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Copy number heterogeneity is a prominent feature within tumors. The molecular basis for this heterogeneity re-
mains poorly characterized. Here, we demonstrate that hypoxia induces transient site-specific copy gains (TSSGs) in
primary, nontransformed, and transformed human cells. Hypoxia-driven copy gains are not dependent on HIF1α or
HIF2α; however, they are dependent on the KDM4A histone demethylase and are blocked by inhibition of KDM4A
with a small molecule or the natural metabolite succinate. Furthermore, this response is conserved at a syntenic
region in zebrafish cells. Regions with site-specific copy gain are also enriched for amplifications in hypoxic primary
tumors. These tumors exhibited amplification and overexpression of the drug resistance gene CKS1B, which we
recapitulated in hypoxic breast cancer cells. Our results demonstrate that hypoxia provides a biological stimulus to
create transient site-specific copy alterations that could result in heterogeneity within tumors and cell populations.
These findings have major implications in our understanding of copy number heterogeneity and the emergence of
drug resistance genes in cancer.
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Cancer is often characterized by copy gains or losses of
chromosome arms, whole chromosomes, and/or amplifi-
cations/deletions of smaller genomic fragments (Hook
et al. 2007; Stratton et al. 2009; Beroukhim et al. 2010).
While it has long been understood that tumors within
the same pathological subtype have different mutational
and copy number profiles (Burrell et al. 2013), it has re-
cently become apparent that intratumoral heterogeneity
likely plays an important role in tumor development,
metastatic potential, and acquired drug resistance (Gerlin-
ger et al. 2012; Burrell et al. 2013; Junttila and de Sauvage
2013; Nathanson et al. 2014). Traditionally, somatic copy
number alterations (SCNAs) and copy number variations
(CNVs) have been thought of as heritable genetic events in
cancer cells that emerge through an adaptive advantage;

however, recent work suggests that at least some copy
gains may be transient and could arise given the correct
genetic, therapeutic, or environmental conditions (Black
et al. 2013; Nathanson et al. 2014). For example, analysis
of epidermal growth factor receptor (EGFR) mutations
and amplifications in glioblastoma patients revealed a
transient extrachromosomal amplification of a specific
EGFR isoform (Nathanson et al. 2014). In addition, ampli-
fication and overexpression of the H3K9/36 tridemethy-
lase KDM4A/JMJD2A caused rereplication and transient
site-specific copy gains (TSSGs). Furthermore, impairing
H3K9 or H3K36 methylation with lysine-to-methionine
substitutions (K9M or K36M) resulted in site-specific
gains (Black et al. 2013; Lewis et al. 2013). Taken together,
these findings suggest that copy gains can be modulated
by chromatin changes and selective pressures.
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These initial observations highlighted a pathological
state that could promote copy gains. However, a major
question remained: “Are there physiological signals or
cues that cells encounter that in turn cause copy gains
within defined regions of the genome?” We reasoned
that tumor cells encounter various stresses that could pro-
mote copy gains,which could ultimately contribute to the
copy number heterogeneity observed in tumors. In fact,
we suspect that regions of SCNAs often observed in tu-
mors maybe prone to transient amplification (i.e., 1q12–
1q21) and contribute to their observed copy gains in tu-
mors. This same notion could also explain why CNVs of
specific regions (e.g., 1q21) emerge in other diseases such
as autism and schizophrenia (Stefansson et al. 2008;
Levinson et al. 2011).
Therefore, we systematically screened site-specific

copy gains after cells were treated with a panel of cellular
stresses that occur during development and tumorigene-
sis. Surprisingly, only one condition, hypoxia, promotes
site-specific copy gain of regions frequently observed in
tumors. Hypoxia-dependent copy gain occurs at tumor-
relevant oxygen levels (1%O2) in diverse cancer cell lines
and primary T cells. Hypoxia-dependent site-specific copy
gains are transient, require S phase, and undergo rerepli-
cation. We demonstrate that copy gains were not depen-
dent on HIF1α or HIF2α; however, the α-ketoglutarate-
dependent lysine demethylase KDM4A was required for
the copy gains. Upon hypoxic exposure, KDM4A was
stabilized through reduced association with the SKP1–
Cul1–F-box (SCF) ubiquitin ligase complex, increased
association with chromatin, and retained enzyme activi-
ty. Finally, pretreatment of cells with succinate (a natural-
ly occurring metabolite that inactivates α-ketoglutarate-
dependent enzymes) or a lysine demethylase (KDM)
chemical inhibitor blocks hypoxia-induced gains. These
observations highlight the dynamics associated with
copy gain and suggest that enzyme levels, S-phase status,
cellular stresses, and metabolic state could contribute
to the copy number heterogeneity observed in human
tumors.
We demonstrated that, consistent with hypoxia-in-

duced copy gains being a biological response, copy gain
following hypoxia is conserved at a syntenic region in
zebrafish cells, while a nonsyntenic region was not
gained. In addition, primary breast and lung tumors with
a defined hypoxic gene signature are enriched for focal
copy number changes in the same regions generated in hu-
man and zebrafish cell cultures. Most importantly, our
analyses of hypoxic breast and lung tumors identified in-
creased copy number and expression of a drug resistance
oncogene, CKS1B (Shaughnessy 2005). We further de-
monstrated in breast cancer cells that CKS1B exhibited
site-specific copy gain and had increased expression
upon hypoxic exposure. These results suggest that hypox-
ia can promote site-specific copy gain and increased ex-
pression of drug resistance genes such as CKS1B. These
data uncover a mechanism that could account for both
copy number and expression heterogeneity observed in
solid tumors and establish amolecular basis for drug resis-
tance gene selection (Patel et al. 2014).

Results

Hypoxia promotes site-specific copy gain

We reasoned that tumor cells experience various stresses
that promote copy gains, which could ultimately contrib-
ute to the copy number heterogeneity observed in tumors.
Therefore, we monitored the impact that environmental
conditions observed during development and tumori-
genesis have on regions frequently gained in tumors and
susceptible to TSSGs (i.e., 1q12–1q21) (Beroukhim et al.
2010; Blacket al. 2013;Tang andAmon2013). Specifically,
we screened copy gain in the nearly diploid, immortal-
ized but nontransformed hTERT-RPE-1 (hereafter called
RPE) cell line (Jiang et al. 1999; Black et al. 2013) that
was exposed to reactive oxygen species (ROS; H2O2), ER
stress (tunicamycin [TU]), temperature stress (heat shock,
43°C),metabolic stress (lowserum[0.1%FBS], no glucose),
and hypoxia (1% O2) (Fig. 1A; Supplemental Fig. S1A–M).
We exposed cells to the indicated stresses (see the Materi-
als andMethods) and assayed for site-specific copy gain by
fluorescent in situ hybridization (FISH) and cell cycle pro-
files after 24 h (Fig. 1B; Supplemental Fig. S1B–M). Using
our approach, only hypoxia generated site-specific gains
(Fig. 1B), while other stresses were not drastically different
from control conditions (Supplemental Fig. S1C–M). For
example, 1q12h and 1q21.2 copy gains were induced in
as little as 24 h of hypoxic exposure; however, no change
was observed for other chromosomal regions (e.g.,
1q23.3) (Fig. 1B). Since hypoxic exposure alters the redox
state of the cell (Solaini et al. 2010), we examined whether
other redoxmodulators impacted copy gain. Cells exposed
to other reducing (DTT and N-acetyl cysteine [NAC]) or
oxidizing (2,3-dimethoxy-1,4-naphthoquinone [DMNQ])
agents did not induce site-specific copy gain, suggesting
that the observed gains are specific to hypoxia (Supple-
mental Fig. S1N–S). Spectral karyotyping analysis of hyp-
oxic cells did not show widespread genome instability
(Supplemental Table S1), which was consistent with the
normal cell cycle profiles observed in hypoxia (Supple-
mental Fig. S1H). Furthermore, analysis of 1q12h and
1q21.2 in the same cells revealed that the gains in hypoxic
conditions were predominantly mutually exclusive (Fig.
1C), which further underscored the site-specific nature of
the gains. These results suggest that hypoxia promotes
site-specific copy gain.
To address whether copy gain was a prevalent response

to hypoxia, we analyzed a diverse panel of cancer cell
lines—including breast cancer (MDA-MB 468 and MDA-
MB 231), neuroblastoma (SK-N-AS), and multiple myelo-
ma (MM.1S)—and kidney cell lines (HEK293T [hereafter
called 293T] and UMRC2) for copy gain of 1q12h by FISH
following growth in hypoxia (Supplemental Fig. S2A–M).
In each cell line, we observed copy gain of 1q12h under
hypoxic conditions but no change in chromosome 8 cen-
tromere (8c). Furthermore, HIF1α or HIF2α depletion by
two independent siRNAs did not prevent copy gain in hyp-
oxic RPE cells despite blocking induction of the hypoxia-
inducible target gene CAIX (Supplemental Fig. S2N–Q).
Consistent with these observations, UMRC2 cells—
which lack VHL and have a functionally stable HIF1α
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and HIF2α (Gameiro et al. 2013), resulting in hypoxia gene
programactivation innormoxic conditions—donot gener-
ate copy gainwithout hypoxia (Supplemental Fig. S2K–M).
Therefore, HIF1α and HIF2α stabilization was not suffi-
cient to promote copy gain. Together, these data strongly
suggest that hypoxia-dependent copy gains are a common
response that does not require the HIF1/2α pathway.

Hypoxia-induced copy gains require proliferation

Oxygen levels change during development and tumori-
genesis (Vaupel 2004; Dunwoodie 2009); therefore, we as-
sessedwhether site-specific copy gains are reversible upon
return to normal oxygen levels (Fig. 1D). FISH analysis for

1q12h copy gain revealed an increased percentage of cells
with copy gain at 24, 48, and 72 h of growth in hypoxia;
however, upon return to normoxia, the number of cells
with extra copies of 1q12h returned to baseline (Fig. 1D).
In fact, copy gain of 1q12h persists for the first 2 h follow-
ing release from hypoxia but is lost by 4 h after return to
normoxia (Fig. 1E). These data suggest that hypoxia-de-
pendent copy gains are dynamic and reversible.

To demonstrate that hypoxia-dependent copy gains re-
quire proliferation, we arrested cells using hydroxyurea
(HU) under hypoxic conditions (Supplemental Fig. S2R).
Cells arrested at G1/S in hypoxia did not exhibit copy
gains (Fig. 1F). However, upon release from the arrest, hyp-
oxic cells rapidly accumulated copy gain of both 1q12h

Figure 1. Hypoxia, but not other physiological stresses, promotes TSSG. (A) Schematic detailing the approach used in the screen of phys-
iological stresses. RPE cells were exposed to the indicated stress for 24 h prior to collection for FISH and fluorescence-activated cell sorting
(FACS) analysis. (B) Hypoxia promotes site-specific copy gain of 1q12h and 1q21.2 by FISH analysis. (C ) Hypoxia-amplified regions are not
contiguous. Table summarizing coamplification of 1q12h and 1q21.2. Data are presented as a percentage of all amplified cells (sum of all
replicates) having two or three or more (three plus) copies of the indicated FISH probes. (D) Hypoxia-induced copy gain of 1q12h is revers-
ible. Quantification of FISH for 1q12h and chromosome 8 centromere (8c) after 24–72 h of 21% O2 (normoxia) or 1% O2 (hypoxia) or a
return to normoxia from 1% O2 for 24 h (Rescue). (†) Significant difference from 1% O2 for 72 h by two-tailed Student’s t-test. P < 0.05.
(E) Hypoxia-dependent copy gains are removed within 4 h of return to normoxia. Quantification of FISH probes for the indicated times
after 48 h of normoxia or hypoxia treatment. (†) Significant difference from 0 h after release from 1% O2 by two-tailed Student’s t-test.
P < 0.05. (F ) Hypoxia-induced copy gains occur during S phase. Quantification of FISH for 1q12h, 1q21.2, and 8c in RPE cells following
hydroxyurea (HU) arrest in normoxia or 1%O2 (time 0) or the indicated time after HU release. (†) Significant difference fromasynchronous
(−) 1%O2 by two-tailed Student’s t-test. P < 0.05. (G) Regions with hypoxia-dependent copy gain are rereplicated. Cesium chloride (CsCl)
density gradient purification of rereplicated DNA was analyzed by quantitative PCR (qPCR) for regions amplified in hypoxia. Error bars
represent the SEM. (∗) Significant difference from normoxia by two-tailed Student’s t-test. P < 0.05.

Black et al.

1020 GENES & DEVELOPMENT



and 1q21.2. Intriguingly, these gains were lost prior to the
end of S phase, with loss of 1q21.2 copy gains occurring
slightly faster than 1q12h loss, suggesting that individu-
al regions exhibit site-specific copy gain with different
kinetics. Furthermore, we demonstrated that these re-
gions were rereplicated by performing quantitative PCR
(qPCR) on DNA purified from the heavy:heavy (H:H) frac-
tion from a cesium chloride (CsCl) density gradient (Fig.
1G; Supplemental Fig. S2S). These results demonstrate
that hypoxia-induced copy gains occur during S phase
and are reversible.
The next major question was whether a hypoxic signal

could drive site-specific copy alterations in nonimmortal-
ized or noncancer cells. To address this question, we iso-
lated CD4+ T cells by fluorescence-activated cell sorting
(FACS) from buffy coat and peripheral blood of healthy in-
dividuals (Fig. 2A). Following isolation, T cells were al-
lowed to recover in normoxia (i.e., 21% O2, which is
“normoxia” for cell culture, similar to the 13.2% O2 ob-
served in arterial blood not associated with hemoglobin)
(Carreau et al. 2011) for 24 h in the presence of IL2 with
or without stimulation with anti-human CD3 and CD28
antibodies. Following recovery, T cells were maintained
in normoxia or transferred to hypoxia for an additional
24 h and analyzed by FISH for site-specific copy gain.
Only stimulated T cells grown in hypoxia for 24 h exhib-
ited copy gain of 1q12h and 1q21.2 but not gain of 1q23.3
or 8c (Fig. 2B). These results demonstrate that primary
cells subjected to hypoxic conditions promote site-specif-
ic copy gain in a proliferation-dependent manner.

KDM4A stabilization promotes hypoxia-induced
copy gain

Since our previous study demonstrated that depletion of
either H3K9me3 or H3K36me3 was sufficient to promote
site-specific copy gain (Black et al. 2013), we reasoned
that histone demethylases may mediate hypoxia-induced
copy gain. JmjC-containing demethylases use molecular
oxygen as a cofactor for demethylation, and thus hypoxia
hasbeenproposedto inactivatethe JmjC-containingdeme-
thylases. However, previous reports have shown that
certain JmjC-containing KDMs that target H3K9 methy-
lation are transcriptionally up-regulated (KDM4B and
KDM4C) or retain their activity (KDM3A) upon hypoxic
exposure (Krieg et al. 2010; Lee et al. 2013). We tested
whether KDM3A overexpression or siRNA depletion of
KDM4enzymeswith independent siRNAsduringhypoxia
was responsible for site-specific gain. KDM3A overex-
pression was not sufficient to promote site-specific copy
gain (Supplemental Fig. S3A,B). In addition, depletion of
KDM4B–D with two independent siRNAs did not block
hypoxia-induced copy gain despite increased KDM4B/C
expression in hypoxia (Fig. 3A; Supplemental Fig. S3C–F).
However, depletion of KDM4A blocked the hypoxia-de-
pendentcopygain (Fig.3B;SupplementalFig.S3G)without
altering cell cycle distribution (Supplemental Fig. S3H).
To demonstrate a genetic requirement for KDM4A, we

generated KDM4A knockout 293T cells using CRISPR/
Cas9. We then reintroduced either GFP or GFP-KDM4A
(wild type) and generated single-cell clones. We selected
GFP-KDM4A clones that had expression levels similar
to those of endogenous KDM4A in parental 293T cells
(Supplemental Fig. S3I). Importantly, the restored GFP-
KDM4A was induced under hypoxic conditions (Supple-
mental Fig. S3J). Two independentGFP clones (lacking en-
dogenous KDM4A) were unable to generate site-specific
copy gain in hypoxia, while both GFP-KDM4A rescue
clones were able to generate site-specific copy gains (Fig.
3C) without altering cell cycle distribution (Supplemental
Fig. S3K). These results demonstrate that KDM4A is nec-
essary for the generation of site-specific copy gain in re-
sponse to hypoxia.
In agreement with previous reports, we did not observe

increased KDM4A transcript upon hypoxic exposure (Sup-
plemental Fig. S3L; Beyer et al. 2008). However, KDM4A
protein levels were increased with as little as 24 h of
exposure to hypoxia in all cell lines tested (Fig. 3D, left
panel; Supplemental Fig. S3M) as well as in the primary
CD4+ T cells treated with hypoxia (Fig. 3D, right panel).
In fact, KDM4A protein levels were regulated in the
same temporal fashion as the copy gains upon hypoxic ex-
posure and return to normoxia (Supplemental Fig. S4A–

C). Furthermore, hypoxia resulted in KDM4A protein sta-
bilization (e.g., increased half-life from1 h 49min to 4 h 56
min) (Fig. 3E; Supplemental Fig. S4D). We and others pre-
viously demonstrated that KDM4A proteins levels are
regulated by the SCF-containing ubiquitin ligase com-
plex (Tan et al. 2011; Van Rechem et al. 2011). KDM4A
interacts with the SCF–ubiquitin ligase complex and
is ubiquitinated and degraded in a cell cycle-dependent

Figure 2. Hypoxia induces site-specific copy in primary human
T cells. (A) Schematic illustrating collection, isolation, and stim-
ulation of primary humanT cells. (B) Hypoxia induces site-specif-
ic copy gain only in stimulated primary human T cells. Error bars
represent the SEM. (∗) Significant difference from normoxia by
two-tailed Student’s t-test. P < 0.05.
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Figure 3. Hypoxia-inducedsite-specific copygainsareKDM4A-dependent. (A) KDM4B–Darenot required forcopygain inhypoxia.Quan-
tification of FISH for 1q12h and 8c in RPE cells depleted of KDM4B, KDM4C, or KDM4D and maintained in normoxia or hypoxia. Data
presented are an average of two independent experiments, each performed with two independent siRNAs. (B) Hypoxia-induced 1q12h
and 1q21.2 copy gains require KDM4A. Quantification of FISH for 1q12h and 8c in RPE cells after 24 h of normoxia or hypoxia and with
or without depletion of KDM4A. Data presented are an average of two independent siRNA. (C ) Genomic deletion of KDM4A using
CRISPR/Cas9 abrogates hypoxia-driven copy gain. Quantification of FISH for 1q12h and 8c in 293T CRISPR cell lines stably expressing
either GFP or GFP-KDM4A following 24 h of normoxia or hypoxia. Data represent an average of two independent experiments for two in-
dependently derived single-cell clones of GFP (GFP8 and GFP14) or GFP-KDM4A (WT19 andWT28). (D) Hypoxia stabilizes KDM4A pro-
tein levels.Western blot indicatesKDM4Aprotein levels after 24 and48hof hypoxic treatment inRPEcells (leftpanel) andprimaryhuman
Tcellswithorwithout stimulation (rightpanel). (E)Hypoxia increases thehalf-life ofKDM4Aprotein inRPEcells. (Toppanel)Westernblot
of half-life experiment demonstrates that KDM4A is stabilized in hypoxia following cycloheximide treatment. (Bottom panel) Graphical
representation of KDM4Ahalf-life in RPE cells. Quantification of half-life indicates a half-life of 1 h 49min ± 3min in normoxia and 4 h 56
min ± 37min inhypoxia. (∗) Significant difference fromnormoxia at the same timepoint by two-tailedStudent’s t-test.P < 0.05. (F )Hypoxia
abrogates the interaction of the SCF complex with KDM4A. KDM4Awas immunoprecipitated fromRPE cells maintained in normoxia or
hypoxia, and the interactionwith components of the SCF complexwas analyzed byWestern blot. (G) KDM4A levels are increased on chro-
matin during hypoxia (lanes 5,6 , respectively; 1% O2). (Cyto) Cytoplasm; (NE) nuclear extract; (Chrom) chromatin fraction. (H) KDM4A
demethylase activity is retainedafter 24h inhypoxia.RPEcells expressing3xHA-WT-KDM4Aweremaintained innormoxia orhypoxia for
24 h, and H3K9 andH3K36 demethylation was assessed by immunofluorescence. The graph represents an average of two independent ex-
periments, with demethylase activity in hypoxia normalized to activity in normoxia. (I ) Demethylase inhibition with JIB-04 blocks hyp-
oxia-dependent copy gain. Quantification of FISH for 1q12h and 8c in RPE cells upon JIB-04 treatment. (J) Hypoxia-dependent copy gains
can be suppressed by treatment with 2mM succinate. In all panels, error bars indicate SEM. (∗) Significant difference fromnormoxia (B,C )
and significant difference from vehicle-treated normoxia samples (I,J) by two-tailed Student’s t-test. P < 0.05. (†) Significant difference
from siCTRL (1% O2; B) and significant difference from vehicle (1% O2; I,J) by two-tailed Student’s t-test. P < 0.05.
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manner. Therefore, we reasoned that this complex may
influence KDM4A ubiquitination and protein stability
during hypoxia exposure. Consistent with our previous
results and the increased half-life of KDM4A in hypoxia,
KDM4A had a reduced association with the SCF com-
plex and less ubiquitination under hypoxic conditions
(Fig. 3F; Supplemental Fig. S4E,F; VanRechemet al. 2011).
We previously demonstrated that KDM4A overex-

pression results in increased chromatin association
throughout the genome and is associated with rereplica-
tion of specific regions (Van Rechem et al. 2011; Black
et al. 2013). In agreementwith these observations, hypoxia
resulted in stabilized KDM4A that also increased in
the chromatin fraction (Fig. 3G). To determine whether
KDM4A remained active under hypoxic conditions, we
assessed demethylation using standard immunofluo-
rescence assays (Whetstine et al. 2006). Importantly,
KDM4Aretained enzymatic activity under hypoxic condi-
tions. Twenty-four-hour exposure to hypoxic conditions
resulted in a reduction but not a loss in H3K9me3 activity
while not affecting H3K36me3 demethylation (Fig. 3H;
Supplemental Fig. S4G). KDM4A remained active, with a
modest reduction in demethylase activity, even after 48 h
in hypoxic conditions (Supplemental Fig. S4H). These re-
sults demonstrate that KDM4A was stabilized, enriched
on thechromatin, andable to retain enzymatic activityun-
der hypoxic conditions.

Small molecule inhibition of hypoxia-induced copy gains

Based on these observations, we hypothesized that
KDM4A inhibition could serve as a tool to modulate
the copy number alterations observed in hypoxia. To
test this hypothesis, we pretreated cells with an inhibitor
of JmjC demethylases, JIB-04 (Wang et al. 2013; Van
Rechem et al. 2015). JIB-04 is not a selective inhibitor of
KDM4A but inhibits the KDM4 family as well as
KDM5A and KDM6B (Wang et al. 2013). JIB-04 did not
substantially alter KDM4A protein levels or cell cycle
profiles in hypoxia (Supplemental Fig. S4I,J). However,
treatment with JIB-04 significantly reduced hypoxia-de-
pendent copy gain of 1q12h (Fig. 3I). Since JIB-04 also tar-
gets KDM5A and KDM6B, we depleted these KDMs with
siRNAs under hypoxic conditions. Depletion of KDM5A
or KDM6B was insufficient to rescue hypoxic induction
of site-specific copy gain (Supplemental Fig. S4K–N).
Since depletion of KDM4B–D, KDM5A, or KDM6B failed
to rescue site-specific copy gain in hypoxia, JIB-04 is likely
suppressing site-specific gain through KDM4A inhibition.
Since all JmjC-containing proteins can be inhibited by

the natural metabolite succinate (Smith et al. 2007; Black
et al. 2012), we treated RPE cells with succinate prior to
growth in hypoxia. Succinate treatment did not alter
KDM4A stabilization or cell cycle progression (Supple-
mental Fig. S4O,P) but was sufficient to abrogate hypox-
ia-dependent copy gain of 1q12h (Fig. 3J). These results
establish that hypoxia-dependent copy gains are a biolog-
ical response that can be pharmacologically regulated and
emphasize the impact that metabolic state can have on
copy number. In addition, these data illustrate how amet-

abolic change could counteract hypoxia-induced gains,
which provides another basis for copy number heteroge-
neity within tumors (see Fig. 7, below).

Hypoxia-induced copy gains are conserved

Based on our findings in primary and cancer cells, we hy-
pothesized that hypoxia-induced KDM4A stabilization
and copy gains were evolutionarily conserved responses.
In order to test this possibility, we examined zebrafish
KDM4A (zfKDM4A). Wild-type zfKDM4A (zfKDM4A-
WT), which has an architecture similar to that of human
KDM4A (huKDM4A) (Fig. 4A), was able to demethyl-
ate both H3K9me3 and H3K36me3 (Fig. 4A). In addition,
overexpression of the catalytically active zfKDM4A
(zfKMD4A-WT) in human cells was sufficient to promote
copy gain of regions regulated by huKDM4A (Fig. 4B,C).
Similar to huKDM4A, zfKDM4A retained catalytic activ-
ity in hypoxia, albeit with reduced activity on H3K9me3,
and was stabilized under hypoxic treatment (Fig. 4D,E).
This prompted us to evaluate whether hypoxia promot-

ed copy gain in zebrafish cells. Zebrafish were cultured in
water saturated with atmospheric oxygen levels (21%),
and zebrafish cell lines were considered to be hypoxic at
or below 3% O2 (Jopling et al. 2012). Using the zebrafish
cell line AB.9 (Paw and Zon 1999), we assessed the ability
of hypoxia to promote copy gain of a region syntenic to the
human BCL9 gene on 1q21.2 (Fig. 4F). This syntenic re-
gion was gained in AB.9 cells upon hypoxia exposure
(Fig. 4G). However, a second homologous but nonsyntenic
region to the human IGBP1 gene on zebrafish chromo-
some 5 (Fig. 4H, region covered by the Xq13.1 probe in hu-
man cells, green bar at the top of the schematic) was not
copy-gained in response to growth in hypoxia (Fig. 4I).
These data demonstrate that copy gain is a conserved
response to hypoxia.

Hypoxic tumors are enriched for hypoxia-induced
copy gains

Since primary cells, cultured cancer lines, and zebrafish
cells promote site-specific gain in response to hypoxia,
we hypothesized that hypoxic conditions within primary
tumorsmaycontribute to SCNAsobserved in tumors (Ber-
oukhim et al. 2010). By analyzing tumors, we are control-
ling for the physiological hypoxia that is occurring within
the tumor. This analysis circumvents the issue of our stan-
dard cell culture conditions (21% O2, normoxia in vitro)
and establish whether the relationship that we observed
in culture is occurring in tumors. Ultimately, this analysis
will allow in vivo validation and in turn allow us to test
newly identified regions in cell culture models.
To address our hypothesis, we analyzed primary breast

(BRCA) and lung (LUAD) tumors from The Cancer Ge-
nome Atlas (TCGA) for SCNAs in hypoxic compared
with nonhypoxic tumors. To identify hypoxic tumors,
we used the hypoxia gene signature derived by Winter
et al. (2007) to perform anunbiased consensus hierarchical
clustering of BRCA and LUAD (see “Data Processing for
TCGA Breast Cancer and Lung Adenocarcinoma” in the
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Materials and Methods; Supplemental Fig. S5A–D; The
Cancer Genome Atlas Network 2012). As validation of
this gene set and clustering approach, 65 out of 88 basal
BRCA samples reside in the hypoxic cluster. Basal breast
cancer had been previously demonstrated to be more
hypoxic than other molecular subtypes of breast cancer,
which supports our computational analyses (Perou 2010).
Furthermore, previous reports had demonstrated that hyp-

oxia is a negative prognostic marker in multiple tumor
types (Hockel et al. 1996; Eschmann et al. 2005; Wang
et al. 2014). Our analyses further substantiated these ob-
servations, since hypoxic BRCA and LUAD samples had
a significantly higher risk (faster time to death) in both
BRCA (Fig. 5A) and LUAD (Fig. 5B).

We next asked whether specific cytogenetic bands ex-
hibit focal amplifications in hypoxic BRCA and LUAD

Figure 4. Hypoxia-induced copy gains are conserved in zebrafish. (A) A schematic depicting the homology of huKDM4A and zfKDM4A.
The table depicts the H3K9 and H3K36 demethylase activity of zfKDM4A expressed in RPE cells as determined by immunofluorescence.
(B) Expression levels of zfKDM4A and huKDM4A proteins in RPE cells expressing wild-type (WT) and catalytically mutant (H185A)
zfKDM4A. (C ) zfKDM4A promotes copy gain in human cells. Quantification of FISH for 1q12h, 1q21.2, and 8c for RPE cells expressing
zfKDM4Aor catalytically inactive zfKDM4ACAT. (D) Quantification of H3K9 andH3K36 demethylase activity by immunofluorescence
in normoxia and hypoxia for RPE cells ectopically expressing zfKDM4A. (E) Hypoxia stabilizes zfKDM4A in RPE cells. (F ) A schematic
depicting the syntenic region of 1q21.2 in zebrafish used for FISH analysis. Green bars indicate the location of the human (stick figure) and
zebrafish (fish icon) probes used. (G) Hypoxia promotes copy gain ofBCL9 in zebrafishAB.9 cells. Quantification of FISH for BCL9 after 72
h of normoxia or 1% O2. (H) A schematic of the IGBP1 homologous region in zebrafish. Green bars indicate the location of the human
(stick figure) and zebrafish (fish icon) probes used. (I ) Hypoxia does not induce copy gain of IGBP1 in zebrafish. Quantification of FISH
for IGBP1 after 72 h of normoxia or 1% O2. Error bars represent the SEM. (∗) Significant difference from control samples by two-tailed
Student’s t-test. P < 0.05.
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samples. In fact, BRCA and LUAD samples also had an in-
creased number of focal copy number events in hypoxic
samples (Fig. 5C,D; Supplemental Fig. S5E–H). We ob-
served a strong enrichment of copy gain of 1p11.2 through
1q23.3 (Fig. 5E,H, blue shaded region) in hypoxic BRCA
(Fig. 5E) and LUAD (Fig. 5H) that was not present in non-
hypoxic samples (Fig. 5F–J). Taken together, our data high-
light that hypoxic conditions are associated with a worse
outcome and focal SCNAs in tumors and that regions
with hypoxia-dependent copy gain in cell culture are
also focally gained in hypoxic primary tumors in two dif-
ferent cancer types. These data further emphasize the
relationship between hypoxia and driving site-specific
copy gain in vitro and in vivo.

Hypoxia induces copy gain and expression
of a drug-resistant oncogene

To date, a function for TSSGs has yet to be assigned.
Therefore, we asked whether hypoxic exposure served as

a mechanism to promote gene amplification and in turn
increase gene expression. Analysis of both BRCA and
LUAD identified seven genes that were amplified and
had altered expression in both tumor types (Supplemental
Table S2). Of particular interest was the drug resistance
oncogene CKS1B, which has low-level copy gains (one
to three copies) in several cancers (Shaughnessy 2005).
This level of gain corresponds to a comparable increased
expression in tumors, which is associated with drug resis-
tance and worse outcome in patients (Wang et al. 2009;
Shi et al. 2010; Martin-Ezquerra et al. 2011; Khattar and
Thottassery 2013). Since this target emerged from our in
silico analyses and has major implications in tumor drug
response and patient outcome, we determined whether
CKS1B was copy-gained. Using the breast cancer line
MDA-MB-231, we observed copy gain for CKS1B upon
hypoxic exposure, which was reversed upon return to nor-
moxia (Fig. 6A). The gain ofCKS1B also correlatedwith an
increase in transcription of CKS1B, which was rescued
upon returning the cells to normoxia (Fig. 6B). We further

Figure 5. Tumors with a hypoxic signature have copy gains of regions observed in hypoxic cell culture. (A) TCGA breast cancer samples
with a hypoxic gene signature have a faster time to death. (B) TCGA lung adenocarcinoma samples with a hypoxic gene signature have a
faster time to death. (C ) TCGA breast cancer samples with a hypoxic gene signature have increased focal CNVs. (D) TCGA lung adeno-
carcinoma samples with a hypoxic gene signature have increased focal CNVs. (E) TCGA breast cancer samples with a hypoxic gene sig-
nature have an enrichment of copy gain of 1p11.2 through 1q23.3. (F ) TCGA breast cancer samples without a hypoxic gene signature do
not have enrichment of copy gain of 1p11.2 through 1q23.3. (G) Mean copy number of hypoxic (red) and nonhypoxic (blue) breast cancer
samples. (H) TCGA lung adenocarcinoma samples with a hypoxic gene signature have enriched copy gain of 1p11.2 through 1q23.3. (I )
TCGA lung adenocarcinoma samples without a hypoxic gene signature do not have enriched copy gain of 1p11.2 through 1q23.3. (J)
Mean copy number of hypoxic (red) and nonhypoxic (blue) lung adenocarcinoma samples. For each coamplification plot, blue shaded re-
gions indicate 1p11.2 through 1q23.3.

Hypoxia generates site-specific copy gain

GENES & DEVELOPMENT 1025



demonstrated that KDM4A depletion was sufficient to
block both the copy gain and transcriptional increase ob-
served for CKS1B under hypoxic conditions (Fig. 6C,D;
Supplemental Fig. S5I). Taken together, these results
suggest that hypoxia can promote site-specific copy gain
and increased expression of drug resistance genes such
asCKS1B. These data uncover amechanism that could ac-
count for both copy number and expression heterogeneity
observed in solid tumors (Patel et al. 2014).

Discussion

We identified a cellular mechanism of TSSGs in response
to hypoxic stress. Thismechanism does not require genet-
ic manipulation or drug treatment. Cells exposed to tu-
mor-relevant hypoxia (1% O2) (Rofstad 2000), but not
other physiological stresses, exhibited copy gain in as lit-
tle as 24 h. Hypoxia promoted site-specific gains in not
only transformed cancer cells but also primary human T
cells. The generation of site-specific copy gains was con-
served across species, as a syntenic region in zebrafish
cells was also gained when exposed to hypoxia. Analysis
of primary human tumors from TCGA demonstrated
that breast and lung tumors that exhibit a hypoxic gene
signature were associated with copy gains in the regions
generated in human and zebrafish cell cultures. Most im-
portantly, we demonstrated that hypoxic tumors predict-
ed amplification and expression for the drug-resistant
oncogeneCKS1B, whichwas confirmed in a human breast
cancer cell line treated with hypoxia. These copy gains
were the result of KDM4A stabilization, which was re-
versible upon normoxia exposure.We further demonstrat-
ed that hypoxia-dependent copy gains are druggable, as
pretreatment of cells with succinate or a KDM chemical
inhibitor blocked hypoxia-induced copy gains. Taken
together, our work uncovered a conserved response to
hypoxia from zebrafish to humans that generates site-spe-
cific copy gains. These results also highlight how hypoxia

could contribute to tumor heterogeneity and suggest that
KDM4A inhibitors may be useful cotherapeutics to sup-
press copy gains.

This study provides a mechanistic view of how tumors
could acquire intratumoral heterogeneity and how var-
iations in copy number could arise during tumor deve-
lopment. Our work also suggests that intratumoral
heterogeneity could include not only stable, heritable
SCNA from different subclones but also transient hetero-
geneity arising from environmental factors, changes in
cell cycle, metabolism, or altered chromatin state. Fur-
thermore, our results underscore how nongenetic alter-
ations in the tumor microenvironment, including the
availabilityof oxygenormetabolites (i.e., succinate), could
contribute to or limit intratumoral heterogeneity (Fig. 7;
Junttila and de Sauvage 2013). These findings highlight
the conserved impact that stress, metabolic state, and

Figure 6. CKS1B exhibits site-specific copy
gain and increased expression in hypoxic cells.
(A,B) CKS1B is copy-gained and overexpressed
in hypoxic breast cancer cell lines. Quantifica-
tion of FISH (A) and CKS1B mRNA expression
(B) in MDA-MB 231 cells maintained in hyp-
oxia for 24–72 h or maintained in hypoxia for
48 h prior to return to normoxia for 24 h (res-
cue). (†) Significant difference from 1% O2 at
24 h by two-tailed Student’s t-test. P < 0.05.
(C ) Hypoxia-dependent CKS1B copy gain re-
quires KDM4A. Quantification of FISH for
1q12h and 8c for MDA-MB-231 cells main-
tained in normoxia or hypoxiawith or without
siRNA depletion of KDM4A. (†) Signifi-
cant difference from 1% O2 siCTRL by two-
tailed Student’s t-test. (D) Hypoxia-dependent
CKS1B transcript induction requires KDM4A.
Circled asterisks indicate significant differ-

ence from siCTRL in hypoxia by two-tailed Student’s t-test. P < 0.05. In all panels, asterisks indicate significant difference from normoxia
by two-tailed Student’s t-test. P < 0.05.

Figure 7. Model depicting how site-specific copy gains could ex-
plain intratumoral heterogeneity.
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proliferative capacity could have on intratumor CNV,
which has been documented across cancers (Gerlinger
et al. 2012; Burrell et al. 2013; Junttila and de Sauvage
2013; Nathanson et al. 2014). It is not yet clear whether
this environmental control of copy gain could be tumori-
genic under specific circumstances. We view the mecha-
nism described here not as a transforming event but as
an adaptive response to stress, which could also serve to
modify oncogenic potential. Furthermore, it is possible
that the conditions in our screen also promote site-specific
copy gain of regions different from those thatwe tested, re-
quire a more prolonged exposure to the stimuli, or arise
from an alternative cell of origin. Regardless, we believe
that cells control amplification of specific regions of their
genome in response to different stimuli to facilitate stress
response, survival, and adaptation to new or challenging
environmental conditions.
Several KDMs have now been shown to be transcrip-

tionally up-regulated under hypoxic conditions, including
KDM4B, KDM4C, andKDM6B (Krieg et al. 2010; Lee et al.
2013; Guo et al. 2015). We observed similar results in RPE
cells in response to hypoxia. However, we demonstrated
that KDM4A regulation under hypoxic conditions is dis-
tinct from these other JmjC KDMs, as it is regulated pri-
marily at the protein level and not at the transcriptional
level. We also demonstrate that KDM4A remains active,
albeit with reduced activity under hypoxic conditions.
The fact that H3K9me3 is more affected after 24 h of hyp-
oxia raises the possibility that hypoxia could also affect
substrate specificity. This could be accomplished through
post-translational modification of KDM4A or by altering
association with a cofactor that may regulate activity.
These same post-translational modifications could also
be important for altering association of KDM4A with
the SCF complex under hypoxic conditions. Identifying
what modifications or alterations allow dissociation of
KDM4A from the SCF complex will be important and
could identify additional pathways that, if misregulated
in cancer, could promote TSSGs.
Here, we also demonstrated that hypoxia induces copy

gain of a syntenic region to human 1q21.2 in zebrafish
cells. Importantly, this reveals that copy gains of related
chromosomal domains are conserved across species in
response to hypoxia. It is interesting to note that the sur-
rounding gene position and chromosome architecture are
conserved between human 1q21.2 and zebrafish BCL9,
indicating a conserved syntenic structure. In contrast, a
zebrafish region homologous to the human Xq13.1
IGBP1 locus, which was amplified in response to hypoxia
in human cells, was not amplified in zebrafish cells. This
region did not have a conserved genic or chromosomal
architecture and thus was nonsyntenic. This suggests
that perhaps syntenic regions or chromosome domains
might influence the ability of regions to undergo site-spe-
cific copy gains, which is an area that needs further
exploration.
The fact that a conserved region amplifies in response to

hypoxia in zebrafish and human cells implies that the
gained regions may have a function in response to hypox-
ia. It will be interesting to determinewhether these ampli-

fied regions are expressed and whether their cognate gene
products contribute to hypoxic response during devel-
opment, which seems possible, since hypoxia induced
CKS1B copy gain and expression. Alternatively, the frag-
ments themselvesmay play an important role irrespective
of expression, perhaps through priming the DNA damage
response. Regardless of the copy gain function, identify-
ing additional regions undergoing copy gain selection
and examining their conservation across species will re-
sult in important insights into chromosomal organiza-
tion and syntenic function upon stress or misregulation
of KDM4A.
Previous reports have highlighted the selection of re-

gions during cancer progression and development. For
example, the DHFR gene is amplified upon methotrexate
chemotherapy (Alt et al. 1978). In a similar fashion, EGFR
amplification is lost upon chemotherapy, but extrachro-
mosomal amplification reappears upon drug removal
(Nathanson et al. 2014). In addition, several developmen-
tally regulated gene-specific amplifications have been
documented, including egg shell gene amplification in
Drosophila follicle cells, the amplification of genes im-
portant for saliva proteins in Sciara, and rRNA gene am-
plification in Tetrahymena (Tower 2004). However, the
molecular basis for these phenomena has not yet been de-
termined. In the case of cancer, it has been thought to
be random selection, while, during development, it has
been thought to be a specialized process. The appearance
of these specific loci coupled to our most recent findings
suggests that specific regulatory factors are involved in
the amplification of distinct regions within the genome.
Understanding how cells specify these regions and regu-
late amplification will provide fundamental insights into
both developmental and pathological processes. In light
of our findings, we predict that the modulation of specific
chromatin regulators such as lysine methyltransferases
and KDMs will control these events, which will impact
development and disease.
In closing, this study documented the conserved role of

hypoxia on site-specific copy gains and demonstrated that
this process has a molecular basis. While the present
study identifies KDM4A as a key enzymatic regulator of
this response, it is unlikely to be the only regulator. It
will also be interesting to isolate other enzymes that are
capable of generating site-specific copy number changes
and establish the upstream pathways that could trigger
their contribution to copy number alterations. By identi-
fying other conditions and enzymes capable of controlling
copy number, we will be able to better understand the
genomic diversity that emerges in tumors and during
development.

Materials and methods

Cell culture and transfections

293T, RPE, MDA-MB 231, MDA-MB 468, and UMRC2 cells
were maintained in DMEM with 10% fetal bovine serum (FBS),
1% penicillin/streptomycin, and L-glutamine. SK-N-AS cells
were maintained in DMEM/F12 (Gibco) with 10% FBS, 1% pen-
icillin/streptomycin, and L-glutamine. MM.1S cells were
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maintained in suspension in RPMI with 10% FBS, 1% penicillin/
streptomycin, and L-glutamine. Zebrafish AB.9 cells (Paw and
Zon 1999) were purchased from American Type Culture Collec-
tion and maintained in DMEM with 20% FBS, 1% penicillin/
streptomycin, and L-glutamine at 28°C. Transient transfection
experimentswere performed usingRocheX-tremeGENE9 or Lip-
ofectamine 3000 transfection reagent in OPTI-MEM I medium
(Gibco) for 4 h or overnight. No selection was used in transient
transfection experiments. siRNA transfections were carried out
using Roche X-tremeGENE 9 siRNA reagent or Lipofectamine
3000 in OPTI-MEM I for 4 h or overnight. Each siRNA experi-
ment represents the average of at least two different siRNAs for
each target gene.

Hypoxic conditions

Cells were plated onto culture dishes and allowed to adhere for
20–24 h in normoxia (5% CO2, 21% O2, 74% N2). For hypoxic
treatment, cells were maintained in a HERA Cell 150 incubator
(Thermo Scientific) flushed with 5% CO2 and 1% O2 and ba-
lanced with N2 for the duration of the experiment. Incubator cal-
ibrations and verifications were carried out by Bianchi Associates
Calibrations/Verifications.

Drug treatments and synchronization

Cells were treated with the following chemical and metabolic
stresses for 24 h at doses used previously: 2 µg/mL TU (Abcam),
60 µM H2O2 (Thermo Fisher Scientific), reduced-serum DMEM
(0.1% FBS), glucose-free DMEM (Gibco), 2 mM DTT (Sigma), 5
mM NAC (Sigma), and 1 µM DMNQ (Sigma). For heat-shock
treatment, cells were incubated for 30 min at 43°C and returned
for 24 h prior to collection to 37°C .
For G1/S synchronization, cells were treated with 2 mM HU

(Sigma) for 20 h. To release, cells were washed twice with culture
medium preconditioned in normoxia or hypoxia and supplied
with fresh preconditioned medium. For JIB-04 treatment, nor-
moxic cells were pretreated with 62.5 nM JIB-04 (Xcessbio) for
24 h and then treated again with JIB-04 and either transferred
to 1% O2 or maintained in normoxia for an additional 24 h. Suc-
cinate (Sigma, S9637) was administered at a final concentration of
2 mM, and cells were either maintained in normoxia for 72 h or
maintained in normoxia for 48 h prior to being transferred to
1% O2 for 24 h.

FISH

FISH was performed as described in Manning et al. (2010) and
Black et al. (2013). For RPE cells, copy gain was scored as any
cell with three or more distinct foci. Approximately 100 cells
for each replicate were scored for all experiments. All FISH exper-
iments include at least two biological replicates. For each exper-
iment, at least one replicate includes FACS and Western blot
from the same cells used for FISH. For knockdown experiments,
at least two different siRNAs were used for each target. Results
are presented as the average from both of the independent siR-
NAs. Complete methods are in the Supplemental Material.

Western blots

Western blots were performed as in Black et al. (2010). Complete
methods are in the Supplemental Material.

Expression plasmids and siRNAs

pCS2-3xHA-huKDM4A and pCS2-3xHA-zfKDM4A-WT and
catalytic mutants were prepared by gateway transfer into

pCS2-3xHA. All clones were sequence-verified. Silencer Select
siRNAs were purchased from Life Technologies as follows:
KDM4A (s18636, s18637, and s18635), KDM4B (s22867 and
s229325), KDM4C (s22989 and s225929), KDM4D (s31266 and
s31267), KDM5A (s11834 and S11836), KDM6B (s23109 and
s23110), HIF1α (s6539 and s6541), and HIF2α (s4698 and s4700).
Results for FISH with each siRNA (at least two independent
siRNAsper target)wereaveragedtogether inallknockdownexper-
iments presented.

RNA extraction and qPCR

Cells for RNA isolation were collected by scraping or trypsiniza-
tion and washed twice with PBS. Cells were resuspended in Tri-
Reagent (Roche) and stored at −80°C until use. RNAwas isolated
using the miRNAeasy Plus kit with on-column DNase digestion
(Qiagen) following the manufacturer’s instructions and quanti-
fied using a Nanodrop 1000D. Single-strand cDNA was prepared
using the Transcriptor first strand cDNA synthesis kit (Roche)
with oligo dT primers. Expression levels were analyzed by quan-
titative real-time PCR in a LightCycler 480 with FastStart Uni-
versal SYBR Green master (Roche) following the manufacturer’s
protocols. All samples were normalized by comparisonwith β-ac-
tin transcript, and hypoxia induction was verified with primers
for CAIX. For CKS1B transcript analysis, we observed transcript
induction in hypoxia in all samples from untreated MDA-MB-
231 cells (Fig. 6A). However, transfection of MDA-MB-231 cells
reduced the induction level of CKS1B (we considered >1.15-fold
induced) (Fig. 6D) and resulted in induction in 16 of 24 replicates,
and siKDM4A depletion resulted in reduced CKS1B transcript in
15 of 16 induced replicates. Replicates included three different
KDM4A siRNAs. The data represent an average of all replicates
that exhibited induction of CKS1B in hypoxia (16 of 24). CKS1B
was amplified (FISH) in all replicates and not amplified upon
KDM4A depletion. Primers are available on request.

Catalytic activity of huKDM4A and zfKDM4A in hypoxia

Assays for demethylase activity were performed using immuno-
fluorescence as described in Whetstine et al. (2006). Briefly, The
indicated HA-tagged KDM4A constructs were transfected into
RPE cells grown on coverslips in six-well dishes using X-treme-
GENE 9 (Roche) or Lipofectamine 3000 (Life Technologies)
DNA transfection reagent. Following 24 or 48 h in hypoxia,
H3K36me3 and H3K9me3 were assayed by examining transfect-
ed cells (positive for HA staining; Covance, HA.11) following fix-
ation (Whetstine et al. 2006; Black et al. 2013). Approximately 50
highly transfected cells in each of two biological replicates were
scored for each condition. Data presented for normoxia are an av-
erage of the two replicates. For hypoxia, data are presented as the
percentage of activity of the same construct under normoxic con-
ditions for each of two biological replicates, which were averaged
together.

Human CD4+ T-cell purification and in vitro culture

CD4+ T cells were isolated from peripheral blood of healthy do-
nors or buffy coats (Sanguine Biosciences) by flow cytometry.
Complete isolation and culture conditions are in the Supplemen-
tal Material.

Half-life determination

Protein turnover was assessed as outlined in Van Rechem
et al. (2011). Briefly, cells maintained in normoxia and hypoxia
were treated with 400 µM cycloheximide (Sigma) for the
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indicated time, after which lysateswere prepared and analyzed by
Western blot.

Immunoprecipitation

Immunoprecipitations were carried out as in Van Rechem et al.
(2011) on cells grown in normoxia or hypoxia for 24 h. KDM4A
was immunoprecipitated from whole-cell lysates using
KDM4A-P006, KDM4A-P014, and KDM4A rabbit polyclonal an-
tibody (Black et al. 2010; Van Rechem et al. 2015). For ubiquitina-
tion determination, KDM4A immunoprecipitationswerewashed
under denaturing conditions as in VanRechemet al. (2011). Ubiq-
uitination of KDM4A was quantitated using ImageJ and normal-
ized to the amount of KDM4A immunoprecipitated.

CsCl gradient centrifugation

CsCl density gradient centrifugation was performed as in Black
et al. (2013). Complete methods are in the Supplemental
Material.

Flow cytometry and cell cycle analysis

Asynchronously growing or G1/S-arrested cells were prepared
and fixed as in Black et al. (2010). Cells were stained with 10
µM EdU for 1 h prior to collection. Cell cycle was analyzed by
PI staining or EdU incorporation using a Click-IT EdU flow cy-
tometry assay kit (Life Technologies). Flow cytometry of CD4+

T cells and cell cycle distribution were analyzed using a BD
FACS ARIA II.

Cell fractionation

Cytoplasmic, nuclear, and chromatin fractions were prepared
from RPE cells as described in Van Rechem et al. (2015). Com-
plete methods are in the Supplemental Material.

Generation of KDM4A knockout 293T cells using CRISPR/Cas9

We created KDM4A knockout 293T cells as previously described
(Fu et al. 2014). Complete methods can be found in the Supple-
mental Material. We generated genetic rescue lines by reintro-
ducing GFP or GFP-KDM4A. KDM4A-deficient cell lines
expressing either GFP or GFP-KDM4A were generated using ret-
roviral infections of pMSCV-GFP or pMSCV-GFP-KDM4A as de-
scribed in Black et al. (2013). Expression of GFP or GFP-KDM4A
was confirmed by Western blot, and no detectable endogenous
KDM4A was observed. As clones were derived from 293T cells,
clonal variability for chromosome numbers was observed (i.e.,
chromosome 1). The independent clones presented had the vast
majority of cells with same number of copies of chromosome 1
(four per cell) and chromosome 8 (two per cell). As such, we con-
sidered five copies of 1q12h a gain and three copies of 8c a gain in
these populations. However, we did not verify that the clones had
similar numbers of all other chromosomes.

Data processing for TCGA breast cancer and lung
adenocarcinoma

Complete methods for analysis of TCGA data are in the Supple-
mental Material.

Competing interest statement

The authors declare the following competing financial interests:
J.R.W. is a consultant for QSonica. J.K.J. is a consultant for Hori-

zon Discovery. J.K.J. has financial interests in Editas Medicine,
Hera Testing Laboratories, Poseida Therapeutics, and Transposa-
gen Biopharmaceuticals. J.K.J.’s interests were reviewed and are
managed by Massachusetts General Hospital and Partners
HealthCare in accordance with their conflict of interest policies.

Acknowledgments

Wearegrateful toRaviMylvaganamand theMassachusettsGene-
ral Hospital FlowCytometry core for assistancewith the cell sort-
ing. We thank Danette Daniels for providing reagents. We also
thank Tony Kossiakoff, Edyta Marcon, Cheryl Arrowsmith, and
members of the Structural Genomics Consortium Antibody
Team for contributions to generating recombinant KDM4A-
P006. This work was supported by funding to J.R.W. from the
American Cancer Society (RSG-13-115-01-CCG), CA059267,
and R01GM097360. J.R.W. is a Tepper FamilyMassachusetts Ge-
neral Hospital Research Scholar and Leukemia and Lymphoma
Society Scholar. J.R.W. is a recipient of anAmerican LungAssoci-
ation Lung Cancer Discovery Award. G.G. and J.K. are supported
byNational Institutes of Health (U24CA143845). J.C.B. was a Fel-
low of The Jane Coffin Childs Memorial Fund for Medical Re-
search. This investigation has been aided by a grant from The
Jane Coffin Childs Memorial Fund for Medical Research. J.C.B.
is supportedbyaMassachusettsGeneralHospitalExecutiveCom-
mittee onResearch (ECOR)Tosteson Post-doctoral Fellowship. E.
A. is supported by a SeniorResearchTraining Fellowship from the
American Lung Association. A post-doctoral fellowship was pro-
vided by the Fund for Medical Discovery (C.V.R.). This research
was supported in part by a grant from the Marsha Rivkin Center
for Ovarian Cancer Research (C.V.R.). B.P.K. is supported by a
post-doctoral fellowship fromtheNationalSciencesandEngineer-
ing Research Council of Canada. This work was supported by a
National Institutes of Health Director’s Pioneer Award (DP1
GM105378) and The Jim and Ann Orr Research Scholar Award
(both to J.K.J.). This work was supported by funding to O.I. from
1RO1CA160458.The StructuralGenomicsConsortium is a regis-
tered charity (no. 1097737) that receives funds fromAbbVie, Boeh-
ringer Ingelheim, theCanada Foundation for Innovation (CFI), the
Canadian Institutes of Health Research (CIHR), GenomeCanada,
Ontario Genomics Institute (grant OGI-055), GlaxoSmithKline,
Janssen, LillyCanada, theNovartis Research Foundation, theOn-
tario Ministry of Economic Development and Innovation, Pfizer,
Takeda, and Wellcome Trust (grant 092809/Z/10/Z), Work in
the Kossiakoff laboratory was funded by the Structural Genomics
Consortium and National Institutes of Health.

References

Alt FW, Kellems RE, Bertino JR, Schimke RT. 1978. Selective
multiplication of dihydrofolate reductase genes inmethotrex-
ate-resistant variants of cultured murine cells. J Biol Chem
253: 1357–1370.

Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S,
Donovan J, Barretina J, Boehm JS, Dobson J, Urashima M,
et al. 2010. The landscape of somatic copy-number alteration
across human cancers. Nature 463: 899–905.

Beyer S, Kristensen MM, Jensen KS, Johansen JV, Staller P. 2008.
The histone demethylases JMJD1A and JMJD2B are transcrip-
tional targets of hypoxia-inducible factor HIF. J Biol Chem
283: 36542–36552.

Black JC, Allen A, Van Rechem C, Forbes E, Longworth M,
Tschop K, Rinehart C, Quiton J, Walsh R, Smallwood A,
et al. 2010. Conserved antagonism between JMJD2A/

Hypoxia generates site-specific copy gain

GENES & DEVELOPMENT 1029



KDM4A and HP1γ during cell cycle progression.Mol Cell 40:
736–748.

Black JC, Van Rechem C, Whetstine JR. 2012. Histone lysine
methylation dynamics: establishment, regulation, and biolog-
ical impact. Mol Cell 48: 491–507.

Black JC, Manning AL, Van Rechem C, Kim J, Ladd B, Cho J,
Pineda CM, Murphy N, Daniels DL, Montagna C, et al.
2013. KDM4A lysine demethylase induces site-specific copy
gain and rereplication of regions amplified in tumors. Cell
154: 541–555.

Burrell RA,McGranahanN, Bartek J, SwantonC. 2013. The caus-
es and consequences of genetic heterogeneity in cancer evolu-
tion. Nature 501: 338–345.

The Cancer Genome Atlas Network. 2012. Comprehensive mo-
lecular portraits of human breast tumours.Nature 490: 61–70.

Carreau A, El Hafny-Rahbi B, Matejuk A, Grillon C, Kieda C.
2011. Why is the partial oxygen pressure of human tissues a
crucial parameter? Small molecules and hypoxia. J Cell Mol
Med 15: 1239–1253.

Dunwoodie SL. 2009. The role of hypoxia in development of the
mammalian embryo. Dev Cell 17: 755–773.

Eschmann SM, Paulsen F, Reimold M, Dittmann H, Welz S,
Reischl G, Machulla HJ, Bares R. 2005. Prognostic impact of
hypoxia imaging with 18F-misonidazole PET in non-small
cell lung cancer and head and neck cancer before radiotherapy.
J Nucl Med 46: 253–260.

Fu Y, Reyon D, Joung JK. 2014. Targeted genome editing in hu-
man cells using CRISPR/Cas nucleases and truncated guide
RNAs. Methods Enzymol 546: 21–45.

Gameiro PA, Yang J, Metelo AM, Perez-Carro R, Baker R, Wang
Z, Arreola A, Rathmell WK, Olumi A, Lopez-Larrubia P,
et al. 2013. In vivo HIF-mediated reductive carboxylation is
regulated by citrate levels and sensitizes VHL-deficient cells
to glutamine deprivation. Cell Metab 17: 372–385.

Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D,
Gronroos E, Martinez P, Matthews N, Stewart A, Tarpey P,
et al. 2012. Intratumor heterogeneity and branched evolu-
tion revealed by multiregion sequencing. N Engl J Med 366:
883–892.

Guo X, Tian Z, Wang X, Pan S, HuangW, Shen Y, Gui Y, Duan X,
Cai Z. 2015. Regulation of histone demethylase KDM6B by
hypoxia-inducible factor-2α. Acta Biochim Biophys Sin
(Shanghai) 47: 106–113.

Hockel M, Schlenger K, Aral B, Mitze M, Schaffer U, Vaupel P.
1996. Association between tumor hypoxia andmalignant pro-
gression in advanced cancer of the uterine cervix. Cancer Res
56: 4509–4515.

Hook SS, Lin JJ, Dutta A. 2007. Mechanisms to control rereplica-
tion and implications for cancer. Curr Opin Cell Biol 19:
663–671.

Jiang XR, Jimenez G, Chang E, Frolkis M, Kusler B, Sage M,
BeecheM, Bodnar AG, Wahl GM, Tlsty TD, et al. 1999. Telo-
merase expression in human somatic cells does not induce
changes associated with a transformed phenotype.Nat Genet
21: 111–114.

Jopling C, Sune G, Faucherre A, Fabregat C, Izpisua Belmonte JC.
2012. Hypoxia induces myocardial regeneration in zebrafish.
Circulation 126: 3017–3027.

Junttila MR, de Sauvage FJ. 2013. Influence of tumour micro-
environment heterogeneity on therapeutic response. Nature
501: 346–354.

Khattar V, Thottassery JV. 2013. Cks1: structure, emerging roles
and implications in multiple cancers. J Cancer Ther 4: 1341–
1354.

Krieg AJ, Rankin EB, Chan D, Razorenova O, Fernandez S, Giac-
cia AJ. 2010. Regulation of the histone demethylase JMJD1A
by hypoxia-inducible factor 1α enhances hypoxic gene expres-
sion and tumor growth. Mol Cell Biol 30: 344–353.

LeeHY, Yang EG, ParkH. 2013.Hypoxia enhances the expression
of prostate-specific antigen bymodifying the quantity and cat-
alytic activity of Jumonji C domain-containing histone deme-
thylases. Carcinogenesis 34: 2706–2715.

Levinson DF, Duan J, Oh S, Wang K, Sanders AR, Shi J, Zhang N,
Mowry BJ, Olincy A, Amin F, et al. 2011. Copy number vari-
ants in schizophrenia: confirmation of five previous findings
and new evidence for 3q29microdeletions and VIPR2 duplica-
tions. Am J Psychiatry 168: 302–316.

Lewis PW,MullerMM, KoletskyMS, Cordero F, Lin S, Banaszyn-
ski LA, Garcia BA, Muir TW, Becher OJ, Allis CD. 2013. Inhi-
bition of PRC2 activity by a gain-of-function H3 mutation
found in pediatric glioblastoma. Science 340: 857–861.

ManningAL, LongworthMS, DysonNJ. 2010. Loss of pRB causes
centromere dysfunction and chromosomal instability. Genes
Dev 24: 1364–1376.

Martin-Ezquerra G, Salgado R, Toll A, Baro T, Mojal S, Yebenes
M, Garcia-Muret MP, Sole F, Quitllet FA, Espinet B, et al.
2011. CDC28 protein kinase regulatory subunit 1B (CKS1B)
expression and genetic status analysis in oral squamous cell
carcinoma. Histol Histopathol 26: 71–77.

Nathanson DA, Gini B, Mottahedeh J, Visnyei K, Koga T, Gomez
G, Eskin A, Hwang K, Wang J, Masui K, et al. 2014. Targeted
therapy resistance mediated by dynamic regulation of extra-
chromosomal mutant EGFR DNA. Science 343: 72–76.

Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Waki-
moto H, Cahill DP, Nahed BV, Curry WT, Martuza RL, et al.
2014. Single-cell RNA-seq highlights intratumoral heteroge-
neity in primary glioblastoma. Science 344: 1396–1401.

Paw BH, Zon LI. 1999. Primary fibroblast cell culture. Methods
Cell Biol 59: 39–43.

PerouCM. 2010.Molecular stratification of triple-negative breast
cancers. Oncologist 15: 39–48.

Rofstad EK. 2000.Microenvironment-induced cancermetastasis.
Int J Radiat Biol 76: 589–605.

Shaughnessy J. 2005. Amplification and overexpression of CKS1B
at chromosome band 1q21 is associated with reduced levels of
p27Kip1 and an aggressive clinical course in multiple myelo-
ma. Hematology 10: 117–126.

Shi L,Wang S, ZangariM, XuH, Cao TM, XuC,WuY, Xiao F, Liu
Y, Yang Y, et al. 2010. Over-expression of CKS1B activates
both MEK/ERK and JAK/STAT3 signaling pathways and pro-
motes myeloma cell drug-resistance. Oncotarget 1: 22–33.

Smith EH, Janknecht R, Maher LJ III. 2007. Succinate inhibition
of α-ketoglutarate-dependent enzymes in a yeastmodel of par-
aganglioma. Hum Mol Genet 16: 3136–3148.

Solaini G, Baracca A, Lenaz G, Sgarbi G. 2010. Hypoxia andmito-
chondrial oxidativemetabolism. BiochimBiophys Acta 1797:
1171–1177.

Stefansson H, Rujescu D, Cichon S, Pietilainen OP, Ingason A,
Steinberg S, Fossdal R, Sigurdsson E, Sigmundsson T, Bui-
zer-Voskamp JE, et al. 2008. Large recurrent microdeletions
associated with schizophrenia. Nature 455: 232–236.

StrattonMR, Campbell PJ, Futreal PA. 2009. The cancer genome.
Nature 458: 719–724.

Tan MK, Lim HJ, Harper JW. 2011. SCF(FBXO22) regulates
histoneH3 lysine 9 and 36methylation levels by targeting his-
tone demethylase KDM4A for ubiquitin-mediated proteaso-
mal degradation. Mol Cell Biol 31: 3687–3699.

Tang YC, Amon A. 2013. Gene copy-number alterations: a cost–
benefit analysis. Cell 152: 394–405.

Black et al.

1030 GENES & DEVELOPMENT



Tower J. 2004. Developmental gene amplification and origin reg-
ulation. Annu Rev Genet 38: 273–304.

Van Rechem C, Black JC, Abbas T, Allen A, Rinehart CA, Yuan
GC, Dutta A, Whetstine JR. 2011. The SKP1-Cul1-F-box and
leucine-rich repeat protein 4 (SCF–FbxL4) ubiquitin ligase reg-
ulates lysine demethylase 4A (KDM4A)/Jumonji domain-con-
taining 2A (JMJD2A) protein. J Biol Chem 286: 30462–30470.

Van Rechem C, Black JC, Boukhali M, Aryee MJ, Graslund S,
Haas W, Benes CH, Whetstine JR. 2015. Lysine demethylase
KDM4A associates with translation machinery and regulates
protein synthesis. Cancer Discov 5: 255–263.

Vaupel P. 2004. The role of hypoxia-induced factors in tumor pro-
gression. Oncologist 9: 10–17.

WangXC,Tian J, Tian LL,WuHL,MengAM,MaTH,Xiao J, Xiao
XL, Li CH. 2009. Role of Cks1 amplification and overexpres-
sion in breast cancer. Biochem Biophys Res Commun 379:
1107–1113.

Wang L, Chang J, Varghese D, Dellinger M, Kumar S, Best
AM, Ruiz J, Bruick R, Pena-Llopis S, Xu J, et al. 2013. A small
molecule modulates Jumonji histone demethylase acti-
vity and selectively inhibits cancer growth. Nat Commun
4: 2035.

Wang W, He YF, Sun QK, Wang Y, Han XH, Peng DF, Yao YW, Ji
CS, Hu B. 2014. Hypoxia-inducible factor 1α in breast cancer
prognosis. Clin Chim Acta 428: 32–37.

Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z,
Spooner E, Li E, Zhang G, Colaiacovo M, et al. 2006. Reversal
of histone lysine trimethylation by the JMJD2 family of his-
tone demethylases. Cell 125: 467–481.

Winter SC, Buffa FM, Silva P, Miller C, Valentine HR, Turley H,
Shah KA, Cox GJ, Corbridge RJ, Homer JJ, et al. 2007. Rela-
tion of a hypoxia metagene derived from head and neck can-
cer to prognosis of multiple cancers. Cancer Res 67: 3441–
3449.

GENES & DEVELOPMENT 1031

Hypoxia generates site-specific copy gain


