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SUMMARY

White adipose tissue (WAT) distribution is sex dependent. Adipocyte hyperplasia contributes to
WAT distribution in mice driven by cues in the tissue microenvironment, with females displaying
hyperplasia in subcutaneous and visceral WAT, while males and ovariectomized females have
visceral WAT (VWAT)-specific hyperplasia. However, the mechanism underlying sex-specific
hyperplasia remains elusive. Here, transcriptome analysis in female mice shows that high-fat
diet (HFD) induces estrogen signaling in adipocyte precursor cells (APCs). Analysis of APCs
throughout the estrous cycle demonstrates increased proliferation only when proestrus (high
estrogen) coincides with the onset of HFD feeding. We further show that estrogen receptor a
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(ERa) is required for this proliferation and that estradiol treatment at the onset of HFD feeding is
sufficient to drive it. This estrous influence on APC proliferation leads to increased obesity driven
by adipocyte hyperplasia. These data indicate that estrogen drives ERa-dependent obesogenic
adipocyte hyperplasia in females, exacerbating obesity and contributing to the differential fat

distribution between the sexes.
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In brief

Saavedra-Pefia et al. show that estradiol cycling regulates adipocyte formation in female mice
by stimulating ERa.-dependent proliferation of adipocyte precursor cells (APCs) at the onset of
high-fat diet feeding. This estradiol-stimulated mechanism results in exacerbated obesity due to an

increase in adipocyte formation.

INTRODUCTION

In both mice and humans, females of reproductive age are less prone to obesity

and metabolic dysfunction compared with males and postmenopausal females.2=3 This
protection has been attributed to the cycling of hormones, particularly estradiol, the most
potent and abundant circulating estrogen.#-8 Estrogens are considered anti-obesogenic
hormones, as they regulate multiple aspects of energy balance including promoting physical
activity, reducing food intake, and protecting from hepatic steatosis via signaling through
estrogen receptor a. (ERa; £sr).”-11 At the same time, increased fat accumulation occurs
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simultaneously with elevations in estrogen during puberty and pregnancy,12-14 which
suggests a more nuanced relationship between estrogens and adiposity. These nuances are
challenging to study due to the tissue-specific roles of estrogens, the altered metabolism
of sex steroids in obesity, and compensatory hormonal responses in many experimental
models.15-19

In obesity, white adipose tissue (WAT) growth occurs via hypertrophy (increase in

adipocyte size) and hyperplasia (increase in adipocyte number). Hyperplastic growth
requires adipocyte precursor cell (APC) proliferation and differentiation, as mature
adipocytes are postmitotic.20-23 APCs proliferate rapidly and transiently at the onset of

a high-fat diet (HFD) feeding, leading to increased adipocyte formation in a process

that is specific to obesity.21:24.25 There is a striking difference in the depot patterning

of obesogenic hyperplasia between the sexes, with females displaying both visceral

(VWAT) and subcutaneous (SWAT) hyperplasia, while males exhibit visceral-specific
hyperplasia,19:21.22:25 which mirrors the sex-specific WAT distribution in humans.22:25
While APCs arise from distinct developmental lineages in a depot- and sex-specific
manner,26-28 transplant experiments demonstrate it is the microenvironment of the fat depot,
and not the developmental lineage, that controls obesogenic hyperplasia.2> Sex hormones
are known to play a role in the adipose microenvironment. Androgens influence depot
patterning during adipose development,2? and estrogens influence the depot patterning of
hyperplasia in obesity. Females lose obesogenic hyperplasia in SWAT after ovariectomy
(OVX), when gonadal production of estrogens is lost, 2> while males gain SWAT hyperplasia
upon estradiol treatment.2>

Elucidating the mechanisms underlying sex-specific obesogenic hyperplasia is important,
as the distribution of fat impacts metabolic health.30-33 Furthermore, it is believed that
hyperplasia leads to a sustained increase in WAT mass, as increased adipocyte number is
maintained even after weight loss,34 whereas adipocyte size can rapidly change to meet
current energy demands.3-37 While previous studies of hyperplasia in mice and humans
have shed light on the hierarchy and complexity of APCs,38-45 APC response during the
onset of HFD feeding, when APCs are the most proliferative,21:2> has not been assessed.
Here, we perform RNA sequencing in APCs from the VWAT and SWAT of female mice

at the onset of HFD feeding to identify molecular pathways involved in the hyperplastic
response. We identify estradiol as a major regulator of APC proliferation in both depots of
female mice in a process that is dependent of ERa signaling. Furthermore, we demonstrate
that the cycling of systemic estrogens determines obesogenic hyperplasia in females, which
contributes to increased obesity without benefiting glucose tolerance, thus indicating that
this mechanism of adipocyte hyperplasia is not metabolically protective. Overall, these data
uncover that the timing of HFD feeding in females relative to the estrous cycle impacts the
long-term development of obesity.

Estrogen pathways are upregulated during obesogenic proliferation in females

Although several mechanisms of hyperplasia have been uncovered,*® most of the in vivo
studies have been done in male mice.20-22:47 Given the sexually dimorphic patterning of
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adipose hyperplasia and the potential role of estrogens in female APC proliferation,2> we
used RNA sequencing (RNA-seq) to help determine the mechanisms underlying VWAT

and SWAT hyperplasia in APCs of female mice (GEO: GSE209663). Bulk RNA-seq was
performed to ensure sufficient read depth for mechanistic analysis on APCs from VWAT
and SWAT on standard chow (SD) or after 3 days of HFD feeding, when APC proliferation
is highest?! (Figure 1A). DESeq2 analysis reveals that an HFD has a has a greater impact
on gene expression in VWAT (5,828 genes) than SWAT (2,368) (Figures 1B, 1C, and 1E).
Of note, 78.8% and 23.9% of the differentially expressed genes (DEGSs) are exclusive

to VWAT and SWAT, respectively (Figure 1B). Gene Ontology (GO) analysis reveals
processes involving cell cycle progression, mitosis, and protein transport and modification
are commonly upregulated in both depots (Figures S1A and S1C). In addition, KEGG
pathway analysis reveals upregulation of PI3K-Akt and FoxO signaling, both of which

are involved in metabolism and nutrient sensing (Figures S1B and S1D). Next, we used
Ingenuity Pathway Analysis (IPA) to predict the pathways and upstream regulators likely
involved in the gene expression changes upon HFD feeding. Most of the pathways identified
have previously been implicated in adipogenesis, including VEGF,*8-50 ERBB2,51.52
PTGER?2,53 CSF2,54 FOXMZ1,%% and CD24,56 which supports that this experiment assesses
adipogenic mechanisms. Interestingly, both ERa (£5r2) and 17p-estradiol are among the
top positive regulators induced by HFD (Figures 1D and 1F), suggesting that estrogen
signaling plays a role in adipogenesis. Further supporting this finding, several of the
upstream regulators identified here are modulated by ERa and estrogen signaling, including
FOXM1,57:58 VEGF,%9 and ERBB2.60.61 Analysis of canonical molecular pathways via

IPA shows estrogen-mediated S-phase entry is upregulated in both fat depots on an HFD
(Figure 1G). Remarkably, all other shared upregulated pathways, including mitotic roles of
Polo-like kinase, GP6, TREM1, and BRCAL1 signaling, have been directly linked to estrogen
signaling®2-66 (Figure 1G). The results of this genomic study in combination with previous
results?® highlight a central role for estrogen signaling in obesogenic adipocyte hyperplasia
in female mice.

Timing of obesogenic stimulus in females impacts APC proliferation

Mature female mice undergo hormonal cycling (estrous cycle),57-68 with plasma estradiol
peaking during the proestrus stage (Figure 2A).59 As previous studies show that sex
hormone signaling influences obesogenic hyperplasia, 192125 we assessed if the timing

of HFD feeding initiation in the estrous cycle affects APC proliferation. Estrous stages

were assessed daily using vaginal smears as previously described’0:1 before and during

a week of SD or HFD feeding (Figure 2B). APCs were identified via flow cytometry as
lineage negative (CD45-, CD31-) and positive for CD29, CD34, and Sca-1 (Figure 2C).
Proliferation was determined by measuring BrdU incorporation (Figure 2C). After 1 week of
diet, we find that females that experience proestrus at the onset (days 0 to 2) of HFD feeding
(termed “early”) have increased APC proliferation in both depots compared with females in
other estrous stages at the onset of HFD feeding (termed “late”) (Figures 2D and 2E). APC
proliferation was not affected by the estrous cycle on an SD, indicating that the combination
of HFD initiation with proestrus is required to drive APC proliferation. Interestingly, CD45+
cells are more proliferative upon HFD feeding but are not influenced by estrous cycling

in females (Figure 2F), suggesting that estrous cycle-associated proliferative changes in
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response to HFD are an APC-specific response. Of note, all females experienced proestrus
during the week of the experiment, thus it is the timing of HFD initiation in relation to the
estrous cycle that is critical for APC proliferation.

Estradiol drives female APC proliferation via ERa

As circulating estradiol peaks during proestrus,5% and as APC proliferation is highest at
day 3 of HFD feeding,?! the data support a requirement for estrogen signaling in female
adipocyte hyperplasia. However, estradiol is only one of the many hormones that fluctuates
during the estrous cycle.89 Thus, we assessed if estradiol treatment during the onset of
HFD feeding affects APC proliferation. Females in estrus were treated with vehicle or
17p-estradiol (1 mg/kg) daily during days 0-2 of HFD feeding (Figure S2A). As described
previously,11:8.72-75 estradiol treatment acutely decreases food intake in females (Figure
3A). But despite decreased consumption of the HFD, estradiol-treated females had increased
APC proliferation compared with vehicle controls (Figures 3B and 3C). To determine the
mechanisms by which estradiol affects APC proliferation, we assessed the expression of
known ERs in APCs. The RNA-seq dataset reveals that only ERa (£5r1), and not ERB
(Esr2) or GPR30 (Gperl), is expressed in female APCs (Figure 3D). ERa is a known
regulator of energy homeostasis, influencing both food intake and physical activity. 47

To determine if ERa is required for APC proliferation /in vivo, we used the previously
described Pdgfra-cre; Esrif/f: mTmG strain (AP-ERa-knockout [KO]),1® where APCs lack
ERa expression. To mitigate the off-target effects in these KO mice,19 we employed the
APC transplant strategy (Figure 3E). We have previously described this method, which does
not include Matrigel or impact the proliferative response of the transplanted APCs.19.25
Here, we successfully identify transplanted wild-type APCs in the recipient depot via flow
cytometry as RFP+ (Figure S2B) and demonstrate the transplanted cells retain proliferation
capacity in the recipient depot similar to endogenous cells (male VWAT) (Figure S2C).

To assess the requirement of ERa in APC proliferation, we transplanted GFP+ ERa-KO
APCs directly into wild-type female SWAT and identify these in the recipient depot via
flow cytometry (Figure S3D). During the experiment, estrous stages were assessed, and only
females in proestrus at the onset of HFD feeding were included to ensure a proliferative
microenvironment in the tissue. When assessing proliferation of endogenous APCs (GFP-)
and ERa-KO APCs (GFP+), we find that APCs lacking ERa do not proliferate in response
to HFD feeding compared with endogenous cells in SWAT or VWAT (Figures 3F and 3G).
These data demonstrate that APC-intrinsic ERa signaling is required for the obesogenic
proliferation that occurs when the onset of HFD feeding coincides with proestrus. Taken
together, these data demonstrate that estradiol mediates APC proliferation in female WAT
at the onset of HFD feeding, likely contributing to the sexual dimorphism in adipocyte
hyperplasia.2>

Timing of obesogenic stimulus influences female obesity

As APC proliferation is impacted by the timing of an HFD feeding in female mice, we
next determined if the timing of an HFD feeding also affects the development of obesity.
We assessed estrous cycle stages during the first week of an SD or HFD feeding, at which
point the females on an HFD were classified into early (APC proliferative) and late (hon-
APC proliferative) groups (Figure 2A). To measure adipocyte hyperplasia, BrdU was given
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during the first week of the experiment and chased for 12 weeks (Figure 4A). Adipocyte
hyperplasia was measured using immunohistochemistry to assess BrdU incorporation
specifically into the nuclei of mature adipocytes. In this assay, we identify mature adipocyte
nuclei by staining the adipocyte plasma membranes with caveolin-1 (Figures 4B and

4C), as previously described.?146 Consistent with increased APC proliferation, adipocyte
hyperplasia is increased in females undergoing proestrus at the onset of HFD feeding
(Figure 4D). Importantly, we find that females undergoing proestrus at the onset of HFD
feeding have increased body weight long term (Figure S3A), driven by a 22% increase in
fat mass accumulation (Figure 4E), with no impact on lean mass (Figure S3B). In line with
increased total fat mass, these females have 21% increased SWAT and 23% increased VWAT
accumulation (Figure 4F) with no differences in liver or brown fat weight (Figure S3C),
indicating that the increase in weight is indeed due to the increased white adipose mass.
Remarkably, adipocyte sizing analysis reveals that upon HFD feeding, hypertrophy is not
affected by the timing of the estrous cycle in VWAT with minimal impact in SWAT (Figures
4G and 4H), thus the 22% increased fat mass is driven almost exclusively by increased
number of mature adipocytes. Not surprisingly, as estrous-cycle-driven hyperplasia impacts
both depots, the distribution of WAT accumulation is not altered between the HFD groups
(Figure S3D). However, hyperplastic females have a slight but significant worsening of
glucose tolerance after 12 weeks of HFD feeding (Figure S3E), suggesting that in contrast
to previous findings on the metabolic role of adipocyte hyperplasia,’”:"® this estradiol-driven
adipocyte hyperplasia is not metabolically protective, likely as this hyperplasia is not
accompanied by reduced adipocyte hypertrophy. Lastly, as alternative activation of APCs
can also contribute to adipose fibrosis,**79-81 we measured the expression of fibrotic genes
in WAT after 12 weeks of SD or HFD feeding. Although there are diet-driven changes in
fibrotic gene expression, no differences are seen between the HFD groups (Figures S4A
and S4B). Of note, the expression of several adipogenic genes after 12 weeks of HFD were
also not different between the diets (Figures S4C and S4D), which supports the transient
nature of these genes in obesogenic adipose hyperplasia.?! These data indicate that in
female mice, the estrous cycle at the onset of HFD feeding influences hyperplastic WAT
growth, thereby contributing to obesity. Taken together with previous findings, these data
highlight the complexity of the role of estrogens in energy balance and female physiology,
effectively driving acute anti-obesogenic effects in the brain via ERa (decreased food
intake and increased physical activity) and long-term pro-obesogenic effects in WAT via
hyperplasia.23:82.83

DISCUSSION

Previous studies demonstrate that female WAT undergoes significant gene expression
changes during the estrous cycle.8* Our findings clearly show that peak physiological
levels of estradiol during the estrous cycle contribute to diet-induced obesity by affecting
hyperplastic expansion of both visceral and subcutaneous adipose tissue in female mice.
Thus, the effect of estradiol in APC response to an HFD is a time-sensitive event dependent
on the estrous cycle. Importantly, APC proliferation occurred despite an estradiol-induced
decrease in food intake (Figure 3A), indicating that this mechanism is dependent on dietary
composition instead of increased caloric intake. As adipocyte number is maintained after
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weight loss,3436 our data suggest that the timing of obesogenic stimuli in relation to
estradiol exposure may influence long-term weight gain, thereby contributing to obesity.

There are numerous associations between estrogen and adipose mass in women; therefore,
these findings have several potential clinical implications. Women with obesity are more
likely to have irregular cycles8®:86 and higher estradiol than non-obese women.87 In
addition, estradiol is elevated during puberty in women,8 which is when there is also

a physiological increase in fat mass12:89 and exacerbation of pre-existing obesity. %091
Similarly, estrogen levels are increased during pregnancy, which is also a major risk
factor for developing obesity, with many women retaining significant adipose mass long
after giving birth.92 Consistent with our findings here, weight gain during pregnancy does
not correlate with changes in caloric intake.13 To date, adipocyte hyperplasia has not

been studied in women during key developmental or reproductive events. However, in
mice, adipocyte hyperplasia contributes to the establishment of fat mass during puberty.%3
Mice also have increased obesity postpartum,®* and HFD feeding during pregnancy
exacerbates long-term obesity and metabolic defects.%® As adipocyte hyperplasia is induced
by pregnancy in mice,% it is possible that sustained postpartum weight gain in women is
also mediated in part through estrogen-induced adipocyte hyperplasia. Thus, our findings
here highlight the need for mechanistic studies in humans to explore the contribution of
adipocyte hyperplasia in fat mass expansion during periods of increased estrogen.

Limitations of the study

Due to the nature of this study, all female mice were group housed, and the HFD
experimental groups were mixed; therefore, we could not measure precise food intake
throughout the study for each group. Although the increased fat mass is due to increase

in adipocyte number and not size, other contributors like energy expenditure and nutrient
uptake were not measured. Therefore, if differences in food intake or these other parameters
are contributing to the difference in fat mass remains unknown and should be further
explored. As C57BL/6J female mice lack a menstrual period, the connection to human
menstrual cycles and this work is not direct. Lastly, HFD feeding and obesity can impact
estrous cycle length. However, to avoid unnecessary stress in this study, vaginal smears
were only done for 2 weeks at the beginning of the HFD feeding. Thus, any impact of the
increased obesity from estrous-timed HFD initiation on estrogen signal and estrous length is
not known.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Matthew S. Rodeheffer
(matthew.rodeheffer@yale.edu).

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

. Bulk RNA-seq data have been deposited at GEO with accession number
GSE209663 and are publicly available as of the date of publication. Accession
number is also listed in the key resources table. All other data reported in this
paper will be shared by the lead contact upon request.

. This article does not report original code.

. 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

The Institutional Animal Care and Use Committee (IACUC) at Yale University approved

all animal studies. All animals in this study were group housed in temperature and humidity-
controlled rooms on a 12-h:12-h light:dark cycle, with lights on from 7:00 a.m. to 7:00 p.m.
Unless otherwise noted, mice were kept on chow diet from Harlan Laboratories (2018S). All
mice used for these studies were on the C57BL/6J (no. 000664; RRID: IMSR_JAX:000664)
genetic background. Pdgfra-cre mice (no. 013148; RRID: IMSR_JAX:013148) and mTmG
mice (no. 007676; RRID: IMSR_JAX:007676) were purchased from Jackson Laboratories.
Esr1™ mice® was a generous gift from Dr. Sean Morrison (UT Southwestern, Dallas, TX,
USA). Breeding was done in the Yale Animal Resource Center and mice were weaned

at p21. Unless otherwise noted, mice were females 6-8 weeks of age at the start of
experiments. VWAT refers to the perigonadal WAT and SWAT refers to the inguinal WAT in
mice. Body composition measures were done with NMR using the Echo MRI whole body
composition analyzer (Echo Medical System, Houston, TX). High-fat diet (HFD) is from
Research Diets (no. D12492). Standard diet (SD) is from Harlan Laboratories (no. 2018S).

METHOD DETAILS

RNA-sequencing and differential gene expression analysis—Female mice were
fed an SD or HFD for 3 days after which VWAT and SWAT were excised for APC isolation
via FACS. Each of the 5 samples was pooled from 3 mice. Sorted APCs were washed

2X with DPBS (Life Technologies no. 14190144) and the pellet resuspended in TRIzol
Reagent (Invitrogen no. 15596018), vortexed, and flash-frozen in liquid nitrogen. RNA

was isolated using Direct-zol RNA Miniprep Kit (Zymo Research no. R2052), according

to manufacturers’ instructions. RNA was quantified by a nanodrop spectrophotometer
(Thermo Fisher Scientific). RNA samples were sent to the Yale Center for Genome Analysis
(YCGA). Total RNA quality was determined by estimating the A260/A280 and A260/A230
ratios by nanodrop. RNA integrity was determined by running an Agilent Bioanalyzer

gel, which measures the ratio of the ribosomal peaks. Samples with RIN values of 7 or
greater were used for library prep. For library prep, mRNA was purified from approximately
200ng of total RNA with oligo-dT beads and sheared by incubation at 94C in the presence
of Mg?* (Roche Kapa mRNA Hyperprep no. KR1352). Following first-strand synthesis
with random primers, second strand synthesis and A-tailing was performed with dUTP for
generating strand-specific sequencing libraries. Adapter ligation with 3 dTMP overhangs
were ligated to library insert fragments. Library amplification amplified fragments carrying
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the appropriate adapter sequences at both ends. Strands marked with dUTP were not
amplified. Indexed libraries were quantified by gRT-PCR using a commercially available

kit (Roche KAPA Biosystems no. KK4854) and insert size distribution determined by either
the Agilent Bioanalyzer. Samples with a yield of =0.5 ng/ul and a size distribution of
150-300bp were used for sequencing. For flow cell preparation and sequencing, sample
concentrations were normalized to 15 pM and loaded onto an Illumina HiSeq 2500 V4 flow
cell at a concentration that yields 25 million passing filter clusters per sample. Samples were
sequenced using 75 bp single-end sequencing according to Illumina protocols. The 6 bp
index is read during additional sequencing reads that automatically follow the completion

of read 1. Data generated during sequencing runs are simultaneously transferred to the
YCGA high-performance computing cluster. A positive control (prepared bacteriophage Phi
X library) provided by Illumina was spiked into every lane at a concentration of 0.3% to
monitor sequencing quality in real time. Signal intensities were converted to individual base
calls during a run using the system’s Real Time Analysis (RTA) software. Base calls were
transferred from the machine’s dedicated personal computer to the Yale High Performance
Computing cluster via a 1 Gigabit network mount for downstream analysis. Primary analysis
- sample de-multiplexing and alignment to the mouse genome - was performed using
Illumina’s CASAVA 1.8.2 software suite. Only samples with an error rate less than 2%

and with a distribution of reads per sample in a lane within reasonable tolerance were
further processed. Reads were aligned to reference genome mm9 with TopHat.%8 The python
module HTSeq® was used with preset parameters to quantify gene expression. Genes that
had less than 20 reads in all samples were filtered out. DESeq2190 was used with preset
parameters to identify differentially expressed genes (DEGSs) between standard diet (SD) and
high-fat diet (HFD) conditions within each fat depot. Diet-induced DEGs were identified by
adjusted p value <0.01 and log2FC > 1 or < —1. Canonical pathways and upstream regulator
analysis was done with Ingenuity Pathway Analysis (IPA) software (QIAGEN Inc., https://
www.giagenbioinformatics.com/products/ingenuitypathway-analysis) using FDR <0.05 and
FC > 2 or < —2. Gene Ontology9? and KEGG192 were also used to analyze biological
functions and pathways from gene lists.

Flow cytometry—Flow cytometry was performed as described previously.19-21 All
centrifugation was done for 3 min at 300 x g. Briefly, mice were euthanized by cervical
dislocation and adipose tissues were excised, minced, and digested for 1 h in a shaking water
bath (130 rpm) at 37°C with 0.8 mg/mL collagenase type Il (Worthington Biochemical no.
LS004174) in buffer (3% BSA in 1X HBSS (Gibco no. 14185-052) pH 7.2) supplemented
with 0.8 mM ZnCl,, 1.0 mM MgCl, and 1.2 mM CaCl, (ion supplementation is only used
during digestion). After digestion, samples were passed through 40um filters (BD Falcon no.
352340), centrifuged, and lipid layer aspirated to remove adipocytes and further process the
stromal-vascular fraction (SVF). SVF was then incubated protected from light for 30 min on
ice with buffer solution the following antibodies: CD45 APC-eFluor 780 (eBioscience no.
47-0451-80) at 1:1000, CD31 PE-Cy7 (eBioscience no. 25-0311-82) at 1:500, CD29 Alexa
Fluor 700 (BioLegend no. 102218) at 1:400, and Sca-1 V500 (BD Horizon no. 561228)

at 1:300. SVF was washed with buffer, centrifuged, then fixed and permeabilized using
Phosflow Lyse/Fix (BD Biosciences no. 558049) and Perm Buffer I11 (BD Biosciences no.
558050) according to the manufacturer’s recommendations. Cells were then treated with
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DNase (deoxyribonuclease I; Worthington no. LS002007; x 200 units/ml) in DPBS (Sigma
no. D8662; with CaCl, and MgCly) for 2 h in a shaking water bath 37 °C at 40 rpm. Cells
were then washed in buffer, centrifuged, and washed again with DBPS (no ions). Cells were
then stained with BrdU- Alexa Fluor 647 antibody (Phoenix Flow Systems no. AX647) at
1:30 in buffer overnight in the dark at 4°C. Cells were then washed in buffer and incubated
with the same antibodies as pre-fixation plus CD34 Brilliant Violet 421 (BioLegend no.
119321) at 1:400 and CD24 PerCP-Cyanine 5.5 (eBioscience no. 45-0242-80) at 1:250.
Following antibody incubation, samples were washed with buffer and analyzed on a BD
LSRII analyzer. Data analysis was performed using BD FACS Diva software and FlowJo
Software (BD Life Sciences).

FACS analysis—Samples were collected and prepped as described for flow cytometry
with the following changes: after digestion, samples were passed through a 200um filter,
centrifuged, and lipid layer aspirated to remove adipocytes. Cells were resuspended in buffer
(no ions), passed through 40 pm filters and centrifuged. Cells were incubated on ice for
30-60 min in buffer containing the following antibodies: CD45 APC-eFluor 780 at 1:1000,
CD31 PE-Cy7 at 1:500, CD29 Alexa Fluor 700 at 1:400, CD34 Brilliant Violet 421 at 1:400,
CD24 PerCP-Cyanine 5.5 at 1:250, and Sca-1 V500 at 1:300. Cells were washed in buffer,
centrifuged, and resuspended in buffer solution with 1:600 NucRed™ Dead 647 (Invitrogen
no. R37113) to identify live cells.

Vaginal smears—Smears were taken daily at the start of the light cycle (7 am). Female
mice were acclimated to the procedure for one week before the start of experiments. To
collect the sample, a latex bulb fitted with a filter tip containing 100 uL of ddH20 was used
to repeatedly flush the vaginal canal of female mice with 25-50 pL of volume at a time. The
tip was placed right at the opening but not inserted into the vaginal canal to avoid potential
pseudopregnancy. The fluid was placed on a glass slide and allowed to dry completely at
room temperature. Once dried, the slides were stained with 0.1% crystal violet aqueous
solution (Ward’s Science no. 470300-938) for 1 min at room temperature and washed

2X with ddH20. Once dried, glycerol was used to mount the coverslip for immediate
imaging in a Keyence brightfield microscope at 20X. Estrous cycle stage was determined
by assessing the ratios of nucleated epithelial cells, cornified squamous epithelial cells, and
leukocytes present in the smear: Proestrus (predominant nucleated epithelial cells), Estrus
(predominant cornified squamous epithelial cells), Metestrus (predominant leukocytes), and
Diestrus (predominant leukocytes but nucleated and cornified squamous epithelial cells are
present).

BrdU treatments—For BrdU experiments, BrdU (US Biological no. B2850) was given in
the drinking water at 0.8 mg/mL for experiments lasting one week or less and 0.4 mg/mL
for experiments lasting more than one week. BrdU water was kept in dark bottles and
replenished every 48 h.

Estradiol treatment—17p-estradiol (Sigma no. E2758) was dissolved in 45%
Hydroxypropyl-p-cyclodextrin (Cayman no. 16169) in DPBS. 17p-estradiol was given at
1 mg/kg daily with intraperitoneal injection during day 0-2 of the HFD feeding. Females
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were acclimated to IP injections with PBS before the start of the experiment. Food was
weighed daily and calories calculated as an average per mice per cage (SD: 3.1 kcal per
gram, HFD: 5.2 kcal per gram).

APC transplant assay—~For cell transplant assays, VWAT and SWAT of AP-ERa-

KO animals were pooled and APCs were isolated by FACS and transplanted in SWAT

as previously described.19:25 Recipient female C57BL/6J mice were anesthetized with
isoflurane (Covetrus no. 11695067772) and surgeries performed using sterile technique.
0.5-1 million ERa-KO APCs were re-suspended in 15 pL of DPBS and injected into the
left SWAT of 4-5-week-old congenic wildtype female mice. A control DPBS injection
was given in the right SWAT. Mice were allowed to recover for 2 weeks. Vaginal smears
were done daily one week prior to the addition of an HFD to acclimate them. Estrous
cycle was tracked as described previously and only females in proestrus at the onset of the
HFD were included. Left and right SWAT tissues were collected and analyzed separately
via flow cytometry for incorporation with BrdU. ERa-KO APCs were identified by GFP
fluorescence. Results were counted only for transplants in which more than 100 individual
donor APCs were recovered in the recipient depot.

Confocal microscopy—Adipose tissue was collected and prepared for paraffin-
embedded tissue as previously described.?1:194 Briefly, tissues were fixed in zinc
formaldehyde for 24-48 hours at 4°C. Tissues were washed in DPBS and dehydrated in
increasing concentrations of ethanol over 6 hours and embedded in paraffin wax. Sections (5
um) from the paraffin blocks were deparaffinized, rehydrated, and incubated under pressure
(2100 Retriever from PickCell Laboratories) in 10 mM sodium citrate (pH 6.0) for antigen
retrieval. Tissues were blocked and stained with 2 % BSA in DPBS. Blocking was done at
RT for 30 minutes. Primary antibodies used were rat anti-BrdU (Abcam no. ab6326, clone
no. BU1/75 (ICR1)) at 1:350 and rabbit anti-Caveolin-1 (Cell Signaling no. 3238) at 1:400
overnight at 4°C. Tissues were then washed and stained with secondary antibodies (1:250)
including goat anti-rabbit rhodamine-X-red (Jackson Immunoresearch no. 111-295-144)
and goat anti-rat-A488 (Jackson Immunoresearch no. 112-545-167) for 3 hours at RT.
Slides were mounted with DAPI Fluoromount-G mounting media (Southern Biotech no.
0100-20) and imaged with Leica TCS SP5 or Leica STELLARIS 5 confocal microscopes.
For adipocyte nuclei analysis, 20-30 images for every tissue section were acquired at

40X. Quantification of BrdU in adipocyte nuclei was done as previously described?!

where adipocyte nuclei were identified as those inside intact membranes (stained with
Caveolin-1) as shown in Figure 4B. At least 50 adipocyte nuclei were scored for each
animal. For adipocyte diameter measurements, the area of each adipocyte (in square pixels)
was measured using CellProfiler™ 103 The diameter of each adipocyte was calculated using
the measured area, assuming each adipocyte is a perfect circle. At least 200 adipocytes were
measured for each animal.

Glucose tolerance test—Mice were fasted overnight and fasting blood glucose
measured by tail nick incision using the EasyTouch glucose monitoring system (no.
807001). 2 g/kg of glucose was given as a 20 % glucose solution in 0.9 % saline via
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intraperitoneal injection. Blood (<5 pl) was collected via the tail nick incision 10, 20, 30, 60,
and 120-minutes post glucose injection. This was performed after 12 weeks of SD or HFD.

RNA extraction and cDNA synthesis—For gene expression analysis, whole tissues
were collected and stored at —80C until RNA extraction was performed. RNA was isolated
using Direct-zol RNA Miniprep Kit (Zymo Research Corporation no. R2052), according to
manufacturers’ instructions. RNA was quantified by a nanodrop spectrophotometer (Thermo
Fisher Scientific) and single stranded cDNA was synthesized from total RNA using the
High-Capacity cDNA reverse Transcription Kit (Applied Biosystems, Life Technologies no.
4368814) according to the manufacturer’s instructions.

Quantitative real-time PCR—Quantitative RT-PCR (qPCR) was performed on the cDNA
using the Sybr green method of quantification on a Roche Lightcycler 480 using a SYBR
FAST quantitative PCR kit (Kapa Biosystems no. KK4611). Gene expression was analyzed
for each sample in triplicate using the primers described in Table S1. 7bkZ was used as
housekeeping gene. For each experiment, cDNA samples were pooled and a standard curve
was generated to quantify relative mRNA transcript levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are described in each figure legend. All tests were performed using
GraphPad Prism version 9.3.1. Data are presented as mean = S.E.M. and p<0.05 was
considered statistically significant. A minimum of 5 animals were used for each experiment,
unless statistical significance was reached with fewer animals. Sample size is indicated in
each figure legend (“n”). Experiments were not blinded, as groupings and genotypes of mice
were known prior to analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Estrogen pathways are upregulated in female APCs at the onset of HFD
(A) Schematic representation of RNA sequencing experiment in female mice.

(B) Venn diagram of HFD-induced DEGs in female VWAT and SWAT.

(C) Volcano plot of HFD-induced DEGs in female VWAT. Top 3 genes with lowest p values
are colored in red (upregulated) or blue (downregulated).

(D) Top positive upstream regulators on an HFD in VWAT as predicted by Ingenuity
Pathway Analysis. Gene predictions are in uppercase.

(E) Volcano plot of HFD-induced DEGs in female SWAT. Top 2 genes with lowest p values
are colored in red (upregulated) or blue (downregulated).

(F) Top positive upstream regulators on an HFD in SWAT as predicted by Ingenuity Pathway
Analysis. Gene predictions are in uppercase.

(G) Top canonical pathways with a positive Zscore induced by HFD as predicted by IPA.
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n =5 samples per group, 3 mice pooled for each sample. VWAT, perigonadal fat; SWAT,
inguinal subcutaneous fat; SD, standard diet; HFD, high-fat diet; DEGs, differentially
expressed genes.

See also Figure S1.
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Figure 2. Estrous cycling affects obesogenic APC proliferation
(A) Schematic of circulating estradiol (E2) levels in female mice during the 4 stages of the

estrous cycle (adapted from McLean et al.”1). Grouping of females based on transition into
proestrus happening early (days 0 to 2) or late (days 3 to 7) of a 1-week-long HFD feeding.
(B) Representative images of vaginal smears stained with crystal violet from female mice
during the 4 stages of the estrous cycle. Nucleated epithelial cells are highlighted by purple
arrows, cornified squamous epithelial cells by black arrows, and leukocytes by green arrows.
Scale bar is 100 pm, images taken at 20x.

(C) Representative flow cytometry dot plots to measure BrdU incorporation into APCs.
Briefly, APCs are lineage negative (CD45-, CD31-) and positive for CD34, CD29, and
Sca-1. BrdU incorporation is measured to assess proliferation.

(D) Representative BrdU histograms from APCs in the different groups including BrdU
FMO.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saavedra-Pefia et al.

Page 23

(E) APC proliferation from females after 1 week of SD or HFD feeding.

(F) CD45+ cell proliferation from females after 1 week of SD or HFD feeding.

n = 7-11 mice per group. Statistical significance was determined by ordinary one-way
ANOVA with Tukey’s test for (E) and (F). Error bars represent mean + SEM. ns, not
significant, *p < 0.05, **p < 0.01, ****p < 0.0001. APCs, adipocyte precursor cells; VWAT,
perigonadal fat; SWAT, inguinal subcutaneous fat; E2, 17p-estradiol; SD, standard diet;
HFD, high-fat diet; BrdU, bromodeoxyuridine; FMO, fluorescence minus one.
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Figure 3. Estradiol drives female APC proliferation in an ERa-dependent manner
(A) Food intake (cage average) during vehicle or E2 treatment (days 0-2 of an HFD) in

female mice (n = 14-19 mice per group).

(B) Representative BrdU histograms in APCs from estradiol treatment experiment including
BrdU FMO.

(C) APC proliferation after 1 week of HFD feeding in vehicle or E2 treated female mice.
(D) Expression of estrogen receptors in female APCs from RNA-seq data (n = 5 samples per
group, 3 mice pooled per sample).

(E) Schematic of APC transplantation assay into female SWAT.

(F) Representative BrdU histograms in APCs from APC-ERaKO transplant experiment
including BrdU FMO.

(G) APC proliferation of transplanted ERa.-KO and endogenous APCs after 1 week of HFD
feeding in females (n = 4 mice per group).
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Statistical significance was determined by one-way ANOVA with Sidak’s tests for (A) and
unpaired t tests for (C) and (F). Error bars represent mean = SEM. ns, not significant,

*p < 0.05, **p < 0.01. APCs, adipocyte precursor cells; VWAT, perigonadal fat; SWAT,
inguinal subcutaneous fat; BrdU, bromodeoxyuridine; E2, 17pB-estradiol; Vh, vehicle; SD,
standard diet; HFD, high-fat diet; BrdU, bromodeoxyuridine; Endog, endogenous; FMO,
fluorescence minus one.

See also Figure S2.
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Figure 4. Timing of HFD determines hyperplasia in female mice
(A) Schematic of BrdU pulse-chase assay in combination with estrous scoring. Briefly,

BrdU was given during the first week of diet along with estrous scoring and then chased for
12 weeks to allow APCs to differentiate into adipocytes.

(B) Representative images of immunofluorescence staining in SWAT to quantify BrdU
incorporation in adipocyte nuclei. Tissue is stained for caveolin-1 to visualize adipocyte
plasma membranes, DAPI to visualize nuclei, and BrdU. Adipocyte nuclei are indicated with
arrowheads (yellow indicates BrdU+ and white indicates BrdU-) and are identified by their
location inside the adipocyte plasma membrane. Scale bar is 25 pm.

(C) Representative images of WAT from females fed an SD or HFD for 12 weeks stained
with caveolin-1, DAPI, and BrdU. Examples of adipocyte nuclei (white arrows) and BrdU+
adipocyte nuclei (yellow arrows) are shown. 30-35 images were taken per tissue to ensure at
least 200 adipocyte nuclei were counted. Scale bar is 100 um, images taken at 40x.
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(D) Adipocyte hyperplasia analysis from female SWAT and VWAT after 12 weeks of HFD
feeding.

(E) Total fat mass during 12 weeks of SD or HFD feeding in female mice.

(F) SWAT and VWAT weight after 12 weeks of SD or HFD feeding.

(G and H) Histogram of VWAT (G) and SWAT (H) adipocyte size from females after 12
weeks of feeding.

n = 6-10 mice per group. Statistical significance was determined by unpaired t test for (D),
ordinary one-way ANOVA with Tukey’s test for (F), and ordinary two-way ANOVA with
Tukey'’s test for (E), (G), and (H). Error bars represent mean + SEM. ns, not significant, *p
<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. APCs, adipocyte precursor cells; VWAT,
perigonadal fat; SWAT, inguinal subcutaneous fat; SD, standard diet; HFD, high-fat diet;
BrdU, bromodeoxyuridine.

See also Figures S3 and S4 and Table S1.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45 APC-eFluor 780 eBioscience Cat# 47-0451-80; RRID: AB_1548790
CD31 PE-Cy7 eBioscience Cat# 25-0311-82; RRID: AB_2716949
CD29 Alexa Fluor 700 BioLegend Cat# 102218; RRID: AB_493711
Sca-1 V500 BD Horizon Cat# 561228; RRID: AB_10584334

BrdU- Alexa Fluor 647
CD34 Brilliant Violet 421
CD24 PerCP-Cyanine 5.5
rat anti-BrdU

rabbit anti-Caveolin-1

anti-rabbit rhodamine-X-red

goat anti-rat-A488

Phoenix Flow Systems
BioLegend
eBioscience

Abcam

Cell Signaling

Jackson ImmunoResearch
Labs

Jackson ImmunoResearch
Labs

Cat# AX647

Cat# 119321; RRID: AB_10900980
Cat# 45-0242-80; RRID: AB_1210702
Cat# ab6326; RRID: AB_305426

Cat# 3238; RRID: AB_2072166

Cat# 111-295-144; RRID: AB_2338028

Cat# 111-295-144; RRID: AB_2338028

Chemicals, peptides, and recombinant proteins

60% Lard High-Fat Diet (HFD)
Chow diet (SD)

DPBS

TRIzol™ Reagent

Collagenase Type Il

Bovine Serum Albumin

HBSS

Phosflow™ Lyse/Fix Buffer
Perm Buffer 111
Deoxyribonuclease |

DPBS with MgCl, and CaCl,
NucRed™ Dead 647

0.1% Crystal Violet Aqueous Solution
BrdU

17pB-estradiol
Hydroxypropyl-B-cyclodextrin
Isoflurane

DAPI Fluoromount-G

Research Diets
Harlan Laboratories
Life Technologies
Invitrogen
Worthington Biochemical
AmericanBio
Gibco

BD Biosciences
BD Biosciences
Worthington

Sigma

Invitrogen

Ward’s Science

US Biological
Sigma

Cayman

Covetrus

Southern Biotech

Cat# D12492
Cat# 2018S

Cat# 14190144
Cat# 15596018
Cat# L.S004174
Cat# AB01088
Cat# 14185-052
Cat# 558049
Cat# 558050
Cat# .S002007
Cat# D8662

Cat# R37113
Cat# 470300-938
Cat# B2850

Cat# E2758

Cat# 16169

Cat# 11695067772
Cat# 0100-20

Critical commercial assays

Direct-zol RNA Miniprep Kit
KAPA mRNA HyperPrep Kit
KAPA Library Quantification Kit

High-Capacity cDNA reverse Transcription Kit

Zymo Research Corporation
Roche

Roche

Applied Biosystems

Cat# R2052

Cat# KR1352
Cat# KK4854
Cat# 4368814
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

SYBR FAST quantitative PCR kit

Kapa Biosystems

Cat# KK4611

Deposited data

Raw bulk RNA-sequencing data GEO

GSE209663

Experimental models: Organisms/strains

C57BL/6J

C57BL/6-Tg(Pdgfra-cre)1Clc/d

Jackson Laboratories

Jackson Laboratories

BG.lZQ(Cg)-G[(ROSA)Z&'SO/’""(ACTB"UT”'”"W"EGFP)LW/J Jackson Laboratories

Cat# 000664; RRID: IMSR_JAX:000664
Cat# 013148; RRID: IMSR_JAX:013148
Cat# 007676; RRID: IMSR_JAX:007676

Esr1flox/flox Feng et al.9’ https://doi.org/10.1073/pnas.0706933104
Oligonucleotides

See Table S1 for gPCR primer sequences.

Software and algorithms

Prism version 9.3.1 GraphPad N/A

Echo MRI Echo Medical System N/A

TopHat Trapnell et al.% https://doi.org/10.1093/bioinformatics/btp120
HTSeq package Anders et al.%® https://doi.org/10.1093/bioinformatics/btu638
DESeq2 Love et al.100 https://doi.org/10.1186/s13059-014-0550-8

Ingenuity Pathway Analysis

Gene Ontology

KEGG

FlowJo™ Software v10.8.1
CellProfiler™

QIAGEN Inc.

Ashburner et al 101

Kanehisa Laboratories'02

BD Life Sciences

Carpenter et al.103

https://www.qgiagenbioinformatics.com/products/
ingenuitypathway-analysis

https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/28.1.27

N/A
https://doi.org/10.1186/gh-2006-7-10-r100

BD FACSDiva Software BD Life Sciences N/A

Other

40um filters BD Falcon Cat# 352340
EasyTouch Glucose Monitoring System EasyTouch Cat# 807001
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