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While the functions of hypoxia-inducible factor 1oe (HIF1a)/aryl hydrocarbon receptor nuclear translocator (ARNT) and
HIF2a/ARNT (HIF2) proteins in activating hypoxia-inducible genes are well established, the role of other transcription factors
in the hypoxic transcriptional response is less clear. We report here for the first time that the basic helix-loop-helix-leucine-zip
transcription factor upstream stimulatory factor 2 (USF2) is required for the hypoxic transcriptional response, specifically, for
hypoxic activation of HIF2 target genes. We show that inhibiting USF2 activity greatly reduces hypoxic induction of HIF2 target
genes in cell lines that have USF2 activity, while inducing USF2 activity in cells lacking USF2 activity restores hypoxic induction
of HIF2 target genes. Mechanistically, USF2 activates HIF2 target genes by binding to HIF2 target gene promoters, interacting
with HIF2« protein, and recruiting coactivators CBP and p300 to form enhanceosome complexes that contain HIF2«, USF2,
CBP, p300, and RNA polymerase II on HIF2 target gene promoters. Functionally, the effect of USF2 knockdown on proliferation,
motility, and clonogenic survival of HIF2-dependent tumor cells in vitro is phenocopied by HIF2a knockdown, indicating that
USF2 works with HIF2 to activate HIF2 target genes and to drive HIF2-depedent tumorigenesis.

hypoxic microenvironment is frequently found in solid tu-

mors. The transcriptional response mediated by hypoxia-in-
ducible factor lao (HIFla)/aryl hydrocarbon receptor nuclear
translocator (ARNT) (HIF1) and HIF2a/ARNT (HIF2) plays a
critical role in malignant progression by increasing expression of
genes involved in angiogenesis, anaerobic metabolism, and other
processes that enable tumor cells to survive and/or escape their
0,-deficient microenvironment (25, 53, 56, 93).

It is well established that multiple transcription factors (TFs)
are required to achieve maximal activation of target genes in re-
sponse to a specific stimulus. This multifactorial transcription
complex has been termed the “enhanceosome” (100). Individual
factors in the enhanceosome complex may promote transcription
initiation by recruiting RNA polymerase II (Pol II)/general tran-
scription factors and/or recruiting chromatin-modifying en-
zymes, such as histone acetylases and chromatin remodeling com-
plexes. In addition, TFs such as Myc increase gene expression by
recruiting elongation factors to regulate Pol II pause release (77).
Thus, reduced levels of transcription could occur in the absence of
factors that have redundant functions within the enhanceosome,
while other transcription factors having unique functions are ab-
solutely required for gene activation.

The role of HIF1 and HIF2 in activating hypoxia-inducible
genes is well established (21, 37, 48, 79, 103). However, the other
transcription factors required for hypoxic activation of HIF target
genes have been much less studied. Based on the enhanceosome
concept, we hypothesized that another transcription factor(s) is
required to activate HIF target genes during hypoxia. We found
that many HIF target genes, including HMOX1 (41, 42, 63, 64, 84,
88,89,112), SFTPAI (13,32,33), CXCR4 (73,90, 96), PAII (2,18,
27, 29,47, 57,58, 66), BDNF (48, 97), hTERT (3, 9, 35, 44, 52, 61,
67,72,75, 110, 113), CTSB (111) (107), and P4Ha(I) (10, 43, 98),
are also reported to be activated by the transcription factor up-
stream stimulatory factor 1 (USF1) or USF2, suggesting a possible
role of USF1/USF2 in the hypoxic response.

USFs (USF1 and USF2) are basic helix-loop-helix-leucine zip-
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per (bHLH-LZ) transcription factors that are expressed ubiqui-
tously, albeit at different levels depending on the tissue type (14,
36,94, 95,101). They exert their transcriptional function by bind-
ing to E boxes (the consensus sequence is CANNTG, where the
NN nucleotides are in most cases either GC or CG) (36, 95), non-
canonical E boxes (16, 40, 83, 102), or pyridine (Py)-rich initiator
(Inr) sites (Py Py 'A"'N"*T*? or A"’Py™*Py™) (7, 8, 19) as
either USF1/USF1 or USF2/USF2 homodimers or USF1/USF2
heterodimers. The major functional USF complexes in most cell
types are USF1/USF2 heterodimers (94, 101). USF activates gene
expression by recruiting chromatin-modifying enzymes, includ-
ing histone acetylases PCAF, CBP, p300, and histone methylase
SET7/92 (6,51, 106). In addition, USF can interact with the TATA
box binding protein of TFIID and TATA box binding protein-
associated factors (TAFs) to directly promote preinitiation com-
plex formation (12, 59, 70, 80).

Here we characterize the role of USF in the hypoxic transcrip-
tional response. We find that USF2 but not USF1 function is re-
quired for HIF target gene activation during hypoxia. Interest-
ingly, USF2 activity is required for activation of HIF2 but not
HIF1 target genes. Additionally, we show that USF2 but not HIF2
is primarily responsible for recruiting the CBP and p300 coactiva-
tor(s) to HIF2 target gene promoters during hypoxia. Impor-
tantly, USF2 not only is required for HIF2 target gene activation
but also is required for HIF2-dependent tumorigenicity in vitro.
Identification of USF2 as a HIF2-specific cotranscriptional factor
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lays the foundation for the use of inhibitors of USF2 activity or the
HIF2-USF2 interaction to specifically inhibit HIF2 function for
tumors whose progression is dependent upon HIF2 activity.

MATERIALS AND METHODS

Cell culture. Hep3B cells were cultured in minimal essential medium-
Earle’s balanced salt solution (HyClone) containing 10% fetal bovine se-
rum (FBS), 2 mM r-glutamine, 1 mM sodium pyruvate, 100,000 units/
liter penicillin-streptomycin, 1.5 g/liter sodium bicarbonate, and 1X
nonessential amino acids (NEAA). HEK293T, PRC3, PRC3/pVHL,
RCC4, and RCC4/pVHL cells were grown in high-glucose Dulbecco mod-
ified Eagle medium (DMEM; HyClone) with 10% FBS, 2 mM 1r-glu-
tamine, 100,000 units/liter penicillin-streptomycin, and 1X NEAA.
Mouse embryonic stem (mES) cells were cultured in high-glucose DMEM
(HyClone) with 15% ES cell-approved FBS, 100,000 units/liter penicillin-
streptomycin, 1X NEAA, 4 mM L-glutamine, 8 wl/liter 12.5 M beta-mer-
captoethanol (BME), and 530 pl/L leukemia inhibitory factor (LIF). ES
cells were plated on culture dishes pretreated with 0.2% bovine gelatin.
For hypoxia treatment, 25 mM HEPES was added to the growth medium
and cells were incubated in 21% or 1.5% O, for 12 to 16 h before collec-
tion.

Knockdown of endogenous mRNAs using siRNAs or shRNA. Con-
trol small interfering RNAs (siRNAs; 1027281) or siRNAs specific for
human HIFla (S102664053), HIF2a (SI00380212), ARNT (an equal
mix of SI100304220, S100304227, S100304234, S103020913), USF1
(S102780778), and USF2 (S102780785) mRNAs were purchased from
Qiagen. Hep3B or RCC4 cells were transfected with 10 nM siRNAs at
60% confluence using HiPerFect transfection reagent (Qiagen) ac-
cording to the manufacturer’s protocol. At 24 h posttransfection, cells
were cultured in 21% or 1.5% O, for 12 h and then collected to analyze
HIF RNA and protein and their target gene mRNAs. To stably knock
down USF2 or HIF2ae mRNA levels, RCC4 and PRC3 cells were trans-
duced with pLKO.1 lentiviruses expressing short hairpin RNA
(shRNA)-degrading mRNA of USF2 (TRCN0000020736; Open Bio-
systems) or HIF2a (TRCN0000003803; Open Biosystems) and se-
lected by hygromycin for transduced cells.

Generation of the mouse Hifla™’~/USF2 shRNA/hUSF2-Flag ES
cell line. Hifla /= mES cells have been described previously (46). To
knock down endogenous USF2 expression, Hifla /"~ mouse ES cells were
infected with lentivirus expressing shRNA against mouse USF2 mRNA at
aregion of HLH that is shared by full-length USF2 and the exon 4 deletion
isoform (RMM3981-97059962; Open Biosystems). The Hifla™'~/USF2
shRNA ES cells were then electroporated with a human, full-length, Flag-
tagged USF2 expression plasmid. Human USF2 (hUSF2)-Flag expression
was under the control of the elongation factor 1 (EF1) promoter, which
maintains gene expression well in primary cells such as mouse ES cells
(46). In addition, the human USF2 cDNA had 6 nucleotides (but not
amino acids) changed, allowing it to be resistant to stRNA against mouse
USF2 mRNA. Hifla~'~/USF2 shRNA/hUSF2-Flag ES cell populations
were selected using hygromycin. The Hifla ™/~ /USF2 shRNA/hUSF2-
Flag ES cells were transfected with HIF2a siRNA (S102712192; Qiagen) to
knock down endogenous mouse HIF2a mRNA.

Plasmid construction. Human USF1 and USF2 full-length cDNAs
were cloned from Hep3B ¢cDNA using Advantage GC cDNA polymerase
(Clontech) and primers containing Nhel/BamHI restriction sites for
USF1 and Nhel/HindIII restriction sites for USF2. The cDNAs were in-
serted into the pcDNA3.1hygro vector (Invitrogen) containing a 2X Flag
tag between the BstXI and EcoRV sites. USF2AE4 was made by deleting
exon 4 of USF2 from the full-length USF2 plasmid. The promoter for the
HIF target gene PAII was cloned from human genomic DNA using GC-
Melt genomic DNA polymerase (Clontech) and inserted into the
pGL3basic luciferase vector (Promega). Deletion and single- and multi-
ple-USF/HIF-binding-site mutants of the PAI1/Luc reporter were gener-
ated by Pfu Ultra II polymerase (Invitrogen)-mediated PCR. All DNA
constructs were sequenced to ensure the fidelity of the PCR.
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pcDNA3HIF1aTM (referred to as HIF1aTM; a mutant with triple muta-
tions [TMs] of P402A/P577A/N813A to make the HIFla protein nor-
moxia active) and pcDNA3HIF2aTM (referred to as HIF2aTM) have
been previously described (47).

Transient and stable transfection. (i) Reporter assay. All promoter
reporter assays were conducted using the Fugene 6 transfection reagent
(Roche) to transfect DNA into HEK293T cells. Typically, ~50% conflu-
ent HEK293T cells in 6-well plates were transfected with 200 ng reporter
DNA, 200 ng -galactosidase (3-Gal), and 400 ng HIF&®TM or USF ex-
pression vector (or 200 ng each of HIFaTM and USF). At 36 h after
transfection, cells were collected into 400 wl 1X reporter lysis buffer (Pro-
mega) and assayed for 3-Gal activity and luciferase activity using a lumi-
nometer. Promoter activation by HIF and USF was corrected for 3-Gal
transfection efficiency and presented as the fold induction relative to the
promoter activities from an empty control vector. Results are the averages
of at least three experiments.

(ii) Transfection of Hep3B cells with HIFaTM/USF to assess endog-
enous target gene activation. Sixty percent confluent Hep3B cells in 6-cm
dishes were transfected with 3 pg of HIFoTM or USF DNA or 1.5 jug each
of HIFaTM and USF using Lipofectamine and Lipofectamine Plus re-
agent (Invitrogen). At 48 h posttransfection, RNA was collected from cells
for the HIFa TM/USF target gene study. Results are the averages of at least
three experiments.

RNA preparation, microarray, and qPCR to analyze mRNA levels.
RNA was isolated from cells using a Qiagen RNeasy-Plus kit that has a step
for DNase digestion of genomic DNA. RNA was reverse transcribed using
random hexamers and SuperScript III reverse transcriptase (Invitrogen).
Levels of mRNA were quantified by Sybr green quantitative reverse tran-
scription-PCR (qPCR) using a CFX384 real-time system (Bio-Rad). All
primer sets designed for detection of target gene mRNA or used in chro-
matin immunoprecipitation (ChIP) by Sybr green qPCR were validated
for their product specificity and amplification efficiency using melt curve
analysis, qQPCR product sequencing, and standard dilution analysis. The
efficiencies of the primer sets used were between 90 and 110%. Primer
sequences for QPCR are presented in Table S1 in the supplemental mate-
rial. qQPCR results were normalized using 18S rRNA and beta-actin. Re-
sults are the averages of a minimum of three independent experiments
performed in triplicate. For microarrays, cDNAs were generated from
total RNA using a Superscript Choice system (Gibco BRL Life Technolo-
gies) and T7-(dT)** primers. Subsequently, biotin-labeled ribonucle-
otides were synthesized with a BioArray high-yield RNA transcript label-
ing kit (Enzo Diagnostic, Inc.). Fragmented cRNA was first tested for
quality by a test array and then subjected to hybridization with Affymetrix
Human Genome U133 Plus (version 2.0) arrays. The Gene Expression
Core of the University of Colorado Cancer Center performed the hybrid-
ization and scans. Gene expression levels were normalized with expression
levels for data sets generated from normoxic cells and then compared with
those for the data set generated from cells of the same genotype treated
with hypoxia. Genes upregulated under hypoxia are hypoxia-responsive
genes. Data for cells targeted with HIF1a, HIF2a, or HIF1a and HIF2«
siRNA were then compared with those for cells targeted with green fluo-
rescent protein (GFP) siRNA and with each other to determine genes
activated by HIF1, HIF2, or HIF1/HIF2.

Protein analysis. Western blot analysis was performed using standard
protocols with the following primary antibodies: anti-HIF1a monoclonal
antibody (MAb) (NB100-105; Novus Biologicals, Littleton, CO), anti-
HIF2a polyclonal antibodies (pAb) (NB100-122; Novus Biologicals), an-
ti-HIF2a pAb (DE-93 for Fig. 4D; Cell Signaling), anti-ARNT MADb
(NB100-124; Novus Biologicals), anti-Flag M2 MAb (F-3165; Sigma-Al-
drich), anti-USF2 pAb (N-18, SC-861; Santa Cruz Biotechnology), anti-
hemagglutinin (MMS-101P; Covance), and anti-p300 (SC-584; Santa
Cruz Biotechnology).

Electrophoretic mobility shift assay. Nuclear extracts (NEs) were
prepared from HEK293T cells transfected with USF2 expression plasmid
DNA using an nuclear and cytoplasmic extraction reagent (NE-PER) kit
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(Pierce). USF binding to the biotin-labeled double-stranded oligonucle-
otides was performed in 20-pl binding reaction mixtures by mixing the
following components: 2 pl 10X binding buffer (100 mM Tris, 500 mM
KCl, 10 mM dithiothreitol [DTT], pH 7.5), 0.5 pg of poly(dI-dC), 1 p.l of
50% glycerol, 6 pg NE, and 10 fmol of biotin-labeled, double-stranded
oligonucleotides and H,O to 20 pl. For competition experiments, cold
wild-type (WT) or USF2-binding-site-mutated competitor (200-fold
molar excess) was simultaneously added with biotin-labeled oligonucle-
otide. The binding reaction mixture was loaded on a native, 6% polyacryl-
amide-TBE (Tris-borate-EDTA) gel to separate DNA-protein complexes
from free probe and was then transferred to a nylon membrane. After
cross-linking of DNA-bound complexes to the membrane, the position of
biotin-labeled oligonucleotide was detected by streptavidin-horseradish
peroxidase using a chemoluminescent nucleic acid detection module
(Pierce).

ChIP and re-ChIP. ChIP assays were performed as described previ-
ously. Anti-HIFla (NB100-134B3; Novus Biologicals), anti-HIF2«a
(NB100-122; Novus Biologicals), anti-USF1 (SC-229; Santa Cruz), anti-
USF2 (C-20, SC-862; Santa Cruz), anti-Pol II (H-224, SC-9001; Santa
Cruz), anti-p300 (SC-584; Santa Cruz), and anti-CBP (SC-369; Santa
Cruz) were used for protein-DNA complex precipitation, whereas rabbit
preimmune serum served as a control. DNA from input or immunopre-
cipitated samples was assayed using Sybr green-based quantitative PCR
methods (real-time detection system; Bio-Rad) with specific primers de-
signed to amplify a specific region of the PAII promoter or EPO enhancer
or promoter (see the primer sequences in Table S1 in the supplemental
material). For ChIP and re-ChIP, the first immunoprecipitation (IP) was
performed as described above, with the binding complexes from the first
IP eluted from the Sepharose beads using re-ChIP buffer (0.5 mM DTT,
1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCI, pH 8.1)
at 37°C for 30 min. The eluted protein-DNA complexes were then diluted
in radioimmunoprecipitation assay buffer and resubmitted to ChIP using
a different antibody.

Coimmunoprecipitation. HEK293T cells were transfected with
HIF2aTM-Flag or USF2-Flag constructs for analyzing USF2-p300 and
HIF2a-p300 interactions or hypoxic Hep3B cells for endogenous HIF1a-
USF2 or HIF2a-USF2 interactions. Cells were washed in phosphate-buff-
ered saline (PBS) and collected in nondenaturing lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 5 mM sucrose, 0.5% NP-40, 10% glycerol, 1X
protease inhibitor cocktail [Thermo], 1 mM phenylmethylsulfonyl fluo-
ride). Lysates were rotated at 4°C for 20 min and then homogenized by
passage through a 21-gauge syringe needle 5 times, followed by another
20-min rotation at 4°C. Insoluble material was cleared from the lysates by
centrifugation at 12,000 X gfor 15 min. A sample of the lysate was set aside
for analysis by Western blotting (lysate) to detect expression of transfected
DNA or endogenous proteins. The remainder of the cleared lysates was
incubated with M2—-anti-Flag agarose beads (Sigma) or HIF1a, HIF2a, or
USEF2 antibody and protein A/protein G beads for 3 h. After binding, the
beads were washed 5 times with washing buffer (50 mM Tris, pH 7.4, 150
mM NacCl, 0.5% NP-40). Immunocomplexes were eluted from the beads
in 50 pl 2X SDS sample buffer by heating for 5 min at 80°C. The eluate
and lysate samples were then assayed for protein expression and precipi-
tation by Western blot protocols as described above.

In vitro tumorigenic assays. (i) Proliferation assays. Five hundred
cells per well were plated in growth medium in 24-well plates. Medium
was changed every 2 days, and every 24 h, 3 wells of cells were collected by
trypsinization and counted with a hemacytometer to yield an average
number of cells per day.

(ii) Scratch assays. Cells were plated at 80% confluence in normal
growth medium in duplicate in 6-well plates. On the next day, when cells
had formed a monolayer, the monolayers were scratched with a pipette
tip. The cells were then washed with PBS twice to remove the scratched
cellsand serum and then incubated for the remainder of the experiment in
serum-free medium. The width of the scratch at the same location in the
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FIG 1 Some reported HIF/USF common target genes are indeed activated by
USF2 or HIF2aTM in Hep3B cells. qPCR detection of reported HIF/USF com-
mon target gene expression levels in normoxic Hep3B cells or Hep3B cells
transfected with 3 ug of HIF1aTM, HIF2aTM, or USF2 plasmid or with 1.5 ug
USE2 plus 1.5 pg of HIF1aTM (or HIF2aTM).

well was measured daily. Duplicate measurements were averaged and
graphed as percent closure of the scratch.

(iii) Clonogenic survival assays. A total of 500, 1,000, or 1,500 cells/
well were plated in duplicate in 6-well plates in normal growth medium.
Medium was changed every 2 days, and then the cells were washed and the
colonies were stained with crystal violet dye 7 to 10 days after plating. The
colonies were counted, and knockdown cell colony numbers were
graphed as the percent survival of the wild-type cells for each number of
cells originally plated. Percent survival values were averaged and graphed
relative to the clonogenic survival of wild-type cells.

RESULTS

USF2 knockdown significantly reduced the hypoxic induction
of several known HIF2 but not HIF1 target genes in Hep3B and
RCC4 cells. We started studying the role of USF1/USF2 in the
hypoxic response by testing whether reported USF and HIF com-
mon target genes are indeed activated by USF and HIF. To do this,
Hep3B cells in 6-cm dishes were transiently transfected with 3 pg
of HIF1aTM (a mutant with a triple mutation to make the HIF1a
protein stable and active under normoxia), HIF2aTM, USF2, or
1.5 pg USF2 plus 1.5 pg of HIF1aTM (or HIF2aTM) plasmid.
qPCR analysis indicated that HIF1 or HIF2, but not USF2, weakly
activated CTSB and P4HA1 expression in Hep3B cells (Fig. 1). In
addition, SFTPA1 and BDNF levels were too low to be detected by
qPCRin Hep3B cells (data not shown). However, CXCR4, hTERT,
HMOX, and PAII were indeed activated by USF2, HIFla, or
HIF2o (Fig. 1). Interestingly, HIF2a plus USF2, but not HIF1a
plus USF2, exhibited cooperative activation of HMOX and PAII
but not CXCR4 and hTERT (Fig. 1), suggesting a unique relation-
ship between the HIF2a (but not HIF1a) and USF2 proteins and
a role of HIF2/USEF2 in select HIF target gene activation. In addi-
tion, USF1 was unable to activate any of the above-described genes
alone or cooperatively with HIF1a or HIF2a (data not shown).
To formally test the role of USF2 in the hypoxic response, HIF
target genes were analyzed in normoxic and hypoxic Hep3B cells
targeted with siRNAs against human USF2, HIFla, HIF2a, or
GFP (for nonspecific control) mRNA. As shown in Fig. 2A, hyp-
oxia stabilized HIF1a and HIF2« protein levels but had no effect
on USF2 protein levels (Fig. 2A, Hep3B cell and control siRNA).
As expected, hypoxic induction of HIF1a and HIF2« protein was
significantly reduced by HIF siRNAs, while USF2 siRNA strongly
decreased USF2 protein levels under both normoxia and hypoxia
(Fig. 2A). qPCR detection of mRNA levels supported the Western
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USF2, and ARNT proteins in normoxic and hypoxic Hep3B cells or Hep3B cells transfected with control siRNA or siRNA against HIF1a, HIF2a, or USF2. (B to
D) qPCR analysis of known HIF1-specific target genes (B), HIF2-specific target genes (C), and HIF1/HIF2 common targets (D) in normoxic and hypoxic Hep3B
cells or Hep3B cells targeted with the indicated siRNAs. Results are presented relative to those for WT Hep3B cells cultured under normoxia. qPCR results were
normalized to 18S rRNA expression; error bars are =1 SD from three independent experiments in this and the other figures.

blot data that Hep3B cells exhibited 80% knockdown of HIFla,
HIF2a, or USF2 mRNA, and there was no cross regulation among
these genes (data not shown). Next, we used Sybr green qPCR to
assess several known HIF target genes in these Hep3B cells (26, 47,
104). As expected, the previously identified HIF target genes ex-
hibited hypoxic induction in Hep3B cells or cells targeted with
control siRNA (Fig. 2B to D, Hep3B cell or control siRNA). In
addition, HIF1a siRNA but not HIF2a siRNA reduced the hy-
poxic induction of several known HIFI1-specific target genes
(PGK1, LDHA, and GLUT1I) (Fig. 2B); HIF2a siRNA but not
HIFla siRNA reduced hypoxic induction of HIF2-specific target
genes CITED?2, EPO, and PAII (Fig. 2C); and HIF1a siRNA and,
in particular, HIF2a siRNA reduced hypoxic activation of HIF1/
HIF2 common target genes VEGF, NDRGI, and ADM (Fig. 2D).
These data confirmed the HIF target gene specificity in Hep3B
cells (47, 104). Interestingly, USF2 knockdown had no effect on
hypoxic induction of HIF1-specific target genes (Fig. 2B) but
greatly reduced the hypoxic activation of HIF2-specific target
genes (Fig. 2C). In addition, the hypoxic induction of HIF1/HIF2
common target genes was also reduced by USF2 siRNA at levels
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similar to those for cells targeted with HIF2a siRNA (Fig. 2D). To
further test the role of USF2 in regulating HIF target genes in
another cell type, VHL-deficient RCC4 cells were targeted with
HIFla, HIF2a, USF2, or control siRNA (Fig. 3A). Interestingly,
USEF2 siRNA specifically lowered the levels of HIF2-specific targets
(CSTand PAII) (Fig. 3C) and HIF1/HIF2 common targets (VEGF
and NDRG]I) (Fig. 3D) but not HIF1-specific targets (PGK and
LDHA) (Fig. 3B) in normoxic RCC4 cells, confirming the impor-
tance of USF2 for HIF2 target gene expression. Furthermore, we
found that siRNA knockdown of USFI in Hep3B or RCC4 cells
had no effect on the expression of any HIF target gene assessed
(data not shown). Collectively, these data support a possible role
of USF2 (but not USF1) in mediating the hypoxic activation of
HIF2 but not HIF1 target genes.

USF2 is required for hypoxic induction of global HIF2 target
genes in Hep3B cells. The siRNA results presented above sug-
gested that USF2 is required for the activation of a number of
HIF2 but not HIF1 target genes in Hep3B and RCC4 cells. We
wondered if this trend was true for all HIF2 or HIF1 target genes.
To address this question, we first identified global HIF1-specific
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FIG 3 USF2 siRNA reduces HIF2 but not HIF1 target gene expression in normoxic RCC4 cells. (A) qPCR analysis of HIF1a, HIF2a, and USF2 mRNA in
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(downregulated by HIF1a but not by HIF2a siRNA), HIF2-spe-
cific (downregulated by HIF2a but not by HIFla siRNA), or
HIF1/HIF2 common (downregulated by HIFla and HIF2a
siRNAs much more than HIFla or HIF2a siRNA alone) target
genes by conducting Affymetrix DNA expression array analysis in
normoxic or hypoxic Hep3B cells or Hep3B cells transfected with
HIFla, HIF2a, or HIF1a plus HIF2a siRNA. Table 1 lists the top
10 (or more) most likely HIF1- or HIF2-specific or HIF1/HIF2
common target genes (Table 1, microarray), based on levels of
reduction by HIF1a,, HIF2«, or HIFla plus HIF2« siRNA. Fur-
thermore, using qPCR and RNA prepared from normoxic or hy-
poxic parental, HIFla, HIF2a, ARNT, or USF2 siRNA-trans-
fected Hep3B cells, we validated the microarray-identified top 10
(or more) HIF1-specific, HIF2-specific, and HIF1/HIF2 common
target genes. Importantly, USF2 was required for hypoxic induc-
tion of all HIF2 (including HIF2-specific and HIF1/HIF2 com-
mon genes) but not HIF1 target genes assessed (Table 1, qPCR),
demonstrating the functional requirement of USF2 for HIF2 tar-
get gene activation by hypoxia. Since USF2 is required only for
HIF2 target gene activation, the following studies focus on USF2’s
role in HIF2 target gene activation.

Increased USF2 expression in Hifl "~ mouse ES cells re-
stores hypoxic induction of HIF2 target genes. We and others
have shown that HIF2«a is functional in PRC3, PRC3/pVHL,
RCC4, RCC4T/pVHL, and Hep3B cells (26, 47, 50, 79, 104). In
contrast, HIF2a is not functional in mES cells, despite the fact that
these cells express similar levels of HIF2a mRNA and protein
under hypoxia relative to cells in which HIF2 is functional (46).
The absolute requirement of USF2 for hypoxic induction of global
HIF2 target genes in Hep3B cells and known HIF2 target genes in
RCCH4 cells prompted us to look at whether there is a correlation
between a lack of USF2 expression and a lack of hypoxic induction
of HIF2 target genes. Western blot analysis of USF2 indicated that
all cell types expressed similar levels of full-length USF2, while
HIF2a nonfunctional mES cells expressed an additional low-mo-
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lecular-weight band (Fig. 4A, isoform). The low-molecular-
weight band is a USF2 isoform since, like the full-length USF2
protein, the levels of the low-molecular-weight band were reduced
by USF2 shRNA in Hifl /~ mES cells (Fig. 4C). This USF2 iso-
form is likely the USF2b isoform (also called USF2AExon4), since
we identified one USF2b clone from six cDNAs amplified from
mES cells but none from six clones generated from Hep3B cells
(datanot shown). Additionally, using qPCR and primers designed
to specifically amplify either full-length USF2 or USF2b, we deter-
mined that USF2b mRNA was approximately 27-fold more abun-
dant in mES cells than in Hep3B cells (threshold cycle [C;] num-
bers for USF2b mRNA in Hep3B and mES cells, 32.86 and 28.10,
respectively), despite relatively similar quantities of full-length
USF2 mRNA in both cell lines (C numbers for full-length USF2
mRNA in Hep3B and mES cells, 22.64 and 23.54, respectively).
Furthermore, the USF2 isoform in mouse ES cells is similar in size
to the USF2b protein expressed in 293T cells transfected with the
USE2b expression vector (Fig. 4B). USF2b is created through the
exclusion of the positive regulatory region in exon 4 of USF2 dur-
ing RNA splicing and functions as an endogenous dominant-neg-
ative inhibitor of full-length USF2 (45, 101). To increase USF2
activity and thus possible HIF2 activity, Hifl /~ mES cells were
targeted with mouse USF2 shRNA, which significantly reduced
full-length and USE2b isoform proteins (Fig. 4B), followed by
stable transfection with a human USF2 cDNA vector resistant to
the anti-mouse USF2 shRNA due to an introduced multinucle-
otide mutation. The Hifl ~/~/USF2 shRNA/hUSF2-Flag cells ex-
pressed high levels of USF2 protein, as detected by anti-USF2 or
anti-Flag Western blot assays (Fig. 4C). qPCR analysis indicated
that our previously determined HIF target genes (46) were indeed
induced by hypoxia in WT mES cells but not in Hifl ~'~ ES cells
(Fig. 4E and F) or Hifl ~/~/USF2 shRNA cells (data not shown).
However, Hifl ’~/USF2 shRNA/hUSF2-Flag cells exhibited sig-
nificant restoration of the hypoxic induction of known HIF1/
HIF2 common target genes, including Adrp, Anxa2, Ndrgl,
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TABLE 1 DNA microarray to determine global HIF1- and HIF2-specific and HIF1/HIF2 target genes and qPCR to confirm HIF target gene
specificity and to determine the role of USF2 in hypoxic induction of HIF target genes in Hep3B cells”

Fold hypoxic induction measured by:

Microarray qPCR
HIFla +
Probe GenBank Gene Hep3B HIFla HIF2ae HIF2« Hep3B HIFla HIF2ae USF2  ARNT
Target identifier accession no. symbol cell siRNA  siRNA  siRNA cell siRNA  siRNA  siRNA  siRNA
HIF1 specific 203685_at NM_000633 BCL2 2.3 0.47 2.17 1.07 5.31 1.44 5.08 5.18 0.92
202095_s_at  NM_001012270 BIRC5 2.43 0.87 2.14 0.93 2.01 1.02 2.09 2.12 0.83
200737_at NM_000291 PGK1 3.03 1.07 2.86 1.15 3.97 1.3 4.45 4.1 1.27
200650_s_at ~ NM_001135239 LDHA 3.52 1.23 3.11 1.23 7.33 0.97 6.66 5.73 0.93
201250_s_at  NM_006516 GLUTI 4.92 1.23 4.59 1.23 5.99 1.02 6.23 5.67 0.99
206686_at NM_002610 PDK1 4.29 1.32 3.87 1.52 8.6 2.34 7.75 9.06 1.85
1553036_at NM_153839 GPRI11 3.42 1.32 3.22 0.87 6.7 3.29 5.24 8.17 2.3
202364 _at NM_001008541 MXI1 5.57 1.52 5.36 1.52 11.97  3.07 8.91 7.66 1.86
221478_at NM_004331 BNIP3L 6.06 1.62 5.73 0.81 9.68 1.82 9.01 12.1 1.22
206367_at NM_001002914 KCTDI11 8.14 1.62 11.38 1.87 13.87  5.51 19.93 2426  3.27
213943_at NM_000474 TWISTI 12.13 3.12 10.56  2.29 3.53 1.21 3.27 3.84 1.29
219888_at NM_003116 SPAG4 13.93 3.25 12.56 1.15 13.3 3.67 8.9 1145  2.65
201313_at NM_001975 ENO2 1493 4 16.74  2.46 12.71 3.05 16.18  9.18 2.18
205199_at NM_001216 CA9 39.4 6.5 36.22  2.64 45.31 5.7 3448 4729 275
HIF2 specific 205220_at NM_006018 GPRIO9B 4 3.54 1 1.15 3.33 2.71 0.83 0.94 1.43
207980_s_at  NM_001168388 CITED2 3.03 3.25 1 1.15 591 5.52 1.86 2.13 1.27
209242 _at NM_001146184 PEG3 2.83 2.3 1.15 0.62 2.64 2.54 1.45 1.23 1.3
1552846_s_at NM_152304 RAB42 6.5 6.06 1.23 0.76 4.39 3.53 1.11 1.58 1.33
208286_x_at  NM_001173531 POU5FI 2.82 2.21 1.23 0.81 2.32 2.2 1.57 0.81 1.14
227970_at NM_024980 GPR157 4.29 3.48 1.41 1.07 6.8 7.57 3.28 4.19 0.95
202627_s_at  NM_000602 PAI1 4.92 4.13 1.52 1.62 14.98 12.72 2.5 4.06 2.25
227353_at NM_152468 TMC8 8 7.18 1.52 1.23 5.63 4.47 2.04 2.12 1.45
203066_at NM_015892 CHST15 4.92 4.01 1.52 0.93 3.54 3.11 1.63 1.87 1.27
205258 _at NM_002193 INHBB 4 3.48 1.62 1.23 5.78 5.58 3.37 3.78 1.08
219014 _at NM_001130715 PLACS 9.19 8 2.64 0.76 4.12 3.89 2.67 2.74 1.37
230250_at NM_001109754 PTPRB 7.46 6.75 4.29 1.41 8.71 7.63 3.87 3.85 0.97
217254_s_at  NM_000799 EPO 16 1493 492 1.07 31.32 27.41 8.05 1194 1.78
HIF1/HIF2 common 211919 _s_at ~ NM_001008540 CXCR4 2.64 1.52 0.87 0.58 3.57 2.32 2.11 2.24 1.32
217287_s_at  NM_004621 TRPC6 9.19 6.25 3.25 0.76 3.94 1.66 1.4 1.62 0.97
221748_s_at  NM_022648 TNSI 9.19 5.66 2.14 0.81 7.66 3.29 4.19 4.95 0.97
213004 _at NM_012098 ANGPTL2 6.5 4.36 1.74 1.07 4.55 1.1 1.7 2.85 0.63
228212_at NM_182509 ISM2 4.59 2.13 1.51 1.15 4.02 0.95 1.53 1.85 0.93
210512_s_at  NM_001025366 VEGFA 2.46 2.46 2.14 1.23 6.25 4.74 2.57 2.84 1.33
220041_at NM_025163 PIGZ 6.96 3.48 3.25 1.32 3.06 2.31 2.52 2.2 1.38
206424 _at NM_000783 CYP26A1  5.28 2.92 1.41 1.41 3.2 1.63 1.02 1.93 1.4
200632_s_at  NM_001135242 NDRGI 13.93 9.64 4.29 1.41 10.32 6.64 3.26 3.9 1.91
202912_at NM_001124 ADM 9.85 7.27 3.25 1.52 7.13 5.52 3.15 4.14 1.27

“ Listed is the fold hypoxic induction of HIF target genes in Hep3B cells or Hep3B cells targeted with HIF1a, HIF2a, or HIF1ae and HIF2« siRNA, determined by DNA microarray
expression analysis or PCR. Hypoxia-inducible genes are grouped on the basis of their dependence upon either or both HIFa subunits for their hypoxic induction. The most likely
10 to 14 HIF1- and HIF2-specific or HIF1/HIF2 common genes are listed (microarray). HIF target gene specificity determined by microarray was validated using qPCR. In
addition, the role of USF2 in activating the listed genes in Hep3B/USF2 cell siRNA is also determined (qPCR).

Stral4, Vegf, HmoxI, Aoc3, Adm, and Ccng2 (Fig. 4E and data not
shown) but not known HIF1 target genes of A2m, Cal2, Glutl,
P4hal, and Pgkl (Fig. 4F). To determine the role of HIF2 in hy-
poxic induction of genes observed in Hifl '~ /USF2 shRNA/
hUSF2-Flag cells, the levels of endogenous HIF2ae mRNA and,
consequently, HIF2«a protein in Hifl /~/USF2 shRNA/hUSF2-
Flag cells were reduced by HIF2a siRNA (Fig. 4D). As expected,
Hifl /= /USF2 shRNA/hUSF2-Flag/HIF2a siRNA cells exhibited
significantly reduced hypoxic activation of HIF1/HIF2 common
genes (Fig. 4E). Overexpression of USF2 restored hypoxic induc-
tion of HIF2 but not HIF1 target genes, providing additional evi-
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dence for a positive role of USF2 in hypoxic activation of HIF2 but
not HIF1 target genes.

USF2 binding increases PAII basal promoter activity and
HIF2-mediated activation of PAII. After establishing the func-
tion of USF2 in hypoxic activation of endogenous HIF2 target
genes in several cell types, we wanted to study why USF2 is re-
quired for HIF2 target gene activation, starting with determining
whether USF2 binds to the HIF2 target gene promoter and the
function of USF2 binding for HIF2 target gene activation during
hypoxia. We selected the human PAII promoter as a model to
address this question since PAII is a clear HIF2 and USF2 target
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FIG 4 Increased FL USF2 expression in Hifla ™/~ mouse ES cells restores hypoxic induction of HIF2 target genes. (A) Western blot analysis of USF2 protein in
HIF2 functional (PRC3, PRC3/pVHL, RCC4, RCC4/pVHL, and Hep3B) and not functional (mouse ES) cells. Full-length USF2 and the splicing variant of USF2

are indicated. (B) Western blot of USF2 in mouse ES, Hep3B, 293T, or 293T cells transfected with USF2AE4 expression vectors. The Western blot gel was run

longer to separate a nonspecific band from USF2AE4. (C) Western blot of endogenous mouse USF2 and Flag-tagged human USF2 proteins in Hifla ~/~ or

Hifla™’~/USF2 shRNA mES cells or Hifla ™/~ /USF2 shRNA/hUSF2-Flag ES cells, using anti-USF2 or anti-Flag antibodies. NS, nonspecific band. (D) Western
blot of endogenous HIF2a and HIFla proteins in normoxic and hypoxic (Hx) ES cells. (E and F) gPCR analysis of endogenous known HIF1/HIF2 target genes
(E) and HIF1-specific target genes (F) in normoxic and hypoxic WT, Hifla ™", Hifla™'~/USF2 shRNA/hUSF2-Flag, or Hiflow™'~/USF2 shRNA/hUSF2-Flag/
HIF2a siRNA cells.

gene in Hep3B and RCC4 cells (Fig. 2C and 3C). We first cloned ~ which have been reported to be USF binding sites (14). In our
the human PAII promoter fragment from positions —806 to +26  cloned PAII promoter, we identified three additional potential
into a pGL3Basic/Luc reporter (Fig. 5A). Like the endogenous  USF binding sites, including one classical USF site at position +5
PAII gene (Fig. 1), the PAII/Luc reporter exhibited activation by  and two initiator elements at positions —35 and —47 (Fig. 5A). By
USF2, HIF2aTM, or HIF1aTM individually and by USF2 plus  gel shift using nuclear extracts from USF2-transfected 293T cells,
HIF20TM in a cooperative manner (Fig. 5B), indicating the use-  we saw that, like the known USF2 binding sites at positions —684
fulness of the reporter to study the role of USF2 in hypoxic acti- and —565 (18), the potential USF2 site at position +5 but not
vation of a HIF2 target gene. initiators at positions —35 and —47 was able to serve as a USF2
For PAI1/Luc, a functional HIF binding site (HBS) at positions  binding site (Fig. 5C and data not shown). In addition, USF2 was
—194 to —187 and two USF2 binding sites at positions —681 to  able to bind to the consensus HIF binding site at position —383
—674 and —566 to —559 have been reported (18, 27). However, (AACGTG) but not at either position —451 (CACGTT) or —191
these previous studies did not address if HIF1 or HIF2 activates (CACGTA) (Fig. 5C).
the PAII gene or the function of USF2 in hypoxic activation of To characterize the functional importance of USF2 binding for
PAII. To study the function of reported USF2 binding sites, we = HIF2-mediated activation of the PAII promoter, the USF2 bind-
created PAII/Luc deletion mutants that lacked the reported USF2  ing site at position —383 was also deleted from the PAII MUSF2
binding sites at position —684 (Fig. 6A, A—808/—684) or both  +5/Luc reporter in which the USF2 binding site at position +5
positions —684 and —565 (Fig. 6A, A—808/—565). However, was mutated (Fig. 6A). PAII A—808/—383 MUSF2 +5/Luc ex-
both deletion reporters exhibited almost WT fold activation by  hibited significantly reduced activation by USF2, likely due to the
USF2, suggesting the existence of other USF2 binding sites on our  lack of all identified USF2 binding sites at positions —684, —565,
cloned PAII promoter (positions —806 to +26). We searched for ~ —383, and +5; interestingly, PAII A—808/—383 MUSF2 +5/Luc
USF consensus sequences (CANNTG, where the NN nucleotides  also exhibited significantly reduced activation by HIF2«, even
are GC or CG) and initiator elements (YYA, NT/AYY), both of  though the HBS at position —191 was still intact, demonstrating
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FIG 5 USF2 binds to the human PAII promoter at multiple sites. (A) Cloned
human PAII promoter/Luc reporter, showing the locations of consensus USF/
HIF common (CACGTG), HIF (ACGTG), or USF2 (CANNTG, where the NN
nucleotides are CG or GC) binding sites. The previously reported HIF or USF
binding sites are represented by squares with bold borders, and the additional
potential HIF or USF binding sites are represented by white squares. (B) Rel-
ative luciferase activity of PAII/Luc reporter in response to activation by indi-
cated plasmids in nanograms. (C) Gel shift assay of USF2 binding to potential
USF2 binding sites on the PAII promoter using 30-mer double-stranded oli-
gonucleotides centered at the indicated number and nuclear extracts prepared
from USF2-transfected HEK293T cells. A 200-fold excess of cold WT compet-
itor oligonucleotide or cold USF2-binding-site-mutated oligonucleotide
(Mut) was added in competition assays.

the functional importance of USF2 binding sites for HIF2-medi-
ated activation of the PAII promoter. As expected, the PAII
A—808/—191 MUSF2 +5/Luc construct exhibited no activation
by HIF2aTM, USF2, or HIF2a'TM plus USE2 (Fig. 6B).

Deletion constructs removed USF2 binding sites and also other
potential positive/negative binding sites for other factors, as PAII
A808-684 MUSF2 +5/Luc had only 4% basal activity of the full-
length PAII/Luc promoter (Fig. 6B). To further confirm the im-
portance of USF2 binding sites for hypoxic activation of the PAII
promoter, we generated PAI1 promoter mutants having the bind-
ing sites for USF2 (CANNTG) mutated to CTTAAT individually
or in combination. All the single-USF2-binding-site mutants,
such as mutants with mutations at MUSF2 position —684, —565,
—383, or +5, exhibited a similarly slightly reduced activation by
HIF2aTM, USF2, or HIF2aTM plus USF2, suggesting that all the
USEF2 binding sites play some role in HIF2 activation of the PAI1/
Lucreporter, but no particular USF2 binding site was more critical
than the others for activation by HIF2a'TM or USF2 (Fig. 6D). The
PAII/Luc reporter in which all four identified USF2 binding sites
were mutated (MUSF2 positions —684, —565, —383, and +5)
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exhibited weaker activation by USF2, HIF2aTM, or HIF2aTM
plus USF2, although the HBS at position —191 was intact, suggest-
ing the functional relevance of USF2 binding for HIF2 activation
of the PAII promoter (Fig. 6D). However, the most striking ob-
servation was the significant reduction in basal activity of the PAI1
MUSF2 —684, —565, —383, and +5/Luc reporter (1.54% of the
WT PAII/Lucreporter) (Fig. 6D), indicating that USF2 binding to
the HIF2 target gene promoter of PAII was not only important for
optimum activation by HIF2 but also critical for the basal activity
of the PAII promoter. However, the PAII MUSF2 —684, —565,
—383, and +5/Luc reporter still exhibited notable activation by
USF2, HIF2aTM, and USF2 plus HIF2aTM, suggesting that not
all USF2 binding sites in the cloned PAII promoter were identi-
fied. Indeed, when the USF2 consensus site is expanded to CA
NNTG (where the NN nucleotides were not limited to CG or GC,
as before), we found that USF2 could bind to the —643 site
strongly and to the —214 site weakly (Fig. 6C) but could not bind
to the —151 site. When all six identified USF2 binding sites in the
PAI1/Luc reporter were mutated, promoter activation by HIF2a
was no longer observed (Fig. 6D, PAIl MUSF2 —684, —643,
—565, —383, —214, and +5). Mutation of HBS at —191 (M HBS
—191), a known HIF binding site (27), resulted in significantly
decreased activation by HIF2, confirming that position —191 is
indeed critical for HIF activity. Unexpectedly, but consistent with
a previous report (18), the HBS at the —191 site was also impor-
tant for USF2 activation of the PAII promoter (Fig. 6D, MHBS-
191) although HBS —191 was not bound by USF2 in our gel shift
experiment (Fig. 5C, —191). In summary, these data indicate that
the PAIl promoter has multiple USF2 binding sites and USF2
binding is critical to maintain PAII promoter basal activity and for
PAII promoter activation by HIF2. In contrast to full-length
USF2, USF2Abasic, which lacks the DNA binding basic region,
is unable to activate PAIl/Luc reporter or PAIl and HMOX
endogenous genes, while USF2Abasic plus HIF2aTM exhibited
no cooperation in activating the PAI1/Luc reporter or PAII and
HMOX endogenous genes (data not shown), further support-
ing our conclusion that USF2 activates HIF2 target genes in a
DNA binding-dependent manner.

USF2 recruits CBP and p300 coactivators to HIF2 target gene
(PAII and EPO) promoters/enhancers in vivo. Next, we wanted
to test if USF2 binds to HIF2 target genes in vivo and to determine
the molecular mechanisms for why USF2 is required for HIF2
target gene activation during hypoxia in vivo. USF proteins acti-
vate gene transcription by recruiting acetylases (PCAF, CBP, and
p300), the H3K4 methyltransferase SET7/92, and basal compo-
nents of the RNA polymerase II transcription complex (14). Thus,
we performed ChIP experiments to assess the binding of CBP,
p300, the largest subunit of RNA Pol I, USF2, and HIF2« to HIF2
target gene promoter/enhancers in normoxic or hypoxic Hep3B
cells. Pol II, CBP, p300, and USF2 exhibited normoxic binding to
the region of the PAII promoter from positions —248 to —128 (a
region close to the transcriptional start site and HBS at position
—191), while serum controls precipitated minimal amounts of the
PAII promoter (Fig. 7A), indicating the specificity of these anti-
bodies to pull down the associated genomic DNA. In addition,
these data also supported a previous report that HIF2 target gene
promoters have an open chromatin structure (108). As expected,
HIF2a exhibited increased binding to the PAII promoter region
from positions —248 to —128 in the hypoxia-treated cells (Fig.
7A). Interestingly, the binding of the coactivators CBP and p300
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FIG 6 USF2 binding to the PAII promoter is important to maintain basal activity of the PAII promoter and important for HIF2 to activate the PAII promoter.
(A) Schematic representation of PAI1/Luc reporters in which USF binding sites were sequentially deleted. In addition, all the deletion mutants were based on PAI1
MUSF2 +5/Luc, in which the USF2 binding site at position +5 was mutated. (B) Activation of the PAII MUSF2 +5/Luc deletion reporters by 400 ng of empty
vector as a control (activation of the vector is 100%), HIF2aTM, or USF2 or 200 ng each of HIF2aTM and USF2 expression plasmids in HEK293T cells. The
relative basal activity of these deletion reporters to the full-length PAI1/Luc reporter is also indicated. (C) Gel shift assay of USF2 binding to additional USF2
binding sites on the PAII promoter using 30-mer double-stranded oligonucleotides centered at the indicated number. (D) Activation of single or combined
USF2/HIF-binding-site-mutated PAI1/Luc reporters by the same activators used for panel B in HEK293T cells. The basal activity of these reporters relative to that

of the WT PAIl/Luc reporter is also indicated.

was also significantly enhanced by hypoxia (Fig. 7A), consistent
with a reported critical role of CBP and p300 in hypoxic transcrip-
tional response (5, 17, 20, 22, 23, 30, 54, 82).

To determine if USF2 contributed to the binding of any of the
assayed factors to the PAIl promoter, ChIP analysis was per-
formed in normoxic or hypoxic Hep3B/USF2 shRNA cells that
had 80% reduction of USF2 mRNA and significantly reduced
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USF2 binding to the PAII promoter (Fig. 7A, USF2). Interestingly,
HIF2a binding was significantly increased in hypoxic Hep3B/
USF2 shRNA cells (Fig. 7A), which might be explained by HIF2
binding to USF2 binding sites in the absence of USF2 protein, as E
boxes at positions —684 and —565 are common consensus HIF/
USF2 binding sites and USF2 binding site —383 is a consensus HIF
binding site. In addition, increased Pol II binding to the PAII
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FIG 7 USF2 is critical for CBP and p300 protein recruitment to HIF2 target genes (PAII and EPO) in vivo. ChIP analysis of Pol II, CBP, p300, USF2, and HIF2«
binding to the HIF2 target gene PAII promoter at the region close to the transcription start site and HRE (PAII from positions —248 to —128) (A), the PAI
promoter away from the transcription start site and HRE (PAII from positions —808 to —608) (B), the HIF2 target gene EPO promoter close to the EPO
transcription start site (EPO from positions —128 to —23) (C), and the EPO enhancer that is close to the validated HRE (EPO from positions +2970 to +3058)
(D) in normoxic (Nx) or hypoxic (Hx) parental Hep3B, Hep3B/ARNT shRNA, or Hep3B/USF2 shRNA cells. No Chro., no chromatin.
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promoter region from positions —248 to —128 was also observed
in normoxic and hypoxic Hep3B/USF2 shRNA cells (Fig. 7A) and
might be caused by increased pausing of Pol II around the tran-
scription start site. However, USF2 inhibition resulted in a signif-
icant decrease of the binding of coactivators CBP and p300 in
hypoxic cells (Fig. 7A), indicating that USF2 is responsible for
hypoxia-mediated increased CBP and p300 recruitment to the
PAII promoter.

HIF’s role in activating HIF target genes was thought to be
recruitment of CBP and p300 histone acetylases by C-terminal
transactivation domains (C-TADs) as well as N-terminal TADs
(N-TADs) of HIFla and HIF2a (55, 81). Thus, we conducted
ChIP experiments in normoxic or hypoxic Hep3B/ARNT shRNA
cells that have 80% ARNT reduction. Selection of ARNT but not
ARNT plus ARNT2 knockdown is due to the fact that Hep3B cells
expressed high levels of ARNT (C, 24.52) and very low levels of
ARNT?2 (Cy, 31.13) and ARNT siRNA is sufficient to inhibit hy-
poxic induction of HIF target genes (Table 1). As expected, knock-
down of ARNT significantly decreased HIF2a binding to the PAII
promoter (Fig. 7A). However, reduction of ARNT did not alter
binding of USF2 and Pol II to the PAII promoter. Consistent with
areported role of HIF in recruiting CBP and p300 (5, 81), hypoxic
Hep3B/ARNT shRNA cells exhibited a noticeable reduction of
CBP and p300 binding to the PAII promoter (Fig. 7A). However,
the reduction was much less than what we observed in USF2-
knockdown cells (Fig. 7A), demonstrating that USF2, but not
HIF2, functions as the major recruiter of CBP and p300 to the
PAII promoter, even at the region with a functional Change text
to: hypoxia-responsive element (HRE). Analysis of the region of
the PAII promoter from positions —808 to —608 produced sim-
ilar results, although most tested proteins (except USF2) displayed a
lower level of binding at this end of the promoter (Fig. 7B). In addi-
tion, the hypoxia-mediated increase in CBP and p300 binding to this
region was totally USF2 dependent, as no reduction was observed in
Hep3B/ARNT shRNA cells (Fig. 7B), likely due to a lack of significant
HIF2a binding to the PAII region from positions —808 to —608 in
hypoxic Hep3B cells (Fig. 7B).

EPO is a well-known HIF2 target gene (38, 47, 78, 104), and its
hypoxic induction is USF2 and HIF2 dependent in Hep3B cells
(Fig. 2C and Table 1), consistent with a validated HBS at position
+3020 (part of HRE) and 6 consensus (CANNTG) USF2 binding
sites in the region from positions —976 to +56 of the EPO pro-
moter. The EPO gene is transcriptionally activated by hypoxia via
DNA looping facilitated by interaction of the 3" enhancer that
serves as the major HIF binding element and the 5 promoter that
is the binding site for Pol IT and basal transcription machinery (28,
68). To determine the role of USF2 in activation of another HIF2
target gene, we analyzed factors binding to the EPO promoter
(positions —128 to —23) (Fig. 7C) and enhancer (positions
+2970 to +3058, overlapping HRE) regions (Fig. 7D). ChIP anal-
ysis of these two regions in normoxic and hypoxic WT Hep3B cells
demonstrated that the EPO promoter is the major region bound
by USF2, Pol II, CBP, p300, and even HIF2, even though HRE is
located in the EPO enhancer (Fig. 7C and D). On the EPO pro-
moter and enhancer, binding of Pol II, CBP, p300, and HIF2a was
increased by hypoxia, whereas USF2 binding was unaffected (Fig.
7C and D). Interestingly, similar to the PAII promoter, the hypox-
ia-mediated increase in p300 and CBP binding to the EPO pro-
moter region was more heavily dependent upon USF2 than ARNT
binding (Fig. 7C), while ARNT and USF2 contributed to the hy-
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FIG 8 HIF2a, USF2, and p300 physically interact in vitro and in vivo. (A)
Western blot analysis of p300 protein coprecipitated by HIF2a or USF2 pro-
tein (top), p300 protein in lysates (middle), and HIF2a/USF2 protein (bot-
tom) in lysates of HEK293T cells or HEK293T cells transfected with
HIF2aTM-Flag or USF2-Flag. (B) Western blot detection of HIFla (top),
HIF2a (middle), and USF2 protein (bottom) in hypoxic Hep3B cell lysates or
coprecipitated with beads or the USF2, HIFla, or HIF2a protein. (C) The
PAII promoter indicating the locations of ChIP qPCR primers in relation to
the positions of validated USF/HIF binding sites. (D) ChIP and re-ChIP were
conducted in hypoxic Hep3B cells, and precipitated DNA was analyzed for the
indicated regions of the PAI1 promoter. The antibodies listed first were used in
the first precipitation, while the antibodies listed second were used to precip-
itate the DNA-protein complex immunoprecipitated by the first antibody. PAT
intron 4 served as a negative control.

poxia-mediated increase in CBP and p300 binding to the EPO
enhancer region almost equally (Fig. 7D). In summary, these ChIP
experiments demonstrated that USF2 binds to HIF2 target genes
in vivo and USF2 contributes significantly to the hypoxia-medi-
ated increase in CBP and p300 binding to the HIF2 target genes
PAII and EPO.

HIF2a and USF2 proteins exhibit similar affinities of bind-
ing to the p300 protein. It was clear from our ChIP experiments
that the amount of CBP and p300 proteins on HIF2 target genes
PAII and EPO depends more on USF2 than the HIF2a/ARNT
protein (Fig. 7). This could be explained by a stronger interaction
of USF2/p300 than HIF2a/p300. To test this hypothesis,
HEK293T cells were transfected with Flag-tagged HIF2aTM or
Flag-tagged USF2 or were not transfected as a control. We then
performed Western blot analysis to detect endogenous p300 pro-
tein coprecipitated with HIF2aTM or USF2 protein. We showed
that similar amounts of HIF2a and USF2 protein pulled down
similar amounts of p300 protein (Fig. 8A), confirming previously
reported interactions of USF2 and p300 (6, 51) and HIF2« and
p300 (54) and demonstrating the similar binding affinity of USF2
and HIF2a/ARNT for p300 protein for the first time.

HIF2a, USF2, and p300 proteins physically interact in vitro
and in vivo. The transcription factors in the enhanceosome com-
plex typically interact with each other directly or indirectly. Al-
though we showed binding of HIF2«, USF2, and p300 to both the
HIF2 target gene PAII and EPO promoters/enhancers in vivo and
interactions of HIF2a or USF2 with p300 protein, it is not clear if
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FIG 9 USE2 is required for HIF2a-dependent tumorigenic properties in RCC4 cells. (A) Western blot analysis of HIF2a and USF2 proteins in normoxic RCC4,
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three experiments. (D) Clonogenic survival assays demonstrated that USF2 and HIF2 shRNA decreased colony formation. Assays were conducted in duplicate
with plating of 500, 1,000, or 1,500 cells. Representative plates from 1,000 cells are shown. (E) The average number of CFU from 1,000 cells was graphed. The raw

numbers are also shown.

USEF2 interacts with the HIF2a protein on HIF2 target gene pro-
moters to form the enhanceosome. To test this, we first assessed
the physical interaction of the USF2 protein with the HIF2 protein
in vivo. Pull down of the USF2 protein coprecipitated the HIF2«a
protein, while pull down of the HIF2« protein coprecipitated the
USF2 protein in hypoxic Hep3B cells, demonstrating the physical
interaction of the HIF2a and USF2 proteins (Fig. 8B). However,
we did not detect an HIF1a-USF2 protein interaction (Fig. 8B),
consistent with our functional results showing that HIF1 and
USF2 did not cooperatively activate HIF1 target genes (Fig. 1 and
Fig. 5B). To directly test the interaction of HIF2a, USF2, and p300
on a HIF2 target gene promoter, ChIP/re-ChIP experiments were
performed in hypoxic Hep3B cells in which chromatin was sub-
jected to ChIP analysis first with anti-HIF2a, anti-USF2, or anti-
p300 antibody or serum control. Following immunoprecipita-
tion, the DNA-protein complexes were eluted and resubjected to a
second ChIP using a different (anti-USF2, anti-HIF2q, or anti-
USF1) antibody. The DNA precipitated from the secondary ChIP
was analyzed by qPCR at several regions of the PAII promoter
containing HIF2 and/or USF2 binding elements or the PAII gene
intron 4 as a control (Fig. 8C). Interestingly, HIF2a/USF2 and
USF2/HIF2a ChIP/re-ChIP both precipitated similar amounts of
the PAII promoter across the analyzed regions but not at intron 4,
suggesting that the two transcription factors are bound in prox-
imity on the same PAII promoter fragments (Fig. 8D). In addi-
tion, we found USF2 and p300 bound together on the PAII
promoter (Fig. 8D, p300/USF2). However, USF1 was not copre-
cipitated with HIF2a (Fig. 8D, HIF2a/USF1), in agreement with
our findings that USF1 is not involved in PAII gene activation
(data not shown). In addition, we also detected interaction of
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HIF2a with Pol IT and USF2 with Pol IT across the PAI1 promoter
with a strong signal around the region from positions —248 to
—128 (data not shown). Taken together, the ChIP/re-ChIP re-
sults, in conjunction with the co-IP results showing that these
factors can physically interact, support the hypothesis that HIF2,
USF2, p300, and RNA Pol II form an interacting transcriptional
complex on the PAII promoter.

USF2 is required for HIF2a-dependent tumorigenic proper-
ties in RCC4 cells and PRC3 cells. Our hypoxia target gene studies
indicated that USF2 is required to activate global or known HIF2
target genes in Hep3B, mES, and RCC4 cells (Fig. 1 to 4 and Table
1). RCC4 cells exhibit normoxic functional HIF2 activity due to a
VHL mutation and have been shown to be dependent on HIF2a
activity for their tumorigenic properties in cell culture (34). We
wanted to test whether inhibition of USF2 in RCC4 cells could
phenocopy the effects of inhibition of HIF2« in functional assays.
To test this hypothesis, USF2 or HIF2a was stably knocked down
in RCCA4 cells using shRNA (Fig. 9A). As expected, RCC4/HIF2a
shRNA cells exhibited slow proliferation relative to wild-type
RCC4 cells (Fig. 9B). Interestingly, identically to RCC4/HIF2a
shRNA cells, RCC4/USF2 shRNA cells also exhibited slower cel-
lular proliferation (Fig. 9B). In addition, both HIF2 shRNA and
USF2 shRNA likewise similarly inhibited wound healing (Fig. 9C)
and clonogenic survival (Fig. 9D and E). We also tested the func-
tion of USF2 in another HIF2-dependent tumor cell line, PRC3,
by stably knocking down USF2 or HIF2«a (Fig. 10A). Consistent
with previous reports (60), HIF2a is not critical for PRC3 cell
proliferation in cell culture; interestingly, USF2 knockdown also
did not reduce PRC3 cell proliferation (data not shown). How-
ever, like PRC3/HIF2a shRNA cells, PRC3/USF2 shRNA cells also
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exhibited reduced wound healing and clonogenic survival (Fig.
10B to D). Taken together, these results functionally demonstrate
that USF2 works with HIF2 to activate HIF2 target genes and
promote tumor cell proliferation, motility, and clonogenic sur-
vival.

DISCUSSION

While the role of HIF proteins in activating the hypoxic transcrip-
tional response has been well characterized (25, 56, 93), the in-
volvement of other transcription factors in mediating this process
has been less well studied. With the understanding that optimal
activation of most human genes requires multiple transcription
factors in an enhanceosome complex, it is highly unlikely that HIF
proteins function alone to activate hypoxia-inducible genes. In-
deed, multiple studies, including ours, have previously reported
transcriptional cooperation between HIF1/HIF2 and other tran-
scription factors in mediating hypoxic induction of cloned HIF
target gene promoters or some endogenous HIF target genes (1, 4,
20, 21, 24, 47, 50, 85, 86, 99). Here we have demonstrated that
USF2 is required for hypoxic activation of all the endogenous
HIF2 target genes that we analyzed in several cell lines (Hep3B,
RCC4, and mES cells). This response is specific for HIF2 target
genes, as USF2 is not required for hypoxic activation of HIF1
target genes in RCC4, Hep3B, and mES cells. To our knowledge,
this is the first study to have identified a critical cotranscription
factor that is differentially required for hypoxia-inducible gene
activation by HIF1 and HIF2 on a genomewide level. Our finding
explains why Hifla™/~ mES cells have no functional HIF2, even
though mES cells express HIF2a mRNA and HIF2« protein under
hypoxia (46). It will be interesting to see whether a specific func-
tional requirement of USF2 and the physical interaction of USF2
with the HIF2a protein could explain HIF1/HIF2 target gene
specificity.
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We found that USF2 is not required for HIF1 target gene
activation. Conversely, reduction of USF2 expression by siRNA
increased hypoxic activation of some HIF1 target genes, such as
KCTD11, BNIP3L, and GRP111, in hypoxic Hep3B cells (Table
1). This inhibitory role of USF2 for some HIF1 target genes is
consistent with previous reports indicating that HREs of some
HIF1 target genes, such as LDHA, BNIP3, and LPK, are bound
by USF1/USF2 under normoxia or in response to glucose acti-
vation but by HIF1 in hypoxic cells (49, 62). However, while
the previous reports indicated that USF1/USF2 and HIF1 com-
pete for the same binding site on some HIF1 target promoters
during hypoxia, we show that USF2 and HIF2 bind to different
sites of HIF2 target genes in an uncompetitive manner in vitro
(Fig. 5) and in vivo (Fig. 7). In addition, our ChIP/re-ChIP data
indicate that both the USF2 and HIF2« proteins can be simul-
taneously detected on the HIF2 target gene PAII promoter in
hypoxic cells (Fig. 8D). In agreement with our data, the USF2
and HIF proteins have been reported to bind to different sites
on promoters of HIF1/HIF2 common target genes (CXCR4 and
hTERT) and the HIF2-specific gene HMOX (35, 42, 63, 73, 96,
113). It will be important to test in the future if the number of
USF binding sites on HIF target genes is important for HIF1/
HIF?2 target gene specificity, since HIF2 target genes have mul-
tiple USF binding sites, while some HIF1 target genes seem to
have only one binding site for the USF protein. In addition, the
type of USF binding site may also be important for HIF target
gene specificity, since HIF2 target genes have USF2/USF2 bind-
ing sites that are not shared with HIF2, while some HIF1 target
genes seem to contain USF1/USF2 binding sites that could be
occupied by HIF1 during hypoxia.

CBP and p300 are coactivators required for the HIF-medi-
ated transcriptional response (5, 17, 20, 22, 23, 30, 54, 82).
Besides having a role in promoting chromatin opening through
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histone acetyltransferase activity, CBP and p300 have also been
shown to function as a bridge between transcription factor
activation domains and RNA polymerase II, as well as to act as
a scaffold for additional activating factors to facilitate the as-
sembly of enhanceosome complexes on target promoters (71).
While previous reports indicate a role for C-TADs and N-TADs
of both HIFa subunits in recruiting CBP and p300, our data
demonstrate that USF2 is more critical than HIF2 for the re-
cruitment of the CBP and p300 proteins to HIF2 target pro-
moters in vivo, particularly in the promoter region away from
the HRE (Fig. 7). It will be interesting to determine the major
function of HIF2a/ARNT in activation of HIF2 target genes,
since HIF2 is not the primary factor recruiting coactivators
CBP and p300 in vivo. Our data suggest that USF2-dependent
recruitment of p300 is not due to the differential binding affin-
ities of HIF2a or USF2 for p300. While most HIF target genes
thus far identified have one or two HREs (105), the HIF2 target
gene PAII promoter has six confirmed USF2 binding sites in
the region from positions +26 to —806. Multiple USF2 binding
sites and very few HREs could potentially explain why USF2
functions as the major recruiter of CBP and p300 to these pro-
moters. While we showed the functional importance of USF2 in
recruiting CBP and p300, it is possible that USF2’s other func-
tions, including recruiting histone methylase SET7/92, a H3K4
methylase that typically activates gene transcription, also con-
tribute to USF2’s role in HIF2 target gene activation.

Although USF2 binding on HIF2 target promoters is not reg-
ulated by hypoxia, the hypoxia-mediated increase in CBP and
p300 binding to the HIF2 target gene promoters is USF2 depen-
dent (Fig. 7). USF1 proteins are posttranslationally modified by a
number of kinases, including those activated by cellular stress and
low oxygen tension (11, 15, 31, 76, 109). Modification of USF1 by
phosphorylation at specific residues enhances its physical associ-
ation with coactivators, including CBP and p300 (77). However,
whether hypoxia modifies the USF2 protein is still unclear. In-
creased USF2-dependent recruitment of CBP and p300 by hyp-
oxia might also be explained by direct modification of the CBP
and p300 proteins by hypoxia-activated mitogen-activated pro-
tein kinase signaling to change their protein conformation and
subsequently increase CBP and p300 binding affinities with its
partners, such as USF2 (39, 65, 87). Taken together, these findings
suggest potential explanations for the USF2-dependent hypoxic
increase in CBP and p300 binding to HIF2 target promoters and
provide an interesting basis for further study.

Because of the global requirement of USF2 for HIF2 target
gene activation, it is likely that inhibition of either one of these
factors could lead to functional inhibition of HIF2-driven tu-
morigenic properties in an HIF2-dependent tumor cell line.
Indeed, we showed that many in vitro qualities associated with
a tumorigenic phenotype, including proliferation, motility,
and clonogenic survival, could be similarly inhibited by HIF2a
shRNA or USF2 shRNA in RCC4 and PRC3 renal carcinoma
cell lines (Fig. 9 and 10). The discovery of a HIF2/USF2 protein
interaction suggests an alternative means of blocking HIF2 ac-
tivity by interrupting this interaction, which may prove bene-
ficial in the treatment of cancers in which HIF2 plays a signif-
icant role in tumor progression.

Our results thus far have demonstrated a critical role of USF2
in the activation of HIF2 target genes in Hep3B, RCC4, and mouse
ES cell lines; however, it remains to be determined if USF2/HIF2a
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cooperation is involved in normal physiology. While Hif2a ™/~
mice exhibit deficiencies in red blood cell production and EPO
expression (38, 78, 91, 92), Usf27/ ~ mice exhibit increased tissue
iron accumulation and relatively normal red blood cell, hemoglo-
bin, and hematocrit levels (74). However, these Usf27/ " mice ad-
ditionally have deficiencies in hepcidin-1 and -2 genes due to the
proximity of these genes to the USF2 gene locus (74). Interest-
ingly, Hepcl ~’~ mice exhibit an initial increase in red blood cell,
hemoglobin, and hematocrit levels (74). Thus, it is possible that in
Usf2~'~/Hepcl ~’~ mice a reduction of red blood cell production
by USF2 knockdown is counteracted by the increase in red blood
cell from hepcidin deficiency. Furthermore, Hepcl /~ mice ex-
hibit increased levels of the HIF2 target gene DMTI, while
Hepcl ™'~ /Hif2o™'~ mice (69) as well as Hepcl '~ /Usf2™'~ mice
(74) exhibited similar WT levels of DMT1 gene expression. Al-
though these data suggested a possible USF2/HIF2 interaction in
normal physiology, USF2-only-knockout mice are required to
study the role of USF2 in normal physiology.
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