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Abstract

Glucocorticoids promote fat accumulation in visceral compared to subcutaneous depots,
but the molecular mechanisms involved remain poorly understood. To identify long-term
changes in gene expression that are differentially sensitive or responsive to glucocorticoids
in these depots, paired samples of human omental (Om) and abdominal subcutaneous
(Abdsc) adipose tissues obtained from obese women during elective surgery were cultured
with the glucocorticoid receptor agonist dexamethasone (Dex, 0, 1, 10, 25 and 1000 nM) for
7 days. Dex regulated 32% of the 19,741 genes on the array, while 53% differed by Depot
and 2.5% exhibited a Depot*Dex concentration interaction. Gene set enrichment analysis
showed Dex regulation of the expected metabolic and inflammatory pathways in both
depots. Cluster analysis of the 460 transcripts that exhibited an interaction of Depot and Dex
concentration revealed sets of MRNAs for which the responses to Dex differed in magni-
tude, sensitivity or direction between the two depots as well as mMRNAs that responded to
Dex only in one depot. These transcripts were also clearly depot different in fresh adipose
tissue and are implicated in processes that could affect adipose tissue distribution or func-
tions (e.g. adipogenesis, triacylglycerol synthesis and storage, insulin action). Elucidation of
the mechanisms underlying the depot differences in the effect of Dex on the expression of
specific genes and pathways that regulate adipose function may offer novel insights into
understanding the biology of visceral adipose tissues and their links to metabolic health.

Introduction

The mass of visceral fat, defined as those depots located within the abdominal cavity and asso-
ciated with digestive organs (i.e. omental and mesenteric), is associated with risk for type 2 dia-
betes and cardiovascular disease in both men and women [1]. Glucocorticoids (GCs) promote
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the preferential accumulation of fat in visceral depots as clearly observed in Cushing’s syn-
drome [2-4]. Depot differences in rates of triacylglycerol (TAG) turnover, inflammation and
adipocyte cellularity are well documented in humans and mouse models [5-7], but the mecha-
nisms that underlie depot-dependent variations in GC action and mechanisms that link the
size of this depot to systemic metabolic dysfunction remain incompletely understood.

GCs integrate a wide variety of regulatory signals that control cell proliferation, metabolism,
and inflammation [8]. The activity of the GC receptor (GR) is cell-type, gene and dose depen-
dent, and regulated by multiple signals [9, 10]. Adipose tissue includes multiple cell types,
including preadipocytes, endothelial cells, immune cells and adipocytes, all of which are tar-
geted by GCs [11]. Thus, in addition to direct GC actions in each cell type, paracrine and endo-
crine interactions likely contribute to depot differences in GC actions on gene expression and
thereby tissue function. Although cell culture models provide invaluable mechanistic informa-
tion on each cell type, the cellular composition of different depots varies and the composition
of its extracellular matrix (ECM) likely also contributes to the depot differences in GC actions
[12]. Thus, unraveling the molecular details of crosstalk among cell types and pathways in
intact adipose tissue is complex. The advantage of organ culture in this context is that this sys-
tem provides a physiologically relevant three dimensional context for the analysis of human
adipose tissue hormone action and comparison of depot differences.

To gain an integrated picture of mechanisms by which GCs modulate depot-dependent
function, we chose to use an organ culture system in which the expression of key adipocyte
genes (e.g. ADIPOQ, LEP, GLUT4, LPL) is synergistically upregulated by GCs and insulin,
and maintained at initial levels for at least 7 days [13, 14]. Our previous studies addressed
global effects of GCs on the adipose transcriptome in organ cultures of the two major cen-
tral adipose depots in humans, visceral (omental, Om) and abdominal subcutaneous
(Abdsc) using a 12K microarray [14]. These studies tested only one concentration of the
type I GR agonist Dex (25 nM), added in the presence of 7 nM insulin [14]. Dex regulated
~20% of the adipose expressed genes and many genes and pathways, such as those that pro-
mote TAG synthesis and mediate insulin action, were affected similarly in both Om and
Abdsc, but the magnitude of the effects was often depot-dependent [14]. A limitation of
this prior study was that Dex effects are highly concentration-dependent [9], and we have
previously documented lower sensitivity to submaximally-stimulating concentrations of
Dex on LPL and leptin gene expression [13, 15].

GR interacts with co-activators or co-repressors to exert complex effects on transcrip-
tional networks. Mechanisms by which GR interacts directly with their binding sites that
selectively enhance/repress the transcription of clusters of genes are rapidly emerging from
studies of cell culture models [9, 16, 17]. Toward the long-term goal of understanding
mechanisms by which GCs differentially modulate gene expression in the complex micro-
environments of human visceral and subcutaneous adipose tissues, the two main goals of
the current study were: 1) to identify transcripts that are differentially sensitive to a range of
Dex concentrations (0, 1, 10, 25, 1000 nM) in Om and Abdsc, and 2) to identify GC-regu-
lated mRNAs that may play unanticipated roles in depot-dependent adipose biology, i.e.
they were mainly expressed only in one depot and were responsive to Dex in that depot. We
used Dex for the current mechanistic study because it is a specific GR agonist, and unlike
cortisol, it cannot be inactivated or interact with the mineralocorticoid receptor (MR). To
this end, we used Affymetrix Human Gene 1.0 ST microarrays that represent nearly all
~20,000 human genes and a more physiologically relevant concentration of insulin (0.7
nM) compared to our prior study [14].
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Materials and Methods
Sample collection

Adipose tissue was sampled from elective surgeries on volunteers free of diabetes, cancer and
inflammatory diseases by medical record, and not taking any medications that could affect
metabolism, as previously described [15]. Table 1 shows the characteristics of subjects whose
tissue was used for microarray and follow-up studies. All studies were conducted under Insti-
tutional Review Board approved protocols at the Boston Medical Center. All subjects signed
informed consent.

Tissue processing

Immediately after excision, a small aliquot of tissue (~200 mg) was quick frozen in liquid nitro-
gen. The rest was carried to the laboratory in room temperature Medium 199, minced into
5-10 mg fragments, quickly rinsed in 0.9% saline, and ~300-400 mg were placed in organ cul-
ture in 15 ml of Medium 199 supplemented with 0.7 nM insulin plus 0, 1, 10, 25 or 1000 nM
Dex for 7d. Cultures were re-fed every other day and the day prior to harvest on d7 [18].

Gene expression

Total RNA was isolated with Trizol reagent (Life Technologies, Carlsbad, CA), cleaned with
RNeasy MiniElute Cleanup Kit (Qiagen, Germantown, MD) and used for microarrays and
quantitative PCR (qPCR). Depot differences in mRNA levels in quick frozen tissue were veri-
fied by qPCR. Total RNA was reverse transcribed using Transcriptor First-Strand cDNA syn-
thesis kit (Roche, Indianapolis, IN) and qPCR was performed on a LightCycler 480 II (Roche)
with commercially available TagMan probes (Life Technologies). Cyclophilin A (PPIA) was
used as a reference gene, and relative expression levels were calculated.

Microarrays

Human Gene 1.0 ST arrays were used to profile gene expression in 3 independent paired sam-
ples of Om and Abdsc, after culture with Dex 0, 1, 10, and 1000 nM. Two samples were pooled
from two different donors with similar characteristics and the magnitude of the Dex effect to
increase GILZ and decrease IL-6 expression (by qPCR), and one sample represented a single
donor (Table 1). Array results (log2-transformed) were normalized together using the Robust

Table 1. Characteristics of subjects used in microarray and subsequent studies.

Age, yr Sex Surgery Chol TAG HbA1c (%) Race BMI, kg/m?
Subjects used for microarray
48 F TAH abdominal N/A N/A 5.2 AA 54
54 F gastric bypass 151 80 N/A AA 4
28 F gastric bypass 196 146 5.9 H 42.5
34 F gastric bypass 136 79 5.5 H 54
30 F gastric bypass 177 37 5.5 H 36
Additional Subjects used for gPCR
36 M gastric bypass 226 210 5.3 H 39
23 F gastric bypass 171 80 4.5 H 39

AA- African American, H-Hispanic; Chol-Serum Cholesterol (mg/dl), serum TAG (mg/dl), HbA1c (Hemoglobin A1c)

doi:10.1371/journal.pone.0167337.1001
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Multiarray Average algorithm and a Chip Definition File that maps the probes on the array to
unique Entrez Gene identifiers.

Gene set enrichment analysis (GSEA)

To determine biological pathways regulated by each concentration of Dex in each depot, we
calculated the fold change for the normalized values of gene expression in Om and Abdsc
depot at each Dex concentration as compared to the control (0 Dex). The average fold change
among subjects for each gene for each depot-dose pair was used for GSEA Preranked analysis
(Ver. 2.1.0, Broad Institute [19, 20]). KEGG, Reactome, Biocarta and PID databases were que-
ried. Because there was substantial overlap for significantly enriched pathways and gene-lists,
only KEGG results are presented. Analyses based on data ranked by the T-value for the paired
T-test yielded similar results (not shown). Significantly up and down regulated KEGG path-
ways (FDRq values < 0.05) are listed in S2A-S2C Table.

Statistical analyses

A linear mixed-effects (LME) model was used. Depot (Om vs. Abdsc) and concentration of
Dex were treated as "fixed" independent variables and donor as a "random" independent vari-
able. The interaction of Depot and Dex concentration ([Dex]) was included in the model.
[Dex] was modeled as a categorical, unordered variable so as not to exclude genes with a non-
linear dose response. The interaction effect measures whether dose effect on the expression of
a given gene differs between the depots. For example, the concentration of Dex that consis-
tently affects a given gene or the magnitude of the effect is dependent on depot. After calcula-
tion of p values for each term for each gene, the Benjamini-Hochberg False Discovery Rate
(FDR) correction was used to obtain FDR-corrected p values (a.k.a. FDRq values).

A cluster analysis was conducted on a subset of 460 genes with a FDRq less than 0.05 for the
interaction of Depot and [Dex] that also showed an effect size over 1.2 fold up or down in at
least one concentration of Dex in one depot, and expression values greater than a cutoff of 20

(out of a maximum ~6000) arbitrary units. The mean values for expression of these at each
X —Avy

SD £
JMP 10 software (using settings of complete, 1 or 2 way cluster, scaled).

Expression levels of selected genes of interest were verified by qPCR using 7 paired Om and
Abdsc samples. Data are normalized by PPIA gene expression (272“") and presented as the
mean and SEM of relative abundance. All values were log-transformed prior to statistical anal-
ysis. The effect of Dex within a depot was tested with a one way repeated measures ANOVA

Dex concentration were scaled across both depots (=5%). Cluster analysis was performed with

(on dose), with post-hoc paired t-tests as indicated, within each depot. Paired t-tests were used
to compare values in Abdsc and Om depots within subjects.

Results

Using a linear mixed modeling approach and conservative cutoff of FDRq < 0.05, 6,344 out of
19,741 transcripts on the array (32%) were significantly regulated by Dex, as indicated by a sig-
nificant main effect. 10,424 transcripts (53%) showed a Depot effect and 513 (2.5%) showed a
Depot*[Dex] interaction. Gene lists, average expression values and FDRq values for the LME
analysis are provided in S1 Table. To identify transcripts that are depot-independently regu-
lated by Dex, expression levels at each Dex concentration in each depot were pre-ranked by
fold-change for statistical analysis. If the FDRq for the Dex and Depot effect in the LME was
significant (FDRq <0.05), and there was no Depot x [Dex] interaction, they were considered
depot independently regulated by Dex. A significant [Dex]*Depot interaction indicates that
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the Dex effect varied by Depot. Similar results were obtained when genes were ranked by T-
values for the Dex effect compared to baseline (not shown).

Pathways that were regulated by Dex in a depot independent manner

Dex upregulated pathways: S2A Table lists the KEGG pathways identified by GSEA as upregu-
lated in both depots (FDRq < 0.05 in both) at each concentration of Dex. As expected from
our previous work [14], insulin signaling as well as metabolic pathways involved in fatty acid
(FA), amino acid, and carbohydrate degradation/oxidation through pyruvate and the Krebs
cycle (glycolysis, pyruvate metabolism pathway) were upregulated by Dex in both depots.
Also, as expected, lipid metabolism-related and signaling pathways upregulated by Dex simi-
larly in both depots included FA metabolism, peroxisome, biosynthesis of unsaturated FAs,
glycerophospholipid metabolism and glycerolipid metabolism. The gluconeogenesis pathway
was also upregulated; this list included PCK1 which is of importance in adipocytes because it
functions as a glyceroneogenic enzyme that regulates esterification of FA [21].

A key mediator of changes in metabolic gene expression, the PPAR signaling pathway was
significantly enriched by exposure to Dex in both Om and Abdsc. The fold changes in these
genes tended to be higher in Om, but the Depot x Dex interaction term was not significant.
Expression levels at all concentrations of Dex were higher in Abdsc; PCK1, LPL, ACADL,
PLIN1, MEI, NR1H3 (also known as LXRA) and ACSLI contributed most highly to the enrich-
ment of this pathway. Also of interest for its known role in adipocyte function [22], the KEGG
retinol pathway was also upregulated by Dex in both depots. ADH1B, ADHIA, and ALDHIAI
were at the leading edge of this list in both depots; DGAT1I, a key gene in the regulation of
TAG synthesis, also contributed to the enrichment score for this pathway.

Dex downregulated pathways: The most downregulated KEGG pathways common to Om
and Abdsc depots were inflammatory and immune pathways; cytokine-cytokine receptor
interaction, chemokine signaling, intestinal immune network for IgA production, leukocyte
transendothelial migration, antigen processing and presentation and Toll-like receptor signal-
ing. Dex also downregulated TGF as well as JAK-STAT signaling pathways in both depots.
Pathways related to ECM including ECM receptor interaction, cell adhesion molecules, focal
adhesion, and axon guidance were also downregulated by Dex. A number of transcripts on
these lists with the highest negative enrichments have been implicated in adipose tissue inflam-
mation and ECM remodeling, for example, Dex markedly downregulated TNC [23], which
topped the ECM receptor interaction list in both depots (normalized enrichment score (NES)
-5.0 in Abdsc and -5.7 in Om at 10 nM Dex, both p<0.0001). S2B Table lists the KEGG path-
ways identified as significantly downregulated in both depots at each concentration of Dex
(FDRq for main effect of Dex < 0.05).

Depot-dependent effects of Dex in Om or Abdsc

Two pathways were clearly upregulated by Dex only in Om but not Abdsc, steroid biosynthe-
sis, which is of interest from the point of view of cholesterol and cortisol synthesis within adi-
pose tissue, and the pentose phosphate pathway (S2C Table). The latter is important in
generating reducing equivalents for de novo FA synthesis and steroid synthesis (e.g. HEPDH).
Several downregulated pathways were clearly affected in Abdsc but not Om, depending on
Dex concentration (S2C Table). Transcripts involved in ubiquitin-mediated proteolysis,
pyrimidine metabolism, homologous recombination and purine metabolism pathways were
clearly downregulated by as little as 1 nM in Abdsc, but even higher concentrations of Dex had
no effect in Om. The cell cycle pathway was also highly downregulated in Abdsc by as little as
1 nM Dex, and Om responded only to 1000 nM Dex. Together these data suggest that culture
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Fig 1. qPCR verification of concentration- and depot-dependent effects of glucocorticoids on selected,
known glucocorticoid target genes. (A) PCK1, (B) LPL, (C) GILZ, and (D) IL-6. Data are mean + SEM, n =5-7

inde
aste

pendent subjects. The X-axis is a log scale. Significant depot differences at each [Dex] are indicated by an
risk (*, p < 0.05, paired t-test of log transformed values). Repeated measures ANOVA verified a significant Dex

effect in both depots for each gene (Dex effect, p < 0.002). All doses in both Om and Abdsc were significantly

diffe
doi:1

rent from 0 nM Dex (p < 0.05, Dunnett’s test).
0.1371/journal.pone.0167337.g001

with even very low concentrations of Dex decreases cellular stress in Abdsc, but much higher
concentrations are required in Om.

qPCR verification of depot-dependent responses to Dex: Results for PCKI and LPL, two key
enzymes that regulate TAG storage in adipocytes, were verified by qPCR (using non-pooled
samples from 5-7 subjects, Fig 1). Similar to the microarray results, baseline levels of PCK1
and LPL mRNA were higher in Abdsc. In addition, the sensitivity to 1 nM Dex and the magni-
tude of the response was higher in Abdsc for PCK1, but similar in the two depots for LPL.
These results suggest that Dex, when added together with a relatively low concentration of
insulin, leads to the upregulation of PPARY signaling and therefore to a coordinated increase
in the expression of key genes that regulate de novo lipogenesis and FA activation. The differ-
ential sensitivity of PCKI in Om vs. Abdsc contrasted with the similar dose-dependent increase
in GILZ mRNA, a known direct target of GCs via GR. Also shown in Fig 1, as expected [14,
24], there was higher expression of IL-6 in Om at baseline. Despite a larger absolute decrease
in its expression in Om [24], sensitivity to submaximal Dex, as a % of the maximal response at
each concentration, was not significantly different between the two depots (not shown), rein-
forcing the concept of pathway dependent differences in sensitivity and responsiveness to Dex
of both metabolic and inflammatory signaling.
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Cluster analysis revealed interactions of Depot and Dex concentration
on adipose tissue gene expression

One way clustering: To identify patterns of depot-dependent Dex effects among those tran-
scripts that exhibited a Depot*[Dex] interaction (FDRq < 0.05) in the LME, we performed
cluster analysis. Depot differences in the direction, sensitivity and magnitude of response
within each cluster has the potential to suggest gene networks that are regulated in a coordi-
nated fashion and co-factors that target them. This unbiased analysis also has the potential to
identify previously unrecognized roles for GC-regulated pathways that may influence GC-
mediated depot-differences in adipose tissue function.

Using one way clustering of expression values scaled across both depots, ten clusters were
identified; each was characterized by combinations of depot differences in baseline values and/
or the magnitude and direction of concentration dependence of the Dex effect. Fig 2 shows a
parallel plot that illustrates these patterns. Complete gene lists for the cluster analysis are given
in S3 Table. Table 2 highlights depot differences in Dex effects for selected genes of interest
from the viewpoint of adipose tissue metabolism, remodeling, inflammation and adipogenesis.
These were selected based on 1) at least a ~2-fold response in one depot with a clearly lower in
magnitude, non-existent, or opposite to the direction of the response in the other depot, or 2)
depot differences in sensitivity to a submaximal concentration of Dex (1 nM) in one depot but
not the other. In addition, this analysis highlighted transcripts that were regulated by Dex, but
have not previously studied in the context of this tissue.

Two-way clustering: Two-way clustering (Depot and [Dex]) indicated that overall, values
for both Om control and Om Dex 1 nM clustered with Abdsc control (0 Dex). This finding
indicates that Om 1 nM values were more similar to Om control (0 Dex), but that Abdsc cul-
tured with 1 nM Dex was different from Abdsc control and clustered with Abdsc 10 and 1000
nM and is consistent with the conclusion that overall Om is less sensitive to a low concentra-
tion of Dex. The two-way clustered dendrogram is shown in S1 Fig.

qPCR verification of transcripts showing depot-dependent response to Dex in organ
culture. Using individual samples from 5-7 subjects, we verified (with qPCR) depot differ-
ences in the Dex regulation of two genes that were much more highly expressed at baseline in
Om and remained higher despite suppression by Dex (INHBA and GREM1, Fig 3A and 3B),
and two genes that were expressed at very low levels in Abdsc and increased by Dex only in
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N
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Fig 2. Parallel plot illustrating the cluster analysis of genes that exhibited a Depot*[Dex] interaction. 460
genes that showed a significant interaction of Depot and [Dex], and expression values above a threshold of 20 for at
least one Dex concentration in one depot were included in an unsupervised hierarchical cluster analysis (JMP 10
software), as described in Methods. The analysis with 10 clusters is shown.

doi:10.1371/journal.pone.0167337.9002
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Table 2. Transcripts of interest from the cluster analysis of significant Depot*[Dex] interactions (Fig 2).

CLUSTER PATTERN

1

10

Similar baseline; Dex upregulated, greater sensitivity and
response in Abdsc

Lower baseline in Om; Dex upregulated, lower sensitivity
and greater response in Om

Similar baseline; Dex upregulated, greater sensitivity in
Abdsc

Similar baseline; Dex upregulated in Om, no response in
Abdsc

Similar or higher baseline in Abdsc; Dex upregulated in
Om, downregulated in Abdsc

Higher baseline in Om; Dex downregulated in Om, no
effects in Abdsc

Similar baseline; Dex downregulated, greater sensitivity
and response in Abdsc

Higher baseline in Om; Dex downregulated in Om, lower
or little response in Absc

Similar baseline; 1 nM Dex slightly downregulated in Om,
upregulated in Abdsc

Higher baseline in Abdsc; Dex downregulated in Abdsc,
lower response in Om

GENES OF INTEREST

CYP4B1, CYP4F22,
CYP4X1, CYP4Z1

CD10 (MME)
ENPP2 (autotaxin)
LEP

mMucie

MMRN1

ITLN1

ACSM3, AGPAT9
FADS1

GPC4

PI15

TNFRSF21, LEPR
DDIT4

THBS2

LTBP1
BGN
THBS1
WNT4FLT1

GPR116

INHBB

LOXL2

NRN1

HOXC8, HOXC9
DKK2

GREM2

CCL13

DDIT1L

B IOLOGICAL PROCESS IMPLICATED
FA, steroid, lipid, xenobiotic metabolism [25]

Adipose stem cell marker [26]
Anti-adipogenic [27]
Adipokine

ECM, PM [28]

PM adhesion/ coagulation [29]
Inflammation/adipokine [30]

TAG synthesis [31]

Delta 5 fatty acid desaturation

Proadipogenic; Tinsulin signaling; ECM, PM [32]
ECM, peptidase inhibitor

ECM, cytokine-related

Inhibits TORC1 signaling [33]

ECM-receptor interaction, focal adhesion; potential
role in adipogenesis [34]

ECM, inhibits TGF@ signaling
1 in obesity (BGN), adipose inflammation [35]
Regulates adipose expansion [36]

Pro-adipogenic [37]PM, pro-angiogenic; improved
insulin action [38]

Cell adhesion, promotes insulin sensitivity [39]
Decrease lipolysis [40]

Fibrosis [41]

Expressed in human adipose progenitors [26]
Developmental/higher in Abdsc (fresh tissue) [42]
Inhibits WNT signaling (proadipogenic)
Stimulates Wnt signaling (anti-adipogenic) [43]
Inflammation/increased in obesity[44]

Inhibits cell growth, TOR signaling pathway [45]

Transcripts were selected for inclusion in this Table if they exhibited a consistent ~2-fold change in one depot and the literature suggests that they may play
a role in mediating depot differences in fat accumulation or depot-dependent function. Potential biological pathways/processes that may be modulated by
each gene product were based on our review of the literature (Pubmed searches on the gene name and the search terms “adipose OR adipocyte”) and/or
information in www.genecards.org. The complete lists of genes are in S3 Table. Plasma membrane (PM) or ECM localization of gene products is noted.

doi:10.1371/journal.pone.0167337.t002

Om (PKHDILI and ITLN1, Fig 3C and 3D). Additionally, we confirmed the clear interaction
of [Dex] and Depot for ITGBS8 (Fig 3E). This gene was suppressed by Dex only in Abdsc, while
it tended to increase in response to increasing Dex in Om, creating a depot difference at the
higher Dex concentrations. We also verified that NRNI mRNA levels were very low in Om

and increased by Dex only in Abdsc (Fig 3F).

Transcripts that showed depot differences in response to Dex also
exhibit depot-differences in fresh adipose tissue

To determine if our results in tissues cultured with Dex for 7 days ex vivo were relevant to the
in vivo, we examined expression levels in tissues that were snap frozen immediately after

PLOS ONE | DOI:10.1371/journal.pone.0167337 December 22, 2016

8/19


http://www.genecards.org/

@° PLOS | ONE

Differential Responses to Dex in Om and Abdsc Adipose Tissues

- Om = Abdsc

A B
514 17

DEX effect 2.0 DEX effect
< 4 Om: p<0.005 < Om: p<0.005
Z Abdsc: p<0.005 < 454 Abdsc: NS
14 n=5-6 x - n=6
£ 3- £
< = 1.0
@ =
= & 0.5-

0.0-
0 1 10 100 1000 0 1 10 100 1000

[Dexamethasone] (nM)

[Dexamethasone] (nM)

C D
34 * 0.4+ * *
< DEX effect DEX effect
P4 Om: p<0.05 < 0.3 Om: p<0.005
(14 Abdsc: NS Z U-97 | Abdsc: Ns
E 2- n=6 % n=5
i 0.2-
s -~
Q 1- 2
§ = 0.1
o
0+t e — 0.0+ r—rrmip——rrrip— S —
0 1 10 100 1000 0 1 10 100 1000
[Dexamethasone] (nM) [Dexamethasone] (nM)
E DEX effect F DEX effect
31 [om: Ns 10 |om: Ns
Abdsc: p<0.005 * Abdsc: p<0.05 *
; n=4 < n=4
4
X 2 14
£ £
© * -
m pd
o 14 14
= 4
0_ o —©

o-ﬂ'-H"ﬂ-mrfﬂ-'-'wfrﬂ_'_ﬁ"'rﬂ"_l_l-"rﬂq_l
0 1 10 100 1000 0 1 10 100 1000

[Dexamethasone] (nM) [Dexamethasone] (nM)

Fig 3. qPCR verification of selected depot-dependent Dex effects. Transcripts for verification were selected for
biological interest, large depot differences in the baseline values and/or the magnitude of the Dex effects: (A)
INHBA, (B) GREM1, (C) PKHD1L1, (D) ITLN1, (E) ITGB8, and (F) NRN1. Depot differences are indicated by
asterisks (*p < 0.05, paired t-test at each Dex concentration). Within depot, Dex effects were tested by repeated
measures ANOVA on log-transformed data (p values indicated in the box on each graph). Post-hoc comparisons of
values at each Dex concentration compared to baseline (0 Dex) were carried out by Dunnett’s tests. Within Abdsc,
Dex effects were significant for INHBA at Dex concentrations of 10 nM or higher, ITGB8 at 25 and 1000 nM and
NRN1 at 1, 10, and 25 nM. Within Om, Dex effects were significant for PKHD1L1 at Dex concentrations of 10 nM
and higher and ITLN1 at 25 and 1000 nM. Because of missing values for Om for INHBA, only paired t-tests were
used to test the effect of each Dex concentration vs. baseline [p =0.051 at 1 nM (n = 6), p<0.01 at 10 nM (n=5), 25
and 1000 nM (n = 6)].

doi:10.1371/journal.pone.0167337.9003
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excision. We reasoned that genes that were more highly expressed in one depot at baseline
(INHBA, GREM1, and NRN1), and those for which a clear depot-difference was induced by
culture with Dex (ITLNI, PKHDIL1, ITGBS8, and NRN1) would also exhibit depot-difference
in fresh adipose tissue. Fig 4 shows that genes that showed large differences after 7d of culture
with Dex, INHBA, GREM1, PKHDLI, ITLN1, and ITGBS, were also higher in snap frozen Om,
while NRN1, which was increased by Dex only in Abdsc, was substantially higher in fresh
Abdsc tissue.

Discussion

Although there are some developmental similarities between rodent and human visceral
depots, there are also notable differences [46]. Thus, studies of mechanisms that lead to depot
differences in human adipose tissue biology are especially important. The analyses presented
here clearly demonstrate the depot-dependence of GC action on gene expression in human
visceral (Om) compared to Abdsc adipose tissues. Using organ culture as a model system to
define the long-term effects of Dex on the transcriptome of human Om and Abdsc adipose tis-
sue, these analyses suggest potential novel molecular mechanisms underlying a broad range of
well-established differences between the two depots, and point to their differential regulation
by GCs. These depot differences include the higher inflammatory profile in Om adipose tissue,
the lower adipogenic potential of Om preadipocytes, and the preferential accumulation of vis-
ceral fat with hypercortisolemia in vivo.

The current dataset and pathway (GSEA) analyses confirm and expand our prior observa-
tions that many metabolic (e.g. amino acid catabolism, tricarboxylic acid cycle, lipogenesis)
and immune-related pathways are regulated similarly by Dex in both depots. More impor-
tantly, with the mixed model statistical approach and cluster analysis of dose-dependent
changes in the adipose tissue transcriptome, we were able to identify depot-dependent differ-
ences in genes and pathways that vary in sensitivity to low Dex concentrations and others that
exhibit depot differences in the magnitude or direction of the Dex effects. We verified with
qPCR that selected transcripts showing depot-dependent responses to Dex in vitro (INHBA,
GREM1,ITGBS8, ITLN1, PKHDIL1, NRNTI) also showed substantial depot differences in fresh
tissue, supporting the physiological relevance of the organ culture approach and the important
role of GCs in driving depot differences in adipose tissue function. These results were easily
detected with a small sample size of almost exclusively female obese subjects, indicating the dif-
ferences are robust and consistent.

Dex promotion of transcripts which may modulate adipogenesis and expansion capacity in
Om vs. Abdsc: Excess GCs lead to the expansion of central, especially visceral adipose tissues,
but the mechanisms remain poorly understood. Available data indicate that increases in both
adipocyte number and size contribute to this adipose expansion [47, 48], and that a limitation
on hyperplastic expansion is associated with excess hypertrophy, which in turn is associated
with adipose tissue inflammation as well as adipocyte and systemic metabolic dysfunction.
Our data suggest that multiple pathways that regulate adipogenesis and fat accumulation,
including insulin signaling and TAG synthesis, are depot-dependently regulated by Dex in a
coordinated fashion to favor the hypertrophic expansion of Om.

Adipogenesis: Transcript levels of autotaxin/ENPP2 mRNA (cluster 2), which inhibits adipo-
genesis via increased production of lysophosphatidic acid [27], was increased by Dex in Om
but unaffected in Abdsc. Additionally, the DKK2 transcripts (cluster 9), a factor which inhibits
canonical anti-adipogenic Wnt signaling, were expressed at very low levels in Om and were
unaffected by Dex, while Dex increased DKK2 expression in Abdsc, potentially promoting
hyperplasia in this depot. Although Dex downregulated the mRNA expression of key ligands
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Fig 4. Depot differences in flash frozen samples of Om and Abdsc reflect patterns observed in tissues
cultured with Dex. (A) INHBA, (B) GREM1, (C) PKHD1L1, (D) ITLN1, (E) ITGBS, and (F) NRN1. *p < 0.05,
depot difference (paired t-tests of log transformed values, n = 6). Data presented as mean + SEM.

doi:10.1371/journal.pone.0167337.9004

that activate TGFP receptor signaling (INHBA and TGFJ3) and thereby inhibit adipogenesis
[49, 50], they remained higher in Om compared to Abdsc adipose tissue cultured with Dex,
especially at submaximal concentrations. Thus, if translated into a functional effects, these
Dex-induced alterations in gene expression may mediate depot-dependent changes in hyper-
plastic expansion.

Additional secreted factors that may regulate TGFf signaling and enhance adipogenesis
include, ITGB8 [51], LTBPI [52] and BGN [53, 54] (Cluster 7). BGN also regulates WNT sig-
naling [55] and adiponectin production [56]. Dex decreased LTBP1 and BGN levels in Abdsc,
so that after Dex treatment, their levels were over 2-fold lower than in Om. However, TGFj
expression is higher in Om, so its free concentration may still be higher in this depot. The
importance of Dex in the modulation of TGFf activity in adipose tissues by these abundant
ECM proteoglycans merits further study.

Dex promotion of omental fat accumulation: Our results highlight several pathways by
which Dex could promote the preferential fat storage in visceral depots. Dex enhanced the
expression of multiple transcripts that may promote TAG synthesis in both depots. Dex
increased the expression of GPC4 mRNA, which encodes a secreted factor (adipokine), only in
Om (cluster 5). Based on studies in mouse adipocytes, GPC4 is thought to promote insulin sen-
sitivity, and clinical studies suggest that higher expression of GPC4 is associated with higher
waist-to-hip ratio and visceral to Abdsc fat ratio in men [32]. INHBB (cluster 8), which is
increased by adipocyte differentiation and expressed by mature adipocytes and decreases lipol-
ysis [40], was decreased by Dex only in Om, resulting in higher levels in Abdsc than Om (con-
firmed with qPCR, data not shown). INHBB expression was also higher in fresh Abdsc than
Om adipose tissue (2.7 + 0.9 vs. 1.3 + 0.6, relative expression by gPCR, p<0.05, n = 6). At the
same time, transcript levels of genes likely involved in FA activation (ACSM3) and esterifica-
tion (AGPATY) [31] were increased by Dex only in Om (Cluster 4), which could balance the
higher lipolysis. These changes are consistent with findings in mice which document that GCs
promotes high TAG turnover [57], and intriguingly suggest a viscerally specific effect that mer-
its further investigation as a mechanism to link hypercortisolemia to visceral fat accumulation
and metabolic dysregulation. Finally, Dex treatment led to a larger fold increase (1.6 fold in
Om vs. 3.4 fold in Abdsc, p<0.05) in expression of PPARGCIA, a transcriptional co-activator
that plays a major role in increasing genes that regulate oxidative metabolism and thereby the
metabolic health of adipocytes.

Response to stress/mTOR signaling: Genes induced by cellular stress such as DDIT4L
(REDD2), which inhibits mTORCI [45], was more highly expressed at baseline in Abdsc and
decreased by Dex in both depots. In addition, DDIT4 (REDDI) inhibits mTORCI and is a neg-
ative regulator of insulin signaling [33], so its decrease by Dex in only Om, is consistent with
an enhancement of insulin action and lipogenesis in adipocytes. Overall these results suggest
that Dex restrains the cellular stress in adipose tissue and thereby improves insulin action.

Additional transcripts that encode factors that modulate lipid metabolism especially in Abdsc:
A number of transcripts that regulate lipid metabolism were more potently induced by Dex in
Abdsc. Three members of the Cytochrome P450, Family 4 (CYP4B1, CYP4F22and CYP4X1)
clustered together (Cluster 1). For example, CYP4BI was expressed at a very low level under
baseline conditions in Om and increased by Dex by 8-fold compared to 40-fold in Abdsc.
These CYP4 genes have ill-defined roles in FA, steroid, lipid and xenobiotic metabolism [25].

PLOS ONE | DOI:10.1371/journal.pone.0167337 December 22, 2016 12/19



@° PLOS | ONE

Differential Responses to Dex in Om and Abdsc Adipose Tissues

In addition to the similar Dex stimulation of genes encoding transcripts involved in the
synthesis of very long chain fatty acids and delta 9 desaturation in Om and Abdsc, Dex differ-
entially regulated FADS1 (delta 5 desaturase), which was increased by 50% in Om but
decreased by 10% in Abdsc, and FADS2 (delta 6 desaturase), which did not change in Om and
was decreased by Dex (30%) in Abdsc. Depot differences in the effect of Dex on these genes of
FA metabolism have potential for regulating tissue FA composition, biophysical properties of
membranes, and production of functionally important lipid mediators.

Inflammation and immunity: Culture with Dex led to a more robust increase in Abdsc than
Om of CD300LG which is implicated in T-cell recruitment [58] and P2RY14/GPR105 (Cluster
1) which modulates macrophage recruitment in diet-induced obesity [58-60]. Cytokine-
related genes (TNFRSF21, ILIRAP, TSLP, and LEPR) also followed this pattern, which is some-
what surprising given reports of higher inflammation in Om and Abdsc. STEAP4/STAMP2
mRNA, which decreases adipose inflammation and enhances adipocyte insulin sensitivity [61,
62], and is also important for promoting fat accumulation, was more responsive to Dex stimu-
lation in Abdsc than Om (Cluster 1). The chemokine CCL13 (MCP-4) was more highly
expressed in Abdsc at baseline and suppressed by Dex only in that depot [63]. Taken together,
there data suggest the depot differences in mechanisms by which GCs regulate inflammatory
pathways and immune cell recruitment.

Dex induced a cluster of genes only in Om: Of the 20 genes in Cluster 4, 7 had similar levels
of baseline expression and showed a clear dose-dependent increase in response to increasing
concentrations of Dex in Om, but had very low expression and no response to Dex in Abdsc
(MUC16, ART4, MMRN1, and MUMILI). ITLN1 (omentin), a gene which is documented to
be specific for visceral adipose tissue [30], also displayed this pattern (confirmed by qPCR, Figs
3 and 4). Genes that were much more highly expressed in Om included mesothelin, a marker
of mesothelial cells, as previously observed by others [64]. MUC16, MMRN1, ITLN1, and IL-18
were also upregulated by Dex in Om and are known to be more abundantly expressed in
fresh-frozen Om than Abdsc samples ([30, 65] and our unpublished data). Mucin 16 is a cell
surface receptor involved in cell adhesion whose extracellular domain is secreted and is known
to bind to mesothelin, a cell surface protein on mesothelial cells [28]. Further studies of the
importance of mesothelial cells in the biology of human visceral adipose tissue are warranted,
especially in view of a recent lineage tracing study which indicates that adipocytes in visceral
depots derive from a mesothelial lineage in mice [66].

Cell adhesion and/or migration: A number of genes in Cluster 6 were higher at baseline and
decreased by Dex in Om, but were affected little by Dex in Abdsc. 11 genes in this list were
functionally classified as being involved in Cell Adhesion and/or Migration (DAVID analysis)
[67, 68] including GPR56, AMIGO2, CDH2, CLSTN1, and THBS2. In addition, GPR116, which
suppresses cell migration was higher in Om at baseline and yet more robustly downregulated
by low Dex concentrations. Overall, these data indicate that Dex has depot-dependent effects
on cell adhesion and migration pathways and thus potentially on immune function and other
processes that affect inflammation and remodeling. Combined with the higher baseline yet
similar relative magnitude of the potent suppressive effects of Dex in both Om and Abdsc adi-
pose tissues, these additional players may have differential effects on the fine-tuning control of
inflammation within each depot.

Additional transcripts regulated in a Depot-specific and Dex-dependent manner: PI15 (pepti-
dase inhibitor 15, also known as protease inhibitor 15 and CRISPS) is a trypsin inhibitor that
was expressed at fairly high levels and dose-dependently and markedly decreased by Dex (by
~10-fold) in Om, while it was very low at baseline and decreased only ~2-fold in Abdsc. Little
is known about this gene, and nothing about its function in adipose tissue, but it was identified
as a gene with a glucocorticoid binding region by ChIP-seq in 3T3-L1 adipocytes [57]. Cluster
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9 included 50 genes that were higher in Abdsc than Om at baseline. Especially dramatic was
NRN1 (Neuritin 1). Its expression was ~6-7 fold lower and unchanged by Dex in Om, while in
Abdsc it was dose-dependently increased (2-fold), resulting in a ~12 fold depot difference at
maximal Dex (as verified by qPCR, Fig 3F). Very little is known about this gene other than it is
likely GPI-anchored to the plasma membrane and expressed in the central nervous system
where it promotes neurite outgrowth [69] and is induced by hypoxia in tumors [70].
PKHDILI was increased by Dex only in Om to fairly high levels (Fig 3), but little is known of
its function in any context.

A limitation of this study is that the number of subjects studied in the initial microarray
was small (n = 3 representing a total of 5 subjects), all were severely obese, and 6/7 were
women. However, results were robust and key findings were easily confirmed with n = 5-7 by
qPCR. These studies were not powered to detect differences in sensitivity or responsiveness to
Dex effects between lean vs. obese or female vs. males. Further studies are needed to verify
additional genes of interest and assess how depot-dependent Dex action varies as a function of
level of adiposity, age, sex, fat distribution and metabolic status. An additional limitation of
our studies was that we only tested Dex, and not cortisol, the physiological ligand, which acts
on both MR and GR. We chose Dex, a specific type II GR agonist, to avoid potential confounds
of depot differences in cortisone/cortisol activation [71]. In one of the subjects, we performed
microarray study comparing the effects of cortisol (200 nM) and Dex in both Om and Abdsc,
found that that effects are similar and in fact the correlation of the microarray data for cortisol
(200 nM) and Dex (10 nM) was over r = 0.95.

It is important to note that our organ culture system includes insulin (0.7 nM), and we and
others find the combination of insulin and Dex best promotes the expression of genes encod-
ing enzymes that regulate fat metabolism and adipokines [13, 14]. A recent ChIP study in
human adipose tissue cultured with Dex but without insulin reported similar results with
regard to inflammation pathways, but did not observe changes in de novo lipogenic and TAG
synthesis pathways [72].

In summary, this study reinforces our knowledge of the pleiotropic effects of GCs on tran-
scripts expressed in two major human adipose tissues, and points to the need for understanding
gene- and cell-dependent variations in sensitivity to GC action. The mechanistic basis for the
differential sensitivity and responsiveness to GCs in each cell type is likely to occur via differ-
ences in the level of transcriptional co-activators and repressors, as well as changes in GR phos-
phorylation that may depend on the level of inflammation [10, 73]. We found that
phosphorylation of GR at serine 226 is higher in Om vs. Abdsc adipose tissue (Lee MJ and Fried
SK, unpublished observation) which may contribute to the lower sensitivity to GCs in the for-
mer. Additionally, because adipose tissue includes multiple cell types, it is tempting to speculate
that cell-specific actions of GCs via GR contribute to depot differences in their function. These
hypothesis-generating analyses emphasize the need to determine the cell types that express the
secreted factors, establish which effects are cell autonomous, define the Dex-regulated compo-
nents of the ECM that contribute to the microenvironment within specific visceral and sc
depots, and determine their functional roles as well as which transcripts are direct vs. secondary
targets of GCs/GR [12]. Future studies of the importance of GCs in modulating the pathways
predicted to contribute to each depot’s unique functions and expansion capacity have clear
potential for understanding of human fat distribution and its impact on metabolic health.

Supporting Information

S1 Fig. Dendrogram of 2 way cluster analysis of transcripts exhibiting a Depot*[Dex] inter-
action. The intensity of the red or blue color in each row represents expression values, high or
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low respectively, which were scaled across both depots, and each column represents the culture
condition (culture with 0, 1, 10, or 1000 nM Dex is designated Om0, Om1, Om10, Om1000,
Abdsc0, Abdscl, Abdsc10, Abdsc1000) as described in Methods.

(TIF)

S1 Table. Expression values for all transcripts in the microarray. Averages of expression val-
ues (linear scale) at each Dex concentration are given (average values of n = 3 subjects). FDRq
for LME parameters (Depot, [Dex], and Depot*[Dex] interaction) are given for each gene.
(XLSX)

$2 Table. Lists of pathways identified by GSEA as up- or down-regulated by each concen-
tration of Dex in both depots (S2A and S2B, respectively), or only in 1 depot by Dex (S2C).
Gene lists for each depots were preranked by fold change vs. 0 nM Dex and analyzed by GSEA,
as described in Methods. FDRq values < 0.05 were considered statistically significant.

(XLSX)

$3 Table. Lists of the 460 transcripts used for cluster analysis in Fig 3. Genes exhibiting sig-
nificant Depot x [Dex] interaction (p < 0.05) were used for this cluster analysis. Cluster and
sub-cluster numbers as well as LME results and expression values are given for each gene
[Data are the mean of the expression values (linearized scale) for the 3 paired samples of Om
and Abdsc from the microarray analysis].

(XLSX)
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