1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Dev Cell. Author manuscript; available in PMC 2024 November 06.

Published in final edited form as:
Dev Cell. 2023 November 06; 58(21): 2195-2205.¢e5. doi:10.1016/j.devcel.2023.08.003.

Control of Murine Brown Adipocyte Development by GATA6

Seoyoung Junl2:34 Anthony R. Angueira?34, Ethan C. Fein?234, Josephine M. E. Tan23,
Angela H. Weller?23, Lan Cheng?:3, Kirill Batmanov?, Jeff Ishibashi?3, Alexander P.
Sakers?:3, Rachel R. Stine?3, Patrick Seale2:3:5"

1 Department of Biology, University of Pennsylvania, Philadelphia, PA, USA, 19104

2. Institute for Diabetes, Obesity & Metabolism, Philadelphia, PA, USA, 19104

3- Department of Cell and Developmental Biology; Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA, USA, 19104

4 Equal contribution

5 Corresponding author and lead contact

Summary

Brown adipose tissue (BAT) is a thermogenic organ that protects animals against hypothermia
and obesity. BAT derives from the multipotent paraxial mesoderm; however, the identity of
embryonic brown fat progenitor cells and regulators of adipogenic commitment are unclear.

Here, we performed single-cell gene expression analyses of mesenchymal cells during mouse
embryogenesis with a focus on BAT development. We identified cell populations associated

with the development of BAT, including Dpp4+ cells that emerge at the onset of adipogenic
commitment. Immunostaining and lineage tracing studies show that Dpp4+ cells constitute the
BAT fascia and contribute minorly as adipocyte progenitors. Additionally, we identified the
transcription factor GATAG as a marker of brown adipogenic progenitor cells. Deletion of Gata6in
the brown fat lineage resulted in a striking loss of BAT. Together, these results identify progenitor
and transitional cells in the brown adipose lineage and define a crucial role for GATA6 in BAT
development.

eTOC blurb

"Correspondence should be addressed to: Patrick Seale, Perelman School of Medicine, University of Pennsylvania, Smilow

Center for Translational Research, 3400 Civic Center Blvd, Rm. 12-105, Philadelphia, PA, USA, 19104. Tel: 215-573-8856,
sealep@pennmedicine.upenn.edu.

Author Contributions

S.J., AR.A., E.C.F. and P.S. were responsible for conceptualization, data analysis and writing the manuscript. S.J. and A.R.A.
conducted the majority of the experiments. E.C.F. and A.R.A carried out the bioinformatics analyses of sScRNAseq datasets. L.C.
processed tissue sections for histology and performed immunostaining. J.M.E.T. performed imaging analysis and assisted with
experiments. A.H.W. and K.B. performed ChIP analyses. R.R.S. assisted with experiments and writing of the manuscript. A.S. and J.I.
developed cell isolation and embryo cell sorting procedures and assisted in preparing cells for sequencing.

Declaration of interests

The authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jun et al.

Jun, et al. utilize single-cell RNA sequencing and lineage tracing analyses to identify a

presumptive lineage hierarchy for brown adipocytes and closely associated connective tissues.

Furthermore, they identify the transcription factor GATAG as a critical determinant of brown
preadipocyte development and BAT formation.
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Brown adipocytes are specialized to dissipate energy as heat in response to cold exposure,
a process known as adaptive thermogenesis. Brown adipocytes localize in discrete deposits
of brown adipose tissue (BAT) that develop before or around birth. Thermogenesis in BAT

provides a critical source of heat to help animals defend their body temperature during

exposure to environmental cold2. BAT can also contribute to the regulation of body weight
and systemic metabolism. Many studies have shown that increasing BAT function in mice
protects against obesity and metabolic disease3#. Recent studies also reveal that BAT can
suppress or limit tumor growth®. Humans possess variable amounts of activate-able BAT,
the levels of which correlate with a lean and healthy metabolic phenotype®-10. However,
humans, especially obese and older people, have relatively low levels of BAT. Thus, BAT-
based therapies for obesity and other diseases will require approaches that augment BAT

mass, either through increasing native BAT content or through cell transplantation.
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A prominent BAT depot develops in the interscapular region of humans and micel1.12,
Lineage tracing studies in mice indicate that the interscapular BAT along with skeletal
muscle, dorsal dermis and subpopulations of white adipocytes descend from the
dermomyotome, located in the dorsal region of somites and marked by the expression

of Myf5, Enl and Pax7A3-17. Brown adipocytes expressing the master adipogenic factor
PPARg are first observed in the interscapular region at about embryonic day 14.5 (E14.5) of
development!819, However, the identity, molecular profile and hierarchy of brown adipose
progenitor cells are unclear. Moreover, the factors and signaling pathways that control
commitment and differentiation of brown adipose cells have not been well studied. A
detailed understanding of BAT development could reveal new approaches to increase BAT
mass and enable the creation of iPSC-based methods to produce human brown adipocytes
for transplantation and analysis.

We utilized scRNA-seq to identify mesenchymal cell types and map cell fate

transitions along the paraxial mesoderm-brown fat differentiation trajectory during mouse
embryogenesis. These analyses predicted a brown fat lineage hierarchy and identified
several stage-specific cell types associated with the differentiation of somitic mesoderm
into skeletal muscle, BAT, dermis, and other tissue types. We focused on a cell population
that selectively expressed Dpp4, shared transcriptional similarity with preadipocytes, and
emerged at the onset of brown adipocyte differentiation. Lineage tracing experiments and
spatial analyses demonstrated that Dpp4+ cells constitute the connective tissue fascia that
surrounds BAT lobes and contribute minorly to the development of brown adipocytes.
Additionally, we identified the transcription factor GATAG as a marker gene of brown
adipocyte progenitor cells and an essential regulator of BAT development.

Results

Profiling of mesenchymal cells during brown adipose tissue (BAT) development

BAT develops in the interscapular region of mice and humans. To identify cell types that
contribute to BAT development, we performed single-cell RNA sequencing (SCRNA-seq)
analysis of the dorsal anterior region (forelimb level) of mouse embryos at embryonic day
(E)10.5 to E15.5 following enrichment of dermomyotome (DM), mesenchymal cells and
brown adipose lineage cells (see Methods and Fig. S1 for workflow). We combined and
integrated the mesenchymal cell, DM, and skeletal muscle (SkM) clusters from individual
time points (Fig. S1A). To refine the analysis, we selected cell clusters predicted by
deconvolution analysis to localize to the dorsal mouse embryo in the Mouse Organogenesis
Spatial Transcriptomics Atlas (MOSTA)20 (Fig. S1A). The resulting E10.5-E15.5 dataset
illustrated a proposed brown adipose lineage, from DM to differentiated brown adipocytes
(Adipo) (Fig. 1A, Fig. S1-S2). Evaluation of the cell profiles by developmental time point
indicated that DM and SkM were prominent at E10.5 and E11.5 (Fig. 1B). Mesenchymal
cells expressing cadherin-4 (Cah4) with or without nerve growth factor receptor (Ngf7) (i.e.
Cdh4+; Ngfr+ and Cah4+; Ngfr- cells), preadipocytes (PreAds) and adipocytes (Adipo) were
identified at E14.5 (Fig. 1B, S1B). The proportion of adipocytes increased dramatically at
E15.5, indicating that this is an active period of adipocyte differentiation and highlighted the
efficiency of our enrichment strategy (Fig. 1B).

Dev Cell. Author manuscript; available in PMC 2024 November 06.
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To identify early BAT progenitor cells deriving directly from the DM, we focused on

the developmental stage between E10.5-E13.5, prior to the emergence of PreAds. Here,

we identified clusters corresponding to SKM ( 7nnt1+), DM (Eni+), dermis ( Twist2+),

and sclerotome (Pax1+), as well as cell clusters marked by expression of: Cdh4 and the
brown adipogenic factor, early B cell factor-2 (Eb72) (i.e. Cah4+; Ebf2+), empty spiracles
homeobox 2 (Emx2), or short-stature homeobox (Shox2) (Fig. 1C, D). Clusters closely
related to DM included SkM and dermis, as expected, but also Cah4+; Ebf2+ and Emx2+
cells (Fig. 1C, D). Deconvolution analysis of the MOSTA based on our scRNA-seq clusters
predicted that Cah4+; Ebf2+ cells, but not Emx2+ cells, localize to the anatomic area where
interscapular BAT later develops (Fig. 1E). The Cah4+; Ebf2+ cell cluster was present at
E12.5 and became more prominent at E13.5 (Fig. 1F). Immunostaining analysis identified
cells co-expressing CDH4 and EBF2 proteins in the dorsal anterior region of embryos at
E12.5 and E13.5 (Fig. 1G). Lineage tracing with En1-Cre, Rosa26-Tdfomato mice showed
that cells expressing the DM marker £111 gave rise to CDH4+ cells in the BAT-forming area
at E13.5 (Fig. 1H). Overall, these results identify Cah4+; Ebf2+ cells as presumptive early
progenitors for brown adipocytes.

Dpp4+ mesenchymal cells contribute to adipocytes and fascial cells in BAT

Brown adipocytes appear between E13.5 and E15.5 (Fig. 1A, B)18. Integrated analysis of
mesenchymal cells (Pagfrat) and adipocytes localized in the dorsal-anterior region during
this period identified several interesting cell clusters (Fig. 2A; Fig. S1-2). PreAds represent
direct precursors of adipocytes; these cells express fibroblast markers such as Pdgfraand
certain adipogenic genes, including Pparg, but do not express mature adipocyte genes such
as Adipog (Fig. 2A, B). At this stage, Cah4 and Ebf2were broadly expressed across several
clusters, including Cadh4+; Ngfr+, Cah4+; Ngfr- cells and an emergent population of cells
marked by expression of dipeptidyl peptidase-4 (Dpp4) and peptidase inhibitor 16 (P/16)
(i.e. Dpp4+ cells). Tendon-associated cells were marked by expression of tenomodulin
(7nmd). Immunostaining analysis showed that NGFR expression was selective to fibroblasts
enmeshed in developing skeletal muscle and were not present in developing BAT (Fig.

2C), implying that Cah4+; Ngfr+ cells at this stage do not directly contribute to BAT
development.

Dpp4+ cells neighbored PreAds in UMAP space and expressed low levels of Pparyg,
suggesting that these cells could function as progenitors for PreAds (Fig. 2A, B).
Deconvolution analysis of MOSTA predicted that Dpp4+ cells localize tightly around
developing adipocytes in BAT (Fig. 2D). Consistently, immunostaining analysis showed
that DPP4+ cells reside in a thin layer of connective tissue fascia closely associated

with, and surrounding, lobules of developing BAT (Fig. 2E). To determine if DPP4+ cells
descend from EnZ-expressing cells, we performed lineage tracing using £n1-Cre; Tdfomato
reporter animals. Analysis of E14.5 embryos showed co-localization of TdTomato and DPP4
expression in fibroblastic cells surrounding BAT, as well as extensive labeling of BAT
adipocytes with TdTomato (Fig. 2F). Altogether, these results suggest that the £n7+ DM
gives rise to brown adipocytes and BAT-associated connective tissue fascia.

Dev Cell. Author manuscript; available in PMC 2024 November 06.
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To assess if Dpp4+ cells give rise to brown adipocytes, we performed lineage tracing
analysis using Dpp4-ERTZ. TdTomato reporter mice. Our previous studies demonstrated
highly specific labeling of Dpp4+ cells using this mouse strain?l. We induced TdTomato
labeling of Dpp4-expressing cells by treating pregnant dams with tamoxifen at E13.5 or
E14.5, corresponding to the period at which expression of Dpp4 and other markers of
Dpp4+ cells were first detected in the BAT-forming region. Immunostaining analysis of
embryos at E16.5 showed that ~'20% of DPP4+ cells in the connective tissue surrounding
BAT were labeled with TdTomato expression. We also observed TdTomato expression in a
small but reproducible number of brown adipocytes (<1%), marked by PPARg expression
(Fig. 2G). These results indicate that Dgp4+ cells have the capacity to contribute to fetal
brown adipocyte development, but do not likely represent the main cellular source of brown
adipocytes at this stage.

Identification of GATA6 as a marker of brown adipocyte progenitor cells

We analyzed the expression profiles of embryonic mesenchymal cells to search for

novel regulators of brown adipocyte development. To this end, we generated a list of
transcription factors that were selectively expressed in PreAds compared to all other
fibroblast populations in the E13.5 to E15.5 datasets (Fig. 3A). Gata6 was the 2"d highest
ranking candidate gene on this list, immediately following the master adipogenic factor
Pparg (Fig. 3A). Inspection of the sScRNA-seq profiles showed Gataé expression in both
PreAds and Dpp4+ cells (Fig. 3B). Immunostaining analysis of embryos showed that
GATAG expression was induced at E13.5 and strongly increased in developing BAT at E14.5
and E15.5 (Fig. 3C). Interestingly, GATAG6 expression decreased in BAT adipocytes at E16.5
but was maintained in the DPP4+ fibroblasts surrounding BAT (Fig. 3C). To determine if
GATAG is expressed during human brown adipocyte development, we analyzed an RNA
sequencing (RNAseq) dataset from human iPSCs differentiated into brown adipocytes (GEO
accession GSE131169)22. Analogous to the results in mice, GATAG expression dramatically
and transiently increased during the human brown adipocyte differentiation process, with its
induction preceding the rise in PPARg expression (Fig. 3D). These results identify GATAG
as a candidate regulator of brown adipogenic commitment.

GATAG is required for BAT development

Lastly, we investigated the functional role of GATAG in brown adipocyte development. To
do this, we deleted Gata6 from the earliest stages of brown adipose lineage development by
intercrossing Myf5-Cre and Gata6 flox mice. Myf5is first expressed in the dermomyotome
at E8, and Myr5-expressing cells give rise to skeletal muscle, BAT, and dorsal dermis!&23,
Within the brown fat lineage, Gata6is expressed in PreAds and Dpp4+ cells, with no
detectable expression in skeletal muscle. The resulting Gata62MY*> mutant mice were viable
and displayed no obvious growth or developmental defects. Strikingly, mutant mice at PO
displayed a dramatic reduction, and in some animals, a complete loss, of interscapular BAT
(Fig. 4A). At PO, Gata6 mutant mice displayed a dose-dependent reduction in BAT weight,
including a ~'70% reduction in homozygous mutant and ~'25% reduction in heterozygous
mutant mice compared to littermate controls (Fig. 4B). Gata6 mRNA levels were reduced/
absent in the residual BAT of heterozygous and mutant animals (Fig. 4C). Interestingly, the
residual BAT in Gata6 mutant animals appeared normal and expressed relatively normal
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levels of brown fat marker genes such as PpargZ2, Ucpl, Adijpogand Fabp4 (Fig. 4D). A
severe reduction in BAT was also observed in 9-week-old adult Gata6 mutant animals,
suggesting that GATAG is required for embryonic BAT development and postnatal BAT
expansion (Fig. 4E).

To determine if GATAG is required from the initial stages of BAT differentiation, we
analyzed control and mutant embryos at E14.5. Immunostaining analysis showed a selective
loss of GATAG protein expression in the BAT forming region of mutant embryos (Fig. 4F).
Strikingly, mutant embryos exhibited dramatically lower levels of PPARg protein expression
and a severe reduction of developing brown adipocytes, compared to their littermate controls
(Fig. 4F, Fig. S3). Immunostaining for DPP4 showed that the connective tissue surrounding
Gata6 mutant BAT, mainly composed of DPP4+ fibroblasts, was present in normal amounts
and had a normal-appearing morphology. scRNA-seq analysis of dorsal anterior tissue from
control and Gata6 mutant embryos at E14.5 demonstrated a drastic reduction of adipogenic
cells in the mutant embryos (Fig. S4). Interestingly, we did not detect major gene expression
changes across other mesenchymal cell types.

To search for direct target genes of GATAG in the brown adipose lineage, we performed
chromatin immunoprecipitation (ChlP) sequencing analysis for GATAG6 on dissected BAT
from E15.5 embryos. De novo motif analysis of GATA6-binding sites identified a high
enrichment of DNA binding motifs for EBF and ¢/EBP, which are important brown
adipogenic transcription factors (Fig. 4G). GATAG binding sites were found at many

genes implicated in adipogenesis (Fig. 4H). This includes a prominent binding peak,
correlating with high levels of H3K27-acetylation at the promoter region of the key BAT
transcription factor £6£2. We also observed GATAG binding and high levels of H3K27-
acetylation at the promoter regions of Cicf, Tcf3, and Ak1, encoding proteins implicated in
adipogenesis?4-28, Altogether, these findings suggest that GATA6 cooperates with EBF2 and
c/EBP transcription factors to promote PreAd commitment upstream of Pparg expression.

Discussion

BAT is a key thermogenic organ that helps animals maintain body temperature during

cold exposure. BAT activity is also linked with protection against obesity and metabolic
complications. While the physiological role of BAT in suppressing weight gain or regulating
metabolism is debated, especially in humans, there is general agreement that increasing
BAT activity has the potential to counteract obesity and related disease. A recent study also
implicates a role for BAT in suppressing cancer growth®. Thus, a detailed understanding of
BAT development may reveal new approaches to increase BAT content for reducing obesity
and other diseases.

The interscapular BAT depot descends from the paraxial mesoderm, which also gives rise

to other cell types, including skeletal muscle, bone, cartilage and dermis13-1618.19 oy
study provides a comprehensive profile of the mesenchymal cell types that contribute to

the development of BAT and related lineages. An important feature of our study was the
application of a spatial temporal atlas of gene expression in embryos, enabling us to separate
out cell types unrelated to BAT development and refine the analysis based on the localization

Dev Cell. Author manuscript; available in PMC 2024 November 06.
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of identified cell types. We found that committed preadipocytes, expressing fibroblast
and adipogenic genes, emerge between E13.5 and E14.5 of development, immediately
followed by the induction of brown adipocytes. Prior to E15.5, adipocytes are only found
in BAT depots, with white adipocytes developing after birth. However, progenitor and/or
preadipocyte cells for white adipocytes that share a common gene signature with brown
progenitor cells may be present at this stage.

At earlier embryonic stages, we identified a presumptive early progenitor population for
preadipocytes, marked by the expression of Cah4 and the brown adipose lineage factor
Ebr2. Cah4+; Ebr2+ cells descend from the £n-expressing DM and localize in the dorsal
anterior region of embryos at E12.5 to E13.5, just before the emergence of Pparg+ cells.
Future lineage tracing studies will be needed to ascertain if Cah4+; Ebf2+ cells give rise to
preadipocytes and/or other cell types.

We also identified a distinct population of fibroblasts, marked by the expression of Dpp4and
Pil6that appeared at the onset of BAT differentiation and were located in close proximity to
PreAds in UMAP space. Immunostaining and spatial transcriptomic analysis indicated that
these cells constitute the connective tissue fascia that surrounds and presumably provides

a scaffold for developing brown adipocytes. Our analysis of the MOSTA predicted that
Dpp4+ cells constitute a fascial tissue layer that extends along the dorsal aspect of the
embryo. Whether there are molecular or functional differences between the DPP4+ cells

in different regions remains unclear. Our previous studies identified a transcriptionally
similar DPP4+ fibroblast population in perivascular adipose tissue (PVAT) and adult fat
depots?1:29.30, [ ineage tracing analyses in adult mice show that Dpp4+ cells contribute to
adipocyte turnover and adipocyte expansion in a depot-selective manner, with high levels of
adipogenic contribution in visceral relative to subcutaneous WAT depots 1. In the current
study, we found that embryonic Dpp4+ cells contribute, but in a limited way, to brown
adipocyte development. We conclude that Dpp4+ cells are not a major source of embryonic
brown adipocytes. Rather, we speculate that Dpp4+ cells are competent for adipogenesis and
that some of these cells, located in specific locations, undergo adipocyte differentiation upon
encountering very strong adipogenic stimuli in the context of developing BAT. We further
posit that Dpp4+ cells may function as a reserve progenitor compartment, contributing to
adipocyte formation when preadipocyte cells are exhausted or impaired.

This study also highlights the co-development of BAT fascia and adipogenic cells, possibly
originating from the same progenitor cells (Fig. 41). Notably, DPP4and PPARg expression
both increased at similar time points during the differentiation of human iPSCs into brown
adipocytes, suggesting that fascial cells and brown adipocytes also co-develop in humans.
Of note, our dataset also identified a population of skeletal muscle-associated connective
tissue cells, marked by the expression of Aigfr. The DPP4+ fascial cells around BAT express
high levels of various extracellular matrix components, including Fbn1 and Mfap5, which
presumably play important roles in providing structural support for BAT and may regulate
adipocyte differentiation. These cells also secrete paracrine factors with the potential to
regulate BAT development and function. An obvious candidate is Bmp7, which is highly and
specifically expressed in DPP4+ cells and plays a critical role in driving brown adipocyte
differentiation31:32,
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GATAG also plays a critical role in the development of other organs, including heart,

liver, pancreas, intestine, and lung33-38. Among mesenchymal cells in the mesoderm/BAT
lineage, Gata6 expression was selective to PreAds and Dpp4+ cells. Moreover, GATAG
expression increased during the intense period of adipogenesis between E13.5 and E16.5,
with its expression declining thereafter, and becoming restricted to DPP4+ cells and other
fibroblastic cells. ChIP studies suggest that GATA6 cooperates with the brown adipogenic
transcription factors EBF and ¢/EBP to promote adipogenic commitment. Interestingly,
we identified a prominent binding site for GATAG at the EBF2 promoter, suggesting that
GATAG regulates EBF2 expression to drive brown fat differentiation.

Deletion of Gata6in the brown fat lineage resulted in a striking loss of PPARg expression
and brown adipocyte development. The BAT deficit in mutant animals was apparent

from the earliest stages of Pparg induction and adipocyte differentiation at E14.5 and
persisted into adulthood. sScCRNA-seq analysis at E14.5 revealed a selective loss of Pparg+
PreAds in Gata6 mutant embryos without major shifts in the gene expression profile

of other related fibroblast populations. Notably, the requirement for GATAG in BAT
development distinguishes it from other known transcriptional regulators of BAT (i.e. EBF2,
PRDM16), which control BAT vs. WAT specific character, but are not required for adipocyte
differentiation3%-41. These results suggest that GATAG regulates adipogenic commitment
upstream of Pparg induction.

The small amount of residual BAT present in some Gafa6 mutant animals exhibited a normal
morphology and molecular profile. Importantly, Gata6 mRNA expression was decreased to
background levels and the Gata6 locus was recombined at the DNA level in mutant BAT.
These results indicate that the small number of adipocytes in mutant BAT do not derive
from a separate lineage. It is conceivable that a related GATA family member compensates
for loss of GATAG, though the most highly related factor, GATA4 is not well expressed

in PreAds or DPP4+ cells. Alternatively, GATA6 may regulate the sensitivity of progenitor
cells to certain adipogenic cue(s), such that some cells (i.e., those very close to the signal
source), may reach the signaling threshold that triggers adipogenesis in the absence of
GATAG. Further studies are needed to clarify the mechanism-of-action of GATAG in brown
adipogenic cells.

In summary, these studies reveal a proposed lineage hierarchy for BAT adipocyte and
connective tissue cells, beginning with the DM and progressing through CDH4+/EBF2+
cells, followed by GATAB-expressing preadipocytes (Fig. 41). We further identify GATAG as
a critical transcriptional regulator of brown adipocyte development. This information can be
applied to develop and improve iPSC-based protocols to generate human brown adipocytes
for transplantation and functional analysis. Future studies focused on GATA6 may also
reveal novel methods to promote brown adipogenic commitment and expand BAT mass.

Limitations of the study

Our study strongly implicates CDH4+/EBF2+ cells as progenitor cells for brown
preadipocytes based on their transcriptional signature and their emergence in the
BAT-forming region preceding the development of preadipocytes. However, lineage-
tracing analysis is necessary to conclusively determine the function of CDH4+/EBF2+
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cells, including their contribution to BAT development. Additionally, while our study
demonstrates that GATAG is required for the development of brown preadipocytes, the
mechanism of GATAG action remains uncertain. Our results suggest that GATA6 promotes
the expression of Pparg and other adipogenic factors to drive the transition of CDH4+/
EBF2+ cells into preadipocytes. However, additional or alternative roles for GATA6 should
be considered, including regulation of preadipocyte proliferation and/or survival, and/or
regulation of the BAT microenvironment.

STAR Methods

Resource availability

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Patrick Seale
(sealep@pennmedicine.upenn.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Single-cell RNA-seq and ChIP-seq data have been
deposited at GEO under the accession number GSE233955. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request. Microscopy data reported in this paper will be shared by the lead contact upon
request.

Experimental model and subject details

Mice—All animal experiments were performed according to procedures approved by the
University of Pennsylvania’s Institutional Animal Care and Use Committee (approval no.
805649). Mice were housed under the care of University of Pennsylvania University
Laboratory Animal Resources. Mice were raised at room temperature with a 12-h light—
dark cycle and fed a regular chow diet (LabDiet, 5010). Timed-pregnant CD-1 IGS mice
(CD-1, Charles River) and Ebf257” knock-in mice#? were used for the E10.5 to E15.5
SCRNA-seq. Timed-pregnant Swiss Webster mice (CFW, Charles River) and CD-1 IGS mice
(CD-1, Charles River) were used for embryo immunostaining experiments. For embryonic
lineage tracing, timed matings were set up at night and plugs checked in the morning

(EO.5). Tamoxifen (Sigma, T5648; stock 20 mg ml-1 in corn oil) was administered to dams
intraperitoneally at a dose of 150 mg kg-1 in the morning. Embryos were collected for
analysis on the morning of the specified day. Experiments performed on embryonic and
perinatal mice were conducted on male and female mice. Gata6 mutant mice were generated
by crossing Myf5-Cre knock-in mice (Jackson Labs, Strain #007893)*3 with Gata6 floxed
animals (Jackson Labs, Strain# 008196)**. For lineage tracing studies, £n1-Cre (Jackson
Labs strain #007916)*> or Dpp4-CreER mice?! were crossed with R26R-tdTomato (Ail4)
reporter mice (Jackson Labs, Strain#007914). For chromatin immunoprecipitation (ChlP)
experiments, CD-1 IGS mice (CD-1, Charles River) were used for timed mating and
harvested at E15.5. Experiments at adult time points were performed in male and female
mice between the ages of 9 to 18 weeks.
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Method details

Histology and Immunofluorescence—Tissues were fixed in 4% paraformaldehyde
overnight, washed in PBS, dehydrated in ethanol, paraffin-embedded and sectioned.
Following deparaffinization, slides were subjected to heat antigen retrieval in a pressure
cooker with Bulls Eye Decloaking buffer (Biocare), unless otherwise noted. Slides were
incubated in primary antibody overnight and secondary antibody conjugated to peroxidase
and then developed using Tyramide Signal Amplification (TSA, Akoya Biosciences).
Images were captured on a Leica TCS SP8 confocal microscope, Leica Stellaris or Keyence
BZ-X700 fluorescent light microscope.

RNA Extraction, gRT-PCR and RNA Sequencing—Total RNA was extracted using
TRIzol (Invitrogen) combined with Purelink RNA columns (Fisher) and quantified using a
Nano-drop. mRNA was reverse transcribed to cDNA using the ABI High-Capacity cDNA
Synthesis kit (ABI). Real-time PCR was performed on a QuantStudio5 qPCR machine using
SYBR green fluorescent dye (Applied Biosystems). Fold changes were calculated using the
ddCT method, with TATA binding Protein ( 76p) mMRNA serving as a normalization control.
We analyzed an RNAseq dataset from a differentiation time course of human iPSC-to-brown
adipocytes (GEO accession GSE131169)22.

Generation of single cell suspensions from mouse embryos.: For the E10.5 to E15.5
scRNA-seq time-course, embryos were collected at the specified time points and heads and
limbs were removed. The dorsal upper back portion was minced and digested with either
0.25% trypsin (Fisher) or Collagenase D: 6.1 mg ml-1 (Roche) and Dispase Il: 2.4 mg
ml-1 (Roche). Samples were placed at 37 °C with constant agitation (200 r.p.m), followed
by quenching for 30 min with an equal volume of complete medium (DMEM/10% FBS).
Dissociated cells were suspended using a P1000 pipette and filtered through a 100 um
filter. Cells were pelleted at 400g for 4 min, and red blood cells were lysed in 155 mM
NH4CI, 12 mM NaHCO3 and 0.1 mM EDTA for 4 min. An equal volume of complete
medium was added, and the cells were filtered through a 40 um filter for downstream
analyses. Isolated cells were suspended in FACS buffer (HBSS, 3% 0.45 uM filtered FBS;
Thermo Fisher). Cells were stained in FACS buffer with antibodies for 1 hat 4 °C in

the dark. Cells were washed twice with cold FACS buffer and sorted on a FACS Aria

cell sorter (BD Biosciences) with a 100 um nozzle. All compensation was performed at
the time of acquisition in BD FACS DIVA software (8.0.1) using single stained cells and
compensation beads. Downstream analysis and visualization of flow data were performed in
FlowJo (10.6.2). For the control and Gata62MY"> mutant embryos at E14.5, dorsal anterior
tissue at the forelimb level was dissected and spinal cord and ribs were removed as much
as possible. Tissue from each embryo was individually minced and digested with Type |
Collagenase: 0.6mg ml-1 (Worthington Biochemical Corp) and Dispase 1l: 2.4mg ml-1
(Roche). Samples were placed at 37 °C for 45min, vortexed every 15 min and quenched
with complete medium (DMEM/10% FBS). Filtering and lysis were done as described
above. To verify the mutants, tails from each embryo were lysed with Proteinase K (Fisher)
and Lysis buffer to extract DNA and PCR was done using GoTaq Green PCR Master mix
(CC-Promega) and My#5-cre primer (PCR protocol from Jackson Labs, Strain #007893). 5
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control embryos and 6 mutant embryos were separately pooled in FACS buffer, followed by
staining and flow sorting as described above.

scRNA-seq samples.: For the E10.5 to E15.5 time-course, single cells were flow sorted

to isolate live (DAPI(-)) cells and remove debris. We enriched for mesenchymal, DM and
brown adipose lineage cells as follows. (i) E11.5 and E12.5 DM and mesenchymal cells
based on cell surface expression of PDGFRa and/or LRIG1 [30% PDGFRa+, LRIG1(-)
cells; 25% PDGFRa(-), LRIG1+ cells, 30% PDGFRa+, LRIG1+ cells, 15% PDGFRa(-),
LRIG1(-) cells]. (ii) E13.5-E15.5 fibroblasts through selection of PDGFRa+ cells [75%
PDGFRa+; 25% PDGFRa(-)]. (iii) E10.5, E14.5, and E15.5 brown adipose lineage cells
based on expression of Early B Cell Factor-2 (Ebf2)- GFP[15% Ebf2-GFP+; 25% Ebf2-
GFP(-)]*8. The selection of Lrigl, Pdgfraand Ebf2as marker genes of mesenchymal
cells was informed through analysis of a mouse organogenesis cell atlas*®, showing that
LrigIwas co-expressed with the DM marker £n1, Pdgfrawas broadly expressed in
mesenchymal cells, and £672was expressed in a subset of mesenchymal cells designated
as the “connective tissue trajectory”. Single cell libraries were prepared using a Chromium
Single Cell 3° Reagent Kit (\ersion 3) and sequenced on an Illumina HiSeq 4000 or an
Illumina NovaSeq 6000 by the University of Pennsylvania Next Gen Sequencing Core or
CHOP Center for Applied Genomics Sequencing Core. For the control and Gata6AM/™
mutant embryos at E14.5, live (DAPI(-)) cells were flow sorted. Single cell libraries were
prepared using Chromium Next GEM Single Cell 3’ v3.1 with Dual Index and sequenced on
Illumina NovaSeq6000 by CHOP High Throughput Sequencing Core. Reads were aligned
using Cell Ranger?’.

scRNA-seq analysis

Analysis of individual embryonic stages.: Single-cell RNA-seq analysis was performed
using Seurat v448. For the E10.5 to E15.5 time-course, cutoffs for the minimum number

of unique genes detected (1200-2500) and the maximum percentage of reads mapping to
mitochondrial genes (7-15%) were determined individually for each individual dataset, such
that no clusters in downstream analysis were defined by low-quality cells. Doublets were
computationally predicted using Scrublet*® and excluded from further analysis. Gene counts
were log-normalized, and regression was performed using the ScaleData function for the
following variables: percentage of reads mapping to mitochondrial genes, percentage of
reads mapping to histone genes, and cell cycle phase (G2M.Score/S.Score as calculated

by the CellCycleScoring function). After principal component analysis (PCA), dimensional
reduction was performed using UMAP, and clusters were defined using the FindNeighbors
and FindClusters functions. For the control and Gata6AMY™ mutant embryos at E14.5, cells
were filtered out if they had fewer than 500 or more than 2500 genes detected, more than
7000 counts, or greater than 3.5% of reads mapping to mitochondrial genes.

Data integration.: For the E10.5 to E15.5 time-course, cell clusters corresponding to
fibroblasts and/or skeletal muscle were selected from each embryonic stage based on
expression of Pdgfraand Tnntl, respectively (Fig. S1A). Cells from individual embryonic
stages were integrated to produce datasets representing E10.5-E13.5 fibroblasts and skeletal
muscle (“E10.5-E13.5 Mesenchyme”) or E13.5-E15.5 fibroblasts and adipocytes (“E13.5-
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E15.5 Mesenchyme”) (Fig. S1A). Resulting cell clusters predicted to localize to the

dorsal mouse embryo (see “Spatial Deconvolution Analysis” section) were selected and re-
analyzed for further analysis (“E10.5-E13.5 Dorsal Mesenchyme” and “E13.5-E15.5 Dorsal
Mesenchyme”). Finally, clusters from the “Dorsal Mesenchyme” datasets not marked by
Pax1 (sclerotome) or 7nmd (tendon) were integrated to produce the E10.5-E15.5 “Proposed
brown adipose lineage” dataset (Fig. S1A). For both the E10.5 to E15.5 time-course

and control and Gata6AMy*> mutant embryos at E14.5, integration was performed using
reciprocal PCA as implemented in Seurat v4. Downstream analyses were performed as for
the individual datasets. Cluster-defining genes were determined using the FindAllMarkers
function.

Spatial Deconvolution Analysis.: Spatial transcriptomics datasets generated from sagittal
slices of E10.5-E15.5 mouse embryos were downloaded from the Mouse Organogenesis
Spatial Transcriptomics Atlas (MOSTA)20. To create a robust reference for cell-

type deconvolution of the spatial transcriptomics data, cells included in the “E10.5-

E13.5 Mesenchyme” and “E13.5-E15.5 Mesenchyme” datasets were supplemented with
endothelial, cardiac, hematopoietic, neuronal, neural crest, and epithelial cells that had been
excluded from mesenchymal cell analysis. Cell-type deconvolution of spatial transcriptomic
data was then performed using SpaDecon®0. The “E10.5-E13.5 Mesenchyme” dataset was
used to deconvolve MOSTA data corresponding to E10.5, E11.5, E12.5, or E13.5; the
“E13.5-E15.5 Mesenchyme” dataset was used to deconvolve MOSTA data corresponding to
E13.5, E14.5, or E15.5 (Fig.S1A).

Identification of preadipocyte-enriched transcription factors.: Genes enriched in
preadipocytes (PreAd group in “E13.5-E15.5 Dorsal Mesenchyme” dataset) versus all other
groups were identified using the FindMarkers function in Seurat. Transcription factors were
selected from the list of enriched genes based on a list of murine transcription factors
downloaded from TcoF-DB v2 (https:/tools.sschmeier.com/tcof/home/)°L.

Chromatin Immunoprecipitation (ChlP) and ChlP-Sequencing Analysis.: Dissected
embryonic interscapular BAT pads were pooled and approximately 65 mg of tissue was
fixed with 1% methanol-free formaldehyde for 10 min. After quenching, nuclei were
isolated using a hypotonic buffer and Kimble dounce homogenizer. Nuclei were lysed in
SDS buffer and chromatin was sonicated using an Active Motif EpiShear at 20% amplitude
for 3 min with cycles of 15 sec ON 20 sec OFF to obtain fragments ranging from 200-600
bp. Fragmented chromatin was incubated with 1 ug of antibody overnight at 4 °C and bound
to protein A/G magnetic beads for pull-down. ChlP-seq libraries were prepared using the
KAPA HyperPrep Kit and library barcodes were from the KAPA Unique Dual-Index kit.
Libraries were amplified using 10 cycles on the thermocycler. Post amplification libraries
were cleaned up using Agencourt AMPure XP beads from Beckman Coulter. Libraries were
validated by Azenta/Genewiz with Agilent Tapestation.

Quantification and Statistical Analysis—Statistical details for each experiment are
described in the corresponding figure legends. Biological replicates (number of animals)
are denoted as ‘n’. Graphpad Prism software was used to perform statistical analyses. For
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statistical analyses, a minimum of 5 biological replicates per group were used. Values are
presented as mean + standard error of the mean. Holm-Sidak multiple correction was used to
determine the statistical differences between samples. Significant differences are represented
in the legends as follows: *p<0.05, **p<0.01, ***p<0.001; ****p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. scRNA-seq of embryonic mesoderm identifies BAT lineage cells and related
cell types.
. Dpp4-expressing cells form the connective tissue that encases developing
BAT.

. The transcription factor GATA6 marks BAT progenitor cells.
. GATAG is required for PPARg expression induction and brown preadipocyte

development.
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Figure 1. Profiling of mesenchymal cells during brown adipose tissue (BAT) development
(A) Uniform manifold approximation and projection (UMAP) of 16,165 cells related

to the dermomyotome-brown adipose lineage based on marker gene expression and
computationally predicted anatomic location (see workflow in Fig. S1).

(B) Cells in (A) highlighted by developmental stage of origin.

(C) UMAP of 9,895 mesenchymal and skeletal muscle cells from E10.5-E13.5 mouse
embryos, representing clusters predicted to localize to the dorsal mouse embryo, where
BAT develops (see Fig. S1). Clusters marked by PaxI expression were aggregated into the
Sclerotome group.

(D) Violin plots corresponding to (C).
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(E) Cells in (C) were incorporated into a reference used to deconvolve spatial gene
expression data from an E12.5 embryo. Color intensity indicates the estimated proportion of
cells at each spot corresponding to the given cell type.

(F) Cells in (C) colored by developmental stage of origin.

(G) Schematic for cross-section in the anterior region of embryo (created with
Biorender.com; left) and immunostaining of CDH4 (green) and EBF2 (red) in the anterior
region of mouse embryos at E12.5 and E13.5 (n=3 each, scale bar, 100 um; right). NT =
Neural tube.

(H) Immunostaining of CDH4 (green) and tdTomato (red) in the anterior region of E13.5
embryo from En** tdTom (control) and £71¢"®*; tdTom reporter mice. (n=2 Cre—; n=3
Cre+, scale bar, 100 um) NT = Neural tube.
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Figure 2. DPP4+ mesenchymal cells contribute to adipocytes and fascial cells in BAT
(A) UMAP of 13,474 mesenchymal cells from E13.5-E15.5 mouse embryos, representing

clusters predicted to localize to the dorsal mouse embryo, where BAT develops (also see Fig.
S1).

(B) Expression of marker genes in cells from (A).

(C) Immunostaining of NGFR (green) and MYOSIN (magenta) in the anterior region of
mouse embryos at E14.5. (n=3, scale bar, 100 um) NT = Neural tube

(D) Mesenchymal cells from E13.5-E15.5 were incorporated into a reference used to
deconvolve spatial gene expression data from an E14.5 embryo. (Left) Segment of spatial
gene expression data used for deconvolution. (Center) Atlas-provided annotations of spots
20_ (Right) Blue or green spots indicate where PreAds or Dpp4+ cells are predicted to make
up >40% or >10% of cells, respectively.
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(E) Immunostaining of DPP4 (green) and PPARg (magenta) in the anterior region of mouse
embryos at E14.5 to E16.5. (n=11 E14.5; n=4 E15.5; n=4 E16.5, scale bar, 100 um). NT =
Neural tube.

(F) Immunostaining of DPP4 (green) and tdTomato (red) in the anterior region of E14.5
embryo from EnI**, taTom (control) and £n1€"*, tdTom reporter mice. (n=3 Cre—; n=9
Cre+, scale bar, 100 um). NT = Neural tube.

(G) Immunostaining of PPARg (green), DPP4 (white) and tdTomato (red) in the anterior
region of E16.5 embryo from Dpp4?/*, tdTom (control) and Dpp4<TeER" td Tom reporter
mice. (n=4 Cre—; n=10 Cre+, scale bar, 100 um). NT = Neural tube.
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Figure 3. Identification of GATAG as a marker of brown adipocyte progenitor cells
(A) Transcription factors enriched in preadipocytes relative to all other E13.5-E15.5 dorsal

mesenchyme cell clusters (logoFC > 0.25). Pvalues were calculated using the FindMarkers

function in Seurat.

(B) UMAP (left) and Gata6 expression (right) in E13.5-E15.5 dorsal mesenchymal cells (see

Fig. 2A).

(C) Immunostaining of GATAG (green), PPARg (magenta), and DPP4 (white) in the anterior

region of mouse embryos from E12.5 to E16.5. (n=3 E12.5; n=3 E13.5; n=6 E14.5; n=6
E15.5, n=5 E16.5; scale bar, 100 um) NT = Neural tube.
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(D) mRNA expression levels of indicated genes during human iPSC-to-brown adipocyte
differentiation.
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Figure 4. GATAG is required for BAT development
(A) Macroscopic view and H&E staining of interscapular BAT from Myf5%/*, Gata6™"

(control) and Myf5¢T¢/*: Gata6™"™ (homozygous mutant, Gata6AMy™) mice at PO. BAT is
highlighted by dashed lines. (n=5 Ctl; n=7 KO, scale bar, 200 um)

(B) BAT weight of the control, Myf5C7e/*; Gata6™"* (heterozygous mutant) and Gata6®"y™
mice at PO (n=8 Ctl; n=13 Het, n=13 KO, mean % s.e.m.). One-way ANOVA followed by all
pairwise comparisons with Holm-Sidak multiple correction. ***P< 0.001, ****P< 0.0001.
(C) Gata6 mRNA levels in interscapular BAT from control, heterozygous and homozygous
mutant mice at PO (n=8 Ctl; n=13 Het; n=13 KO, mean * s.e.m.). One-way ANOVA
followed by all pairwise comparisons with Holm-Sidak multiple correction. ****P< 0.0001.
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(D) mRNA levels of BAT-selective genes in BAT from control and Gata6*M¥™ mice at PO
(n=8 Ctl; n=13 Het; n=13 KO, mean * s.e.m.). One-way ANOVA followed by all pairwise
comparisons with Holm-Sidak multiple correction. *P< 0.05.

(E) Weights of interscapular BAT from control and Gata6*MY*> adult mice (normalized by
body weight) (n=6 Ctl; n=4 KO, mean % s.e.m.). Two-sample, two-sided t-test. ****pP<
0.0001.

(F) Immunostaining of GATAG (green), PPARg (magenta) and DPP4 (white) in the anterior
region of control and Gata6AMY"> mice at E14.5. (n=11 Ctl; n=11 KO, scale bar, 100 pm).
NT = Neural tube.

(G) De novo motif analysis of GATA6-binding regions in E15.5 BAT.

(H) ChlP-seq profiles in reads per million total reads (RPM) for GATAG (blue), H3K27-Ac
(gray), and IgG (black) in E15.5 BAT at the following genes: Ebf2, Cicf, Tcrf3, Akl

(1) Working model of the brown adipocyte lineage hierarchy, highlighting the role of GATA6
in regulating brown adipogenic commitment upstream of Pparg expression.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti-PDGFRalpha

R and D Systems, AF1062

RRID:AB_2236897

Sheep anti-EBF-2

R and D Systems, AF7006

RRID:AB_10972102

Goat anti-GATA-6

R and D Systems, AF1700

RRID:AB_2108901

Rabbit anti-Perilipin (D418)

Cell Signaling, 3470

RRID:AB_2167268

Rabbit anti-PPAR gamma (K.242.9)

Thermo Fisher, MA5-14889

RRID:AB_10985650

Goat anti-DPPIV/CD26

R and D Systems, AF954

RRID:AB_355739

Sheep anti-Cadherin-4

R and D Systems, AF6677

RRID:AB_10890570

Anti-PDGFRa-PECy7

Biolegend, 135912

RRID:AB_2715974

Goat anti-LRIG1

R and D Systems, AF3688

RRID:AB_2138836

Donkey anti-goat Alexa 488

Invitrogen, A11055

RRID:AB_2534102

Anti-human/mouse CD271 (LNGFR)

Miltenyi Biotec, 130-122-980

RRID:AB_2811422

Mouse anti-Myosin Heavy Chain

R and D Systems, MAB4470

RRID:AB_1293549

Rabbit anti-GATA-6 (used in Figure 4)

Cell Signaling, 5851S

RRID:AB_10705521

Rabbit anti-H3K27ac

Active Motif, 39133

RRID:AB_2561016

Rabbit 1gG

Cell Signaling, 2729S

RRID:AB_1031062

Chemicals, peptides, and recombinant proteins

Tamoxifen (Free Base) Sigma Cat#T5648

Corn Qil Sigma Cat#C8267

16% Paraformaldehyde Electron Microscopy Sciences Cat#15710

TRIzol Invitrogen Cat#15596018
DAPI Sigma Cat#D9542
Collagenase D Roche Cat#11088858001
Type | Collagenase Worthington Biochemical Corp Cat#L.S004197
Dispase Il Roche Cat#4942078001
Proteinase K Fisher Cat#BP1700100
Critical commercial assays

ABI High-Capacity cDNA Synthesis kit Applied Biosystems Cat#4368813
Purelink RNA Mini columns Invitrogen Cat#LT-12183018
TSA TMR Tyramide Reagent Pack Akoya Biosciences Cat#NEL742001KT
TSA Fluorescein Tyramide Reagent Pack Akoya Biosciences Cat#NEL741001KT
ChIP-grade Protein A/G Magnetic Beads Pierce/Thermo Scientific Cat#26162

Bulls Eye Decloaking Buffer Biocare Cat#BULL1000 MX
AbC Total Antibody Compensation Kit BioLegend Cat#A10497
Agencourt AMPure XP beads Beckman Coulter Cat#A63880

GoTaq Green PCR Master Mix CC-Promega Cat#M7123
Chromium Single Cell 3' Reagent Kit (\Version 3) 10x Genomics Cat#CG000183
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chromium Next GEM Single Cell 3' v3.1 with Dual 10x Genomics Cat#CG000315
Index

KAPA HyperPrep with Library Amplification Roche Cat#KK8502
KAPA Unique Dual-Indexed Adapters Roche Cat#KK8726
Deposited data

scRNA-seq data (this study) Gene Expression Omnibus GSE233955
ChIP-seq data (this study) Gene Expression Omnibus GSE233955

Human iPSC-BA RNA-seq

Gene Expression Omnibus

GSE131169 Zhang, et al. (2020)22

Mouse Organogenesis Spatial Transcriptomics Atlas
(MOSTA)

China National GeneBank (https://db.cngb.org/
stomics/mosta/download/)

Chen, et al. (2022)%°

Experimental models: Organisms/strains

Myf56r

The Jackson Laboratory

RRID:IMSR_JAX:007893

RosaZ6 loxp-stop-loxp tdTomato (Ail4)

The Jackson Laboratory

RRID:IMSR_JAX:007914

Gata6 lox/flox The Jackson Laboratory RRID:IMSR_JAX:008196
Enicre The Jackson Laboratory RRID:IMSR_JAX:007916
Dpp4 CreER Seale Laboratory Stefkovich, et al. (2021)2

Ebf25FP knock-in mice

Reed Laboratory

Wang, et al. (2004)%2

CFW (Swiss Webster)

Charles River

RRID:IMSR_CRL:024

CD1 (Adult)

Charles River

RRID:IMSR_CRL:022

Oligonucleotides

See Table S1 N/A N/A
Software and algorithms
FlowJo (10.6.2) FlowJo RRID:SCR_008520

Seurat (4.1.1)

Satija Lab (https://satijalab.org/seurat/
index.html)

RRID:SCR_016341

Scrublet (0.2.3)

Bioconda (https://anaconda.org/bioconda/
scrublet)

RRID:SCR_018098

RStudio (2022.07.1)

RStudio (https://www.rstudio.com/)

RRID:SCR_000432

GraphPad Prism 9

GraphPad (https://www.graphpad.com/scientific-
software/prism/)

RRID:SCR_002798

tidyverse (1.3.1)

CRAN (https://cran.r-project.org/web/packages/
tidyverse/index.html)

RRID:SCR_019186

ggplot2 (3.3.6.9000)

CRAN (https://cran.r-project.org/web/packages/
ggplot2/index.html)

RRID:SCR_014601

SpaDecon (1.1.1)

PyPi (https://pypi.org/project/SpaDecon/)

Coleman, et al. (2023)%0

R (4.1.1) R Foundation (https://www.r-project.org/) RRID:SCR_001905
Other

Active Motif EpiShear (Sonicator) Active Motif Cat#53051

HiSeq 4000 Ilumina N/A

NovaSeq 6000 Hlumina N/A

BZ X700 Microscope Keyence N/A

SP8 Microscope Leica N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Stellaris Microscope Leica N/A
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