Cell Reports

Tissue-Resident PDGFRa™ Progenitor Cells
Contribute to Fibrosis versus Healing in a Context-
and Spatiotemporally Dependent Manner

Graphical Abstract Authors

Maria Paola Santini, Daniela Malide,
Gabriel Hoffman, ..., Richard P. Harvey,
Toren Finkel, Jason C. Kovacic

Correspondence
Persistence of differentiated Normal healing and muscle . .
PDGFRu cells: pathological healing regeneration after an injury ma”a'santm_'@mssm'ec_ju (_M'P'S')’
l l jason.kovacic@mountsinai.org (J.C.K.)
Increased collagen and adipose tissue  Differentiated PDGFRa cells mediate In Brief
deposition tissue revascularization .. .
and remodeling Santini et al. show that progenitor
= PDGFRa* cells residing in skeletal muscle
@) g
(S <A C)/ NG2-PDGFRa* .
= are mesenchymal stromal cells with a
ng"ég;, (,’f, —@ brown dual function, which on the one hand can
"\ adj .
‘ i o - stabilize newly formed blood vessels and
i @, R limit injury expansion after ischemia, but
CD31‘PDGFRa* on the other hand are also capable of
l ’ promoting fibrosis in an unfavorable
PDGFRa cells PDGFRa. \ 4 environment.
and their progeny persist as cells re-establish their (A5 ) ‘
differentiated myofibroblasts physiological niche ‘

and adipocytes

Highlights Data Resources

e Skeletal muscle PDGFRa" cells have dual pro-regenerative GSE101930
and pro-fibrotic functions

e PDGFRa" cells are necessary for the restoration of tissue
integrity after ischemia

e PDGFRa™ cells remodel extracellular matrix and support
revascularization after ischemia

e PDGFRa* cells induce pathological outcomes if they persist
as differentiated cells

Santini et al., 2020, Cell Reports 30, 555-570
January 14, 2020 © 2019 The Author(s). ‘ :e“
https://doi.org/10.1016/j.celrep.2019.12.045


mailto:maria.santini@mssm.edu
mailto:jason.kovacic@mountsinai.org
https://doi.org/10.1016/j.celrep.2019.12.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2019.12.045&domain=pdf

Cell Reports

Tissue-Resident PDGFRo™ Progenitor Cells
Contribute to Fibrosis versus Healing in a
Context- and Spatiotemporally Dependent Manner

Maria Paola Santini,’-* Daniela Malide,?'" Gabriel Hoffman,%'" Gaurav Pandey,>'"! Valentina D’Escamard,’
Aya Nomura-Kitabayashi,' llsa Rovira,*'2 Hiroshi Kataoka,> Jordi Ochando,® Richard P. Harvey,”-¢° Toren Finkel,'°

and Jason C. Kovacic':15*

1Cardiovascular Institute, Icahn School of Medicine at Mount Sinai (ISMMS), New York, NY 10029, USA
2| ight Microscopy Core Facility, NHLBI, NIH, Bethesda, MD 20892, USA

S|cahn Institute for Data Science and Genomic Technology, ISMMS, New York, NY 10029, USA
4Center for Molecular Medicine, NHLBI, NIH, Bethesda, MD 20892, USA

5Hirakata Khosay Hospital, Osaka 573-0153, Japan

SDepartment of Medicine and Oncological Sciences, ISMMS, New York, NY 10029, USA

“Victor Chang Cardiac Research Institute, Darlinghurst, NSW 2010, Australia

8St. Vincent’s Clinical School, UNSW Sydney, Kensington, NSW 2052, Australia

9Stem Cells Australia, The University of Melbourne, Parkville, VIC 3010, Australia

10Aging Institute, University of Pittsburgh/UPMC, 100 Technology Drive, Pittsburgh, PA 15219, USA

These authors contributed equally

12Present address: Immediate Office of the Director, NHLBI, NIH, Bethesda, MD 20892, USA

13 ead Contact

*Correspondence: maria.santini@mssm.edu (M.P.S.), jason.kovacic@mountsinai.org (J.C.K.)

https://doi.org/10.1016/j.celrep.2019.12.045

SUMMARY

PDGFRa* mesenchymal progenitor cells are associ-
ated with pathological fibro-adipogenic processes.
Conversely, abeneficial role for these cells during ho-
meostasis or in response to revascularization and
regeneration stimuli is suggested, but remains to be
defined. We studied the molecular profile and func-
tion of PDGFRa* cells in order to understand the
mechanisms underlying their role in fibrosis versus
regeneration. We show that PDGFRa* cells are
essential for tissue revascularization and restructur-
ing through injury-stimulated remodeling of stromal
and vascular components, context-dependent clonal
expansion, and ultimate removal of pro-fibrotic
PDGFRa*-derived cells. Tissue ischemia modulates
the PDGFRa* phenotype toward cells capable of re-
modeling the extracellular matrix and inducing cell-
cell and cell-matrix adhesion, likely favoring tissue
repair. Conversely, pathological healing occurs if
PDGFRa*-derived cells persist as terminally differen-
tiated mesenchymal cells. These studies support a
context-dependent “yin-yang” biology of tissue-resi-
dent mesenchymal progenitor cells, which possess
an innate ability to limit injury expansion while also
promoting fibrosis in an unfavorable environment.

INTRODUCTION

Stromal tissues support parenchymal functioning by providing
extracellular matrix (ECM), paracrine signaling cues, nutrients,
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and oxygen (Farahani and Xaymardan, 2015). Mesenchymal
cells resident within the stroma are heterogeneous. However,
the population of cells expressing platelet-derived growth factor
receptor o (PDGFRa) exhibits in vitro and in vivo features of
mesenchymal progenitor cells (Farahani and Xaymardan, 2015;
Santini et al., 2016).

In adult tissues, cells expressing PDGFRa. typically reside in an
interstitial/perivascular niche (Chong et al., 2011, 2013; Pan-
nérec et al.,, 2013; Santini et al., 2016; Uezumi et al., 2014a)
and may play a role in various disease pathologies, including
fibrosis (Olson and Soriano, 2009), with other roles, including for-
mation of a small percentage of gastrointestinal stromal tumors
(Heinrich et al., 2003; Hirota et al., 2003) and scleroderma-
related pathologies (Gabrielli et al., 2007; Lozano et al., 2006;
Okamoto, 2006; Tan, 2006). For example, a subset of perivascu-
lar PDGFRa" cells expressing ADAM12 (a disintegrin and metal-
loprotease 12) are a major source of pro-fibrotic cells after injury
(Dulauroy et al., 2012). Similarly, perivascular PDGFRa.* cells that
co-express Gli1 generate myofibroblasts after injury of the heart,
kidney, lung, and liver (Kramann et al., 2015). In the aorta,
PDGFRa" and Scail* cells potentially contribute to vascular
calcification by differentiating into osteoblasts (Chong et al.,
2013), whereas resident cardiac PDGFRa.* cells likely contribute
to fibro-fatty infiltration in arrhythmogenic cardiomyopathy
(Lombardi et al., 2016; Paylor et al., 2013) and PDGFRa*/
PDGFRB* co-positive cells participate in cardiac and skeletal
muscle fibrosis (Murray et al., 2017). In murine skeletal muscle
and skeletal muscle from Duchenne muscular dystrophy pa-
tients, PDGFRa.* cells also exhibit adipogenic and fibrogenic po-
tential (Uezumi et al., 2010, 2014a, 2014b).

These studies are counterbalanced by other reports suggesting
beneficial functions for PDGFRa" cells. For example, PDGFRa*
Scal* cell injection after myocardial infarction increased cardiac
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Figure 1. PDGFRa" Cells Are Tissue-Resident Mesenchymal Cells

(A) Flow cytometric analysis of PDGFRa" cells from murine skeletal muscle obtained from wild-type (WT) mice at 10-12 weeks of age. Cells were labeled with
allophycocyanin (APC)- and phycoerythrin (PE)-conjugated antibodies, then gated as the DAPI™ population (P1) and then for PDGFRa*-APC antibody (P2).
(B) PDGFRa." cells were analyzed for the expression of endothelial (CD31), mesenchymal (Sca1, CD73, CD105, CD29, CD44), and pericyte markers (NG2 and
PDGFRB) from n = 3 independent experiments. PDGFRa*Sca1* and PDGFRa*CD105" cells were present as high (hi)- and low (lo)-expression populations. An
intermediate (int) population was detected for PDGFRa"CD29* cells. As a control, PDGFRa.* cells were labeled with immunoglobulin G (IgG) isotype antibodies.
Representative histograms (dark peaks) are overlaid with I1gG isotype controls (pink peaks).

(legend continued on next page)
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function by augmenting angiogenesis (Noseda et al., 2015).
Furthermore, Scal*PDGFRa* fibro-adipogenic progenitors
enhance the differentiation of primary myogenic progenitors in
co-cultivation experiments (Joe et al., 2010), while recent studies
have shown that PDGFRa.* fibro-adipogenic progenitors support
muscle stem cell expansion and muscle regeneration after injury
(Wosczyna et al,, 2019). In addition, neural crest-derived
PDGFRa* mesenchymal cells can differentiate into bone and
dermal cells during digit tip regeneration and wound healing
(Carr et al., 2019).

Based on these data, a general hypothesis has arisen that
differing subsets of resident mesenchymal cells are responsible
for pro-fibrotic effects after injury, versus homeostatic and repair
roles (Di Carlo and Peduto, 2018). However, it remains possible
that a single mesenchymal stromal population could perform
these dual functions and have both pro- and anti-fibrotic func-
tionality. We elected to address this possibility, and using various
approaches, we disclosed the dual “yin-yang” functionality of
PDGFRa*" mesenchymal cells. On the one hand, these cells
were associated with vascular stabilization, reduced vascular
leakiness, and a more mature vascular architecture in regenerat-
ing tissues. On the other hand, by subtly manipulating these cells
or their environment, PDGFRa" cells enhanced fibrosis and
vessel leakage.

RESULTS

PDGFRo* Cell Characterization in Murine Skeletal
Muscle

We characterized PDGFRa" cells in mouse skeletal muscle.
Consistent with prior studies (Chong et al., 2011, 2013; Uezumi
et al., 2010, 2014a, 2014b), we observed using flow cytometry
that PDGFRa.* cells are a rather rare population (4.0% + 0.8%
of total cells) that expresses a broad range of mesenchymal
markers (Scal, CD105, CD73, and CD29) (Figures 1A and 1B),
including the pericyte and perivascular mesenchymal markers
NG2 and PDGFR B (PDGFRB) (Figure 1B). Only a minor propor-
tion of PDGFRa.* cells expressed CD44 or CD31. Matching iso-
type control antibody data are presented as overlay histograms
(Figure 1B), and fluorescence minus one (FMO) controls are
shown in Figures S1A and S1B. PDGFRa* cells were generally

located in the interstitial region between skeletal muscle fibers
and in contact with capillaries (Figures 1C, 1D, and S1C), and
they often co-expressed NG2 (Figures 1E, 1F, and S1D). We
also used PdgfraH2B-eGfp transgenic mice to confirm these re-
sults. These mice express the H2B-eGfp fusion gene from the
endogenous Pdgfra. locus, and fluorescence patterns mimic
endogenous Pdgfra expression (Hamilton et al., 2003). We
confirmed that GFP* cells in skeletal muscle express NG2 and
are located in the proximity of CD31* cells (Figure S1E).

To begin to understand whether PDGFRa" cells contribute to
regenerative processes, we performed ex vivo studies mimicking
revascularization using aortic tissues from PdgfraH2B-eGfp
mice. Notably, in the uninjured murine aorta, PDGFRa" cells
are widely present in the adventitial compartment, but they do
not generally express NG2 (Figures S1F and S1G). By plating
dissected aortic samples from PdgfraH2B-eGfp mice in Matri-
gel, we observed that PDGFRa" cells aligned along newly
formed tubules (Figures 1G-11). We observed occasional areas
of PDGFRa* cells that co-expressed NG2 (Figures 1G and 1H),
suggesting that under specific conditions, aortic mesenchymal
PDGFRa"cells migrate and act as pericyte-like cells. The addi-
tion of PDGF-AB ligand to these explants was associated with
increased vascular maturation (Figures 1J and 1K) and PDGFRa.*
cell content (Figure 1L), compared to vascular endothelial growth
factor (VEGF)-treated explants. These data suggest a potential
role for PDGFRa* mesenchymal cells in regulating vessel
formation.

PDGFRo* Cells Promote Revascularization and

Modulate Fibrosis

To understand whether PDGFRa" cells modulate revasculariza-
tion and regeneration in vivo, we induced hindlimb ischemia (HLI)
in 7-month-old inbred athymic nude mice (NU/J) and performed
local adoptive transfer of purified PdgfraH2B-eGfp™ cells, or PBS
(control), into the ischemic zone. Although skeletal muscle may
regenerate after injury, in older mice the regenerative program
is impaired (Conboy et al., 2003; Grounds, 1998; Welle, 2002).
Cells for adoptive transfer were obtained by fluorescence-acti-
vated cell sorting (FACS) for GFP*PDGFRa* co-positive cells
from the adductor thigh muscles of 3-month-old PdgfraH2B-
eGfp mice (Figures S2A and S2B). Before adoptive transfer,

(C-F) Immunofluorescence staining of PDGFRa* cells with anti-PDGFRa antibody and anti-CD31 (C) or anti-NG2 (E) antibodies in the skeletal muscle of 4-month-
old uninjured mice. White arrows show PDGFRa*CD31" cells (C); yellow arrows show PDGFRa"NG2* cells (E). (D) and (F) represent control IgG immunofluo-
rescence images. Images acquired with a Leica SP5 DM confocal as merged z stacks. Scale bars, 20 pm.

(G) Thoracic aortas from 4-month-old PdgfraH2B-eGfp mice were isolated, dissected to 1-mm slices (“rings”), and plated in Matrigel. GFP* cell migration was
monitored daily for 5 days with an EVOS AMG imaging system (Thermo Fisher Scientific). Vessel-like formation of PdgfraH2B-eGfp* cells was assessed after
5 days by staining with anti-NG2 antibody (red) and DAPI (blue). Scale bar, 200 pm.

(H) High-power magnification of the dashed rectangle in (G). Scale bar, 30 um. Images acquired with an EVOS AMG imaging system (Thermo Fisher Scientific).
Images are representative of n = 3 independent experiments.

(I) Control immunofluorescence analysis with rabbit IgG (DAKO) as primary antibody. Scale bar, 200 um.

(J) Aortic sections were treated with serum free-EBM media (Lonza) supplemented with VEGF-A or PDGF-AB for 5 days. Images were acquired with an EVOS
AMG cell imaging system and are representative of n = 3 independent experiments. White arrows show scattered (VEGF treatment) versus linear arborizing
(PDGF-AB treatment) localization of PDGFRa* cells. Scale bars, 200 um.

(K) Quantification of PdgfraH2B-eGfp* cells aligned as linear arborizing tubule-like structures after aortic explant and treatment with PDGF-AB or VEGF-A for
5 days as detected in a field of 0.2 mm?2. The graph shows the average of n = 4 independent experiments for both groups. Data represent means + SDs and were
calculated by Student’s t test. **p < 0.01.

(L) Quantification of PdgfraH2B-eGfp* cells migrating outward from explanted aortas. Cells were counted in a field of 0.2 mm? in n = 4 independent experiments
for PDGF-AB and n = 3 for VEGF-A. *p < 0.05. Data represent means + SDs.
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Figure 2. Undifferentiated PDGFRa" Cells Promote Favorable In Vivo Tissue Revascularization and Healing

(A) HLI was induced in 7-month-old female nude mice (athymic). Adoptive transfer by local injection of 2 x 10° undifferentiated GFP*PDGFRa* cells from
3-month-old male PdgfraH2B-eGfp mice was performed 24 h after HLI induction. Blood flow was assessed as indicated in STAR Methods. Sixteen mice were
analyzed at time 0 and after HLIs were divided randomly as control (PBS injected, n = 8) or cell-injected (n = 8) mice. Data represent means + SDs and were
analyzed by 1-way ANOVA and Tukey’s multiple comparison test. There were no differences between groups.

(B) Hindlimbs were harvested 21 days after HLI and sections were stained for isolectin B4 as described (\Wen et al., 2005) and capillaries were counted in an area
of 0.1 mm? (capillary density). Groups were compared using Student’s t test (n = 3 independent experiments, p = 0.15). Data represent means + SDs.

(C) Vessel permeability was assessed 21 days after HLI as reported (Radu and Chernoff, 2013). Values were normalized per milligram of tissue isolated. Groups
were compared using 1-way ANOVA and Tukey’s multiple comparison test (n = 5 for contralateral normal limb, n = 3 for control PBS, and n = 4 for GFP*PDGFRa.*
cells). Overall ANOVA p = 0.019. Data represent means + SDs. Tukey’s post-test, “p < 0.05.

(legend continued on next page)
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sorted GFP*PDGFRa* cells were cultured for 7-10 days in hyp-
oxic conditions (5% O,), without passaging, to allow recovery
after tissue digestion while avoiding spontaneous cell differenti-
ation (Atkuri et al., 2007; Drela et al., 2014; Fehrer et al., 2007;
Panchision, 2009; Parrinello et al., 2008). Flow cytometry
assessment of sorted GFP*PDGFRa* cells showed that after
7 days in culture, 0.31% + 0.38% of cells expressed CD31,
0.25% + 0.29% expressed NG2, and 81.08% + 9.98% ex-
pressed PDGFRa (n = 4 experiments). After HLI, blood flow
analysis showed the same extent of recovery in control and
cell-injected mice (Figures 2A and S2C). Consistent with this,
there was no difference between groups in capillary density
in ischemic tissues (Figures 2B and S2D). However, adoptive
transfer of GFP"PDGFRa* cells was associated with a 2.5-
fold decrease in vessel leakage (Figure 2C). In addition,
GFP*PDGFRa* cell-injected mice exhibited reduced fibrosis
(Figures 2D-2G), which correlated with a significant decrease
in the mean diameter of regenerating vessels (Figures 2H and
2l). In accordance with these data, GFP*PDGFRq." cell-injected
mice exhibited a more normal vessel structure, with NG2™" cells
tightly interacting with CD31* cells, compared to PBS-injected
mice in which the relation between NG2* and CD31* cells was
more dispersed (Figures 2J and 2K).

We also evaluated paracrine signaling in this model by assess-
ing the effect of conditioned media from GFP*PDGFRa* cells.
Compared to GFP*PDGFRa* cell-injected mice, conditioned
media-injected mice showed impaired skeletal muscle regener-
ation 21 days after HLI (Figures 2D-2G). Furthermore, vessel
diameters in the regenerating regions after HLI were similar be-
tween PBS- and conditioned media-injected nude mice, but
were reduced in GFP*PDGFRa* cell-injected mice (Figures 2H
and 2l). These data suggest that paracrine signaling from
PDGFRa." cells plays only a minor role in augmenting regenera-
tion, while cell-specific effects are the predominant factor driving
our observations.

We then studied the fate of GFP*PDGFRa* cells in our HLI
model. On close examination, 7 days after HLI induction, GFP*
cells were found to be associated with what appeared to be newly
forming vascular structures (Figures 3A and S2F). The expression
of GFP decreased in certain cells, likely due to their increased
endothelial ineage commitment and reduced Pdgfra expression,
resulting in reduced GFP expression (Figure 3B). GFP™ cells were
also observed co-expressing NG2 (Figures 3C, 3D, and S2F), in
which NG2 is present on the cellmembrane (and GFP is a nuclear
protein). Many GFP™ cells were present in scar tissue and co-ex-

pressed o smooth muscle actin («¢SMA) (Figures 3E, 3F, and S2F).
Overall, GFP*CD31* and GFP*NG2* cells were less prevalent
than GFP*aSMA™ cells, but the numbers of these subsets were
insufficient for reliable quantitation.

In contrast, at 21 days after HLI, there was a dramatic
decrease in the number of GFP* cells compared to the 7-day
time point (Figure S2E). The remaining GFP™ cells were adjacent
to vascular components in direct contact with NG2* cells (Fig-
ure S2G) or as GFP*CD31* cells (Figure S2H), but they were
not aSMA™ (Figure S2l), suggesting that the remaining GFP* cells
were integrated in the vasculature, but were not further involved
in fibrotic tissue remodeling. Nevertheless, it is important to
consider that GFP expression by GFP*PDGFRa.* cells obtained
from PdgfraH2B-eGfp mice may be reduced or lost as these
cells undergo lineage commitment (e.g., into endothelial cells
or myofibroblasts) (Chong et al., 2011; Pelekanos et al., 2012).

These data indicate that while PDGFRa" cells do not
contribute to the extent of neovascularization after HLI, they
enhance the quality of vessel formation by increasing vessel sta-
bility while also reducing fibrosis. In addition, these data suggest
that PDGFRa.* cells can transdifferentiate into stromal compo-
nents that likely favor regeneration.

PDGFRa* Cell Ablation Impairs Revascularization and
Increases Tissue Damage after Ischemia
Next, we analyzed the effect of HLI in mice in which PDGFRa.*
cells were ablated (MCM*/iDTR*'~ mice). To generate MCM"*/
iDTR*'~ mice, we crossed mice with an inducible human diph-
theria toxin (DTX) receptor allele (iDTR) with PdgfraMerCreMer
(PdgfraMCM) mice bearing a tamoxifen-inducible Cre recombi-
nase in one allele of the Pdgfra gene (Figure 4A) (Ding et al.,
2013). Mice received tamoxifen for 7 days and then DTX for
3 days before HLI surgery, followed by DTX every other day until
tissue harvesting 5 days after HLI induction (Figure 4B). The
model ablated ~85% of PDGFRa* cells in hindlimb adductor
muscles (Figure 4C), and ablation efficiency was monitored by
flow cytometric analysis and immunofluorescence staining of a
small fragment of adductor muscle from every experimental
mouse (Figures S3A-S3D).

We observed that PDGFRa* cell ablation was associated with
a macroscopically visible increase in tissue bleeding (Fig-
ure S3E). At the microscopic level, there was an increase in
abnormally enlarged blood vessels (Figure 4F), with the majority
of vessels presenting a dishomogeneous distribution of NG2*
and CD31* cells compared to control vessels (Figures 4D, 4E,

(D-F) Picrosirius red staining of skeletal muscle from PBS- (D), cell- (E), and conditioned media (CM)-injected (F) nude mice 21 days after HLI. Left panels are low
magnification and dashed squares show where higher magnification (right panels) was acquired. Scale bars, 1 mm for left panels and 100 um for right panels.
Images representative of n = 3 independent experiments and were acquired with a Leica DMi8, Application Suite X, and a DCM2900 camera.

(G) Percentage of fibrotic tissue was calculated using Imaged (NIH) and compared using 1-way ANOVA and Tukey’s multiple comparison test. *p < 0.05,
**p < 0.01. Data represent means + SDs.

(H) Isolectin B4 staining of PBS-, CM- and cell-injected ischemic adductor muscles 3 weeks after HLI. Red arrows show small and defined capillaries in mice
injected with GFP*PDGFRa.* cells, whereas in control samples they were enlarged and appeared disorganized. Scale bars, 25 um. Images acquired with a Leica
DMi8, Application Suite X, and a DCM2900 camera.

(I) Average diameter of ~9 vessels measured in PBS-, CM- and cell-injected ischemic muscles. Quantification performed with ImagedJ (n = 3 mice). **p <0.01 and
groups were compared using 1-way ANOVA and Tukey’s multiple comparison test. Data represent means + SDs.

(J and K) Immunofluorescence analysis of GFP*PDGFRa* (J) and PBS-injected (K) adductor muscles with antibodies against CD31 (red), NG2 (white),
GFP*PDGFRa.* cells (green), and DAPI (blue). Scale bars, 20 um. Images representative of n = 3 independent experiments. Images obtained with a confocal Leica
SP5 DM as z stacks.

Cell Reports 30, 555-570, January 14, 2020 559

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

CD31 GFP DAPI

PDGFRo-H2B-eGFP

PDGFRo-H2B-eGFP

PDGFRo-H2B-eGFP

and S3F). Quantification showed the increased breakdown of
vessel organization in ablated compared to control samples (Fig-
ure 4G). Furthermore, vessel permeability was significantly
increased in ablated mice with HLI compared to control mice
(Figure 4H). This phenotype correlated with an increase in fibrotic
tissue after PDGFRa" cell ablation (Figure 4l). No differences
were observed in blood flow 5 days after HLI (Figure S3G).
Furthermore, PDGFRa." cell ablation alone did not induce tissue
disruption or other changes before ischemia induction (Figures
S3H-3J). These data are concordant with our adoptive transfer
experiments and suggest that skeletal muscle PDGFRa" cells
are necessary for vessel stabilization and organization and to
promote tissue healing after ischemic injury.

PDGFR«* Cells Upregulate Stromal Remodeling
Pathways during Skeletal Muscle Regeneration
To understand the mechanisms underlying PDGFRa.* cell func-
tion, we used PdgfraH2B-eGfp mice and studied FACS-purified
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Figure 3. Differentiation Potential of
PDGFRa* Cells after Ischemic Insult

(A-F) Seven days after HLI induction and adoptive
transfer of undifferentiated GFP*PDGFRa* cells,
we tracked injected cells by nuclear GFP expres-
sion and co-staining with anti-CD31 (A and B), anti-
NG2 (C and D) and Cy3-conjugated anti-aSMA
antibody (E and F). White arrowheads indicate
GFP* cells; yellow arrowheads in (B) show
decreased expression of GFP. Images represen-
tative of n = 3 independent experiments and were
obtained with a confocal Leica SP5 DM as z
stacks.

DAPI

GFP*PDGFRa* cells from the adductor
muscle of uninjured (skeletal muscle
[SM]) animals and also 7 days after HLI
(skeletal muscle injury [SMI]). Consistent
with prior reports (Chong et al., 2011; Kra-
mann et al., 2015), we observed that
GFP*PDGFRa* cells harvested 7 days
after HLI do not express the CD45 pan-
hematopoietic marker (Figure S4A).
PDGFRo" cells harvested 7 days after
HLI (SMI) showed altered mesenchymal
marker expression (Figures S4B-S4D)
compared to the same cells isolated
from uninjured animals (Figure 1B),
including a reduction in Scal*PDGFRa*
cells but an increase in CD29"PDGFRa*
and CD44*PDGFRa* cells. In addition,
7 days after HLI, there was an increase
in CD31*PDGFRa* cells (Figures S4C
and S4D) compared to uninjured tissues
(Figure 1B). Isotype antibodies are shown
as pink histograms in Figure S4C and
FMO controls are shown in Figures S5A
and S5B.

We also undertook transcriptomic
profiling by RNA sequencing (RNA-seq)
of GFP*PDGFRa* cells from SM and SMI tissues. Principal-
component analysis (Figure 5A) and a block diagonal heatmap
(Figure 5B) showed that GFP*PDGFRa" cells harvested from
ischemic (SMI) hindlimbs cluster separately from cells isolated
from uninjured hindlimbs (SM), and they exhibit differential
expression of 300 genes (Figures 5C and 5D; Table S1). As
analyzed by the molecular signature database (mSigDB data-
base), differentially expressed transcripts between the SM and
SMI populations were represented in pathways related to matri-
some, ECM, extracellular glycoproteins, and stem cell biology
(Table S2).

We performed quantitative real-time PCR to validate key
differentially expressed genes identified by RNA-seq (Figures
5E-5G). Among ECM remodeling genes, HLI induced an upregu-
lation of transcripts for the metalloproteinases Adam12 and
Mmp3 and of lumican (Nikitovic et al., 2008) and biglycan
(Pogany et al., 1994; Schonherr et al., 1995), which are impli-
cated in collagen fibril assembly and organization (Figure 5E).
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Figure 4. PDGFRa" Cell Ablation Is Associated with Impaired Tissue Healing

(A) Breeding strategy to generate R26R/iDTR mice harboring a knockin for CreER in the Pdgfra locus.

(B) To induce ablation, 3-month-old MCM*/iDTR*'~ mice received tamoxifen and diphtheria toxin (DTX) as indicated.

(C) Flow cytometric analysis of whole hindlimb muscles to confirm cell ablation in MCM*/iDTR*~ mice treated with tamoxifen and DTX (MCM/iDTR ablation)
versus peanut oil and DTX (MCM/iDTR control, ctrl) 5 days after HLI induction. PDGFRa." cells were labeled with fluorescein isothiocyanate (FITC)-conjugated
anti-PDGFRa antibody (1 pg/million cells). Data were analyzed using the Cytobank web application. Subsequently, each MCM/iDTR mouse was validated
with flow cytometric analysis using a small piece of tissue, and only those with successful PDGFRa* cell ablation were used for further experiments (see
Figure S3A).

(D and E) Immunofluorescence analysis of MCM/IiDTR ctrl (D) and ablated (E) adductor muscles with anti-CD31 (red) and anti-NG2 (green). Scale bars, 20 um.
Images representative of n = 3 independent experiments. Images obtained with a confocal Leica SP5 DM as z stacks.

(legend continued on next page)
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Furthermore, after HLI, GFP*PDGFRa* cells had increased tran-
script levels of the ECM components tenascin C and periostin
(Figure 5E). We also observed increased levels of cell-cell and
cell-ECM adhesion transcripts such as microfibrillar-associated
glycoprotein 4 (Mfap4) (Milicevic et al., 2016), embigin (Guenette
et al.,, 1997), and thrombospondin (Chen et al., 2000; Lawler,
2000) (Figure 5F). After HLI, GFP*PDGFRa.* cells also produced
high levels of transcripts associated with monocyte chemoat-
traction such as Cxcl9 and Cxcl10 (Figure 5G). We did not
observe any change in the expression of the Gli1 transcript
(not shown) (Kramann et al., 2015, 2016).

We used Ingenuity Pathway Analysis (IPA; Ingenuity Systems,
https://www.ingenuity.com) to investigate signaling networks in
the differentially expressed genes in GFP*PDGFRa.* cells after
HLI. As shown in Figure 5H, pathways showing differential
regulation included those governing matrix metalloproteases
(“inhibition of metalloproteases”) (Figure 5I), conversion of
pericytes into myofibroblasts (“hepatic fibrosis/hepatic stellate
cell fibrosis”), regulation of inflammatory response pathways
(“granulocyte adhesion and diapedesis,” “role of IL17F in
allergic inflammatory airway disease,” “leukocyte extravasation
signaling”), and networks implicated in the transport of lipids
outside cells (“FXR/RXR activation” and “LXR/RXR activation”)
(Figure S5C). Genes involved in lipid transport such as Abcg1
and Atp717c were also upregulated in GFP*PDGFRa.* cells after
HLI (Figures S5D and S5E). In contrast, genes involved in the hy-
drolysis of Acyl-coenzyme A (CoA) were downregulated in
GFP*PDGFRa* cells after HLI (Acot8; Figure S5F).

These data indicate that ischemia induces a modulation in the
PDGFRa" cell phenotype and signaling pathways toward cells
capable of remodeling ECM, inducing cell-cell and cell-matrix
adhesion, and regulating adipocytic and inflammatory re-
sponses, likely favoring tissue repair and vessel stability.

Terminally Differentiated PDGFRa* Cells Lose

Beneficial Regenerative Properties

The activation of PDGFRa signaling may lead to fibrosis (Olson
and Soriano, 2009) or vascular calcification (Cho et al., 2013;
Hayes et al., 2014; Olson and Soriano, 2009), while PDGFRa
signaling inhibition using imatinib reduces tissue degeneration
after spinal cord injury (Abrams et al., 2012). To understand
how PDGFRa* cells could adversely affect tissue regeneration,
we reproduced cell differentiation and activation conditions
in vitro (Drela et al., 2014; Fehrer et al., 2007; Parrinello et al.,
2003) by culturing and passaging sorted GFP*PDGFRa* cells
from PdgfraH2B-eGfp mice in high oxygen conditions (20%
0O,). After only 1 passage in high oxygen, PDGFRa* cells ac-

quired a hypertrophied morphology with increased cell area
and fine aSMA cytoskeletal structure resembling myofibro-
blast-like cells (Figures S6A-S6C). There were no significant
levels of senescence under either culture condition (Figure S6D).
Quantitative real-time PCR comparing undifferentiated (unpas-
saged, 5% O.) and differentiated (passaged, 20% O,) PDGFRa.*
cells showed the upregulation of genes involved in cell matrix re-
modeling and deposition (Adam12 and collagenial) and fibrosis
(Tgf1 and fibroblast activation protein [FAP]) (Figure S6E).
These data indicate that with activation, as may be expected
with tissue injury, PDGFRa* cells differentiate into pro-fibrotic
myofibroblast-like cells.

To investigate whether these PDGFRa.* cell-derived differenti-
ated myofibroblast-like cells could contribute to fibrosis and
impair vessel maturation, we performed further adoptive transfer
experiments and injected differentiated myofibroblast-like
GFP*PDGFRa" cells from PdgfraH2B-eGfp mice into young
3-month-old nude mice 24 h after HLI induction. Adoptive trans-
fer of differentiated myofibroblast-like GFP*PDGFRa* cells did
not affect blood flow after HLI (Figure 6A). However, adoptive
transfer of differentiated GFP*PDGFRa* cells increased vessel
leakage (Figure 6B) without changing capillary density (Fig-
ure 6C). This phenotype was associated with impaired regener-
ation and an increase in fibrotic area in cell-injected mice
(Figure 6D). Injected GFP* cells were identified at 7 and
21 days (Figure 6E). At 21 days after HLI, GFP* cells were asso-
ciated with areas of ECM deposition (collagen1 staining) in the
proximity of muscle fibers and in more extended collagenous
patches (Figures 6F-6H and S6F).

To understand how the adoptive transfer of differentiated
GFP*PDGFRa" cells increased vessel permeability in vivo after
HLI (Figure 6B), while adoptive transfer of undifferentiated
GFP*PDGFRa" cells decreased vessel permeability (Figure 2C),
human umbilical cord endothelial cells (HUVECs) were co-
cultured in Matrigel with undifferentiated (Figure 6l) or dif-
ferentiated GFP*PDGFRa" cells (Figure 6J). Undifferentiated
GFP*PDGFRa" cells organized along the tubular-like structures
and at junctions (Figure 61, red arrows), whereas differentiated
GFP*PDGFRa* cells induced tubule breakage and collapse (Fig-
ure 6J). Differentiated GFP*PDGFRa* cells impaired in vitro
tubule formation by HUVECs, with a reduction in mesh area
(Figure 6K), total branching (Figure 6L), and number of junctions
(Figure 6M) compared to undifferentiated GFP*PDGFRa" cells.
In contrast and as distinct from co-culture, conditioned media
from differentiated versus undifferentiated GFP*PDGFRa.* cells
did not affect in vitro tubulogenesis (Figure S6G), suggesting
that the mechanisms associated with altered vessel permeability

(F) Isolectin B4 staining of MCM/IiDTR ctrl and ablated adductor muscles. Red arrows show small and defined capillaries in the control sample, whereas black
arrows show enlarged and disorganized capillaries in PDGFRa" cell-ablated muscles. Scale bars, 50 um. Images acquired with a Leica CTR 5500 microscope

and DFC340FX camera.

(G) Vessel breakdown was counted in an area of 0.1 mm?, and the graph represents the average of n = 3 independent experiments. **p < 0.01. Data represent

means + SDs.

(H) Vessel permeability was assessed 5 days after HLI, as reported (Radu and Chernoff, 2013). Values were normalized per milligram of tissue isolated. Groups
compared using 1-way ANOVA and Tukey’s multiple comparison test (n = 3 for control and n = 4 for ablated samples). Overall ANOVA p = 0.0051. Data represent

means + SDs. *p < 0.05, **p < 0.01.

(l) Picrosirius red staining of MCM/iDTR ctrl and ablated adductor muscles. Images representative of n = 3 independent experiments for MCM/iDTR ctrland n = 4
for MCM/IiDTR ablation. Right panel shows the quantification of the injured area, *p < 0.05. Data represent means + SDs. Scale bar, 1 mm. Images acquired with a

Leica DMi8, Application Suite X, and a DCM2900 camera.
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are not related to paracrine factor release. Corroborating the
importance of direct rather than paracrine effects of PDGFRa*
cells, angiogenin and VEGF-A transcript levels were unaltered
in vivo in GFP*PDGFRa* cells after HLI (SMI) compared to
GFP*PDGFRa* cells in uninjured tissue (SM) (Figure S6H). In
addition, we did not observe the altered activation of IPA
pathways associated with vessel formation when comparing
GFP*PDGFRa" cells from SM and SMI tissues in our RNA-seq
analyses (Figure 5H), collectively indicating that cell-cell interac-
tions rather than paracrine factors are likely to modulate vessel
stability and leakage after ischemic insult.

In sum, these data show that the persistence of differentiated
myofibroblast-like PDGFRa" cells in ischemic skeletal muscles
impairs the normal program of tissue regeneration and induces
vessel leakage, abnormal ECM deposition, and fibrosis.

Single and Multicolor Lineage Tracking Show Clonal
Responsiveness of PDGFRa* Cells

To better understand the in vivo differentiation potential of
PDGFRea* cells, we generated MCM*/R26R-YFP*'~ mice by
crossing PdgfreMCM mice (Ding et al., 2013) with R26R-eYfp
mice (Figure S7A). Three-month-old MCM*/R26R-YFP*'~ mice
were treated with tamoxifen (1 mg/mL) for 7 days and HLI was
induced 28 days after the final tamoxifen injection (Figure S7B)
to allow complete metabolism of tamoxifen before HLI (Vaughan
et al., 2015). A group of tamoxifen-induced control mice did not
receive HLI (Figure S7). In uninjured (control) mice, consistent
with the above data, we noted a relatively low number of YFP*
cells (Figure S7C), which often appeared in close proximity to
CD31* cells, NG2* cells, and aSMA* cells, but which rarely co-
expressed these markers (Figures S7D-S7F). In contrast,
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PdgfraH2B-eGfp mice, or PBS, was performed
24 h after HLI induction. Blood flow was assessed
as indicated in STAR Methods. Nineteen mice
were analyzed at time 0 and randomized to
control (PBS injected, n = 10) and cell-injected
(n =9) groups. Statistical analysis performed using
1-way ANOVA and Tukey’s multiple comparison
test. There were no differences between the
groups.
(B) Vessel permeability 21 days after HLI was
determined as reported (Radu and Chernoff,
2013). Values were normalized per milligram of
tissue isolated. The graph represents the average
of n = 4 independent experiments for normal
contralateral limb, n = 3 for both PBS-injected
and differentiated PdgfraH2B-eGfp* cell-injected
limbs. Groups compared using 1-way ANOVA and
Tukey’s multiple comparison test. Data represent
means + SDs. *p < 0.05, **p < 0.01.
(C) Isolectin B4 staining performed as described
(Wen et al., 2005) from cell- and PBS-injected
mice. Capillaries were counted in an area of
EDCFRGHZE SGFP-calle 24 hows J 0.1 mm? (capillary density). The graph shows the
b P y : s average of n = 3 independent experiments as
B ; calculated by Student’s t test. ns represents p =
0.18. Data represent means + SDs.
(D) Picrosirius red staining of skeletal muscle from
PBS- and cell-injected nude mice 21 days
after HLI. Scale bars, 250 pm. Images represen-
tative of n = 3 independent experiments. Scar area
was calculated using ImageJ and analyzed by
Student’s t test. *p < 0.01. Data represent
means + SDs.
(E) Injected cells were tracked by nuclear GFP
expression. Quantification performed using
ImageJ. GFP*PDGFRa* co-positive cells were
counted in each field, where the presence of the
cells was maximal. Data represent means + SDs
and differences were not significant (ns) among
groups.
(F-H) Adductor muscle sections were labeled with anti-GFP FITC-conjugated antibody and anti-collagen1 antibody. Images are representative overlays of n =3
independent experiments and show the presence of PdgfraH2B-eGfp* cells (white arrows) in an area of fibrotic tissue in proximity to skeletal muscle fibers (F) or in
areas with extended collagen deposition (G). Images acquired with a Leica CTR 5500 microscope and DFC340FX camera. Scale bar, 20 um. (H) Control for
collagen1 staining using rabbit IgG as the primary antibody. Anti-GFP FITC-conjugated antibody was used to detect injected cells. Individual color panels from
(F), (G), and (H) are presented in Figure S6F.
(I-M) Modulation of in vitro tubulogenesis by PDGFRe.* cells. (I and J) HUVECs were plated and co-cultured with undifferentiated freshly sorted GFP*PDGFRa.*
cells (l) or differentiated myofibroblast-like GFP*PDGFRa.* cells from PdgfraH2B-eGfp mice (J). Cells were co-cultured and GFP*PDGFRa." cells were tracked by
GFP expression. Analysis was performed 24 h after plating and recorded with an EVOS AMG imaging system (Thermo Fisher Scientific). In (I), arrows show
aligned GFP*PDGFRa.* cells associated with in vitro tubules. Scale bar, 100 um. (K-M) Quantification of mesh area (total tube area) (K), total branching (amount of
branches expanding from nodes) (L), and number of junctions (extent of vessel branching) (M) from cultures of HUVEC alone and HUVEC co-cultures with
differentiated and undifferentiated PDGFRa* cells after 7 h of co-culture. Imaged angiogenesis software was used for quantification. Data represent n = 4 in-
dependent experiments for HUVEC+differentiated GFP*PDGFRa.* cells and n = 3 for HUVEC+undifferentiated GFP*PDGFRa." cells. *p < 0.05 and **p < 0.01. Data
calculated by Student’s t test and represent means + SDs.
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7 days after HLI, we noted an increase in the number of YFP*
cells, which were present mostly in the scar area (Figures S7C
and S8). We further identified that after HLI, YFP* cells are pre-
sent in ischemic tissues as endothelial cells (Figures S8A and
S8B), pericytes (Figures S8C and S8D), or in close proximity to
small vessels and were co-positive for aSMA (Figures S8E and
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S8F). However, the integration of these YFP™ cells into newly
forming vessels appeared to be an infrequent event.

To better define PDGFRa ™" cell fate, we also tracked these cells
using the Brainbow 2.1 line. By crossing R26R-Brainbow 2.1
(Livet et al., 2007; Snippert et al., 2010) with PdgfreMCM mice
to generate MCM*/R26R-Brainbow*’~ mice, we clonally marked
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distinct populations of PDGFRa*-derived cells (Figures 7 and
S9A). Mice were treated with tamoxifen before HLI, with the
time window between tamoxifen and injury suggested in prior
studies (Kanisicak et al., 2016). Samples were harvested and as-
sessed at 7 and 21 days after HLI (Figure S9B).

Assessment of freshly isolated skeletal muscle samples by
whole-mount three-dimensional (3D) confocal/2-photon micro-
scopy (Malide, 2016; Malide et al., 2012, 2014) showed that in
uninjured conditions, PDGFRa" cells reside along skeletal mus-
cle fibers (Figures S9C and S9D) and around capillaries and
small vessels (Figures S10A-S10C). PDGFRa.* cells were labeled
with all 4 Brainbow fluorescent proteins, and consistent with
prior reports (Chappell et al., 2016), YFP* and red fluorescent
protein-positive (RFP*) PDGFRa* cells were more abundant
(48.52% and 27.20%, respectively) than CFP* (9.47%) and
GFP* (14.8%) cells (Figures 7 and S9I; Table S3).

At 7 days after HLI, there was an increased number of total
PDGFRa" and PDGFRo.*-derived cells compared to physiolog-
ical conditions (8.4-fold; Figure S9l). Labeled cells in the
ischemic areas were associated with vessel-like structures (Fig-

21 days after HLI

== 21 days after HLI
7 days after HLI

Figure 7. In Vivo Expansion and Differentia-
tion of PDGFRa* Cells

Using MCM*/R26R-Brainbow*’~ mice, we studied
the expansion and differentiation of PDGFRa.* cells
and their progeny after HLI.

(A, C, and F) 3D microscopy images presented as
X-y, X-z, and y-z views. Fluorescent channels
(pseudo-colored cyan for CFP, green for GFP,
yellow for YFP, red for RFP) are displayed in a
physiological (uninjured) state (A), 7 days after HLI
induction (C), and 21 days after HLI induction (F)
and were used to analyze 1D-view plots. The im-
ages are representative of analyses performed in
different locations in 3 independent mice for each
condition. Scale bars as indicated.

(B, D, E, and G) 1D-view plots of cell distributions
based on their distances from the origin (x-y axis)
showing CFP*, GFP*, YFP*, and RFP™* cells in a
physiological state (B), 7 days after HLI induction
(D and E), and 21 days after HLI (G). (E) Enlarged
view of (D) highlighting YFP* and RFP* cells and
clones. At 7 days after HLI, PDGFRa* YFP* and
RFP* clones increased in number (see Figures S9
and S10). In addition, RFP* cells formed small
clusters throughout the 3D volume (E, white
arrows), compared to scattered distributions at
other time points, suggesting that at this time
point, PDGFRa*"-derived RFP* cell clones were
retained in proximity to their original niche.

(H) The average number of PDGFR«*-derived
RFP*, YFP*, CFP*, and GFP* clones was quanti-
fied in 3 independent mice for each time point after
HLI induction (7 and 21 days) using second har-
monic generation (SHG) images to distinguish
fibrotic, adipocytic, and revascularized areas.
Quantification was accomplished by counting
PDGFRa*-derived cells present in z stacked im-
ages per 0.1 mm? volume.

ures S9E and S9F; Video S1), with fibrotic tissue (Figures S10D
and S10E; Video S2) and as brown adipose cells (Figures S10F
and S10G). The majority of PDGFRa"-derived cells were associ-
ated with vessels and fibrotic tissues, while a smaller proportion
were identified in adipogenic regions (Figure S9J).

Three weeks after HLI, PDGFRa" cell numbers (Figure S9l;
Table S3) and their fluorescence distribution pattern (Figures
S9G and S9H) generally returned to the physiological (uninjured)
state (Figures 7 and S9; Table S3). Specifically, we observed that
areas of tissue revascularization and adipogenesis were still pre-
sent (Figures S9J and S10H-S10M; Video S3), but the number of
labeled cells in these regions was reduced compared to 7 days
after HLI (Figure S9J). A marked reduction in the number of
PDGFRa"-derived cells was also observed in fibrotic regions
(Figures 7H, S9J, S10L, and S10M). These results corroborate
our prior analyses, in which PDGFRa"«SMA* cells were cleared
from the regenerated tissue 21 days after HLI induction (Figures
3 and S2).

Using the ImarisXT module, we measured the distribution fre-
quency of Brainbow recombination and the clustering of
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PDGFRa* cells and their progeny. We confirmed that 7 days after
HLI, cells stochastically labeled by RFP or YFP were increased in
number compared to both the uninjured state and also 21 days
after HLI (Figures 7A-7G). After injury, PDGFRa"-derived cells
maintained the same distribution in 3D space compared to unin-
jured tissues (Figures 7B, 7D, and 7G). Moreover, 7 days after
HLI, RFP* and to a lesser extent YFP" cells were frequently
observed as distinct, small clusters indicative of clonal PDGFRa*
cell expansion (Figures 7D and 7E, white arrows). This clustering
indicates that early after ischemic injury, certain PDGFRa*-
derived cell clones proliferate and are retained in proximity to
their original niche. In addition, we detected cells marked by
each of the four Brainbow fluorescent proteins within fibrotic re-
gions, while only RFP* and YFP™* clones were detected in adipo-
genic and revascularization areas (Figure 7H). We interpret these
data as suggesting that after an ischemic injury, different
PDGFRa" cell clones coexist, with the majority destined to
modulate the fibrotic response, while a limited number of
PDGFRa" cell clones are directed toward remodeling of the
vasculature and adipose tissue. Furthermore, we did not detect
any combinations of the four colors (i.e., cyan, red, green, and
yellow, carried by the Brainbow cassette) occurring in wave-
lengths that could suggest fusion events, indicating that
PDGFRo*-derived cell fusion was unlikely to be a major factor
in our model.

Our analyses revealed the phenotypic plasticity of PDGFRa*
cells, with clonal capacity to participate in vessel and adipose
formation, and in the remodeling of injured and fibrotic tissues.
These data indicate that tissue-resident PDGFRa" cells are a
mesenchymal progenitor population with the ability to synchro-
nously modulate different programs and pathways in response
to ischemia. We identified that skeletal muscle regeneration de-
pends on PDGFRa* cell-regulated reconstitution of the tissue
parenchyma and stroma, with subsequent removal of differenti-
ated PDGFRo*-derived stromal progeny.

DISCUSSION

We analyzed the role of mesenchymal PDGFRa" cells in tissue
homeostasis and healing following an ischemic event. The
important in vivo results were as follows: (1) adoptive transfer
of undifferentiated PDGFRa." cells into aged nude mice improved
healing after HLI (Figures 2 and 3); (2) the physiologic presence of
PDGFRo." cells was associated with favorable healing (Figures 7,
S7, S8, S9, and S10); (3) PDGFRa* cell ablation resulted in vessel
disorganization and increased fibrosis (Figure 4); and (4) adop-
tive transfer of differentiated PDGFRa* cells into nude mice re-
sulted in increased fibrosis (Figure 6). Together with other data
presented here, these findings permit us to draw several conclu-
sions. First, PDGFRa" cells and their progeny have the potential
to heal an ischemic insult and to promote vessel stabilization.
Second, after HLI, PDGFRa* cells increased their activation
state with the upregulation of pathways relevant to stromal tissue
remodeling (Figure 5). Third, while undifferentiated PDGFRa*
cells promote favorable healing (Figures 2 and 3), the persistence
of their differentiated progeny has adverse effects and promotes
fibrosis after HLI (Figure 6). Fourth, PDGFRo.*-derived progeny
showed an initial injury-stimulated expansion, with the majority

566 Cell Reports 30, 555-570, January 14, 2020

of PDGFRa.*-derived clones programmed to modulate extracel-
lular matrix and revascularization (Figures 7, S7, S8, S9, and
S10). Later, there was a marked decrease in the number of
PDGFRa*-derived cells in the previously injured region. Further-
more, while 7 days after HLI we detected PDGFRa.*-derived cells
that were co-positive for either CD31 (Figures S8A and S8B),
NG2 (Figures S8C and S8D), or aSMA (Figures S8E and S8F),
the substantial reduction in the number of PDGFRa* and
PDGFRa."-derived cells from 7 to 21 days after HLI (Figure S9l)
suggests that PDGFRa"-derived cells do not make a substantial,
direct, integrated contribution to durable new vessel formation in
our model.

The switch of PDGFRa* cells from quiescence to an activated
state may be an important event after injury that re-establishes
tissue stability and avoids disarray. Thus, early after HLI,
PDGFRa" cell ablation led to an increased injury area, blood
vessel disorganization, and hemorrhage (Figure 4). This is
consistent with studies showing impaired regeneration in the
damaged muscle of animals treated with PDGFRa antagonist
(Fiore et al., 2016). At present, the cell populations responsible
for this increased fibrosis and tissue injury in the absence
of PDGFRa* cells remain to be determined, but may include
macrophages and endothelial cells (Leach et al., 2013; Zhou
et al., 2019) or cells not expressing PDGFRa but still partici-
pating in stromal tissue remodeling such as PDGFRa NG2*,
PDGFRo."Scal*, or PDGFRa CD44* cells. Furthermore, and
as a practical limitation in our studies, it is unknown whether
PDGFRa" cell ablation leads to vascular defects directly or
whether this arises due to a more generalized failure of regener-
ation. However, highlighting their regenerative capacity and
in contrast to ablation, adoptive transfer of undifferentiated
PDGFRo." cells into the ischemic hindlimbs of older mice favored
vessel stabilization and mitigated fibrosis (Figures 2 and 3).
Consistent with this, Noseda et al. (2015) showed amelioration
of cardiac tissue ischemia after the injection of undifferentiated
PDGFRa."Scal™ cells. Furthermore, Fretto et al. (1993) observed
that the delivery of the PDGF-BB ligand decreased cardiomyo-
cyte death and preserved systolic function after myocardial
infarction (Hsieh et al., 2006). In addition, the systemic adminis-
tration of PDGF-BB improved vascular reactivity and hemody-
namics in hemorrhagic shock (Liu et al., 2014) and induced
healing in lower-extremity diabetic ulcers (Smiell et al., 1999).
Our data are consistent with these studies and highlight the pos-
sibility of using undifferentiated PDGFRa." cells as a therapeutic
strategy to promote vessel stabilization and reduce fibrosis.

Although our study and the above analyses appear to contra-
dict prior observations indicating a pro-fibrotic and adipogenic
role of PDGFRa* cells (Lombardi et al., 2016; Pannérec et al.,
2013; Paylor et al., 2013; Uezumi et al., 2010, 2014a, 2014b),
these earlier studies were performed in the setting of chronic dis-
eases such as skeletal muscle dystrophy (Uezumi et al., 2014a,
2014b) and arrhythmogenic cardiomyopathy (Lombardi et al.,
2016; Paylor et al., 2013), and in mdx mutant mice (leronimakis
et al., 2016). It is possible that rather than being a primary cause
of these diseases, PDGFRa* cells may merely exacerbate these
ongoing pathologies. Thus, depending on the inflammatory
milieu, fibro-adipogenic progenitors residing in tissues for longer
periods may cause fibrotic degeneration and chronic injury



(Lemos et al., 2015). Accordingly, we found that differentiated
PDGFRo."-derived cells were associated with poor healing and
lack of regeneration when implanted into ischemic murine
skeletal muscle, with reduced vessel stability and increased tis-
sue fibrosis (Figure 6). These differentiated PDGFRa* cells, un-
like undifferentiated cells, appeared to escape cell clearance
(Lemos et al., 2015) and remained abundant 3 weeks after injury
(Figures S2E and 6E). As a whole, it appears that the timely
removal or quiescence of specific differentiated PDGFRa* cells
is important for optimal tissue healing and/or preventing chronic
pathological diseases. Consistent with this, cardiac periostin*
myofibroblasts revert to a quiescent state once the post-
myocardial infarction fibrotic response has resolved (Kanisicak
et al., 2016), while ADAM12" myofibroblasts are eliminated as
tissues recover following cardiotoxin injection (Dulauroy et al.,
2012).

In summary, we demonstrated a dual (“yin-yang”) role for
mesenchymal PDGFRa* cells during tissue regeneration as
supporting cells orchestrating vessel formation that concur-
rently limit tissue injury. Our data suggest that a reappraisal of
PDGFRa" cells in non-regenerating organs such as the heart
and kidney may be appropriate, as their role in promoting
fibrosis and a lack of healing may be related to injury chronicity
rather than being any intrinsic property of PDGFRa* cells them-
selves. From a cell therapy perspective, there are also important
implications for this yin-yang functionality of PDGFRa.* cells. For
the last decade, there has been concern that the delivery of
various mesenchymal progenitor populations as a cell therapy
is associated with initial beneficial paracrine effects but with a
failure of cell engraftment and eventual removal and/or death
of the transferred cells (Golpanian et al., 2016). We suggest
that, depending on the chronicity of the disease and the degree
of lineage differentiation, this “failure of engraftment” may be
essential for tissue recovery, and that if “successful” engraft-
ment of specific lineage-committed mesenchymal cells were
achieved, this may be pathologic. Fully dissecting the cues
that direct these cells toward regeneration rather than fibro-adi-
pogenic differentiation is clearly a task that is of major scientific
and clinical importance.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NG2 Abcam Cat#ab83508; RRID:AB_2087616. ab50009;
RRID:AB_881569. ab83178; RRID:AB_10672215

PDGFRa. Santa Cruz Cat#sc-338; RRID:AB_631064. sc-398206; RRID:N/A

aSMA-Cy3 Sigma Cat#C6198; RRID:AB_476856

GFP-FITC Abcam Cat#ab6662; RRID:AB_305635

PDGFRa-APC eBioscience Cat#17-1401-81; RRID:AB_529482

NG2-APC R&D Cat#FAB2585A; RRID:AB_622049

CD31-APC BioLegend Cat#102409; RRID:AB_312904

Scail-PE Becton Dickinson Cat#553108; RRID:AB_394629

NG2-PE BD PharMingen Cat# 562415; RRID:AB_11154031

CD45-APC-Cy7 Becton Dickinson Cat#557659; RRID:AB_396774

CD44-PE eBioscience Cat#12-0441-82; RRID:AB_465664

CD31-PE Abcam Cat#ab25644; RRID:AB_470721

Collageni Abcam Cat#ab34710; RRID:AB_731684

PE rat IgG2a, kappa
APC rat IgG2a kappa
PE mouse IgG2a, kappa

BD-Bioscience
eBioscience
BD-Bioscience

Cat#553930; RRID:AB_479719
Cat#17-4321-81; RRID:AB_470181
Cat#555574; RRID:AB_395953

PE rat IgGoa R&D systems Cat# IC006P; RRID:AB_357256
PE Armenian hamster IgG Biolegend Cat#400907; RRID:AB_326593
PE rat IgG1, kappa Biolegend Cat#400407; RRID:AB_326513
PE rat IgG2a, kappa Biolegend Cat#400507; RRID:N/A

PE rat IgG2a, kappa eBioscience Cat#12-4321-80; RRID:AB_1834380
PE rat IgG2b, kappa eBioscience Cat#12-4031-82; RRID:AB_470042
Chemicals, Peptides, and Recombinant Proteins

Evans blue dye Sigma Cat#E2129

Paraformaldehyde EMS Cat#15710

OCT Tissue-Tek Cat#4583

Vascular endothelial growth factor A, VEGF-A Peprotech Cat#450-32

Platelet derived-growth factor AB, PDGF-AB R&D Cat#1115-AB-010

Biotinylated isolectin B4 Sigma Cat#L2140

Tamoxifen (> 99%) Sigma Cat#T-5648

Diphteria Toxin, DTX Sigma Cat#D0564

Growth Factor Reduced BD Matrigel Membrane BD Bioscience Cat#356230

DMEM, High glucose/L-glutamine Life technologies Cat#11965-096

EGM-2 SingleQuot Kit Suppl. & Growth Factors Lonza Cat#CC4176

EBM2 basal media Lonza Cat#CC3156

Fetal Bovine Serum Life Technologies Cat#16000044

Strepdavidin conjugated HRP Abcam Cat#ab64269

DAB Sigma Cat#D3939-1SET

Critical Commercial Assays

RNAeasy mini kit QIAGEN Cat#74104

Direct Red 80 Sigma Cat# 365548

Ovation RNA sequence V2

NuGen Technologies

Cat#7102-32
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Senescence Cells Histochemical Staining Kit Sigma Cat#CS0030

Deposited Data

RNaseq data This paper GEO: GSE101930

Experimental Models: Cell Lines

HUVEC Lonza Cat#C2517A

PDGFRaH2B-eGFP cells (from PdgfraH2B- This paper N/A

eGfp mice)

Experimental Models: Organisms/Strains

Mouse: Nude, Strain NU/J, inbred for Jackson Laboratories Cat#002019; RRID:IMSR_JAX:002019

100 generations

Mouse: PdgfraH2B-eGfp, Strain B6.129S4- Jackson Laboratories Cat#007669; RRID:IMSR_JAX:007669

Pdgfratm11(EGFP)Sor/J

Mouse: IDTR, Strain C57BL/6-Gt(ROSA)26Sortm1 Jackson Laboratories Cat#007900; RRID:IMSR_JAX:007900

(HBEGF)Awai/J

Mouse: MCM, Strain PdgfraMerCreMer Riken Accession# CDB0674K, http://www2.clst.riken.jp/arg/
mutant%20mice %20list.html; RRID:N/A

Mouse: Brainbow 2.1, Strain B6.129P2-Gt(ROSA) Jackson Laboratories Cat#017492; RRID:IMSR_JAX:017492

26Sortm1(CAG-Brainbow?2.1)Cle/J.

Mouse: R26R-eYfp, Strain B6.129X1-Gt Jackson Laboratories Cat#006148; RRID:IMSR_JAX:006148

(ROSA)2GSortm1 (erp)COS/J

Sequence-Based Reagents

Ovation RNA sequence V2 NuGen Technologies Cat#7102-32
Software and Algorithms

GraphPad Prism V.6® GraphPad Software, https://www.graphpad.com/scientific-software/prism/;
La Jolla, USA RRID:SCR_002798
Imaged NIH https://imagej.nih.gov/ij/; RRID:SCR_003070
Fiji NIH http://fiji.sc; RRID:SCR_002285
Cytobank Community Cytobank Inc. https://www.cytobank.org/index.html; RRID:SCR_014043
Imaris V8.4 Bitplane https://imaris.oxinst.com/packages; RRID:SCR_007370

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Dr. Jason
Kovacic (jason.kovacic@mountsinai.org). This study did not generate new unigue reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Murine transgenic models

All animal studies were performed in compliance with the regulations of the National Institutes of Health and the local institutional
animal care and use committee of the Icahn School of Medicine at Mount Sinai. In all experimental procedures mice were anaesthe-
tised with inhaled Isoflurane (1.5-2.5%) and 1.5 ml/min O,. Adequacy of anesthesia was monitored by foot pinch before any incision.
For tissue extraction and primary cell isolation, mice were euthanized by cervical dislocation after being anesthetised with Isoflurane.
After surgery, animals were allowed to recover with free access to food and water. Injection of analgesia (e.g., buprenorphine) was
performed as required post-operatively.

Several strains were used in this study. 1) PdgfraH2B-eGfp mice express the H2B-eGfp fusion gene from the endogenous
Pdgfra locus (Jackson Laboratory; strain B6.129S4-Pdgfra™"EGFFISer . stock #007669). Fluorescence patterns mimic the
expression pattern of the endogenous gene. Mice were kept in hemizygous breeding conditions. 2) PdgfraMerCreMer mice,
defined as MCM in this paper, were obtained from RIKEN (Japan), accession number CDB0674K, http://www2.clst.riken.jp/arg/
mutant%20mice%20list.html. Mice were generated by knocking the tamoxifen inducible Cre-ER cDNA into the Pdgfra locus
(Ding et al., 2013). MCM mice were kept in hemizygous breeding and crossed with iDTR, R26R-eYfp and R26R-Brainbow mice.
3)iDTR mice (Jackson Laboratories; strain C57BL/6-Gt(ROSA)26Sor™ HBEGRAWal, J. stock #007900) have Cre-inducible expression
of the human DTR that renders cells susceptible to ablation following DTX administration. 4) MCM*/iDTR*'~ mice were generated by
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crossbreeding MCM and iDTR mice. 5) Nude mice (Jackson Laboratories, athymic nude, nu/j, inbred for 100 generations) were used
for cell transplantation experiments. Mice were purchased from Jackson Laboratories Inc (stock #002019) and kept in SPF condi-
tions. Animals kept in these conditions show premature aging as reported previously (Jutila, 1977). 6) The R26R-Brainbow (also called
R26R-Confetti) line was purchased from Jackson Laboratories (stock #017492) and used to clonally track PDGFRa* cells, including
their expansion and differentiation. The R26R-Confetti conditional allele has a CAG promoter followed by a floxed-STOP cassette
and the Brainbow 2.1 construct all targeted into the Gt(ROSA)26Sor locus. The R26R-Confetti allele functions as a stochastic multi-
color Cre recombinase reporter of multiple fluorescent proteins from a single genomic locus. R26R-Confetti mice permit cell labeling
and the distinguishing of individual/adjacent cells with nuclear localized, membrane-targeted, or cytoplasmic fluorescent proteins in
Cre recombined cells. 7) R26R-Brainbow mice were bred with MCM mice to generate MCM*/R26R-Brainbow*'~ mice that express
one of the random fluorescent proteins specifically in PDGFRa* cells upon tamoxifen injection. 8) R26R-eYfp mice were purchased
from Jackson Laboratories (stock #006148) and used to lineage track PDGFRa* cells in physiological conditions and in response to
ischemia. R26R-eYfp mice have a loxP-flanked STOP sequence followed by the Enhanced Yellow Fluorescent Protein gene (eYfp)
inserted into the Gt(ROSA)26Sor locus. When bred to mice expressing Cre recombinase, the STOP sequence is deleted and eYfp
expression is observed in the Cre-expressing tissue(s). 9) R26R-eYfp mice were bred with MCM mice to generate MCM*/R26R-
YFP*'~ mice expressing specifically YFP in PDGFRa* cells after tamoxifen injection. 10) Wild-type (WT) C57BL/6J mice (Jackson
Laboratories stock #000664) were also used as indicated.

Cell culture
We used human umbilical cord endothelial cells (HUVECs) and GFP*PDGFRa* cells from the hindlimbs of PdgfraH2B-eGfp mice.

HUVECSs were used in co-culture experiments in vitro with differentiated and undifferentiated GFP*PDGFRea" cells. Briefly, 20,000
HUVECSs were seated on 150 puL matrigel (Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix, Corning)
alone or in combination with 10,000 differentiated or undifferentiated GFP*PDGFRa.* cells. Co-culture with lower (5000 cells) or
higher numbers (20,000 cells) of GFP*PDGFRa" cells produced similar results (not presented). Matrigel was prepared 1h before
and left at 37°C until plating of cells. The experiment was performed in 48 multiwells. Cells were monitored every 3h for 24h. Mea-
surements were performed at 7h. Pictures were obtained with an EVOS AMG cell imaging system (Thermo Fisher Scientific)
and tubulogenesis (mesh area, total branching, and number of junctions) were quantified with ImageJ angiogenesis analyzer soft-
ware (NIH).

FACS-sorted GFP*PDGFRa.* cells from the hindlimbs of PdgfraH2B-eGfp mice were used to obtain undifferentiated and differen-
tiated PDGFRo.* cells. For undifferentiated PDGFRa.* cells, after tissue digestion and FACS for GFP and PDGFRa. co-positive cells (see
below), GFP*PDGFRa" cells were plated in hypoxic conditions (5% O,) in DMEM (high glucose, 4500 g/L, Corning) supplemented with
1% antibiotic/antimycotic (Invitrogen) and 10% FBS (Invitrogen). When near-confluent, undifferentiated GFP*PDGFRa.* cells were
used directly for experiments without passaging. For differentiated GFP*PDGFRa.* cells, GFP*PDGFRa." cells were plated in identical
media (DMEM with 10% FBS and antibiotic/antimycotic) but they were cultured in 20% O, and passaged once, and then allowed to
reach near-confluence prior to experiments. Both cell types were stained with Cy3-conjugated anti-«SMA antibody diluted in PBS 1x/
0.3% Triton X-100 1:500 for 1h at room temperature. Nuclei were stained with DAPI for 10 min at room temperature. Images acquired
using an EVOS AMG cell imaging system (Thermo Fisher Scientific) and cell size was measured with Imaged (NIH). Cell-injection with
differentiated and undifferentiated GFP*PDGFRa" cells was performed in nude mice after HLI induction as described below.

METHOD DETAILS

Antibodies

For immunofluorescence we used the following antibodies against: NG2 (Abcam, ab83178, ab50009 or ab83508), PDGFRa. (Santa
Cruz, #sc-338 or sc-398206), aSMA-Cy3 (Sigma #C6198), GFP-FITC (Abcam, ab6662), CD31 (BD Bioscience, 550274) and
Collagen1 (Abcam, ab34710). Secondary antibodies were purchased from Life Technologies and used at 1:100 or 1:200 dilution
for 2h at room temperature. As control, rabbit, rat or mouse IgG were used at an identical dilution to the corresponding primary
antibody.

For flow cytometric analysis and FACS we used the following antibodies: APC-conjugated PDGFRa (eBioscience, #17-1401-81),
APC-conjugated CD31 (BioLegend, #102409), APC-conjugated NG2 (R&D, #FAB2585A), PE-conjugated Scal (Becton Dickinson,
#553108), PE-conjugated NG2 (Becton Dickinson #562415), APC-Cy7-conjugated CD45 (Becton Dickinson, #557659), PE-conju-
gated CD44 (eBioscience, 12-0441-82), PE-conjugated CD31 (Biolegend, #102408), PE-conjugated CD73 (Biolegend, #127205),
PE-conjugated CD29 (Biolegend, #102207), PE-conjugated CD105 (R&D systems, #FAB1320P) and PE-conjugated PDGFRa
(eBioscience 12-1402-81). For isotype controls the following antibodies were used for each mesenchymal marker: PE rat IgG2a,
kappa (control for Scal BD Bioscience, #553930), APC rat IgG2a kappa (control for PDGFRa eBioscience, #17-4321-81), PE mouse
1gG2a, kappa (control for NG2, BD Bioscience #555574), PE rat IgGaa (control for CD105 R&D systems, IC006P), PE Armenian ham-
ster IgG (control for CD29 Biolegend, #400907), PE rat IgG1, kappa (control for CD73 Biolegend, #400407), PE rat IgG2a, kappa (con-
trol for CD31 Biolegend, #400507), PE rat IgG2a, kappa (control for PDGFRa eBioscience, #12-4321-80), PE rat IgG2b, kappa (con-
trol for CD44 eBioscience, #12-4031-82).
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Histology and immunofluorescence analysis
The adductor muscle was harvested from control and injured mice, washed in PBS and fixed in 4% paraformaldehyde (PFA) to further
process for paraffin sectioning or for embedding in OCT to prepare samples for frozen sections.

For immunohistochemistry analysis, samples embedded in paraffin were sectioned at 8um thickness and processed for staining of
the microvasculature and to analyze scar and fibrosis formation. Microvessels were stained with endothelial cell marker isolectin B4
(Biotinylated, L2140, Sigma) as described (Wen et al., 2005). Microvessels were counted in 4-6 defined microscope fields in 3
different samples per condition (PBS and cell injected). Connective tissue was visualized using Masson’s Trichrome stain as
described by the manufacturer (Sigma) or Picrosirius Red staining as described (Junqueira et al., 1979).

Forimmunofluorescence, 8-10um sections of the adductor muscle were stained with the antibodies listed previously. PDGFRa and
NG2 were used at 1:50 dilution, overnight at 4°C. GFP-FITC and «SMA-Cy3 were used at 1:500 dilution for 1h at room temperature.
GFP-FITC and collagen1 were used at 1:500 and 1:100 dilution respectively overnight at 4°C. GFP-FITC and CD31 were used at
1:500 and 1:50 dilution respectively overnight at 4°C. For collagen1 anti-rabbit A546 (Life Technologies) was used at 1:200 and
for PDGFRa. anti-rabbit A488 (Life Technologies) was used at 1:100 dilution for 2h at RT. For NG2 anti-rabbit or anti-mouse A546
(Life Technologies) was used at 1:100 for 2h RT. For CD31 anti-rat A546 (Life Technologies) was used at 1:100 for 2h RT. Controls
were performed with rabbit (DAKO, XD936), rat IgG (abcam ab18450) and mouse IgG (Life Technologies, #02-6200) at concentrations
similar to or greater than the primary antibodies.

Images were acquired either with a Leica CTR 5500 microscope and DFC425 camera for brightfield or DFC340FX camera for
immunofluorescence, an EVOS AMG cell imaging system (Thermo Fisher Scientific), or Leica DMi8 with DCF365FX camera for immu-
nofluorescence or DMV2900 for brightfield, as indicated in the Figure Legends. Confocal microscopy was performed with a Leica
SP5 DM and images acquired as z stacks on 10 um frozen sections.

Aortic ring assay

An aortic ring assay was performed as described (Baker et al., 2011). Briefly, freshly isolated aortas from PdgfraH2B-eGfp mice were
cut in cross-section into Tmm ring segments and distributed on 50 pL of low growth factor matrigel (Corning® Matrigel® Growth
Factor Reduced (GFR) Basement Membrane Matrix, Corning). Aortic rings and matrigel were left at 37°C for 30 min to allow the ma-
trigel to solidify prior adding EBM media supplemented with VEGF-AA (30ng/ml, Peprotech) or PDGF-AB (30ng/ml, R&D). Sprouting
of cells was observed for 5d and recorded on an EVOS AMG cell imaging system (Thermo Fisher Scientific). After 5d, the rings were
fixed with 4% PFA, permeabilized with PBS/Triton 0.25% and stained with NG2 as described above.

Hindlimb ischemia model and cell injection

Unilateral high femoral artery ligation and excision was performed on male MCM*/iDTR*'~ mice or nude female mice (old mice were
7 months of age; young mice were 3 months as indicated). Anesthesia was administered using Isoflurane as described above. Mice
were placed in a dorsal position with their hindlimbs externally rotated. A skin incision was made over the femoral artery beginning at
the inguinal ligament and continued caudally to the popliteal position. The femoral artery and vein were isolated from the neurovas-
cular bundle along the entire limb, and ligated using a 6-0 prolene suture at the distal and the proximal ends. Major branch points were
dissected free and the femoral artery and vein were excised in their entirety.

Nude mice were injected with undifferentiated (n = 8, 2x10°) or differentiated (n = 9, 7x10°%) GFP*PDGFRa* cells (originally from
PdgfraH2B-eGfp mice) 24h after induction of HLI. Control mice (n = 8 for undifferentiated control experiment and n = 10 for differ-
entiated control experiment) were injected with an equal amount of 1x PBS. Undifferentiated cells were grown in 5% O,. Differenti-
ated cells were grown in 20% O, and passaged once as described above. In preparation for injection cells were trypsinized and
prepared in 1x PBS to a total volume of 100 uL per mouse. Cells were then injected in two different areas of the adductor muscle
in divided aliquots. Blood flow analysis and/or final experimental procedures were performed as described in the results section.

Tamoxifen and diptheria toxin treatment

MCM*/iDTR*'~, MCM*/R26R-YFP*'~ and MCM*/R26R-Brainbow*'~ mice were treated with 2mg tamoxifen (Sigma Aldrich) diluted
in peanut oil (Sigma Aldrich) or with peanut oil alone as control for seven consecutive days. For MCM*/R26R-Brainbow*’~ mice, HLI
was induced 4-5d after completing tamoxifen, and confocal microscopy assessment was performed at 7 and 21d after HLI as
described below. For MCM*/R26R-YFP*'~ mice, after completing treatment with tamoxifen, these mice were left for 28d (to allow
exogenous tamoxifen to dissipate) before inducing HLI. Immunofluoresence staining and confocal microscopy were performed
7d after HLI. For MCM*/iDTR*'~ mice, after completing treatment with tamoxifen, these mice were further treated with DTX (Sigma
Aldrich) by I.P. injection at 50ng/g for 3d prior to HLI induction, and then every other day for an additional 5d.

Conditioned Media preparation and injection

Conditioned media from GFP*PDGFRa" cells was obtained by culturing cells as above for 24h in serum free media. Media were
collected and gently centrifuged and proteins were concentrated using an Amicon Ultra-0.5 centrifugal filter (Millipore) as described
by the Manufacturer. Equal amounts of proteins (approximately 5ug) were injected in 6 mice 24h after HLI induction and the regen-
erative outcomes were compared to the adoptive transfer of the cells prepared as described above.
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Flow cytometric analysis and FACS

For FACS, adductor muscles from PdgfraH2B-eGfp mice were excised and washed in PBS. Samples were minced in 1ml of serum
free DMEM containing 0.8 Wunsch units/ml of Liberase DL (Roche Diagnostic) and left for 40 min at 37°C on a gently shaking thermo-
block at 1200rpm. As indicated in the specific experiments, cells were incubated for 1h with anti-PDGFRa APC-conjugated antibody
at a concentration of 1 pg per million cells and/or anti-CD45-APC-Cy7 (1pg/million cells) in DMEM containing 2% FBS. Dead cells
were excluded by labeling with 1 pg/ml of DAPI 30 min prior sorting. Cells were sorted on an Influx FACS at the Flow Cytometry
Core Facility at ISMMS.

For flow cytometric analysis using WT mice, cells from the adductor muscle were isolated as described above and labeled with 1 pug
per million cells using anti-PDGFR«-APC antibody, and PE-conjugated or PE-conjugated isotype control for Scal, CD44, NG2,
CD31, CD73, CD105, CD29 and PDGFRa antibodies. In experiments where PDGFRa*GFP™* cells were isolated from PdgfraH2B-
eGfp mice, APC-conjugated antibodies for CD31 and NG2 were used at 1ug per million of cells. Cells were visualized with a LSRII
flow cytometric analyzer and the analysis performed with the publicly available analytical platform Cytobank.

Confocal and two-photon microscopy, and image analysis
For the analysis of MCM*/R26R-Brainbow*'~ mice, samples were processed fresh for microscopy within 20 min of harvesting. Skel-
etal muscles including the adductor, hamstring, and gastrocnemius muscles were analyzed at all time points. To maintain the integrity
of the cellular components and the fluorescent signals from the Cre-recombined Brainbow cassette, the tissue was not fixed or per-
meabilized but processed immediately for confocal analysis. Microscopy imaging was performed using a Leica SP5 five channel
confocal and multiphoton system (Leica microsystems, Mannheim, Germany) equipped with multi-line Argon, diode 561nm,
HeNe 594nm, and HeNe 633nm visible lasers. For the 2-photon mode we used a pulsed femtosecond Ti:Sapphire (Ti-Sa) laser,
tunable for excitation from 680 to 1,080nm with dispersion correction. Freshly excised skeletal muscles were placed onto 35mm
number 0 coverglass culture dishes in 1x PBS and imaged using a HCX-IRAPO-L 25x/0.95 NA water dipping objective (WD =
2.5mm). Previously recorded fluorescence emission spectra were used to set four sequential confocal imaging channels as follows:
CFP (458/468-482nm), eGFP (488/496-514 nm), YFP (514/522-558nm) and RFP (561/ 580-650nm). In addition, structural information
was obtained by two-photon SHG microscopy, revealing signal from skeletal fibers and fibrillar collagen (using the Ti-Sa laser at
920nm collecting back-scattered signal) as we previously described (Malide et al., 2012). For 3D volume rendering and analysis, a
series of x-y-z images (typically 1x1x4 um?® voxel size) along the z axis at 5 um intervals over a range of depths (150-200 pm)
were collected throughout the skeletal muscles. Reconstruction and analysis of 3D volumes was performed with Imaris x64 software
version 8.4 to transform the stacks of raw images into volume-rendered (3D) data of fluorescent cells inside skeletal muscle fibers and
to export them as 3D-rotation movies.

For skeletal muscle tissue preparations from nude mice after adoptive cell transfer, MCM*/R26R-YFP*'~ and MCM™*/iDTR*'~ mice,
a conventional laser-scanning confocal microscope was used (Leica SP5 DM). Images of PDGFRa.* cells labeled with YFP, GFP or
with the rabbit antibody SC-20 (Santa Cruz) and associated fluorescence (CD31, NG2 and a«SMA) were acquired using an Argon/2 ion
laser for excitation at 488nm, a HeNe laser for excitation at 543nm. High-magnification image stacks were captured using a 63x oil
immersion lens. Orthogonal views were created using Fiji and the respective movies by 3D Viewer Plugin in Fiji. The image stacks
were acquired at a 1024x1024 spatial resolution.

RNA extraction, cDNA amplification and real-time PCR
RNA was extracted from freshly sorted GFP*PDGFRa.* cells using a RNAeasy mini kit (QIAGEN) as described by the manufacturer.
For in vitro culture of undifferentiated and differentiated GFP*PDGFRa.* cells, RNA was extracted using a RNAeasy mini kit (QIAGEN)
and cDNA was synthesized as described below. RNA was measured using a NanoDrop 2000c (Thermo Scientific). For cDNA ampli-
fication RNA was diluted at 100pg/uL for all cells and 500pg were used from all samples and amplified using the Ovation RNASeq
System V2 32 reactions (NUGEN Technologies, Inc.). Amplification was performed according to manufacturer’s instructions. Briefly,
total RNA was reverse-transcribed using a combination of random hexamers and a poly-T chimeric primer, followed by second
strand synthesis using DNA polymerase. The cDNA was then amplified using single primer isothermal amplification technology
(SPIA). A proprietary combination of enzymes and primers allows for preferential priming of non-rRNA sequences.

cDNA was synthesized using a Tagman reverse transcription kit (Applied Biosystems). 10ng/ul of RNA was reverse transcribed
using random hexamers with the following conditions: 25°C 10 min, 48°C for 30 min and 95°C for 5 min. An aliquot of the synthesized
cDNA was diluted 1:5 to obtain a concentration of 2ng/ul.

For quantitative real-time PCR, 6ng of Ovation RNaseq system-amplified cDNA or cDNA from undifferentiated and differentiated
GFP*PDGFRa" cells was used. Samples were normalized against 18sRNA transcript levels and relative expression was calculated
using the double delta Ct method. Probes were purchased from Applied Biosystems (Thermo Fisher Scientific, Inc.).

RNA sequencing

RNaseq and bioinformatic analysis were performed at the Institute for Genomics and Multiscale Biology at the ISMMS. As an initial
step, Qubit QC values were evaluated and a cut-off of above 500ng total was applied. Libraries from the SPIA amplified cDNA as
described above were made using the Ultralow DR library kit (NUGEN) according to manufacturer’s instructions. High-throughput
RNaseq was performed using a HiSeq 2500 (lllumina) with reads between 7-20 million among the different samples.
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Bioinformatic analysis

RNaseq reads were aligned to GRCm38/mm10with STAR v2.4.0g1 (Dobin et al., 2013). Uniquely mapping reads overlapping genes
were counted with FeatureCounts v1.4.4 (Liao et al., 2014) using annotations from ENSEMBL GRCm38.75. All analysis used log,
counts per million (CPM) or log, RPKM (Mortazavi et al., 2008) following TMM normalization (Robinson and Oshlack, 2010) imple-
mented in edgeR v3.14.0 (Robinson and Oshlack, 2010). Genes with over 1 counts per million in at least 4 samples were retained.
Differential expression analysis was performed using DESeq?2 (Love et al., 2014). Downstream analysis including principal compo-
nents analysis and heatmaps was performed in R (R Development Core Team, 2015). Hierarchical clustering was performed with the
ward.D method in R. Gene set enrichment tests were performed in R with a hypergeomtric test using MSigDB (Subramanian et al.,
2005). Additional enrichment and pathway tests were performed with Ingenuity Pathway Analysis and MetaCore.

Blood flow measurement

Blood flow was measured in mice anesthetized under constant-flow isoflurane, both in the ischemic leg and the control leg, preop-
eratively at time 0, postoperatively (between 2-3h after surgery), and at different time points as indicated after HLI, using a
moorFLPI-2 unit (Moor Instruments, Ltd.). Recording was done at a processing mode set at low resolution/high speed, with a fre-
quency of 25Hz.

Evans blue dye injection and vessel permeability analysis

Vessel permeability was assessed as described (Radu and Chernoff, 2013). Briefly, 200 uL of 1% Evans blue dye (Sigma Aldrich, Inc.)
diluted in 1x PBS was injected via tail vein. The adductor muscle was isolated 30 min after injection and weighed. Dissected tissues
were left for 36h in 500 pL of formamide at 55°C prior to spectrophotometric measurements (Abs = 610nm).

Senescence Assay

Cellular senescence was measured by a senescence histochemical staining kit (Sigma, CS0030). PDGFRa." cells from 4-month old
PdgfraH2B-eGfp mice were sorted as described above and plated under hypoxic (5% O,) or normoxic conditions (20% O,). To
induce differentiation, cells in 20% O, were passaged once. Analysis was performed as indicated by the Manufacturer. Briefly, se-
nescent cells were detected using a rapid staining procedure based on -galactosidase activity at pH 6. Under these conditions
B-galactosidase activity is easily detectable in senescent cells but not in quiescent, immortal or tumor cells. Quantification of senes-
cent cells was performed by counting the number of 3-galactosidase positive cells in 10 to 20 fields in n = 3 independent experiments
for each condition, and expressing this as a percentage of the total number of cells in each field analyzed. Comparison among
different groups was performed by analysis of variance (one-way ANOVA) with Tukey’s post-testing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Values are expressed as mean + standard deviation of the mean (SD). Statistical significance was assumed when p < 0.05. GraphPad
Prism V.7® (GraphPad Software, La Jolla, USA) was used for statistical analyses. Comparison among different samples (as indicated
in each Figure legend) was performed by analysis of variance (one-way ANOVA) with Tukey’s post-testing or by Student’s t test (two-
tailed) as indicated.

Imaging and quantification in tissues

Imaging for Masson’s trichrome assay, biotinylated isolectin B4 staining, and for PDGFRa* and NG2™ cells in skeletal muscle was
acquired with a Leica CTR 5500 microscope and DFC425 camera for bright-field images, a DFC340FX camera for immunofluores-
cence pictures or with an EVOS AMG cell imaging system (Thermo Fisher Scientific). For the aortic ring experiments and fluorescence
imaging of differentiated and undifferentiated GFP*PDGFRa." cells, imaging was performed with an EVOS AMG cell imaging system
(Thermo Fisher Scientific).

Quantification of microvessel density and vessel breakdown in MCM*/iDTR*'~ mice was performed by counting in 4 defined mi-
croscope fields in 3 different samples per condition. Measurements were performed on an identically sized area for all samples
(0.1mm?3).

Maximal fibrotic area was measured with Imaged. Slides for each condition after HLI (n = 3) were analyzed under the microscope to
find the minimal and maximal fibrotic area covering the entire extension of injury. The maximal fibrotic area for the adoptive transfer
and the ablation studies was quantified using values of maximal threshold depending on the level of injured tissue in the animals
analyzed.

Quantification of vessel permeability

Evans blue dye leakage from vessels was measured by reading the prepared samples (n = 3) at 610nm and normalizing these values
for mg of tissue. A standard curve of known Evans blue dye amounts was used to calculate the extravasated ng of Evans blue dye
(Radu and Chernoff, 2013).
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Quantification of blood flow recovery

Blood flow percentage recovery was measured using a moorFLPI-2 unit by dividing the average flow values of the ischemic limb by
the healthy limb at the indicated time points. Values are expressed in percentage. The number of mice for each condition is described
in the Figure Legends and Results section.

Quantification of tubulogenesis

In vitro tubulogenesis was analyzed in HUVECs in co-culture with undifferentiated and differentiated GFP*PDGFRa.* cells. Quantifi-
cation of mesh area, total branching, and number of junctions was performed to determine the effects of PDGFRa" cells on HUVEC
function and analyzed by ImageJ angiogenesis analyzer software (NIH). Regulation of tubulogenesis was calculated by dividing the
mesh area or the total branching values of each independent experiment (n = 4 for differentiated PDGFRa" cell co-culture and n = 3
for undifferentiated PDGFRoa.* cell co-culture) in co-culture set ups with the average mesh area or total branching values in HUVECs
alone (n = 3). The values are expressed in percentage.

Quantification of injected GFP*PDGFRa™* cells in nude mice

Approximately 7x10° undifferentiated and differentiated GFP*PDGFRa." cells were injected in both young and old nude mice respec-
tively as previously described (hind limb ischemia model and cell injection sections). Analysis was performed at 7 and 21d after HLI.
Three animals were used in each condition. Harvested skeletal muscles were frozen in OCT and 10um sections were analyzed for the
presence of GFP*PDGFRa" cells. Ten slides for each mouse and each condition were analyzed and quantification was performed
using the slides where cells were visibly present in higher number. Images acquired with a Leica DMi8, Application Suite X and a
40X objective. Cell amount was quantified using ImageJ and reported as number of cells in 0.07mm?.

Quantification of Brainbow studies

Analyses were performed on 3 mice for each condition (physiological uninjured state, 7 and 21d after HLI induction). For every mouse
between 4 and 16 images were collected in different locations in the hindlimb skeletal muscle. Three of these images for each mouse
in each condition were used for quantification and one or two for graphical representation in this manuscript.

For quantitative assessment of clone frequency and distribution, 3D z stack fluorescent images were further processed using user-
guided software segmentation tools in the Imaris Surpass module (Malide et al., 2012; Takaku et al., 2010). Individual cells were
segmented as surface objects in their individual fluorescent channels. Their numbers were exported in Excel software and displayed
as relative average number in the z stack analyses. A total of 169 cells in uninjured mice, 1421 cells 7d after HLI and 287 cells 21d after
HLI were counted. Percentages of cells were quantified by relating the relative average number of individual fluorescent cells to the
total in the 3D datasets (z stacks). The collected images were used to quantify the average number and fluorescence distribution of
PDGFRa*-derived clones in injured areas (fibrosis, adipose tissue and revascularization). Measurements were performed on three
mice in each condition (7 and 21d post-HLI) for a total of 3-4 images where adipose, fibrotic, and vascular tissue could be distin-
guished by second harmonic generation (SHG). The total volume for these analyses was 0.1mm?®. For quantitative assessment of
3D cell and clone frequency, positions, and distribution, z stacks were further processed using the ImarisXT module, which integrates
MATLAB applications (MathWorks) by distance measurements (using a distance transformation algorithm) and cluster analysis (Ma-
lide et al., 2012). Cell coordinate data were exported in the Vantage module (Imaris software) and used to generate 1D view plots of
the cells based on distance from the origin (intersection of x-y axis). These were analyzed for each clone at different time points for cell
distribution and distances (clustering) between cells.

DATA AND CODE AVAILABILITY

Data Resources

The accession number for the bulk RNaseq data reported in this manuscript is GEO: GSE101930 and the datasets are available at the
Genome Expression Omnibus (GEO) and in Tables S1 and S2 of this manuscript. The raw data including the analysis of vessel perme-
ability in the adoptive transfer experiments (Figures 2C and 6B), the flow cytometry fcs files for sorting the cells for RNA sequence and
adoptive transfer (Figures S2A, S2B, and S4A) and the majority of the flow cytometry data to characterize PDGFRa." cells as stromal
cells (Figures 1A, 1B, S1A, S1B, S4B, S4C, S5A, and S5B) are uploaded at Mendeley Data with the following https://doi.org/10.
17632/wkg6844nwv.1.
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Figure S1. Flow cytometric and histological assessment of PDGFRa" cells. Related to Figure 1.

(A-B) Fluorescence minus one (FMO) controls were used to set the gates of all flow cytometric analyses
shown in Figure 1A-B. Representative FMO controls are shown for PDGFRa" cells co-positive for CD105
(S1A) and NG2 (S1B). These were selected because they demonstrate FMO controls for a population with
both a high and low co-positive population (S1A; CD105) and single co-positive population (S1B; NG2).
All analyses were performed in n=3 independent experiments. (C-D) Single color channels of
immunofluorescence for PDGFRa" cells with CD31 (S1C; corresponds to Figure 1C) or NG2 (S1D;
corresponds to Figure 1E) in skeletal muscle of 4 month old healthy uninjured mice, performed as
described in Star Methods. Images represent merged z-stacks acquired with a Leica SP5 DM confocal.
Scale bars 20um. (E) Immunofluorescence analysis of skeletal muscle from 4 month old PdgfraH2B-eGfp
mice. White arrowheads show GFP'NG2* co-positive cells (lower panels) or proximity of GFP* cells with
CD31" cells (upper panel). Staining was performed with rat monoclonal CD31 and mouse monoclonal NG2
antibody. Images represent merged z-stacks acquired with a Leica SP5S DM confocal. Scale bars 25pm. (F-
G) Thoracic aortas from 4 month old PdgfraH2B-eGfp mice were isolated and analyzed for expression of
PDGFRa (F) and NG2 (G). Fresh frozen 10pm sections were stained with anti-GFP 1:500 Abcam,
ab13970; PDGFRa, 1:50, Cell signaling, 3174P and NG2, 1:50 Abcam, ab83178. Images represent z-stacks
acquired with a Leica SP5 DM confocal. Scale bars 75pm.
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Figure S2. PDGFRa* cell function in tissue revascularization after hindlimb ischemia. Related to
Figures 2 and 3.

Undifferentiated GFP*PDGFRa" co-positive cells from 3 month old PdgfraH2B-eGfp male mice were
injected into the adductor muscle of 7 month old nude female mice 24 hours after HLI. (A-B) Adductor
skeletal muscles were isolated from 3 month old male WT control mice and left un-labeled (also without
DAPI) to set FACS gates for sorting (A), or labeled with anti-PDGFRa APC-conjugated antibody and
DAPI to sort for GFP"PDGFRa" co-positive cells from PdgfiaH2B-eGfp mice (B). The Hoechst Blue
channel distinguishes DAPT live cells (gate P3) from dead (DAPI") cells. Taking the live DAPT
population, FITC was used to specify for PdgfraH2B-eGfp* cells (gate P4). In the final panel, the FITC (x
axis) and APC (y axis) specifies for cells double positive for GFP and APC (after labeling with anti-
PDGFRa APC-conjugated antibody) (gate P5). Sorted live GFP"PDGFRa" co-positive cells were
processed for further analyses (RNAseq and adoptive transfer experiments). (C) Representative images of
blood flow acquired with a MoorFLPI Full Field Laser Perfusion Imager Review V4.0 (Moor Instruments
Ltd) after HLI. (D) Representative capillary images 21 days after HLI induction using isolectin B4 staining
on 8um paraffin sections. Sections were stained with biotinylated isolectin B4 (Sigma Aldrich, Inc)
overnight at 4°C. Capillaries were counted from 4 separate sections for each mouse (n=3 per group) in an
area of 0.1mm?. Scale bar 20um. (E) Approximately 7x10° GFP"PDGFRa" co-positive cells were injected
in the adductor muscle after HLI and these tissue samples were analyzed at 7 and 21 days for their GFP*
cell content. Scale bars 50um. Images were acquired with a Leica DMi8, Application Suite X, DCF365FX
camera. Pictures are representative of n=3 mice. Quantification was performed using Image J.
GFP'PDGFRa' co-positive cells were counted in each field where the presence of the cells was maximal as
described in Star Methods. Data represent mean + SD. *P<0.05. (F) Control staining corresponding to
Figure 3. Seven days after HLI induction and adoptive transfer of undifferentiated GFP'PDGFRa" co-
positive cells, injected cells were tracked by nuclear GFP expression and co-staining with rat (control IgG
for CD31), mouse (control IgG for aSMA) and rabbit IgG (control IgG for NG2) as described in Star
Methods to analyze antibody specificity. Scale bar 25um. Z-stacks images were acquired with a Leica SP5
DM confocal microscope. (G-I) Three weeks after HLI induction and adoptive transfer of undifferentiated
GFP'PDGFRa" cells, injected cells were tracked by nuclear GFP expression (white arrowheads) and co-
staining with rabbit anti-mouse NG2 (G), rat anti-mouse CD31 antibody to detect capillaries (H) and Cy3-
conjugated anti-aSMA antibody to detect large vessels (I). Scale bars 20pm. Images are representative of
n=3 independent experiments. Z-stack images in (G-H) were obtained with a Leica SP5 DM confocal

microscope. Image in (I) was obtained with a Leica CTR 5500 microscope and DFC340FX camera.



«iwo  MCM/DTR ctrl wioey MCM/DTR ablation Fi gure S3

A A 2607 260 | ———— &
240 240 |
220 220
200 200
180 180
160 160 7
o | 140 ] o 1407
[ 120 N | 120
@ 100 1 100
80 80
60 ) 60
40 0.27+/-0.04 40 0.072+/-0.02
204 3 of parental 20 3 of parental
LI LU0 LLLLL I AL B LR R L) B R SRR L) B LI LULLL LLLLL IR 0 B B R R R B
-102 102 10° 10* 10° -102 102 103 104 10°
PDGFRa-FITC PDGFRo-FITC
B PDGFRa. DAPI PDGFRo DAPI
» E MCM/iDTR ctrl_ >
MCM/iDTR
ctrl

C

MCM/IiDTR
ablation
L MCM/iDTR

Rabbit IgG DAPI Rabbit IgG DAPI

Rat IgG Rabbit IgG DAPI Rat IgG Rabbit IgG DAPI 150 -

D

MCM/iDTR
ctrl

. E
33 100 2
(TR} *
s 3
0% 904 Ala
= *
D - ta T I
0 1 L] L] L] L] L ] L]
All ctrl ablation ctrl ablation ctrl ablation
samples
MCM/iDTR ctrl MCMWIDTR ablation Time after HLI 0 1d 3d 5d
| f ‘ je‘ / § 'j\,
I3 7
4 ¢/
/ 2%
€O 4 //y ¢ v




Figure S3. Modulation of tissue revascularization after PDGFRa" cell ablation. Related to Figure 4.
(A) Flow cytometric analysis of hindlimbs from MCM"/iDTR*" mice treated with tamoxifen and DTX
(MCM/iDTR ablation) versus peanut oil and DTX (MCM/iDTR control, ctrl) 5 days after HLI induction.
PDGFRa" cells were labeled with FITC-conjugated anti-PDGFRa antibody (1pg per million cells)
(eBioscience). Data were analyzed using the Cytobank web application. Each MCM/iDTR ablation mouse
was validated with flow cytometric analysis and only those showing successful ablation of PDGFRa' cells
were used for further experiments. Ablation was successful in 4 out of 5 treated animals, and the panels
here represent the flow cytometric data in n=4 animals for MCM/iDTR ablation and n=4 for MCM/iDTR
controls in a fraction of the skeletal muscles. (B-D) Cell ablation was also verified by immunofluorescence
staining with anti-PDGFRa antibody on 8um frozen sections of a small hindlimb tissue fragment from
MCM/iDTR controls (n=3) and MCM/iDTR ablated mice (n=3) after HLI. Arrows in (B) show interstitial
PDGFRa" cells in control mice, while in (C) no PDGFRa" cells are seen in MCM/iDTR mice after cell
ablation. Control rabbit IgG antibody (D) was used on MCM/iDTR control mice. Areas shown are adjacent
those with ischemic injury. Scale bars 25pum. Images in B-D were acquired with a Leica DMi8, Application
Suite X, and a DFC365FX camera. (E) Adductor muscles from MCM/iDTR ctrl and ablated mice were
harvested 5 days after HLI induction and images were obtained under a dissection microscope. Arrows
show macroscopically visible hemorrhage. (F) Immunofluorescence analysis of MCM/iDTR ablated and
ctrl adductor muscles with rat IgG (red) and rabbit IgG (green) that correspond to Figures 4D-E. Scale bars
20um. Images are representative of n=3 independent experiments. Images were obtained with a confocal
Leica SP5 DM as z-stacks. (G) Blood flow was assessed as indicated in Star Methods. Eight mice were
analyzed at time 0 and after HLI were divided randomly as control (peanut oil and DTX treated mice
MCM/iDTR, n=3) or ablation (tamoxifen and DTX treated mice MCM/iDTR ablated, n=5) mice. Data
represent mean + SD and are analyzed by one-way ANOVA followed by Tukey’s multiple comparison test.
There were no differences between the control and ablated groups at any time point. (H-J) Representative
panels showing (H) whole muscles, (I) Picrosirius Red (scale bar 200um) and (J) isolectin B4 staining
(scale bar 25um) of MCM/iDTR ablated adductor muscles in sham-operated (no HLI) mice. Image in (H)
was obtained under a dissection microscope. Images in (I and J) were obtained with a Leica DMiS8,

Application Suite X, and a DCM2900 camera.



Figure S4
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Figure S4. Characterization of PDGFRa" cells at early time points after hindlimb ischemia. Related
to Figure S.

(A) FACS was performed on digested skeletal muscle from PdgfraH2B-eGfp mice 7 days after HLI
induction. Cells were labeled with 1pg/ml of DAPI to distinguish live (DAPT) from dead (DAPI") cells
(gate P3, upper right panel) and with anti-CD45-APC-Cy7 (1pg/million cells). From the live GFP* cell
population (P4, lower left panel) we identified GFP*PDGFRa" cells (P5, lower right panel), which were
almost entirely CD45 (P5) (only rare, isolated CD45"GFP"PDGFRa" cells were detected — too few to
permit reliable quantitation). GFP"PDGFRa" cells were sorted and underwent RNAseq. FACS plots are
representative of 4 independent experiments. (B and C) As separate experiments to (A) and using WT mice
at 10-12 weeks of age, flow cytometric analysis of skeletal muscle PDGFRa" cells was performed using
Cytobank software for phenotypic characterization. Cells were extracted 7 days after HLI from skeletal
muscle with Liberase DL (Roche) and labeled for 30 minutes at room temperature with anti-PDGFRa-APC
antibody and (C) PE-conjugated antibodies for endothelial (CD31), mesenchymal (Scal, CD73, CD105,
CD29, CD44) and pericyte markers (NG2 and PDGFR). Cells were gated as a live DAPI" population (B,
gate P1) and further as PDGFRa-APC" (B, gate P2). In C, the panels represent the co-expression
expression of PDGFRa" cells for these markers. Flow cytometric plots are representative of n=3
independent experiments for all markers. As controls, cells extracted from skeletal muscle were labeled
with APC- and PE-conjugated IgG isotype antibodies for the indicated markers and as described in Star
Methods. Cells were gated first as a live DAPI” population and representative histograms are overlaid (pink
peaks) with the indicated mesenchymal, endothelial and pericyte markers. FMO controls were also
performed for this experiment and are shown in Figures S5A-B. (D) Quantification by flow cytometry of
PDGFRa" cells co-positive for endothelial (CD31), mesenchymal (Scal, CD73, CD105, CD29, CD44) and
perivascular markers (NG2 and PDGFRJ) in physiologic conditions (uninjured; SM) vs 7 days after HLI
(SMI). Percentage of total population for Scal 'PDGFRa" and CD105"PDGFRa" co-positive cells includes
the low and high populations, whereas for CD29"PDGFRa" includes the low, high and intermediate
populations. Data represent mean + SD. Asterisks indicate *P<0.05, **P<0.01, ***P<0.001 and
**%%P<(.0001. For Scal, NG2, CD44 and CD31 SM is n=3, whereas for CD105, CD29, CD73 and
PDGFRp SM is n=4. SMI samples are n=3.
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Figure S5. Characterization of PDGFRa" cells at early time points after hindlimb ischemia. Related
to Figure 4.

(A-B) Fluorescence minus one (FMO) controls were used to set the gates of the analyses shown in Figures
S4B-C. Representative FMO controls are shown for PDGFRa" cells co-positive for CD105 (A) and NG2
(B). As per Figure S1 these were again selected because they demonstrate FMO controls for a population
with both a high and low co-positive population (S5A; CD105) and single co-positive population (S5B;
NG2). All the analyses were performed in n=3 independent experiments. (C) IPA networks based on
differential gene expression of GFP"PDGFRa" cells 7 days after HLI, as compared to these cells from
uninjured PdgfroH2B-eGfp mice, show modulation of LXR/RXR signaling (which is implicated in lipid
transport). Genes/proteins are illustrated as nodes and molecular relationships as connecting lines between
two nodes (direct relationships as normal lines; indirect relationships as dashed lines). Molecular
relationships are supported by at least one literature reference, or by canonical information stored in the
Ingenuity Pathway Knowledge Base. Purples nodes represent genes of interest (differentially expressed in
GFP'PDGFRa" cells from SM versus SMI hindlimbs), while white nodes represent hubs that were added
by the IPA algorithm to connect a set of genes of interest. (D-F) RNAseq data showing gene expression
differences in GFP*PDGFRa" cells of transcripts related to lipid transport in SM versus SMI samples,
including upregulation of Abcgl and Atplic (cholesterol transporter) and downregulation of Acot§
(hydrolysis of AcylCoA).
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Figure S6. Function of undifferentiated versus differentiated PDGFRa" cells. Related to Figure 6.
(A-D) GFP'PDGFRo" co-positive cells were FACS-sorted from PdgfiaH2B-eGfp mice and plated in
DMEM supplemented with 10% FBS and grown in either 5% Oz without passaging (undifferentiated
PDGFRa" cells) or 20% Oz and passaged once (differentiated PDGFRa" cells). Cells were stained with
Cy3-conjugated anti-aSMA antibody at 1:500 dilution for 1 hour at room temperature. Compared to
undifferentiated cells (A), differentiated PDGFRa" cells exhibited a fine cytoskeletal structure composed of
aSMA fibers (B). Images were acquired with an EVOS AMG cell imaging system (Thermo Fisher
Scientific). (C) Differentiated PDGFRa" cells had a hypertrophied phenotype with increased cell area as
measured by Imagel software. Data are the average of n=3 independent experiments in each cell group.
Student’s t-test was performed using GraphPad Prism version 6.00. Data represent mean + SD. **P<(.01.
(D) B-galactosidase activity was assessed by histochemical assay to evaluate senescence in undifferentiated
and differentiated GFP*PDGFRa" co-positive cells. The experimental procedure was performed as
suggested by the Manufacturer and described in Star Methods. Senescent cells stain a blue color (black
arrows). Scale bar 100um. The graph represents the percentage of senescent cells per field (each dot
represents a different field) in n=3 independent experiments in each condition. Data represent mean + SD
and are analyzed by Student’s t-test. Data are not significant (ns). (E) Quantitative real time PCR of key
myofibroblast transcripts for genes involved in ECM remodeling (Adam2) and the fibrotic response
(TegfB1, collagenlal and Fap) comparing differentiated vs undifferentiated PDGFRa" cells. 2ng/microliter
of amplified cDNA was used in each reaction. Samples were normalized against /8sRNA transcript levels
and relative expression was calculated with the 2PP formula. Student’s t-test was performed using Prism
6.0. For Fap *P=0.035. For Adam12 **P=0.0013. For Collagenlal **P=0.0085. For TgfB! *P=0.03. Data
represent mean + SD and are from n=3 independent experiments for both cell types. (F) Representative
single channel immunofluorescence images are shown and correspond to the merged panels in Figure 6F-
H. In brief, we performed adoptive transfer and locally injected differentiated myofibroblast-like
GFP'PDGFRa* cells from PdgfiraH2B-eGfp mice into young 3 month old nude mice 24 hours after HLI.
Tissues were harvested after 21 days. Adductor muscles were frozen in OCT and 8pum sections were
labeled overnight with anti-GFP FITC-conjugated antibody and anti-collagenl polyclonal antibody.
Alternatively, control staining for collagenl was performed using rabbit IgG as primary antibody at the
same concentration as the anti-collagen1 antibody. DAPI was used to stain nuclei. Imaging was acquired
with a Leica CTR 5500 microscope and DFC340FX camera. Scale bar 20um in all pictures. (G)
Quantification, per field, of mesh area (total tube area), total branching (amount of branches expanding
from the nodes) and number of junctions (extent of vessel branching) of HUVECs grown in basal media
that were then embedded in Matrigel with no added media (comparator group), or conditioned media from
cultured undifferentiated versus differentiated GFP'PDGFRa" cells. Endpoints were assessed after 7 hours
in matrigel. Imagel angiogenesis software was used for quantification. No statistical differences were
observed in mesh area (P=0.17), total branching (P=0.59) and number of junctions (P=0.60). Data represent

n=3 independent experiments and were compared by Student’s t-test. Data represent mean + SD. (H)



Quantitative real time PCR of pro-angiogenic transcripts Angiogenin and Vegf-A in vivo in GFP'PDGFRa*
cells under physiological (SM) and ischemic (SMI) hindlimb conditions from PdgfioH2B-eGfp mice.
Analysis of amplified cDNA was performed using Tagman probes specific for the indicated genes (Thermo
Fisher Scientific). Data represent n=4 independent experiments and were compared by Student’s t-test.

Data are not significant (ns) and represent mean + SD. For Angiogenin P=0.21 and for Vegf-4 P=0.98.
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Figure S7. Lineage tracing of PDGFRa" cells in physiological conditions in adult skeletal muscle.
Related to Figures 7 and S8. (A) Breeding strategy to generate MCM/R26R-YFP*" mice harboring a
knockin for CreER in the Pdgfro locus. (B) To induce YFP expression in PDGFRa" cells, MCM*/R26R-
YFP" mice were treated with tamoxifen as indicated. HLI was performed 28 days after the final tamoxifen
injection, and sample collection was performed 7 days after HLI. Apart from (C), results following HLI are
presented in Figure S8. (C) Representative immunofluorescent analysis of MCM*/R26R-YFP*" mice in
uninjured control limb (left panel) and ischemic limb (HLI, right panel). In uninjured (control) mice there
were scattered YFP* cells present (left panel). Following HLI (right panel) we observed a significant
increase in the number of YFP" cells in the injured area (the green circular structure is auto-fluorescent
signal from the elastic lamina of a small artery). Scale bars are 50um. Images were acquired with a Leica
DMi8, Application Suite X and DCM2900 camera. (D) Confocal z-stacked images of tamoxifen-induced
control MCM*/R26R-YFP"~ mice without HLI, showing no co-positive staining between YFP and CD31.
Corresponding x-y, Xx-z and y-z orthogonal views represent overlays of the three fluorescent channels
(green, blue and red) and were snapshot in specific z-stack layers displaying potential co-staining events.
Measurements for the orthogonal views are as follows: 132.5x4.6um for y-z axes and 74.8x4.6um for x-z
axes. (E) Confocal z-stacked images of tamoxifen-induced control MCM*/R26R-YFP*" mice without HLI
showing no co-positive staining between YFP and NG2, including the corresponding orthogonal views as
described above. Measurements for the orthogonal views are: 62.7x7.2um for y-z axes and 75x7.2um for
x-z axes. (F) Confocal z-stacked images of tamoxifen-induced control MCM*/R26R-YFP* mice without
HLI showing no co-positive staining between YFP and aSMA, including corresponding orthogonal views.
Measurements for the orthogonal views are: 94.8x14.2um for y-z axes and 110.9x14.2um for x-z axes.
Grid lines across all orthogonal images show the cross-sectional coordinates where YFP* cells were
analyzed for stromal and vessel marker co-expression. Orthogonal views were reconstructed from the
acquired z-stacks using Fiji. Images in panels D-F were acquired with Leica SP5 DM confocal microscope,
with all sections being of 10um in thickness and scale bars 20um. GFP-FITC, CD31, NG2 and aSMA-CY3
antibodies were used as indicated in Star Methods. For Figures S7 and S8, images are representative of

analyses performed in 4 independent mice for each condition.
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Figure S8. PDGFRa" cells are present in the stromal and vascular compartments after ischemic
insult in adult skeletal muscle. Related to Figures 7 and S7. As shown in Figure S7, MCM"/R26R-
YFP"" mice harboring a knockin for CreER in the Pdgfira locus received tamoxifen and HLI was performed
28 days after final tamoxifen injection. Sample collection was performed 7 days after HLI. Results from
uninjured (control) mice are presented in Figure S7. 3D-microscopy images are presented as overlays,
single color images, and as x-y, x-z and y-z orthogonal views (as per Figure S7). Orthogonal views were
reconstructed from the acquired z-stacks using Fiji. Grid lines across all orthogonal images show the cross-
sectional coordinates where YFP* cells were analyzed for stromal and vessel marker co-expression. All
sections are 10um in thickness and all scale bars are 20um. Confocal images were acquired as z-stacks with
a Leica SP5 DM microscope. GFP-FITC, CD31, NG2 and aSMA-CY3 antibodies were used as indicated in
Star Methods. For low power views, arrows are used to indicate co-positive cells. (A) low and (B) high
power views showing YFP and CD31 co-expression after HLI. Measurements for orthogonal views are:
246.3x8.4um for y-z and 246.3x8.4um for x-z axes (low power view), and 169.3x8.4um for y-z and
66.4x8.4um for x-z axes (high power view). (C) low and (D) high power views showing YFP and NG2 co-
expression after HLI. Measurements for orthogonal views are: 246.3x8.9um for y-z and 246.3x8.9um for
x-z axes (low power view), and 81.77x10.3um for y-z and 105.8x10.3um for x-z axes (high power view).
(E) low and (F) high power views showing YFP and aSMA co-expression after HLI. Measurements for
orthogonal views are: 246.3x10.1pum for y-z and 246.3x10.1um for x-z axes (low power view), and
57.7x8.9um for y-z and 72.8x8.9um for x-z axes (high power view). (G) Z-stack images of control
immunoglobulins for CD31 (Rat IgG), NG2 (Rabbit IgG) and aSMA (Mouse IgG). Staining was performed
with IgG control antibodies as described in Star Methods.
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Figure S9. PDGFRa*-derived cells undergo expansion after ischemia-induction. Related to Figure 7.
(A) Breeding strategy to generate MCM'/R26R-Brainbow"” mice where PDGFRa" cells and their progeny
permanently express one of four fluorescent proteins. The Brainbow 2.1 region contains two /oxP-flanked
dimers, positioned head-to-tail in tandem. One dimer has nuclear-localized green fluorescent protein
(nGFP) and a reverse-oriented cytoplasmic yellow fluorescent protein (YFP). The other dimer has
cytoplasmic red fluorescent protein (RFP) and a reverse-oriented membrane-cyan fluorescent protein
(mCFP). (B) Tamoxifen treatment to activate PDGFRa-Cre-mediated recombination of the Brainbow
cassette. Tam, tamoxifen. Tamoxifen was administered for 7 consecutive days and HLI was induced 4-5
days after last injection of tamoxifen. Two-photon confocal microscopy was performed on uninjured
hindlimbs (physiological state) and at 7 and 21 days after HLI. (C-H) 3D-microscopy images are presented
as x-y, x-z and y-z views. Paired images of the overlayed four fluorescent channels alone (C, E, G;
pseudocolored in cyan for CFP, green for GFP, yellow for YFP, red for RFP) and the corresponding
merged-second harmonic generation (SHG, white) images (D, F, H) are displayed. All four fluorescent
Brainbow recombined PDGFRa" clones were observed in physiological (uninjured) conditions (C, D)
aligned along skeletal muscle fibers. 7 days after HLI, expansion of PDGFRa* cells occurred in the CFP*,
GFP*, YFP" and RFP" clones (E, F, I), that were found to be distributed between the ischemic skeletal
muscle fibers and vessels (F). PDGFRa" cells showed cell-cell and cell-matrix interactions and were
associated with vessel-like structures (F, white arrow). 21 days after HLI (G, H), PDGFRa" cells re-
established their original (physiological uninjured) environmental niche in most of the regenerated muscle
(H). Images are representative of analyses performed in different locations in 3 independent mice in each
condition (physiological state, and, 7 and 21 days after HLI induction) as described in Star Methods. Scale
bars as indicated. (I) Quantification of the average number of PDGFRa" and PDGFRa -derived cells in
uninjured tissue and during regeneration after HLI (7 and 21 days). Each cell expressing a single
fluorescent protein was automatically segmented as a surface object using Imaris software as described in
Star Methods. Lineage-tracked cells were counted in 3 z-stack images for each mouse in different areas of
the skeletal muscle for the different conditions (uninjured, 7 and 21 days after HLI, n=3 for each of these
conditions). (J) The average number of PDGFRa'-derived cells present in injured and regenerating areas
was quantified in n=3 independent mice at each time point after HLI (7 and 21 days) using SHG images to
distinguish fibrotic, adipocytic and revascularized areas. Quantification was performed by counting
PDGFRo'-derived fluorescent cells present in z-stacked images per 0.1mm? volume as described in Star

Methods.
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Figure S10. PDGFRa* cells differentiate into different stromal lineages. Related to Figure 7.

(A-C) Using MCM"/R26R-Brainbow™" mice, we observed that in the physiological (uninjured) state
PDGFRa" cells were aligned along small capillaries running between skeletal muscle fibers. (A) and (C)
represent the fluorescent and SHG x-y-z images, respectively, while (B) is an overlay of these. (D-E)
Fluorescent (D) and SHG/fluorescent overlay (E) of PDGFRa'-derived cells in a fibrotic area 7 days after
HLI. Images show the contribution of RFP*, YFP" and CFP" cells to the fibrotic volume. (F-G) Fluorescent
(F) and SHG/fluorescent overlay (G) x-y-z images of PDGFRa"-derived cells showing contribution to
brown adipose tissue 7 days after HLI. (H-I) Fluorescent (H) and SHG/fluorescent overlay (I) x-y-z images
of PDGFRa*-derived cells showing their contribution to new vessel formation in areas of tissue remodeling
21 days after HLI. (J-K) Fluorescent (J) and SHG/fluorescent overlay (K) x-y-z images of PDGFRa*-
derived cells showing contribution to vessels (arrows) and adipose tissue in an area of tissue remodeling 21
days after HLI induction. (L-M) Fluorescent (L) and SHG/fluorescent overlay (M) x-y-z images of
PDGFRa'-derived cells showing a marked reduction in their contribution to remaining fibrotic areas at 21
days after HLI. All images were analyzed with Imaris x64 software version 8.4 and are representative of
analyses performed in different locations in n=3 independent mice in each condition (physiological state,

and, 7 and 21 days after HLI induction) as described in Star Methods. Scale bars as indicated.
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Table S2. Related to Figure 5 and Figure S5. Analysis of Table S1 gene list (differentially

expressed genes from GFP'PDGFRa" co-positive cells isolated from uninjured hindlimbs versus

7 days after HLI) according to the Molecular Signature data base (mSigDB) showing all

significantly activated signatures.

Class Gene Set Gene Set | Expected Hits | Observ | OR Pvalue
Size ed Hits
mSigDB c2 NABA MATRISOME 587 12.81973476 57 4.44626984 6.18E-22
mSigDB c2 BOQUEST_STEM_CELL_CULTURED_VS | 352 7.687472971 44 5.72359736 2.75E-21
FRESH UP
Mouse Gene Atlas osteoblast day21 219 4.782831195 28 5.854273099 | 4.02E-14
mSigDB c2 NABA _CORE_MATRISOME 195 4.258685311 26 6.105170517 | 1.25E-13
mSigDB c2 LEE BMP2 TARGETS UP 636 13.88986594 46 3311767026 | 5.99E-13
mSigDB c2 WONG_ADULT_TISSUE_STEM_MODUL | 601 13.12548652 44 3.35225669 1.34E-12
E
Mouse Gene Atlas osteoblast dayl4 239 5219619432 27 5.172790919 | 2.37E-12
mSigDB c2 LIM MAMMARY STEM CELL UP 403 8.801282975 34 3.863073156 | 1.32E-11
mSigDB c2 BOQUEST STEM CELL_UP 230 5.023064725 25 4.977041182 | 3.73E-11
mSigDB c2 CHIARADONNA_NEOPLASTIC _TRANSF | 113 2.467853539 18 7293787786 | 4.01E-11
ORMATION_CDC25 UP
Mouse Gene Atlas umbilical cord 114 2.489692951 18 7.229807191 | 4.67E-11
mSigDB c2 SARRIO_EPITHELIAL MESENCHYMAL | 116 2.533371775 18 7.105155343 | 6.30E-11
TRANSITION DN
mSigDB c2 NABA_ECM_GLYCOPROTEINS 139 3.035678247 19 6.258897832 | 1.77E-10
GO_Cellular Compo | extracellular region part (GO:0044421) 248 5416174139 25 4.615804322 | 1.91E-10
nent 2013
mSigDB c2 CHEN_LVAD_SUPPORT_OF FAILING H | 81 1.76899236 15 8.479403496 | 1.93E-10
EART UP
mSigDB c2 NABA MATRISOME ASSOCIATED 392 8.561049445 31 3.621051391 | 5.61E-10
mSigDB c2 OSWALD HEMATOPOIETIC_STEM_CEL | 193 4.215006487 21 4.982198738 | 1.42E-09
L IN COLLAGEN GEL UP
mSigDB c2 ONDER_CDHI TARGETS 2 UP 224 4.892028254 22 4.497112211 | 3.98E-09
mSigDB c2 CHICAS RB1 TARGETS CONFLUENT 479 10.46107828 33 3.154550528 | 5.06E-09
mSigDB c2 SCHUETZ _BREAST CANCER DUCTAL 298 6.508144731 25 3.84134051 8.73E-09
INVASIVE UP
mSigDB c2 SWEET LUNG_CANCER KRAS DN 353 7.709312383 27 3.502257875 | 1.57E-08
mSigDB c2 GERY CEBP_TARGETS 113 2467853539 15 6.078156488 | 2.29E-08
mSigDB c2 SEKI INFLAMMATORY_RESPONSE LP | 69 1.506919418 12 7.963265892 | 2.75E-08
S_UP
mSigDB c2 GAJATE_RESPONSE TO TRABECTEDI 56 1.223007064 11 8.994224422 | 2.79E-08
N _UP
mSigDB c2 SMID_BREAST CANCER_LUMINAL B | 354 7.731151795 26 3363017658 | 6.65E-08
DN
mSigDB c2 TURASHVILI BREAST LOBULAR_CAR | 61 1.332204123 11 8.256992912 | 7.12E-08
CINOMA VS DUCTAL NORMAL UP
mSigDB c2 ANASTASSIOU_CANCER_MESENCHYM | 61 1.332204123 11 8.256992912 | 7.12E-08
AL TRANSITION SIGNATURE
mSigDB c2 HAN SATB1 TARGETS UP 313 6.835735909 24 3.510960681 | 9.75E-08
mSigDB c2 WESTON VEGFA TARGETS 80 1.747152948 12 6.868316832 | 1.51E-07
mSigDB c2 SERVITJA ISLET HNF1A TARGETS UP | 130 2.83912354 15 5.28332064 1.53E-07
Reactome 2015 Extracellular matrix organization 213 4.651794724 19 4.084445064 | 2.17E-07
mSigDB c2 GAUSSMANN_MLL_AF4 FUSION_TAR 84 1.834510595 12 6.541254125 | 2.63E-07
GETS E UP
mSigDB c2 LINDVALL IMMORTALIZED BY_TERT | 69 1.506919418 11 7.299660401 | 2.66E-07
DN
mSigDB c2 NUYTTEN _EZH2 TARGETS UP 859 18.76005478 43 2.292104181 | 2.76E-07
mSigDB c¢5 EXTRACELLULAR REGION PART 197 4.302364134 18 4.183746293 | 3.19E-07
mSigDB c2 TONKS_TARGETS_OF RUNXI1 RUNXIT | 160 3.494305896 16 4.578877888 | 4.31E-07
1 FUSION _HSC UP
mSigDB c2 PLASARI TGFB1 TARGETS 10HR_UP 183 3.996612368 17 4.253602409 | 5.39E-07
mSigDB c2 CROMER_TUMORIGENESIS UP 46 1.004612945 9 8.958674128 | 5.44E-07
mSigDB c2 ZHU CMV 24 HR DN 75 1.637955889 11 6.715687569 | 6.36E-07




mSigDB c¢3 AACTTT_UNKNOWN 1409 30.7717313 59 1.917344183 | 6.38E-07

mSigDB c2 BROWNE_HCMV_INFECTION_24HR_D 126 2.751765893 14 5.087642098 | 6.38E-07
N

mSigDB c¢7 GSES8515_IL1_VS_IL6_4H_STIM )MAC_ 166 3.625342367 16 4.413376277 | 7.11E-07
UP

mSigDB c2 SANA TNF SIGNALING UP 61 1.332204123 10 7.506357193 | 7.16E-07

mSigDB c2 STEGER_ADIPOGENESIS DN 25 0.545985296 7 12.82085809 | 7.58E-07

mSigDB c2 LI WILMS TUMOR_VS_FETAL KIDNE 48 1.048291769 9 8.58539604 7.97E-07
Y 2 DN

mSigDB c¢5 EXTRACELLULAR REGION 255 5.569050022 20 3.591276775 | 8.24E-07

mSigDB c¢7 GSE360_HIGH_DOSE B_MALAYI VS M | 149 3.254072366 15 4.609608612 | 9.13E-07
_TUBERCULOSIS MAC DN

mSigDB c2 WANG_SMARCEI_TARGETS UP 234 5.110422373 19 3.717892302 | 9.25E-07

mSigDB c2 VECCHI_GASTRIC_CANCER_ADVANC 150 3.275911777 15 4.578877888 | 9.94E-07

ED VS EARLY UP




Table S3. Related to Figure 7 and Figure S9. Percentages of individual fluorescent cells in

physiological conditions and 7 and 21 days after HLI quantified as described in Star Methods.

%RFP %YFP %CFP %GFP
Physiological 27.20 48.52 9.47 14.80
7 days after HLI 56.24 31.78 4.22 7.73
21 days after HLI 41.8 40.4 5.58 12.19
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