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Comparative single-cell lineage tracing identifies
distinct adipocyte precursor dynamics in skin and
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Graphical abstract

Characterizing skin a? _
adipocyte precursors <§>\S

Single-cell Unbiased InSilico
Lineage Tracing Cell Typing Perturbation
~3y/ < '
K
N I
New adipogenic __ - Pre-existing: accumulate
h|erarchy -\ - Freshly-generated: differentiate

- Inmune/inflammatory cues

,,,,,, / ““”é\

C‘ \”Qﬂ\”< \u/:1

Progenitor Immature Comm|tted Mature
Preadipocyte Preadipocyte Adipocyte

Sox9 promotes PV LA
precursor proliferation L (\/ //\\f e 7

and differentiation oo €
NS \\“ =\

Highlights
® Skin adipocyte precursors differentiate via multiple parallel
trajectories
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® Skin adipogenesis is uniquely regulated compared with other
adipose depots
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In brief

Morris and colleagues use single-cell
lineage tracing to track adipocyte
formation in mouse skin. They
demonstrate that distinct precursor
populations—progenitors and immature
preadipocytes—exhibit different
potentials for generating mature
adipocytes, uncover depot-specific
extrinsic regulation, and identify Sox9 as
a key intrinsic regulator of skin
adipogenesis.
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SUMMARY

White adipose tissue supports essential physiological functions through adipocyte precursor cells (APCs),
comprising progenitors and preadipocytes, which generate mature adipocytes during depot expansion. Us-
ing single-cell RNA sequencing-based lineage tracing, we characterize APCs in skin adipose tissue—a depot
uniquely capable of rapid adipogenesis compared with other sites, such as inguinal adipose. We identify a
previously uncharacterized population of immature preadipocytes and reveal distinct differentiation poten-
tials among APCs. Contrary to traditional stepwise differentiation models, progenitors predominantly
generate committed preadipocytes, whereas preexisting preadipocytes accumulate in immature states
with divergent potential. Leveraging this refined APC hierarchy, we uncover Sox9 as a crucial regulator of pro-
genitor proliferation and adipogenic differentiation. Cross-depot transplantation further demonstrates how
intrinsic and extrinsic factors differentially regulate skin progenitor behavior, highlighting distinct adipogenic
dynamics between skin and inguinal depots. Together, these insights redefine the cellular hierarchy and mo-
lecular mechanisms underpinning rapid adipogenesis in skin adipose tissue.

INTRODUCTION

White adipose tissue is essential not only for energy storage and
metabolic homeostasis but also actively participates in diverse
physiological processes, including immune modulation, tissue
repair, fibrosis, and hair follicle regulation. '™ Mature adipocytes,
specialized cells within adipose tissue, store excess energy as
lipids. Adipose tissue expansion occurs via hypertrophy —an in-
crease in adipocyte size—or hyperplasia, the generation of new
adipocytes through adipogenesis, which is vital for maintaining
tissue homeostasis.®® Since mature adipocytes are typically
post-mitotic,”® new adipocytes arise from the proliferation and
differentiation of adipocyte precursor cells (APCs), consisting
of progenitors and preadipocytes. Historically, APC populations

4.)

across murine adipose depots were identified through surface
markers,” ' but recent single-cell RNA sequencing (scRNA-
seq) has provided an unbiased approach for classifying these
cells.”®'® For example, committed preadipocytes express
Icam1, while progenitors express Dpp4.'"

Transplant studies suggest a hierarchical model wherein pro-
genitors give rise to preadipocyte-like cells, assuming synchro-
nous replacement as differentiation progresses. However, adi-
pose depots differ significantly based on anatomical location
and biological function.'® While subcutaneous and visceral depots
require up to 8 weeks to produce new adipocytes under a high-fat
diet,>*?" and mammary gland adipose expansion post-lactation
primarily occurs via hypertrophy.?> The dermal depot uniquely
generates mature adipocytes within just 11-14 days under
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homeostatic conditions.?*?* This rapid generation of new mature
adipocytes in the dermis without an energy surplus activation
has not been documented in other adipose depots. Although
hair follicles trigger adipogenesis in the skin,** the existence of
depot-specific differences in adipocyte precursors suggests
distinct mechanisms of adipogenesis operate uniquely in the
skin compared with other adipose depots.*” Clarifying depot-spe-
cific APC characteristics could enable therapeutic strategies to
enhance adipogenesis for improved metabolic health.

Deciphering adipogenic differentiation demands high-resolu-
tion lineage tracing. Existing APC tracing methods either lack
specificity or are limited to small subsets, complicating interpre-
tation. Genetic barcoding technologies thus offer superior
resolution for characterizing APC lineages. Here, we employ
scRNA-seq of skin adipose tissue combined with fluores-
cence-activated cell sorting (FACS)-based enrichment of pro-
genitors and preadipocytes. We uncover a previously unrecog-
nized immature preadipocyte population, representing a stable
and distinct branch within the skin APC hierarchy. Leveraging
our unbiased genetic barcoding strategy, “CellTagging,”?%>°
we track progenitor and preadipocyte differentiation dynamics
during homeostatic adipogenesis, revealing progenitors as pri-
mary contributors to immature preadipocytes, exhibiting
enhanced adipogenic commitment potential.

Unexpectedly, pre-existing preadipocytes harbor distinct tran-
scriptional profiles and divergent differentiation potential, chal-
lenging the conventional linear differentiation model. Using this
refined hierarchy, we dissect intrinsic and extrinsic factors regu-
lating adipogenesis. We identify Sox9 as a critical cell-intrinsic
regulator of APC proliferation and differentiation. Additionally,
cross-depot transplantation of skin progenitors into inguinal ad-
ipose tissue highlights crucial extrinsic niche factors driving
depot-specific adipogenic outcomes. Collectively, these findings
reveal previously unknown preadipocyte states, detailed progen-
itor-preadipocyte dynamics, and intrinsic and niche-dependent
mechanisms underlying progenitor differentiation.

RESULTS

Identification of an uncharacterized immature
preadipocyte population in the skin

To characterize adipogenesis in the skin, we used scRNA-seq to
assess cell type heterogeneity. Given that skin adipogenesis is
closely synchronized with the hair follicle cycle,***** we per-
formed scRNA-seq on Lin—, CD29+/CD34+ double-positive
cells isolated via FACS'>?** from mouse skin at postnatal
day 21 (P21). This stage corresponds to the telogen (quiescent)
phase of the hair cycle, during which adipogenesis is mini-
mal,?*>?* thereby enriching for progenitor cell types prior to differ-
entiation (Figure 1A). After rigorous quality control and filtering
(STAR Methods), we obtained 14,478 high-quality APC tran-
scriptomes (Figure 1B).

To annotate cell identity in an unbiased manner, we applied
Capybara, a computational classifier that uses global transcrip-
tomic information to assign identities relative to existing single-
cell reference datasets.®’ For this purpose, we integrated
published single-cell datasets from various skin and adipose tis-
sues, encompassing diverse adipogenic and fibroblast cell types,
creating a consolidated reference atlas (Figures S1A-
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S1G)."*183273% Qur analysis revealed that 93.7% of P21 skin
APCs aligned closely with Merrick et al.’s mouse inguinal adipose
dataset'* or represented transitional states between these
defined identities. Importantly, cell identity classification using la-
bel transfer produced highly consistent results, with 84.7% of cells
receiving the same classification, whether using the consolidated
reference or Merrick reference alone (Figures 1C, S1H, and S1l).

We further validated the similarity between our dataset and the
Merrick reference by integrating our APC data with each of the
five reference datasets individually. Nearest neighbor (NN) anal-
ysis in principal component space indicated the Merrick dataset
most closely matched the cellular composition observed in our
skin APC data. Specifically, mean proportions of P21 skin
APCs among 20 NNs to each reference dataset were highest
with the Merrick dataset (0.600), indicating the strongest tran-
scriptional similarity (Figure 1D). These results robustly sup-
ported the Merrick dataset as the most appropriate reference
for subsequent cell classification analyses.

Using this reference, Capybara allowed us to classify our skin
adipose populations into two primary groups. The first group
consisted of putative progenitor cells (clusters 0, 1, 2, 4, 5, 6,
9, and 10; Figure 1B) that closely corresponded to interstitial pro-
genitor cells in the Merrick reference (Figure 1E). The second,
more heterogeneous group comprised putative preadipocytes
(clusters 3, 7, 8, and 11), aligning partially with previously
described committed preadipocytes. Within this heterogeneous
preadipocyte group, we noted alignment with several previously
undefined clusters from the Merrick dataset. Notably, our prea-
dipocyte cluster 7 aligned closely with Merrick’s inguinal unde-
fined group 3 and committed preadipocytes, whereas cluster
3, exhibiting the highest F3 expression in our dataset, aligned
instead with Merrick’s inguinal undefined group 5. This distinc-
tion highlighted a previously uncharacterized F3-high preadipo-
cyte population distinct from Merrick’s original group 3 classifi-
cation (Figure S1J).

With this classification, we next quantitatively compared cell
type composition between skin and inguinal adipose depots.
The analysis revealed significant enrichment of interstitial pro-
genitors (85% in skin vs. 22% in inguinal) and particularly unde-
fined group 5 cells (7.4% in skin vs. 2.2% in inguinal; Figure 1E,
right). The enriched abundance of undefined group 5 cells is
particularly notable given their previously undefined adipogenic
potential, having been identified solely based on limited marker
expression (Egfl6 and Emb) without detailed functional charac-
terization by Merrick et al.'

Moreover, Capybara identified cells exhibiting multiple simul-
taneous identities (“multi-ID” cells), previously shown to repre-
sent transitional differentiation states.’ We identified 203
multi-ID cells clustering primarily with preadipocytes, most of
which (76%) co-expressed identities associated with interstitial
progenitors, undefined groups 3 (F3+/Cd142), 4, and 5. These
multi-ID cells maintained a strong fractional progenitor identity,
suggesting transitional states within the adipogenic lineage
and reinforcing the adipogenic relevance of undefined group 5
cells (Figures S2A-S2C).

Guided by these findings, we established a refined skin-spe-
cific APC classification paradigm (Figures 2A-2C; Table S1).
Cellsin clusters 0, 1, 2, 4, 5, 6, and 10 represented progenitors,
the most immature cells in our atlas. Cells classified by Capybara



Cell Stem Cell

A

Tissue

) ue APC

dissociation OBQZ enrichment

—_— > -
& @ CD29+/CD34*

P21/Telogen
Skin

Dataset of origin

. Merrick
. Jacob
. Burl
. Buechler
. Phan

D Multi ID

Relative abundance

C 100

0.75

0.50

: 0.25
0.00 ;

Capybara Label transfer

0.75

0.50

0.25 -

_ |

P21 Merrick Jacob  Burl Buechler Phan
Skin Dataset

0.00 -

Proportion of P21 20 nearest neighbors

Capybara-assigned identities

Adipocyte
® Committed preadipocyte
@ Endothelial

¢? CellPress

OPEN ACCESS

scRNA-seq

40

AR

UMAP 1

UMAP 2

Fraction of identified cells

: !I

1 1
P12 Inguinal P21 Skin
Tissue

0.75+

0.50+

0.25+

0.00+

@ Undefined 3 @ Undefined 6 ® Neural crest
Undefined 4 @ Interstitial progenitor @ Smooth muscle

® Undefined 5 Multi ID Unassigned

Figure 1. Identification of a putative immature preadipocyte population in skin

(A) Schematic of APC isolation strategy for scRNA-seq profiling.

(B) Uniform manifold approximation and projection (UMAP) of skin-derived APCs (14,478 cells from 2 male and 2 female mice).
(C) Origin of identified cell types by Capybara and label transfer methods using a consolidated reference.
(D) Mean proportion of each dataset among the 20 nearest neighbors (NNs) to P21 skin APCs in co-embedded analyses (**p < 0.0001, unpaired t test with

Welch’s correction).

(E) Capybara classification using the Merrick et al. reference’ (left) and relative cell type proportions comparing inguinal (reference) and skin datasets (right).

See also Figure S1 and Table S1.

as progenitors but displaying increased Cd9 expression, charac-
teristic of preadipocytes,'* were designated transitioning pro-
genitors (clusters 3, 7, 8, and 11). Non-progenitor cells in clusters
3 and 8 lacking Pparg expression, a marker of committed prea-
dipocytes,*° were classified as immature preadipocytes, notably
containing 99% of inguinal undefined group 5 cells. Cells in clus-
ter 7, characterized by committed preadipocyte and undefined
group 3 identities, represented committed preadipocytes,
whereas heterogeneous clusters 9 and 11 were excluded from
this conservative downstream classification.

To gain deeper molecular insights into these APC states, we
conducted multiome sequencing, simultaneously profiling tran-
scriptomic and chromatin accessibility. ChromVAR®® analysis
identified distinct transcription factor (TF) motif enrichments
among progenitors, immature preadipocytes, and committed
preadipocytes. Specifically, we observed differential motif
enrichment for key adipogenic regulators, highlighting distinct
regulatory states: immature preadipocytes displayed enrich-
ment for MEIS TF motifs—consistent with Meis1’s known role
as a negative regulator whose inactivation is required for adipo-
genesis®®—while committed preadipocytes showed prominent

enrichment of PPAR TF motifs'**® (Figures 2D and S2D;
Table S1). These observations reinforce that immature preadipo-
cytes represent a distinct cellular population with unique regula-
tory characteristics.

Altogether, our single-cell data recapitulated two major APC
populations: heterogeneous progenitors (clusters 0, 1, 2, 4, 5, 6,
9, and 10 expressing Dpp4, Akr1c18, and Smpd3) and preadipo-
cytes (clusters 3, 7, 8, and 11 expressing Ilcam1 and Cd9;
Figure 2C). Cluster 7 included a small subset expressing Fabp4
and Pparg, markers of committed preadipocytes’**° (Figures 2C
and S2E). Broad F3 expression observed across multiple clusters
(Figure S1J) contrasts previous reports of restricted F3 expres-
sion,' highlighting depot-specific differences and unresolved
questions about the adipogenic role of F3-expressing cells."**

Collectively, these analyses recapitulate known APC popula-
tions while clearly identifying and characterizing a previously un-
appreciated immature preadipocyte population. The substantial
depot-specific differences in APC identities and proportions,
particularly regarding the enriched undefined group 5 population
in the skin, underscore unique depot-specific mechanisms gov-
erning adipogenesis.
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Figure 2. Molecular characterization of adipocyte precursor cell identities in mouse skin

(A) Proposed adipocyte precursor cell (APC) classification in skin.

(B) Expression gradients for Dpp4, Cd9, and F3 in classified APCs (***p < 0.0001, unpaired t test with Welch’s correction).

(C) Heatmap showing differentially expressed genes by cell type. Green gene names indicate known APC markers, and orange gene names correspond to
markers previously used to identify group 3 cells. (*) marks features not significantly differentially expressed.

(D) Multiome (RNA and ATAC-seq) weighted nearest neighbors (WNNs) co-embedding and chromVAR TF activity scores at P21 for progenitor, immature pre-

adipocyte, and committed preadipocyte populations (n = 8,279 cells).
See also Figure S2 and Table S1.

Enrichment and functional characterization of skin APC
populations

To evaluate the adipogenic potential of our identified skin APC
populations, we devised a FACS-based isolation strategy
guided by the gradients of Dpp4 and Cd9 expression observed
in our scRNA-seq analysis (Figures 2B and 3A). This approach al-
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lowed us to enrich progenitors (DPP4"" and preadipocyte pop-
ulations marked by high CD9 expression. Flow cytometry re-
vealed a clear progenitor population characterized by high
DPP4 and low CD9 expression (DPP4"9"/CD9'%), along with a
continuum of CD9"" preadipocytes displaying variable DPP4
expression (Figure S3A). Further separation of these CD9Mon
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Figure 3. Identification and validation of immature preadipocytes

(A) FACS sorting strategy for isolating APC populations from the stromal vascular fraction (SVF).

(B) scRNA-seq and Capybara classification of FACS-isolated progenitor and preadipocyte populations.

(C) Marker gene expression analysis of sorted progenitors, immature preadipocytes (undefined group 5), and committed preadipocytes (undefined group 3) by
gPCR (n = 3 biological replicates, unpaired t test with Welch’s correction; **p < 0.001, **p < 0.01, and *p < 0.05).

(D) gPCR quantification of mature adipocyte-specific gene expression in immature and committed preadipocytes (n = 3 biological replicates, unpaired t test with
Welch’s correction; **p < 0.01 and *p < 0.05).

(legend continued on next page)
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preadipocytes based on F3 protein expression distinguished
immature preadipocytes (CD9M"/F3"9") from committed prea-
dipocytes (CD9""/F3'°%; Figure S3A).

Comparing our strategy to a classically used scheme,’" we
observed that F3+ cells exhibited low ICAM1 expression
(Figure S3B). CD9 overlapped significantly with ICAM1 (94%),
validating CD9 as a preadipocyte marker. Progenitors isolated
using our method lacked high ICAM1 expression, confirming
population purity (Figure S3B). Crucially, scRNA-seq with Capy-
bara-based classification and orthogonal gPCR validation
confirmed correct enrichment and expression of population-
specific markers (Figures 3B-3D).

We functionally characterized isolated progenitors, immature
preadipocytes (previously undefined group 5), and committed
preadipocytes using in vitro and in vivo assays. In replating as-
says, immature preadipocytes demonstrated an increased
capacity to expand cell numbers in the short term, whereas
committed preadipocytes rapidly lost renewal potential
(Figure S3C). Adipogenic differentiation assays demonstrated
progenitors had low adipogenic potential, immature preadipo-
cytes showed intermediate differentiation capacity, and
committed preadipocytes exhibited the highest differentiation
efficiency (Figures 3E and S3D).

By contrast, transplantation in vivo revealed robust adipogenic
potential for both progenitors and committed preadipocytes,
with immature preadipocytes contributing less frequently to
mature adipocytes (Figure 3F). These discrepancies suggest that
microenvironmental factors enhance progenitor differentiation
but limit immature preadipocyte integration into the adipogenic
niche. Collectively, these results confirm adipogenic potential
across isolated populations, notably demonstrating that immature
preadipocytes represent a distinct intermediate population with
unique molecular regulation and biological characteristics.

Lineage tracing highlights complex APC hierarchy and
differentiation potential in the skin
While committed preadipocytes and undefined group 3 cells orig-
inate from progenitors in inguinal adipose depots, ' the source of
immature preadipocytes in skin adipose is unclear. We hypothe-
sized thatimmature preadipocytes stem from progenitors. Howev-
er, traditional lineage-tracing approaches using markers such as
Pdgfra,”**" Dpp4,°® or DIk1(Pref1)'* could not specifically
distinguish progenitor populations due to overlapping expression
profiles between different APC populations (Figures 2B and 2C).
Thus, we employed the CellTagging genetic barcoding technique
developed by our group,?®?° which simultaneously captures sin-
gle-cell transcriptomes and lineage information.

Using CellTagging, we separately labeled progenitors and a
mixed preadipocyte population from P21 mouse skin, enriched
by our FACS-based strategy, with distinct barcode libraries. We

Cell Stem Cell

also incorporated a dominant-negative form of Cebpa (DN-
Cebpa) to inhibit terminal adipogenesis,*® enabling clear assess-
ment of differentiation potentials without terminal differentiation
influencing the outcome in our competitive transplant setting
(Figure 4A). Labeled progenitor and preadipocyte cells were
then mixed in physiological proportions and transplanted
into the skin of P21 mice during the telogen phase. After
11-13 days, corresponding to the anagen phase onset when adi-
pogenesis increases (around P32)," GFP-positive transplanted
cells and GFP-negative host APCs were isolated and subjected
to scRNA-seq analysis. After quality filtering, we analyzed
19,435 APCs from four independent biological replicates,
comprising 10,590 (54.4%) host cells and 8,845 (45.5%) trans-
planted cells (Figuress 4B, 4C, and S4A). APCs were identified
based on mesenchymal markers and Cd34/Itgb1 co-expres-
sion,**“? excluding other cell types using marker-based filtering
(Table S2).

Using Capybara classification, we identified cell states corre-
sponding to adipocyte progenitors, transitioning progenitors,
immature preadipocytes, committed preadipocytes, and multi-
ID transitional states (P21 skin dataset as reference; Figure 4D).
Between P21 and P32, progenitor cell proportions decreased,
shifting toward more committed preadipocyte states, likely re-
flecting normal postnatal adipogenesis® (Figure S4B). Further
analysis revealed distinct differentiation patterns based on cellular
origin. Progenitor-originating cells differentiated into both imma-
ture preadipocytes (31% + 12%) and committed preadipocytes
(83% + 9%), with a subset maintaining progenitor characteristics
(B80% + 12%) (Figure 4E, left). By contrast, preadipocyte-origi-
nating cells largely remained or generated a high proportion of
immature preadipocytes (56% + 12%) and produced fewer
committed preadipocytes (23% + 10%) (Figure 4E, right). This in-
dicates progenitors as a significant source of immature preadipo-
cytes and emphasizes their higher potential to form committed
preadipocytes compared with preadipocyte-originating cells
(83% vs. 23%; p < 0.0001, randomization test with Bonferroni
correction, two-tailed; Figures 4E and S4C).

Jaccard index analyses further supported these distinctions,
revealing progenitor-origin cells enriched in clusters 0, 2, and
6, and committed preadipocyte-origin cells enriched in clusters
3 and 9 (Figure S4D). We also observed a modest but statistically
significant expansion in progenitor-derived committed preadi-
pocytes compared with host cells (5%; p < 0.0001), whereas
preadipocyte-derived committed preadipocytes remained sta-
ble (p = 0.7489; Figure 4F). Control experiments excluding DN-
Cebpa demonstrated that this construct did not significantly
alter differentiation outcomes (Figures S4E-S4G).

CellTag information allowed us to distinguish between newly
generated immature preadipocytes (derived from progenitors)
and pre-existing immature preadipocytes. Gene ontology (GO)

(E) Boron-dipyrromethene (BODIPY) lipid staining (green) showing adipogenic differentiation of APC populations treated with methylisobutylxanthine, dexa-
methasone, and insulin (MDI) (full adipogenic cocktail) or insulin alone (left), and quantification of fluorescence intensity (right; n = 3 biological replicates, two-

sample t test with Welch’s correction).

(F) Left: representative images showing donor-derived transplanted APC populations (Tomato*, red) and newly formed adipocytes (LipidTOX*, green) in recipient
mice. Scale bar, 100 pm. Right: differentiation rate quantification using a linear mixed-effects model (LMM), indicating significantly lower differentiation in
immature compared with committed preadipocytes (p = 0.022), and progenitors showed no significant difference (p = 0.983). Data represent 3 biological and 25

technical replicates.
See also Figure S3.
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Figure 4. Lineage tracing reveals complex APC hierarchy and differentiation potential

(A) Schematic of in vivo lineage tracing competition assay using skin progenitors and pooled immature and committed preadipocytes.

(B) UMAP visualization of 19,435 sequenced APCs from 4 biological replicates (male mice) at P32, after integration and quality control.

(C) UMAP-based identification of transplanted progenitors and preadipocytes via CellTag barcodes in the P32 dataset.

(D) Capybara classification of P32 APCs using the earlier P21 dataset as reference.

(E) Quantification of Capybara cell identities for CellTagged progenitors and preadipocytes (randomization test with Bonferroni correction, two-tailed;
***p < 0.0001).

(F) Fold change of cell type proportions relative to host by transplanted cell origin (randomization test with Bonferroni correction, two-tailed; **p < 0.0001 and
**p < 0.001).

(legend continued on next page)
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analysis of differentially expressed genes showed newly gener-
ated immature preadipocytes were enriched for proliferation
and positive immune regulation pathways and prominently ex-
pressed Shh, known to promote adipogenic differentiation.
By contrast, pre-existing immature preadipocytes exhibited
gene expression associated with inhibition of proliferation,
notably upregulating Tnf, Gata3, and Pdgfa, previously reported
to inhibit adipogenesis*'™* (Figures 4G and S4H; Table S2).
These differences highlight distinct functional states between
newly generated and pre-existing immature preadipocytes.

From these results, we conclude that progenitor-derived cells
have greater potential to reach the committed preadipocyte
state compared with preadipocyte-derived cells. This finding
was unexpected since preadipocytes, given their differentiated
phenotype and higher adipogenic potential in vitro,'* were antic-
ipated to more readily become committed preadipocytes. How-
ever, our data show that progenitor-derived cells are more effi-
cient at generating committed preadipocytes in vivo. These
observations suggest distinct differentiation potentials for pro-
genitors and preadipocytes: progenitors may represent a privi-
leged state capable of efficiently producing committed preadi-
pocytes, whereas pre-existing preadipocytes might possess
self-renewing properties, independently maintained without
relying heavily on progenitor input.

Finally, our transplant studies raise an alternative to the linear
model of adipogenesis, in which progenitors sequentially prog-
ress through immature and committed preadipocyte states.
The reduced potential of immature preadipocytes to generate
committed preadipocytes suggests that the lineage may not
require passage through an immature state. Instead, progenitors
might directly differentiate into committed preadipocytes, while
immature preadipocytes may represent a separate, parallel line-
age specific to the skin. To test this alternative differentiation
model, we leveraged clonal relationships encoded by CellTag
sequences. We categorized clones as either “biased” (>50%
one cell type) or “split” (50% two cell types). Randomization
tests indicated a depletion of split clones directly connecting
progenitors and committed preadipocytes (Table S3), suggest-
ing direct differentiation from progenitors to committed preadi-
pocytes is not predominant (Figures 4H and 4l). Collectively,
our lineage-tracing data provide insights into skin adipogenesis,
highlighting progenitors as major contributors to immature and
committed preadipocyte populations. Furthermore, our findings
challenge traditional linear differentiation models, suggesting
complex, parallel differentiation trajectories and potential
depot-specific regulatory mechanisms.

Sox9 is a crucial regulator of the adipocyte progenitor-
to-preadipocyte transition

To identify molecular regulators governing progenitor commit-
ment in skin adipogenesis, we sought to explore depot-specific
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regulatory factors that have been largely overlooked in skin
APCs. Although critical TFs and signaling pathways controlling
adipogenic lineage commitment have been defined in various
in vitro models and adipose tissue depots—including Bmp2
and Bmp4 in embryonic fibroblast-derived C3H10T1/2 cells***°
and depot-specific roles for Zfip423 and Sox4”*®*” —the mech-
anisms specific to skin APCs remain poorly understood. Given
the distinct differentiation dynamics we observed, identifying
skin-specific adipogenic regulators is essential for comprehen-
sively understanding adipose biology.

Our detailed lineage-tracing approach revealed complex
cellular heterogeneity and defined clear differentiation trajec-
tories. This highly quantitative characterization provided an ideal
framework for mechanistically dissecting gene regulation in skin
adipogenesis. We employed CellOracle, our computational
approach, to infer gene regulatory networks (GRNs) from our
scRNA-seq data and systematically simulate TF perturbations,
enabling unbiased in silico prioritization of potential differentia-
tion regulators.*® We previously demonstrated CellOracle’s effi-
cacy in pinpointing key regulators of cell fate decisions across
diverse contexts, including zebrafish embryogenesis, mamma-
lian cell lineage reprogramming, and cardiac recovery.*®

Using CellOracle, we analyzed factors critical for adipogenic
commitment by systematically simulating knockout (KO) or upre-
gulation of 165 TFs identified in our skin adipose GRNSs. For this
analysis, our P32 dataset (Figure 4B) was reprocessed with
Monocle2*° to establish a pseudotime differentiation trajectory
rooted in progenitors, accurately reflecting known biological tran-
sitions from progenitor-to-preadipocyte states (Figures SSA-S5D,
5A, and 5B). CellOracle produced vector fields representing
predicted identity shifts following TF perturbation, summarized
into “perturbation scores”*®°° that indicated whether TF manipu-
lation promoted or inhibited differentiation (STAR Methods;
Figures 5C-5E).

Ranking TFs based on these scores identified several known
adipogenic regulators among the top candidates, including
I1d2, Zbtb7c, and Nr4a2.°'~°® Several other TFs on this list are
implicated in adipogenesis but have not been studied in this
specific context.*”°>>* Sox9 emerged as the highest-ranked
TF, with KO simulations predicting inhibited differentiation to-
ward committed preadipocytes and upregulation simulations
promoting differentiation into committed preadipocyte states
(Figures 5E and S5E). Simulated cell density analyses further
supported Sox9 as a critical positive regulator of adipocyte
progenitor differentiation (Figures 5F and S5F-S5I). Positive con-
trol simulations with Id2, Zbtb7c, and Nr4a2*°°">° produced
similar differentiation outcomes, supporting our Sox9 findings
(Figure S5J). Together, our computational analyses identified
Sox9 as a crucial TF governing progenitor-to-preadipocyte tran-
sition, specifically in skin adipogenesis, highlighting unique
depot-specific regulatory mechanisms.

(G) GO term enrichment comparing newly generated vs. pre-existing immature preadipocytes.

(H) Cell type composition of clones (>2 cells per clone) originating from progenitors (top, n = 168) or preadipocytes (bottom, n = 59). Red asterisks: significant
enrichment; blue asterisks; significant depletion. **“p < 0.001 and *p < 0.01 and *p < 0.05.

() Comparison of previous (top) and proposed (bottom) differentiation models, highlighting increased potential of progenitors toward committed preadipocytes,

whereas pre-existing preadipocytes exhibit limited differentiation potential.
See also Figure S4 and Tables S2 and S3.
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Figure 5. In silico prioritization of Sox9 as a regulator of progenitor differentiation

(A) Monocle2 pseudotime overlaid on DDRTree embedding of the P32 dataset, rooted at the highest progenitor density.

(B) Capybara classification of cell types within the Monocle2 embedding.

(C) CellOracle perturbation methodology: pseudotime gradient vector field (left), perturbation simulation vector field (Sox9 KO example, center), and calculated
perturbation score (PS) as their inner product (right).

(D) Schematic illustrating PS interpretation: negative PS indicates inhibited APC differentiation, while positive PS indicates promoted differentiation.

(legend continued on next page)
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Sox9 loss-of-function attenuates skin progenitor
proliferation and adipogenesis

Our CellOracle simulations prioritized Sox9 as a potential regu-
lator of progenitor-to-preadipocyte transition,*°°~°® prompting
us to experimentally validate this candidate. Further, this predic-
tion contradicted previous reports that Sox9 KO promotes adi-
pogenesis. Gulyaeva®® et al. used a PrefirtTA-Cre model to
excise Sox9 in vivo and in vitro. Isolation and differentiation of
the stromal vascular fraction (SVF) from these mice showed
increased expression of mature adipocyte markers (Cebpa,
Pparg, and Plin1) in Sox9 KO cells compared with controls.*®
However, this previous study targeted Sox9 KO to DIk1-express-
ing cells, representing mainly committed preadipocytes (Merrick
etal." and Figure S6A). It is crucial to distinguish that we profiled
cells at earlier stages of the differentiation process, in which our
CellOracle simulations focused on progenitor and preadipocyte
transitions. At these stages, Sox9 expression is gradually upre-
gulated (Figure S5F).

To test the role of Sox9 in skin adipogenesis, we crossed
Sox9™¥1ox mice with PdgfraCreER; mTmG mice, enabling line-
age tracing of PDGFRa+ APCs following tamoxifen administra-
tion at P18. Quantifying newly generated GFP+ adipocytes in
these mice revealed significantly reduced adipocyte formation
upon Sox9 KO compared with controls (Figure 6A), supporting
a positive role for Sox9 in adipocyte differentiation in vivo.

To dissect the role of Sox9 specifically in progenitors, we
isolated these cells and transduced them with lentiviruses
encoding either Sox9 short hairpin RNA (shRNA) (achieving
~98% knockdown, p = 9.748 x 1075, Figure S6B), scrambled
shRNA control, or Sox9 overexpression (OE) constructs. These
populations were mixed equally and transplanted into mouse
skin at P21 and recovered for scRNA-seq 11 days later
(Figure 6B). Sox9-OE cells exhibited strong competitive advan-
tages, vastly outnumbering Sox9-KD and control cells, suggest-
ing a critical role for Sox9 in progenitor cell fitness and survival
(Table S4).

To confirm and clarify this effect, we separately trans-
planted Sox9-shRNA-treated or control shRNA-treated pro-
genitors into mouse skin. Sox9 KD significantly decreased
the number of recovered progenitors (0.5-fold, p = 0.047;
Figure 6C). Furthermore, in vitro EdU proliferation assays
demonstrated significantly lower proliferation rates in progen-
itors (0.22-fold, p = 6.224 x 10™%) and preadipocytes (0.01-
fold, p = 1.627 x 1074 following Sox9 KD (Figures 6D and
S6C). Sox9 KD also increased apoptosis in progenitors and
preadipocytes (p = 0.028 and p = 0.048, respectively;
Figure S5D). Finally, Sox9 KD in both APC populations re-
sulted in markedly reduced expression of terminal adipocyte
differentiation markers and lower intracellular lipid accumula-
tion during in vitro differentiation assays (Figures 6E-6G).
These results validate our computational predictions, estab-
lishing Sox9 as a critical regulator that promotes progenitor
and preadipocyte proliferation, survival, and differentiation
during skin adipogenesis.
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Sox9 OE promotes progenitor cycling and transition to
preadipocytes

Our perturbation experiments and competitive transplants re-
vealed a critical role for Sox9 in both proliferation and differenti-
ation of adipocyte progenitors and preadipocytes. The shift from
proliferation to differentiation in adipogenesis involves coordi-
nated regulation between cell cycle and differentiation factors,
initiating progenitor commitment.®® While Sox9 KD inhibited
proliferation, Sox9 OE significantly increased EdU incorporation
in progenitors compared with control (1.15-fold increase,
p =0.01043; Figures 6D and S6C). Additionally, CellOracle pre-
dicted accelerated differentiation upon physiological-level Sox9
upregulation, prompting further investigation.

Analyzing our competitive transplant dataset (Figure 6B),
comprising 2,467 Sox9-OE cells, we classified cell identities us-
ing Capybara, referencing our P21 dataset (Figure 2A). We found
significant enrichment of immature and committed preadipo-
cytes and a corresponding depletion of progenitors and transi-
tioning progenitors among Sox9-OE compared with host cells
(all comparisons p < 0.0001, randomization test with Bonferroni
correction; Figure 6H). Overall, differentiated preadipocytes ac-
counted for 85% of Sox9 OE vs. 53% of host cells. Comparison
of Sox9-OE progenitors to progenitors from our P32 dataset
(Figure 4) further confirmed fewer progenitors and increased
committed preadipocytes in Sox9-OE populations (p < 0.0001;
Figure 6l), supported by in vitro flow cytometry (Figures S6E-
S6H). Sox9 OE specifically promoted proliferation and differenti-
ation in progenitors rather than preadipocytes (Figures 6D
and S61-S6K). These results align with CellOracle predictions,
underscoring Sox9’s role in progenitor differentiation toward
preadipocytes.

Mechanistically, RNA-seq of Sox9-OE vs. control progenitors
identified 138 significantly enriched genes also elevated in naive
preadipocytes at P32 compared with progenitors (Table S4). GO
and pathway analyses highlighted enriched terms related to pro-
liferation and cell cycle activation (Figure 6J; Table S4), aligning
with our network analyses that identified several Sox9-targeted
cell cycle regulators in progenitors (Table S4).

Our results highlight the strong association between precursor
proliferation and adipogenic differentiation,”®*>** showing that
Sox9 directly enhances proliferative capacity to facilitate differ-
entiation. Specifically, loss of Sox9 impaired both proliferation
and differentiation, whereas Sox9 OE accelerated these pro-
cesses in progenitors. Together with prior evidence that Sox9 in-
hibits terminal differentiation,*® our findings indicate a model in
which Sox9 drives adipocyte precursor expansion and lineage
commitment, and its subsequent downregulation is essential
for cell cycle exit and terminal differentiation into mature
adipocytes.

Intrinsic and extrinsic factors influencing skin
progenitor differentiation

In this study, we comprehensively characterized APCs in skin ad-
ipose tissue and identified intrinsic factors regulating their

(E) Perturbation scores of the top 20 transcription factors (TFs) ranked by CellOracle; knockout (magenta, left) and upregulation (green, right).
(F) Markov simulations showing predicted cell density shifts after Sox9 perturbation. Density plots for Sox9 KO (magenta, left) and Sox9 OE (green, right) overlaid
on combined pseudotime gradient and randomized vector field simulations (blue), illustrating changes at 1, 6, and 15 Markov chain steps.

See also Figure S5.
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Figure 6. Experimental validation of Sox9 as a regulator of APC differentiation

(A) Lineage tracing of PDGFRa* APCs in PdgfraCreER; mTmG; Sox9™"°* mice treated with tamoxifen at P18 shows reduced GFP* adipocyte formation
compared with Sox9*%*and Sox9™*"* controls (n = 6-9 biological replicates; one-way ANOVA). Scale bar, 250 pm.

(B) Schematic of Sox9 overexpression/knockdown (OE/KD) experiment in progenitors isolated from mice.

(C) Total APCs recovered post-transplantation of Sox9-KD and Sox9-OE progenitors (unpaired t test with Welch’s correction, two-tailed; “p < 0.05).

(D) Fold change of EdU-positive APCs in Sox9-KD, -OE, and controls (n = 3 biological replicates; unpaired t test, two-tailed; ***p < 0.001, *p < 0.01, and *p < 0.05).
(E) Sox9 qPCR expression on day 8 post-lentiviral transduction with scrambled or Sox9 shRNA (n = 3 biological replicates; unpaired t test, two-tailed; **p < 0.01
and *p < 0.05).

(legend continued on next page)
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differentiation transitions. To further dissect the roles of intrinsic
and extrinsic influences on progenitor differentiation, we conduct-
ed cross-depot transplantation experiments. Previous studies
present conflicting evidence regarding niche influence: transplan-
tation of subcutaneous cells into visceral adipose depots results in
transplanted cells adopting functions characteristic of the host
environment,® whereas other studies suggest intrinsic cellular
traits primarily determine differentiation outcomes.®’ However,
the latter studies mainly relied on marker expression rather than
adipocyte formation. Therefore, coupling cross-depot transplan-
tation with scRNA-seq provided a unique opportunity to rigorously
define intrinsic progenitor identities and assess extrinsic niche ef-
fects with high resolution.

We transplanted CellTagged skin progenitors into the inguinal
fat pad at P21 to specifically investigate the impact of the micro-
environment on differentiation potential (Figure 7A). We selected
the inguinal depot for these experiments because it shares
several cellular and molecular characteristics with skin adipose
tissue (Figure 1) yet notably differs in cell type proportions and
adipogenic dynamics. This combination of similarities and differ-
ences between depots provided an ideal system to rigorously
assess extrinsic environmental influences while controlling for
intrinsic progenitor properties. At approximately P32, trans-
planted GFP+ progenitors and host inguinal progenitors (LIN-
cells) were isolated via FACS, yielding 1,609 transplanted and
19,842 host cells from two biological replicates (Figures 7B
and 7C). Using Capybara analysis referencing our established
P21 skin dataset, we classified and compared cell identities be-
tween transplanted and host populations (Figure 7D).

Host inguinal APC identities primarily comprised progenitors
(56.3% + 0.1%), transitioning progenitors (17.1% + 0.2%), and
committed preadipocytes (19% + 1%), with immature preadipo-
cytes representing a smaller proportion (6% + 1%), consistent
with previous findings.'* By contrast, transplanted skin progen-
itors showed distinct distributions: notably higher proportions of
immature preadipocytes (31% =+ 4%) and transitioning progeni-
tors (29.4% = 0.5%), fewer progenitors (30.9% + 0.8%), and
significantly lower committed preadipocytes (4.8% =+ 2.6%;
Figure 7D). These findings suggest that the inguinal niche does
not fully reprogram skin progenitor identity and potential during
the developmental period from P21 to P32.

We further compared progeny arising from skin progenitors
transplanted into skin vs. inguinal depots. Committed preadipo-
cytes were significantly more abundant (expanded ~7-fold)
in skin-transplanted progenitors (32.9% + 9.2%) compared
with those transplanted into inguinal adipose (4.8% + 2.6%,
p < 0.0001). Conversely, transitioning progenitors were signifi-
cantly depleted in the skin (3.2% + 2.7%) relative to inguinal
transplants (29.4% + 0.5%, p < 0.0001; randomization test
with Bonferroni correction; Figure 7D). Similar patterns emerged
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when comparing transplanted populations to their host tissues
(Figure S7A), highlighting the niche’s critical role in differentia-
tion, with the skin environment particularly promoting adipogenic
commitment. Nonetheless, transplanted skin progenitors re-
tained intrinsic characteristics distinct from host progenitors,
confirmed by NN transcriptional similarity analysis (fraction of
NN belonging to inguinal host progenitors: 0.78 vs. transplanted
skin progenitors: 0.33; p < 2.2 x 10~'®; Figure 7E). Skin progen-
itors transplanted back into the skin environment maintained
greater similarity to host progenitors (host progenitors: 0.66,
transplanted progenitors: 0.62, p = 0.026, Welch’s two-sample
t test; Figure 7E).

To identify an intrinsic progenitor signature independent of
depot environment, we analyzed differentially expressed genes
enriched specifically in progenitors vs. preadipocytes at P32,
excluding genes differentially expressed between skin and
inguinal adipose depots. This approach generated a refined
set of 27 genes uniquely representing intrinsic progenitor identity
(Figures 7F-7H and S7B). Notably, these genes include known
regulators and markers of adipocyte differentiation and mesen-
chymal progenitor populations, such as Akric18, Dpp4,
Gap43, Pi16, and Wnt2 (Figure 7H; Table S5).

To further validate the specificity of this intrinsic gene signature,
we analyzed its enrichment in a comprehensive fibroblast atlas
spanning 16 tissues, which also includes mesenchymal popula-
tions with adipogenic potential.*®> This intrinsic signature was
prominently enriched within fibroblast populations from skin and
subcutaneous adipose tissues, particularly within a previously
identified Pi16+ fibroblast cluster representing highly progenitor-
like states (Figures 71 and 7J). Notably, the Pi16+ cluster com-
prises populations mainly from the skin or subcutaneous adipose
(Figure S7C). Together, these observations suggest that the pro-
genitors in the skin and subcutaneous tissues may be more similar
to one another than to those in the visceral depot. This result cor-
relates well with recent findings suggesting intrinsic differences
between inguinal and visceral progenitors.®’

Finally, to understand how extrinsic niche factors influence
skin progenitor differentiation, we compared gene expression
profiles between skin progenitors transplanted into skin or
inguinal depots. Skin-transplanted progenitors exhibited
elevated immune response and inflammatory activity signatures
(Figure 7K; Table S6), consistent with inflammation’s known role
in facilitating adipogenesis and tissue remodeling.® By contrast,
progenitors transplanted into inguinal adipose showed enriched
expression of developmental, signaling, and proliferation-asso-
ciated pathways, including PDGF and alpha-adrenergic receptor
signaling (Table S6). These pathways are known to promote pro-
genitor proliferation and maintenance, correlating with limited
differentiation into committed preadipocytes observed in
inguinal environments.*:°

(F) Mature adipocyte gene expression by gPCR on day 8 post-transduction (n = 3 biological replicates; unpaired t test, two-tailed; “o < 0.05; NA indicates below

detection).

(G) Representative BODIPY staining images on day 8 of differentiation post-transduction. Scale bar, 200 pm.
(H) Capybara identity proportions of host and Sox9-OE progenitors based on P21 identities (randomization test, Bonferroni correction; ***o < 0.0001).
(I) Fold change in cell type proportions comparing Sox9-OE progenitors at P32 to host cells (randomization test, Bonferroni correction; **p < 0.0001 and

5 < 0.001).

(J) GO terms enriched in both preadipocyte vs. progenitor populations at P32 and Sox9-OE progenitors relative to controls after 48 h in vitro culture.

See also Figure S6 and Table S4.
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Figure 7. Skin progenitors maintain intrinsic identity yet respond to inguinal niche cues

(A) Schematic of cross-depot transplantation of CellTagged skin progenitors followed by scRNA-seq.

(B) UMAP visualization of 21,451 APCs from inguinal tissue, classified by Capybara using the P21 skin dataset as reference (n = 3 biological replicates; male mice).
(C) Identification of transplanted skin progenitors by CellTag barcode in UMAP embedding.

(D) Fold change in cell type proportions of skin progenitors transplanted into inguinal vs. skin tissue, relative to host proportions, normalized to skin transplants
(randomization test with Bonferroni correction, two-tailed; **“p < 0.0001).

(E) Fraction of NNs classified as progenitors within respective host tissues (unpaired t test with Welch’s correction, two-tailed; ****o < 0.0001 and *p < 0.05).
(F) Differentially expressed genes in skin progenitors transplanted into inguinal or skin adipose depots (>1.5-fold change, adjusted p < 0.05, Bonferroni
correction).

(legend continued on next page)
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Together, these findings demonstrate that a combination of
stable cell-intrinsic characteristics and the cell-extrinsic niche
dictates the identity and potential of skin progenitors. Crucially,
the environment likely dictates the rate of adipogenesis, where
we posit that the rapid adipogenesis we observe in the skin is
required for the active turnover of this depot relative to the
more dormant inguinal depot.

DISCUSSION

In this study, we characterized a previously unrecognized imma-
ture preadipocyte population in skin adipose tissue and eluci-
dated distinct differentiation potentials between progenitors
and preadipocytes. We identified Sox9 as a critical regulator pro-
moting progenitor differentiation into both immature and
committed preadipocytes and demonstrated its role in APC pro-
liferation. Additionally, we examined the influence of the cellular
niche on progenitor differentiation, identifying a niche-indepen-
dent gene signature specific to skin progenitors.

While single-cell approaches have previously clarified fibro-
blast and adipocyte precursor biology during skin homeostasis,
disease, and repair,”*®*®" we combined lineage tracing
with computational modeling and experimental perturbations
to pinpoint drivers of adipogenic lineage commitment. Our
advanced lineage-tracing method, CellTagging, enabled precise
targeting of progenitor and preadipocyte populations, allowing
direct comparison of differentiation potentials within identical
microenvironments.®®

Our unbiased computational classification approach, leveraging
existing single-cell datasets, identified an immature preadipocyte
population previously considered non-adipogenic due to their
scarcity in inguinal adipose tissue.'* We demonstrate this popula-
tion’s adipogenic capability and reveal that adipogenesis in skin
deviates from the traditional linear differentiation model. Specif-
ically, progenitors primarily produce committed preadipocytes,
whereas preexisting preadipocytes persist in distinct immature
states. These findings challenge traditional paradigms and sug-
gest potential mechanisms such as preadipocyte self-renewal or
selective differentiation from progenitor populations. Supporting
the self-renewal hypothesis, preadipocytes actively proliferate
following depilation-induced skin injury.?* Similar maintenance of
populations independent of stem-like progenitors has also been
reported in hematopoietic and epithelial tissues.®®>™"" Furthermore,
given progenitors’ pronounced capacity for differentiation into
committed preadipocytes, it is plausible that both homeostatic
and induced (excess-energy) adipogenesis could preferentially
promote progenitor or preadipocyte differentiation, depending
on specific physiological demands.

Using our defined lineage framework, we employed in silico
perturbation® to prioritize TFs governing APC differentiation,
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identifying Sox9 as a leading candidate. Our analyses showed
gradual Sox9 upregulation as progenitors transitioned to preadi-
pocyte states. Experimental validation revealed Sox9 loss
impaired proliferation and terminal differentiation in progenitors
and preadipocytes, whereas forced Sox9 expression enhanced
progenitor proliferation and differentiation into preadipocytes.
Interestingly, Sox9 OE did not further advance preadipocyte dif-
ferentiation, indicating a critical threshold of Sox9 expression.

We propose a model where Sox9 initiates APC cycling and
lineage commitment, with subsequent downregulation neces-
sary for cell cycle exit and terminal differentiation into mature
adipocytes.®® This stage-specific Sox9 function mirrors its role
in other tissues, such as chondrocyte differentiation,”’ kidney
regeneration,’? and cell fate decisions in the intestine.”® Our find-
ings underscore the interplay between proliferation and differen-
tiation in adipogenesis, emphasizing Sox9’s central role in
coupling these processes.®® The known role of proliferation dur-
ing adipogenesis, specifically during the phase termed “mitotic
clonal expansion,” benefits adipogenesis by expanding the pop-
ulation of cells capable of adipogenic commitment.”* However,
cell cycle exit is required for terminal differentiation. Our findings
highlight that Sox9 is a crucial TF coupling differentiation to the
cell cycle, promoting APC expansion and differentiation while
regulating the timing of cell cycle exit and subsequent terminal
differentiation.

Finally, we conducted comparative analyses between skin
and inguinal adipose depots, highlighting similarities in progeni-
tor characteristics yet significant differences in adipogenic po-
tential and environmental responsiveness.®®”® Our cross-depot
transplantation revealed the environment significantly influences
adipogenic differentiation rates. Specifically, skin progenitors
transplanted into the inguinal depot generated fewer committed
preadipocytes compared with native skin conditions, despite
retaining intrinsic transcriptional identity. This suggests the
skin’s intrinsic population of immature preadipocytes facilitates
cyclical mature adipocyte production in response to hair
growth,”®>"® whereas committed preadipocytes may primarily
address immediate energy storage demands. Understanding
these depot-specific differences in adipogenesis can inform
therapeutic strategies aimed at enhancing mature adipocyte
generation to mitigate hypertrophy-associated complications.””

Finally, we compared adipocyte precursors between skin and
inguinal adipose depots. Unbiased cell typing revealed many
shared cell types between these depots, though in different pro-
portions. While progenitors from both tissues share substantial
characteristics, we observed intrinsic differences in adipogenic
potential and environmental responsiveness.®®’® Cross-depot
transplantation showed skin progenitors transplanted into
inguinal adipose generated fewer committed preadipocytes
compared with native skin conditions, despite retaining intrinsic

(G) Identification of 27 genes specifically enriched in progenitor populations across depots (>1.5-fold change, adjusted p < 0.05, Bonferroni correction, excluding

depot-specific genes).
(H) 27-gene signature representing intrinsic skin progenitor identity.

(I) Module score expression of the intrinsic 27-gene signature across tissues in a fibroblast atlas.®”
(J) Expression of the 27-gene signature module score across defined clusters in the fibroblast atlas (Buechler et al.*?).
(K) GO terms enriched among differentially expressed genes between progenitors transplanted into inguinal vs. skin adipose tissue, categorized by specified

keywords.
See also Figure S7 and Tables S5 and S6.
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transcriptional features. This likely reflects robust, cyclic adipo-
genic signals in skin linked to hair growth?*"® vs. predominantly
basal adipogenesis in the inguinal depot at this stage.”’”® Thus,
immature preadipocytes in skin may meet cyclical demands for
adipogenesis, while committed preadipocytes respond to imme-
diate energy storage needs. Understanding these depot-specific
adipogenic mechanisms can inform therapeutic strategies to
enhance mature adipocyte production, mitigating hypertrophy-
associated adverse effects.””

In summary, combining scRNA-seq, computational classifica-
tion via Capybara, and advanced genetic lineage tracing, we
identified and characterized an unrecognized immature preadi-
pocyte population in skin. We established Sox9 as a crucial regu-
lator governing progenitor proliferation and differentiation and
described intrinsic and extrinsic determinants shaping adipo-
genic potential. These insights offer valuable mechanistic under-
standing and therapeutic opportunities to modulate adipose tis-
sue dynamics, mature adipocyte generation, and associated
inflammatory conditions.®

Limitations of the study

Our approach of isolating and transplanting skin adipose cells
could introduce variables absent in native adipogenesis. None-
theless, it remains the most precise available strategy to specif-
ically target progenitor and preadipocyte populations, consistent
with prior studies.’ Due to limited efficiency in recovering
CellTag barcodes via snRNA-seq, we relied on in vivo transplan-
tation assays rather than direct tracking of mature adipocyte for-
mation. Further spatial validation using immunofluorescence
could offer additional insights, although distinguishing adipocyte
precursors from fibroblasts remains technically challenging. To
classify cell identity in dynamic differentiation contexts such as
adipogenesis, we applied Capybara, a method specifically de-
signed for this purpose and previously demonstrated across
multiple biological systems.®! Although independent adoption
and benchmarking of Capybara by other groups have so far
been limited, such validation will be valuable to confirm its
robustness and reproducibility. Here, our findings are addition-
ally supported by complementary computational analyses. Ulti-
mately, future studies employing in vivo lineage tracing’®:*° will
be essential for comprehensively characterizing native adipo-
cyte precursor differentiation trajectories.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and
will be fulfilled by the lead contact, Samantha A. Morris, samorris2@bwh.
harvard.edu.

Materials availability
CellTag libraries are available via Addgene: https://www.addgene.org/pooled-
library/morris-lab-celltag/.

Data and code availability

All raw data are available on GEO at GEO: GSE241627: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE241627. Processed single-cell Seurat
objects are available at https://tinyurl.com/5et2bh5n. Code for processing
and analysis is available at https://github.com/morris-lab/adipogenesis-
reproducibility-repo, https://doi.org/10.5281/zenodo.15831916.
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CD29 PE/Dazzle 594 BioLegend Cat# 102232; RRID: AB_2716170
CD34 PE BioLegend Cat# 119301; RRID: AB_345279
DPP4 (CD26) APC BiolLegend Cat# 137807; RRID: AB_10663403
CD9 BVv421 BD Biosciences Cat# 564235; RRID: AB_2738689
F3 R&D Cat# AF3178; RRID: AB_2278143
Perilipin A Abcam Cat# ab3526; RRID: AB_2167274
tdTomato LSBio LS-C3406

Bacterial and virus strains

CellTag A Lentivirus Addgene 24591

sh-Sox9 Lentivirus Addgene 40646

Puro shRNA scramble Lentivirus Addgene 162011

pCMV-dR8.2 (CellTag Lentivirus Addgene 8455

packaging)

pCMV-VSV-G (CellTag Lentivirus Addgene 8454

packaging)

psPAX2 (shRNA Lentivirus packaging) Addgene 12260

pMD2.G (shRNA Lentivirus packaging) Addgene 12259

Stellar Competent Cells Takara Bio 636763

Chemicals, peptides, and recombinant proteins

Feta Bovine Serum GIBCO 10082147

2-Mercaptoethanol GIBCO 21985023

Antibiotic-Antimycotic GIBCO 15240062

Collagen | Thermo Fisher A1048201
Isobutylmethylxanthine Sigma 17018

Dexamethasone Sigma D4902

Insulin Sigma 1882

Prolong Gold anti-fade Thermo Fisher P36934

Collagenase 1A Worthington LS004196

Live/Dead Fixable Violet Thermo Scientific L23105

Critical commercial assays

Live/Dead Fixable Violet Thermo Scientific L23105

Click-iT EdU Flow Cytometry Assay Kit Invitrogen C10419

AnnexinV detection ThermoFisher A13201

Chromium Single Cell 3, v3.1 Library & Gel 10x Genomics PN-1000268

Bead Kit

Chromium Single Cell G Chip kit 10x Genomics PN-1000127

Dual Index Kit TT Set A 10x Genomics PN-1000215

Deposited data

Raw Data: GSE241627 This paper https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE241627

Processed Seurat Objects This paper https://tinyurl.com/5et2bh5n

Experimental models: Cell lines

293T-17 ATCC CRL-11268

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

C57BL/6J Jackson Laboratories 000664
Rosa/nTnG Jackson Laboratories 023035
Oligonucleotides/probes

5’AATGATACGGCGACCACCGAGAT IDT P5/R1-par
CTACACTCTTTCCCTACACGACGCTC3’

5’CAAGCAGAAGACGGCATACGAGA IDT P7/SI-R2_2

TNNNNNNNNGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTACAGgta
ctggagccgagad’

Akric18 Thermo Fisher Mm00506289_m1
Smpd3 Thermo Fisher Mm00491359_m1
Gap43 Thermo Fisher Mm00500404_m1
Dpp4 Thermo Fisher Mm00494538_m1
Cd9 Thermo Fisher MmO00514275_g1
Igfbp7 Thermo Fisher Mm03807886_m1
Mfap4 Thermo Fisher Mm00840681_m1
Igf1 Thermo Fisher Mm00439560_m1
Eln Thermo Fisher Mm00514670_m1
Lox Thermo Fisher Mm00495386_m1
Smoc2 Thermo Fisher Mm00491553_m1
Plin1 Thermo Fisher MmO00558672_m1
Adipoq Thermo Fisher Mm00456425_m1
Pparg Thermo Fisher Mm00440940_m1
Sox9 Thermo Fisher Mm00448840_m1
Recombinant DNA

Cebpa-DN Ahn et al.?’ Addgene 33352
CellTag-V1 Biddy et al.”® Addgene 115643
CellTag-V2 Biddy et al.® Addgene 115644
CellTag A Guo et al.?® Addgene 124591
sh-Sox9 Guo et al.* Addgene 40646
Puro shRNA scramble Roman-Fernandez et al.®* Addgene 162011
pCMV-dR8.2 (CellTag Lentivirus Stewart et al.®* Addgene 8455
packaging)

pCMV-VSV-G (CellTag Lentivirus Stewart et al.®* Addgene 8454

packaging)
psPAX2 (shRNA Lentivirus packaging)
pMD2.G (shRNA Lentivirus packaging)

Addgene 12260
Addgene 12259

Software and algorithms

FlowdJo

Fiji: An Open-Source Platform for
Biological-Image Analysis
Seurat v4.3.0

Rv4.2.2
Cell Ranger v5.0.1

RStudio

FLOWJO
NIH

Satija et al.?®; Butler et al.?%; Stuart et al.?”
R Core Team, 2021

10x Genomics

RStudio Team, 2020
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latest
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Capybara v0.0.0.9 Kong et al.*’ https://github.com/morris-lab/Capybara
CellOracle v0.16.0 Kamimoto et al.*®%% https://github.com/morris-lab/CellOracle
Code for processing and analysis This paper https://doi.org/10.5281/zenodo.15831916.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All experiments conducted on mice were performed following the guidelines issued by Washington University in St. Louis or George
Washington University’s Institutional Animal Care and Use Committee (IACUC) Protocol ID: 21-0317 (WUSTL) and A2023-086
(GWU). C57BL/6J (Strain #:000664), ROSANTnG (Strain #023035), RosamTmG (Strain #007676), PdgfraCreER (Strain 032770)
and Sox9 floxed (Strain #013106) mice were purchased from Jackson Laboratories and used at least 1 week after arrival. Mice
were housed in a 12:12 light-dark cycle with a temperature range between 20-26°C. Chow and water were provided ad libitum.
Control and experimental groups were assigned randomly, and male and female mice were used. All mice were subject to visual in-
spection of the skin to visually evaluate the stage of the hair follicle cycle before experimentation. The number of mice used for each
experiment is detailed in the figure legends.

METHOD DETAILS

Adipocyte Precursor Cell Culture

FACS-isolated adipocyte precursors were cultured as described previously from P21 male and female C57BL/6J mice.”* Briefly,
cells sorted via FACS were plated on collagen-coated plates (Collagen |, Cat# A1048201, Thermo Fisher) in DMEM supplemented
with 10% fetal bovine serum (FBS), 1X 2-Mercaptoethanol (GIBCO, #21985023) and 1X Antibiotic-Antimycotic (GIBCO, #15240062).

Adipocyte Precursor differentiation

To compare adipogenic differentiation potential among different adipocyte precursor populations, cells were plated at near 100%
confluency. After 24 hours, cells were switched to DMEM supplemented with 0.5% FBS for an additional 48 hours, following the pro-
cedure described by Merrick et al. After this starvation step, cells were treated with insulin (Sigma, 11882, 2 ug/ml) every 48 hours until
harvested for insulin-only differentiation. For MDI-induced differentiation, cells were first treated with 0.5 pM isobutylmethylxanthine
(Sigma, 17018), 1 M dexamethasone (Sigma, D4902), and insulin (2 pg/ml) for 48 hours post-starvation, then switched to insulin-only
media for the remainder of the experiment. Prior to RNA extraction, cells were stained with Bodipy (1:1,000; Thermo Fisher, D-3922)
and imaged using a Nikon Eclipse Ts2 inverted microscope. To evaluate the impact of Sox9 perturbation on adipogenesis, a similar
differentiation procedure was followed, except that cells were initially plated at 50-60% confluency and cultured until they reached
full confluency before proceeding with differentiation.

Adipocyte Precursor Cell Transplants

Adipocyte precursor cell populations were isolated via FACS from three-week-old mTmG male and female mice. Approximately
50,000 cells were resuspended in PBS, mixed at a 1:1 ratio with Matrigel, and injected intradermally into the dorsal skin of P21
C57BL/6 recipient mice. Skin from recipient mice was harvested and embedded in optimal cutting temperature (OCT) compound
after hair follicles entered full anagen (approximately P31-P37). To determine the in vivo differentiation potential of each transplanted
cell type, tdTomato-positive (tdTomato+) cells colocalizing with LipidTOX staining were quantified and reported as a percentage of
the total tdTomato+ cells detected in the tissue. Differentiation efficiency across cell types was analyzed using a linear mixed-effects
model (LMM), considering cell type as a fixed effect and biological replicates as random effects to account for hierarchical experi-
mental structure.

In Vivo Adipocyte Differentiation Potential

To evaluate how Sox9 deletion affects the in vivo adipogenic potential of adipocyte precursor cells, we crossed PdgfraCreER mice
with mTmG reporter and Sox9-floxed mice, generating PdgfraCreER; mTmG; Sox9™*™ mice. At P18, these mice received intraper-
itoneal injections of tamoxifen (50 mg/kg). Skin was harvested at the peak of the anagen phase of hair follicle cycling (approximately
P31-P37) and embedded in OCT compound. Skin sections were immunostained for GFP and Perilipin A to quantify the density of
newly generated adipocytes per unit length of epidermal surface.

Proliferation and Annexin staining
FACS-isolated cells from male and female C57BL/6J mice at P21 were cultured as previously described.” To assess proliferation,
cultured cells were incubated with 10 pM EdU (Thermo Fisher Scientific, Cat# C10634) for 24 hours before harvesting. Cells were
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subsequently processed according to the manufacturer’s instructions for EAU detection. For apoptosis assays, cells were stained
with Annexin V conjugate (Thermo Fisher Scientific, Cat# A13199) in 1X Annexin V binding buffer (Thermo Fisher Scientific, Cat#
V13246) for 15 minutes at room temperature, followed by washing according to the manufacturer’s guidelines.

Immunofluorescence and Tissue Staining

Skin samples from C57BL/6J mice were embedded in OCT compound (Tissue-Tek, Cat# 4583) and rapidly frozen on dry ice. OCT-
embedded tissue blocks were sectioned at 14 pm using a cryostat. Tissue sections were fixed in 4% formaldehyde for 10 min and
then immunostained as described previously.?* Primary antibodies used were Perilipin A (ab3526, 1:1000, Abcam) and tdTomato
(LSBio, LS-C3406, goat, 1:100). Following primary antibody incubation, sections were stained with DAPI solution (300 nM) for
5 min and then washed. Slides were mounted using Prolong Gold Antifade reagent (Thermo Fisher Scientific, Cat# P36934). Images
were acquired with a Zeiss Axiolmager Z2 microscope and analyzed using Fiji (NIH) and Adobe Photoshop software.

RNA Extraction and Real-Time PCR

Total RNA extraction and purification were performed using the RNeasy Mini Kit (QIAGEN, Cat# 74104) or RNeasy Micro Kit (QIAGEN,
Cat# 74004), according to the manufacturer’s instructions. RNA was reverse transcribed into cDNA using the Maxima First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Cat# K1672). Real-time quantitative PCR was carried out on a StepOne Plus gPCR
system using TagMan™ Gene Expression Master Mix (Thermo Fisher Scientific, Cat# 4371135) with gene-specific TagMan™ probes
in a 20 pl reaction volume, following the manufacturer’s recommended protocol. The following TagMan™ probes were used: Akr1c18
(Mm00506289_m1), Smpd3 (MmM00491359_m1), Gap43 (Mm00500404_m1), Dpp4 (MmO00494538_m1), Cd9 (Mm00514275_g1),
Igfbp7 (MmM03807886_m1), Mfap4 (MmO00840681_m1), Igf1 (MmO00439560_m1), Eln (Mm00514670_m1), Lox (MmO00495386_
m1), Smoc2 (Mm00491553_m1), Plin1 (Mm00558672_m1), Adipoq (MmO00456425_m1), Pparg (MmO00440940_m1), Sox9
(MmO00448840_m1).

FACS and Analysis

FACS analysis of adipocyte precursors was conducted as previously described.?* Briefly, dorsal skin from male and female P21
C57BL/6J mice was dissected and enzymatically digested in collagenase buffer containing Hank’s Balanced Salt Solution
(HBSS), 3% BSA, Collagenase 1A (Worthington, LS004196; 1:100 dilution), 1.2 mM calcium chloride, and 0.8 mM zinc chloride.
Digestion was performed at 37°C for 60 minutes in a shaking water bath. Undigested tissue was separated from released cells
through sequential filtration using 100 pm and 70 pm mesh filters. Mature adipocytes were separated from the stromal vascular frac-
tion (SVF) via centrifugation at 300 x g for 3 minutes.

To identify adipocyte precursors, the SVF cells were stained in HBSS supplemented with 3% BSA using the following antibodies:
CD31-PE-Cy7 (1:500; BD Biosciences, 561410), CD45 APC-PE-Cy7 (1:5000; BD Biosciences, 561868), CD29 PE/Dazzle 594 (1:400;
BioLegend, 102232), CD34 PE (1:200; BioLegend, 119301), DPP4 (CD26) APC (1:500; BioLegend, 137807), CD9 BV421 (1:250; BD
Biosciences, 564235), and F3 (1:100; R&D, AF3178). For live/dead discrimination, cells were stained with Live/Dead Fixable Violet
(1:1000; Thermo Scientific, L23105).

Cell proliferation analysis via EAU incorporation was conducted using the Click-iT EAU Flow Cytometry Assay Kit (Invitrogen,
C10419), according to the manufacturer’s instructions. For apoptosis detection, cells were stained with fluorescent Annexin V
(Thermo Fisher Scientific, A13201) following the manufacturer’s protocols. Cell sorting and data acquisition were performed using
either a Sony iCyt Synergy BSC or a Beckman Coulter CytoFLEX SRT instrument. Flow cytometry data analysis was conducted using
FlowJo software.

CellTag and plasmids

CellTag v1 and v2 lentiviral constructs were generated by introducing an 8-bp variable region into the 3’ UTR of GFP in the pSmal
plasmid (Addgene, #24593)%° using a gBlock gene fragment (Integrated DNA Technologies) and megaprimer insertion (protocol avail-
able at https://www.addgene.org/pooled-library/morris-lab-celltag/). The dominant-negative form of Cebpa (Cebpa-DN; Addgene,
#33352) was cloned into the CellTag A plasmid (Addgene, #24591). Individual barcode clones from CellTag-multi*® were selected and
verified via Sanger sequencing to generate predefined barcodes. Sox9 was cloned into the CellTag_F plasmid under control of the
SFFV promoter using the barcode sequence: ATAGTATTCTGACAGGTATGAGCCATCT. Sox9-shRNA-treated cells were tagged
with CellTag_D (barcode: TAGGTGTGCTATTAGATATGTCACATAG), and control cells were tagged with CellTag_A (barcode:
TTCGTAGCCTGTCAGCTATGGTTCATAG). Lentiviral vectors pLKO.1-sh-mSOX9-5 (#40646) and pLKO.1 puro shRNA scramble
control (#162011) were obtained from Addgene.

Lentivirus production

CellTag lentiviruses were produced by transfecting HEK293T cells with lentiviral pPSMAL vector and packing plasmids pCMV-dR8.2
dvpr (Addgene plasmid 8455) and pCMV-VSV-G (Addgene plasmid 8454) using X-tremeGENE 9 (Sigma-Aldrich). ShRNA lentiviruses
were produced by transfecting HEK293T cells with pLKO.1 plasmids and packaging plasmids psPAX2 (Addgene, 12260) and pMD2.
G (Addgene, 12259). Viruses were collected 48 and 72 h after transfection.
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Virus transduction

Viral supernatants containing CellTag, CEBP-DN, Sox9-shRNA, or scrambled shRNA were collected from transfected HEK293T
cells, stored at 4°C, and used within one week. Immediately before transduction, protamine sulfate (Sigma-Aldrich) was added to
afinal concentration of 4 pg/mL. Cells were transduced by aspirating culture media and adding the viral mixture combined with com-
plete media for 12-hour incubation periods. For adipocyte precursors transduced with a single virus type (CellTag, CEBP-DN, or
shRNA), this transduction process was repeated once (total 24 hours). For cells receiving two different viral types, the procedure
was repeated three additional times (total 48 hours). Successful Sox9 knockdown via shRNA was verified by measuring Sox9 expres-
sion in sampled cells before transplantation into the skin.

Transplantation Assay for virus-treated cells

Adipocyte precursors were isolated via FACS from P21 C57BL/6J male and female mice, treated with the corresponding viruses, and
then resuspended in PBS. Cells were mixed 1:1 with Matrigel (Corning, #356231) and injected intradermally into the dorsal skin or
directly into the inguinal adipose depot of P21 recipient C57BL/6J mice.

For inguinal depot transplantation, P21 mice were anesthetized using isoflurane (0.5-2%, flow rate 0.4-0.8 L/min). Hair was
removed from the dorsal area proximal to the hind legs to visualize the inguinal adipose depot beneath the skin. The area was ster-
ilized with ethanol and Betadine to maintain aseptic conditions. A 2 mm cutaneous incision was then made to expose the inguinal
adipose tissue. Approximately 30 pl of the cell-Matrigel mixture was injected directly into the inguinal depot using a Hamilton syringe.
The incision was closed with a single skin clip, removed several days later upon healing.

For competitive progenitor/preadipocyte assays using v1/v2 CellTag libraries, each recipient mouse received injections containing
a total of 400,000-500,000 cells (50% v2 progenitors, 50% v1 preadipocytes). For non-competitive skin progenitor transplantation
into the inguinal depot, 400,000 total cells were injected. For non-competitive Sox9 overexpression (OE) and knockdown (KD) trans-
plants, 300,000-400,000 progenitors were injected intradermally into the dorsal skin. In competitive Sox9 assays, 200,000 cells from
each experimental condition were injected into the dorsal skin.

At postnatal day 32-35 (P32-35), dorsal skin or inguinal adipose tissues from recipient mice were harvested and analyzed for trans-
planted GFP-positive cells and host GFP-negative cells. For competitive assays, GFP-positive and GFP-negative cells were isolated
without antibody labeling using the previously described FACS protocol, and then mixed in equal proportions for single-cell library
preparation. In non-competitive progenitor transplants into the inguinal depot, GFP-positive lineage-negative cells were isolated. For
non-competitive Sox9 OE and KD assays, GFP-positive and GFP-negative adipocyte precursors were identified and isolated by
FACS using CD31/CD45, CD34, DPP4, and CD9 markers. For competitive Sox9 OE assays, GFP-positive and GFP-negative adipo-
cyte precursors were sorted based on the phenotype CD31/45™%CD34"9" and subsequently mixed in equal numbers for single-cell
library preparation.

scRNA-seq and scATAC-seq

Single-cell RNA sequencing (scRNA-seq) libraries were prepared using the Chromium Single Cell 3’ v3.1 Library & Gel Bead Kit
(10X Genomics, PN-1000268), the Chromium Single Cell G Chip Kit (10X Genomics, PN-1000127), and the Dual Index Kit TT Set
A (10X Genomics, PN-1000215). Cells were isolated via FACS (as described above), counted, and resuspended in RF enzyme
mix. Subsequently, cells were loaded onto a Chromium Single Cell B Chip for generation of gel beads-in-emulsion (GEMs). cDNA
purification and sequencing library construction were performed following the manufacturer’s protocol. Final libraries were
sequenced on an lllumina NextSeq 500 instrument.

To simultaneously profile chromatin accessibility and gene expression within adipocyte precursor populations, we performed
single-cell multiome sequencing using the Chromium Next GEM Single Cell Multiome ATAC + Gene Expression platform
(10X Genomics, PN-1000283). Freshly isolated cells were counted and resuspended in ice-cold 1X PBS containing 0.04% BSA prior
to nuclei isolation and library preparation, adhering strictly to the manufacturer’s recommended protocol. Nuclei were transposed
using the Chromium Next GEM Single Cell Multiome ATAC Kit A (10X Genomics, PN-1000280), loaded onto a Chromium Next
GEM Chip J (10X Genomics, PN-1000230), and partitioned into GEMs using the Chromium Controller. Libraries were constructed
using the Chromium Next GEM Single Cell Multiome Reagent Kit A (10X Genomics, PN-1000282) and the Library Construction Kit
(10X Genomics, PN-1000190). Sequencing was performed on an lllumina NextSeq 500 instrument.

CellTag amplification for scRNA-seq (CellTag-RNA PCR)
CellTag barcodes from single-cell cDNA libraries generated in Sox9-OE and Sox9-KD assays were amplified via PCR. cDNA ob-
tained from step 2.4 of the 10x Genomics Single Cell Gene Expression library preparation protocol (CG000315) was used. Briefly,
5 pL (minimum 60 ng) of cDNA was combined with 2x Q5 High-Fidelity PCR Master Mix (New England Biolabs) and 500 nM of
each primer (P5/R1-par and P7/SI-R2) in a total reaction volume of 50 pL. The PCR cycling conditions were as follows: initial dena-
turation at 98°C for 30 seconds, followed by N cycles of 98°C for 10 seconds, 54°C for 30 seconds, and 72°C for 30 seconds, with a
final extension at 72°C for 2 minutes. The cycle number (N) was identical to that used during the sample index PCR of the primary
scRNA-seq library.

Following amplification, CellTag amplicon libraries were purified using double-sided bead purification (0.4 x-0.64 x) and quantified
on an Agilent TapeStation using D1000-HS tapes. Amplicon libraries were sequenced alongside scRNA-seq libraries on an lllumina
NextSeq 500 instrument.
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Primer sequences
P5/R1-par 5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC3’ and P7/SI-R2_2 Indexed primer 5’CAAG
CAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACAGgtactggagccgagad’

Basic data alignment and processing

After demultiplexing, sequencing data were aligned using CellRanger software versions 5.0.1, 6.0.2, 6.1.2, or 7.0.1 (10X Genomics;
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest). Alignment was performed against a
custom reference genome built upon the mm10 genome, supplemented with sequences for GFP and the dominant-negative form
of CEBP-A (DN-CEBPA). Filtered digital gene expression matrices were generated for each sample using CellRanger for downstream
analysis, and corresponding BAM files were simultaneously created for CellTag barcode processing.

All single-cell data analyses were conducted using R (version 4.2.2) with Seurat (version 4.3.0). Following the standard Seurat pro-
cessing pipeline (https://satijalab.org/seurat/articles/pbmc3k_tutorial.html), we filtered out low-quality cells based on two criteria: a
high fraction of mitochondrial gene reads (>5%) and low total RNA molecule counts (<500). Cell cycle phase scoring and subsequent
regression were performed to minimize cell-cycle-related variability. Uniform Manifold Approximation and Projection (UMAP) was
employed for dimensionality reduction, using the top 10 principal components. Louvain clustering was performed with a resolution
parameter of 0.75. All other parameters for UMAP embedding and Louvain clustering were set to default values in Seurat.

Data visualizations were generated with the ggplot2 package (version 3.4.2). Unless otherwise stated, statistical tests were per-
formed using the stats package included in R (version 4.2.2).

Integration

Four P32 independent biological replicates were identically prepared and sequenced in pairs at two different times, so pairs of data-
sets sequenced together were integrated using the Seurat functions FindIntegrationAnchors() and IntegrateData(). The four datasets
were comprised of 5,001, 4,180, 4591, and 5,663 APCs following data processing and filtering. Integrated objects were re-scaled, re-
clustered, and re-embedded. Louvain clusters expressing high levels of features identified in Table S2 were removed from both data-
sets, while clusters expressing high levels of APC markers or GFP were retained. Finally, both datasets were integrated again using
the same Seurat integration procedure. The same re-embedding and clustering procedures were re-implemented downstream of
integration on the new object.

CellTag index extraction

A standard workflow was utilized in indexing experiments to perform clone calling, with “clones” approximated as cells with a shared
CellTag index (https://github.com/morris-lab/newCloneCalling). Here, the bam file was parsed for CellTag reads using the “multi-v1”
CellTag version. One unique CellTag per cell was considered an adequate CellTag signature in filtering due to the high library
complexity, and cells with greater than 20 unique CellTags were removed. Allowlisting and binarization were performed, but Jaccard
and additional downstream clonal analyses were not performed due to the nature of these indexing experiments and lack of biolog-
ically informative clonal information.

Published reference cell type classification

Two reference datasets used for Capybara (https://github.com/morris-lab/Capybara) analyses provided publicly available counts
and cell type classifications. Cell type annotations and raw counts for 32,194 filtered cells were obtained directly from
ArrayExpress (E-MTAB-1192033). These data were used without additional filtering to generate a Capybara reference. Similarly,
raw counts and annotations for 120,583 cells from the steady-state mouse fibroblast atlas were downloaded from https://www.
fibroxplorer.com/download and used directly as a Capybara reference.

When cell type metadata were not publicly available, we reconstructed cell type annotations by following published parameters
described by the original authors. Specifically, raw data were processed according to quality control criteria detailed in the respective
publications. Data were subsequently clustered using the Louvain algorithm and embedded with UMAP, both implemented via
default parameters in Seurat. As precise cluster assignments were not always explicitly available, our annotations represent best ap-
proximations based on marker genes described in the original publications. These approximations enabled generation of accurate
Capybara reference datasets.

For the Merrick et al. dataset (GSE128889), raw data comprising lineage-depleted stromal vascular fraction (SVF) from inguinal
adipose tissue were processed by filtering cells with <500 genes detected or >5% mitochondrial UMIs. Following Louvain clustering,
cell types were manually annotated based on expression of previously reported marker genes: interstitial progenitors (high Dpp4,
Wnt2, Bmp7, Pi16), committed preadipocytes (high Icam1, DIk1, Pparg, Fabp4, Cd36), undefined group 3 (high Clec11a, Fmo2,
F3/Cd142), undefined group 4 (high Wnt6, Sfrp5), undefined group 5 (high Egfi6, Emb, DIk1; low Icam1), undefined group 6 (high
Thbs4, Pixdc1), adipocytes (high Adipog, Plin1, Car3), smooth muscle cells (high Acta2, Myo-related factors), endothelial cells
(high Pecam1), and neural crest cells (high Mpz). See Cell Typing Supplement.

For the Burl et al. dataset (SRP145475), raw data from untreated (control) lineage-negative inguinal adipocyte stem cells (ASCs)
(8,131 cells) were obtained. No additional filtering was performed due to the absence of specified filtering criteria in the original pub-
lication. Following Louvain clustering, cells were annotated based on published markers as ASC1 (high Icam1, Col4a2, Cav1, GOs2)
or ASC2 (high Pi16, Dpp4).

eb6 Cell Stem Cell 32, 1267-1284.e1-e8, August 7, 2025


https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://satijalab.org/seurat/articles/pbmc3k_tutorial.html
https://github.com/morris-lab/newCloneCalling
https://github.com/morris-lab/Capybara
https://www.fibroxplorer.com/download
https://www.fibroxplorer.com/download

Cell Stem Cell ¢? CellPress

OPEN ACCESS

For the Phan et al. dataset (GSE153596), raw data encompassing developmental, regenerating, homeostatic, and scarring mouse
back skin samples were integrated and clustered. Subsequent cell type classification focused solely on the homeostatic cells iso-
lated at postnatal day 21 (P21) to create a Capybara reference. Cells were manually annotated based on distinctive gene expression
signatures: keratinocytes (high Krt14), fibroblasts (high Twist2, Pdgfra, En1), lymphocyte/blood lineage cells (high Tyrobp), and peri-
cytes (high Rgs5, Acta2).

Cell type classification by Capybara

We evaluated our datasets for automatic cell type classification with various references according to the published Capybara work-
flow and the R package Capybara (v0.0.0.9; https://github.com/morris-lab/capybara). We did not perform tissue-level classification;
instead, raw counts were used for each dataset to generate a custom reference with classifications constructed as described in each
case. Quadratic programming, discrete cell type classification, and multiple identity scoring were performed for downstream anal-
ysis. Quadratic programming (QP) scores were generated for each cell in the dataset for each cell type in the reference by parsing the
terms of a linear equation that describes a cell’s transcriptome as a sum of partial identities of each reference cell type’s represen-
tative transcriptome.®’

Differential expression and multiome analysis

Differentially expressed features were identified using the FindMarkers() function in Seurat. In all instances, default parameters were
used: a 0.25 log fold-change was required between the two groups, a Wilcoxon Rank Sum test was used to identify features, and a
minimum fraction of .1 cells expressing the feature in either population was required for testing. Using multiome data, ChromVAR TF
Activity deviation scores were computed using the RunChromVAR function in the Signac package for scATAC-seq data analysis and
all vertebrate TF motifs from the JASPAR 2020 database. TF activity markers were obtained using the FindAllMarkers function.

Jaccard similarities and modified z score procedure

To calculate Jaccard similarities of Louvain clusters of our P32 data and Capybara classifications of progenitors and committed pre-
adipocytes, we used the PairlWiseJaccardSets() function of the R package scclusteval (v1.0).°° Preserving numbers of cells classified
as progenitor or committed preadipocyte and sizes of Louvain clusters, we randomized these classifications and calculated pairwise
Jaccard distances of randomized data 1,000 times to generate a background distribution of Jaccard values for each pair of cell type
classification and Louvain cluster. Because we could not confirm that each of these distributions was normal using a Shapiro Wilk test
for normality (data not shown), we calculated a modified z-score for each Jaccard value against its corresponding background dis-
tribution to determine outliers in our correlation data.®” The modified z-score procedure considers the median and median absolute
deviation (MAD) in place of the mean and standard deviation, respectively, that are used in a traditional z-score procedure. For a
Jaccard value J;, the modified z-score z; is calculated against a background distribution D; as:

5 - 0.6745 x (J; — median(D;))
" MAD(D;)

Outliers are defined as values of z such that |z| > 3.5. Further, 0.6745 is used as a constant to correct modified z-scores, as the
expectation of the MAD is approximately 0.6745-c, or the standard deviation of a normally distributed randomized background.

CellOracle analysis

We evaluated gene regulatory networks and simulated perturbations of all active transcription factors using the published CellOracle
workflow and python package (v0.16.0; https://github.com/morris-lab/CellOracle). First, a new embedding was generated of the
data using the reverse graph embedding method implemented by Monocle2 (https://cole-trapnell-lab.github.io/monocle-release/
docs/). The Monocle2 method described here works well for CellOracle among other dimension reduction methods, as it promotes
interpretable predictions by forcing cells into narrow, linear embeddings. The vector-based nature of CellOracle performs best when
opposing vectors among a population of cells in an embedding are minimized. Additionally, pseudotime values were generated using
the DDRTree algorithm also implemented in the Monocle2 package. Cells were ordered in pseudotime by selecting a state of the
embedding with the highest number of progenitor cells to be the root of the embedding and thus cells in this state to be assigned
the lowest values of pseudotime.

Using both embedding and pseudotime information generated by Monocle2 coupled with normalized scRNA counts, we per-
formed both systematic knockout and upregulation simulations for each active TF in our dataset. Each knockout simulation is per-
formed by perturbing a single TF at a time, setting expression levels to zero across all cells in the dataset. Similarly, upregulation
simulations are performed on one TF at a time, setting expression levels uniformly across all cells artificially to 95% of the maximum
observed value of that TF in the scRNA data. Perturbation scores (PS) for both types of simulations are generated, representing the
relationship of the predicted effects of the simulation with calculated pseudotime values. A positive PS denotes that CellOracle pre-
dicts the simulation will promote differentiation, while a negative PS suggests a predicted block of differentiation when the TF is per-
turbed. Perturbation scores are generated for each cell type, with the global PS representing the sum of all cell type-specific PSs.

Finally, density plots were generated using a custom script available at https://github.com/morris-lab/adipogenesis-
reproducibility-repo. Here, diffusion simulations were performed using Markov chains to visualize shifts in cell density of cells in a
selected region of the Monocle2 embedding. First, the left-most region of the embedding was selected as it contains the most cells
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in the progenitor state. Diffusion simulations were performed and 1, 6, and 15 steps in the Markov chain were selected to visualize the
most complete shifts toward differentiation, when that phenotype was predicted. Hyper parameters were tuned for visualization, and
consistent parameters were used for all simulations. Diffusion simulations of selected perturbations are overlaid with density plots of
pseudotime shifts with the same cells, parameters, and steps in the Markov chain.

Randomized testing of enrichment of CellTag populations and cell type classifications

To determine Louvain clusters of our P32 data that are enriched for one or both CellTagged populations, we used a custom Python-
based script described by Biddy et al.?® To determine whether cell types are differentially enriched among our CellTagged popula-
tions relative to one another or a control, we performed a randomization procedure of pooled cell type classifications for cells in each
pair of populations. After pooling, we randomly reassigned cell types to one population or the other, with population sizes preserved.
This was performed 10,000 times, generating a null distribution model representing the difference of fractions of each cell type to the
population size in each pair of populations. Finally, a two-tailed p-value was calculated, representing the number of the absolute
values of these differences that are greater than or equal to the absolute value of the observed difference between the two popula-
tions. Bonferroni multiple testing correction was performed to control for dependent alternative hypotheses.

Randomized testing for enrichment and depletion of clone types

We define biased clones as those in which a single cell type constitutes more than 50% of the cells in that clone. Clones with exactly
50% composition of two different cell types are classified as ‘split’ clones. To assess significant enrichment or depletion of lineage
relationships, we performed randomization testing. Clone type classifications (ten in total, across biased and split outcomes) were
shuffled across each clone (n = 168 clones of progenitor origin, 59 of preadipocyte origin, each containing 2—4 cells while preserving
the clone size distribution). For each randomized dataset, we counted the number of clones biased toward each clone type. This
process was repeated 10,000 times to generate a background distribution, against which we calculated a z-score for the observed
values. A |z-score| > 1.645 was considered significant.

Bodipy staining quantification

Fluorescence microscopy images were analyzed using ImagedJ software. Briefly, each image was opened in Imaged, and a region of
interest (ROI) encompassing the entire image was defined. The parameters ’Area,’ 'Mean,’ and ’Integrated Density’ were measured
for each ROI. To account for background fluorescence, three regions lacking fluorescent signal were separately selected and simi-
larly measured within each image. Corrected total cell fluorescence (CTCF) values were calculated using the formula:

CTCF = Integrated Density — (Area of selected ROI x Mean fluorescence of background) (Equation 1)

These CTCF values were subsequently used for downstream statistical analyses and graphical representations.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using R (version 4.2.2). Differential gene expression analyses from scRNA-seq data were per-
formed using the Wilcoxon rank sum test with Bonferroni correction implemented in Seurat (version 4.3.0). For randomized testing of
clonal enrichment and depletion, z-scores were calculated relative to randomized distributions, with significance defined as |
z| > 1.645. Linear mixed-effects models were used to analyze differentiation efficiencies of transplanted APC populations, with
cell type as a fixed effect and biological replicates as random effects. Cell proliferation and apoptosis assays were analyzed using
unpaired two-tailed t-tests with Welch’s correction for unequal variance. GO enrichment analyses were performed using Fisher’s
exact tests. ChromVAR TF activity deviation scores were computed using the RunChromVAR function implemented in Signac,
with default parameters. No formal statistical methods were used to predetermine sample sizes; however, sample sizes are consis-
tent with previously published studies. Detailed statistical parameters, including specific tests, sample sizes (n), and definitions of n,
are provided in the respective figure legends. Data are presented as mean + standard error of the mean (SEM) unless otherwise indi-
cated, with statistical significance defined as p < 0.05, adjusted for multiple comparisons where applicable.
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Figure S1 (Related to Figure 1)
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Figure S1. Comparative analysis and integration of reference datasets for classification of
skin adipocyte precursor cells. (A) Proportions of cell types identified by Capybara
classification of postnatal day 21 (P21) skin APCs, based on five publicly available reference
datasets.

(B) Manual cluster classification of SVF cells based on reported markers from Merrick et al.

(C) Manual cluster classification of Lin- inguinal WAT ASCs based on reported markers from Burl,
et al.

(D) Manual cluster classification of unsorted cells from mouse back skin in Phan, et al.

(E) UMAP embedding of lineage-depleted stromal vascular fraction (SVF) from inguinal adipose
tissue (Merrick, D. et al.).

(F) UMAP embedding of Lin- inguinal WAT adipocyte stem cells (ASCs) from Burl, et al.

(G) Left: UMAP embedding of developing, regenerating, homeostatic, and scarring samples of
unsorted cells from mouse back skin in Phan, et al. Right: Indication of homeostatic cells from
mouse back skin collected at P21 in UMAP embedding from Phan, et al.

(H) Composition of hybrid "Multi ID" cells identified by Capybara, showing the contribution from
each dataset when the five references were combined into a consolidated reference.

(I) Comparison of cell type proportions in P21 APCs classified by Capybara using the Merrick et
al. reference alone versus the combined five-dataset reference.

(J) Violin plot illustrating F3 expression across Louvain clusters.



Figure S2 (Related to Figure 2)
A B C

—_
o
o

0.75

0.50

0.25

L]
;.
QP score

-
{1}
0
18-

Fractional cell type composition

e © 0.00
-*

% 00 - = ==

0 D@ B O Wb 0 0> 8 &

Mult & '&Q'é@e}%? S LS g\\‘\?\\‘éo"o 0@6

ulti ID cells o P EEET @ & S P S @ ) )
V‘bo°z06@oboo°% 00&0(\5000& \(‘\\éo%é\ e%o‘ @ Progenitor @ Imm preadipocyte
N N @ Trans progenitor @ Comm preadipocyte
cell type
D RNA ATAC WNN E Fabp4 Pparg
Bt v .
It ,A::_*‘ B AT, ',1_‘._“‘(

20
1.5
1.0
05
0.0

o =~ MW s o

Figure S2. Molecular characterization of adipocyte precursor cell identities in mouse skin.
(A) UMAP visualization highlighting "Multi ID" hybrid cells classified by Capybara using the
Merrick et al. reference dataset.

(B) Transitional cell identities represented by quadratic programming (QP) scores across multiple
cell types for cells classified as Multi ID.

(C) Normalized QP scores depicting each cell type for individual cells, ranked by decreasing
interstitial progenitor identity (top; colors match legend in (B)), Capybara-based cell type
classification (middle), and the newly defined skin-specific cell type classification (bottom).
(D) Single-cell multiome UMAP embeddings showing RNA, ATAC, and Weighted Nearest
Neighbors (WNN) co-embedding of RNA and ATAC data (n = 8,279 cells).
(E) Feature plots illustrating expression of adipogenic markers Fabp4 and Pparg within the UMAP

embedding.



Figure S3 (Related to Figure 3)
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Figure S3. FACS strategy for isolation and establishment of adipogenic potential of
progenitors, immature, and committed/undefined group 3 preadipocytes from C57BL/6J
P21 mouse skin.
(A) FACS gating strategy illustrating sequential cell sorting: after singlet discrimination, live cells
were selected, followed by exclusion of CD45+/CD31+ lineage-positive cells. Live, lineage-
negative cells were gated for CD34+/CD29+ expression. From these, cells expressing
DPP4""/CD9"" were isolated as progenitors. CD9"" cells were further sorted based on F3



expression: F3"" cells identified as immature preadipocytes and F3°" cells as committed/group
3 preadipocytes.

(B) Detailed FACS profiles for APC populations. Upper left panel: distribution of F3 expression in
lineage-negative skin cells. Upper middle panel: ICAM1 and DPP4 expression in putative "group
3" preadipocytes. Upper right panel: identification of adipocyte progenitors and preadipocytes
among Lin-/F3- cells by DPP4 and ICAM1 expression. Lower left panel: CD9 expression of
preadipocytes within Lin-/F3-/ICAM1+ cells. Lower middle panel: separation of progenitors and
preadipocytes from Lin-/CD34+/CD29+ cells by DPP4 and CD9 expression. Lower right panel:
ICAM1 expression of progenitors (Lin-/CD34+/CD29+/CD9-/DPP4+ cells).

(C) Cell proliferation analysis of APC populations seeded at an initial density of 5,000 cells,
counted every 72 hours (n = 3 biological replicates). Dashed line represents the initial seeding
density, indicating the "cell renewal" threshold; arrow highlights the loss of self-renewal capacity
in committed preadipocytes by day 21.

(D) Quantitative PCR (qPCR) analysis measuring expression of adipocyte-specific genes in
differentiating APC cultures (related to Figure 3E).



Figure S4 (Related to Figure 4)
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Figure S4. CellTag data enables illustration of the divergent potential of distinct
preadipocyte populations.

(A) Heatmap depicting the distribution of transplanted GFP and/or CellTag-expressing cells within
the integrated UMAP space.

(B) Comparison of cell type proportions in skin APCs (classified manually or via Capybara using
the P21 APC skin reference) before and after the initiation of the hair follicle anagen phase.

(C) Capybara-classified cell type proportions for each biological replicate, distinguishing
transplanted (CellTagged) and host (non-CellTagged) populations, using P21 skin APCs as
reference.

(D) Modified z-scores representing the Jaccard similarity of each cluster in the P32 APC dataset



compared to progenitor or committed preadipocyte identities. Background distributions were
derived from 1,000 randomized permutations.

(E) Fold change in cell type proportions comparing DN-CEBPA+ and DN-CEBPA- transplanted
cells relative to their host populations. Data represent 6 biological replicates; analyzed via
unpaired two-sample f-test with Welch's correction.

(F) Scatter plot illustrating differential normalized gene expression between CellTagged and host
cells under DN-CEBPA+ and DN-CEBPA- conditions. Features in the green quadrant are
upregulated in CellTagged cells; features in the purple quadrant are elevated in host cells.
Highlighted genes show an absolute expression difference exceeding 0.5 normalized counts per
cell under either DN-CEBPA condition.

(G) Violin plots showing expression of key adipocyte marker genes in DN-CEBPA+ and DN-
CEBPA- conditions.

(H) Gene ontology (GO) analysis of differentially expressed genes between newly generated and
pre-existing immature preadipocytes. Terms are categorized by their positive, negative, or neutral
impact on the indicated biological processes.
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Figure S5. CellOracle prioritization of TFs driving the progenitor to preadipocyte transition.
(A) Monocle embedding of P32 APCs (top) and corresponding density projections of individual
APC cell types (bottom): progenitors, transitioning progenitors, immature preadipocytes, and
committed preadipocytes.

(B) Distribution of pseudotime values for each APC cell type calculated by DDRTree.

(C) Monocle embedding of P32 APCs colored by Monocle-defined states, with the top 5
significantly enriched genes per state, ranked by positive fold change (expression in state relative
to aggregate of remaining states).

(D) Relative abundance of Monocle states across APC cell types. Each embedding branch (state)
is modestly enriched in a particular cell type (e.g., progenitors localized to state 1). Branching
structure was independent of CellTagging (data not shown) and does not represent terminal
differentiation states.

(E) CellOracle TF perturbation scores for progenitors and committed preadipocytes, comparing
systematic TF upregulation (green) and knockout (magenta) perturbations.

(F) Normalized Sox9 expression versus pseudotime in P32 APCs, colored by APC cell type.

(G) Region of Monocle2 embedding (state 1) selected for Markov simulation analyses.

(H) Density plots showing Markov simulations of the pseudotime gradient vector field after 1, 6,
and 15 Markov steps within the selected embedding region in (G).

(I) Density plots showing Markov simulations combining pseudotime gradient and randomized
vector fields after 1, 6, and 15 Markov steps within the selected region in (G).

(J) Density plots for Markov simulations of TFs /d2, Zbtb7c, and Nr4a2, overlaid on pseudotime
gradient/randomized vector field simulation (blue) after 15 Markov steps within the embedding
region in (G).



Figure S6 (Related to Figure 6)
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Figure S6. Sox9 overexpression confers a proliferative advantage upon skin progenitors
alone.

(A) Normalized DIk1 expression by cell type in skin APCs at P21 (left), skin APCs at P32 (center),
and inguinal APCs at P12 (Merrick et al., right).

(B) Relative Sox9 expression (QPCR) in progenitors transduced with control (scrambled shRNA
+ GFP) or Sox9 shRNA after 5-7 days (p = 9.75 x 107, two-tailed unpaired t-test with Welch's
correction; n = 3 technical replicates; ****p < 0.0001).

(C) Representative FACS plots of EdU incorporation in isolated progenitors transduced with
control, Sox9 overexpression (OE), or Sox9 knockdown (KD) lentiviruses (day 5 post-
transduction).

(D) Annexin V staining quantification indicating apoptosis in progenitors and preadipocytes after
control or Sox9-KD treatments (p = 0.0282 (progenitors), p = 0.0478 (preadipocytes), two-tailed
unpaired t-test with Welch's correction; n = 3 biological replicates; *p < 0.05).

(E) Flow cytometry of DPP4 and CD9 in CellTagged APCs transduced with an empty CellTag
library (left) or library including Sox9-shRNA (right).

(F) Flow cytometry assessing differentiation (DPP4/CD9 expression) of transplanted Lin-
/CD34+/CD29+/GFP+ progenitor cells expressing control or Sox9-OE lentiviruses, harvested 11
days post-transplantation.

(G, H) Quantification of preadipocyte and progenitor identities by FACS after transplantation of
Sox9-KD (G) or Sox9-OE (H) progenitors. Sox9-KD showed nonsignificant differences in CD9
expression; Sox9-OE induced a significant decrease in CD9™" progenitor cells and increased
CD9"¢" preadipocytes (G: p = 0.1547 progenitor, p = 0.9261 preadipocyte; H: ***p = 6.08 x 10*
progenitor, *p = 1.25 x 10 preadipocyte, two-tailed unpaired t-test with Welch's correction).

(I) Experimental scheme for testing Sox9-OE in preadipocytes. Isolated preadipocytes were
treated with Sox9-shRNA, control-shRNA+GFP, or Sox9-OE, mixed equally, transplanted into P21
mouse skin, and recovered at P32 (n = 1 biological replicate).

(J) Cell type proportions identified by Capybara in CellTagged populations (P21 reference
dataset). Sox9-OE preadipocytes showed a significant increase in immature preadipocytes
relative to control preadipocytes (randomization test, Bonferroni-corrected; progenitor *p = 4.4 x
1073, transitioning progenitor and immature preadipocyte **p < 0.0001, committed preadipocyte p
= 0.2693, multi ID p = 1.000). Total cells recovered: Sox9-OE preadipocytes (n=538), control
preadipocytes (n=365), and control progenitors (n=266).

(K) Proportions of Capybara-classified cell types originating from preadipocytes comparing Sox9-
OE preadipocytes versus previously isolated CD9+ control preadipocytes at P32. Sox9-OE
preadipocytes exhibited an increased proportion of immature preadipocytes and reduced
committed preadipocytes, indicating Sox9-OE does not impair preadipocyte differentiation
potential but biases cells toward a less mature state (randomization test, Bonferroni-corrected;
***n < 0.0001 progenitor, transitioning progenitor, immature preadipocyte; **p = 0.0001 committed
preadipocyte; multi ID p = 0.273; see Figure 4F for comparison p-values).



Figure S7 (Related to Figure 7)
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Figure S7. Skin progenitors transplanted into inguinal adipose tissue produce a
significantly enriched population of immature preadipocytes.

(A) Fold-change comparison of cell-type proportions (classified by Capybara) of transplanted skin
progenitors recovered from inguinal adipose versus skin tissue (11 days, P21—-P32). Skin
progenitors transplanted into inguinal adipose showed significant enrichment of immature
preadipocytes compared to skin transplants (randomization test, Bonferroni-corrected; progenitor,
transitioning progenitor, immature preadipocyte, committed preadipocyte: ***p < 0.0001; multi-ID:
**n = 0.0005; see Figure 4F for skin-transplant control p-values).

(B) Workflow schematic illustrating differential expression analyses used to identify intrinsic gene
expression signatures in skin progenitor populations.

(C) Tissue-origin composition of the Pi16+ adipocyte precursor cluster as identified in the dataset
from Buechler et al.
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