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Hypoxia promotes genetic instability for tumor progres-
sion. Recent evidence indicates that the transcription
factor HIF-1a impairs DNA mismatch repair, yet the role
of HIF-1a isoform, HIF-2¢, in tumor progression remains
obscure. In pursuit of the involvement of HIF-a in chro-
mosomal instability, we report here that HIF-1a, specifi-
cally its PAS-B, induces DNA double-strand breaks at least
in part by repressing the expression of NBS1, a crucial
DNA repair gene constituting the MRE11A-RADS50-NBS1
complex. Despite strong similarities between the two
isoforms, HIF-2« fails to do so. We demonstrate that this
functional distinction stems from phosphorylation of HIF-
20, Thr-324 by protein Kkinase D1, which discriminates
between subtle differences of the two PAS-B in amino-
acid sequence, thereby precluding NBSI repression.
Hence, our findings delineate a molecular pathway that
functionally distinguishes HIF-1la from HIF-2a, and
arguing a unique role for HIF-1a in tumor progression by
promoting genomic instability.
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Introduction

Cancer is essentially a genetic disease (Vogelstein and
Kinzler, 2004). As a result of gene mutations, activation of
oncogenes and inactivation of tumor-suppressor genes colla-
borate on the neoplastic process by stimulating cell prolifera-
tion, or inhibiting cell death or cell-cycle arrest. Furthermore,
hereditary inactivation of stability genes or caretakers,
mainly involved in DNA repair, gives rise to genetic alter-
nations leading to tumorigenesis. Genetic instability is a
hallmark of most human cancers, arising from changes
at the nucleotide and the chromosomal levels (Lengauer
et al, 1998).
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The primary structure of DNA is constantly subjected to
alteration by cellular metabolites and exogenous DNA-dama-
ging agents. DNA repair is essential to safeguard the genetic
integrity by correcting mutations arising from myriad types
of damage (Friedberg, 2003). Multiple distinct mechanisms of
excision repair have been identified, including nucleotide
excision repair, base excision repair, and mismatch repair.
Apart from coping with damaged bases or replication errors,
cells frequently suffer breakage of the DNA duplex. DNA
double-strand breaks (DSBs) arise primarily from stalled
replication forks, and genetically programmed processes in
developing lymphocytes, and exogenous factors such as
ionizing radiation. Proper DSB repair is fundamental to
the prevention of chromosome loss, translocations, and
truncations.

NBS1/nibrin is part of the evolutionarily conserved
MRE11A-RAD50-NBS1 (MRN) complex, which interacts
with DSBs early in the DNA damage response (Carney et al,
1998; D’Amours and Jackson, 2002). The genetic defect in
NBS1 gene, stemming predominantly from a 5-base-pair
deletion in exon 6, is responsible for the Nijmegan breakage
syndrome, a hereditary disorder characterized by chromo-
somal instability and a predisposition to malignancies (Varon
et al, 1998). Cells derived from NBS patients show high
sensitivity to ionizing radiation, chromosome fragility, acce-
lerated shortening of telomeres, and deficiency in cell-cycle
checkpoints (D’Amours and Jackson, 2002). It has been
shown that NbsI knockout mice manifested increased chro-
mosomal breaks, owing to reduced gene conversion and
sister chromatid exchanges (Tauchi et al, 2002; Frappart
et al, 2005). At the molecular level, NBS1 also interacts
with y-H2AX, a phosphorylated histone H2AX detected at
the sites of nascent DSBs (Rogakou et al, 1998; Paull et al,
2000), for relocating MRE11A-RADSO to the vicinity of DNA
damage (Kobayashi et al, 2002).

Although deficiency in DNA repair arising from germline
mutations has been linked to various hereditary cancers, no
somatic mutation in DNA repair genes has been observed
in majority of sporadic cancers, suggesting the possibility of
functional impairment of DNA repair in these cancers.
Numerous studies have indicated that the tumor micro-
environment, characterized by hypoxia, low pH, and nutrient
deprivation, promotes genetic instability and tumor progres-
sion (Bindra and Glazer, 2005). Hypoxia has been shown to
induce chromosomal fragility and polyploidy in cell-culture
and animal models (Coquelle et al, 1998; Nelson et al, 2004).
Recent investigations indicated that hypoxia inhibits DNA
repair by down-regulating genes involved in mismatch repair
and homologous recombination (Mihaylova et al, 2003;
Bindra et al, 2004; Bindra et al, 2005; Koshiji et al, 2005).

The transcription factor HIF-1a serves as a master regula-
tor of oxygen homeostasis by activating expression of various
hypoxia-responsive genes, such as those for angiogenesis
and glycolysis (Wenger, 2002; Giaccia et al, 2003; Huang
and Bunn, 2003; Pugh and Ratcliffe, 2003; Semenza, 2003;
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Poellinger and Johnson, 2004; Kaelin, 2005). Interestingly,
HIF-2a,, a close member of the HIF-o family, seems to
exert different biological functions in vivo (Tian et al, 1998;
Compernolle et al, 2002; Scortegagna et al, 2003), even
though the underlying mechanisms remain elusive. Apart
from binding to the hypoxia-responsive element for gene
activation, HIF-1a also functions via the HIF-la-Myc path-
way, by which HIF-1lao competes with the transcription
activator Myc for Spl binding in the target gene promoter,
resulting in transcriptional downregulation of the DNA
mismatch repair genes (Koshiji et al, 2005). To explore the
differential role of HIF-loo and HIF-2a in DNA repair, we
embarked on an investigation into the molecular basis that
accounts for their distinct functions in genetic instability. Our
data demonstrated that the phosphorylation status of a highly
conserved threonine in the PAS-B domain distinguishes
HIF-1a from HIF-2a in DNA repair gene expression.

Results

HIF-1q, distinct from HIF-2q, is critical for NBS1
downregulation by hypoxia

In pursuit of the involvement of HIF-o in chromosomal
instability, we focused our investigation on the expression
of the MRN complex. Results from real-time PCR showed that
NBS1 mRNA levels in HCT116 cells were reduced by 50%
after a 16-h hypoxic treatment (1% O,) (Figure 1A), similar to
the MSHZ2 repression. However, MREIIA and RAD50 expres-
sion were unaffected by the treatment (Figure S1). Interes-
tingly, similar NBS1 downregulation was observed in HCT116
TP537/~ cells, in stark contrast to the strict p53-dependence
for MSHZ2 inhibition (Koshiji et al, 2005). Again, neither
MREIIA nor RADS0 was inhibited in these cells, indicating
specific NBSI inhibition by a p53-independent mechanism.
Furthermore, NBS1 protein levels were markedly decreased
after 8- and 16-h hypoxic treatment (Figure S2).

To test the requirement of HIF-o for NBSI inhibition,
we utilized small interfering RNA (siRNA) targeting HIF1A
and EPASI (encoding HIF-2a). In Figure 1A, HIFIA siRNA
abrogated the NBS1 and MSH2 downregulation, as well as the
PGK1 upregulation in hypoxic cells, whereas EPASI siRNA
showed no obvious effects. Likewise, NBS1 protein levels
remained equivalent in hypoxic U-2 OS cells when HIF-1a
protein expression was abolished (Figure 1B). Collectively,
these findings suggest that HIF-1a, but not HIF-2a, is required
for NBS1 repression by hypoxia.

Next, we asked whether HIF-1a is sufficient to inhibit
NBS1 expression by infecting HCT116 cells with recombinant
adenoviruses expressing a stable HIF-1la (Ad-HIF1aAODD)
(Huang et al, 1998; Koshiji et al, 2004). Results in Figure 1C
show that forced expression of HIF1«AODD reduced
NBSI mRNA levels by ~60%. More importantly, two HIF-
loo variants lacking functional transactivation domains,
Ad-HIF1aAODD (LCLL) (Gu et al, 2001; Koshiji et al, 2004)
and Ad-HIF1la (1-329) (see Figure 4A), were also effective
in NBSI repression. By contrast, no inhibition of NBSI was
observed with the forced expression of HIF-2a, even though
PGK1 was upregulated. Likewise, overexpression of the three
HIF-1a variants in U-2 OS cells also lowered NBSI mRNA
levels by ~50% (Figure 1D), but not with Ad-HIFla (1-167)
devoid of PAS-B (see Figure 4A). Similarly, Ad-HIF2a showed
no obvious effect on NBSI expression, but markedly stimu-
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Figure 1 Distinct roles of HIF-lo and HIF-2o in mediating NBSI
repression by hypoxia. (A) HCT116 and HCT116 TP53~/~ cells,
transfected with siRNA targeting HIF1A or EPAS1 (encoding HIF-2a1)
were subjected to normoxic (N) or hypoxic (H) treatment (1% O,
16 h). Mock transfection (—) and luciferase siRNA (luc) were used
as negative controls. NBSI, MSH2, and PGKI mRNA levels were
determined with quantitative real-time PCR. Representative results
from three independent experiments in triplicate are presented as
means + standard errors. (B) U-2 OS cells were treated as in (A) and
assayed for specific protein levels by sequential probing of the same
blot with the corresponding antibodies. (C) HCT116 cells were
infected with adenoviruses expressing HIF-1¢AODD, HIF-1o¢AODD
(LCLL), HIF-1a0 (1-329), and HIF-2a for 16 h. Cells without treat-
ment (—) or infected with Ad-GFP served as controls. NBS1 and
PGK1 mRNA levels were determined with real-time PCR. (D) U-2 OS
cells were infected with the adenoviruses as above and examined
with real-time PCR. An adenovirus expressing an N-terminal HIF-1o
lacking the PAS-B domain, HIF-1a (1-167), was also included.
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lated the expression of HIF-2a specific target CITEDZ2
(data not shown). It should be noted that although during
viral replication adenoviral E4 inactivates the MRN complex
(Stracker et al, 2002), the recombinant adenoviruses used
here are replication-defective, and our results show specific
inhibition of NBSI by HIF-1a. Therefore, we conclude that
HIF-1a, especially its N-terminal portion, is sufficient to
mediate NBSI repression by hypoxia.

Hypoxic repression of NBS1 is associated with the
induction of DNA DSBs

To ascertain the functional relevance of NBSI repression by
hypoxia, we assessed the extent of DNA damage by immuno-
fluorescent staining of y-H2AX foci, a most sensitive method
for quantifying DNA DSBs (Rogakou et al, 1998, 1999). In
normoxia, U-2 OS cells displayed an average of two y-H2AX
foci per cell, whereas 72-h hypoxic treatment markedly
increased the number by ~3-fold (Figure S3; Table S1). In
particular, some of the hypoxic nuclei exhibited numerous,
intensified y-H2AX foci. Cells treated with desferrioxamine,
a hypoxia mimic agent, displayed a much greater increase of
these intensified foci in a time-dependent manner (data not
shown). Furthermore, results also show strikingly colocalized
foci of y-H2AX and 53BP1, the latter of which is known to
interact with various DNA repair proteins including y-H2AX
in response to DSBs (Schultz et al, 2000). Thus, hypoxic cells
experience DNA DSBs, presumably resulting from the NBSI
repression.

Given its ability to repress NBS1 expression, HIF-1o was
tested for the induction of DNA DSBs. Similar to the effects
of Ad-HIF-1aAODD and Ad-HIF-1aAODD (LCLL), Ad-HIF-1a
(1-329) infection also gave rise to a significant increase in
v-H2AX foci, which were well colocalized with the 53BP1 foci
(Figure 2; Figure S4; Table S1). Moreover, in accordance with
the result above, further removal of PAS-B domain abolished
the induction of these foci. Taken together, these results
indicate that NBSI repression by HIF-1a, HIF-1a (1-329) in
particular, is associated with increased DNA DSBs.

The HIF-1a—Myc pathway is responsible for NBS1
repression

Previously, we demonstrated that HIF-1a functionally coun-
teracts the transcription factor Myc by altering Myc promoter
occupancy (Koshiji et al, 2004, 2005). To test the relevance of
Myc displacement in NBSI repression, we performed chro-
matin immunoprecipitations to demonstrate the change in
occupancy of the NBSI locus (Matsuura et al, 1998) by the
relevant transcription factors under hypoxia. Four sets of PCR
primers were used, as illustrated in Figure 3A, to cover the
NBS1 promoter from 1.3 kb upstream of the 5 untranslated
region to 75 base-pair downstream of the ATG start codon, as
well as intron 1 harboring an E-box required for Myc-acti-
vated transcription (Chiang et al, 2003). Results in Figure 3B
show that in addition to direct binding to the intron, Myc also
bound under normoxia to a region clustered with five puta-
tive Sp1l-binding sites spanned by the primer set P2. In stark
contrast to the intron however, the P2 region showed a
marked decrease in Myc binding under hypoxia, in concomi-
tance with a gain of HIF-1a binding. It is noteworthy that
no Spl and HIF-loo binding was detected in intron 1.
Furthermore, unlike Myc displacement from the MSHZ2 pro-
moter requiring wild-type p53 (Koshiji et al, 2005), no p53
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Figure 2 The N-terminal HIF-1a is sufficient to induce DNA DSB.
U-2 OS cells were infected with adenoviruses expressing HIF-1a
variants as indicated, and stained by immunofluorescence with
antibodies against y-H2AX (red) and 53BP1 (green). Represen-
tative fields are presented together with merged images. All of the
HIF-1o variants, with the exception of Ad-HIF-1a (1-167), signifi-
cantly increased the number of colocalized y-H2AX and 53BP1 foci.

binding was present in the scanned regions of NBSI. Thus,
we conclude that HIF-1a selectively displaces Myc from the
NBS1 promoter without affecting those bound to the E-box
in intron 1.

The PAS-B of HIF-1u, but not of HIF-24, is essential for
Sp1 binding

Previously, we showed that Myc displacement is mediated by
the N-terminal HIF-1a (1-329), which competes with Myc for
Spl binding in the MSH2 promoter (Koshiji et al, 2005). To
identify the molecular basis that distinguishes HIF-1o from
HIF-2a in DNA repair, we constructed a series of deletion
mutants (Figure 4A) to narrow down the region responsible
for Spl binding. These HIF-la fragments were translated
in vitro in a rabbit reticulocyte lysate system and tested for
their binding to the rabbit reticulocyte Spl. In accordance
with our previous finding, deletion of PAS-B resulted in loss
of Sp1 binding (Figure 4B). By contrast, deletion of the bHLH
and PAS-A failed to do so, suggesting that PAS-B (codon 194-
329) is sufficient for Sp1 interaction. Of note, removal of part
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Figure 3 Selective Myc displacement in NBSI gene under hypoxia.
(A) A schematic representation of part of the human NBS1 is shown
from nucleotides 3400-5900 of gene locus AB013139. The hatched
box depicts 5’UTR and exon 1, and the gray box part of intron 1. The
black bar specifies an E-box in the intron. Predicted Spl sites are
in gray bars in the promoter. Four sets of PCR primers, designated
as P1, P2, P3, and Inl, were used for amplification of the
NBS1 regulatory regions, as marked with double-arrow lines. (B)
Chromatin immunoprecipitations were performed with normoxic
(N) and hypoxic (H) U-2 OS cells. Antibodies used are against RNA
polymerase II (Pol IT), Sp1, Myc, HIF-1a, and p53. Normal immuno-
globulin (IgG) served as a negative control, whereas the Pol II
antibody served as a positive control. Sheared genomic DNA before
immunoprecipitations was included as control of input DNA. The
same immunoprecipitates were subjected to PCR amplification with
four sets of NBSI primers and one set of MSHZ2 primers (Koshiji
et al, 2005). Myc displacement occurred in P2 but not in intron 1.

of the PAS-B from the C terminus (codon 299-329) destroyed
Spl binding.

To provide evidence that HIF-loo PAS-B is sufficient to
compete with Myc for Spl binding, PAS-B and Myc were
translated separately in vitro. As expected, in the absence
of one another, Spl captured HIF-loo fragments or Myc
(Figure 4C). However, when Myc was mixed with PAS-B or
AODD, only the HIF-1a fragments, but not Myc, bound Sp1.
Intriguingly, mutation of HIF-1a. Thr-327 (T327P, see below)
disabled PAS-B. Collectively, these results suggest that HIF-1a
PAS-B is crucial for the HIF-1a—~Myc pathway.

HIF-1a PAS-B shares 67 % identity in amino-acid sequence
with its HIF-2o counterpart, yet functionally HIF-2« differs
strikingly in DNA repair. To that end, we tested whether
HIF-200 PAS-B binds Spl. For simplicity, we refer to the
HIF-1a0 PAS-B hereinafter as PAS1B, and the HIF-2a PAS-B
(codons 195-331) as PAS2B.

Interestingly, neither full-length HIF-2a0 nor PAS2B exhi-
bited Spl-binding activity when expressed in the rabbit
reticulocyte lysate (Figure 4D). Likewise, when they were
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expressed ectopically in HeLa cells, no Spl binding was
detected (Figure 4E). Moreover, neither PAS2B (data not
shown) nor the PAS1B T327P mutant was able to compete
with PAS1B for Spl binding (Figure 4F). Furthermore, addi-
tion of a synthetic peptide corresponding to HIF-1a residues
299-329 (required for Sp1 binding (Figure 4A)), but not of its
HIF-2a counterpart, prevented Spl binding in a dose-depen-
dent manner. Thus, we speculated that the functional diver-
gence between HIF-la and HIF-2o arises from limited
differences in amino-acid sequence spanning from HIF-1a
residues 299-329.

HIF-25, Pro-329 is responsible for abrogating Sp1 binding
Sequence analysis of HIF-1a residues 299-329 revealed that
HIF-1a harbors two unique residues: Thr-301 and Thr-327,
corresponding to Val-303 and Pro-329 in HIF-2a (Figure 5A).
Hence, these two residues were replaced with those of HIF-
2a. Interestingly, only the PAS1B (T327P) mutant lost Spl
binding when expressed in the in vitro translation system
(Figure 5B). Similar results were obtained when these
substitutions were made in the context of HIF-1aAODD
(Figure 5C).

Conversely, we substituted HIF-2a Pro-329 with threonine
in the context of PAS2B and full-length HIF-2a. Results in
Figure SD-F show that in contrast to their original forms,
these mutants gained Spl binding in both cell-free and cell-
culture systems. Therefore, HIF-2a Pro-329 is responsible
for abrogating Sp1 binding.

Phosphorylation of HIF-2s. Thr-324 by PKD1 controls Sp1
binding

The gain of Spl binding by HIF-2o0 might be a result of
substituted threonine, which is presumably subjected to
modification required for Sp1 binding. To test this possibility,
we compared PAS1B produced in rabbit reticulocyte lysate
(modification-proficient) with the one from a wheat germ
extract (modification-deficient). Unexpectedly, Spl captured
PAS1B produced in both systems (Figure 6A), suggesting the
irrelevance of threonine modification in Spl binding. In
keeping with this, the PASIB T327P mutant, disabled
for Spl binding in rabbit reticulocyte, regained binding
when produced from the wheat germ, and so did PAS2B
(Figure 6B). These unexpected results indicted (i) no require-
ment of post-translational modification of HIF-1a for Spl
binding; (ii) the nonessential role of HIF-1a Thr-327 for the
binding; and most importantly (iii) the involvement of post-
translational modification of HIF-2« that requires Pro-329 for
abrogating Sp1 binding.

To that end, the PAS2B sequence from codon 301-331
(Figure 5A) was analyzed by a motif-based searching algo-
rithm (http://scansite.mit.edu/motifscan_seq.phtml) (Yaffe
et al, 2001). Result from a high-stringency search suggested
that HIF-2a0 Thr-324 is harbored within a phosphorylation
motif for protein kinase D1 (PKD1), originally classified
within the PKC family as PKCp (Rykx et al, 2003). Although
HIF-1a. possesses an equivalent threonine (Thr-322), the
algorithm indicates that the lack of a proline at Thr-327
plus the variation of Val-317 and Ala-321 precludes PKDI1-
mediated phosphorylation (Table S2). In essence, HIF-2a Pro-
329 is obligatory for phosphorylation at Thr-324, in support
of its role in abrogating Sp1 binding.
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Figure 4 HIF-1a PAS-B differs from HIF-2o PAS-B in Sp1 binding. (A) A schematic representation of HIF-1a and its deletion mutants. Structural
domains of HIF-1a (Huang and Bunn, 2003) are indicated at the top, and the corresponding residues on the left. Spl-binding activity of each
mutant is summarized. (B) The deletion mutants of N-terminal HIF-1a, as indicated, were translated in rabbit reticulocyte lysate with
[**S]methionine and subjected to anti-Sp1 immunoprecipitations (¢-Sp1). Input, 10% of lysates before immunoprecipitations. (C) HIF-1«AODD
(AODD), PAS1B, PAS1B T327P (T327P), and Myc were translated in vitro as above. Equal amount of the translated products were mixed as
denoted and subjected to anti-Spl immunoprecipitations to determine their competitiveness for Spl binding. Molecular weight markers are
indicated. (D, E) HIF-1¢AODD, PAS1B, HIF-2a, and PAS2B were translated in vitro as above and subjected to anti-Sp1l immunoprecipitations
(D), or transfected into HeLa cells and immunoprecipitated with an anti-Spl antibody, followed by immunoblotting (IP-IB) with respective
antibodies against specific proteins as indicated (E). To block PAS-B proteolysis, cells were treated with Cbz-LLL for 4 h before harvest. Input,
10% of total whole-cell extract subjected to direct immunoblotting. Arrowhead denotes nonspecific detection. (F) In vitro translated PAS1B was
immunoprecipitated with anti-Sp1 antibody in the presence of unlabeled PAS1B or its T327P mutant. Addition of increasing amounts (10, 100,
and 1000 pmol) of synthetic peptide corresponding to HIF-1a residues 299-329 competed with PAS1B for Sp1 binding.

To ascertain phosphorylation of HIF-2a0 Thr-324, we Figure 6E shows that a HIF-2a peptide, but not its HIF-1a
performed in vivo *2P-orthophosphate labeling of ectopically counterpart, was robustly phosphorylated, whereas replace-
expressed PAS1B and PAS2B. Results in Figure 6C show that ment of Thr-324 with valine abolished phosphorylation.
PAS2B, but not PAS1B, was phosphorylated, and furthermore Moreover, incubation with 100-uM resveratrol, a PKD1 in-
mutation of Thr-324 eliminated the phosphorylation. To hibitor, during the synthesis of PAS2B in the rabbit reticulo-
demonstrate the effect of phosphorylation on Spl binding, cyte established Sp1 binding (Figure 6F). Likewise, treatment
we first treated PAS2B produced in the rabbit reticulocyte of cells with resveratrol yielded PAS2B-Sp1 immunoprecipi-
with A protein phosphatase. Dephosphorylation rendered tated complexes (Figure 6G). Furthermore, resveratrol abro-
PAS2B able to bind Sp1 (Figure 6D). Furthermore, mutation gated PKD1-mediated phosphorylation of its consensus
of PAS2B Thr-324 to valine also established binding, arguing substrate peptide as well as the HIF-2a peptide (Figure 6H),
that dephosphorylation of HIF-2a Thr-324 is required for Sp1 confirming the inhibitory effect of resveratrol on PKDI1
binding. Hence, HIF-2a Thr-324 is phosphorylated in vivo, kinase activity. Finally, endogenous PKD1 immunoprecipi-
which functionally distinguishes PAS2B from PAS1B in Spl tated from 786-O cells specifically phosphorylated HIF-2a at
binding. Thr-324 (Figure 6I). In aggregate, these results argue that

To determine that it is PKD1 that phosphorylates HIF-2a, PKD1 phosphorylates HIF-2a Thr-324, thereby precluding
we utilized recombinant PKD1 in an in vitro kinase assay. Sp1l binding.
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mutants were analyzed as in (B). (E, F) P329T mutant in the context of PAS2B (E) and HIF-2a (F) were transfected into HeLa cells. Anti-Sp1
immunoprecipitations were performed, followed by immunoblotting to detect the co-immunoprecipitates as indicated.

Nonphosphorylated PAS-B represses NBS1 expression
and induces DNA DSBs

To determine the effect of PAS-B phosphorylation on
NBS1 repression, we first created two mutants in PAS1B
that mimic phosphorylation at Thr-322: one with glutamic
acid substitution (T322E), and the other (VAT) undergoing
simultaneous replacement of Val-317, Ala-321, and Thr-327
with the corresponding HIF-2o residues (Figure 5A), yielding
an identical score for PKD1 phosphorylation as HIF-2a
(Table S2). As expected, both T322E and VAT mutants lost
Spl binding (Figure 7A). In contrast, a T322V mutation
maintained PAS1B activity, indicating the nonessential role
of Thr-322 per se for Spl binding. These findings further
argue that maintaining HIF-1a Thr-322 or HIF-2o Thr-324 in
a nonphosphorylated state is obligatory for Sp1 binding.

Next, we asked how these PAS-B mutants relate to their
abilities in NBSI repression. Figure 7B shows that forced
expression of PAS1B in U-2 OS cells was sufficient to elim-
inate NBS1 protein levels, whereas the PAS1B VAT and T322E
mutants failed to do so. Conversely, the PAS2B T324V
mutant, unlike PAS2B, gained its ability to inhibit NBS1
protein levels. Similar effects were observed at NBSI mRNA
levels with these PAS-B variants in both U-2 OS (Figure S5)
and HCT116 cells (Figure 7D). Again, neither MREIIA nor
RAD50 was affected (Figures S5 and S6). Interestingly,
in TP53™/~ HCT116 cells, although MSH2 expression was
unaffected by PAS1B and PAS2B T324V, NBSI mRNA levels
were downregulated. This distinct difference is consistent
with a p53-independent mechanism for NBSI repression.
Hence, in accordance with the requirement for Sp1 binding,
these results underscore the fundamental difference between
HIF-1a. and HIF-2o in NBSI repression, resulting from a
unique threonine modification in the PAS-B.

To substantiate the role of threonine phosphorylation
controlling NBSI repression, we asked whether these phos-
phorylation mutants induce the formation of y-H2AX foci.
The results in Figure 7C show that the PAS-B fragments
capable to repress NBSI1 expression (PAS1B and PAS2B
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T324V mutant) significantly increased y-H2AX foci that
were colocalized with those of 53BP1. In contrast, those
unable to affect NBSI expression failed to do so. Taken
together, these results strengthen the hypothesis that threo-
nine phosphorylation in PAS-B is the molecular determinant
that distinguishes HIF-1o from HIF-2a in DNA repair gene
regulation.

Discussion

For all the remarkable advancement in recent years of knowl-
edge of HIF-1o and HIF-2o in oxygen homeostasis, little is
known about how these transcription factors, if indeed, are
involved in genetic instability. Despite its similarities to
HIF-1oo in amino-acid sequence and protein structure,
HIF-2a. apparently has separate functions, presumably due
to its distinct spatiotemporal expression pattern in vivo (Tian
et al, 1998; Compernolle et al, 2002; Scortegagna et al, 2003).
However, other studies indicate widespread expression of
HIF-2q, along with HIF-1a, in various cell types (Wiesener
et al, 1998; Talks et al, 2000). Furthermore, whether HIF-2a
generally promotes or suppresses tumor growth remains a
contentious issue (Blancher et al, 2000; Kondo et al, 2002;
Maranchie et al, 2002; Acker et al, 2005; Covello et al, 2005;
Raval et al, 2005). Recently, distinct HIF-1o and HIF-2o target
genes have been reported (Hu et al, 2003; Covello et al,
2006), yet how the two isoforms selectively bind to their
specific target genes for transcriptional activation remains
obscure.

In pursuit of an in-depth understanding of hypoxic
effects on DNA repair pathways, we show here that HIF-2aq,
in contrast to HIF-1q, is unable to participate in the HIF-1o—
Myc pathway for repressing DNA repair genes, and that this
functional difference stems from PKD1-mediated phosphory-
lation of HIF-20. Thr-324, thereby precluding HIF-2o from
competing with Myc for Spl binding. Our findings argue
PAS-B phosphorylation serves as a molecular determinant
that governs the ability of HIF-o to impair DNA repair and
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Figure 6 HIF-2a. Thr-324 is phosphorylated by PKDI1, thereby
abrogating Spl binding. (A) PAS1B and its T327P mutant were
translated in vitro in rabbit reticulocyte lysate (R) or in wheat germ
extract (W). Their interactions with Spl were determined by anti-
Spl immunoprecipitations. (B) PAS2B and its P329T mutant were
analyzed as in (A). (C) PAS2B and its T324V mutant, as well
as PAS1B were transfected into U-2 OS cells, and labeled with
32p_orthophosphate for 4 h. The expressed proteins were immuno-
precipitated with anti-FLAG antibodies. The proteasome inhibitor
Cbz-LLL was added (+) to ensure adequate PAS1B expression.
(D) PAS-B variants, produced from rabbit reticulocyte lysate or
wheat germ extract as indicated, were subjected to treatment with
A protein phosphatase (APPase, 100U for 30 min) before anti-Sp1
immunoprecipitations. (E) A synthetic peptide of HIF-2a containing
the predicted PKD1 motif was used as a substrate of recombinant
PKD1 in an in vitro kinase assay. Two additional synthetic peptides,
one harboring mutation at HIF-2o Thr-324 and the other a HIF-1a
equivalent, were included as controls. PKD1-mediated phosphory-
lation was presented in counts per minute (c.p.m.). (F) PAS1B and
PAS2B were translated in rabbit reticulocyte lysate in the presence
of resveratrol (Res, 100 uM). Their Spl-binding activity was ana-
lyzed as above. (G) HeLa cells expressing PAS1B and PAS2B were
treated with 5nM of resveratrol. Anti-Spl immunoprecipitations
were performed, followed by immunoblotting (IP-IB) as indicated.
Cells were treated with Cbz-LLL for 4 h before harvest to increase
the PAS-B protein levels. (H) Synthetic peptides containing a PKD1
consensus sequence (Subs) and the predicted PKD1 site in HIF-2a
were tested, respectively, for phosphorylation by recombinant PKD1
in the presence or absence of resveratrol in an in vitro kinase assay.
Recombinant PKD1 was preincubated with resveratrol (100 uM) for
10min. (I) Immunoprecipitated endogenous PKD1 was used for
in vitro kinase assays with synthetic peptides as indicated in the
absence or presence of resveratrol.

distinguishes between HIF-loo and HIF-2a functionally
(Figure 7E). Of note, PAS-B defined in this study lacks the
last B-strand of the structural domain (Erbel et al, 2003),
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implying a nonessential role for a folded PAS-B in the
HIF-1a-Myc pathway. Furthermore, we observed the induc-
tion of apoptosis by HIF-2a overexpression, as reported
recently (Acker et al, 2005), along with increased y-H2AX
foci (Rogakou et al, 2000). Although the mechanism for
HIF-2a triggered apoptosis and DNA fragmentation remains
unknown, it is evident that no NBSI downregulation is
involved. Finally, our results show that the NBSI inhibition
by hypoxia and HIF-loo was apparently more effective at
protein levels than at mRNA levels, and therefore alternative
post-transcriptional mechanisms may also regulate NBSI
expression.

The identification of the PKD1-HIF-2a signaling pathway
raises several unanswered questions. Although HIF-la
Thr-322 is not phosphorylated by PKD1, whether other
kinases modify this threonine cannot be excluded thus far.
Conversely, how HIF-2a0 phosphorylation is regulated war-
rants further investigation. PKD1 can be activated thorough
PKC-dependent and -independent pathways by various
agents including phorbol esters, oxidative stress, tumor ne-
crosis factor o, and ATP, and has been associated with cell
proliferation and survival (Rykx et al, 2003). It is particularly
interesting to note that HIF-la plays an essential role
in maintaining intracellular ATP levels by stimulating glyco-
lysis and curtailing ATP consumption (To et al, 2005).
Furthermore, HIF-1 represses mitochondrial function and O,
consumption by inducing pyruvate dehydrogenase kinase 1
(Kim et al, 2006; Papandreou et al, 2006). Therefore, the
maintenance of ATP concentration by HIF-loo might be a
contributory factor for maintaining PKD1 activity and thereby
HIF-2a. phosphorylation. Consequently, HIF-2a tends to
function in the canonical hypoxia-responsive pathway for
cell proliferation and survival (Figure 7E).

We show here that HIF-1a, the PAS-B in particular, induces
DNA DSBs, at least in part, by repressing NBSI expression.
Although previous studies by relying the less-sensitive comet
assay indicated no DNA damage under hypoxia (Hammond
et al, 2002, 2003), isolated hypoxic S-phase cells exhibited
DNA damage when ATR activity was inactivated (Hammond
et al, 2004), suggesting the existence of cellular mechanism in
response to hypoxia-induced DNA damage. In keeping with
this view, apoptosis-defective cells manifested salient geno-
mic alterations including aberrant metaphases and poly-
ploidy changes under hypoxia (Nelson et al, 2004), implicat-
ing that apoptosis is part of the hypoxic response to eliminate
cells suffering an intolerable amount of DNA damage. Interes-
tingly, the DNA damage response (e.g. by ionizing radiation)
in mammalian cells comprises cell-cycle checkpoint activa-
tion, transcriptional response, and apoptosis, in addition to
DNA repair to maintain genomic stability (Zhou and Elledge,
2000). Previously, we and others reported that HIF-1a in-
duces cell-cycle arrest (Carmeliet et al, 1998; Goda et al, 2003;
Koshiji et al, 2004; Mack et al, 2005). Given the involvement
of NBS1 in cell-cycle checkpoints (D’Amours and Jackson,
2002), it is also interesting to ascertain whether the hypoxic
effect on cell cycle is related to the DNA damage arising from
hypoxic stress. To that end, the hypoxic response particularly
during tumor development comprises activation of cell-cycle
checkpoints, transcriptional activation of hypoxia-responsive
genes, induction/avoidance of apoptosis, and impairment of
DNA repair pathways in order to acquire genetic alterations
necessary for tumor survival and progression (To et al, 2005).
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Figure 7 Nonphosphorylated PAS-B induces NBSI repression and DNA DSBs. (A) PAS1B, PAS2B, and their mutants, as indicated, were
translated in rabbit reticulocyte lysate and subjected to anti-Spl immunoprecipitations. (B) The PAS-B variants were expressed transiently in
U-2 OS cells. Endogenous NBS1 and the transfected PAS-B were determined by sequential probing of the same blot with the corresponding
antibodies, as indicated. (C) y-H2AX and 53BP1 foci were determined by immunofluorescence as in Figure 2 in U-2 OS expressing the PAS-B
variants. PAS1B and PAS2B T324V expression significantly increased y-H2AX foci, as pointed by arrowheads. (D) The PAS-B variants were
transfected into HCT116 and HCT116 TP53~~ cells. NBS1, MSH2 and PGKI mRNA levels were determined with real-time PCR. Representative
results are shown as in Figure 1. (E) A model depicts PKD1-mediated threonine (Thr) phosphorylation (®) that differentiates the major role of
HIF-20 from that of HIF-1a in the hypoxic response. Whereas nonphosphorylated HIF-1a competes with Myc for Sp1 binding, resulting in NBS1
and MSH2 repression and consequently DNA damage, phosphorylated HIF-2a primarily engages in the canonical hypoxia-responsive pathway.

In the name of cell survival, the hypoxic response pre-
sumably provides opportunities for genetic change. However,
when and what type of genetic changes take place during
tumor development is still an open question. Based on the
observation that wild-type p53 is required for the hypoxic
impairment of mismatch repair pathway, we surmised
that hypoxic impairment of mismatch repair occurs during
incipient tumorigenesis because majority of the developed
cancers harbor mutated p53 (Koshiji et al, 2005). The current
study however indicates that hypoxia also participates in
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tumor progression by inducing chromosomal instability.
Although hypoxia-induced DNA DSBs may occur irrespective
of the p53 status, whether cells can tolerate the resulting
chromosomal aberrations largely depend on the biological
integrity of the cells. Cells defective in p53 and apoptosis
have a greater propensity to acquire genomic instability
during tumor progression (Nelson et al, 2004).

Targeting HIF-o for therapeutics has generated enormous
interests in recent years for both cancers and ischemic
diseases by primarily focusing on inhibiting endogenous
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HIF-a expression and delivering stable HIF-o for overexpres-
sion (Giaccia et al, 2003; Semenza, 2003). Given the complex
roles of HIF-a in adaptation to the hypoxic stress, under-
standing of the mechanisms of action—the bull’s eye—is key
to the successful development of specific drugs (Huang,
2004). Our studies have suggested that HIF-o PAS-B may
represent a novel drug target, not only because of the
identification of the molecular basis that functionally differ-
entiates HIF-1oa from HIF-2a but also the revelation of the
PKD1-HIF-2a. signaling pathway, which may provide a
target of manipulation for functionally converting the HIF-o
isoforms to one another for various purposes. Thus, these
findings may spur further investigations into a better under-
standing of the mechanisms underlying HIF-o differential
roles.

Materials and methods

Plasmids

A series of FLAG-tagged expression plasmids encoding various
N-terminal fragments of HIF-1a and HIF-2a. were constructed by
PCR amplification. The PCR fragments were inserted in-frame into
Notl- and Xbal-digested p3XFLAG-CMVI10 (Sigma), and were
subcloned into BamH1 and Xbal sites in pcDNA3 (Invitrogen).
Site-directed mutagenesis was performed as described previously
(Huang et al, 2002).

Immunofluorescence

Immunofluorescence staining was performed essentially as de-
scribed previously (Rogakou et al, 1999) with mouse anti-y-H2AX
antibody (Upstate) and rabbit anti-53BP1 (Novus Biologicals).
Secondary antibodies were anti-mouse Alexa-546 and anti-rabbit
Alexa-488 (Molecular Probes). Samples were mounted in antifade
media, and were examined by fluorescent and laser-scanning
confocal microscopy with a Nikon PCM 2000.

In vivo *2P-orthophosphate labeling

U20S cells were transfected with FLAG-tagged PAS1B, PAS2B, or
PAS2B T324V mutant. At 48 h after transfection, cells were washed
in phosphate-free DMEM, followed by incubation in phosphate-free
DMEM for 10 min. Cells were then incubated at 37°C for 20 min in
phosphate-free DMEM containing 100 uCi **Pi (phosphorus-32 as
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