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ABSTRACT

Hypoxia Inducible Factor 1 (HIF-1) promotes fibrosis and inflammation in adipose tissues, while estrogens and Estrogen Receptor o, (ERa) have
the opposite effect. Here we identify an Estrogen Response Element (ERE) in the promoter of Phd3, which is a negative regulatory enzyme of
HIF-1, and we demonstrate HIF-1¢, is ubiquitinated following 17-[3 estradiol (E2)/ERe. mediated Phd3 transcription. Manipulating ERa. in vivo
increases Phd3 transcription and reduces HIF-1 activity, while addition of PHD3 ameliorates adipose tissue fibrosis and inflammation. Our
findings outline a novel regulatory relationship between E2/ERa,, PHD3 and HIF-1 in adipose tissues, providing a mechanistic explanation for the

protective effect of E2/ERa. in adipose tissue.

© 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. INTRODUCTION

Obesity increases the risk of developing cardiovascular disease,
cancer, and Type 2 diabetes. Despite their adiposity, some obese in-
dividuals do not develop these diseases and otherwise retain good
metabolic health [1—3]. This suggests that impairments in adipose
tissue (AT) function drive metabolic health independently of body
adiposity. Two such impairments, adipose tissue fibrosis and inflam-
mation, are tightly associated with insulin resistance and the metabolic
syndrome (MetS) [4—6], while the transcription factor Hypoxia
Inducible Factor 1 (HIF-1) induces fibrosis in ATs [7,8]. Additionally, sex
hormones and their receptors attenuate AT fibrosis and inflammation
[9—13]. In this report we present evidence linking the metabolically
protective effect of estrogens and estrogen receptors with HIF-1 ac-
tivity in AT.

In conditions of caloric excess, adipose tissue expands to accom-
modate increased lipid stores. If the expansion outpaces the growth
of the vasculature, hypoxia in the AT depot develops [14—18].
Hypoxia provokes a transcriptional response regulated by HIF-1, a
heterodimeric transcription factor consisting of two subunits, HIF-1a
and HIF-1P. Cells constitutively express both subunits; however, HIF-
1ot is highly sensitive to post-translational degradation [19]. In nor-
moxic conditions, three isoforms of prolyl-4-hydroxylases (PHDs)
hydroxylate HIF-1o. in an oxygen-dependent manner, targeting it for
ubiquitination by the von Hippel—Lindau tumor suppressor protein

(PVHL) and E3 ligase complex [20]. Ubiquitinated HIF-1ot is ultimately
degraded by the proteasome. Under hypoxia, PHDs fail to catalyze
HIF-1o. hydroxylation due to lack of adequate oxygen. Stabilized HIF-
1o translocates to the nucleus and binds HIF Response Elements
(HREs) in proangiogenic and metabolism related genes in a wide
variety of tissues [19,21].

Importantly, expression of HIF-1 target genes in hypoxia is cell
specific [21]. In AT, HIF-1 promotes transcription of pro-fibrotic and
inflammatory gene targets, including lysyl oxidase (Lox) and /6 [7].
Fibrosis and inflammation, in turn, induce systemic insulin resistance.
Genetic and pharmacological inhibition of HIF-1 in obese mice re-
duces AT fibrosis and improves insulin resistance independent of
adiposity, implicating HIF-1 as a mediator of metabolically “un-
healthy” AT [8].

It is established that adipose tissue fibrosis and inflammation lead to
insulin resistance, MetS and Type 2 diabetes (T2DM) [22]. Impor-
tantly, sex plays a role in determining susceptibility to these pa-
thologies. For example, women generally possess a higher total
body fat percentage than men, but men tend to accrue a higher
percentage of visceral adipose tissue (VAT) [23], which increases the
risk of MetS and cardiovascular disease [24,25]. Premenopausal
women are protected from T2DM and heart disease but lose this
protection with increasing visceral adiposity after menopause. Fe-
male VAT differs from male VAT, exhibiting less inflammation and
fibrosis [9,10].
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The metabolic protection afforded by sex can be partially attributed to
the actions of estrogens and estrogen receptors (ERs). Estrogens
function as ligands for Estrogen Receptor o (ERat), Estrogen Receptor [3
(ERB), and the membrane bound G-protein-coupled estrogen receptor
(GPER). Once bound, the estrogenic complex recognizes estrogen
response elements (ERES) on genomic and mitochondrial DNA and
promotes transcription of genes related to proliferation, differentiation
and nutrient uptake [26].

Manipulation of estrogens and ERs impacts AT function [9,27]. For
example, post-menopausal women experience reduced 17-f3 estradiol
(E2) levels and a corresponding increase of VAT, which is associated
with increased risk of T2DM [28,29]. Ovariectomy (OVX) with
concomitant reductions in E2 in mice induces AT fibrosis, inflammation
and insulin resistance [11,15,30,31]. Similarly, both global knockout of
ERa (ERKO) in mice and tissue specific knockdown of ERa in adipo-
cytes in vivo induces fibrosis and insulin resistance, demonstrating
ERa mediates E2’s actions on fibrosis and inflammation in AT [9,10].
Both ERa. and HIF-1 are related to fibrosis and inflammation in adipose
tissue, albeit in opposite ways: while ERa improves AT function, HIF-1
worsens it. Here, we demonstrate E2/ERa. regulates HIF-1 activity in AT
by promoting transcription of a specific Phd, thus providing a mech-
anistic explanation for the protective effect of E2/ERa against the
metabolic impact of HIF-1 activation in AT.

2. MATERIALS AND METHODS

2.1. Animals

ERKO mice were obtained as previously described [27]. Mice were
housed in cages with a 12-h light/dark cycle and with ad libitum access
to water and standard chow (#2916, Harlan-Teklad). All animal
experimental protocols were approved by the Institutional Animal Care
and Use Committee of University of Texas Southwestern Medical Center
at Dallas. Adipose tissues were collected forimmunostaining at 95 days
of age; otherwise, mice were 11 or 12 weeks old at time of experiments.

2.2. Cell culture

293T, 3T3-L1 cells, NIH3T3 were obtained from ATCC and cultured as
follows: 3T3-L1 cells were grown to confluence Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies) supplemented with 10% calf
serum and antibiotics (penicillin and streptomycin). Differentiation into
adipocytes was induced by exposure to differentiation media (DOMEM 10%
fetal bovine serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthin (IBMX),
0.25 pM dexamethasone and 5 pg/mL insulin) for 48 h. Thereafter,
adipocytes were cultured in maintenance media (OMEM supplemented
with 10% FBS and 1 pg/mL insulin) changed every 2 days. At Day 8 of
differentiation, adipocytes were used for experiments.

2.3. lsolation of adipocyte and stromal-vascular fractions

Dissected fat tissue from each mouse was washed, minced and then
digested for 45 min at 37 °C in digestion buffer (100 mM HEPES (pH
7.4), 120 mM NaCl, 50 mM KCI, 5 mM Glucose, 1 mM CaCl,, 1 mg/ml
Collagenase D (Roche), and 1.5% BSA). Digested tissue was then
diluted with SVF medium (high glucose DMEM/F12 + Glutamax
(Invitrogen), 10% FBS) and filtered through a 210 pm cell strainer to
remove undigested tissues. The flow-through was then diluted with
SVF medium and centrifuged for 5 min at 600 x g to pellet the
stromal-vascular (SV) cells and separate the adipocytes. Floated adi-
pocytes were collected and SV cells were re-suspended in SVF me-
dium and filtered through a 40 pm cell strainer to remove clumps and
large adipocytes. Following a second centrifugation, SV cells were
homogenized in Trizol (Invitrogen) for RNA extraction.
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2.4. Plasmids

To generate the mouse HIF-1a. expression vector, a cDNA was inserted
into pcDNA3.1. The expression vector for hERo was obtained courtesy
of Dr. Philip Shaul (UT Southwestern Medical Center, Dallas, TX). HIF
response element (HRE)-luciferase vector was obtained courtesy of Dr.
Richard Bruick (UT Southwestern Medical Center, Dallas, TX) and myc-
Ub1 and pCMV-Bgal vectors were obtained courtesy of Kyong Soo Park
(Seoul National University, Korea). Estrogen Response Element (ERE)-
luciferase was constructed as follows: DNA fragments containing from
—2077, —680 to —122 bp from transcription start site of the mouse
PHD3 gene were cloned into the region upstream of the luciferase gene
of the pGL3-basic vector (Promega) to generate PHD3 reporter can-
didates (referred to as Candidates —2038, —1832, —1005, —680).
Lipofectamin LTX (Invitrogen) and PLUS reagents were used for
transfection of all plasmids.

2.5. Construction and treatment of adenovirus

Adenoviruses overexpressing FLAG-ERa. (Ad-ERa), PHD3 (Ad-PHD3)
and GFP (Ad-GFP) were generated as described previously [32]. Briefly,
N-terminal FLAG-tagged hERct, and mouse PHD3 fragments were
inserted into pAdTrack-CMV shuttle vector. For shERa (5'-GGACUU-
GAAUCUCCAUGAU-3') and shPHD3 (5'-GGAGCCGGCUGGGCAAAUA-3')
adenovirus, we used pRNAT H1.1-adeno vector. Intact shuttle vector of
pAdTrack-CMV or negative control sequence inserted pRNAT H1.1-
adeno vector (Genescript) were used for construction of control virus
(Ad-GFP and AdNS: 5’-GCCUACGCCACCAAUUUCGU-3'). Cloned shuttle
vectors were linearized with Pmel and then subjected to electro-
phoration for homologous recombination between shuttles and
AdEasy-1 viral vector in AdEasier (Stratagene) electrocompetent cells.
Adenoviral vectors were linearized with Pacl and were amplified using
AD 293 cells (Stratagene). Viruses were purified by CsCl density
gradient ultracentrifugation and dialyzed within 10% glycerol/1XPBS
solution. Viral particle titer was determined by GFP-positive cell
counting method. 109 pfu of adenoviral particles were injected into
mouse inguinal fat pads. In each experiment, the selection of which fat
pad received the expression/interference or control vector was ran-
domized. Mice were sacrificed 6 days after injections. mRNA’s were
quantified via gPCR and averaged for each group. The specifics of each
injection experiment are as follows:

For ERa. overexpression, 11-week-old female WT C57/BI6 (n = 9) and
female ERKO mice (n = 11) were injected with ERa. overexpression vector
(Ad-ERc) in one inguinal AT pad and a control vector (Ad-GFP) in the contra-
lateral pad.

For ERa. interference, 11-week-old female WT C57/Bl6 mice (n = 9) were
injected with ERa interference vector (shERa) in one inguinal AT pad and a
control vector (shNS) in the contra-lateral pad.

For PHD3 overexpression, 12-week-old female C57/BI6 (n = 7) and female
ERKO mice (n = 8) were injected with PHD3 overexpression vector (Ad-
PHD3) in one inguinal AT pad and a control vector (Ad-GFP) in the contra-
lateral pad.

For PHD3 interference, 12-week-old female C57/BI6 mice (n = 7) were
injected with PHD3 interference vector (shPHD3) in one inguinal fat pad and
a control vector (shNS) in the contra-lateral pad.

2.6. Luciferase reporter assay

For HRE luciferase assay, NIH3T3 cells were plated in 24-well culture
plates and transfected with 300 ng of HRE Luc and 20 ng pCMV-Bgal
and with or without 100 ng of pcDNA-hERa.. Cells were then incubated
with or without E2 (10 nM) for 48 h in phenol red-free DMEM sup-
plemented with 2% FBS. Two days after transfection, cells were
harvested using lysis buffer and luciferase activity was determined
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according to manufacturer’s instruction (Promega). HRE luciferase
activities were normalized to the activity of HRE Luc in the absence of
ERo expression.

For Phd3 promoter ERE luciferase assay, 293T cells were plated in 24-
well culture plates and transfected with 300 ng of ERE Luc and 20 ng
pCMV-PBgal with or without 200 ng shERa. Cells were then incubated
with either E2 (10 nM) or propyl pyrozole triol (PPT) (10 nM) (Cayman
Chemical). After 48 h cells were harvested using lysis buffer and
luciferase activity was determined according to manufacturer’s in-
struction (Promega). ERE luciferase activities were normalized to the
activity of PHD3 (—2077) Luc in the absence of ERa, expression, E2 or
PPT. For both experiments, relative transfection efficiency was
determined with B-galactosidase assay.

2.7. Chromatin immunoprecipitation (ChlIP)

ChIP was carried out in differentiated 3T3-L1 adipocytes or NIH3T3
cells using the EZ-ChIP™ Chromatin Immunoprecipitation Kit (Milli-
pore) according to manufacturer’s instructions. Briefly, cells were
treated with either 0 or 10 nM E2 or PPT (10 nM) for 18 h. Cells were
then treated with 1% formaldehyde to induce protein—chromatin
cross-linking; 0.125 M glycine was used to quench unreacted form-
aldehyde. Cells were lysed and lysates were sonicated. Protein—
chromatin fragments were immunoprecipitated with either ERa anti-
body (Santa Cruz, Santa Cruz, CA, ERa. MC-20, #sc-542) or IgG (Santa
Cruz) and selected with Protein G sepharose (Millipore). After reverse
cross-linking, DNA was purified for detection using PCR. PCR primers
used delimit four candidate EREs in the PHD3 promoter and are listed
in Supplementary Table 1.

2.8. Ubiquitination and immunoblotting

NIH3T3 cells were plated in 6-cm dishes and transfected with pcDNA-
mHIF1a, myc-Ub1 and pFlag-ERa, shPHD3 plasmids. After incubation
for 48 h, cell lysates were obtained with lysis buffer (20 mM Tris
(pH7.4), 1% NP40, 5 mM EDTA, 10 mM Na4P,07, 100 mM NaF, 2 mM
NasV04, 5 pg/ml aprotinin, 5 pg/mg leupeptin, 1 mM PMSF). Lysates
were briefly sonicated and then incubated with 2 g of HIF1o antibody
(Novus, Littleton, CO, NB100-449) for 6 h and protein G sepharose (GE
Healthcare) for another 2 h. Washed precipitates were immunoblotted
with anti-Myc antibody (Sigma). Collected inguinal ATs were homog-
enized using a TissueLyser LT (Qiagen) and steel beads. The protein
bands were detected with species-specific secondary antibodies
(Santa Cruz) conjugated with infrared dyes and visualized with Li-Cor
Odyssey infrared scanner (Li-Cor Bioscience).

2.9. Immunohistochemistry

Adipose tissues were collected from 95 day old mice and fixed over-
night in 10% formalin. The Molecular Pathology Core at UT South-
western Medical Center embedded tissues with paraffin, sectioned and
immunostained with PHD3 antibody (Novus, NB100-303) or ERo
antibody (Santa Cruz, ERo. MC-20, #sc-542).

2.10. gPCR

Adipose tissues were excised and homogenized in TRIzol using a
TissueLyser LT (Qiagen) and steel beads. For both cell culture and
adipose tissue, total RNAs were extracted in TRIzol (Invitrogen) and
isolated using the RNeasy RNA extraction kit (Qiagen) according to
the manufacturer’s instructions. The quantity and quality of the RNA
were determined by absorbance at 260/280 nm. cDNA was pre-
pared by reverse transcribing 1 pg RNA with SuperScript Il reverse
transcriptase (Invitrogen) and oligo(dT) (Invitrogen). Quantitative
real-time PCRs (qPCRs) were performed with TagMan or SYBR
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gene-specific primers on an ABI Prism 7900 HT sequence detection
system (Applied Biosystems) using technical duplicates. Primers
sequences are listed in Supplementary Table 2. The relative
amounts of all mRNAs were calculated by using the comparative
threshold cycle (CT) method. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), [-2 microglobulin (B2M) or hypoxanthine
guanine phosphoribosyl transferase (HPRT) mRNA were used as the
endogenous controls.

2.11. Statistical analysis

All the results are presented as means =+ standard error of the mean
(s.e.m.). Statistical significance between groups was determined by
two-tailed Student’s t-test or one-way ANOVA. P values <0.05 were
considered statistically significant. Statistical analyses and graphs
were generated using GraphPad prism6 software.

3. RESULTS

3.1. ERa reduces HIF-1 activity in vitro

Initially we demonstrated that there is a sexual dimorphism in ERo
protein and message in adipose tissue, with males having significant
reductions in ERa relative to females (Figure 1B and C). We hypoth-
esized that reduction of ERa. in ATs promotes HIF-1 transcriptional
activity. To evaluate this effect, we analyzed HIF-1 HRE luciferase in
NIH3T3 cells in vifro. Addition of both ERe. and E2 significantly
decreased HIF-1 promoter driven luciferase activity (Figure 1A),
whereas the addition of ERo alone did not have an effect, suggesting
ligand dependence.

E2 and ERs positively regulate expression of Phd7 and Phd2 in breast
cancer and epithelial cells, respectively [33]. Since Phds are critical
regulators of HIF-1 activity, we examined how E2/ERa. influences Phds
expression in perigonadal AT. E2/ERa. positively regulated Phd3 but not
Phd1 or Phd2 mRNA in perigonadal AT of lean, weight matched, intact/
cycling female WT, male WT and female ERa. knockout (ERKO) mice
(Figure 1D). To determine if a functional relationship exists between
ERa, Phd3 and HIF-1 activity, we inhibited Phd3 using RNA interfer-
ence. Knockdown of Phd3 abrogated the effect of E2/ERa. on HIF-1
promoter driven luciferase, demonstrating that Phd3 is required for
reduction of HIF-1 activity (Figure 1A).

Adipocytes represent only a fraction of the overall cell population of
ATs [34]. To determine if Phd3 is expressed specifically in adipocytes,
we separated whole AT into adipocyte-rich and adipocyte-poor
fractions (SVF). The adipocyte-rich fraction strongly expressed adi-
ponectin, an adipocyte-specific adipokine, while the adipocyte-poor
fraction did not, confirming a clear separation by cell type
(Supplementary Figure 1). Female WT adipocytes expressed signifi-
cantly more Phd3 mRNA than either female ERKO or male WT
(Figure 1E). Immunohistochemistry for PHD3 in perigonadal AT veri-
fied the up-regulation of protein levels in adipocytes (Figure 1F),
further demonstrating that females have higher levels of PHD3 than
males or ERKO mice.

3.2. ERa regulates HIF-1 activity by direct transcriptional activation
of Phd3

Next, we utilized chromatin immunoprecipitation (ChIP) and luciferase
reporter assays to determine whether ERa directly activates Phd3 gene
expression. Computational analysis revealed potential EREs in the
proximal promoter region of Phd3 (Figure 2A). Location analysis by
ChIP-qPCR revealed that ERa. binds to an ERE 599 bp upstream of the
Phd3 promoter (Candidate —599) in differentiated 3T3-L1 adipocytes,
but not at other potential EREs (Figure 2B, Supplementary Table 1).
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Figure 1: ERat expression reduces HIF-1 activity in vitro. (A) HRE luciferase activity in NIH3T3 cells transfected with the HRE luciferase vector (HRE Luc) and the expression vectors of Estrogen
Receptor alpha (ERer), small hairpin PHD3 (shPHD3) and B-galactosidase. The Iuciferase activities were normalized to the activity of HRE Luc in the absence of £ expression and 17-B-estradiol (E2).
Data shown as the mean =+ s.e.m. of 7 independent experiments. *, P < 0.05 versus the activity of HRE Luc without Eree or E2 by 1-way ANOVA. (B) Representative immunohistochemical image of
ERat protein in visceral AT from female and male C57/BI6 wild type (WT) mice. (C) gPCR quantification of £ree mRNAs from female (7 = 5) and male (n = 5) C57/BI6 WT mice. Data shown as
mean £ s.e.m. *, P < 0.05 by two-tailed Student’s ¢ test relative to female WT. (D) gPCR quantification of Phd 7, 2and 3 mRNAs from perigonadal adipose tissue of female WT, male WT and female
ERKO mice (n = 4). Data shown as mean + s.e.m. *, P < 0.05 by two-tailed Student's {test relative to female WT. (E) qPCR quantification of expression of Pha3 mRNA in adipocyte and stromal-
vascular fractions of inguinal AT. *, P < 0.05 by two-tailed Student’s ttest relative to female WT. (F) Representative immunohistochemical image of PHD3 protein in visceral AT from female, male, and

female ERKO mice. See also Supplementary Figure 1.

Treatment with E2 or PPT, an ERca-specific agonist, significantly
increased ERo.—ERE binding (Figure 2B), indicating a ligand-
dependent effect. In luciferase reporter assays where the Phd3 pro-
moter drives luciferase expression, only constructs including Candi-
date —599 responded significantly to E2/ERa., further indicating a
ligand-dependent effect on Phd3 transcription (Figure 2C,
Supplementary Table 1).

PHDs target HIF-1a for recognition and ubiquitination by pVHL [20]. In
order to determine if the ERa.—Phd3 regulatory axis leads to HIF-1a.
ubiquitination, we blocked proteosomal activity with MG132 and
measured ubiquitinated HIF-1c in the presence and absence of ERa.
Addition of ERa increased HIF-1at ubiquitination; this effect depended
on Phd3 (Figure 2D, Supplementary Figure 2B).
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3.3. ERa increases PHD3 transcription in vivo

To assess the effect of ERa. on Phd3 expression in vivo, we injected the
inguinal ATs of WT and ERKO mice with ERo overexpressing or
silencing vectors (Supplementary Figure 3). Importantly, all of these
experiments were done in intact female mice, without manipulation of
the hormonal milieu. At baseline, ERKO ATs expressed less Phd3
mRNA than WT (Figure 3B). Additionally, ERKO ATs had higher mRNA
levels of Lox, a direct transcriptional target of HIF-1, as well as markers
of inflammation (Figure 3C and D). In ERKO mice, the ERa over-
expression vector increased ERa expression (Figure 3A). Restoration of
ERa directly in AT increased expression of Phd3, but not Phd1 or Phd2
mRNAs (Figure 3B), and reduced expression of inflammatory genes, as
well as Lox, to WT levels (Figure 3C and D). In female WT mice,

s/by-nc-nd/3.0/).
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Figure 2: Identification of an ERE in the Pha3 promoter. (A) Putative ERE in promoter region of mouse Pha3 gene. (B) ChiP assay of differentiated 3T3-L1 cells treated with and without E2 (10 nM)
or PPT (10 nM) for 48 h. Immunoprecipitation was performed using control immunoglobulin G (IgG) or anti-ERe antibody (anti-ERet). 5% of the cell lysates used for immunoprecipitation was used as
the input for a positive control; polll binding of the cfos promoter ERE were used as positive controls (Supplementary Figure 4). PCR was performed using the primers described in Materials and
methods (See Supplementary Table 1). Data are representative of results from 3 independent experiments. *, P < 0.05 by 1-way ANOVA (C) ERE luciferase activity in 293T cells transfected with
candidate Pha3 promoter vectors (Pha3 (—2077) Luc, Pha3 (—680 Luc), Pha3 (—561) Luc) and the expression vectors of ERet and B-galactosidase and then incubated with E2 (10 nM) or PPT
(10 nM) for 48 h. The luciferase activities were normalized to the activity of Phd3 (—2077) Luc in the absence of ERa expression, E2 or PPT. Data shown as the mean = s.e.m. of 4 independent
experiments. *, P < 0.05 by 1-way ANOVA. (D) HIF-1a. ubiquitination in NIH3T3 cells transfected with expression vectors for pcDNA-mHIF1 e, myc-UbT, pFlag-ERet and shPHD3. After incubation
with MG132 (10 pM) for 6 h, cell lysates were immunoprecipitated with HIF-1e. antibody, and then immunoblotted with Myc antibody. Data are representative of results from 3 independent
experiments. See also Supplementary Figure 2 and Table 1.

knockdown of ERa produced the opposite effect: Phd3 expression
decreased (Figure 4A), while expression of Lox and inflammation
markers significantly increased (Figure 4B and C).

3.4. Phd3 reverses the effects of HIF-1 activity in ERKO AT

Dysfunctional AT is characterized by increased fibrosis and inflam-
mation [9,10]. To demonstrate the ability of Phd3 to ameliorate
fibrosis and inflammation in AT, we performed Phd3 gain and loss of

06406 MOLECULAR METABOLISM 3 (2014) 642—651

function experiments in vivo as previously described. Addition of Phd3
to ERKO AT significantly reduced expression of Co/Ta1 and Col3c1
mRNAs (Figure 5A and C). Consistent with a reduction in HIF-1 ac-
tivity, addition of Phd3 decreased Lox and /L6 mRNAs (Figure 6B and
C). Knockdown of Phd3 in WT mice did not otherwise affect ERo
levels (Figure 6A) and induced markers of fibrosis and inflammation,
particularly Lox and Col1c1 and Col3cc1, as well as Tnfo and Tir-4
mRNAs (Figure 6B and C).

© 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (nttp://creativecommans.org/licenses/by-nc-nd/3.0/)
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Figure 3: Frax reverses effects of HIF-1 in ERKO AT. 11-week-old female WT C57/BI6 (n = 9) and female ERKO mice (7= 11) were injected with ERa. overexpression adenovirus (Ad-ERet) in one
inguinal AT pad and a control vector (Ad-GFP) in the contra-lateral pad. gPCR quantification of (A) Endogenous Erer, exogenous Erex, (B) Phd1, Phd2, Phd3, (C) Lox, ColleeT and Col3ec 7 Colbet 7 and
(D) TNFa, lL6 and IL76 and TLR4 mRNA in inguinal ATs. Data shown as mean # s.e.m. *, P < 0.05 by two-tailed Student's ttest relative to WT Ad-GFP. #, P < 0.05 by two-tailed Student's #test

relative to ERKO Ad-GFP. See also Supplementary Figures 3 and 4.

4. DISCUSSION

E2 and ERs protect against inflammation and insulin resistance in AT
[3,9,10]; however, the mechanism underlying this phenomenon is
unknown. HIF-1 activity produces fibrosis, inflammation and insulin
resistance in AT [6—8]. In this report we link E2/ERa. and HIF-1,
demonstrating that E2/ERa. directly promotes transcription of Phd3,
a key enzyme in HIF-1 regulation, thus reducing markers of fibrosis
and inflammation. The discovery of an E2/ERa. dependent mechanism
of HIF-1 regulation contributes to our understanding of the sexual
dimorphism evident in AT function.

Previous reports describe an association between E2/ERa. and HIF-1
protein levels. For example, removal of ovarian estrogens by OVX in
rats results in hypoxic visceral AT and increased HIF-1 activity [15],
while ERa overexpression in MCF-7 cells down-regulates HIF-1 activity
[15,35]. Consistent with these studies, we demonstrate that E2/ERa
reduces HIF-1 transcriptional activity in vitro and in an AT specific
manner in vivo. Recently, Miyauchi et al. showed that E2 treatment
destabilizes HIF-1a. in osteoclasts in vitro, and that osteoclast specific
deletion of ERa stabilizes HIF-1 in vivo [36]. Interestingly, that study
found no evidence of increased ubiquitination or proteosomal degra-
dation of HIF-1¢, concluding that the regulatory mechanism was not
related to the classical HIF-1a. ubiquitination pathway [36]. However,
we found that E2/ERo. increases ubiquitination of HIF-1o, with
consequent reduction of HIF-1 activity in AT.

Our data extends the association of E2/ERa with HIF-1 to include a
heretofore uncharacterized interaction with prolyl-4-hydroxylase en-
zymes (Phdas). The Phd family comprises three structurally similar and
functionally overlapping enzymes, two of which have been associated
with ER activity in tissues other than AT. E2 positively regulates Phd17 in
breast cancer cells [33], while ER promotes Phd2 transcription in
epithelial cells [37]. Therefore, we hypothesized that E2/ERoc may
affect HIF-1 activity via regulation of one of the Phd genes. We found
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interference with Phd3 induces HIF-1 activity (Figure 1A); neither Phd1
nor Phd2 were regulated by sex, estrogens, or ERal in our models
(Figure 1D). Examination of ERKO and WT tissues revealed that Phd3
mirrors ERa levels in ATs and, specifically, in adipocytes: Female WT
ATs are enriched in E2/ERot and Phd3 compared to males (which have
substantially lower E2/ERa) and ERKO (which lack ERa) ATs
(Figure 1B—F). Moreover, selective knockdown of ERa in the inguinal
AT of WT mice proves that the disparity in Phd3 depends on ERa. and is
independent of body adiposity (Figure 4). Importantly, loss of ERo
induces Lox, a known HIF-1 target [38], showing that HIF-1 protein is,
indeed, transcriptionally active in these cells under these conditions
(Figure 4B). Finally, ERP can bind similar EREs to ERa,, albeit with less
affinity [39]. As such, it is not unreasonable to suspect that ERf could
promote Phd3 transcription. However, in ERKO mice, which have ERp,
we observed reduced Phd3 expression, indicating that ERB does not
influence this pathway appreciably (Supplementary Figure 4A—D). This
does not, however, completely rule out a modulatory role for ERpB in
mediating Phd3 transcription.

We observed that ERa only reduced HRE luciferase significantly in the
presence of E2 (Figure 1A), suggesting that the ERo.—Phd3 pathway is
ligand-dependent. In our subsequent ChIP and ERE luciferase experi-
ments, E2 and the ERa agonist PPT significantly induce ERE binding as
well as promoter driven transcription. Since PPT is an ERa specific
agonist, we conclude that ERo.-related transcription of Phd3 is ligand
mediated. This is consistent with conventional mechanisms of ER gene
transcription [26,40] and with the observation that decrements in AT
function and health accompany declining levels of ovarian estrogens in
post-menopausal women [28,29].

Studies have concluded that PHD3 preferentially hydroxylates HIF-2¢.
rather than HIF-1¢ and only becomes a significant contributor to HIF-1
regulation in hypoxic conditions [41,42]. Our results do not refute these
findings; rather, taken with our identification of an ERE in the Phd3
promoter and findings that ERo and Phd3 are predominately expressed

tivecommons.org/licenst


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.molecularmetabolism.com

Original article

A
1.54 Hl shCon
3 shERa

c

kel

@

2 1.0-

g

i *

2

E 0.5 *

Q

o

0.0-
ERaq  Phd3

B C

31 54

Hl shCon ; shCon

s 3 shERe § 4- ShERw
3 , 3
(0] T [0)
o g8 37
x x
| |
2 ] 2 2
© © D
o) D 4
o o

0- 0-

Lox Coltal Col3a1l Col6a1l Tnfo, I-6 I-1p Tir-4

Figure 4: Fra interference down-regulates Phd3 and promotes HIF-1, fibrosis and inflammation in WT AT. 171-week-old female WT C57/BI6 mice (n = 9) were injected with ERa. interference
adenovirus (shERet) in one inguinal AT pad and a control vector (shNS) in the contra-lateral pad. gPCR quantification of (A) Eree and Pha3, (B) Lox, ColTeeT and Col3ee 7 Col6ec T and (C) TNFex, IL6 and
L7168 and TLR4 mRNA in inguinal ATs. Data shown as mean + s.e.m. *P < 0.05 by two-tailed Student's ttest relative to shCon. See also Supplementary Figures 3 and 4.

A *
—— mm Ad-GFP | \\+
80+ = @@ Ad-PHD3
60
Bl Ad-GFP
oo 3 Ad-PHD3 | ERKO
c 47
S
0
1%}
<4
g 39
41}
(]
2
S 2 I
o *
14
0. -
Endogenous Total
Phd3 Phd3
B Ad-GFP |WT c
Ad-PHD
4y B9 AdPHDS 87 mm Ad-GFP |WT
mm Ad-GFP @ Ad-PHD3
3 Ad-PHD3 | ERKO - AGEP
34 64 - #
5 5 = Ad-PHD3| ERKO
g % *
S s #
a2 5 4
2 2 * *
© ©
& 1] g .
0- d

0
Col1a1 Col3a1 Col6a1 Tnfo 1I-6 -1 Tir-4

Figure 5: Pha3 reverses the effects of HIF-1 activity in ERKO AT, 12-week-old female C57/BI6 (n = 7) and female ERKO mice (n = 8) were injected with Phd3 overexpression adenovirus (Ad-
PHD3) in one inguinal AT pad and a control adenovirus (Ad-GFP) in the contra-lateral pad. (A) Endogenous Pha3 and total Pha3 mRNAs in inguinal ATs after injections. (B) gPCR quantification of Lox,
Colla? and Col3a1 ColbecT and (C) TNFex, IL6 and L768 and TLA4 mRNA in inguinal ATs. Data shown as mean + s.e.m. *, P < 0.05 by two-talled Student's ttest relative to WT Ad-GFP. #,
P < 0.05 by two-talled Student's ttest relative to ERKO Ad-GFP. See also Supplementary Figures 3 and 4.

0648 MOLECULAR METABOLISM 3 (2014) 642—651 © 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (htip://creativecommons.org/licenses/by-nc-nd/3.0/)
www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.molecularmetabolism.com

Bl shCon

A 157 = shpHD3
c
9
A
2 1.0
S
n *
2
E 0.54
[0}
4

0.0

Phd3 ERo

B 254 B shCon

' * [@3 shPHD3
§ 2.04
@
2 154
x
L
2 1.0
s
& 0.5

0.0

Lox Col1al Col3a1l Col6a1l

I

MOLECULAR
METABOLISM

C 3 mm shCon
3 shPHD3

c
kel
[}
8 2
S
x
N
g
: 1- ii| ii_|
[0]
14

0.

Tnfo I-6 I-1p Tir-4

Figure 6: Phd3 interference promotes HIF-1, fibrosis and inflammation in WT AT, 12-week-old female C57/BI6 mice (n = 7) were injected with Phd3 interference adenovirus (shPHD3) in one
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in the adipocyte fraction of adipose tissue, they demonstrate a novel
regulatory relationship between E2/ERa. and Phd3 in adipocytes.
While obesity-induced adipose tissue hypoxia has been implicated as
the root cause of HIF-1 activation and consequent metabolic
dysfunction, the transcriptional program driven by HIF-1 in AT requires
neither obesity nor hypoxia. For example, in transgenic models, HIF-1
overexpression in normoxia led to similar increases in fibrosis,
inflammation and insulin resistance as observed in obese, hypoxia
models [7,8]. We have also recently reported that fibrosis and
inflammation characterize the AT of both lean and obese ERKO mice as
well as in mice with a selective knockdown of ERa from adipocytes [9].
Therefore, we determined if in vivo manipulation of the ERa—Phd3
transcriptional mechanism could affect HIF-1 activity to induce similar
markers of fibrosis and inflammation in lean mice. Importantly, inhi-
bition of Phd3 in lean, WT mice promotes Lox and collagen expression,
as well as Tnfo and Tir-4 expression, demonstrating that Phd3 alone
can protect from AT fibrosis and inflammation (Figure 6B and C). To
further demonstrate the critical roles of E2/ERa. in regulating adipose
tissue inflammation and fibrosis, we determined that restoration of
ERa. in ERKO (which have elevated circulating levels of E2) reduce both
Lox and Tnfo (Figure 3B and C), and that restoration of Phd3 in ERKO
also rescues the AT phenotype (Figure 5B and C).

In addition to serving as a proxy for HIF-1 activity, Lox induction has
important metabolic consequences in AT. Lox is a HIF-1 sensitive
oxidase that crosslinks fibrils and insolubilizes components of the ECM
[38]. Previous reports implicate Lox in ECM remodeling and inflam-
mation, leading to impaired insulin sensitivity and glucose intolerance
in AT [7,38]. Indeed, inhibition of Lox reversed approximately 900
genes identified by microarray as dysregulated in HIF-1 overexpressing
transgenic mice [7]. In our model, we observed greater expression of
Loxin ERKO adipose at baseline, while restoration of ERa or Phd3 was
sufficient to reverse both Lox and inflammatory markers (Figures 3 and
5). Loss of AT ERa or Phd3 in WT female mice replicated these
findings, further evidence that the ERe.—Phd3 mechanism operates in
a physiologically relevant way (Figures 4 and 6). The anti-fibrotic effect
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of ERa restoration was more pronounced than the pro-fibrotic effect of
ERa knockdown. We attribute this to the fact ERoc was restored in
ERKO mice, which are known to have elevated levels of E2 [27], and
the presence of ligand strongly induces the ERot—Phd3 transcriptional
mechanism. Conversely, knockdown of ERa in the WT mice does not
result in complete removal of ERa. from AT. The ERa—Phd3 pathway is
weakened, but not completely absent, leading to a modest elevation of
HIF-1 induced fibrosis.

While HIF-1 has been studied extensively in the context of cancer and
hypoxic tumor growth, its contributions to normoxic metabolism are
less clear. Indeed, precise calculations of the level of oxygenation
required to attenuate HIF-1 activity are technically difficult and
inconsistently reported in the literature [16]. Presently, it is unclear if
E2/ERa. promotes a more robust response to chronic AT hypoxia, thus
mitigating the deleterious effects of HIF-1 activity in obesity, or if higher
basal expression of Phd3 in ERa-rich ATs protects against such ac-
tivity. Evidence suggests that Phd3 is more strongly induced, as well as
retains its catalytic ability under prolonged hypoxia better than the
other Phd isoforms [42]. Under non-reversible reaction conditions, it is
reasonable to hypothesize that adipocytes expressing ERa will accu-
mulate more PHD3, thereby reducing HIF-1 driven fibrosis and
inflammation. Accordingly, investigations using hypoxia or hypoxia
mimetics should be pursued to more precisely define the contribution
of ERa. induced Phd3 expression to the hypoxic response.

In addition to HIF-1 regulation, Phd3 has been linked to several
important cellular pathways. Loss of Phd3 has been shown to decrease
cell adhesion proteins, increasing the metastatic potential of tumors,
while expression of Phd3 correlates with favorable tumor prognosis
[43,44]. Phd3 has also been implicated in the regulation of apoptosis in
a variety of cell lines [45]. The transcriptional relationship between E2/
ERa and Phd3 sheds light on these and other Phd-related pathways.
Furthermore, demonstration that Phd3 inhibition is pro-fibrotic and
pro-inflammatory in AT has important clinical implications. Recent
reports suggest that Phd3 inhibition improves liver insulin sensitivity
[46], while clinical studies are currently underway to assess the
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Figure 7: Cartoon summarizing the proposed mechanism. E2/ERa. increases Pha3 transcrip-
tion, reducing overall HIF-1 activity and protecting AT from HIF-1 induced fibrosis and
inflammation.

efficacy of Phd inhibition in the treatment of a variety of pathologies,
including anemia and peripheral artery disease [47]. Since fibrosis and
inflammation have been causally linked to insulin insensitivity, MetS
and T2DM, our studies indicate that loss of Phd3 functionality in AT
could have negative metabolic consequences. The effect of Phd inhi-
bition interventions on AT function must be taken into account,
especially for long-term treatments.

5. CONCLUSIONS

Here we demonstrate that E2/ERa. is a direct transcriptional regulator
of Phd3, a key regulatory enzyme in the HIF-1 degradation pathway.
HIF-1 activity promotes adipose tissue fibrosis and inflammation. E2/
ERa increases Phd3 transcription, reducing overall HIF-1 activity.
Thus, ATs are protected from HIF-1 induced fibrosis and inflammation
by an E2/ERa. dependent, Phd3 mediated mechanism, as depicted in
the cartoon summarizing the proposed mechanism (Figure 7). The
revelation that E2/ERa participates in a direct regulatory pathway with
Phd3 and HIF-1 provides a mechanistic explanation for the protective
effect of E2/ERa. regarding AT function.
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