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Abstract

Mice with global deletion of Ariad5b expression are lean and resistant to diet-induced obesity, and
Aridb5bis required for adipogenesis in a variety of in vitro models. To determine whether the lean
phenotype of Arid56™~ mice can be explained by its absence in adipose tissues, we generated
mice with Fabp4-mediated ablation of Arid5b. Arid5b expression was ablated in adipocytes, from
Fabp4-CREPOS: Arig5bLOX/FLOX (FSKO) mice. FSKO mice were not lean when maintained on
standard chow, but males were resistant to weight gains when placed on high-fat diets (HFD).
This was mainly due to decreased lipid accumulation in subcutaneous (inguinal) white adipose
tissue (IWAT), and the liver. Lipid accumulation proceeded normally in gonadal WAT (GWAT)
and glucose intolerance developed to the same degree in FSKO and WT controls when subjected
to HFD. CD68-positive macrophages were also significantly reduced in both inguinal and gonadal
fat depots. RNA-Seq analysis of IWAT adipocytes from FSKO mice on HFD revealed significant
decreases in the expression of genes associated with inflammation. Although Arid5b expression
was normal in livers of FSKO mice, tissue weight gains and triglyceride accumulation, and
expression of genes involved in lipid metabolism were markedly reduced in livers of FSKO mice
on HFD. These results suggest that Arid5b plays a critical role in lipid accumulation in specific
WAT depots, and in the inflammatory signaling from WAT depots to liver that lead to lipid
accumulation and hepatic steatosis.
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Introduction:

The incidence of obesity and its associated co-morbidities continues to increase in the
United States and throughout the developed world (Haczeyni et al., 2018). The rational
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design of strategies for the prevention and management of these conditions requires a more
complete understanding of the processes that underlie the development of new adipocytes
from stem cell populations, and the accumulation of lipid in both new and established
adipocytes. It is now becoming evident that these processes differ at different times and in
different adipose depots. The development of adipocytes in the perinatal period and in adult
animals exposed to dietary stress involves an overlapping, but by no means identical set of
genes (Wang et al., 2013, Wang et al., 2015, Lee et al., 2019). In response to dietary stress,
the increased fat mass appears to involve fundamentally different processes in different fat
depots (Wang et al., 2013, Haczeyni et al., 2018). In subcutaneous adipose tissue, fat mass
accumulates principally by hypertrophy— an increase in the size of existing cells. Abdominal
fat tissue undergoes transient hypertrophy, but transitions to hyperplasia after prolonged
periods of high-fat feeding (Pellegrinelli et al., 2016, Wang et al., 2013). These differences
are likely to be highly relevant in the management of obesity and its sequelae.

Inflammatory processes play a key role in the development of obesity (Pirola and Ferraz,
2017, Asterholm et al., 2014). Fat mass accumulation is consistently accompanied by the
recruitment of macrophages and other immune cells to adipose tissue, but the details of these
interactions have not yet been fully elucidated (Murano et al., 2008). Nonalcoholic fatty liver
disease and hepatic steatosis are also strongly associated with obesity (Byrne and Targher,
2015, Williams et al., 2014). It is clear that growing fat depots emit a number of signals that
lead to fat accumulation in liver (Manne et al., 2018, Reilly et al., 2015). The exact nature

of the signals from different fat depots is likely to be different; and it is unclear whether the
various depots contribute equally to the development of hepatic steatosis.

In genomewide association studies, variants in Ariad5b have been associated with heart
disease, type Il diabetes, obesity, and leukemia (Wang et al., 2012, Selvanayagam et

al., 2018, Kennedy et al., 2015, Zhou et al., 2019, Ge et al., 2018). Loss of a putative
Arid5b binding site in the £70 obesity locus has been shown to de-repress /RX3and
IRX5, and leads to the loss of thermogenesis in beige adipocytes, and the accumulation
of white adipose tissue (WAT) in mice and humans (Claussnitzer et al., 2015). Arid5b

is essential for adipocyte development and normal lipid metabolism in a variety of /n
vitro systems (Yamakawa et al., 2008, Yamakawa et al., 2010). The global deletion of
Arid5b in mice leads to a high rate of neonatal mortality, extreme leanness and resistance
to diet-induced obesity (Yamakawa et al., 2010, Whitson et al., 2003, Zhu et al., 2001).
However, the elimination of Arig5b in adipose tissue and its resulting phenotype have
not been explored. We show that mice with Fabp4-driven ablation of Arid5b expression
in adipose tissue (FSKO mice) do not have neonatal mortality or leanness. Male FSKO
mice are resistant to diet-induced obesity; this occurs principally through suppression of
weight gains in the subcutaneous fat depot and liver. We further show that when these mice
are exposed to prolonged HFD, the expression of pro-inflammatory genes in adipocytes
isolated from subcutaneous fat and the invasion of monocytes are markedly suppressed,
compared to controls. Finally, we show that HFD-induced weight gains in the livers of
FSKO mice are markedly suppressed, despite the fact that the accumulation of visceral fat
and the development of glucose intolerance occur to the same extent as in WT controls.
These results offer insights into the relative contributions of different fat depots to the
co-morbidities associated with obesity.
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Materials and Methods:

Mice and Feeding:

C57BI/6J mouse ES cell line was obtained from the UC Davis KOMP Repository
(CSD79126) targeting Exon 6 of the Arid5b gene. Briefly, ES cells were inserted into
8-cell stage embryos transferred into pseudo-pregnant females, and chimeras identified

by coat color and PCR verified using Primer Set 1 (Table 1). Male chimeras were

mated with females, and heterozygous offspring crossed. Arid567%0 males were mated

to females that expresses ~/p-recombinase (129S4/Svlae- Gt{(ROSA)26Sorm2(FLP?)Sory;.
Jackson labs #007844) and F/p°% offspring were identified using Primer Set 2. Insert
removal was verified using Primer Set 3. F/pP°S: Arid5b7%%mice were back-crossed to
wildtype C57BI6J, and mice that had lost the F/p cassette, but retained the cleaved
transgene (designated Aria5t/™-OX/0 — detected using Primer Set 4) were selected for
further breeding. Arid56/-OXFLOX mice were mated to Fabp4-CreP°S mice (Strain #
005069, B6.CgTg (Fabp4-Cre) 1RevJ, Jackson Labs, Bar Harbor, Maine) on a C57/BI6J
background. The presence of Fabp4-Cre was detected using PCR Primer Set5. Wild-

type (WT-Fabp4CRENEG, Arid5bLOX0 or Fabp4CREVEG: Aridsb/ - OX/FLOX heterozygous
(Fabp4CRE?OS; Arid56M-0X/%) and knockout (Fabp4dCREPOS: Aridsb/ - OX/FLOX (hereafter
referred to as FSKO) mice were born and survived at the expected Mendelian ratios
(2:1:1). For high-fat diet (HFD, Test Diet 58Y 1- 60% calories from fat) studies, mice were
maintained on standard chow (STD, Lab Diet 5053 —13.5% calories from fat) for 125 days
and randomly assigned to HFD or STD groups. All mice were fed ad /ibitum and maintained
on the indicated diets for 12 weeks, or one week (Fig. 3). All experiments with mice were
reviewed and approved by the City of Hope Institutional Animal Care and Use Committee
and were housed in the Animal Resources Center. Mice were humanely euthanized by CO,
asphyxiation after ketamine/xylazine anesthesia.

Tissue, Fat Cell Isolation and Analysis:

Tissues were dissected and immediately frozen in liquid nitrogen and weighed. Tissues to
be fixed for staining or digested with collagenase for adipocyte and stromovascular fraction
(SVF) separation were weighed fresh. Adipocytes were isolated as described (Rodbell,
1964). White adipose tissue (WAT) depots were isolated and digested with collagenase at
37°C for one hour after which the digests were filtered through 70uM mesh and centrifuged
at 2,000g for 10 minutes. Adipocytes were recovered by aspiration, and the SVF was
recovered from the pellet. Adipocyte size and cell density were determined for WT or
FSKO mice maintained on HFD or STD chow for one week, beginning at 125 days of age.
Subcutaneous white adipose tissue depots were isolated and placed in neutral-buffered 10%
formalin (NBF). After fixation, tissues were sectioned, stained with H&E, and serial sections
taken in four representative areas were examined and photomicrographed. Cross-sectional
areas of each lipid droplet per field were quantified, and adipocyte nuclei were counted
using ImagePro® software.

Metabolic and Blood Serum Measurements:

For intraperitoneal glucose tolerance tests (IPGTT) mice were fasted for 7hr, and injected
with glucose (1g/kg, i.p.). Blood samples from tail nicks were collected into heparinized
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capillary tubes at time zero (prior to injection), and at 10, 20, 30, 60 and 120 minutes post
glucose-injection and glucose measured using a Becton Dickinson Accu-check® glucometer.
Time-zero blood samples were clotted, centrifuged to obtain serum, and stored at =70°C

for insulin assays. Insulin was assayed using a mouse insulin ELISA kit from Linco (Cat.

# EZRMI-13K). Triglyceride levels were measured in frozen liver tissue by pulverizing in
ceramic mortars under liquid nitrogen. The powder was dissolved in PBS, and homogenates
were diluted and assayed for triglycerides using an immunofluorescent assay (Sigma Cat.
#MAKO16) following the manufacturer’s directions. For cytokine measurements, mice were
anesthetized and 0.8-1.0ml of blood was collected via cardiac puncture. Blood was placed
in a serum separator, and frozen at —70°C. Cytokines were analyzed using the Luminex
FlexMap 3D bead array technology. Luminex multiplex Kits (Cat No. LXSAMSM) were
purchased from R&D Systems (Minneapolis, MN) and assays performed according to
manufacturer’s instructions.

Macrophage Invasion in Adipose Tissue:

Mice that had been maintained on STD chow or HFD for 12 weeks were euthanized and
adipose tissue was isolated, fixed in NBF, sectioned, and stained with anti-CD68 antibody
(Abcam Cat. #ab955), and counterstained with H&E. Samples were reviewed blindly

by a veterinary pathologist. Each sample was scored for the presence of CD68-positive
macrophages using a scale from 0-4.

RNA Analyses:

Statistics:

RNA was isolated from the indicated cells and tissues using Trizol®. After reverse
transcription, aliquots were pooled to create a gPCR dilution standard, and the remaining
RT reactions were diluted two-fold. The pooled standard was diluted using five two-fold
serial dilutions (for normalization), or five four-fold serial dilutions, with the undiluted
standard designated as a relative expression value of two. gPCR was done using BioRad
Sybergreen® as described by the manufacturer. RT-PCR assays for Arid56 were normalized
using cyclophilin (PPIA, Table 1). For RNA-Seq analysis, low yields of adipocytes for
mice on STD diet necessitated pooling four WT and four FSKO mice prior to RNA
extraction. These RNA samples were analyzed in parallel with separate RNA samples from
two WT and two FSKO mice that were maintained on HFD for 12 weeks. For RNA-Seq

of liver, WT and FSKO mice on either STD chow or HFD (two mice in each group)

were used. Briefly, sample reads were aligned to the mm10 assembly using Bowtie and
differential gene expression (>1.5-fold, p<0.05) based on FPKM was calculated using Edge
R (v3.16.5) using standard methods. Four pairwise comparisons were made for each data
set as follows: adipocytes: WT versus FSKO on STD or HFD, liver: WT versus FSKO on
STD or HFD. For gene ontology analysis (GO) gene sets (WT vs FSKO) with significant
increases or decreases in either were generated. Each gene set (WT or FSKO) was analyzed
independently using g:Profiler (https://biit.cs.ut.ee/gprofiler/).

Data were analyzed using a two-tailed Student’s T-test for unpaired samples.
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Arid5b expression is reduced specifically in WAT adipocytes of FSKO mice.

RT-PCR analyses of whole adipose tissues from FSKO mice showed significant reductions
in Arid5b expression in IWAT and GWAT as expected (Fig. 1A). To distinguish whether

thie reduction occurred in adipocytes or the SVF, we partitioned adipocytes from the SVF
by collagenase digestion and centrifugation. Arid56 expression was significantly reduced in
adipocytes, but not in the SVF (Fig. 1A). Since the Fabp4 Credriver has been shown to

be expressed at lower levels in tissues other than fat, we examined other tissues of FSKO
mice for Creexpression, and for the cleavage of the Arid56 gene. We did not see significant
reductions of Arid5b expression in liver or gastrocnemius, supporting an adipocyte-specific
ablation, in agreement with prior results using Fabp4 Cre-driven constructs (Fig. 1B) (Lee et
al., 2013). The adipocyte-specific exon 6 deletion was verified by RNA Seq (Supp. Fig. S1).

Mice with Fabp4-Cre-driven ablation of Arid5b do not phenocopy mice with global deletion

of Arid5b.

While global deletion of Arid5b led to mice that weighed significantly less than littermate
controls on STD or HFD, FSKO mice were not leaner than controls when maintained

on STD. Male FSKO mice did weigh slightly less than controls, but not until they were
beyond 120 days of age (Fig. 2A). The weights of female FSKO mice were not significantly
different than controls, on either STD or HFD, nor did we observe any changes in the
weights of WAT or other tissues (data not shown). We did not observe any phenotypes in
heterozygous mice (data not shown).

Arid5b Deficient Mice are resistant to HFD weight gains.

We tested the effects of HFD on FSKO and WT mice, beginning at 125 days of age

(when body weights had reached a plateau), and continuing for 12 weeks. Both FSKO and
WT mice had significant weight gains on the HFD. Nonetheless, male FSKO mice gained
significantly less weight than controls from 160-to-190 days of age (Diet Days 40-70; Fig.
2B). In the first ten days of HFD, both WT and FSKO mice consumed significantly more
calories than STD chow mice (Fig. 2C). Thereafter, calorie consumption in the HFD mice
declined to STD diet levels for both genotypes. Weight differences in the subcutaneous
inguinal WAT (IWAT) and liver contributed to the overall differences in weight gains (Fig.
2D and Fig.7A, B). Interestingly, FSKO mice gained just as much weight in abdominal
(gonadal) white adipose fad pads (GWAT) as WT mice (Fig. 2D). In fact, the normalized
weight of the GWAT on HFD was significantly higher, owing to the comparative reduction
in body weight gains (Fig. 2E).

HFD-induced Adipocyte hypertrophy is suppressed in IWAT of FSKO mice.

Lineage tracing experiments have indicated that when mice are placed on HFD, IWAT
accumulates mass primarily through hypertrophy, while GWAT accumulates mass initially
by hypertrophy, and then by hyperplasia after prolonged high-fat feeding (Wang, et af.,
2013). Thus our results suggested that Arid5b might be important for hypertrophy rather
than hyperplasia. To test this hypothesis, we placed a second cohort of mice on HFD
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for only one week, during which time hypertrophy is the dominant mechanism for lipid
accumulation in both IWAT and GWAT. During this short exposure to HFD, mice of both
genotypes experienced significant weight gains in both IWAT and GWAT, but gains in IWAT
were significantly lower for FSKO than for WT (Fig. 3 A, B). Additionally, fat cell size was
significantly smaller in IWAT, but unchanged in GWAT (Fig. 3 C, D). As expected, fat cell
density exhibited the reciprocal effects (Fig. 3E). These results suggested that the differences
in fat accumulation in FSKO mice were due to altered responses to HFD in these two fat
depots, rather than an intrinsic difference in adipocyte hypertrophy.

Arid5b FSKO Mice develop impaired glucose tolerance on HFD.

We next tested the effects of HFD on glucose metabolism by subjecting the mice to IPGTT.
When maintained on STD, FSKO mice and WT controls had efficient rates of glucose
disposal that were nearly identical. After prolonged HFD, however, both groups showed
significantly impaired glucose disposal (Fig. 4A, B). This is consistent with reports that
adiposity in abdominal fat depots correlates better with impaired glucose tolerance than
adiposity in subcutaneous fat (Fox et al., 2007). As expected, both WT and FSKO mice
on HFD had significantly elevated levels of fasting insulin and fasting glucose than their
respective STD cohorts (Fig. 4C, D). FSKO mice did have lower levels of fasting insulin
than WT mice on HFD, but the similarly high levels of fasting glucose and low rates

of glucose disposal indicate that Arid5b ablation gave relatively little protection against
HFD-mediated glucose intolerance (Fig. 4C).

Arid5b Deficient Mice exhibit reduced expression of inflammatory genes in IWAT on HFD.

Although Arid5b expression was reduced in both IWAT and GWAT, challenge with HFD
revealed changes in both tissue weights and adipocyte hypertrophy that were specific to
IWAT (Figs. 2, 3). Therefore, we analyzed gene expression in isolated IWAT adipocytes
using RNA-Seq. Our goal was to identify gene sets unique to both genotype and diet that
resulted in differentially expressed genes that could later be explored for differences in
biological pathways as depicted in Fig. 5. Subjecting WT mice to HFD resulted in increased
expression of 770 genes in adipocytes; while FSKO mice showed increased expression of
703 genes. We compared these gene lists and found that there were 479 genes in common.
This is unsurprising since adipocytes in both groups were responding to the same dietary
challenge. However, there were 291 genes with increased expression in WT adipocytes
and 224 genes increased in FSKO First, we performed biological pathway analyses of the
genes that were increased in WT and found significant involvement in pathways leading
to inflammatory responses (117 of 306 pathways versus only 1 of 81 pathways for FSKO,
Fig. 5). The 73 genes associated with the WT inflammatory pathways included seven
members of the C-C motif cytokine (CCL) family, CXC/2, Serpin E£1, and the ICOS
ligand (/COSLG). Ccl7, a macrophage attractant protein, showed a 5.6-fold increase in
WT on HFD. (Supp Table 1). Next genes that were increased in FSKO demonstrated
significant involvement in pathways relating to angiogenesis (15 of 81 pathways, Fig. 5).
Similar analyses showed decreased expression of 220 and 139 genes in WT and FSKO
adipocytes, respectively. Seventy-five of the decreased genes were common to both WT
and FSKO, whereas 145 and 64 genes were decreased in WT or FSKO respectively. It was
noteworthy that genes with decreased expression in WT but not in FSKO, showed significant
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involvement in pathways relating to lipid metabolism, including such genes as Fasnand
Cidea (4.3 and 3.2-fold change respectively). (7 of 14 pathways, Fig. 5 Genes that were
decreased only in FSKO were involved mainly in the control of response to external stimuli
and transcription (11 and 12 of 38 pathways, respectively Fig. 5, Supp Table 1).

Arid5b FSKO mice are resistant to HFD-induced macrophage invasion of WAT.

Since RNA-Seq revealed that FSKO mice demonstrated a reduction in multiple immune
response pathways, we compared the inflammatory response in adipose tissue of FSKO
and WT mice. WAT depots from WT and FSKO mice on STD and HFD were fixed,
sectioned and stained with the macrophage-specific marker CD68. Microscopic analysis of
the sections indicated there were significantly fewer macrophages and crown-like structures
in both GWAT and IWAT of FSKO versus WT mice (Fig. 6A, B). Since macrophage
invasion is known to be associated with cytokine signaling from WAT, we next compared
the levels of select serum cytokines in WT and FSKO mice maintained on STD or HFD
(Byrne and Targher, 2015, Reilly et al., 2015). Of the ten cytokines tested, only TNF-a
levels were markedly reduced in FSKO relative to WT mice on HFD (Fig. 6B). Serum
levels of CXCI2 and Serpin E1 were lower in FSKO mice than in WT mice on HFD, but
the differences were not significant. Adipsin/Factor D decreased significantly after HFD in
both WT and FSKO mice but showed no differences between WT and FSKO mice, whereas
leptin showed a reciprocal pattern and was elevated in both strains (Fig. 6C). The reduced
TNF-a levels in FSKO mice on HFD support a model where ablation of Arid5b results

in reduced inflammation in IWAT and GWAT fat depots. The Fabp4 CRE driver has been
reported to be expressed in macrophages, but does not appear to mediate the ablation of
floxed genes in adipocyte macrophages (Fu et al., 2000, Lee et al., 2013).

Arid5b Deficient Mice are resistant to HFD-induced hepatic steatosis.

Although both WT and FSKO mice on HFD experienced significant weight gains in liver,
post-diet liver weights in FSKO mice were significantly lower (Fig. 7 A,B). Microscopic
examination of liver specimens showed pronounced increases in fat deposits as a result of
HFD in both WT and FSKO, but we observed almost no difference between HFD WT and
HFD FSKO (Fig 7C). We then performed assays of liver triglycerides, and found that HFD-
induced increases in liver triglycerides were markedly lower in FSKO than in WT mice.
This suggests that fat-specific ablation of Arid5b may reduce lipid storage and decrease

the likelihood of hepatic steatosis (Fig. 7 D). We next examined genes and their cognate
pathways affected by employing RNA Seq analysis of livers from WT and FSKO mice

on STD and HFD diets. Following the strategy depicted in Figure 5, we found that HFD
increased the expression of 145 genes in livers of WT mice. Remarkably, HFD increased
expression of 607 genes in livers of FSKO mice, despite the fact that Arid50 expression
was unaffected in liver (Fig 1B). Sixty-eight of the genes with increased expression were
common to both WT and FSKO. There were 77 genes with increased expression only in
WT livers, and 539 genes with increased expression only in FSKO livers (Supp. Table 2).
Pathway analysis of the latter genes showed significant involvement in pathways relating to
both developmental and metabolic pathways processes (57 and 50 of 279 pathways, Fig. 8).
We found that HFD decreased the expression of 71 genes in livers of WT mice and 269
genes in livers of FSKO mice. Twenty-one of the decreased genes were in common between
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the two genotypes, while 50 genes were decreased in WT and 248 genes were decreased in
FSKO (Suppl. Table 2). Of the latter, a significant number were found in pathways relating
to lipid metabolism This includes Cidea, increased 20.5-fold in WT mice 23 of 79 pathways,
Fig. 8). Many of these pathways (12 of the 23) involved the synthesis of eicosanoids.
DISCUSSION:

Mice with a global knockout of Arid5b have a high rate of neonatal mortality, and both male
and female adults are lean and resistant to diet-induced obesity (Whitson et al., 2003). By
contrast, FSKO mice survived normally as neonates, and were not lean on STD. Mice that
were homozygous for the Arid5b-targeting transgene prior to Flp-mediated excision of the
Lac-Z cassette exhibited phenotypes that were identical to our global Arid5b knockout (data
not shown). Therefore, the phenotypic differences between the FSKO mice in this study

and the previous global knockout cannot be ascribed to differences in the mouse strains

that were used to generate them (Lahoud et al., 2001, Whitson et al., 2003, Schmahl et al.,
2007). FSKO males weighed slightly less than their WT littermates, but only after 125 days
of age; females showed no weight differences (Fig. 2A, and data not shown). Inasmuch as
we have shown that the Fabp4-Cre driver effectively diminishes Arid5b expression in WAT
adipocytes (Fig. 1), the failure of FSKO mice to phenocopy Arid56™~ mice suggests that the
lean phenotype of the latter does not arise solely from a lack of Arid5b expression in WAT.

Despite the fact that FSKO mice were not lean on a standard diet, the males were resistant
to weight gains on HFD (Fig. 2B). This was due to a resistance to weight gains in IWAT,
and liver (Fig. 2D, 7A,B). Weight gains in GWAT, the main abdominal WAT depot were

as robust in FSKO mice as in WT controls. Under the stress of HFD, adipose tissue

stores excess fat by two distinct mechanisms: hypertrophy and hyperplasia. Lineage tracing
experiments have shown that the pattern varies in different WAT depots. During the initial
phase of HFD, both IWAT and GWAT increase by hypertrophy, but after prolonged HFD
hyperplasia becomes more important in GWAT (Wang et al., 2013). Therefore, if Arid5bis
required for hypertrophy in all WAT depots, fat cell size would be smaller in both IWAT
and GWAT at the earlier stages of HFD. To test this, we placed WT and FSKO mice

on HFD for one week — a time period when hypertrophy is the dominant mechanism for
lipid accumulation in both IWAT and GWAT. We found that Arid56 ablation suppressed
hypertrophy in IWAT but not GWAT (Fig. 3 C, D). Thus, the failure to suppress weight
gains in GWAT after long-term exposure to HFD cannot be attributed to differences in the
preferred mechanism for fat accumulation in these two depots after long-term HFD (i.e.,
hypertrophy in IWAT and hyperplasia in GWAT). The ability of Arid5b ablation to suppress
fat mass accumulation in IWAT must be viewed as being specific to that tissue, rather

than resulting from a general suppression of fat cell hypertrophy. In GWAT, the increase in
hypertrophy at seven days of HFD, and the robust increase of fat mass (presumably due to
hyperplasia) at 12 weeks clearly shows that the ablation of Arid506 in this tissue has different
consequences than ablation in IWAT. Glucose intolerance is more strongly associated with
an increase in abdominal fat (GWAT) than with an increase in subcutaneous fat (IWAT) (Pou
et al., 2007). FSKO mice on HFD developed glucose intolerance to the same extent as WT
mice and is consistent with the similar weight gains we observed in GWAT (Fig. 4, 2). It

is interesting to note that obesity-induced glucose intolerance is believed to result from a
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failure of insulin to suppress hepatic glucose output (Reilly et al., 2015, Toulis et al., 2020).
Although, we did not test this directly, our results suggest that adipokines or other signals
from WAT that mediate this response in liver remain intact in FSKO mice.

Our analysis of the RNA-Seq data for IWAT indicated that a number of genes involved

in inflammatory responses were increased in HFD WT adipocytes, but not in HFD FSKO
adipocytes (Fig. 5). Interestingly, pathways related to angiogenesis were increased in FSKO
IWAT adipocytes, and stimulation of angiogenesis is known to favor hyperplasia over
hypertrophy in WAT (Cao, 2007). Likewise, a number of genes involved in lipid metabolism
were decreased in WT adipocytes, but not in FKSO adipocytes (Fig. 5). These results
suggest that Arid5b expression in IWAT is required for changes in gene expression that lead
to both inflammation and lipid accumulation that normally occur in response to HFD.

There has been increasing emphasis on the importance of inflammatory responses, including
macrophage invasion, in the development of obesity (Pirola and Ferraz, 2017, Asterholm

et al., 2014, Murano et al., 2008). Following a prolonged HFD exposure, staining of

WAT depots with anti-CD68, a general macrophage marker, revealed a significant decrease
in CD68-positive cells in WAT depots from FSKO mice (Fig. 6A). The diminished

invasion in IWAT by macrophages could result from a reduction in chemoattractant signals
emanating from adipocytes or a lack of response by macrophages themselves. Genes with
HFD-increased expression in WT adipocytes, but not in FSKO adipocytes included seven
members of the CCL family, CXCL2, Serpin E1and /COSLG, all of which are important
pro-inflammatory signals (Engin, 2017, Rouault et al., 2013, Samad and Ruf, 2013, Richter
and Burdach, 2004). Although we cannot rule out completely the possibility that Arid5b
was ablated in circulating monocytes or macrophages when mice were subjected to the
stress of HFD, we believe that the lack of Arid5b expression in WAT and the concomitant
decreases in these inflammatory signals prevents the recruitment of macrophages during
HFD. Using a Fabp4-driven dominant-negative form of 7A/Fa, others have demonstrated
that pro-inflammatory responses are essential for the expansion of both IWAT and GWAT
in HFD (Asterholm et al., 2014). Thus it is plausible that ablation of Arid5b expression in
IWAT inhibits hypertrophy during HFD by suppressing the expression of pro-inflammatory
genes.

When mice were placed on HFD, the effects of Fabp4-Cre-mediated Arid5b ablation on liver
were unexpected. Both RT-PCR and RNA-Seq analyses, verified that Arid5b expression was
not reduced in liver (Fig. 1B, and data not shown). The lack of Arid5b ablation in FSKO
livers is consistent with the lack of an overt liver phenotype when the mice were on STD.
When FSKO mice were subjected to HFD; however, they gained significantly less weight

in liver than WT mice (Fig. 7A, B) and liver triglycerides were significantly reduced (Fig.
7D). We also showed that TNFa is significantly lower in serum from FSKO mice than in
serum from WT mice on HFD (Fig. 6B). Given these differences and the failure of HFD to
induce the expression of multiple cytokines in FSKO IWAT adipocytes and, we speculate
that Arid5b ablation in adipocytes leads to a reduction in the WAT-generated signals that
mediate hepatic lipid accumulation during dietary stress. The results of RNA-Seq analysis in
liver suggest that, in addition to the lack of inflammatory signals, FSKO WAT may actually
generate aberrant signals during HFD. Dramatic changes in gene expression occurred in

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitson et al.

Page 10

liver in response to HFD. This treatment led to increased expression of 539 genes, and
decreased expression of 248 genes that were not significantly affected by HFD in WT livers.
Such extensive changes in gene expression would not be expected from the loss of an
inflammatory signal alone. It is also interesting to note that a number of pathways relating to
eicosanoids were suppressed by HFD in FSKO livers. Since these fatty acid derivatives are
known to play important roles in signaling through PPARYy, it is possible that signaling from
liver to WAT is also affected in FSKO mice on HFD (Marion-Letellier et al., 2016).

Both insulin-resistance and lipid accumulation are believed to be exacerbated by
inflammatory signals emanating from WAT depots of obese individuals (Manne et al., 2018,
Byrne and Targher, 2015, Williams et al., 2014). Conversely, our data showed that hepatic
steatosis was diminished in mice where inflammatory pathways were strongly suppressed in
IWAT (Figs 5 & 7). This may be mediated by ectopic deposition of fat in the liver when

the normal accumulation of fat in both IWAT and GWAT was suppressed (Asterholm et

al., 2014). When challenged with HFD, our FSKO mice accumulated WT levels of fat in
GWAT, but not in IWAT, and developed glucose intolerance, but had reduced deposition of
triglycerides in liver. Taken together, our results show that Arid5b plays distinct roles in
different WAT depots, and is required for the generation of the inflammatory signals in WAT
that may lead to hepatic steatosis, but is not required for the signals that lead to impaired
glucose disposal.
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. Mice with Fabp4-CRE mediated ablation of Arid56 expression (FSKO) are
resistant to diet-induced obesity

. FSKO mice show reduced lipid accumulation in IWAT when subjected to a
high fat diet (HFD)

. FSKO mice are resistant to HFD-driven hepatic steatosis

. IWAT adipocytes and livers from FSKO mice exhibit profound changes in
gene expression related to inflammatory responses and lipid accumulation

. WAT from FSKO mice has significantly less CD68+ macrophage invasion
when subjected to HFD
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Figure 1. Arid5b Expression in Cells and Tissues of WT and FSKO mice.
A. Arid5b expression in WAT, adipocytes and SVF. IWAT, and GWAT, were isolated from

WT and FSKO mice that had been maintained on STD or HFD. Fat tissue was digested with
collagenase, filtered and centrifuged as described in Methods, and RNA was extracted from
both floating adipocytes (solid bars) and the stromovascular fraction (SVF-open bars). B.
Aridb5b expression in liver and gastrocnemius muscle was only isolated from WT and FSKO
mice on HFD. Arid5b expression was determined using RT-PCR as described in Methods.
Values are means * SE of tissues from 6 animals in each group. *£< 0.05, **£< 0.01, ***p
< 0.001.
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Figure 2. Effects of Fabp4-Cre ablation of Arid5b on tissue and weight gains in male mice.
A. Body weights for male mice maintained on standard diets. Body weights are shown for

WT (circles), and FSKO mice (squares). Values are means + SE for eight mice in each
group. B. Body weights for male mice maintained on STD and HFD. At 120 days of age
(Diet Day 0), male WT (circles) and FSKO mice (squares) were randomly-assigned to STD
(open symbols) or HFD (closed symbols) diets and maintained on these diets until they
reached 200 days of age. Body weights were assessed every five days. Values are means +
SE for 10-20 mice in each group at each time point. Solid line, WT HFD versus WT STD;
long-dashed line, FSKO HFD versus STD; short-dashed line, for WT HFD versus FSKO
HFD, and (lower) dotted line for WT STD versus KO STD. C. Calorie consumption for
mice maintained on STD chow and HFD. Calorie consumption was calculated for the mice
shown in B. Values are means + SE for 10-20 observations in each group at each time point.
FSKO and WT HFD versus STD chow for the five-day period beginning at the indicated diet
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day. D Raw tissue weights for WT (black borders) and FSKO mice (gray borders) that were
maintained on STD chow (open boxes) or switched to HFD for 12 weeks (filled boxes). E.
Tissue weights normalized to total body weight. Values are means + SE for 4—-7 mice in each
group. *P<0.05, **P < 0.01, ***P< 0.001.

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Whitson et al.

Normalized Weight @
(mg/gr body weight)

1400
1200
1000
800
600
400
200

20

15

10

Page 17

GWAT

STD

HFD

lw)

w
a o
(=]
(=]

iy

Average Cross-
Sectional Area, (uM?)

* %%

*kk *kk 1

40
20 4
o

STD HFD STD HFD
WT KO WT KO WT KO WT KO

m

Average Nuclei
per 100 pM2

Figure 3. Effects of Fabp4-Cre ablation of Arid5b on adipocyte cross-sectional area in WAT
depots for mice on HFD for one week.

Cohorts of WT (black borders), and FSKO mice (gray borders) were assigned to STD chow
(open bars) or HFD (solid bars) at the age of 120 days. The mice were maintained on these
diets for one week, and euthanized. A. Tissue weights. B. Tissue weights normalized to
body weights. C. Photomicrographs. WAT from the indicated depots was dissected, fixed,
sectioned and stained as described in Methods. Photomicrographs are representative images
from each group. D. Quantitative analyses of fat vacuoles. Four photomicrographs were
taken from representative areas in each of three serial sections, and the cross-sectional areas
of the fat vacuoles were measured using ImagePro Plus® software. Values are means + SE
for 12 images from 3-6 mice in each group. E. Fat cell density. Fat cell nuclei were counted
in the same micrographs analyzed in (D), using ImagePro Plus® software. *P< 0.05, **P<
0.01, ***P< 0.001..
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Figure 4. Effects of Fabp4-Cre ablation of Arid5b and HFD on glucose tolerance in male mice.
A. IPGTT’s. Cohorts of WT (circles), and FSKO mice (squares) were assigned to STD

chow (open symbols) or HFD (closed symbols) at the age of 120 days. The mice were
maintained on these diets for 12 weeks, then subjected to IPGTT’s. Asterisks indicate P
values for comparisons of WT and FSKO STD versus HFD at the indicated time points. B.
Area-under-the curve for the graphs in part A for the indicated comparisons. C, D Fasting
insulin and fasting glucose values (respectively) for the mice shown in part A. Values are
means, = SE for 4-8 mice in each group. *£< 0.05, **P< 0.01, ***P< 0.001.
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Figure 5. Work-Flow Diagram for the Analysis of RNA-Seq Data in IWAT.
Differential gene expression analysis was used to compare RNA-Seq data in IWAT

adipocytes from WT STD versus HFD mice and from FSKO STD versus HFD mice.

Genes that were significantly increased or decreased according to the criteria outlined in
Methods, were identified for each genotype. The gene lists were compared, and genes that
were unique to each genotype were subjected to pathway analysis using g:Profiler. Pie charts
depict the numbers of gene ontology pathways in the indicated categories.
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Figure 6. Effects of Fabp4-Cre Arid5b ablation on Adipose Macrophages and Serum Cytokines
A. Macrophage invasion in WAT depots. Cohorts of WT and FSKO mice were maintained

high-fat diets for 12 weeks as described in Figure 1. The indicated fat depots were fixed,
sectioned and stained with antibodies to CD68 as described in Methods. The sections were
examined by a veterinary pathologist, and scored for anti-CD68 staining. Values are means,
+ SE for 4-8 mice. B. Photomicrogaphs of GWAT and IWAT stained with anti-CD68
antibodies. The crown-like structures were less frequent in FSKO WAT, and contained fewer
large, CD68-positive (brown-staining) nuclei. C. Serum adipokine levels. Adipokine levels
were measured in sera of WT and FSKO mice that were maintained on STD chow or HFD
for 12 weeks as described in Methods. Values are means, + SE for 3-8 mice in each group.
*P<0.05**P<0.01.
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Figure 7. Effects of Fabp4-Cre AridSb ablation on liver weights and triglyceride levels.
Cohorts of WT and FSKO mice were maintained for 12 weeks as described in Fig. 1. The

mice were euthanized, and livers were dissected out and weighed. Values are means + SE
of raw weights (A) or weights normalized to total body weight (B) for 4-7 mice in each
group. C. Photomicrographs of WT and FSKO liver sections stained with H&E. D. Liver
Triglycerides. Livers from the mice shown in Figure 7 A and B were homogenized and
extracted, and triglycerides were measured as described in Methods. *~P < 0.05, **£< 0.01.
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Figure 8. Analysis of RNA-Seq Data in Liver.
Differential gene expression analysis was used to compare RNA-Seq data in livers from

WT STD versus HFD mice and from FSKO STD versus HFD mice. Genes that were
significantly increased or decreased according to the criteria outlined in Methods, were
identified for each genotype. The lists were compared, and genes that were unique to each
genotype were subjected to pathway analysis using g:Profiler. Pie charts show the numbers
of gene ontology pathways in the indicated categories.
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PCR primers used for analyses.

Table 1:

Page 24

Primer Set | Description Forward Reverse

1 5' Homologous CAGCTAGGAAGCCGATATCCACACCAAGAC | CACAACGGGTTCTTCTGTTAGTCC
recombination targeting
event

2 3' Homologous CACACCTCCCCCTGAACCTGAAAC GTTGCCTGACCGCAATGTACTCAAG
recombination targeting
event

3 Frt Recombinase ATAGCAGCTTTGCTCCTTCG TGGCTCATCACCTTCCTCTT

4 Floxed Arid5b GGGAAGAAGAGGGTTCCATT AGCTTTCAGCACGTCTATTTCC

5 Fabp4-Cre GCGGTCTGGCAGTAAAAACTATC GTGAAACAGCATTGCTGTCACTT

6 Arid5b AGAAAAACGCCCATCGAGC CTCCCAGGATTACCACCTAAC

7 Cyclophilin (PPIA) TGGCAAGACCAGCAAGAAG TGAGAGCAGAGATTACAGGAC
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