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JMIJD5, a Jumoniji C domain-containing dioxygenase, is important
for embryonic development and cancer growth. Here, we show
that JMJDS5 is up-regulated by hypoxia and is crucial for hypoxia-
induced cell proliferation. JMJD5 interacts directly with pyruvate
kinase muscle isozyme (PKM)2 to modulate metabolic flux in can-
cer cells. The JMJD5-PKM2 interaction resides at the intersubunit
interface region of PKM2, which hinders PKM2 tetramerization
and blocks pyruvate kinase activity. This interaction also influen-
ces translocation of PKM2 into the nucleus and promotes hypoxia-
inducible factor (HIF)-1a-mediated transactivation. JMJD5 knock-
down inhibits the transcription of the PKM2-HIF-1a target genes
involved in glucose metabolism, resulting in a reduction of glucose
uptake and lactate secretion in cancer cells. JMJD5, along with
PKM2 and HIF-1q, is recruited to the hypoxia response element
site in the lactate dehydrogenase A and PKM2 loci and mediates
the recruitment of the latter two proteins. Our data uncover
a mechanism whereby PKM2 can be regulated by factor-binding-
induced homo/heterooligomeric restructuring, paving the way to
cell metabolic reprogram.

Warburg effect | aerobic glycolysis | breast cancer | cancer metabolism

MJDS is a Jumonji C domain-containing dioxygenase shown
to be involved in lysine demethylation (1-3) and hydroxylation
functions (4). Although the exact cellular substrates and func-
tions of JMJDS5 remain unclear, JMJIDS5 was shown to positively
regulate cyclin Al but negatively regulate p53 and p21 (1-3).
Knockdown of JIMJDS5 in Michigan Cancer Foundation (MCF)-7
cells inhibits cell proliferation (1), and JMJD5~~ embryos showed
severe growth retardation, resulting in embryonic lethality at the
midgestation stage (3). These data, together with its general over-
expression in tumor tissues, implicate a role of JMJDS5 in carci-
nogenesis. In this paper, we define a role of JMJDS in regulating
tumor metabolism under normoxic and hypoxic conditions through
its interaction with pyruvate kinase muscle isozyme (PKM)2.
One of the hallmarks of cancer cells is their altered metabo-
lism, referred to as aerobic glycolysis, or the Warburg effect (5).
This generally involves an increased uptake of glucose, use of
intracellular glucose to pyruvate via glycolysis, and the conver-
sion into lactate in the presence of sufficient oxygen. Along this
metabolic flux, PKM1 or its spliced variant, PKM2, which de-
phosphorylates phosphoenolpyruvate (PEP) into pyruvate, the last
step of glycolysis, is an important signal integrator whose activities
determine the cytosolic level of pyruvate, thereby affecting sub-
sequent metabolic flow to lactate, tricarboxylic acid cycle or bio-
synthetic pathway (6). Enzymatically, PKM2, an embryonic isoform
found abundantly in tumor cells, is less active than PKM1, which
allows the accumulation of glycolytic intermediates and diversion
into biosynthetic pathways, demanded by rapid-proliferating cells.
As a pivotal regulator of tumor metabolism, PKM2’s activity is
further modulated by allosteric regulation via cofactor bindings,
oligomerization, and posttranslational modification to cope with
the ever-changing environment for tumor growth. For example, cy-
tosolic PKM2 is allosterically activated by fructose 1,6-bisphosphate
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(FBP), amino acid serine (7), and SAICAR (succinylaminoimi-
dazolecarboxamide ribose-5’-phosphate), a metabolite of the de
novo purine nucleotide synthesis pathway (8). On the other hand,
various stimuli including growth factors are known to negatively
affect the pyruvate kinase activity of PKM2, thereby diverting the
metabolic flow to the anabolic process. This was carried out
principally by posttranslational modifications: Y105 phosphory-
lation by FGFRI1 (9, 10), K305 acetylation in the presence of
high-glucose concentrations (11), and C358 oxidation upon ele-
vated reactive oxygen species levels (12). However, another way
of modulating cytosolic PKM2 activity is its translocation into
nucleus, where it serves as a transcriptional coactivator (13, 14)
or as a phosphotransferase (15) to modulate transcriptional pro-
gram. Thus, PKM2 is found to function as a coactivator for Oct4,
B-catenin, Stat3, and hypoxia-inducible factor (HIF)-1lo (13-16).
PKM?2 interacts with Oct4 to increase Oct4-mediated transacti-
vation potential (16). Nuclear PKM2 associates with phosphory-
lated p-catenin upon EGFR activation to promote cyclin D1 (13).
PKM2 binds to and phosphorylates Stat3 and histone H3 (17),
activating gene transcription and tumorigenesis. Thus, both cyto-
solic and nuclear PKM2 contribute to altered metabolism and
proliferation in cancer. The mechanisms associated with PKM2
translocation are multiple, including phosphorylation by ERK1
at S37 (18) and hydroxylation by PHD3 at P403 and P408 (14).
The latter allows PKM2 to bind HIF-1a and hypoxia response
elements (HREs) to regulate metabolic gene transcription and
promote tumorigenesis under hypoxic conditions.

In this investigation, we describe a role of JMJDS5 as a major
regulator of PKM2. We describe a mechanism whereby PKM?2 is
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translocated into the nucleus to regulate cancer metabolism.
We show that JMJDS is up-regulated and contributes to hyp-
oxia-induced cell proliferation. We demonstrate that JMJDS5
interacts with PKM2, alters the monomer:dimer:tetramer equi-
librium, and blocks pyruvate kinase activity. Furthermore, JIMJD5
accelerates the translocation of PKM2 into the nucleus and
enhances the binding of HIF-1a to the target genes, paving the
way to cancer-specific metabolism in response to low-oxygen
challenge.

Results

JMJD5 Knockdown Reduces Cell Growth and Glycolytic Genes in MCF-
7 Breast Cancer Cells Under Normoxia and Hypoxia. JMJD5 is highly
expressed in breast cancer cells and exerts a proliferative func-
tion (1). Given that cancer cells frequently suffer from in-
termittent hypoxia exposure, we sought to test the role of IMJIDS5
in MCF-7 cells under both normoxic and hypoxic conditions.
Two stable JMJD5 knockdown MCEF-7 cells with independent
target sequences (sh/MJD5#1 and shIMJD5#3), as well as mock
control (shControl, shLKO; that is, an empty lentiviral vector),
were generated. Fig. 14 shows that sh/MJD5#1- and shIMJD5#3-
incorporated cells had significantly reduced levels of JMID5 ex-
pression compared with that of the control cells. Consistent with
our earlier report that knockdown of JMJDS5 impeded the growth
of MCF-7 under normoxic conditions (1), the two newly estab-
lished MCF-7-shJMJD5 (shJMJD5) cells also grew more slowly
than the shLKO vector-transfected MCF-7-LKO (LKO) (Fig. 1B).

To explore the role of JMJDS in MCF-7 proliferation, we
compared the glucose uptake and lactate production (Fig. 1C) in
LKO and sh/MJD5 cells under normoxic or hypoxic conditions.
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Fig. 1. JMJD5 is crucial for cell proliferation and promotes glucose metab-
olism under normoxia and hypoxia. (A) Generation of JMJD5-knockdown
MCF-7 cells. MCF-7 cells were infected with lentivirus with control shRNA
(LKO) and shJMJD5s, respectively, followed by puromycin selection. Western
blotting analysis of the whole-cell lysates from selected clones (LKO,
shJMJD5#1, and shJMJD5#3) was performed to evaluate the expression of
JMID5. B-Actin is an internal control. (B) JMJD5-knockdown cells reduce cell
growth under normoxia and hypoxia. Cell numbers were counted at in-
dicated time points. Data presented are means + SD from three independent
experiments. (C) A schematic diagram of the glucose metabolic flux. (D and
E) The fold changes in glucose uptake (D) and lactate production (E) in MCF-
7 LKO and shJMJD5 cells after 24-h culture were measured and expressed as
a ratio of LKO normoxia levels. *P < 0.05; **P < 0.01. (F) The relative ex-
pression of genes in glucose metabolism of MCF-7 cells (shown in C) was
measured by qRT-PCR and shown as a ratio of LKO normoxia levels. PDH,
pyruvate dehydrogenase.
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We found that the JMJD5-knockdown cells significantly reduced
the glucose uptake (Fig. 1D) and lactate secretion (Fig. 1E)
compared with the control cells either under normoxia or hyp-
oxia. We then tested the expression profiles of genes involved
in the Warburg effect using real-time quantitative (qQRT)-PCR
analysis; they include the glucose transporter (GLUTI), hexo-
kinase II (HK2), enolase 1 (ENOI), PKM?2, lactate dehydro-
genase A (LDHA), lactate transporter MCT4 (MCT4), and
pyruvate dehydrogenase lipoamide kinase isozyme 1 (PDKI)
(Fig. 1C). The control LKO cells exhibited a relatively higher
level of expression of all these genes than sh/MJDS5 cells cultured
under normoxia, in which statistical significance was seen for
HK2 and PKM?2 (Fig. 1F). There was even a much higher ex-
pression for all these genes in LKO than in sh/MJD5 under low-
oxygen condition; statistical significance was found for GLUT],
ENOI, PKM2, LDHA, and PDKI. Of note, GLUT!1, LDHA, and
PDKI1 are known to be responsible for increased glucose uptake
and consumption via anaerobic glycolysis but not oxidative
phosphorylation (7). Additionally, there was a statistically higher
production of glucose 6-phosphate (G6P), fructose 1,6 bisphosphate
(F1,6BP), glucose-1-phosphate (G1P), and ribose-5-phosphate
(R5P) in LKO than in knockdown cells (Fig. S1). These results
together suggest that JMJDS is involved in Warburg metabolism
and also reprogramming glucose metabolism under hypoxic con-
ditions to promote cell proliferation.

JMID5 Physically Interacts with PKM2 and Is Hypoxia-Inducible. As
a first step to understand how JMJIDS affects the expression of
proteins in the glycolytic flux, we proceeded to identify cellular
interacting partners. To this end, constitutively Flag-JMJD5-
expressing HeLa cell lines were generated and verified by im-
munoblotting analysis (Fig. S2). The global level of H3K36me2
signal was significantly decreased, indicating the overexpressed
JMJID5 was functional. Flag-JMJD5 was immunoprecipitated
from the nuclear extracts with anti-Flag beads and the associated
proteins eluted from the beads by Flag peptides. The eluates
were resolved on SDS/PAGE. Several major bands not seen in
the control lane were subjected to liquid chromatography-tandem
MS (LC-MS/MS) analysis (Fig. S3). As shown in Fig. 24, a band
that gave rise to multiple peptides corresponding to PKM2 was
identified.

To confirm the MS/MS-based protein identification results,
HEK293T cells were transfected with pcDNA-HA-PKM?2 alone
or with pcDNA-Flag-/MJD5, followed by immunoprecipitation
(IP) using anti-Flag or anti-HA antibodies. Western blotting
analysis revealed that HA-PKM?2 was present in anti-Flag co-1Ps
from cells cotransfected with pcDNA-HA-PKM?2 and pcDNA-
Flag-JMJD5 but not in cells with HA-PKM2 and Flag vector
(Fig. 2B). To study whether the interaction between PKM2 and
JMIDS is direct, we used cell-free GST pull-down assays with
bacteria-expressed GST-JMJD5 and PKM2. Fig. 2C shows that
GST-JMJDS bound to the recombinant PKM2 compared with
GST alone. These results confirmed that PKM2 physically as-
sociated with JIMJDS.

We next determined the minimal region crucial for the IMJDS5-
PKM?2 interaction. A series of N-terminal- and C-terminal-
truncated mutants fused to HA-tag for PKM2 (AN110, AN165,
ACS55, AC110, and AC165) were generated. HEK293T cells were
cotransfected with the Flag-JMJD5 clone plus each of the trun-
cated PKM2 clones, followed by IP and Western blotting analysis.
Fig. 2D, Upper shows that PKM2ACSS retained the association
with JMJDS. A significant decrease was found for PKM2AC110,
whereas no signal was detected for PKM2AC165. On the other
hand, PKM2AN110 and PKM2AN165 exhibited comparable
association with JMJDS. These results revealed that the most
critical interaction region in PKM2 resides at the C-terminal
region (residues 366—421 and 422-476).

We also performed the reciprocal experiment for JMJDS5 and
generated truncated mutants fused to Flag-tag for JMJDS5
(AN40, AN80, AN120, AC40, ACS80, and AC120). As shown in
Fig. 2D, Lower, hardly any signal was detected for various mutants
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Fig. 2. JMID5 interacts with PKM2. (A) Mass spectrometric analysis identi-
fied PKM2 associated with JMJD5. Nuclear extracts were prepared from
Hela-Flag (Flag) or Hela-Flag-JMJD5 cells (Flag-JMJD5), followed by IP with
anti-Flag beads. The protein bands on SDS/PAGE were retrieved and ana-
lyzed by MS (Fig. S3). (B) Reciprocal IP were performed in HEK293 cells
transfected with the expression vector as indicated. (C) GST pull-down assays
were performed with GST alone or GST-JMJD5 fusion protein plus His-PKM2
expressed in bacterial cells. CBB, Coomassie brilliant blue. (D) Determination
of minimal PKM2-JMJD5 interaction region. Co-IP assays were performed
with an anti-Flag antibody in HEK293T cells transfected with Flag-JMJD5 plus
one of a series of N-terminal or C-terminal HA-PKM2 mutants (Upper) or
with an anti-HA antibody in HEK293T cells transfected with HA-PKM2 plus
one of a series of N-terminal or C-terminal Flag-JMJD5 mutants (Lower).
Data was merged from different blots in a series of experiments using WT
PKM2 as the positive control. JD5BD, JMJD5 binding domain; JmjCD, the
Jumoniji C domain of JMJD5. (E) SPR analysis of JMJD5-PKM2 interaction. (F)
IP assays were performed with IgG, anti-JMJD5, and anti-PKM2 in MCF-7
cells, followed by Western blotting analysis. (G) JMJD5 and PKM2 are up-
regulated in breast cancer cell lines under hypoxic condition.
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(JMJD5AN40, JMJDSANS80, JMJDS5AN120, JMIDSACA40,
JMID5ACS0, and JMJD5AC120). Only JIMJD5AC40 exhibited
signal. We interpret this to mean that multiple regions, likely the
N- and C-terminal domains, are involved in JMJD5’s binding to
PKM2. We further measured the binding affinity between PKM2
and JMJDS5 using surface plasmon resonance (SPR) spectros-
copy, where JMJDS5 was immobilized on the sensor chip. A clear
binding profile was observed with a binding constant of K4 =
4.6 pM (Fig. 2E).

In addition, the association of endogenous PKM2 and JMJD5
in MCF-7 was studied. IP of lysates from MCF-7 cells showed
that endogenous JMJIDS5 was associated with PKM2 (Fig. 2F).
Previously, it was shown that hypoxia induced the expression
of PKM2 in HelLa cells (14), which prompted us to evaluate
the expression of PKM2 and JMJDS5 under hypoxia. Breast
cancer cell lines including human MDA-MB-231 adenocarcinoma,
MDA-MB-435 carcinoma, and MCF-7 adenocarcinoma cells all
exhibited higher expression of PKM2 under hypoxia (Fig. 2G).
Interestingly, the JMJIDS5 expression level in each of these lines
was also higher under hypoxia (Fig. 2G). These results, taken
together, provide strong evidence that JMJDS is an interacting
partner of PKM2 and that they are coordinately regulated.

JMID5 Regulates the Nuclear Translocation of PKM2. PKM2 has been
shown to translocate into the nucleus via PHD3-mediated hy-
droxylation and serves as a coactivator of HIF-1a under hypoxia
(14). Given that JMJDS is a demethylase/hydroxylase, we asked
whether JMJD5 could similarly hydroxylate PKM2 but were
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unable to demonstrate such a reaction, either based on mass
spectrometry or Western blotting analyses with appropriate
antibodies (Fig. S4). However, we did find JMJD5’s ability to
regulate nuclear translocation of PKM2. The distribution of
PKM?2 was visualized using confocal microscopic analysis (Fig. 3
A and B). Barely any detectable nuclear PKM2 was seen in
shIMJD5 cells compared with that in LKO cells under normoxia.
When cells were cultured under hypoxia, sh/MJD5 cells retained
a lower level of nuclear PKM2, despite detectable nuclear
PKM2 signal.

Western blotting analysis of nuclear and cytosolic fractions
from MCF-7 cells revealed that JMJD5 primarily resided in the
nucleus, cultured either under normoxic or hypoxic conditions
(Fig. 3C). For PKM2, there were detectable signals in nuclear
and cytosolic fractions of LKO cells, cultured either under nor-
moxic or hypoxic conditions (Fig. 3D). A significant decrease of
the nuclear PKM2 signal was detected in sh/MJD5 cells under
normoxia compared with a certain level of the nuclear PKM2
signals in hypoxia-exposed cells, in accordance with the confocal
microscopic findings.

To further validate the result that JMJD5 deficiency was re-
sponsible for a lower level of PKM2 nuclear translocation, we
reintroduced JMJD5* (shRNA#1-resistant JMJD5 cDNA) back
into sh/MJD5 and were able to restore the nuclear level of PKM2
(Fig. 3D). These results support the notion that JIMJDS is a regu-
lator of PKM2 nuclear translocation.

As a complementary experiment and to generalize the obser-
vation to other cell type, we compared the cellular distribution
of PKM2 in HeLa cells (which express a trace amount of
JMJD5) and the JMJD5-overexpressing HeLa-JMJDS5 cells.
JMIDS5 was predominantly present in the nucleus of HeLa-
JMJD5 under normoxia or hypoxia (Fig. S5). A higher fraction
of nuclear PKM2 was seen in HeLa-JMJD5 than in HeLa cells
under normoxia (30% vs. 10%) and under hypoxia (50% vs. 30%).
Together, these results suggest that JMJDS5 and hypoxia posi-
tively regulated the nuclear translocation of PKM2.

JMJD5 Redirects the Equilibrium of PKM2 Quaternary-Structure
Arrangement to Hinder the Tetrameric Assembly and Inhibit PKM2
Pyruvate Kinase Activity. Our next task was to identify the mech-
anism associated with JMJDS5’s regulation of PKM2 nuclear
translocation. As described above, JMJIDS5’s hydroxylase activity
does not seem to be involved; we therefore looked for other
mechanism whereby JMJIDS facilitates PKM2 nuclear translocation.

PKM2 has been found to primarily exist in two multimeric
forms in tumor cells: an enzymatically active tetramer and
a nearly inactive dimer at physiological concentrations of PEP
(for a review, see ref. 19). Gao et al. recently showed that the
nuclear PKM2 was mainly present as a dimer (15). Notably,
Yang et al. (18) found that PKM2 was phosphorylated at the
segment involved in multimeric assembly by Erk2, implicating
that the monomeric form is crucial for the phosphorylation of
PKM2 and its nuclear translocation. Thus, disruption of the
tetrameric form is likely to be the key to translocate PKM?2 into
the nucleus. In light of these findings, we sought to test whether
JMIJDS5 interfered with the monomer:dimer:tetramer equilib-
rium of PKM?2 using cross-linking experiments with glutaralde-
hyde. Lysates were prepared from HEK293T cells transfected
with pcDNA-HA-PKM?2 alone or with pcDNA-Flag-JMJDS3,
followed by treatment with glutaraldehyde at 37 °C. Western
blotting analysis with anti-Flag revealed that PKM2 migrated as
a single band at ~60 kDa (monomer) in the absence of cross-
linking (¢ = 0), indicating that SDS treatment resulted in
a complete dissociation of potential PKM2 multimers (Fig. 44).
Following glutaraldehyde cross-linking, the monomeric PKM2
was notably reduced and been replaced by dimeric (120 kDa)
and tetrameric (240 kDa) forms (Fig. 44).

In the presence of IMJDS5, interestingly, there was essentially
no tetrameric PKM2. Apart from the monomeric and dimeric
forms, an additional band at 110 kDa was found (Fig. 44), which
is likely to be the IMJID5/PKM2 heterodimer (see below). By
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Fig. 3. JMJD5 regulates the nuclear translocation of PKM2. (A) Subcellular
localization of PKM2 in MCF-7 cells. Cells were immunostained with anti-
PKM2 (PKM2, green). The nucleus is marked with DAPI (red). Merged images
(Merge) are shown. The framed regions are zoomed in the fourth row
(Zoom). The line profiles of PKM2 and DAPI signals were measured by ZEN
2011 (Carl Zeiss) software. (Scale bars, 10 um.) (B) Analysis of the mean
fluorescence intensity of PKM2 in the cytosol and nucleus. Mean values from
12 independent cells from three preparations were determined by the ZEN
2011 Histogram program. The relative fluorescence intensity in the nucleus is
expressed as percentage of MFI [N/(N + C)]. Statistical significance was
evaluated using the paired Student t test. (C) Nuclear and cytosolic lysates
were prepared from LKO and MCF-7-shJMJD5 cells exposed to normoxia or
hypoxia, followed by immunoblotting analysis. (D) Subcellular localization of
JMID5 and PKM2 in shJMJD5 cells introduced with the shRNA-resistant
JMJD5 (JMJD5*) or empty vector (EV). Cyto, cytoplasm; Nuc, nucleus; PCNA,
proliferating-cell nuclear antigen; GAPDH, glyceraldehyde 3-phosphate de-
hydrogenase.

contrast, a truncated JMJD5-ANS0 mutant, which can no longer
bind PKM2, does not affect PKM2 tetramerization (Fig. 44).
These results suggest that JMJDS physically hinders the PKM2
tetrameric assembly.

We further used a milder cross-linking condition (0.01% glu-
taraldehyde at 25 °C) to examine the cross-linking effect. Fig. 4B,
Right confirms that there was very little tetrameric PKM?2 signal.
Western blotting analysis with anti-Flag revealed the presence of
signals corresponding to the JMJD5 monomer (50 kDa) and
dimer (100 kDa). We also observed signals of higher molecular
masses, indicating that JMJDS5 might associate with other mol-
ecules. Interestingly, an increasing signal for the 110-kDa band
that could be recognized by either of the tag antibodies as the
cross-linking time increased, suggesting the formation of a JMJD5-
PKM?2 heterodimer.

Additionally, size-exclusion chromatographic analysis of vari-
ous combinations of purified recombinant proteins [PKM2/
R399E, a dimeric mutant (15); and/or IMJD5/ JMID5ANSO0 (a
binding-defective mutant)] clearly demonstrates that the tetrameric
formation of PKM2 is hindered by JMJD5 but not JMJD5ANSO0,
confirming that JMJDS5 influences the PKM?2 oligomerization
via a direct binding (Fig. S6).

If JMJDS truly blocks the formation of PKM2 tetramer, the
active form of the enzyme, we should see a decrease of PKM2
pyruvate kinase activity in the presence of JMJDS5. In vitro
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pyruvate kinase reactions were performed with the bacteria-
expressed PKM2 and R399E that has been shown to be more
tumorigenic than the wild-type PKM2. Fig. 4C shows that suffi-
cient amounts of JMJDS that interfered with the monomer:
dimer:tetramer equilibrium of PKM?2 indeed inhibited the
pyruvate kinase activity.

JMID5 Regulates PKM2-Enhanced HIF-1 Transactivation Activity. To
evaluate whether JMJD5 regulates PKM2-stimulated HIF-1
transactivation activity, we have used a HIF-1a reporter plasmid
that consists of three HREs and firefly luciferase coding sequences
(pHRE-RLuc) (20) for the promoter-activity assay. LKO cells
were cotransfected with the pHRE-FLuc, pTK-Renilla-Luc (an
internal control vector), and the empty vector or the JMIDS5 or
PKM?2 or JMJD5 plus PKM2 vectors and cultured under nor-
moxia. Introduction of JMJDS (twofold) or PKM2 (threefold) or
JMIDS plus PKM2 (ninefold) significantly increased the re-
porter activity compared with the empty vector (Fig. 54). When
cells were cultured under hypoxia, a threefold increase in tran-
scriptional activity was detected for control cells compared with
normoxia-exposed cells. An even higher activity was detected for
other combinations: 4-fold for JMJIDS5, 9-fold for PKM2, and
21-fold for JMJD5 plus PKM2, suggesting that JMJDS5 and
PKM?2 synergistically promote HIF-1 transcriptional activity in
MCEF-7 cells.

Conversely, we asked whether knockdown of PKM?2 had any
effect on HIF-1 transactivation activity because MCF-7 cells had
a relatively high level of endogenous PKM2 and JMJDS. By the
use of siRNA-PKM2, the endogenous expression of PKM?2 was
greatly reduced in MCF-7 cells (Fig. 5B). Introduction with
siRNA-PKM2 significantly reduced the transactivation activity
for LKO cells either under normoxia or hypoxia. sh/MJD5 cells
displayed a significantly lower level of activity than did LKO cells
without siRNA-PKM2 treatment (P < 0.01), whereas introduction
of siRNA-PKM2 led to an additional decrease for hypoxia-
exposed shIMJD5 cells (P < 0.05) (Fig. 5C). No further decrease
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Fig. 4. The quaternary-structure arrangement of PKM2 is influenced by
JMIDS5. Cell lysates were prepared from HEK293T cells that were transfected
with the expression vector(s) as indicated at 37 °C for 1 min (A) or with HA-
PKM2 and Flag-JMJD5 vectors at 25 °C for 0-5 min (B), followed by cross-
linking experiments using glutaraldehyde and then subjected to Western
blotting analysis. Data was prepared from two blots performed at the same
time with noncontiguous lanes separated by white spaces. (C) Pyruvate ki-
nase activity of bacteria-expressed PKM2 in the presence of JMJD5 or R399E.
The relative activity of wild-type PKM2 was set to 100%.
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Fig. 5. JMID5 is crucial for PKM2-stimulated HIF-1a transactivation activity.
(A) Transactivation activity of LKO cells cotransfected with pHRE-Fluc, pTK-
Rluc, and expression vectors as indicated. The ratio of Fluc:Rluc activity was
normalized to LKO at normoxia (mean + SD; n = 6). (B) MCF-7 cells were
transfected with siRNA-PKM2 as indicated, followed by immunoblotting
analysis. (C) Transactivation activity of MCF-7 cells cotransfected with pHRE-
Fluc, pTK-Rluc, and siRNA-PKM2 or siRNA-GFP. The ratio of Fluc:Rluc activity
was normalized to that with siRNA-GFP (mean = SD; n = 4). (D) Trans-
activation activity of shJMJD5 cells cotransfected with a shRNA-resistant
JMID5 vector. *P < 0.05; **P < 0.01. JMJD5* and JMJD5**: the #1 and #3
shRNA-resistant JMJD5 vectors.

was observed for normoxia-exposed sh/MJD5 cells. Depletion of
PKM?2 therefore led to a great diminution of JMJD5-mediated
HIF-1a transactivation activity.

We next addressed whether complementation with JMJDS5
in two sh/MJD5 lines could restore the transactivation activity
using the expression vector JMJ/D5* and JMJD5** (# 1 and #3
shRNA-resistant JMJD5 cDNAs), respectively (Fig. 5D). A
statistically significant increase was indeed seen upon JMJID5
complementation either under normoxia or hypoxia, revealing
that complementation of JMJID5 in sh/MJD5 cells could restore
the transactivation activity. Together, our data suggest that
JMIDS is crucial for PKM2-stimulated HIF-1a transactivation
activity.

JMJD5 and PKM2 both Recruit to the HRE Site of the LDHA and PKM2
Loci. To test whether JMJDS5 enhances HIF-1a transactivation by
facilitating HIFx and PKM?2 recruitment to HRE, we used ChIP
analysis and interrogated LDHA and PKM?2 loci (14). We first
showed that JMJD5 was recruited to the LDHA locus, and its
knockdown by shRNA depleted its occupancy of JMJDS in
MCF-7 cells (LKO vs. shJ/MJD5) [normoxia, 15- vs. 7-fold (P <
0.01); hypoxia, 17- vs. 9-fold (P < 0.01)]. ChIP results with anti—
HIF-1a showed that LKO cells exhibited a statistically significant
HIF-1a enrichment compared with IgG ChIP results at the
LDHA HRE site, either under normoxic or hypoxic conditions
(Fig. 64). A similar trend was also obtained for PKM2 ChIP
results, in accordance with the previous finding (14). Inter-
estingly, knockdown of JMIJIDS5 significantly reduced the en-
richment of HIF-1a (P < 0.05), and PKM2 (P < 0.05) either
under normoxia or hypoxia, indicating that JMJDS is involved in
the recruitment of HIF-1a and PKM?2 to the LDHA locus.

We next tested the PKM?2 locus (14) and found that sh/MJD5
cells also displayed a significant reduced enrichment of HIF-1«
(normoxia, P < 0.05; hypoxia, P < 0.05) and JMJDS5 (normoxia,
P < 0.05; hypoxia, P < 0.01) to the PKM2 HRE site than did
LKO cells (Fig. 6B). These results together suggested that
JMIDS5, HIF-1a, and PKM2 are corecruited to HREs of LDHA
and PKM?2.

Wang et al.

To directly assess whether JIMJD5 and PKM2 were in the
HIF-1a transcriptional complex, we further conducted sequen-
tial ChIP assay (ChIP-reChIP). MCF-7 cells cotransfected with
pcDNA-Flag-JMJD5 and pcDNA-HA-PKM?2 were exposed to
hypoxia, which was subjected to the first ChIP experiment using
anti-Flag or IgG. A subsequent re-ChIP assay with anti-HA was
then performed, followed by real-time PCR analysis of the
LDHA locus. Fig. 6C shows that JMJDS5 had a significant en-
richment signal (anti-Flag ChIP) compared with an IgG control.
Re-ChIP results with anti-HA, interestingly, revealed the pres-
ence of a positive signal at the LDHA locus. A reciprocal ex-
periment was simultaneously performed (first ChIP with anti-HA
and second ChIP with anti-Flag), which confirmed the presence
of PKM2 and JMIJIDS5 at the LDHA locus. Thus, JMJDS5 and
PKM2 are confirmed to be corecruited to HREs of LDHA (Fig.
6D) and thereby specifically enhance HIF-1a binding.

Discussion

Embryonic cells, as well as actively proliferating cancer cells,
frequently encounter intermittent oxygen shortage, which re-
quires appropriate management of compromised oxygenation
for survival and massive growth. In this investigation, we report
the connection between two embryogenesis/carcinogenesis-
involved molecules, PKM2 and JMJDS5, which together regulate
HIF-1a. Significantly, knockdown of JMJDS5 correlates with the
reduced glucose uptake, lactate secretion, and decreased ex-
pression of genes in the glycolytic flux either under normoxia or
hypoxia, implicating a role in linking PKM2 in glucose metabo-
lism (14). Several lines of evidence strongly suggest that JMJIDS5
regulates PKM2’s tumorigenic capability: (i) JMJDS5 binds to
PKM2, hinders PKM2 tetramerization, and blocks pyruvate ki-
nase activity; (ii) JMJDS positively affects the nuclear trans-
location of PKM2; (iii) Both proteins are hypoxia-inducible in
breast cancer cells and JMJDS5 promotes PKM2-HIF-1o-medi-
ated transactivation activity; and (iv) JMJD5 and PKM2 are
corecruited to the HRE sites at the LDHA and PKM?2 loci,
promoting the HIF-1-mediated activity (6).

PKM2 is located at a “gate” position in the glycolytic flux to
respond to various stimuli crucial for the Warburg effect (6). Its
unique integrative capability relies on a specific alternative-

A ] B + 4468
LDHA: 5'—¢f1 ExonT ] PKM2: 5'—Exon 1—=—Exon 2|
QPCR: .44 et +153 qPCR: +439( tm— 44490
20 20 . ®
- ko *0 -
£ £
‘E’o 15] Il shumuD5 15 g °
£52 SE2
SE510 10 XE§
Ss¢ £5¢
% 5 5 % [JLKO
- = M shumJD5
0 BN o L A L o
NH NH N H N H H
ChiP:  1gG  o-PKM2 1gG  a-JMJDS 196 «HIF-1a ChIP: a-JMJDS a-HIF-1a
< T g D
3 33
C s¥cgld w
PK!
£ 50 .58 533 a PKm2
Eo 4 ]~ FAEE P t k@ = D—W t
yruvate yruvate
$52 % 58 3 (Hoh aciity) [ owaog @Mz (Cow actiity)
%% 5 S )
53 5 2 | @
2% 10 1 JmuDs | Hypokia
2 0 0 7 aiums
P 2 2 8 8 8 8 / Eigi' Transcription
1stchip: @ £ e DL AL AT e PRMZ o ctivation
@ @ y @ yay
TEY LT
d . @ F 03 uS
2dchp:E © 3 5 N Nuce
> a » @

Fig. 6. JMJD5 enhances HIF-1a recruitment to HREs of the LDHA (A) and
PKM?2 (B) loci. Chromatin was prepared from dimethyloxalylglycine-treated
MCF-7 cells cultured under normoxia (N) or hypoxia (H) with anti-HIF-1a,
anti-JMJD5, anti-PKM2, or IgG and was analyzed by quantitative (g) PCR.
Fold enrichments normalized to IgG are presented (mean + SD; n = 9 from
three independent experiments). *P < 0.05; **P < 0.01. (C) ChIP-reChIP
analysis of the JMJD5- PKM2 recruitment to LDHA promoter site. MCF-7 cells
cotransfected with Flag-JMJD5 and HA-PKM2 were exposed to hypoxic con-
dition for 24 h. Primary ChIP (first ChIP) and second ChIP were performed
sequentially and then analyzed by gPCR. (D) The proposed model that
depicts JMID5 as a major regulator in PKM2-stimulated HIF-1a metabolic
reprogramming.
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splicing segment encoded by exon 10, which is responsible for
multimeric assembly and allosteric regulation to ensure its roles
to amalgamate metabolic signals. For instance, FBP and serine
can allosterically activate pyruvate kinase activity of PKM2 (7,
21). In this context, interaction of JMJDS5 with PKM2 at this
region to disrupt the formation of an allosterically controllable
tetramer represents a metabolic switch that favors the bio-
synthetic route such as the pentose phosphate pathway in cells.

Perhaps the most striking finding in this work is that we
demonstrate that the expression of JMJDS5 correlates with a
higher level of nuclear PKM2, positively regulating HIF-1a ac-
tivity. Previously, JMJDS5 was shown to increase the transcription
of cyclin A by demethylation of H3K36me2. Additional studies
showed that IMJDS possesses hydroxylase activity (4). We tested
the JMJD5-PKM2 binding affinity for catalytically inactive
mutants (JMJD5-H321A and PKM2-K367M) (1, 13) and did not
observe any significant difference (Fig. S7). Consistently, the
JMJID5-H321A mutant is also able to stimulate HIF-1a activity
and synergize with PKM2 (either wild type or mutant), albeit at
lower levels than the JMJDS5 wild type. This suggests that the
catalytic activity of JMJDS is not absolutely required for the ob-
served effects but contributes to some extent (Fig. S7). The
physical association of JMJD5 with PKM2 seems to be a domi-
nant factor. In support of this notion, Yang et al. (18) showed
that the intersubunit segment of PKM2 was phosphorylated by
Erk2, facilitating its translocation into the nucleus. These results
together suggest a mechanism whereby PKM2 can be regulated
by JMJD5 binding-induced nuclear translocation.

JMIJDS lacks a DNA-binding domain and requires a partner to
anchor on chromatin site. Our ChIP and re-ChIP data reveal that
JMIJDS increases the occupancy of HIF-la and PKM?2 in the
LDHA and PKM?2 HRE sites. Coupled with the synergistically
JMID5-PKM2-stimulated HIF-lo transactivation activity, as
well as the significant loss of IMJD5-mediated HIF-1a activity
upon PKM?2 depletion, these results suggest that IMIDS, PKM2,
and HIF-1a are corecruited to those loci as a part of complex to
modulate gene transcription in the HIF-1 system. The hypoxia-
induced up-regulation of JMJD5 and PKM2 should result in
an increased abundance of JMJD5/PKM2/HIFa complex work-
ing in concert to enhance hypoxia responses, which include the
increased glycolysis and anabolic process. This may also ex-
plain the involvement of JMJDS5 in early embryonic develop-
ment (2, 3).

Although JMJIDS plays an important role in hypoxia induced
response, we found it also increased PKM?2 translocation under
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normoxic conditions, where HIF-1a may not be the most abun-
dant. This suggests that JIMID5/PKM?2 may have other HIF-1a—
independent targets. Alternatively, even under normoxic con-
ditions in certain contexts, HIF-1a is maintained at a significant
level, allowing the JMJDS5-PKM2-HIFla axis to be activated.
For instance, Finley et al. reported that under conditions where
Sirt3 a tumor suppressor is down-regulated, HIF-1a level is in-
creased under normoxia (22). In the biological systems studied
here, we were able to identify JIMJD5/PKM2/HIF-1a complex in
either condition.

In sum, our studies illustrate that JMJD5 functions as an on-
cogene, in part by regulating cellular metabolism through PKM2
and HIF-1a (Fig. S8). By the use of both metabolic and non-
metabolic strategies, PKM2 and JMJD5 work in concert to
balance survival and cellular growth in a changing oxygen mi-
croenvironment. In this regard, JMJDS joins the increasing list of
regulators of PKM2 to control cellular metabolisms. We demon-
strate that PKM2 is regulated by direct protein interaction to
block its allosteric activation, thereby lowering its metabolic inputs
and, at the same time, facilitating nuclear translocation to mod-
ulate transcriptional program involved in glucose metabolism.

Materials and Methods

MCF-7, HelLa-S3, HEK293T, MDA-MB-231, and MDA-MB-453 cells were cul-
tured as described (1). JMJD5-expressing HelLa cells were prepared by in-
troducing pcDNA-Flag-JMJD5 into HelLa-S3s. JMJD5 knockdown MCF-7 cells
were generated based on lentivirus-mediated shJMJD5s. Detailed infor-
mation is provided in S/ Materials and Methods. LC-MS/MS analysis for
identifying JMJD5-PKMZ2 interaction is described in S/ Materials and Methods.
ChIP assay was performed with the use of Magna ChIPG assay kit (Millipore).
Enrichment of specific gene occupancy onto promoter was detected by
qRT-PCR as described in S/ Materials and Methods and Tables S1 and S2.
Detailed protocols for the reagents, siRNA assays, GST pull-down, immuno-
blot, confocal microscopic analysis, luciferase activity assay, SPR assay, in
vitro kinase assay, and chemical cross-linking assay are given in S/ Materials
and Methods.
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