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SUMMARY

The importance of defining cell-type-specific genes is well acknowledged. Technological advances facilitate
high-resolution sequencing of single cells, but practical challenges remain. Adipose tissue is composed pri-
marily of adipocytes, large buoyant cells requiring extensive, artefact-generating processing for separation
and analysis. Thus, adipocyte data are frequently absent from single-cell RNA sequencing (scRNA-seq) data-
sets, despite being the primary functional cell type. Here, we decipher cell-type-enriched transcriptomes
from unfractionated human adipose tissue RNA-seq data. We profile all major constituent cell types, using
527 visceral adipose tissue (VAT) or 646 subcutaneous adipose tissue (SAT) samples, identifying over
2,300 cell-type-enriched transcripts. Sex-subset analysis uncovers a panel of male-only cell-type-enriched
genes. By resolving expression profiles of genes differentially expressed between SAT and VAT, we identify
mesothelial cells as the primary driver of this variation. This study provides an accessible method to profile
cell-type-enriched transcriptomes using bulk RNA-seq, generating a roadmap for adipose tissue biology.

INTRODUCTION

Adipose tissue acts as an energy depot, provides insulation, and
is an important endocrine organ that communicates with other
tissues to regulate systemic metabolism (Kahn et al., 2019).
Most adipose tissue in adults is white adipose tissue, broadly
categorized as visceral adipose tissue (VAT), located deep in
the abdomen and around internal organs, or subcutaneous
adipose tissue (SAT), located under the skin. Excess VAT is
associated with metabolic disorders, e.g., diabetes and cardio-
vascular disease (Britton et al., 2013; Chait and den Hartigh,
2020; Oikonomou and Antoniades, 2019), while SAT is associ-
ated with reduced risk, possibly even protection (Lumish et al.,
2020). Recent studies have profiled differences in gene expres-
sion between adipose depots using bulk RNA sequencing
(RNA-seq) (Bradford et al., 2019; Schleinitz et al., 2020), but
the relative contribution of specific cell types to the observed
differences is not known.

Adipose tissue contains adipocytes, adipocyte progenitor
cells, endothelial cells, smooth muscle cells, stromal cells, and
immune cell types, including macrophages and T cells (Lu
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et al., 2019). Single-cell RNA-seq (scRNA-seq) has been used
to profile macrophages, endothelial cells, fibroblasts, and adipo-
cyte progenitors from human VAT or SAT (Acosta et al., 2017;
Esteve et al., 2019; Vijay et al., 2020). Such studies provide
high resolution of different cell (sub)types but are limited by the
requirement for fresh tissue, low number of biological replicates,
and compromised read depth (Beliakova-Bethell et al., 2014;
Rizzetto et al.,, 2017; Saliba et al., 2014; Ziegenhain et al.,
2017). Furthermore, the analysis of adipocytes, the major
functional cell type in adipose tissue, is challenging; with high
buoyancy and large size, they require extensive, artefact-gener-
ating proteolytic digestion for tissue separation (Rondini and
Granneman, 2020; Viswanadha and Londos, 2006), and thus,
adipocyte data are absent from many scRNA-seq datasets
(e.g., Hildreth et al., 2021; Karlsson et al., 2021; Tabula Muris
et al., 2018; Tabula Sapiens et al., 2022; Vijay et al., 2020). Pro-
genitor cells isolated from human adipose tissue have been used
to generate adipocytes in culture for analysis (Min et al., 2019),
but potential phenotype modifications, due to induced differen-
tiation in the absence of the native microenvironment, are a lim-
itation of this model. Transgenic labeling of cell-type-specific
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mRNA (Roh et al., 2017) has been used to overcome these
technical problems for analysis of murine adipocytes, but this
cannot be applied to human tissue. Adipocytes have been
analyzed using single-nuclei RNA-seq, circumventing some
scRNA-seq limitations, but transcript expression can differ be-
tween nuclei and cytoplasm (Thrupp et al., 2020). Non-coding
RNA is emerging as a novel, important class of molecules in
adipose biology (Squillaro et al., 2020; Xu and Sun, 2020), but
to date, there is no description of adipose-cell-type-specific
non-coding RNAs.

Here, using an analysis approach to circumvent technical
challenges associated with profiling individual cell types in adi-
pose tissue, we identified over 2,300 transcripts with cell-type-
enriched expression. Of all cell types profiled, adipocytes had
the highest number of enriched transcripts and the greatest pro-
portion of non-coding. Comparisons between female and male
samples revealed a panel of cell-type-enriched Y-linked tran-
scripts, of which three were adipocyte enriched in both depots.
Finally, we resolve the overall differences in gene expression
between VAT and SAT to a cell-type level, uncovering the pri-
mary driver to be cell-type composition, specifically the pres-
ence of mesothelial cells in VAT, but not SAT. Data are available
through the Human Protein Atlas portal (www.proteinatlas.org/
humanproteome/tissue+cell+type/adipose+tissue).

RESULTS

Identification of cell-type transcriptome profiles in
visceral adipose tissue

Cell-type reference transcripts correlate across
unfractionated adipose RNA-seq data

VAT is linked to the development of metabolic dysfunction and
associated disorders (Chait and den Hartigh, 2020). To identify
cell-type-enriched transcriptome profiles, we performed an
analysis based on our previously reported method (Butler
et al., 2016; Dusart et al., 2019) (concept summary, Figures 1A
and S1A), using VAT RNA-seq data (n = 527) from Genotype-Tis-
sue Expression (GTEx) portal v.8 (www.gtexportal.org) (Con-
sortium, 2015). For each cell type, a panel of three marker genes
were selected (“reference transcripts” [Ref.T.s]). Correlation co-
efficients (corr.) between the expression levels of the Ref.T.s and
all other sequenced transcripts were calculated across samples;
those that highly and selectively correlated with the Ref.T. panel
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were classified as enriched in the corresponding cell type
(Figure S1A). We shortlisted candidate Ref.T.s for all main
constituent cell types, including (1) well-established markers
identified in older “none-omics” studies (e.g., Hu et al., 1996);
(2) markers identified by scRNA-seq of mouse (Tabula Muris
etal., 2018) or human (Han et al., 2020) adipose tissue; (3) marker
lists from large databases containing data from multiple sources,
e.g., Cell Marker (Zhang et al., 2019) and PanglaoDB (Franzen
et al., 2019); and (4) commercial marker panels (e.g., https://
www.rndsystems.com/). VAT RNA-seq data were processed
to generate Spearman correlation coefficients (corr.s)
between all candidate Ref.T.s and a panel selected to represent
each cell type, based on the following criteria: (1) a high corr.
(minimum 0.70) between Ref.T.s within each cell type panel (Fig-
ure 1B; Table S1, tab 1, table A), consistent with cell type co-
expression; adipocyte panel (ADIPOQ, LIPE, and PLINT,
mean corr. + SD 0.91 = 0.002), adipocyte progenitor panel
(FKBP10, COL6A1, and COL6A2; 0.86 + 0.06), mesothelial
panel (UPK3B, MSLN, and KRT19; 0.92 + 0.02), endothelial
panel (MMRNZ2, ESAM, and CDH5; 0.80 + 0.03), smooth
muscle panel (KCNMB1, CNN1, and MYH11; 0.80 + 0.06),
macrophage panel (CD68, C1QC, and FCER1G; 0.83 + 0.03),
neutrophil panel (CSF3R, FCGR3B, and CXCR2; 0.81 = 0.04),
mast cell panel (CPA3, TPSB2, and TPSABT; 0.83 + 0.03),
T cell panel (TRBC2, CD6, and CD3E; 0.89 + 0.02), and plasma
cell panel (IGKC, JCHAIN, and MZB1; 0.89 = 0.04; all p < 4.0 x
10%9); (2) a low corr. between Ref.T.s in different cell type panels
(Figure 1B; Table S1, tab 1, table A), consistent with high speci-
ficity of each panel (mean inter-panel corr. + SD 0.05 + 0.25); and
(3) a normal distribution of Ref.T. expression across samples
(Figure S1B). Candidate B cell Ref.T.s were lowly expressed in
VAT, with low intra-panel corr. (Table S1, tab 2, table A). In a
comparative dataset, human spleen RNA-seq, GTEx v.8 (n =
241), selected due to high B cell content, the candidate B cell
Ref.T.s were highly expressed and strongly correlated with
each other (Table S1, tab 2, table B). Thus, B cells were excluded
from subsequent profiling of VAT, due to presumed low numbers
or absence from a large proportion of VAT samples. Candidates
within the panels selected as potential Ref.T.s for pericytes,
lymphatic endothelial cells, and dendritic cells did not correlate
as well as those selected to represent other cell types
(Table S1, tab 2, tables C, D, and E, respectively), consistent
with previous reports that these cell types lack multiple highly

Figure 1. Integrative co-expression analysis of unfractionated human visceral adipose tissue (VAT) RNA-seq can resolve constituent cell-

type identities

(A) Overview of analysis concept; human VAT RNA-seq data (n = 527 individuals) were retrieved from GTEx portal v.8 and constituent cells “virtually tagged” using
cell-type-specific reference transcripts (Ref.T.s). Integrative co-expression analysis was used to identify transcripts with comparable profiles.

B) Heatmap of Spearman correlation (corr.) values between Ref.T. panels selected for VAT cell types: adipocyte (AC), adipocyte progenitor (AP), mesothelial
MesoC), endothelial (EC), smooth muscle (SMC), macrophage (MC), neutrophil (NP), mast cell (MastC), T cell (TC), and plasma cell (PlasC).

D) (i) For transcripts above the designated corr. threshold with macrophage (squares, MC) or neutrophil (circles, NP) Ref.T. panels, the “differential corr. score”
difference between mean corr. with MC and NP Ref.T.s) was plotted versus “enrichment ranking” (position in each respective list; highest corr. = rank 1).
Corresponding colored lines indicate numbers above the designated threshold. Bold text annotations show transcripts in both MC and NP lists (circular and
square symbol on the same x axis dimension). (i) scRNA-seq data from the Human Protein Blood Atlas (Uhlen et al., 2019) showing gene expression in classical,
intermediate, and non-classical monocytes and neutrophils from whole blood.

(E and F) Comparative plots for transcripts are classified as (E) adipocyte progenitor (AP) or mesothelial (MesoC) enriched (shaded blue box indicates co-enriched
genes) and (F) MC or AP enriched.

See also Figures S1 and S2 and Tables S1, tabs 1, 4a, and 4b, and S2, tab 1.

(
(
(C) Mean corr. values between genes above designated threshold (see results section for criteria) and all Ref.T. panels.
(
(
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specific pan-markers (Armulik et al., 2011; Sichien et al., 2017;
Takeda et al., 2019). Thus, they were not included in the subse-
quent analysis.

Reference transcripts analysis can identify distinct cell-
type-associated transcripts

We generated corr.s between each Ref.T. and all sequenced
transcripts (~53,625) across VAT samples. The proportion of
constituent cell types between samples vary, due to both sam-
pling and heritability factors (Glastonbury et al., 2019), but ratios
between cell-specific co-expressed genes should remain con-
stant. Thus, a high corr. of a given transcript with all Ref.T.s in
any one panel is consistent with expression in the corresponding
cell type. For each Ref.T. panel, a list of such transcripts was
generated using a corr. value threshold cutoff, which was either
(1) that above which >95% of transcripts reached this threshold
with only that Ref.T. panel or (2) >0.50, whichever was higher
(for thresholds, see Table S1, Tab 1, Table B). Resultant
transcripts were generally well separated (Figure 1C), but some
overlap was observed between closely related cell types, e.g.,
macrophages [MCs] and neutrophils [NPs]; Figure 1C, row 2).
To compare specific transcripts in two cell-type classified
groups, e.g., MC and NP enriched (Figure 1D.i), the following
was calculated for each transcript: (1) the “differential correlation
score,” defined as the difference between the mean corr. with
the two sets of Ref.T.s, i.e., MC panel (CD68, C1QC, and
FCER1G) and NP panel (CSF3R, FCGR3B, and CXCR2), and
(2) the “enrichment ranking,” based on the mean corr. value
with the Ref.T. panel (rank 1 = highest corr.). Three transcripts
were provisionally classified as both MC and NP enriched:
LILRA2, MNDA, and FPRT1 (Figure 1D.i; gene IDs in bold text).
LILRA2 had comparable corr. with both MC and NP Ref.T.
panels (mean corr. + SD: 0.61 + 0.07 and 0.65 + 0.07, respec-
tively), while MNDA and FPR1, despite reaching the threshold
for both, were more highly correlated with the NP Ref.T. panel
than the MC panel (MNDA: NP 0.71 + 0.04 versus MC 0.62 +
0.08 and FPR1: NP 0.72 + 0.07 versus MC 0.63 + 0.14). We ex-
tracted expression data for these genes in monocytes (MonoC)
and neutrophils in blood (Figure 1D.ii) from scRNA-seq gener-
ated as part of our Human Protein Atlas (HPA) blood atlas (Uhlen
etal., 2019). In all three cases, these transcripts were expressed
in both MonoC and NP (Figure 1D.ii, central column). In contrast,
transcripts we classified as enriched only in MC (CD300C, CD86,
and MS4A4A) or only in NP (ARG1, PROK2, and MGAM) were
predominantly expressed in MonoC or NP in blood, respectively
(Figure 1D.ii). Although MonoC and MC are not directly compa-
rable, the majority of the monocyte transcriptional profile is main-
tained during differentiation (Martinez et al., 2006), and so these
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data support our annotated classifications. These annotations
were also consistent with data from scRNA-seq of macrophages
and neutrophils from human SAT (Tabula Sapiens et al., 2022;
Figure S2B). Thus, to exclude potentially dual-enriched tran-
scripts from cell-type classification, we excluded transcripts
with a differential corr. value < 0.1 versus any other Ref.T. panel.
The highest number of transcripts excluded for this reason were
those that correlated with both adipocyte progenitor cell and
mesothelial cell Ref.T. panels; 84 transcripts were excluded
from cell-type classification due to likely co-expression (Fig-
ure 1E; Table S1, tab 4a). Gene ontology (GO) and reactome
analysis of this gene list revealed over-representation of terms
related to “plasma membrane bounded cell projection
organization” (false discovery rate [FDR] 1.26 x 1072 and
“BBSome-mediated cargo targeting to cilium” (FDR
8.09 x 1073), respectively (Table S1, tab 4b, with selected exam-
ples highlighted in Figure 1E), suggesting a possible link to the
importance of primary cilia in the regulation of adipose tissue
expansion (Hilgendorf, 2021; Ritter et al., 2018). In most other
cases, transcripts were well separated between cell types,
e.g., MC classified versus adipocyte progenitor (AP) classified
(Figure 1F). We classified 2,343 transcripts as cell-type enriched
in VAT (Tables S1, tab 1, table B, and S2, tab 1), the majority of
which (2,036 [87%]) were protein coding (Figure 2A).

Independent methods and datasets support cell-type
classifications

Unsupervised weighted network correlation analysis
(WGNCA) is consistent with Ref.T. analysis

As our analysis method is based on manually selected Ref.T.
panels, cell-type classification is subject to an input bias. As a
comparison, we analyzed the same dataset using an unbiased
WGCNA (Langfelder and Horvath, 2008). Corr.s between all tran-
scripts were calculated, and they were subsequently clustered
into related groups, based on expression similarity (Figure 2B.i).
Members of the same Ref.T. panels clustered into the same
WGCNA group, e.g., adipocyte Ref.T.s (ADIPOQ, LIPE, and
PLINT; cluster 8, orange box) and mesothelial Ref.T.s (UPK3B,
MSLN, and KRT19; cluster 4, light gray box, Figure 2B.i), or
into adjacent leaves on the same clade, e.g., macrophage
Ref.T.s (CD68, C1QC, and FCER1G; group 25 and 83, blue
box, Figure 2B.i). The locations of all other Ref.T.s are indicated
by the respective colored boxes. Thus, WGCNA results were
consistent with intra-panel Ref.T.s having shared expression
profiles (i.e., in a common cell type). Protein-coding transcripts
classified as cell-type enriched (Figure 2A) predominantly clus-
tered into the same WGCNA group(s) as the corresponding

Figure 2. Integrative co-expression analysis of unfractionated RNA-seq reveals enriched protein-coding transcriptomes of human visceral

adipose tissue (VAT) cell types

(A) Heatmap of protein-coding transcripts classified as cell type enriched (indicated by horizontal colored bars), showing differential score between mean corr.
with the corresponding Ref.T. panel versus highest mean corr. coefficient among the other Ref.T. panels.

(B) Human VAT RNA-seq data (n = 527 individuals) were subject to weighted correlation network analysis (WGCNA). (i) Colored squares indicate Ref.T. location on
dendrogram (colors correspond to cell types as annotated in A). (i) Distribution of protein-coding transcripts classified as cell type enriched across dendrogram

groups.

(C) Human adipose tissue sections were stained using antibodies targeting proteins encoded by transcripts classified as adipocyte, endothelial, smooth muscle,

macrophage, or T cell enriched. Scale bar, 200 um; inset, 50 pm.
See also Table S2, tab 1, and Figure S3.
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Ref.T.s, e.g., mast cell enriched (lime green bar, group 137) and
macrophage enriched (blue bars, groups 25 and 83;, (Fig-
ure 2B.ii) and, in some cases, different leaves on a common
clade, e.g., adipocyte enriched (orange bars, groups 8, 16,
105, 121, 28, 44, and 38) and smooth muscle cells (purple
bars, groups 36, 127, and 115) Figure 2B.ii). Thus, protein-cod-
ing transcripts classified as cell-type enriched also clustered
together in an unbiased WGCNA, consistent with cell type co-
expression. Protein profiling of human adipose tissue is provided
for selected adipocyte-, endothelial-, smooth-muscle-cell-,
macrophage- and T-cell-enriched transcripts (Figures 2C
and S3A).

Cell-type-enriched transcripts in visceral adipose tissue

Adipocytes had the most enriched transcripts (n = 700), of which
the greatest proportion were protein coding (Figure 3A.i, light
gray circles), followed by long non-coding RNA (IncRNA) and
pseudogenes (Figure 3A.i; Vertebrate Genome Annotation
[VEGA] database; Harrow et al., 2014). Mesothelial cells (Fig-
ure 3C.i), and adipocyte progenitor cells (Figure 3B.i) also had
a relatively high number of enriched transcripts (n = 532 and
272, respectively), while immune cells, and other non-tissue-
specific cells, had fewer: endothelial (n = 157) (Figure 3D.i),
smooth muscle (n = 142) (Figure 3E.i), macrophages (n = 151)
(Figure 3F.i), neutrophils (n = 56) (Figure 3G.i), mast cells
(n =19) (Figure 3H.i), T cells (n = 200) (Figure 3Li), and plasma
cells (n = 114) (Figure 3J.i; Table S2, tab 1). In most cell types,
IncRNAs represented the majority of transcripts outside
those classified as protein coding (Figures 3A.i-3J.i), with the
notable exception of T cells and plasma cells, where the majority
were T cell receptor (TR) (Figure 3L.i) or immunoglobulin (IG)
genes (Figure 3J.i), respectively. GO and reactome analysis
(Ashburner et al., 2000; Gene Ontology, 2021) was performed
to identify over-represented classes and pathways in each list
of enriched transcripts (Table S2, tabs 2-11). Results were
consistent with known cell functions. For example, for adipo-
cyte-enriched transcripts, most significant GO terms included
“small molecule metabolic process” (FDR 2.5 x 10~%%) and “car-
boxylic acid metabolic process” (FDR 1.4 x 10~%) and reac-
tome pathways included “metabolism” (FDR 2.9 x 10779;
for smooth muscle-enriched transcripts, GO terms included
“muscle system processes” (FDR 5.9 x 10~'%) and reactome
pathways included “muscle contraction” (FDR 1.9 x 10~9%); for
endothelial-cell-enriched transcripts, GO terms included “blood
vessel development” (FDR 8.8 x 107'% and “angiogenesis”
(FDR 1.1 x 107%); and for neutrophil-enriched transcripts, GO
terms included “neutrophil activation” (FDR 1.9 x 10~ '8) and re-
actome pathways included “neutrophil degranulation” (FDR
5.6 x 107'°) (for all cell types, see Table S2, tabs 2-11, tables
Ai and Aii). We visualized the top 50 enriched protein-coding
transcripts for each cell type (Figures 3A.ii-3J.ii), ranked by high-
est mean corr. with the Ref.T. panel, to compare differential corr.
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values (corr. with corresponding cell type Ref.T. panel minus
max corr. with any other Ref.T. panel) and expression. Overall,
expression values for enriched genes were highest for adipo-
cytes (Figure 3A.ii), adipocyte progenitor cells (Figure 3B.ii),
endothelial cells (Figure 3D.ii), macrophages (Figure 3F.ii), and
plasma cells (Figure 3J.ii) and lowest for neutrophils, mast cells,
and T cells (Figures 3G.ii-3l.ii). However, cell-type-enriched tran-
scripts had a range of expression values, indicating variation in
regulatory mechanisms, transcript stability, or presence of cell
subtypes.

Cell-type-enriched non-coding transcripts in VAT

We classified 307 non-coding transcripts as cell-type enriched in
VAT, the highest number of which were in adipocytes (n = 144),
followed by mesothelial cells (n = 89) (Figure 4A; Table S2, tab 1).
Cell-enriched non-coding transcripts were typically expressed
at lower levels than cell-enriched protein-coding transcripts
(mean transcripts per million [TPM] + SD, protein coding: 45.4
+ 118.5 versus non-coding: 3.06 + 5.2), with a higher frequency
of samples with low or no expression (mean % samples with
expression >0.1 TPM + SD, coding 2.7 + 7.8 versus non-coding
12.4 + 14.9). Cell-type-enriched non-coding transcripts predom-
inantly clustered into the same WGCNA group(s)/clades as the
corresponding protein-coding Ref.T.s (Figures 4A.ii and 4A.iii,
Ref T. location marked by colored boxes), e.g., adipocyte en-
riched (orange ovals, groups 8, 16, 105, 121, 28, 44, and 38;
Figure 4A.iii), consistent with cell type co-expression. We visual-
ized up to the top 50 enriched non-coding transcripts for the four
cell types with the highest number (Figures 4B.i-4B.iv), ranked
by highest mean corr. with the Ref.T. panel, to compare differen-
tial corr. values (corr. with corresponding cell type Ref.T. panel
minus max corr. with any other Ref.T. panel) and expression.
Overall, expression values for non-coding enriched genes were
highest for adipocytes (Figure 4B.i). Although there is no compa-
rable existing dataset to validate these results, we used scRNA-
seq data from the analysis of human SAT (Tabula Sapiens et al.,
2022; Figure 4C.i) to make some comparisons. Although this
dataset does not include adipocytes or mesothelial cells
(those with the highest number of predicted enriched non-cod-
ing transcripts) and lacks data for many non-coding transcripts,
it provides supportive evidence for our classifications in the other
cell types (Figures 4C.ii—4C.viii). All enrichment scores for non-
coding transcripts can be searched via the web portal https://
cell-enrichment.shinyapps.io/noncoding/.

Identification of cell-type transcriptome profiles in
subcutaneous adipose tissue (SAT)

White adipose tissue is broadly classified by location; VAT is
intra-abdominal, adjacent to internal organs, while SAT lies un-
derneath the skin. The proportion of VAT to SAT increases in
obesity and is linked to metabolic dysregulation (Chait and den
Hartigh, 2020). In order to compare these two depots, SAT-
cell-type-enriched profiles were determined as described for
VAT, using human SAT RNA-seq data (n = 646) from GTEXx portal

Figure 3. Core transcriptional identities of human VAT cell types

Cell-type-enriched transcripts in (A) adipocytes, (B) adipocyte progenitor cells, (C) mesothelial cells, (D) endothelial cells, (E) smooth muscle cells,
(F) macrophages, (G) neutrophils, (H) mast cells, (I) T cells, and (J) plasma cells, displayed to show (i) proportional representation of transcript types (absolute
numbers below) and (i) the top-50 protein-coding genes ranked by corr. score, with differential expression scores (corr. with corresponding cell type Ref.T. panel
minus max corr. with any other Ref.T. panel) and mean TPM expression. TEC, to be experimentally confirmed. See also Table S2, tab 1, and Figures S4 and S5.
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v.8 (www.gtexportal.org; Consortium, 2015). Adipocyte, adipo-
cyte progenitor, endothelial, smooth muscle, macrophage,
mast cell, T cell and plasma cell Ref.T.s had high intra-panel
corr. (all >0.72; p < 9.0 x 107%) with low inter-panel corr.
(Table S1, tab 3). However, the Ref.T.s selected for the mesothe-
lial cell and neutrophil panel in VAT did not correlate well with
each other in SAT (mesothelial Ref.T. panel [mean corr. + SD]:
SAT 0.15 + 0.04 versus VAT 0.92 + 0.02; neutrophil Ref.T. panel:
SAT 0.62 + 0.08 versus VAT 0.81 + 0.04). Expression of these
genes was also much lower in SAT than VAT (mesothelial:
UPK3B [SAT versus VAT TPM] 1.4 versus 125.8, MSLN 0.3
versus 144.8, KRT19 14.1 versus 153.4; neutrophil: CSF3R
0.81 versus 37.8, FCGR3B 2.1 versus 8.8, CXCR2 0.9 versus
4.6), indicating a low number, or absence, of these cell types in
SAT, consistent with reports that mesothelial cells are absent
(Esteve et al., 2019) and neutrophils preferentially infiltrate VAT
rather than SAT (Elgazar-Carmon et al., 2008). Thus, these cell
types were excluded from subsequent profiling of SAT. As for
VAT, SAT cell-type-enriched transcripts were well separated
by designated Ref.T. panels (Figure S3B) and clustered into
related groups in WGCNA (Figure S3C), and terms identified by
GO and reactome analysis were consistent with cell identity
(Table S2, tabs 2-11, tables Bi and Bii).

Adipose tissue scRNA-seq is consistent with Ref.T.
analysis

We performed a comparison between our results and scRNA-
seq or small nuclear RNA-seq (snRNA-seq) data of human SAT
or murine adipose tissue generated by Sun et al. (2020)
(snRNA-seq), Hildreth et al. (2021), Tabula Sapiens et al.
(2022), and Tabula Muris et al. (2018) (all scRNA-seq)
(Table S1, tab 5). None of these studies contained all cell types
we profiled; adipocytes were only in the snRNA-seq study from
Sun et al. (2020) and plasma cells only in the Tabula Sapiens
et al. (2022) dataset. For some cell types, e.g., progenitors, clas-
sification and/or terminology varied between studies, as is
typical (Wang et al., 2021), and so comparisons were made be-
tween closely related cell types with common marker genes,
e.g., “adipocyte progenitor,” “pre-adipocytes,” “fibroblasts,”
or “mesenchymal stem cells” (Table S1, tab 5 [row 2 states
cell-type annotation]). For cell types represented in all, or most,
of the independent studies, a high proportion of our predicted
cell-type-enriched genes were elevated in the corresponding
cell type in at least one (average Log2 fold change >1.0, >0.5,
or >0.2 versus all other cell types [p < 0.01]): adipocyte progen-
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itor (81%), endothelial cell (98%), smooth muscle cell (69%),
macrophage (87 %), neutrophil (96%), T cell (83%), and plasma
cell (81%) enriched (Table S1, tab 5; Figures S4A and S4B).
For adipocyte-enriched genes, independent validation was
lowest of all cell types at 30%, which could be due to the limited
coverage given by comparison with only a single study (Sun
et al., 2020) or differences between the sensitivity of snRNA-
seq versus bulk RNA-seq (Pimpalwar et al.,, 2020). Gene
ontology and reactome analysis of the predicted adipocyte-en-
riched genes that were not consistent with data from Sun et al.
(2020), revealed significant enrichment of terms associated
with adipocyte function, e.g., "small molecule metabolic pro-
cess" (adjusted FDR 8.7 x 1072% and "metabolism" (adjusted
FDR 4.3 x 1072%). To compare cell profiles across all datasets,
we calculated the significance of overlap using a
hypergeometric test (Figure S5). Genes predicted as cell-type
enriched in our study were over-represented in the enriched
genes in the corresponding cell types in the scRNA-seq and
snRNA-seq studies (defined as those >0.5 Log2 fold change
in expression versus all other cell types in the same study
[p < 0.01]) (Figure S5), and this overlap was comparable to,
or more significant than, that between the scRNA-seq and
snRNA-seq studies themselves.

Ref.T. analysis can predict source of adipose-tissue-
enriched genes

RNA-seq data from unfractionated human or murine tissues can
be used to identify genes with enriched expression in adipose
tissue versus other tissues. Adipocytes make up the majority
of adipose tissue, with the most specialized function. We ex-
tracted lists of the top 200 human-adipose-tissue-enriched
genes from HPA (Uhlen et al., 2015) and GTEx (Consortium,
2015), collated in the Harminozome database (Rouillard et al.,
2016; Figure S4C.i). Of those genes classified as adipose tissue
enriched in both datasets (n = 86), our analysis classified 66
(76.7%) as adipocyte enriched and one (1.2%) as endothelial en-
riched (ARHGEF15) (Figure S4C.ii). Thus, our analysis indicates
that the majority of adipose-tissue-enriched genes are
selectively expressed in adipocytes.

Sex- and depot-specific differences in adipose-cell-type
transcriptome profiles

There are sex- and depot-specific differences in accumulation,
distribution, endocrine, and metabolic function of adipose
tissue (Blaak, 2001; Chait and den Hartigh, 2020; Lumish et al.,

Figure 4. Integrative co-expression analysis of unfractionated RNA-seq reveals enriched non-coding transcriptomes of human VAT cell
types

(A) (i) Heatmap of all non-coding transcripts classified as cell type enriched (indicated by horizontal colored bars), showing differential score between mean corr.
with the corresponding Ref.T. panel versus highest mean corr. coefficient among the other Ref.T. panels. (i) Human VAT RNA-seq data (n = 527) for all sequenced
transcripts were subject to WGCNA. Colored squares indicate Ref.T. location on resultant dendrogram (colors correspond to cell types as annotated in A.i). (iii)
Colored ovals indicate distribution of non-coding transcripts classified as cell type enriched across dendrogram groups.

(B) Cell-type-enriched non-coding transcripts in (i) adipocytes, (i) mesothelial cells, (jii) T cells, and (iv) smooth muscle cells displayed to show up to the top 50
ranked by corr. score, with differential expression scores (corr. with corresponding cell type Ref.T. panel minus max corr. with any other Ref.T. panel) and mean
TPM expression.

(C) scRNA-seq data from analysis of cell types from human subcutaneous adipose tissue were sourced from Tabula Sapiens (Tabula Sapiens et al., 2022) and
used to generate uniform manifold approximation and projection (UMAP) plots showing (i) scRNA-seq cell-type annotations and the expression of examples of
non-coding genes we predicted as being (i) T cell, (i) smooth muscle cell, (iv) neutrophil, (v) endothelial, (vi) adipocyte progenitor, (vii) plasma cell, or (viii)
macrophage enriched.

See also Table S2, tab 1.
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2020; Valencak et al., 2017), but to our knowledge, there are no
studies describing sex- and depot-specific differences in
adipose-cell-type-specific transcriptome profiles. Therefore,
we profiled SAT-cell-type-enriched transcriptomes and per-
formed a comparative sex subset analysis in VAT and SAT,
and we did a comparison between cell types found in both
depots.

Prediction of sex-specific differences in adipose-cell-
type-enriched transcripts

We performed a subset analysis of the VAT RNA-seq dataset
(female n = 165; male n = 362) to identify sex-specific, cell-
type-enriched transcriptome profiles. As in the full dataset,
intra-panel cell type Ref.T.s correlated well in female- and
male-sample subsets (all >0.83; p < 1.0 x 10733 (Table S3,
tab 1, tables A and B). We compared transcripts classified as
male or female cell type enriched (Figure 5; Table S3, tab 2).
Cell profiles were largely comparable between sexes (Figures 5
and S6; transcripts enriched in both males and females repre-
sented by common colored circle and square symbols, respec-
tively). Some transcripts were classified as enriched only in
males or females (Figures 5 and S6; represented by differently
colored circle and square symbols, respectively); however,
most had differential corr. scores close to zero, indicating that
they fell marginally below the designated threshold for classifica-
tion as enriched in the other sex. A small number of markedly
male-only cell-type-enriched transcripts were identified in adi-
pocytes (Figure 5A.i; TBL1Y, RP11-115H13.1, LINC00278, and
GYG2P1), adipocyte progenitor cells (Figure 5B.i; NLGN4Y),
mesothelial cells (Figure 5C.i; ZNF736P9Y), and T cells (Fig-
ure 5D.i; BCORP1). In all cases, transcripts were Y linked, and
mRNA expression was only detected above background levels
in male VAT samples (Figures 5A.ii-5D.ii). There were no clear
sex-specific differences in the other cell-enriched transcriptome
profiles (Figure S6).

Comparison of predicted sex-specific VAT- and SAT-
cell-type-enriched transcripts

To establish whether these sex-specific differences also existed
in SAT, we performed an equivalent subset analysis of the SAT
RNA-seq dataset (female n = 212; male n = 434). As in the full da-
taset, intra-panel cell type Ref.T.s correlated well in female- and
male-sample subsets (all >0.71; p < 14.0 x 10~3") (Table S3, tab
3, tables A and B). We compared transcripts classified as male or
female cell type enriched (Figures 5 and S7; Table S3, tab 4).
Three out of the four transcripts we identified as adipocyte en-
riched in male VAT, but not female VAT, had the same profile
in SAT (TBL1Y, RP11-115H13.1, and GYG2P1) (Figure S7A),
showing consistency between adipose depot type. The single
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transcript we identified as adipocyte progenitor enriched in
male, but not female, VAT (NLGN4Y) (Figure 5B.i) was not
classified as such in SAT (Figure S7B). However, the corr. value
between NLGN4Y and the adipocyte progenitor Ref.T. panel
fell marginally below the threshold for definition as enriched
in SAT, and a clear male-female differential corr. existed
(SAT male corr. 0.46 versus SAT female corr. 0.10) (Table S3,
tab 4). The transcript we identified as mesothelial enriched
in male, but not female, VAT (ZNF736P9Y) (Figure 5C.i) was not
expressed in SAT, consistent with the absence of mesothelial
cells in this depot (Esteve et al., 2019). The male-only T cell
enriched in VAT (BCORP1) was excluded from analysis in
SAT, due to low expression in the majority of samples (>50%
with TPM < 0.1). There were no clear sex-specific differences
in the other SAT-cell-type-enriched transcriptome profiles
(Figures S7TB-S7H).

Prediction of depot-specific differences in adipose-cell-
type-enriched transcripts

Previous studies have reported differential gene expression pro-
files between VAT and SAT depots, using bulk sequencing data
(Bradford et al., 2019; Schleinitz et al., 2020), but reports on dif-
ferences at the cell-type level are lacking. Here, we compared
transcripts classified as cell type enriched in VAT or SAT. As
we profiled two additional cell types in VAT, compared with
SAT (mesothelial cells and neutrophils), prior to comparison,
we excluded any SAT-cell-type-enriched transcripts that were
predicted as primarily enriched in neutrophils or mesothelial cells
in VAT (see Table S1, tab 6). This exclusion revealed that 79
genes were predominantly enriched in different cell types in
VAT and SAT, e.g., IL18 was classified as macrophage enriched
in SAT but mesothelial-enriched in VAT (Table S1, tab 6, line 74),
where its expression was higher (mean TMP + SD; VAT 44.0 =
41.1 versus SAT 11.8 + 10.2). Adipocyte-enriched profiles were
similar between depots, with around 500 transcripts classified
as such in both VAT and SAT (Figure 6A; represented by com-
mon colored circle and square symbols, respectively)
(Table S2, tab 1). LINC01632 and GPAT3 were classified as
adipocyte enriched in VAT only (Figure 6A), and both were ex-
pressed at higher levels in VAT than SAT (Figures 6C.i and
6C.ii). Conversely, NRCAM, MAGI2-AS3, and SEPT11 were
classified as adipocyte enriched in SAT only (Figure 6A) and
were all expressed at higher levels in SAT than VAT
(Figures 6C.iii-6C.v). These data are consistent with these tran-
scripts having both an adipocyte-restricted and depot-restricted
profile. Glucagon-like peptide-2 receptor (GLP2R) was classified
as adipocyte enriched in SAT only (Figure 6A), but it was ex-
pressed at higher levels in VAT (mean TMP + STD; VAT 11.2 +
11.28 versus SAT 1.37 + 0.85). This gene could be strongly

Figure 5. Identification of sex-specific, cell-enriched transcripts in human VAT

VAT RNA-seq data (n = 527 individuals) were divided into female and male subgroups (female n = 165; male n = 362) before classification of cell-type-enriched
transcripts. For transcripts classified as (A.i) adipocyte, (B.i) adipocyte progenitor, (C.i) mesothelial, or (D.i) T cell enriched, in either sex, the “sex differential corr.
score” (difference between mean corr. with the Ref.T. panel in females versus males) was plotted versus “enrichment ranking” (position in each respective
enriched list; highest corr. = rank 1). On each plot, transcripts enriched in both females and males are represented by common colored circle and square symbols,
respectively, and transcripts classified as enriched only in females or males are represented by differently colored circle and square symbols, respectively.
Expression in female and male samples for transcripts identified as male-only enriched in (A.ii) adipocytes, (B.ii) adipocyte progenitor, (C.ii) mesothelial, or (D.ii)

T cells. See also Figure S6 and Table S3.

Cell Reports 40, 111046, July 12, 2022 11




¢? CellPress

OPEN ACCESS

1000.

1000

€
LINCO01632 ] "MAGI2-AS3
g GPAT3 SEPT11 L)
- g,1°° GLP2RE 0%
- 3
8 o =
S = 3
= f
T o 3
< E0 0 5
5] «Q
2 2
L g‘ 39
a
1 a 1
-10 -08 -06 -04 -02 00 02 04 06 08 10

<«— Differential correlation score ————»

@ VAT only OQVAT SATO™ SAT only @
Enriched in both
C
4 1000 80 . 60

sk

ek

w

Expression (TPM)
N

I
S
=
c
o
=)
<
s
Q
o
>
o
<3
=
]
<

ek

Cell Reports

1000

1000
= m
imo ) 100 ?,
i H e =2
£ CPTIC L LMNA 3
& o o ADGRE5 . ]
‘E 'RP11-38H17.1 | 8
[0 i =
E1o i 10 5
«Q
2 5] (7]
Llc.l L] [ ] 2'
|
a
1 s : 1
10 08 06 04 02 00 02 04 06 08 10
<— Differential correlation score ———»
@ VAT only @ VAT SAT B SAT only [
Enriched in both
| ii. ADGRE5 iii.RP11-38H17.1|
3 kdd 400 50- ekk

ek

K
N 40
d 8001 .
2 .
30
200
; § 20

100 ‘
0

SAT VAT SAT VAT SAT VAT SAT VAT SAT SAT
z2 o & =%
Eeisaas
E i. VAT classification [T )y
ii. SAT classification ||
Higher expression in SAT .~ %“%‘?z‘*' ii. VAT expression (GTEx) I J

o, & iv. SAT expression (GTEx) |

Mean TPM :
1000 :
100
10 i
0

Enrichment classification
[ Adipocyte

I Adipocyte progenitor
[T Mesothelial cell

Il Endothelial cell

I Smooth muscle cell
I Macrophage

7] Mast cell

1

:
.
Q'O o
PR e
.
S

[ Adipocyte progenitor and mesothelial cell S

12 Cell Reports 40, 111046, July 12, 2022

. -

4 SR

Transcripts differentially expressed between
visceral and subcutaneous adipose

N% [ LIIDin
I‘y'll"].ilflmu "K\“Si
\ TR,
LT e

L
T ‘\Xx \3

o

i

i
i
s
0 e
VAT

(legend on next page)



Cell Reports

transcriptionally regulated by environmental factors, analogous
to regulation of the related glucagon receptor gene in response
to glucose (Svoboda et al., 1999), in VAT only and thus here
does not consistently correlate with the stably expressed adipo-
cyte Ref. T. Like adipocytes, adipocyte-progenitor-enriched pro-
files were similar between depots, with 186 transcripts classified
as such in both VAT and SAT (Figure 6B; represented by com-
mon colored circle and square symbols, respectively)
(Table S2, tab 1). CPT1C was classified as adipocyte progenitor
enriched in VAT only (Figure 6B) and expressed at higher levels in
VAT than SAT (Figure 6D.i). Conversely, ADGRE5 and RP11-
38H17.1 were classified as adipocyte progenitor enriched in
SAT only (Figure 6B) and were expressed at higher levels in
SAT than VAT (Figures 6D.ii and 6D.iii). These data are consistent
with these transcripts having both an adipocyte-progenitor-
restricted and depot-restricted profile. There were no clear
depot-specific differences in the other cell-type-enriched tran-
scriptome profiles (Figures S8A-S8F).

As our analysis indicated that cell-type-enrichment profiles
did not differ substantially in VAT and SAT, we investigated
the cell-type-expression profile of genes identified as most
differentially expressed between depots. We extracted data
from a study (Schleinitz et al., 2020) where the authors analyzed
samples from 15 human-fat depots and generated a list of most
differentially expressed genes between SAT and VAT. Of the
298 transcripts identified by the authors, data for 272 were
available in our analysis. We performed lookups in our dataset
to determine whether these genes were classified cell type en-
riched and whether this expression profile differed between
VAT and SAT (Figure 6E). For transcripts with a higher expres-
sion in VAT, compared with SAT (Schleinitz et al., 2020; Fig-
ure 6E, indicated by red dashed external line), the majority
were classified as mesothelial cell enriched in VAT in our anal-
ysis (Figure 6E.i), a cell type not found in SAT (Esteve et al.,
2019). A further 25 of these transcripts were found in the list
of 84 we excluded from cell-type classification, due to likely
co-expression in both VAT mesothelial and adipocyte progeni-
tor cells (Figure 6E.i; Table S1, tab 4a). For those transcripts
with a higher expression in SAT versus VAT (Schleinitz et al.,
2020; Figure 6E, indicated by black dashed line), most were
not annotated as cell type enriched, but those that were had
similar expression profiles between depots. Classification as
depot enriched in Schleinitz et al. (2020) was broadly consistent
with corresponding TPMs in the GTEx data (Figures 6E.iii and
6E.iv). The application of our data in this way demonstrates
its usefulness for extracting cell-type information from whole-
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tissue data, allowing further understanding of observations
made in other studies, with broad applicability across datasets
and analysis platforms.

DISCUSSION

Here, we present a method to resolve unfractionated tissue
RNA-seq data, providing an alternative to scRNA-seq for the
identification of cell-type-enriched transcripts. Our approach cir-
cumvents some challenges associated with scRNA-seq, e.g.,
requirement for fresh tissue, artefact-generating sample pre-
processing, and limited read depth (Beliakova-Bethell et al.,
2014; Rizzetto et al., 2017; Saliba et al., 2014; Ziegenhain
et al., 2017). By analyzing a high number of biological replicates,
this approach allows for well-powered subgroup comparisons,
e.g., female versus male. Public repositories contain thousands
of bulk RNA-seq datasets; our method can utilize these re-
sources to profile cell types for which little or no information
currently exists.

To our knowledge, this study provides the most comprehen-
sive publicly accessible database of adipose-tissue-cell-type
coding and non-coding gene-expression-enrichment profiles,
searchable on a gene-by-gene basis. Our dataset could also
be a useful tool for the optimization of deconvolution algorithms
used to determine proportions of constituent cell types in adi-
pose tissue bulk RNA-seq, e.g., CIBERSORT (Glastonbury
et al., 2019; Newman et al., 2015). Such analyses typically use
input expression matrices generated from transcriptome anal-
ysis of isolated cell types to identify cell-type reference genes.
Various factors can reduce the accuracy of input matrices,
including contaminating cell types in input datasets, technical ar-
tefacts due to cell extraction and processing, and limited input
data availability for some cell types or for cells sourced from ad-
ipose tissue. Cross checking input matrices against our dataset
could identify the most likely highly enriched genes in vivo.

Genes classified as adipocyte enriched in VAT or SAT included
those with established roles in adipocyte development or func-
tion, e.g., GPD1, AQP7, LPL (Rotondo et al., 2017), CIDEC (Keller
etal., 2008), GYG2, TUSC5, and PPP1R1A (Ambele et al., 2016),
but others had no known function, e.g., HEPACAM, PECR,
C190rf12, and AL845331.1. HEPACAM encodes an adhesion
molecule studied mainly in brain glial cells (Barrallo-Gimeno
and Estevez, 2014), but it was identified as a key driver in a reg-
ulatory gene network associated with BMI and cholesterol in VAT
from patients with coronary artery disease (Franzen et al., 2016).
HEPACAM was one of 47 genes differentially expressed in SAT

Figure 6. Identification of depot-specific, cell-enriched transcripts in human adipose tissue

Human VAT (n = 527 individuals) or SAT (n = 646 individuals) RNA-seq data were used for classification of cell-type-enriched transcripts (see results for criteria).
(A and B) For transcripts classified as (A) adipocyte or (B) adipocyte progenitor enriched, in either VAT or SAT, the “depot differential corr. score” (difference
between mean corr. with the Ref.T. panel in VAT versus SAT) was plotted versus enrichment ranking (position in each respective enriched list; highest corr. = rank
1). On each plot, transcripts enriched in both VAT and SAT are represented by common colored circle and square symbols, respectively, and transcripts classified
as enriched only in VAT or SAT are represented by differently colored circle or square symbols, respectively. Correspondingly colored threshold lines denote
ranking below which transcripts were classified as VAT or SAT enriched.

(C and D) Expression levels in SAT and VAT of (C) transcripts classified as adipocyte enriched in (i and ii) VAT only or (iii-v) SAT only; (D) adipocyte progenitor-
enriched classified transcripts in (i) VAT only or (i and iiij) SAT only.

(E) Transcripts identified as differentially expressed between VAT and SAT depots by Schieinitz et al. (2020) are displayed with cell-type-enrichment classification
in our analysis of (i) VAT and (ii) SAT. Corresponding expression levels in the GTEx datasets are displayed for (i) VAT and (iv) SAT.

See also Figure S8 and Tables S1, tab 6, and S2.
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from twin pairs with high and low BMI and was associated with
adipocyte diameter (Kaartinen et al., 2020). PECR is involved in
chain elongation of fatty acids (Gloerich et al., 2006) and is a
candidate gene influencing fat mass in mice (Karst et al,
2011), intramuscular fat deposition in cows (Sadkowski et al.,
2014), and pig weight (Stuczynska et al., 2018). Mutations in
C190rf12 cause neurodegeneration with brain iron accumulation
(Gagliardi et al., 2015), and C790rf12 could have arole in lipid ho-
meostasis (Hartig et al., 2011), due to high expression in adipose
tissue and co-regulation with genes involved in fatty-acid meta-
bolism. AL845331.1 has been re-classified from non-coding to
novel protein coding, on the basis of its similarity to AQP7, a
gene we also classified as adipocyte enriched, as have others
(Rotondo et al., 2017).

Non-coding RNAs are increasingly recognized as important in
adipose biology (Squillaro et al., 2020; Statello et al., 2021; Xu
and Sun, 2020), but descriptions of adipose-cell-type expression
profiles are lacking. In our analysis, adipocytes had the most en-
riched non-coding genes, including antisense transcripts to
adipocyte-enriched protein-coding genes, e.g., ALDH1L1-AS2,
ADIPOQ-AS1, LIPE-AS1, and CNTFR-AS1. Other adipocyte-en-
riched non-coding genes included RP17-863K10.7, an antisense
transcript to ERLIN2, a gene with a role in the accumulation of
cytosolic lipid droplets (Wang et al., 2012); MIRLET7BHG, which
is important for adipocyte differentiation in mice (McGregor and
Choi, 2011; Sun et al., 2009); and MIR193BHG, which was
characterized as a cellular steroid biosynthesis pathway modu-
lator in MCF7 cells (Wu et al., 2020). Mesothelial-cell-enriched
non-coding genes included antisense transcripts to mesothe-
lial-enriched protein-coding genes, e.g., SEMA3B-AS, DPP10-
AS1, FAM83H-AS1, and WT1-AS1. Other mesothelial-enriched
non-coding genes included LINC01133, reported as having a
role in the Wnt signaling pathway (Yang et al., 2021), which is
associated with metabolic disease development, with adipose
depot-specific roles (Chen and Wang, 2018). Most non-coding
transcripts classified as T cell or plasma cell enriched in our anal-
ysis were TR genes or |G genes, respectively. Other non-coding
transcripts classified as T cell enriched included PRKCQ-AST1,
which was postulated to have a role in T cell function in a study
of IncRNAs in vaccine response (de Lima et al., 2019) and targets
the protein-coding gene PRKCQ, which was also classified as
T cell enriched in our analysis. However, the majority of non-cod-
ing transcripts we identified as cell type enriched are
uncharacterized.

Sex differences in the accumulation, distribution, and endo-
crine and metabolic function of adipose tissue is well acknowl-
edged (Blaak, 2001; Lumish et al., 2020; Valencak et al., 2017),
although studies on underlying cell-type gene-expression differ-
ences are limited. Cell-type profiles were similar between sexes,
but we did identify a small panel of transcripts with sex-depen-
dent enrichment profiles, including TBL1Y, GYG2P1, and
RP11-115H13.1, which were adipocyte enriched only in male
VAT and SAT. TBL1Y, a Y-linked gene similar to its gonosomal
homologue TBL1X, is one of 27 genes that encode distinct
male-specific Y proteins (Jeffery et al., 2013). TBL1Y has a role
in hereditary hearing loss (Di Stazio et al., 2019) and cardiac
developmental regulation (Meyfour et al., 2017), the latter of
which has been suggested to contribute to the sexual
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dimorphism of cardiac diseases. Although previously reported
as expressed in adipose tissue (Jeffery et al., 2013), there are
no reports of TBL1Y being adipocyte specific or its function
there. GYG2P1 is a Y-linked pseudogene of GYG2 (Meyfour
et al., 2017). GYG2 was classified as adipocyte enriched in
both males and females in our analysis; although its function in
adipocytes has not been studied, its expression coincides with
adipocyte maturation of adipose-derived stromal cells (Ambele
et al., 2016). Although pseudogenes are often assumed to
lack function, they are increasingly found to have key roles
(Cheetham et al., 2020) functioning as antisense, endogenous
small-interference or competing endogenous transcripts (Singh
et al., 2020). There are no reports of GYG2P1 function, but it
was downregulated in SAT from children with obesity versus
those without (Liu et al., 2018). A recent study used bulk RNA-
seq to analyze SAT from females and males to identify genes
with differential expression (Anderson et al., 2020). According
to our data, the identified genes had similar cell-type enrichment
profiles between sexes (majority adipocyte enriched). Thus, sex
differences in SAT are likely driven by variable gene expression
in a common cell type or differences in the proportion of this
cell type.

Previous studies have identified differences in cellular compo-
sition, adipocyte size, activity, and capacity for fat uptake be-
tween VAT and SAT (lbrahim, 2010). Although RNA-seq has
been used to determine differences in gene expression between
VAT and SAT (Bradford et al., 2019; Schleinitz et al., 2020), to our
knowledge, there have been no studies comparing cell-type-en-
riched transcriptome profiles. We found that NRCAM, a neuronal
cell adhesion molecule of the immunoglobulin superfamily,
mainly studied in a neuronal development (Sakurai, 2012), was
adipocyte enriched in SAT, but not VAT. NRCAM was one of
32 genes upregulated throughout the differentiation of human-
adipose-derived stromal cells isolated from SAT (Ambele et al.,
2016), and in a study of SAT from siblings with high and low
BMI, NRCAM was identified as part of an obesity-related tran-
script network (Walley et al., 2012). NRCAM was expressed in
SAT, but not VAT, from individuals with extreme obesity (Gerhard
et al., 2014). However, NRCAM function is unknown. In SAT, but
not VAT, CALB2 and PKP2 were adipocyte enriched and /IL18
was macrophage enriched. In all three cases, overall expression
was higher in VAT than SAT, and these genes were predomi-
nantly expressed in mesothelial cells in VAT, consistent with
previous reports for IL18 (Darimont et al., 2008) and CALB2 (Bar-
beris et al., 1997). Indeed, our data show that mesothelial cells in
VAT drive differences in global gene expression between depots
(Bradford et al., 2019; Schleinitz et al., 2020).

In summary, our method circumvents some challenges
associated with the analysis of adipose tissue to provide an atlas
of constituent cell type defining transcriptional profiles. The data
can be used to further interpretate existing observations and to
identify candidates for functional studies to expand our knowl-
edge of adipose tissue in health and disease.

Limitations of the study

There are limitations to our study. We do not profile specific cell
subtypes; while it may be possible to resolve the data further in
this way, there is a lack of consensus regarding cell-subtype
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identity, e.g., multiple adipocyte progenitor cells subtypes have
been reported (Raajendiran et al., 2019), but others claim this
population is homogeneous (Acosta et al., 2017). Thus, selection
of subtype Ref.T.s required for input into our analysis model, or
interpretation of WGNCA, is challenging. Thus, our classification
informs about cell-type restricted expression but does not
discriminate between transcripts expressed uniformly across
all cells of a given type and those expressed in a sub-population.
Some cell types are not profiled in our analysis, due to difficulties
in the identification of cell-type-specific markers as suitable
Ref.T.s. Thus, some genes classified as cell type enriched in
our analysis may also be expressed in other (non-profiled) cell
types, a limitation that applies to existing scRNA-seq and
snRNA-seq adipose tissue datasets, which all lack data for
some constituent cell types (e.g., Hildreth et al., 2021; Tabula
Muris et al., 2018; Tabula Sapiens et al., 2022; Vijay et al.,
2020). Expression of some genes in adipose tissue can be modi-
fied by genetic, epigenetic, or environmental factors (Sun et al.,
2019). Such genes may not correlate with the Ref.T.s, due to a
variation in expression that is independent of cell-type propor-
tions. Thus, such genes could be false negatives in our analysis.
We have used high thresholds for classification of genes as cell
type enriched, likely leading to the incorrect exclusion of some.
For example, EPAS1, SHROOM4, and GPR4 are endothelial-en-
riched transcripts across tissue beds (Butler et al., 2016), but
they fall just below the threshold for classification as endothelial
enriched here. However, in these cases, the enrichment score
clearly indicates a cell-type-restricted expression; thus, our clas-
sifications are intended only as a guide, and the reader should
consider the data on a transcript-by-transcript basis.
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All generated data (also contained in
manuscript Tables S1, S2, and S3)

This paper

Butler, Lynn (2022), “A human
adipose tissue cell type
transcriptome atlas”, Mendeley
Data, V1, https://doi.org/10.17632/
6wmbw2nt4x.1

Software and algorithms

R

RStudio

Code for cell type enrichment analysis

WCGNA clustering analysis

Seurat single cell RNAseq analysis

Circlize package, for creation

of circular plots

GraphPad Prism 6

R Core Team (2022). R: A language and
environment for statistical computing.
RStudio Team (2021). RStudio: Integrated
Development Environment for R.

This paper

Langfelder and Horvath, (2008) WGCNA: an R
package for weighted correlation network
analysis. BMC Bioinformatics 9, 559

Hao et al., (2021). Integrated analysis of
multimodal single-cell data. Cell 784,
3573-3587 3529

Gu et al., (2014) Circlize Implements and
enhances circular visualization in R.
Bioinformatics 30, 2811-2812.

GraphPad

https://www.R-project.org

http://www.rstudio.com/

https://github.com/PhilipDusart/
cell-enrichment
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edu/html/CoexpressionNetwork/
Rpackages/WGCNA/
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https://jokergoo.github.io/
circlize_book/book/

www.graphpad.com/

Other

Adipose-visceral (omentum) RNAseq data
Adipose-subcutaneous RNAseq data

GO Biological process and Reactome
pathways analysis

scRNAseq human subcutaneous
adipose tissue

scRNAseq human subcutaneous
adipose tissue
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Genotype-Tissue Expression (GTEXx) Project

Ashburner et al. (2000) Gene ontology: tool
for the unification of biology. Nat Genet.
May 25(1):25-9.

The Gene Ontology resource: enriching a
GOld mine. (2021) Nucleic Acids Res.
49(D1):D325-D334.

Hildreth et al. (2021). Single-cell sequencing
of human white adipose tissue identifies new
cell states in health and obesity. Nat Immunol
22, 639-653.

Sapiens, T. (2021). The Tabula Sapiens: a
multiple organ single cell transcriptomic
atlas of humans. bioRxiv preprint

gtexportal.org; dbGaP Accession
phs000424.v8.p2

Gene ontology resource and
PANTHER classification

resource; http://geneontology.org/
GO Ontology database https://doi.
org/10.5281/zenodo.4081749
Released 2020-10-09

Reactome version 65.

Released 2020-11-17

https://www.nature.com/articles/
s41590-021-00922-4
(https://doi.org/10.1038/s41590-
021-00922-4;)

PMID: 33907320
https://www.biorxiv.org/content/
10.1101/2021.07.19.452956v3
(https://doi.org/10.1101/2021.07.
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scRNA murine adipose tissue data Tabula Muris et al. (2018). Single-cell https://www.nature.com/articles/
transcriptomics of 20 mouse organs s41586-018-0590-4
creates a Tabula Muris. Nature 562, (https://doi.org/10.1038/s41586-
367-372. 018-0590-4)
PMID: 30283141
snRNAseq human subcutaneous Sun et al. (2020). snRNA-seq reveals a https://www.nature.com/articles/
adipose tissue subpopulation of adipocytes that regulates s41586-020-2856-x
thermogenesis. Nature 587, 98-102. (https://doi.org/10.1038/s41586-
020-2856-x)
PMID: 33116305
Website resource for protein coding This paper Human Protein Atlas https://www.
gene enrichment proteinatlas.org/humanproteome/
tissue+cell+type/adipose-+tissue
Website resource for non-protein coding This paper https://cell-enrichment.shinyapps.
gene enrichment io/noncoding/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Dr. Lynn
Marie Butler. Email: Lynn.butler@ki.se.

Materials availability
This study did not generate new unique reagents.

Data and code availability
e This paper analyses existing, publicly available data. The accession number for the datasets are listed in the key resources ta-
ble.
e All original code has been deposited at GitHub and is publicly available as of the date of publication. DOlIs are listed in the key
resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bulk RNA-seq data analyzed in this study was obtained from the Genotype-Tissue Expression (GTEx) Project (gtexportal.org)
(Consortium, 2015) accessed on 2019.11.29 (dbGaP Accession phs000424.v8.p2). Sample IDs of visceral adipose tissue (VAT)
and subcutaneous adipose tissue (SAT) samples used in the analysis can be found in Table S1. Human tissue protein profiling
was performed in house as part of the Human Protein Atlas (HPA) project (Ponten et al., 2008; Uhlen et al., 2015, 2017) (www.
proteinatlas.org). Adipose tissue samples were obtained from the Department of Pathology, Uppsala University Hospital, Uppsala,
Sweden, as part of the Uppsala Biobank. Samples were handled in accordance with Swedish laws and regulations, with approval
from the Uppsala Ethical Review Board (Uhlen et al., 2015).

METHOD DETAILS

Tissue profiling: human tissue sections

Adipose tissue sections were stained, as previously described (Ponten et al., 2008; Uhlen et al., 2015). Briefly, formalin fixed and
paraffin embedded tissue samples were sectioned, de-paraffinized in xylene, hydrated in graded alcohols and blocked for endog-
enous peroxidase in 0.3% hydrogen peroxide diluted in 95% ethanol. For antigen retrieval, a Decloaking chamber® (Biocare Med-
ical, CA) was used. Slides were boiled in Citrate buffer®, pH6 (Lab Vision, CA). Primary antibodies and a dextran polymer visualization
system (UltraVision LP HRP polymer®, Lab Vision) were incubated for 30 min each at room temperature and slides were developed
for 10 min using Diaminobenzidine (Lab Vision) as the chromogen. Slides were counterstained in Mayers hematoxylin (Histolab)
and scanned using Scanscope XT (Aperio). Primary antibodies, source, target and identifier are as follows: Atlas Antibodies:
ACSL1 (Cat#HPA011316; RRID:AB_1844536), ACO1 (Cat#HPAO19371; RRID:AB_1844519), FBX027 (Cat#HPA046800;
RRID:AB_2679813), MYH9 (Cat#HPA064783; RRID:AB_2732721), GIMAP4 (Cat#HPA019135; RRID:AB_1849670), FLNB

Cell Reports 40, 111046, July 12,2022 3



mailto:Lynn.butler@ki.se
http://gtexportal.org
http://www.proteinatlas.org
http://www.proteinatlas.org
https://www.nature.com/articles/s41586-018-0590-4
https://www.nature.com/articles/s41586-018-0590-4
https://doi.org/10.1038/s41586-018-0590-4
https://doi.org/10.1038/s41586-018-0590-4
https://www.nature.com/articles/s41586-020-2856-x
https://www.nature.com/articles/s41586-020-2856-x
https://doi.org/10.1038/s41586-020-2856-x
https://doi.org/10.1038/s41586-020-2856-x
https://www.proteinatlas.org/humanproteome/tissue+cell+type/adipose+tissue
https://www.proteinatlas.org/humanproteome/tissue+cell+type/adipose+tissue
https://www.proteinatlas.org/humanproteome/tissue+cell+type/adipose+tissue
https://cell-enrichment.shinyapps.io/noncoding/
https://cell-enrichment.shinyapps.io/noncoding/

¢? CellP’ress Cell Reports

OPEN ACCESS

(Cat#HPA004886; RRID:AB_1848600), PLN (Cat#HPA026900; RRID:AB_1855314), LMOD1 (Cat#HPA028435; RRID:AB_10602180),
DES (Cat#HPA018803; RRID:AB_1847616), TBXAS1 (Cat#HPA031257; RRID:AB_2673812), ITGB2 (Cat#HPA016894;
RRID:AB_1846257), PRKAR2B (Cat#HPA008421, RRID:AB_1855421), C190orf12 (Cat#HPA046930, RRID:AB_10962836), SHANK3
(Cat#HPA003446; RRID:AB_1079958), CASQ2 (Cat#HPA027285; RRID:AB_1845933), SLC30A3 (Cat#HPA060505; RRID:AB_
2684296), LCP1 (Cat#HPA019493; RRID:AB_1855457), IFI30 (Cat#HPA026650; RRID:AB_10602237), SP140 (Cat#HPA006162;
RRID:AB_1857403), CD247 (Cat#HPA008750; RRID:AB_1857863). Santa Cruz: TYROBP (Cat#sc-20783; RRID:AB_638987),
TBX21 (Cat#sc-21003; RRID:AB_2200557), Thermo Fisher Scientific: ZAP70 (Cat#MS-1911), Merck: KLRK1 (Cat#05-945;), R&D
Systems: CDH13 (Cat#MAB3264). All IHC images are available on the HPA website (https://www.proteinatlas.org/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Reference transcript-based correlation analysis

This method was adapted and expanded from that previously developed to determine the cross-tissue pan-EC-enriched transcrip-
tome (Butler et al., 2016) and human brain cell enriched genes (Dusart et al., 2019). Pairwise Spearman correlation coefficients were
calculated between reference transcripts selected as proxy markers for: adipocytes [ADIPOQ, LIPE, PLINT], adipocyte progenitor
cells [FKBP10, COL6A1, COL6A2], mesothelial cells [UPK3B, MSLN, KRT19], endothelial cells [MMRN2, ESAM, CDH5], smooth
muscle cells [KCNMB1, CNN1, MYH11], macrophages [CD68, C1QC, FCER1G], neutrophils [CSF3R, FCGR3B, CXCR2], mast cells
[CPA3, TPSB2, TPSABT1], T cells [TRBC2, CD6, CD3E] and plasma cells [[GKC, JCHAIN, MZB1] and all other sequenced transcripts.
Transcripts with a TPM value < 0.1 in more than 50% of samples were excluded from analysis (but are still included in data tables).
See results section for full criteria required for transcript classification of transcripts as cell-type enriched (also Table S1, tab 1,
table B). Correlation coefficients were calculated in R using the corr.test function from the psych package (v 1.8.4). In addition to cor-
relation coefficients False Discovery Rate (FDR) adjusted p-values (using Bonferroni correction) and raw p-values were calculated.
FDR <0.0001 for correlation was required for inclusion as cell type enriched, but no transcripts in either VAT or SAT required exclusion
due to this criterion.

Weighted correlation network (WGCNA) analysis

The R package WGCNA (Langfelder and Horvath, 2008) was used to perform co-expression network analysis for gene clustering, on
log2 expression TPM values. The analysis was performed according to recommendations in the WGCNA manual. Transcripts with
too many missing values were excluded using the goodSamplesGenes() function. The remaining genes were used to cluster the sam-
ples, and obvious outlier samples were excluded.

Gene ontology and reactome analysis

The Gene Ontology Consortium (Ashburner et al., 2000) and PANTHER classification resource (Mi et al., 2013, 2016) were used to
identify over represented terms (biological processes) in the panel of identified cell-type-enriched transcripts from the GO ontology
(release date 2021-10-09) or reactome (release date 2021-11-17) databases.

Processing of data from adipose tissue scRNA-seq and snRNA-seq datasets

Data from scRNA-seq analysis of human SAT (Hildreth et al., 2021; Tabula Sapiens et al., 2022), scRNA-seq of murine adipose tissue
(mixed depot) (Tabula Muris et al., 2018) and snRNA-seq of human SAT (Sun et al., 2020) was downloaded or received from the
authors upon request. Cell type clustering and categorization was performed as originally described, but immune cell subtypes in
(Hildreth et al., 2021) were merged, and myofibroblasts and smooth muscle cells in (Tabula Sapiens et al., 2022) were handled
together. The R Seurat package (Hao et al., 2021) and the FindAllMarkers function was used to determine the Log?2 fold change
values for each gene in all cell types versus all others within each study, and to generate illustrative UMAP plots when required.
The statistical significance of overlap between cell-type enriched genes in each study was calculated using a hypergeometric test
(Figure S5). Criteria used for comparison of our cell type-enriched datasets with expression profiles in the independent studies
are given in the relevant results sections and associated tables or figure legends.

Visualization
Circular graphs (Figures 3, 4B, and 6E) were constructed using the R package circlize (Gu et al., 2014). Some figure sections were
created with BioRender.com.

ADDITIONAL RESOURCES
Analyzed data for all protein coding genes is provided on the Human Protein Atlas website: (www.proteinatlas.org/humanproteome/
tissue+cell+type/adipose+tissue). Analyzed data for non-coding transcripts is provided on: https://cell-enrichment.shinyapps.io/

noncoding/. The published article includes all datasets generated during this study, including depot- and sex-subset analysis
(Tables S1, S2, and S3).
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Figure S1

Figure S1. Methodological summary and expression distribution and correlations between
human visceral adipose tissue (VAT) cell type reference transcripts. Related to Figure 1 and
Table S1, Tab 1. (A) Schematic of analysis concept. (B) Expression of Ref. T selected to represent:
(i) adipocytes, (ii) adipocyte progenitors, (iii) mesothelial cells, (iv) endothelial cells, (v) smooth

muscle cells, (vi) macrophages, (vii) neutrophils, (viii) mast cells, (ix) T-cells and (x) plasma cells.
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Figure S2

Figure S2. scRNAseq of subcutaneous adipose tissue provides supportive evidence for cell
type enrichment predictions from integrative co-expression analysis of unfractionated
visceral adipose tissue (VAT). Related to Figure 1D. (A) (i) For transcripts above the designated
correlation threshold with the macrophage (squares, MC) or neutrophil (circles, NP) Ref.T. panels,

the ‘differential correlation score’ (difference between mean corr. with MC and NP Ref.T.) was plotted
vs. ‘enrichment ranking’. Bold text annotations show transcripts appearing in both MC- and NP lists
(circular and square symbol, on the same X-axis dimension). (ii) SCRNAseq data from the Human
Protein Blood Atlas (Uhlen et al., 2019) showing gene expression in classical, intermediate, and non-
classical monocytes, and neutrophils from whole blood. (B) scRNAseq data from analysis of cell
types in human subcutaneous adipose tissue was sourced from Tabula Sapiens (Tabula Sapiens.,
2021), and used to generate UMAP plots showing (i) scRNAseq cell type annotations, and (ii)
expression profiles of genes we predicted as macrophage (MC)-enriched [CD86, CD300C, MS4A4A]
(blue bar), co-enriched in both MC and neutrophils (NP) [LILRA2, FPR1, MNDA] (grey bar) or

predominantly NP-enriched [ARG1, PROK2, MGAM] (pink bar).
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Figure S3

Figure S3. (A) Protein profiling of transcripts identified as cell-enriched in VAT. Related to
Figure 2. Human adipose tissue sections were stained using primary antibodies targeting proteins
encoded by transcripts classified as adipocyte-, endothelial-, smooth muscle-, macrophage- or T-
cell-enriched. Scale bar 200um, inset 50um. See also Table S2, Tab 1.

(B-C) Integrative co-expression analysis of unfractionated RNAseq reveals enriched
transcriptomes of subcutaneous adipose tissue (SAT) cell types. Related to Figure 6, Figure
S7, Figure S8. Human SAT RNAseq data (n=646), retrieved from Genotype-Tissue Expression
(GTEX) portal V8, was used to determine correlation coefficients (corr.) between selected adipose
cell type Ref.T and all other sequenced transcripts. (A) Heat map plot of transcripts classified as cell
type-enriched (indicated by horizontal-coloured bars), showing differential score between mean
correlation coefficient with the corresponding Ref.T. panel vs. highest mean correlation coefficient
amongst the other Ref.T. panels. (B) SAT RNAseq data was subject to weighted correlation network
analysis (WGCNA). (i) Coloured squares indicate Ref.T. location on resultant dendrogram. (ii)
Distribution of transcripts classified as cell type-enriched across dendrogram groups. See also Table

S2, Tab 1.
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Figure S4

Figure S4. Comparison of predicted human visceral adipose tissue (VAT) and subcutaneous
adipose tissue (SAT) cell type enriched transcriptomes with scRNAseq or snRNAseq of
human SAT or murine adipose tissue. Related to Figure 3, Table S1 Tab 5, and Table S2, Tab
1. (A) Data generated by single cell (scRNAseq) or single nuclear (snRNAseq) profiling of human
SAT or murine adipose tissue was sourced from (i) Tabula Sapiens (Tabula Sapiens., 2021)
(scRNAseq SAT [TS]), (ii) Sun et al. (Sun et al., 2020) (snRNAseq SAT [Sun]), (iii) Hildreth et al.
(Hildreth et al., 2021) (ssRNAseq SAT [Hildreth]) and (iv) Tabula Muris (Tabula Muris et al., 2018)
(scRNAseq mixed [TM]). (B) Genes predicted as enriched in (i) adipocyte progenitor cells, (ii)
endothelial cells or (iii) T-cells, in both VAT and SAT, were cross checked with the independent
studies. Colour coding indicates proportion of genes that have average Log2 fold change >1.0, >0.5
or >0.2 [p<0.01] in the corresponding cell type vs. all other cell types profiled in the independent
study. FB: fibroblast, AP: adipocyte progenitor, Pre-AC: pre-adipocyte, MSC: mesenchymal stem
cell, EC: endothelial cell, TC: T-cell. (C.i) The top 200 human adipose enriched genes in Human
Protein Atlas and GTEXx datasets were sourced from Harminozome database (Rouillard et al., 2016)

and (C.ii) classification as cell type-enriched in our analysis of VAT determined.
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Figure S5

Figure S5. A comparison of cell-type enriched genes identified in different adipose tissue cell
type profiling studies; Related to Figure 3 and S4. Bubble heatmap showing the significance
(indicated by dot size and colour) of shared enriched genes between adipose tissue cell types, as
identified in the current study using integrative correlation analysis of bulk RNAseq of (A) human
visceral adipose tissue [VAT] (Unfractionated VAT) and (B) human subcutaneous adipose tissue
[SAT] (Unfractionated SAT), or by single cell/single nuclear profiling of human SAT, sourced from
(C) Tabula Sapiens (Tabula Sapiens., 2021) (scRNAseq SAT [TS]) (D) Sun et al. (Sun et al., 2020)
(snRNAseq SAT [Sun]) and (E) Hildreth et al. (Hildreth et al., 2021) (ssRNAseq SAT [Hildreth]), or in
(F) murine adipose tissue from Tabula Muris (Tabula Muris et al., 2018) (scRNAseq mixed [TM])
(enriched genes defined as those 20.5 Log2 fold change in expression vs. all other cell types in the
same study [p<0.01]). Cell type-enriched genes were compared across all studies (indicated by
different coloured blocks on x-axis), N.B. not all cell types were represented in every study. When
overlap of enriched genes was not statistically significant (hypergeometric test, P > 0.05), no dot is
displayed. AC: adipocyte, AP: adipocyte progenitor, EC: endothelial cell, SMC: smooth muscle cell,
MC: macrophage, NP: neutrophil, MastC: mast cell, TC: T-cell, PlasC: plasma cell, MesoC:
mesothelial cell, FB: fibroblast, NKC: natural killer cell, BC: B-cell, LC: leukocyte, Pre-AC: pre-
adipocyte, MonoC: monocyte, DC: dendritic cell, ILC: innate lymphoid cell, MSC: mesenchymal

stem cell.
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Figure S6

Figure S6. Identification of sex-specific cell type-enriched transcripts in human visceral
adipose tissue (VAT); Related to Figure 5. VAT RNAseq data (n=527), retrieved from Genotype-
Tissue Expression (GTEX) portal V8, was divided into female and male sample subgroups (female
n=165, male n=362) before classification of cell type-enriched transcripts (see results section for
criteria). For transcripts classified as: (A) endothelial, (B) smooth muscle, (C) macrophage, (D)
neutrophil, (E) mast cell, or (F) plasma cell enriched, in either female or male subsets, the “sex
differential correlation score’ (difference between mean corr. with the Ref.T panel in females vs.
males) was plotted vs. ‘enrichment ranking’ (position in each respective enriched list, highest corr. =
rank 1). On each plot, transcripts classified as enriched in both females and males are represented
by common coloured circle and square symbols, respectively, and transcripts classified as enriched
only in females or males are represented by differently coloured circle or square symbols,
respectively. Correspondingly coloured threshold lines denote ranking below which transcripts were

classified as female or male enriched. See also Table S3, Tab 2.
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Figure S7

Figure S7. Identification of sex-specific cell-enriched transcripts in human subcutaneous
adipose tissue (SAT); Related to Figure 5. Human SAT RNAseq data (n=646), retrieved from
Genotype-Tissue Expression (GTEX) portal V8, was divided into female and male sample subgroups
(female n=212, male n=434) before classification of cell type-enriched transcripts (see results section
for criteria). For transcripts classified as: (A) adipocyte, (B) adipocyte progenitor, (C) endothelial, (D)
smooth muscle, (E) macrophage (F) mast cell, (G) T-cell, or (H) plasma cell enriched, in either female
or male subsets, the “sex differential correlation score’ (difference between mean corr. with the Ref.T
panel in females vs. males) was plotted vs. ‘enrichment ranking’ (position in each respective enriched
list, highest corr. = rank 1). On each plot, transcripts enriched in both females and males are
represented by common coloured circle and square symbols, respectively, and transcripts classified
as enriched only in females or males are represented by differently coloured circle or square
symbols, respectively. Correspondingly coloured threshold lines denote ranking below which
transcripts were classified as female or male enriched. Transcripts with differential corr. score >0.40

are labelled with identifiers. See also Table S3, Tab 4.
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Figure S8

Figure S8. Identification of depot-specific cell-enriched transcripts in human adipose tissue;
Related to Figure 6. Human visceral adipose tissue (VAT, n=527) or subcutaneous adipose tissue
(SAT, n=646) RNAseq data, retrieved from Genotype-Tissue Expression (GTEX) portal V8, was used
for classification of cell type-enriched transcripts (see results section for criteria). For transcripts
classified as: (A) macrophage, (B) endothelial, (C) smooth muscle, (D) mast cell, (E) T-cell, or (F)
plasma cell enriched, in either VAT or SAT, the "depot differential correlation score’ (difference
between mean corr. with the Ref.T panel in VAT vs. SAT) was plotted vs. ‘enrichment ranking’
(position in each respective enriched list, highest corr. = rank 1). On each plot, transcripts enriched
in both VAT and SAT are represented by common coloured circle and square symbols, respectively,
and transcripts classified as enriched only in VAT or SAT are represented by differently coloured
circle or square symbols, respectively. Correspondingly coloured threshold lines denote ranking
below which transcripts were classified as VAT or SAT enriched. Selected transcripts with differential

corr. score >0.40 are labelled with identifiers.



	CELREP111046_proof_v40i2.pdf
	A human adipose tissue cell-type transcriptome atlas
	Introduction
	Results
	Identification of cell-type transcriptome profiles in visceral adipose tissue
	Cell-type reference transcripts correlate across unfractionated adipose RNA-seq data
	Reference transcripts analysis can identify distinct cell-type-associated transcripts

	Independent methods and datasets support cell-type classifications
	Unsupervised weighted network correlation analysis (WGNCA) is consistent with Ref.T. analysis

	Cell-type-enriched transcripts in visceral adipose tissue
	Cell-type-enriched non-coding transcripts in VAT
	Identification of cell-type transcriptome profiles in subcutaneous adipose tissue (SAT)
	Adipose tissue scRNA-seq is consistent with Ref.T. analysis
	Ref.T. analysis can predict source of adipose-tissue-enriched genes

	Sex- and depot-specific differences in adipose-cell-type transcriptome profiles
	Prediction of sex-specific differences in adipose-cell-type-enriched transcripts
	Comparison of predicted sex-specific VAT- and SAT-cell-type-enriched transcripts
	Prediction of depot-specific differences in adipose-cell-type-enriched transcripts

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Tissue profiling: human tissue sections

	Quantification and statistical analysis
	Reference transcript-based correlation analysis
	Weighted correlation network (WGCNA) analysis
	Gene ontology and reactome analysis
	Processing of data from adipose tissue scRNA-seq and snRNA-seq datasets
	Visualization

	Additional resources






