 0.13 0.28 0.24 0.30
 Mean diff GBR & TRC 0.15 0.05
 95% CI −0.03, 0.34 −0.14, 0.24
 p value 0.07 0.30
Bone mineral density (BMD, mg/cc)
 Mean (mg/cc) 85.5 195.0 146.6 186.8
 Mean diff GBR & TRC 109.5 40.2
 95% CI −28.6, 247.5 −97.8, 178.3
 p value 0.08 0.29
Bone area/tissue area (BA/TA)
 Mean 0.196 0.335 0.351 0.352
 Mean diff GBR & TRC 0.139 0.002
 95% CI −0.053, 0.332 −0.191, 0.194
 p value 0.09 0.49
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differences at 6 weeks between the specimens harvested 
from TRC- and GBR-treated sites with the presence 
of more bone in the TRC sites (Fig. 2E). Upon 6- and 
12-week analyses, no statistically significant differ-
ences were found in measures of % bone area/tissue area 
(BA/TA). At 6 weeks, regenerated tissue from the GBR 
group had a BA/TA of 19.6 ± 4.2%, while tissue from the 
TRC-treated group had a BA/TA of 28.8 ± 9.1% (p = 0.10 
between groups) (Table 2). At the 12-week time point, 
the percentage of regenerated bone tissue appeared to be 

similar between the GBR- and TRC-treated groups, with 
BA/TA measures for these groups being 35.1 ± 3.2% and 
35.2 ± 8.9%, respectively (Table 2). 

As an ad hoc analysis, in vitro osteogenic potential 
(AP activity) and mineralization (Von Kossa) ability of 
TRCs were correlated with the clinical outcome measures 
of BMD and BVF for each respective TRC population. 
These data demonstrated that there was a positive corre-
lation between AP and BVF (r = 0.56, p = 0.058) and a sta-
tistically significant positive correlation between AP and 

Figure 3. In vitro TRC characteristics and clinical regeneration outcomes. The in vitro osteogenic potential [alkaline phosphatase  
(AP)-fold induction, top] and extracellular matrix mineralization (von Kossa staining, bottom) of each TRC population was correlated with 
its clinical capacity to form bone in vivo [as measured by BMD (mg/cc) and BVF]. Statistically significant differences (p < 0.05) were noted 
between BMD and osteogenic differentiation, while nonsignificant differences were found between mineralization and BMD/BVF.

Table 3. Residual Bone Defects Following Surgery

6-Week Time Point 12-Week Time Point 

GBR TRC GBR TRC

Mean % linear implant exposure 29.2 5.1 25.3 3.8

 95% CI (-1.2, 60) (-8.5, 18.7) (-0.9, 51.5) (-6.1, 14)
 p value 0.04 0.04 0.03 0.03
Cases Requiring secondary bone grafting 5 2 3 2
Mean amount additional graft used (cc) 0.23 0.09 0.08 0.05

 95% CI (0.02, 0.44) (-0.01, 0.2) (-0.02, 0.2) (-0.05, 0.16)
 p value 0.08 0.08 0.31 0.31
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BMD (r = 0.58; p = 0.049). Positive correlations with in 
vitro mineralization ability and BMD and BVF measures 
were not statistically significant (Fig. 3). 

DISCUSSION

Regenerative medicine aims to use tissue engineer-
ing to restore damaged and lost tissue (16). In this report, 
we describe the first randomized, controlled, human trial 
employing stem cell therapy for the regeneration of cran-
iofacial bone. TRCs were grafted into osseous defects of 
the jaw and biopsies harvested for analyses at 6 and 12 
weeks. Reconstruction of these sites was completed with 
oral implant therapy and treatment sites were followed for 
12 months postoperatively. Clinical and laboratory analy-
ses of treatment sites demonstrated that the cell therapy 
accelerated the regenerative response as determined clin-
ically, radiographically, and histologically. Further, there 
was a significantly reduced need for secondary bone 
grafting procedures in the group that originally received 
the cell therapy. 

The extraction socket created following tooth removal 
serves as a reasonable model of bone repair being that the 
resulting defect is reproducible and has a limited capac-
ity to heal completely without intervention. Pelegrine and 
colleagues used this model recently to investigate the 
potential of a bone marrow graft in preserving alveolar 
bone following tooth removal (26). Upon evaluation of 
the grafted sites at 6 months, the graft provided better 
results in maintaining the alveolar bone relative to when 
no graft was used. Though the results suggested that 
bone marrow constituents provided benefit, the cellular 
component of the graft was not characterized, and thus, 
homogeneity of the graft from patient to patient could 
not be ascertained. Other promising preliminary reports 
of successful craniofacial regenerative procedures using 
bone marrow-derived grafts are similarly confounded 
by the lack of characterization of the grafted biological 
cell type or construct (8,20,31). Meijer and colleagues 
spoke to this limitation in a study evaluating the use of 
bone marrow grafts for craniofacial reconstructions (21). 
These treatments resulted in clinical bone formation in 
only three of the six patients treated and because the con-
stituents of the grafts were not characterized, the authors 
indicated that the cause for the 50% failure rate could not 
be definitively determined. 

Another general critique of cell therapy approaches 
has been the lack of reproducible cell isolation and expan-
sion protocols that can predictably yield consistent cell 
populations. Two defining elements of our study relative 
to other case reports employing bone marrow grafts for 
craniofacial reconstructions are (1) characterization of 
the cell population prior to grafting and (2) early 6-week 
regenerative healing time evaluated. Through the cell pro-
cessing protocol used to generate TRCs, within a given 

range, cell surface marker characterization has demon-
strated a relative degree of homogeneity in the TRCs 
produced between patients (1,10,13), namely enrichment 
of CD90+ cells. Preclinical studies of TRCs have dem-
onstrated that high concentrations of CD90+ cells within 
TRC populations are positively correlated with ectopic 
bone formation (7). Even further, in correlating the in 
vitro osteogenic capacity of TRCs (AP) with the clinical 
regenerative BMD and BVF measures, we observed posi-
tive correlations (Fig. 3). These data provide important 
preliminary evidence underscoring the potential for tar-
geted, individualized stem cell therapy approaches based 
upon initial cell characterization. Though the initial evi-
dence appears promising, it is realized that in vitro analy-
ses and clinical correlation studies need to be performed 
on larger subsets of TRC populations to more fully eluci-
date these correlations. 

Another defining element of our study is the early 
6-week time point in which we chose to reenter the regen-
erated sites. Most clinical protocols that employ grafting 
procedures for reconstruction of alveolar bone allow 
healing periods minimally of 3–6 months (5). In the natu-
ral healing environment of an extraction socket wound, 
the rate limiting step in the healing process is the recruit-
ment and proliferation of progenitor cells from the local 
microenvironment (4,32). The rationale for our choosing 
the 6-week time point was to determine if wound repair 
could be accelerated by delivering cells to the defect at 
the time of tooth extraction. It was thus rather striking 
to see that TRC regenerated bone at 6 weeks similar to 
that observed at 12 weeks in both TRC and GBR groups. 
Furthermore, data shown in Table 3 and Figure 2 clearly 
demonstrate the ability of TRCs to augment bone regen-
eration of the healing socket by greatly reducing the 
need and extent of secondary grafting often performed 
at the time of oral implant installation. Additional studies 
would need to be performed to determine the mechanism 
of this accelerated regenerative response, yet two possible 
mechanisms for these observations exist: (1) the regener-
ated tissue is derived from the transplanted cells (12) and 
(2) the transplanted cells act in a trophic fashion and pro-
vide signals to the host cells thereby “jump-starting” the 
regenerative process (3). 

The alveolar ridge defect model following tooth extrac-
tion is best viewed as a proof-of-concept approach using 
autologous cell therapy for the regeneration of craniofa-
cial bone. Though our study was originally designed as 
a phase I/II first-in-humans trial to investigate safety, we 
included a control group (GBR) to which we could draw 
preliminary conclusions regarding efficacy. As such, the 
study is considered to be small, and though the early 
findings are promising, they are also considered with 
caution in the context of this proof-of-concept investiga-
tion. A next step would be to evaluate this approach in a 
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larger patient population, which could lead to a strong 
foundation for utilization of this approach for treatment 
of larger, more debilitating craniofacial conditions. 
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