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Single cell functional genomics reveals plasticity
of subcutaneous white adipose tissue (WAT)
during early postnatal development
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ABSTRACT

Objective: The current study addresses the cellular complexity and plasticity of subcutaneous (inguinal) white adipose tissue (IWAT) in mice
during the critical periods of perinatal growth and establishment.

Methods: We performed a large-scale single cell transcriptomic (scRNA-seq) and epigenomic (SnATAC-seq) characterization of cellular subtypes
(adipose stromal cells (ASC) and adipocyte nuclei) during inguinal WAT (subcutaneous; iWAT) development in mice, capturing the early postnatal
period (postnatal days (PND) 06 and 18) through adulthood (PND56).

Results: Perinatal and adult iWAT contain 3 major ASC subtypes that can be independently identified by RNA expression profiles and DNA
transposase accessibility. Furthermore, the transcriptomes and enhancer landscapes of both ASC and adipocytes dynamically change during
postnatal development. Perinatal ASC (PNDO6) are highly enriched for several imprinted genes (IGs; e.g., Mest, H19, Igf2) and extracellular matrix
proteins whose expression then declines prior to weaning (PND18). By comparison, adult ASC (PND56) are more enriched for transcripts
associated with immunoregulation, oxidative stress, and integrin signaling. Two clusters of mature adipocytes, identified through single nuclei
RNA sequencing (snRNA-seq), were distinctive for proinflammatory/immune or metabolic gene expression patterns that became more tran-
scriptionally diverse in adult animals. Single nuclei assay for transposase-accessible chromatin (snATAC-seq) revealed that differences in gene
expression were associated with developmental changes in chromatin accessibility and predicted transcription factor motifs (e.g., Plagl1, Ar) in
both stromal cells and adipocytes.

Conclusions: Our data provide new insights into transcriptional and epigenomic signaling networks important during iWAT establishment at a

single cell resolution, with important implications for the field of metabolic programming.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

White adipose tissue (WAT) is a complex organ that plays a central role
in systemic energy balance through its interrelated metabolic, endo-
crine, and immune functions (reviewed in [1—4]). Adipocytes, the
parenchymal cells of adipose tissue, have diverse functions that
include storage and mobilization of lipids. They also release endocrine
signals that report energy status to the brain, regulating metabolic
functions in peripheral organs [3,5,6]). Importantly, the metabolic
character of white adipocytes is flexible, with cells capable of
assuming distinct anabolic and catabolic/thermogenic phenotypes,
often within the same adipose tissue depot [7—16].

Interestingly, the vast majority of cells (>80%) within typical white
adipose tissues are not adipocytes, but rather a diverse set of
vascular and immune cells as well as “adipose tissue stromal cells”
(ASC, or “stromal” cells) that include mesenchymal stem cells and
committed adipocyte progenitors [17—19]. ASC were initially char-
acterized based on expression of the surface markers PDGFRA,

CD29, CD34, and Sca-1 [20—23]. However, recent studies using
unbiased single cell RNA-seq (ScCRNA-seq) in adult adipose tissue has
revealed unanticipated complexity in both ASC and immune cell
populations [19,24—31]. Specifically, adult WAT contains 2—3 ASC
populations that have distinct spatial distributions and are differen-
tially poised for adipogenesis [19,24—26]. Using nomenclature we
recently proposed [32], ASC1a are found within the adipose tissue
parenchyma, are enriched for adipogenic transcription factors such
as Pparg, and appear to be a direct adipocyte precursor [19,24—26].
ASC2 exhibit a fibroblastic/mesenchymal phenotype with latent
adipogenic potential [24,25]. These cells form a connective tissue
layer (“interstitial reticulum” or “fascia”) that surrounds the adipose
depot in the iIWAT [25,32]. An additional progenitor cell population
(“Aregs”; ASC1b) is localized to perivascular regions in the iWAT [26],
with both pro- and anti-adipogenic characteristics [25,26]. These
stromal subtypes have also been referred to as adipose stem cells
(ASC; ASC2), preadipocytes (PreA; ASC1a), and adipogenesis regu-
lators (Aregs; ASC1b) [33].
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Abbreviations iWAT inguinal white adipose tissue
gWAT gonadal white adipose tissue

ASC adipose tissue stromal cells LinNeg SVC lineage negative (immune-depleted) stromal vascular cells
ATAC-seq  assay for transposase-accessible chromatin NaHCO; sodium bicarbonate

sequencing NH,4CI ammonium chloride
CCA canonical correlation analysis PBS phosphate buffered saline
CPM counts per million PCA principal component analysis
DARs differentially accessible regions PDGFRA platelet-derived growth factor alpha
DEGs differentially expressed genes PND postnatal day
DMEM Dulbecco’s Modified Eagle’s Medium scRNA-seq single cell RNA sequencing
ECM extracellular matrix snRNA-seq  single nuclei RNA sequencing
EDTA ethylenediaminetetraacetic acid snATAC-seq single nuclei assay for transposase-accessible chromatin
FC fold-change sequencing
FF-BSA fatty acid—free bovine serum albumin SVC stromal vascular cells
GO gene ontology TF transcription factor
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid t-SNE t-Distributed Stochastic Neighbor Embedding
HFD high-fat diet TBS tris-buffered saline
1Gs imprinted genes WAT white adipose tissue
IGN imprinted gene network

Recent scRNA-seq analysis of adult WAT demonstrates that the
composition and expression pattern of ASC populations can be altered
by diverse nutritional and pharmacological challenges [19,27,31]. By
comparison, very little is currently known regarding how the compo-
sition and expression profiles of ASC change during development.
Adipose tissues are established during fetal development and/or the
perinatal period, depending on the species and tissue location, and
continue to expand throughout adolescence [34—38]. In mice, inguinal
subcutaneous WAT (iWAT) is specified between E14.5—16.5 [39—41],
with lipid accumulation beginning prior to birth and extending until
about 8 weeks of age [36,40,41]. Interestingly, iWAT undergoes a
period of catabolic remodeling, or “browning,” during the second
postnatal week, in which brown adipocyte markers are transiently
expressed [11—16]. In contrast, gonadal (visceral) gWAT establish-
ment and expansion mostly occurs postnatally [34,40,42].

In the current study, we performed a large-scale single cell tran-
scriptomic and epigenomic characterization of cell types during iWAT
establishment. We found that both the transcriptome and chromatin
landscape of stromal cells and adipocytes dynamically change during
development. Perinatal ASC (PND06-18) are characterized by high
expression of several imprinted genes (IGs) and extracellular matrix/
structural components, whereas adult stromal cells differentially ex-
press integrin signaling, oxidative stress/complement, and immune-
related transcripts, some in a subtype-specific manner. Additionally,
we identified two clusters of adipocyte nuclei in the iWAT that are
distinguished by enrichment for inflammatory/immune and metabolic
gene expression patterns that further evolve over time. These findings
provide new insights into specific cell types and transcriptional events
that are dynamically regulated during iWAT establishment.

2. MATERIALS AND METHODS

2.1. Animals and husbandry

Male and female C57BL/6J breeder mice (7—8 weeks of age) were
purchased from Jackson Laboratories (Bar Harbor, ME). Animals were
housed in temperature- and humidity-controlled rooms in an AALAC-
approved animal facility at Wayne State University (Detroit, MI) and
provided Teklad chow (Envigo; Indianapolis, Indiana) and deionized
water ad libitum. At distinct developmental time points (postnatal day
(PND) 06, PND18 (range 18—19), or PND56 (range 54—57)), male

mice were euthanized by decapitation (PNDO6) or CO, asphyxiation
and cervical dislocation (PND18, 56) and inguinal fats pads were
surgically removed, rinsed in phosphate buffered saline (PBS, pH 7.4),
and processed as described below. All animal procedures were
approved by the Institutional Animal Care and Use Committee at Wayne
State University (Detroit, MI).

2.2.
iWAT
Stromal vascular cells (SVC) and adipocytes were isolated from
inguinal white adipose tissue (iWAT) as described previously [19,20].
Briefly, following excision, fat pads (combined from 3 to 6 male
offspring per time point) were minced and then dissociated in Hanks
balanced salt solution (pH 7.4, Sigma—Aldrich, St. Louis, MO) con-
taining 0.5% fatty acid—free bovine serum albumin (FF-BSA; Gemini
Bio, West Sacramento, CA) and 2 mg/mL Type 2 collagenase (Wor-
thington Biochemical Corp; Lakewood, NJ) at 37 °C for 30 min with
gentle agitation. The digestate was passed through a 100 pM filter and
rinsed with buffer (PBS containing 0.5 mM EDTA, 10 mM HEPES, 10%
fetal bovine serum, and 0.5% FF-BSA, pH7.4). Adipocytes were then
separated by centrifugation at 200 x g for 5 min at room temperature.
Floating cells (adipocytes) were collected by removing the infranatant
by aspiration. Adipocytes were then washed twice with pre-heated
(37 °C) Dulbecco’s Modified Eagle’s Medium (DMEM) containing 1%
FF-BSA (Gemini Bio) prior to downstream applications. SVC were
pelleted from the infranatant by centrifugation (500 g for 10 min at
4 °C), and red blood cells (RBC) were lysed in lysis buffer (155 mM
NH4Cl, 14 mM NaHCO3, and 0.1 mM EDTA, pH 7.4) for 5 min at room
temperature. SVC were then filtered (40 pM), resuspended in PBS
containing 0.5% FF-BSA (MACS buffer, pH 7.4), and pelleted again by
centrifugation (500 g for 10 min at 4 °C). Hematopoietic lineage—
positive cells were depleted from the total SVC fraction by cell sort-
ing using the lineage depletion kit (Miltenyi Biotec; Auburn, CA) and a
magnetic separator according to manufacturer’s instructions.

Isolation of adipocytes and stromal vascular cells (SVC) from

2.3. RNA isolation and bulk 3'-mRNA sequencing (bulk-seq)

Total RNA was isolated from adipocytes and LinNeg SVC using the
Ambion PureLink RNA extraction kit (Ambion/Thermo Fisher Scientific;
Waltham, MA). cDNA libraries were prepared from high quality RNA
(500 ng) using the Quantseq 3’-mRNA-seq FWD kit (Lexogen;
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Greenland, NH) according to manufacturer’s recommendations. Li-
braries (n = 3—5 per cell type/developmental time point) were
sequenced on the lllumina HiSeq 4000 flow cell (Michigan State
University, East Lansing, MI) using a single-end read format.
Sequencing reads were then demultiplexed and aligned to the mouse
chromosome (mm10) with STAR (v 2.5.2a) and read counts were
quantified with HTSeq-count using the data analysis pipeline available
on the Bluebee platform (https://www.bluebee.com). Each sample was
sequenced at a depth of ~5—8 million reads.

2.4. Single cell RNA sequencing (ScCRNA-seq) and single nuclei
RNA sequencing (SnRNA-seq)

Single cell RNA-seq (scRNA-seq) was conducted on LinNeg SVC using
the 10X Genomics 3’ Library & Gel Bead Kit (12), according to man-
ufacturer’s instructions (10X Genomics; Santa Clara, CA). Briefly,
following cellular fractionation and magnetic cell sorting, LinNeg SVC
were resuspended in PBS containing 0.04% non-acetylated BSA
(Thermo Fisher Scientific, Waltham, MA) and ~10,000 cells used as
input to generate gel beads in emulsion using the 10X Chromium
controller. Prior to loading, cells were counted with a hemocytometer
and viability (>90%) was estimated using Trypan blue. For adipocytes,
nuclei were isolated from the floating fraction using the Nuclei EZ
isolation kit according to manufacturer’s instructions (Sigma—Aldrich,
St. Louis, MO). Briefly, adipocytes were incubated in 5 mL lysis buffer
(5 min on ice) and nuclei were collected by centrifugation (500x g for
8 min at 4 °C). Sucrose (250 mM final concentration) was added to the
lysates prior to centrifugation. Pellets were resuspended in Nuclei EZ
lysis buffer containing 250 mM sucrose, incubated on ice for 5 min,
and then pelleted again by centrifugation (500x g, 6 min). After the
supernatant was decanted, nuclei were washed once with PBS con-
taining 1% nuclease-free FF-BSA (PBS wash buffer; Gemini) and
RiboLock RNase Inhibitors (Thermo Fisher; Waltham, MA), centrifuged,
and resuspended in fresh PBS wash buffer for single nuclei process-
ing. Approximately ~10,000 nuclei/sample were used as input for the
10X Chromium controller to generate nuclei—gel bead emulsions
according to the 10X Genomics User Guide. After processing, libraries
were quantified with the Kappa PCR kit and sequenced with the lllu-
mina NextSeq500 flow cell (Wayne State University, Detroit, MI) with
the following parameters: 26 cycles Read1, 58 cycles Read2, and 8
cycles i7 index. Raw sequencing data was demultiplexed using
bcl2fastq (lllumina), sequencing reads aligned to the mm10 reference
genome (or pre-mRNA mouse reference genome for snRNA-seq), and
count matrices generated using the Cell Ranger 3.0.2 analysis pipeline
(10X Genomics) with default settings. For the nuclear RNA data, due to
higher ambient RNA contamination, the force cells command was
additionally used (—force-cells=4000 (PND0O6 and PND18) or 5000
(PND56)) prior to further processing (see below). Each library was
sequenced to a depth of ~25,000—30,000 mean reads per cell.

2.5. Single nuclei ATAC sequencing (SnATAC-seq)

Developmental differences in chromatin accessibility were evaluated
with the 10X Genomics snATAC-seq kit (v 1.0, 10X Genomics). The
cell fractions used for snATAC-seq were prepared independently (i.e.,
from different animals) of the samples used for sc/snRNA-seq ex-
periments, potentially leading to some differences in enrichment
between preparations. Nuclei were isolated from stromal cells or
adipocytes using the Nuclei EZ isolation kit (Sigma—Aldrich), modi-
fied according to the protocol described above. After the second
incubation in Nuclei EZ buffer, nuclei were pelleted by centrifugation
(500x g, 6 min), and pellets were resuspended in 10X Genomics
resuspension buffer (10X Genomics). Nuclei (~12,000) were then
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tagmented with Tn5 transposase for 1 h at 37 °C, and transposed
nuclei were processed with the 10X Genomics chromium controller
according to the manufacturer’s protocol (10X Genomics). After
processing and sample indexing, libraries were sequenced with an
lllumina NextSeq500 flow cell, (Wayne State University, Detroit, MI)
using the following format: 34 cycles Read1, 34 cycles Read2, 8
cycles i7 index, and 16 cycles i5 index. Raw sequencing data were
demultiplexed and sequences aligned to the mouse genome (mm10)
using the Cell Ranger ATAC (v 1.2.0) pipeline (10X Genomics).
Additional data processing and analysis steps are provided in the
Bioinformatics and Data Analysis section.

2.6. Bioinformatics and Data Analysis

Raw read counts from bulk RNA sequencing (n = 3—5/tissue type/
time point) were processed using the integrated Differential Expression
and Pathway analysis (iDEP.90) ShinyAPP [43]. Briefly, read counts
were filtered to exclude genes displaying fewer than 0.5 counts per
million (CPM) in at least 40% of samples. Filtered samples were then
used as input for k-means clustering, principal component analysis
(PCA), and gene ontology. The number of k-means clusters was
determined using the elbow method. Differentially expressed genes
between individual groups were detected with DESeq2 using a false
discovery rate (FDR) cutoff of P < 0.05 and minimal fold change of 3.
Venn diagrams displaying differentially expressed genes were gener-
ated using Venny 2.1.0 [44] and additional heatmaps were made with
ClustVis [45].

Individual gene count matrices for sScRNA-seq and snRNA-seq from the
Cell Ranger pipeline (see above) were first processed using the SoupX
R package (v 1.0.1) to remove ambient RNA contamination following
the detailed vignette (https://rawcdn.githack.com/constantAmateur/
SoupX/204b602418df12e9fdb4b68775a8b486¢6504fe4/inst/doc/
pbmcTutorial.html) [46]. Briefly, for ScRNA-seq (stromal cells), Fabp4
and Car3 were used to calculate the RNA “soup” (background)
contamination using the “estimateNonExpressingCells” command. For
snRNA-seq (adipocytes), because most of the nuclei were adipocytes
and the contaminating RNA was primarily from adipocyte lysis, we set
the contamination fraction at 20% using the “setContamination-
Fraction” command, as described in the vignette, without providing
cell cluster information for either dataset. Corrected gene matrices
were then imported to the Seurat R package (v 3.0.2) for filtering,
normalization, and integration of cells using methods described pre-
viously [47—49]. Briefly, cells containing <500 or >5000 genes and
>15% mitochondrial reads, nuclei containing <400 or >4000 genes
and >10% mitochondrial reads, and red blood cells (when present)
were filtered prior to downstream analysis. Cell populations were
identified based on marker gene expression using the FindAllMarkers
function in Seurat. Differential gene expression analysis was con-
ducted using the Wilcox test with a log fold-change threshold of 0.5 for
scRNA-seq in a minimum of 25% of cells and 0.4 for nuclei (minimum
cells = 15%). Heterotrophic doublets were estimated using the R
package DoubletFinder  (https://github.com/chris-mcginnis-ucsf/
DoubletFinder), with the pK set at 0.01 and a doublet estimation of
3—4% [50]. Identified doublets were removed from the datasets
following integration. Additional pathway analyses were conducted
using Enrichr (https://amp.pharm.mssm.edu/Enrichr/) [51] and graphs
generated by GraphPad Prism (v 8.0.1; San Diego, CA). STRING
analysis (v11) was conducted using the DEGs identified by scRNA-seq
analysis (P < 0.05; PNDO6 vs. 56) and basic settings (full network,
confidence = 0.4) [52]. Networks were exported to Cytoscape (v 3.8.2)
for visualization and GO enrichment analysis with a redundancy cutoff
of 0.8 [53].
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Custom peak calling for snATAC-seq datasets was performed using
the filtered fragment files as detailed in the SnapATAC vignette (https://
github.com/r3fang/SnapATAC) [54]. Briefly, barcodes were filtered to
retain high quality cells and datasets (SVC or adipocytes) were then
integrated using Harmony to remove batch effects of developmental
time [55]. Peaks were called following integration and cell clustering
with MACS2 using the following settings: nomodel —shift 100 —ext
200 —qval 5e-2. Custom peaks were then used to create a cell-peak
matrix using the Cellranger-ATAC reanalyze pipeline (10X Genomics, v
1.2) on aggregated libraries without depth correction. The custom cell-
peak matrix was then imported into the Signac (v 1.1.0) and Seurat (v
3.2.0) R packages (https://github.com/timoast/signac; [47—49,56]) for
further filtering, integration, and analysis.

Aggregated cell-peak matrices from snATAC-seq were filtered in
Signac (v 1.1.0) to include only high-quality nuclei using the following
cutoffs: peak region fragments > 500 and <100,000; nucleosome
signal < 5; transcription site enrichment > 2.5, percent reads in
peaks > 60 (ASC) or >35 (adipocyte), and blacklist ratio < 0.025. The
count matrix was normalized using term frequency—inverse document
frequency (TF-IDF) and datasets were integrated with the R package
Harmony [55] before being clustered and visualized using the shared
nearest neighbor method in Seurat. Clusters were annotated based on
enrichment of marker gene activity and further validated using inte-
gration and label transfer with our scRNA-seq and snRNA-seq data-
sets, as described [47]. Differentially accessible regions (DARs) were
detected using the FindMarkers function in Seurat with the likelihood
ratio test. The number of fragments overlapping peaks (peak_re-
gion_fragments) served as the latent variable, with significant peaks
exhibiting a log fold-change threshold of 0.25 between conditions (i.e.,
clusters, time) in at least 15% of nuclei. DARs for each comparison
were imported into the Genomic Regions Enrichment of Annotations
Tool (GREAT; v 4.0.4; http://great.stanford.edu/public/html/) for
annotation and gene ontology using the mm10 assembly, the whole
genome as background, and default settings for associating genomic
regions with genes [57]. Motif enrichment was conducted using the
Seurat wrapper Signac (v 1.1.0). Briefly, a position frequency matrix
(pfm) was constructed for each integrated library using the JAS-
PAR2020 database, with mouse (10090) as the designated species
and set to include all versions [58]. DNA motifs that were significantly
enriched within differentially accessible regions (15% of nuclei;
logFC > 0.25) were then detected using the FindMarker and FindMotif
functions of Signac. Background peaks for each comparison were
selected from a set of open (“accessible”) peaks that were matched for
GC content. Significant peaks were then filtered to remove redundant
motifs (retaining the most updated versions) and those exhibiting
<1.65 fold-change between comparisons. Mouse motifs were named
according to the nomenclature indexed in the JASPAR2020 database
for Mus musculus (http://jaspar.genereg.net/). TF activity scores were
also analyzed for visualization of enriched motifs using the Signac
wrapper ChromVAR [59]. Plots for TF footprints and pseudo bulk
genomic accessibility tracks were created using Signac, each ac-
cording to the respective vignettes (https://satijalab.org/signac/
articles/mouse_brain_vignette.html). For coverage tracks (bulk
genomic accessibility), a scale factor of 10% was used. The R package
ChlPseeker was used to annotate custom peaks with the “annotate-
Peak” function and default settings [60].

2.7. Data availability

Raw and processed datasets for bulk RNA-seq, scRNA-seq, and
snATAC-seq were deposited into NCBI's Gene Expression Omnibus
(GEO) under the Series accession number GSE180589.

3. RESULTS

3.1. Bulk RNA-seq reveals time-dependent expression changes in
stromal cells and adipocytes during iWAT development

To identify transcriptional networks influencing development of white
adipose tissue, we initially profiled time-dependent expression
changes using bulk RNA-seq. Stromal vascular cells (SVC; LinNeg SVC)
and adipocytes were isolated at different stages of devel-
opment—early postnatal (PNDO6), prior to weaning (PND18), and
adolescent/adult mice (PND56)—and global changes in gene
expression within each fraction were compared. Principal component
analysis (PCA) of the cellular fractions across development is depicted
in Figure 1A. As shown, differences between the SVC and adipocytes
were captured by PC1, which accounted for 68% of variability in gene
expression. Interestingly, the effect of developmental time for both SVC
and adipocytes was captured by PC2 (10%; Figure 1A). K-means
clustering of the 2,400 most variable genes identified 6 different
clusters (Figure 1B), 4 of which showed differential expression be-
tween cell fractions (adipocytes vs. LinNeg SVC) and 2 showed time-
dependent changes (Figure 1B; Cluster C, D).

Using a combination of KEGG, GO, and pathway analyses, genes most
highly upregulated in the adipocyte fraction were strongly associated
with mature adipocyte function and metabolism, as expected. For
example, clusters A and B (Figure 1B) were highly enriched for mRNA
transcripts involved in adipocyte function (i.e., Cebpa, Agpat2, Lep),
fatty acid/triglyceride synthesis, and metabolic pathways (i.e., electron
transport chain, glycolysis/gluconeogenesis, and branch-chain amino
acid metabolism) (Suppl. Table 1; Suppl. Fig. 1). Genes that were more
strongly expressed in the stromal cell compartment (Figure 1B;
Clusters E, F) included those associated with cell motility, extracellular
matrix (ECM) organization (metalloproteinases and structural/adhesion
proteins), and secreted Wnt molecules, inhibitors, and their receptors
(Suppl. Table 1). These gene patterns are consistent with known
markers of mesenchymal progenitors (e.9., Pdgfra, Col1a1/a2) as well
as other cell types likely captured with our fractionation method (i.e.,
endothelial cells, smooth muscle cells, and Schwann cells).

Two clusters (Figure 1B; Clusters C & D) showed patterns that were
more dependent on time than cell type (Figure 1B). For example, genes
in cluster C displayed a gradual increase in expression from the early
perinatal period to adulthood, whereas expression of genes in cluster D
exhibited the opposite pattern (Figure 1B). The temporal gene
expression pattern was most striking for the LinNeg SVC, but less so
for adipocytes. To further explore transcriptional differences across
time, we compared the DEGs from each fraction using 56D as the
reference group (denominator) (Figure 1C,D). As shown in Figure 1C,
the greatest differential in gene expression was found when comparing
PNDOQ6 to adult SVC (PND56, n = 1254, Figure 1C). By PND18, the
number of DEGs decreased by ~70%, indicating a gradual shift to-
wards adult gene expression patterns prior to weaning (n = 357,
Figure 1C). In general, SVC during early development (PND06—18)
showed higher expression of genes involved in cell cycle/cell prolif-
eration (i.e., Ccnb1/2, Plk1), cell adhesion, and ECM organization (i.e.,
Thbs1, Cd44, FbnZ2). By comparison, adult stromal cells were more
enriched in immunoregulatory transcripts (i.e., cytokines/chemokines;
Cxcl13, Cxcl14, 1118) and those regulating cell motility and migration
(i.e., Ntf3, Egfr, Edn1; Figure 1C).

Progressive changes in gene expression were also observed in the
floating adipocyte fraction (Figure 1D). Perinatal adipocytes (PND06)
expressed higher levels of mRNA transcripts related to cell cycle/
mitosis, ECM-receptor interaction (i.e., Col6al/a2/a3, Col1a2), and
focal adhesion, whereas adult adipocytes (PND56) were more highly
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Figure 1: Bulk RNA-seq of stromal vascular cells (LinNeg SVC) and adipocytes isolated from inguinal subcutaneous white adipose tissue (iWAT) of mice during
postnatal development. Bulk RNA-seq (3’ end-seq) was performed on RNA isolated from stromal vascular cells (LinNeg SVC) and the floating adipocyte fraction of male C57BL/6J
(B6) mice at postnatal days 06, 18, and 56 (PND06-56). (A) Principal component analysis (PCA) showing variance in gene expression due to differences among iWAT cell fractions
(PC1, 68%) and developmental time (PC1, 10%; eclipses hand drawn). (B) Heatmap displaying k-means clustering of the 2,400 most variable genes across datasets. Clustering
resolved 6 expression patterns. Data were centered and scaled by row (gene). Expression scale colors (low; blue) to (high; red). (C—D) Venn diagrams and expression plots
depicting differential gene expression changes (DEGs; FDR P < 0.05, minimum fold-change > 3) in (C) stromal vascular cells (LinNeg SVC) and (D) adipocytes among devel-
opmental time points. PND56 samples were used as the reference group (denominator) for individual comparisons. (E) Log2 expression of Ucp7 and Cox7a1 mRNA in each cellular
fraction. Different superscripts denote significant differences of developmental time on expression for each gene in the adipocyte fraction (P < 0.05). (F) Expression heatmap
displaying imprinted genes. Clustering was performed using correlation distance and complete linkage. Values are scaled per gene (row).
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enriched in transcripts involved in cytokine/chemokine signaling (i.e.,
Cxcl3, Cxcl9, I115ra), leukocyte migration, complement and coagula-
tion (i.e., C3, C2, C14), and xenobiotic/drug/glutathione metabolism
(i.e., Gpx1, Gstm1, Cyp2ei, Hsd11bi1). Although many of these
markers were also expressed in the SVC fraction, we note that
adipocyte expression tended to be similar to that of stromal cells at
earlier time points and then deviate over time, potentially reflecting
changes as adipocytes interact with the microenvironment and expand
in size [61]. Previously identified markers of beige adipocytes (i.e.,
Ucp1, Cox8b, Ppargcia) were also detected and tended to be higher at
PND18, although only significant for Ucp7 and Cox7al (P < 0.05;
Figure 1D,E).

Although not directly associated with a GO category, we also identified
several imprinted genes (IGs) that were differentially regulated during
early postnatal development (Figure 1C,D,F). Imprinted genes are
expressed in a parent of origin manner, with multiple roles in perinatal
growth and development [62]. Among 129 IGs in mice where the
expressed allele is known (http://www.geneimprint.com), we identified
40 genes that were differentially expressed (FC > 3, P < 0.05) in
either cell fraction (XZ p-value < 0.00001; Figure 1F), with an equal
distribution of maternally and paternally expressed genes. In general,
IGs were more abundantly expressed in the LinNeg SVC fraction at
PNDOG6 (e.g., DIk1, H19, lgf2), and levels declined sharply with aging
(Figure 1C,D,F). One exception to this pattern was Mest, a gene
associated with postnatal adipocyte lipid accumulation [36,63,64],
which was more highly enriched in adipocytes at both PNDO6 and
PND18 (Figure 1D,F). This overall expression pattern suggests that
adipogenic differentiation may suppress IG expression in vivo.

3.2. Single cell RNA-seq reveals stromal cell heterogeneity during
iWAT development

To determine whether time-dependent changes detected with bulk
RNA-seq were due to developmental differences in the composition of
cells and/or transcriptional differences within individual cell types, we
profiled stromal cells at PND06, PND18, and PND56 using ScCRNA-seq
(Figure 2A). Initial aggregation of stromal cells segregated datasets by
time (Figure 2A, left), corresponding to differences in gene expression
across development. To better identify ASC subtypes across time, we
integrated the scRNA datasets from the three developmental time-
points (Figure 2A, right) [47,49]. Unsupervised clustering of the inte-
grated datasets resolved ~13,000 cells that were projected onto 9
different clusters (Figure 2A, right). t-SNE plots of the unintegrated and
integrated datasets separated by time are presented in Figure 2A
(bottom). Similar to that previously observed [19,25], >85% of stromal
cells expressed canonical ASC markers, including Pdgfra, Cd34, and
Ly6a (Figure 2B; Suppl. Fig 2), and ASC subpopulations were further
differentiated by marker gene expression (Figure 2B; Suppl. Fig 2). For
example, Pi16 and Dpp4 were enriched in ASC2, Icam1, Adam12, and
Col5a3 in ASC1a, while Cleci11a and Vit were enriched in ASC1b
(Figure 2B; Suppl. Fig 2). These markers are in line with the fibro-
blastic/mesenchymal (ASC2), preadipocyte (ASC1a), and “Areg”
(ASC1b) populations recently described, although in general, marker
genes for ASC1a at PNDO6 were less distinct than at later time points.
A small population of proliferating/differentiating cells (i.e., Birc5,
TopZ2a) was also present at PNDO6 and PND18, representing ~6—8%
of stromal cells, whereas very few proliferating cells (<0.5%) were
observed at 56 days of age. Proliferating cells form a distinct cluster
owing to highly differential expression of proliferation markers. How-
ever, cells in this cluster express markers of ASC1 (i.e., Adam12,
Col15a1) and ASC2 (i.e., Pi16, Dpp4), indicating that both ASC sub-
types contribute to tissue expansion. Unfortunately, there were too few

cells in this cluster to map a putative differentiation trajectory with high
confidence. A feature heatmap and t-SNE expression plots of marker
genes expressed in the integrated cell clusters are presented in
Suppl. Fig 2.

We queried some of the DEGs identified from bulk RNA-seq to confirm
time-dependent changes across scRNA-seq datasets (Figure 2C) and
found that proliferation markers (i.e., Top2a, Birc5) were highly
induced in a small subset of cells at PNDO6 and PND18, imprinted
genes were enriched in specific ASC populations at PND06, and
immune-related genes were enriched at PND56 (Figure 2C). Because
there was clear heterogeneity within ASC subpopulations, we
compared both global and subtype-specific expression changes
(PNDO6 vs. PND56; PND18 vs. PND56; Suppl. Fig. 3). As seen with
bulk RNA-seq, many of the global DEGs detected at PNDO6 were more
strongly enriched for transcripts involved in ECM structure/adhesion
(i.e., Col1al, Col1a2, Fbin2, Fbn2, Thbs1/3) as well as imprinted genes
(i.e., H19, DIk1, Igf2). Those with higher levels at PND56 included
immune/defense genes and those involved in a/6/34 integrin signaling
(.e., Lamb2, Lamc1, Cdknia, Ar, Egfr), prostaglandin synthesis and
regulation, and oxidative signaling (i.e., Gpx1, Junb, Mgsti, Mt1).
When comparing individual ASC subpopulations, we found that several
DEGs detected at PNDO6 were often co-regulated in at least one other
ASC (Suppl. Figure 3C,D). Similar results were observed when
comparing PND18 to PND56, although fewer significant DEGs were
detected overall (Suppl. Fig. 3D). ASC1b, which has been colocalized to
the vasculature in iWAT [26], possessed the highest number of
enriched transcripts (logfC > 0.5) early in development
(Suppl. Fig. 3D). These included Meox2, Wisp1, and /fitm1. Addition-
ally, Dkk3, a secreted glycoprotein that stimulates SMC differentiation,
was more abundant in this subtype at PNDO6 [65]. By PND18, the
ASC2 population had the most DEGs (27%) compared to that of PND56
(Suppl. Fig. 3D). mRNA transcripts associated with phospholipid/
eicosanoid metabolism (i.e., Plala, Smpd3, Ptgs2, Anxa3) and cyto-
kine signaling (i.e., /33, 118, Il1r2) tended to increase more in this
subset during development, whereas those involved in steroid meta-
bolism (i.e., Akri1c18, Akric14), intercellular communication (Gap43),
keratinocyte differentiation (Krfdap), and the anti-adipogenic factor
(Cthrc1) were more enriched in ASC2 at PNDO6 [66]. Interestingly, the
induction of phospholipid-metabolizing enzymes (i.e., Plaia, Smpd3,
Ptgs2, Anxa3) and several innate/immune-regulatory genes in adult
animals were more distinctive for ASC2 and included cytokines
mediating type | (//78) and type 2 (//18, /133) immunity [67,68] as well
as ll1r2, a decoy receptor that dampens IL-1 responses (Figure 2C)
[69].

We next addressed changes in imprinted gene expression in LinNeg
SVC during development (Figure 1C) and found that the expression
pattern of IGs varied among different ASC populations (Figure 2C). For
example, Mest, DIk1, and the zinc finger transcription factor Zim1 were
more ASC1a/b specific, whereas Cdknic was enriched in ASC2 at
PNDO06 and PND18. Additionally, H79 and /gf2 were highly expressed
in ASC1a and ASC2, while Peg3 and Plagl1 were expressed in all ASC
at early time points (Figure 2C). By PND56, however, very little 1G
expression was detected. We further integrated our scRNA-seq dataset
with that of Merrick et al. [25], who evaluated stromal cells at PND12.
As shown in Suppl. Figure 4, global ASC as well as some of the
development-specific changes were in concordance with our findings,
especially for the inverse expression of IGs and immune-related genes.
Given the unique properties and localizations of ASC1a and ASC2, we
also explored whether the IGs engage different networks (Figure 2D).
We performed a STRING analysis [52] on DEGs identified within each
ASC population (P < 0.05; PND0O6 vs. PND56; Figure 2D) during

6 MOLECULAR METABOLISM 53 (2021) 101307 © 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://www.geneimprint.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

Unintegrated

A. Cs

Integrated
50

PND18

PND56

o Asc2 I
® ASCla
; g " o ASCIb - e e
. ® PNDOG | ® Endoth
> 7 o mone & ® ProlifiDiff H19
o PND36 2 ® SMC 1gf2
® TINKT/DC
® Schwann Dik1
® Mast Peg3
Mest
Zim1 .
Plagl1 Identity
® AsC2 Gpe3 ® ASCla_PNDO6
& ASCla Cdknic
o AL = ® ASC1b_PND06
® Endoth thre
® Prolif/Diff Fbn2 e ASC2_PNDO06
e swmcC
® TINKT/DC Nrk ® ASC1a_PND18
® Schwann °
o) Lo Gap43 ASC1b_PND18
1r1 ® ASC2_PND18
Mmp3 s ASC1a_PND56
B Cxcl14
@ ASC1b_PND56
* Pdgfra Cd34 Pi16 Hsd11b1 -
50 . 50 . 4 50 . e ASC2_PND56
~ 2s] 4 . 3 ~ 25 X s 2] L 3 Inmt
g 22 h : g zg ) 2 % z: 2 3 .
& . S5 e . S5 - > YT .
* s 3 1 R el T ;R ) | B Sultte1 Expression
—— —— ——
-60-30 0 30 60 o -60-30 0 30 60 L) -60-30 0 30 60 9 Egfr
tSNE_1 tSNE_1 tSNE_1 AF
Ilcam1 Clec11a Birc5 12
50 4 50
N 25 3 3 o 25 3 Plala
g -5 - ? B 5 <
@ - 1 B ¥ 1
sl %" H! | T ™ sl ¥ Cxcl13
-60-30 6 30 60  © -60-30 6 30 60  © -60-30 0 30 60  © Ptgs2
tSNE_1 tSNE_1 tSNE_1
Smpd3
o Piet Fit1 Acta2 Igfbp4
0 5 50 i 50 6
o~ 25 4 ™ 25 3 N 25 4 Sbsn
W oqe 3 w o a0 Efhd1
é -25 2 é -25{ 2 5 -25{ e 2
-50 1 -50 L 1 -50 E Ackr3
-60-30 0 30 60  © -60-30 0 30 60 O -60-30 0 30 60 O 18
tSNE_1 tSNE_1 tSNE_1
®
D.
conr
-
®
L
. ASCla
ey i@ @ G B ® o G
@ © ®-@
.- (PNDO6 e ASC2
8 oG @ B BB § & Vs G @ @ B B @D D @B (PNDO06 vs
o9 PNDS56) B B @ PND56)
FDR FDR
GO Term Description Count | Enrichment Description Count | Enrichment | Color
G0.0007275 multicellular organism development 6.81E-11 G0.0043062 extracellular structure organization 18 2.97E-14 )
GO.0051239  regulation of multicellular organismal process 40 1.59E-09 . G0.0030199 collagen fibril organization 9 6.76E-10 [
GO.0048513 animal organ development 40 4.77E-09 -] GO.0048731 system development 49 1.17E-09 [ ]
G0.0022610 biological adhesion 20 1.10E-08 ) GO.0097435 supramolecular fiber organization 16 9.97E-09 )
GO.0009888 tissue development 28 297E-08 (] G0.0001501 skeletal system development 16 6.4SE-08 Q
GO.0070887 cellular response to chemical stimulus 33 5.20E-08 @ GO.0051093 negative regulation of developmental process 22 8.0GE-08 (0]

Figure 2: scRNA-seq of stromal vascular cells isolated from the iWAT of mice during early postnatal development. Single-cell transcriptomics was performed on stromal
vascular cells isolated from the inguinal white adipose tissue of C57BL/6J mice at select developmental time points (PND 06, 18, 56). (A) t-SNE plots of unintegrated and integrated
single cell libraries displaying cell clusters in aggregate (top) and integrated libraries separated by developmental time (bottom). (B) t-SNE plots displaying marker gene expression
of cell clusters from the integrated scRNA-seq libraries. (C) Heatmap displaying changes in gene expression within the ACS clusters during early postnatal development. (D) Protein
interaction network and gene ontology of upregulated DEGs (average logFC > 0.5; minimum of 25% of cells) detected in ASC1a and ASC2 when comparing perinatal (PNDO6) to
adult (PND56) time points.
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development and found that IGs were strongly associated with ECM
proteins in both populations (Figure 2D). Although ~40% of DEGs were
similarly expressed among the ASC populations, IGs engaged some-
what different protein networks (Figure 2D). For example, in ASC1a,
IGs were more strongly connected to networks involved with GO
processes including “biological adhesion” and “organ/tissue devel-
opment”; whereas “extracellular structure organization” and “collagen
fibril/supramolecular fiber organization” processes were more strongly
enriched in ASC2 (Figure 2D). This likely corresponds to tissue location
and the relative contribution of ASC populations towards adipogenesis
(ASC1a) versus structural support/encapsulation of the fat pad (ASC2).
Collectively, these data implicate both global and subtype-specific
perinatal development differences in ASC that may be intrinsic to the
subpopulation, influenced by spatial compartmentalization/function,
and/or coordinately regulated by other presently undefined
mechanisms.

3.3. Single nuclei RNA-seq (snRNA-seq) reveals transcriptionally
heterogenous adipocyte nuclei during iWAT development

scRNA-seq of adipocytes is not currently feasible with the 10X Ge-
nomics platform; however, this limitation can be addressed by
sequencing RNA in single adipocyte nuclei (i.e., snRNA-seq [27,30]).
Therefore, we performed snRNA-seq of ~10,000 adipocyte nuclei
during early postnatal development. In the absence of data integration,
adipocytes resolved into 3 clusters corresponding to developmental
gene expression patterns (Figure 3A, left), as in results with ASC
populations (Figure 2A, left). To visualize common cell types across
development, we integrated the datasets and identified mature adi-
pocytes (~93% of total) that could be resolved into 2 clusters, referred
to as Adip1 and Adip2 (Figure 3A, right). The remaining 7% were
mostly contaminating endothelial cells that expressed markers for this
cell type (i.e., Fit1, Cdh13, and Cldn5).

The adipocyte nuclei clusters expressed adipocyte-specific genes,
including Adipoq, Acaca, Pnpla2, and Plin4, and could be further
distinguished by the expression of immunomodulatory (Adip1) and
metabolic-related genes (Adip2) (Figure 3B,C). For example, Adip1 was
more highly enriched in transcripts associated with cytokine/chemo-
kine/NFKB1 signaling (i.e., Nfkb1, Ccl2, Cxcl1, Ccl7). By comparison,
Adip2 was more enriched in nuclear transcripts involved in adipo-
genesis/lipid metabolism (i.e., Dbi, Retn, GOs2, Pparg, Pck1, Apoe) as
well as MAP kinase signaling (i.e., Jun, Fos), with some evidence of
additional heterogeneity within this subset (Figure 3C). Collectively,
Adip1 represented 70% of the total adipocyte population and Adip2
accounted for ~30%, with little distinction in proportions across
development (Figure 3A).

We initially evaluated dynamic changes in adipocytes over time by
comparing average expression differences with the reference point
PND56 (Figure 3D, Suppl. Figure 5A,B). As observed with stromal cells,
a majority of the DEGs occurred at PND06, when adipocytes were
accumulating lipids and increasing in size (Suppl. Figure 5B). Gene
ontology analysis suggests that global differences in gene expression
between PND06 and PND56 reflect the distinct processes of tissue
establishment and maintenance. Thus, PNDO6 adipocytes collectively
express higher levels of transcripts for genes involved in ECM gen-
eration and remodeling (i.e., Lama4, Col5a3, Col6ai, Col6a2) as well
as transcription regulation/RNA processing (i.e., Ncor1, Ewsr1, Dapk1,
Fmr1, Clock, Plagl1). Additionally, Mageb18, a protein belonging to the
melanoma antigen family that has anti-apoptotic properties [70], was
highly expressed in Adip1 of neonates, but was silenced at PND56
(Figure 3E, Suppl. Fig. 6). By comparison, adult adipocytes more highly
expressed genes associated with cytokine/growth factor signaling (i.e.,

lign1, 116, Cxcl9, lI1r1, Jak1, Irf1, Cxcl1, Cxcl2, Egri, Casp4, Jak2),
oxidative stress (i.e., Birc3, Egfr, Hif1a, Sod2, Nfe2l2), and fatty acid/
triglyceride synthesis (i.e., Acaca, Acacb, Acss2, Fasn, Dgat2)
(Figure 3E, Suppl. Fig. 5 and 6).

Among adipocyte subpopulations, more mRNA transcripts discrimi-
nating Adip1 and Adip2 were detected at PND56 (Figure 3D), and a
higher proportion of DEGs were found in the Adip1 fraction over time
(Figure 3D, Suppl. Fig. 5C). DEGs included those involved in mRNA
splicing/RNA processing and ubiquitin-mediated proteolysis at PND06
as well as inflammatory/defense/cytokine signaling at PND56. By
comparison, the Adip2 cluster was differentiated by transcripts
involved in fatty acid/glucose metabolism (i.e., GOs2, Pck1, Apoe),
insulin signaling (i.e., Pde3b, Prkar2b), and Pparg signaling (i.e.,
Pparg, Ubc, Dbi) (Figure 3E), and transcripts associated with these
categories were more abundantly enriched at PND18 and PND56
(Figure 3E). Violin plots of key marker genes illustrate how the gene
expression patterns of Adip1 and Adip2 evolve over time. First, the
differences between subpopulations grows, with Adip1 and Adip2
being less transcriptionally diverse at PNDO6 and more distinct at
PND56 (Figure 3E, Suppl. Figure 5C). Expression of IGs was greatest at
PND06 and nearly completely silenced by PND56. Over the same
period, we observed upregulation of transcripts that distinguish the
adipocyte subtypes, with Adip1 inducing those involved in oxidative
stress, hypoxia, and inflammation (i.e., Pix3, Hifla, Nfkb1) and Adip2
upregulating gene transcripts involved in fatty acid/glucose meta-
bolism (i.e., GOs2, Fasn, Apoe) as well as oxidative metabolism (i.e.,
Plin2, Cox8a, Pdk4). We note that several of the gene changes at
PND56 were also observed in ASC (including an increase in the
expression of Egfr, Cxcl1, and /l1r1) and other cytokines/chemokines
and receptors. However, the upregulation of transcripts for these
genes, along with receptors and downstream signaling targets, sug-
gest further functionality and/or enhanced immune responsiveness in
adult compared to perinatal adipose tissue.

Although mRNA markers (e.g., Ucp1, Cox7al, Ppargcia) for brown
adipocytes were detected at PNDO6 and PND18 using bulk RNA-seq
(Figure 1D,E), we did not find strong retention for these mRNAs in
the nuclei. This may be due to rapid processing and/or transient
expression of mRNA transcripts during development. However, we
found the genes Pdk4 and Esrrg to be selectively expressed in a subset
of Adip2 nuclei at PND18 (Suppl. Fig. 6B). Pdk4 is a downstream target
of PPAR/adrenergic signaling and was also induced by CL treatment in
“thermogenic” nuclei identified in the study by Rajbhandari et al. [30].
Additionally, Esrrg was recently shown to be a novel transcriptional
regulator of beige adipocyte formation [71]. Further investigations to
define and characterize this subset are underway. Nonetheless, our
snRNA-seq data discriminate adipocyte nuclei in iWAT whose tran-
scriptional heterogeneity evolves during development.

3.4. Chromatin landscape of stromal cells and adipocytes change
during iWAT establishment

Because we found evidence of both global and subtype-specific gene
expression changes, we next evaluated whether these changes were
associated with alterations in the chromatin landscape and further
addressed whether putative TF motifs mediating cell-dependent dif-
ferences could be identified. Using sSnATAC-seq, we analyzed changes
in chromatin accessibility in the stromal and adipocyte nuclei across
postnatal development. Following filtering, integration, and clustering,
~15,000 stromal cells were resolved into 6 different clusters
(Figure 4A). As shown, most total transposase-sensitive sites
(~200,000) were located in distal intergenic and intronic regions,
whereas ~20% of peaks fell into promoter regions (+£3 kbp;
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Figure 3: snRNA-seq reveals transcriptionally heterogenous adipocyte nuclei in the iWAT of mice during early postnatal development. Single-nuclei RNA-seq was
performed on nuclei isolated from inguinal adipocytes at select developmental time points (PND 06, 18, 56). (A) t-SNE plots of unintegrated and integrated single nuclei libraries
showing cell clusters in aggregate (top left) and integrated libraries (top right) separated by developmental time (bottom). (B) t-SNE plots displaying general adipocyte and
subpopulation-specific marker genes from integrated snRNA-seq libraries. (C) Pathway analysis of DEGs detected (logFC > 0.4; 15% of cells) when comparing the two adipocyte
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Figure 4: The chromatin landscape of adipose tissue stromal cells (ASC) changes during postnatal iWAT development. Stromal vascular cells (LinNeg SVC) were isolated
from inguinal white adipose tissue of C57BL/6J mice at select developmental time points (PND 06, 18, 56). Nuclei were purified and snATAC-seq was performed using the 10X
Genomics platform, as described in the Methods. (A) t-SNE plots of integrated snATAC-seq libraries displaying aggregated nuclei clusters identified from (top) the snATAC-seq peak
matrix and (bottom) following integration and label transfer with our sScRNA-seq dataset. (B) t-SNE plots displaying marker gene activity in the integrated snATAC-seq libraries. (C)
Fragment length histogram of the first 10 Mbp on chromosome 1, transcription start site enrichment plot, and a pie chart displaying peak annotation distribution. (D) Line graph
displaying the number of differentially accessible regions (DARs; P < 0.05; average logFC > 0.25; min 15% of nuclei) detected in ASC populations during postnatal development
and gene ontology of the annotated DARs. (E) Pseudo-bulk accessibility tracks for select genes separated by ASC cluster and postnatal time point. Shaded areas (hand-drawn)
indicate peaks that were differentially accessible.
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Figure 4C). To help identify the snATAC-seq clusters, we constructed a
gene activity matrix and applied methods for integration and label
transfer using our scRNA-seq dataset [47,48] (Suppl. Fig. 7A;
Figure 4A). In general, there was excellent concordance between
clusters identified with peaks (Figure 4A (top)) and the cell types
predicted based on gene activity (Suppl. Fig. 7A; Figure 4A (bottom);
Figure. 4B).

We next compared differentially accessible regions (DARs) both
globally (all ASC combined) and among individual ASC populations as a
function of developmental time (vs. PND56) and found major differ-
ences in chromatin accessibility (Suppl. Fig. 8; Figure 4D). Globally,
~700 sites were significantly more “open,” or more accessible, at the
early perinatal time point (PND06) while ~1000 sites were more
accessible in adults (PND56; Suppl. Fig. 8A). By PND18, the vast
majority of sites that were open at PNDO6 were no longer accessible,
and there was a gradual acquisition (~50%) of adult pattern acces-
sibility (Suppl. Fig. 8A). Similar trends were observed among individual
ASC populations (Figure 4D; Suppl. Fig. 8B). Using the GREAT analysis
tool [57], we annotated the differentially accessible peaks and per-
formed gene ontology (GO). Although there was some overlap in GO
categories, especially at PND56, many of the peaks were enriched for
unique categories, including cell—cell adhesion (ASC1a), angiogen-
esis/vasculature development (ASC1b), and receptor signaling/MAPK
pathways (ASC2; Figure 4D). Interestingly, at PNDO6, ASC2 and ASC1a
peaks were also associated with mouse phenotypes of genetic
imprinting and abnormal placental weight/size, whereas ASC1b peaks
were associated more with vasculature/smooth muscle morphology
(not shown). By PND56, peaks for ASC1a and ASC2 were enriched for
GO categories associated with inflammation/immune signaling,
whereas ASC1b was more strongly enriched for genes associated with
cell motility/adhesion (Figure 4D). Genomic tracks for select regions
are displayed in Figure 4E.

snATAC-seq libraries from floating adipocytes were processed using
the same procedures as those for stromal cells. After filtering and
integration, approximately 11,000 detected nuclei were clustered into
4 main groups, with ~75% of nuclei identified as adipocytes
(Figure 5A, top). Although two clusters of adipocyte nuclei could initially
be resolved from peak clustering and predicted with label transfer from
snRNA-seq (Figure 5A, bottom), very few significant DARs discrimi-
nated the 2 clusters at any time point with the parameters used,;
therefore all adipocyte nuclei were combined for further analysis
(Figure 5A, top). The reason for this discrepancy is currently unknown,
although snATAC-seq data are much sparser than snRNA-seq or bulk-
seq data and thus less sensitive at equivalent read depths. It is
possible that a much greater sequencing depth would reveal more
differences. Additionally, the different populations detected by snRNA-
seq may be due to differences in occupancy of specific transcriptional
regulators rather than the net overall effect of chromatin accessibility.
However, this was not further explored in this study. Marker gene
activities for the nuclei clusters are shown in Figure 5B, and a heatmap
of top gene activities defining the integrated clusters is depicted in
Suppl. Fig. 7B. Fragment quality metrics, transcription start site
enrichment, and peak annotation distribution graphs for adipocyte
nuclei are displayed in Figure 5C.

In contrast to stromal cells, the vast majority (~90%) of DARs detected
in adipocyte nuclei resulted from a gradual increase in chromatin
accessibility between PND06 and PND56 (Figure 5D; Suppl. Fig. 9),
with only a few peaks being more accessible at PND06. As shown in
Figure 5D, adipocyte maturation was associated with increased
accessibility in cis regulatory regions associated with inflammation/
immune response, locomotion/cell motility, and estrogen and ROS
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metabolism. Bulk accessibility tracks for the imprinted genes Mestand
Copg2, and the proinflammatory cytokine //6 are displayed in
Figure 5E.

We next looked for enrichment of transcription factor motifs in the
DARs from both ASC and adipocytes as a function of developmental
time. Despite a similar number of regions differentially accessible in
ASC, ~2—5X more motifs were predicted within these DARs at PND06
compared to those found at PND56 (Suppl. Tables 2 and 3; Figure 6;
P < 0.05, FC > 1.65). In several cases, variations in motif enrichment
corresponded to transcription factor expression levels among ASC
subtypes (e.g., Pparg in ASC1a and Creb5 in ASC2) and/or across
development (e.g., Plagl, Twist2, Hoxc9; Figure 6B). Interestingly, the
zinc-finger protein PLAGL1 regulates several genes in the IGN [72,73],
and the pattern of mRNA expression (Figure 6B) and enhancer
accessibility (Figure 6A) suggests direct involvement in at least some of
the postnatal decline in IG expression in ASC.

At PND56, the most significantly enriched motif predicted within DARs
was for the androgen receptor (Ar). The glucocorticoid receptor
(NR3C1) and AR share similar DNA motif sequences, and both are also
expressed in stromal cells by scRNA-seq (Figure 6B). However, only Ar
mRNA increased in a development-dependent manner (Figure 6B),
indicating that the potential for interacting functions with NR3C1 during
development [74]. When comparing motif enrichment among ASC
subtypes, Sp1- and Creb5-binding motifs were more specifically
enriched in ASC2, Nfatc2 in ASC1b, and Pparg:Rxr in ASC1a at PND06
(Suppl. Table 2). At PND56, Atf and Creb5 were more ASC2-specific,
and Statba/b, Bachi1::Mafk, and Nfe2l2 motifs were significantly
enriched in DARs within the ASC1a/b-populations (Suppl. Table 2).
Adipocyte nuclei exhibited a more limited number of predicted motifs
within DARs (Suppl. Table 3). Among these, the androgen receptor (Ar),
NR3C1, Smad2::Smad3, Bach1:Mafk, Stat proteins (i.e., Stat5a/b,
Stat4, Stat6), NFKB1, and the oxidation-responsive Nfe2I2 (also known
as NRF2) were more enriched in DARs from adults (Figure 6D). By
comparison, motifs for Pparg:Rxr and Plagll were more highly
enriched within DARs at PND06. Many of these transcription factors
have been shown to play a role in adipogenesis (i.e., STAT5A, STAT5B,
NR3C1), immune responses (i.e., NFKB1, BACH1, AR, NR3C1), and
oxidative stress signaling (i.e., BACH1, NFKB1, NFE2L2) [75—83],
consistent with gene expression changes found in scRNA-seq
(Figure 6E). A heatmap of motif activities for both cellular fractions is
displayed in Figure 6A,D. Additionally, TF footprints, an indicator of TF
binding, are presented in Figure 6C,F. In general, footprints showed
stronger binding to motifs at PND56 compared to PNDOG6 in both cell
fractions, except for Creb5 (Figure 6C). This may be due to transient
expression of many transcription factors early in development as well
as changes in chromatin architecture. A full listing of enriched motifs in
the cellular fractions are presented in the Supplement (Suppl. Tables 2
and 3).

4. DISCUSSION

In the current investigation, we used a large-scale single cell functional
genomics approach to evaluate transcriptional networks involved in
subcutaneous white adipose development. Although heterogeneity
among stromal cell types has been previously reported [19,24—
26,30,31], our study advances knowledge of WAT development by
showing the following: (1) the transcriptomes of adipose stromal cells
change during iWAT establishment, (2) heterogenous populations of
adipocyte nuclei arise early in the postnatal period and further evolve
over time, and (3) the chromatin accessibility landscape of both
stromal cells and adipocytes undergoes reorganization during the
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Figure 5: Postnatal development influences chromatin accessibility in iWAT adipocytes. Adipocyte nuclei were isolated from the inguinal white adipose tissue of C57BL/6J
male mice at postnatal days 06, 18, and 56 and processed for SnATAC-seq using the 10X Genomics platform as described in the Methods. (A) t-SNE plots of integrated snATAC-
seq libraries displaying cell clusters identified from (top) the peak matrix and (bottom) following integration and label transfer with our snRNA-seq dataset. Some differences in
cluster labeling between datasets were due to differences in the presence of contaminating cells within each cell preparation. (B) t-SNE plots displaying marker gene activity from
the integrated snATAC-seq libraries. (C) Fragment length histogram of the first 10 Mbp on chromosome 1, transcription start site enrichment plot, and a pie chart displaying peak
annotation distribution. (D) Line graph displaying the number of differentially accessible regions (DARs; P < 0.05; average logFC > 0.25; min 15% of nuclei) detected in adipocyte
nuclei across postnatal development and gene ontology of annotated DARs. (E) Pseudo-bulk accessibility tracks for select genes affected by postnatal development in adipocytes.

Shaded areas (hand-drawn) indicate peaks that were differentially accessible.

postnatal period. Collectively, these data provide a framework for
understanding signaling events during WAT establishment at a single
cell resolution.

The perinatal and early postnatal periods are considered critical times
for WAT establishment [34]. Adipocyte cell number is thought to be
“set” by late adolescence [84,85], and further expansion of

12

subcutaneous depots occurs mostly by hypertrophic growth
[34,40,86]. Indeed, we show that proliferation of ASC extends
throughout a period up until weaning, after which few proliferating
cells are observed. Additionally, we found that this critical period was
positively associated with the expression of several imprinted genes.
Imprinted genes are part of a large network (IGN) of both mono- and
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Figure 6: Motif activity, gene expression, and transcription factor (TF) footprints within DARs from (A—C) stromal vascular and (D—F) adipocyte nuclei as detected by
snATAC-seq. Nuclei were isolated from SVC and floating adipocytes in inguinal white adipose tissue of C57BL/6J mice at select developmental time points (PND 06, 18, 56).
snATAC-seq was performed using the 10X Genomics platform, as described in the Methods. (A) Heatmap displaying per cell motif activity in ASC clusters, (B) scCRNA-seq
expression of transcription factors that bind enriched motifs within stromal cell clusters, and (C) TF footprints of select motifs in stromal cells. (D) Heatmap displaying per cell
motif activity in adipocyte nuclei, (E) sSnRNA-seq expression of transcription factors that bind enriched motifs, and (F) TF footprints of select motifs in adipocyte nuclei affected by

time.
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biallelically expressed genes that are often co-regulated and critical for
normal growth and development [62,73,87,88]. A postnatal decline in
imprinted gene expression has been reported in several tissues,
including the liver, lung, and kidney, paralleling somatic growth
deceleration [72,73,89—92] but not appearing to involve changes in
promoter methylation or loss of imprinting [90,93]. It has therefore
been suggested that IGs are part of a common genetic program that
regulates body/organ size [73,89—91].

We found that IGs were much more highly expressed in ASC
compared to adipocytes, and that their expression was greatest
during establishment of the inguinal fat pad. The activity of IGs has
been mostly interpreted as a complex competition for the control of
resources that affect the inheritance of maternal and paternal ge-
nomes [88,94,95]. Thus, maternally expressed alleles generally
restrict growth, while paternally expressed alleles generally promote
it [96]. In this context, it is interesting to note that the imprinted genes
that are active in adipose tissue establishment and suppressed in
adults are known to play important roles in preadipocyte proliferation
and hypertrophy [63,97,98], parameters that could easily affect
resource allocation and inclusive fitness. In one intriguing example,
paternally expressed Mest and maternally expressed KIf14 are found
within the same locus on chromosome 6 (7 in humans). Mest en-
codes a protein that belongs to the a/B-hydrolase superfamily of
enzymes that promotes adipocyte hypertrophy [63,64], and expres-
sion is highly predictive of diet-induced fat accumulation in mice [98].
On the other hand, KIf14 is a transcriptional repressor that restrains
preadipocyte differentiation in part by inhibiting the activity of
SREBF1, a transcriptional activator of fatty acid synthesis [99—101].
Recently, a single nucleotide polymorphism in human KLF4 has been
shown to regulate body fat distribution in a sex-specific fashion
[101]. It is interesting that transcripts for both genes are enriched in
mouse ASC1a/b and are essentially silenced by weaning. It is thus
tempting to speculate that the expression of competing genes in the
IGN during tissue establishment might set the stage for how the
tissue adapts to energetic challenges in adults. Interestingly, IGs have
also been linked to stem cell plasticity during WAT establishment
[102]. Activating PDGFRA signaling within progenitor (perivascular)
cells caused a switch from an adipogenic to a profibrotic phenotype
that was associated with altered expression of several 1Gs [102].
Thus perinatal expression of the IGN is undoubtedly linked to
numerous developmental processes.

In addition to IGs, we found general as well as ASC-intrinsic changes in
expression profiles. For example, genes associated with cytokine
signaling and remodeling of the ECM (i.e., Egfr, Cxcl1, An) increased
more globally in stromal cells during postnatal development. Gene
expression changes in ASC2, a subpopulation that comprises the
fascia [25,32], were somewhat distinctive and included induction of
components involved in phospholipase metabolism (i.e., Plaia,
Smpd3, Ptgs2, Anxa3) as well as cytokine signaling (i.e., /33, /18,
N1r2). 133 in particular was recently shown to promote anti-
inflammatory processes in the gWAT by inducing type 2 cytokines
and thereby improving obesity-induced metabolic profiles [67]. These
changes suggest regulatory functions of ASC2 that might shape im-
mune cell recruitment and homeostasis during iIWAT establishment.
Subcutaneous (inguinal) and retroperitoneal depots undergo a tran-
sient “browning” prior to weaning in mice [13,14,103]. Whether these
adipocytes arise from distinctive progenitor cells or following adipocyte
differentiation has not been fully resolved. However, developmentally-
derived brown adipocytes can be reinstated in adults following acute
adrenergic stimulation [7,8,10—12]. Despite identifying brown
adipocyte markers in bulk RNA-seq at PNDO6 and PND18, we were

unable to clearly differentiate a Ucp7+ adipocyte nuclei cluster by
snRNA-seq. Furthermore, although bipotent ASC progenitors have
been described during catabolic remodeling in the gWAT [20], a similar
brown preadipocyte population (Ucp7+) was not resolved in the iWAT
during development. Nonetheless, we identified at least 2 clusters of
adipocyte nuclei following integration of datasets that become more
transcriptionally diverse during adolescence (PND56). In particular,
Adip1 was enriched for markers involved in immune, inflammatory,
and growth factor signaling, whereas Adip2 expressed markers
involved in glucose and fatty acid metabolism. Heterogeneous adipo-
cyte populations detected by snRNA-seq were also recently described
in adult iWAT and gWAT [27,30]. For example, Rajbhandari et al. [30]
reported an enhanced thermogenic gene program in iWAT adipocytes
following genetic deletion of II10Ra. Our adipocyte clusters are similar
to their “thermogenic adipocytes” (cluster 9) that express the general
markers Ascl1 and Plin4 [30]. They also found a modest induction of
Ucp1 and Cidea following cold-induced stress, indicating that this
cluster captured some brown adipocytes. Sarvari and colleagues [27]
isolated total nuclei from the gWAT of lean and HFD-fed mice and
identified 3 subpopulations of adipocyte nuclei. Furthermore, they
found a shift in the transcriptomes of adipocytes during obesity,
including a downregulation of lipogenic genes and enhancement of
genes related to stress and immune function.

Using snATAC-seq, we also demonstrate that postnatal changes in
RNA were associated with changes in chromatin accessibility, although
the overall effects were differentiation-dependent. In stromal cells,
there was a notable difference in the enhancer landscape from early
development (PND06) to adolescence/adulthood (PND56). This
involved a sharp decline in accessibility of perinatal enhancers and a
gradual acquisition of adult pattern accessibility. By comparison, most
epigenetic changes in adipocytes were due to an increase in acces-
sibility of enhancers with age. These findings suggest that most of the
changes in chromatin remodeling that occur during adipogenesis [104]
is already established in perinatal adipocytes, and further changes are
likely due to the microenvironment.

Overall, the DARs in stromal cells at PNDO6 were also more diver-
sified in predicted TF motifs, especially for ASC2, although not all
associated genes were expressed at the time points evaluated. Plag/1
was highly expressed in ASC at early time points by bulk and scRNA-
seq, and has been shown in part to regulate some genes within the
IGN, such as the H79-Igf2 locus and ECM genes [72,73]. In adult
mice, DARs were strongly enriched for androgen (Ar) and glucocor-
ticoid receptor (GR, NR3C1) motifs in both ASC and adipocytes. Sex
hormones are known to affect body fat composition and distribution,
thereby influencing metabolic disease risk [105—108]. In males,
testosterone reduces fat mass in visceral and subcutaneous depots,
although AR signaling may play a more dominant role in preventing
expansion of subcutaneous fat [109,110]. Glucocorticoids promote
adipogenesis and influence lipolysis [111—113]; however, overall
effects of each receptor are likely dependent on abundance and
ligand availability. In this regard, it is interesting that expression of Ar,
but not Nr3c1, increased in both ASC and adipocytes with age (~3—6
fold). Additionally, the mRNA for HSD111, which converts cortisone
to the active metabolite cortisol [114], increased in adipocytes as well
as ASC1a at PND56, indicating that there may be age and spatial
differences in nuclear receptor signaling. Finally, although our focus
was on development-dependent changes, we also found evidence of
cell-specific motif activity that may impart at least some of the ASC
phenotypes previously described [25,26]. These include DNA binding
motifs for Creb5 (ASC2), Nfatc2 (ASC1b), and Pparg::Rxra and
FOS::JUN (ASC1a/b).
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Collectively, our findings highlight transcriptional and epigenomic
changes arising during establishment of subcutaneous WAT at a single
cell resolution. Importantly, we find that IGs are highly expressed during
early postnatal growth and are inversely related to expression of
immunomodulatory genes. We also demonstrate the ability to decon-
volve adipose tissue cell types based on chromatin accessibility.
Furthermore, through integration with scRNA-seq, it is possible to
extract probable regulatory motifs based on cell-specific gene expres-
sion. Future research to validate some of the findings and further explore
development is warranted. The strength of single cell/nuclei functional
genomics is the ability to retrospectively dissect cellular complexity
without isolation of specific populations. However, in order to specify
these populations/states prospectively, one would need to apply inter-
section genetics that combines multiple genetic and temporal controls.
While there are emerging examples [115], these are currently limited to
2 genetic drivers and one temporal regulator. One can anticipate that
improvements in gene editing technologies (CRISPR-Cas9) might over-
come this barrier in the near future.

A potential limitation to this study is that the process of cell isolation
could alter some gene expression patterns [116]. It is important to note,
however, that the method of isolation was the same for all experiments
and thus does not likely explain the developmental changes reported
here. Additionally, the methods used to isolate and enrich for stromal
cells and adipocytes inevitably resulted in some contamination by
other cellular subtypes. While such contaminating cells are clearly
resolved in single cell analyses, this minor contamination might have
contributed to some of the gene expression changes observed in bulk
RNA-seq analyses. Notwithstanding these limitations, our findings
expand on previous work [13,36,41,102,117—119] and provide a
resource that will lead to a better understanding of WAT development
and metabolic disease origins.
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