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ABSTRACT

Hypoxia-inducible factor 1 (HIF-1) is a master tran-
scriptional regulator in response to hypoxia and its
transcriptional activity is crucial for cancer cell mo-
bility. Here we present evidence for a novel epige-
netic mechanism that regulates HIF-1 transcriptional
activity and HIF-1-dependent migration of glioblas-
toma cells. The lysine methyltransferases G9a and
GLP directly bound to the � subunit of HIF-1 (HIF-
1�) and catalyzed mono- and di-methylation of HIF-
1� at lysine (K) 674 in vitro and in vivo. K674
methylation suppressed HIF-1 transcriptional activ-
ity and expression of its downstream target genes
PTGS1, NDNF, SLC6A3, and Linc01132 in human
glioblastoma U251MG cells. Inhibition of HIF-1 by
K674 methylation is due to reduced HIF-1� trans-
activation domain function but not increased HIF-1�
protein degradation or impaired binding of HIF-1 to
hypoxia response elements. K674 methylation sig-
nificantly decreased HIF-1-dependent migration of
U251MG cells under hypoxia. Importantly, we found
that G9a was downregulated by hypoxia in glioblas-
toma, which was inversely correlated with PTGS1 ex-
pression and survival of patients with glioblastoma.
Therefore, our findings uncover a hypoxia-induced
negative feedback mechanism that maintains high
activity of HIF-1 and cell mobility in human glioblas-
toma.

INTRODUCTION

Hypoxia-inducible factor 1 (HIF-1), consisting of an O2-
regulated HIF-1� subunit and a constitutively expressed
HIF-1� subunit, is a master regulator of transcriptional
responses to reduced oxygen availability in metazoans (1).
HIF-1 transactivates hundreds of downstream target genes,
whose protein products control many aspects of cancer
biology, including angiogenesis, metabolism, pH home-
ostasis, stem cell pluripotency, immune evasion and cell
migration/invasion (2). Thus, the transcriptional activity of
HIF-1 is crucial for cancer development.

HIF-1� protein is heavily conjugated with multiple post-
translational modifications, which play a key role in mod-
ulating HIF-1 transcriptional activity. Ubiquitination rep-
resents the best-studied mechanism of indirect regulation
of HIF-1 transcriptional activity (3,4). In well-oxygenated
cells, HIF-1� is hydroxylated on proline 402 and 564 by
prolyl hydroxylases (5–7). Hydroxylated proline residues are
the docking sites for the von Hippel-Lindau (VHL)/Cullin-
2/Elongin-B/C ubiquitin E3 ligase complex, which medi-
ates HIF-1� ubiquitination and subsequent proteasomal
degradation (7,8). Our previous studies showed that HIF-
1� ubiquitination by the ubiquitin E3 ligase CHIP mediates
VHL-independent HIF-1� protein decay and inhibition
of HIF-1 transcriptional activity under prolonged hypoxia
(9). Other post-translational modifications, such as acety-
lation and phosphorylation, influence the HIF-1� ubiqui-
tination pathway to alter HIF-1� protein stability and ac-
tivation (10,11). HIF-1� is acetylated at lysine (K) 674 by
an acetyltransferase p300/CBP-associated factor (PCAF),
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and deacetylated by a deacetylase Sirtuin 1 (12). Sirtuin 2
was also shown to deacetylate K709 of HIF-1� to increase
HIF-1� ubiquitination and degradation, thereby inhibit-
ing HIF-1 transcriptional activity (13). Recent studies have
identified monomethylation (me1) of K32 and dimethyla-
tion (me2) of K391 of HIF-1� by SET7/9, which is coun-
teracted by lysine-specific demethylase 1 (LSD1) (14–16).
Although SET7/9 decreases HIF-1 transcriptional activity,
its underlying mechanism is still under debate (14,15). Nev-
ertheless, most studies have paid attention to the role of
post-translational modifications in HIF-1� protein stabil-
ity. Yet it remains poorly understood whether lysine methy-
lation occurs at the transactivation domain of HIF-1� to
directly modulate HIF-1 transcriptional activity in cancer
cells.

The lysine methyltransferase G9a is a member of the
Suv39h family and mediates gene silencing by inducing
methylation of K9 on histone H3 (H3K9) (17). A vast array
of genes is repressed by G9a, leading to effects on prolif-
eration, autophagy, epithelial–mesenchymal transition, and
cancer development (18–20). Apart from methylating hi-
stones, G9a also methylates non-histone proteins, includ-
ing p53, WIZ, CDYL1, ACINUS, Reptin, Pontin and it-
self (21–23). G9a-methylated Pontin and Reptin exert dis-
tinct functions on HIF-1 activity (22,23). Methylated Pon-
tin stimulates HIF-1 transcriptional activity through in-
creasing p300 recruitment in breast cancer cells, whereas
Reptin methylation suppresses HIF-1 transcriptional activ-
ity (22,23). A recent study found that G9a protein is stabi-
lized by hypoxia and mediates hypoxia-induced transcrip-
tional repression in breast cancer cells (24). However, the
precise role of G9a in HIF-1 transcriptional activity re-
mains unclear.

In the present study, we found that G9a and its para-
log G9a-like protein (GLP) interact with HIF-1� and di-
rectly catalyze K674me1/2 of HIF-1� in vitro and in hu-
man cells. G9a/GLP-mediated K674 methylation decreases
HIF-1 transcriptional activity and expression of a subset
of HIF-1 downstream target genes in glioblastoma multi-
forme (GBM) cells, leading to inhibition of GBM cell mi-
gration. G9a is downregulated in GBM cells subjected to
chronic hypoxia and in human GBM tissues, and its expres-
sion is negatively correlated with HIF-1 target gene expres-
sion as well as the clinical outcome in patients with GBM.
Together, these findings uncover a novel negative feedback
mechanism of HIF-1 transcriptional activity in GBM.

MATERIALS AND METHODS

Plasmid constructs

Human full-length G9a and its catalytically dead mutant
(H1113K) cDNAs were amplified by PCR from FLAG-
G9a and FLAG-G9a (H1113K) plasmids, respectively, and
subcloned into pcDNA3.1-V5-His vector (Invitrogen) or
lentiviral cFugw-FLAG vector. Human HIF-1� subdo-
main cDNAs were amplified by PCR from FLAG-HIF-1�
plasmid and subcloned into pGex-6P-1 (GE Healthcare).
Full-length HIF-1� cDNA was subcloned into lentiviral
cFugw-FLAG vector. HIF-1� mutants (K625R, K629R,
K636R, K649R, K674R and K674Q) were generated by

site-directed mutagenesis PCR. Human HIF-1�, HIF-
2�, G9a and GLP sgRNAs were designed by the online
CRISPR design program (http://crispr.mit.edu), annealed
and cloned into lentiCRISPRv2 vector (Addgene #52961).
The sgRNA oligonucleotide sequences are listed in Sup-
plementary Table S1. pSG5-GLP-HA was a gift from Xi-
aodong Cheng (UT MD Anderson Cancer Center). Other
plasmids were described previously (25,26). All plasmids
were confirmed by DNA sequencing.

Cell culture, transfection and hypoxia

HeLa, HEK293FT, LN-229, U87MG and U251MG cells
were cultured in high glucose DMEM (Sigma) supple-
mented with heat-inactivated 10% fetal bovine serum (FBS,
Sigma) at 37◦C in a 5% CO2/95% air incubator. All cell lines
are mycoplasma-free and have been authenticated by STR
DNA profiling analysis. Cells were transfected using Poly-
Jet (SignaGen) or FuGENE 6 (Promega) according to the
manufacturer’s instruction. CRISPR/Cas9 knockout (KO)
cells were generated by transfection of U251MG or HeLa
cells with sgRNA vector and subsequent treatment with
puromycin. A single KO cell was selected and verified by
genotyping and immunoblot assays. For hypoxia, cells were
placed at 37◦C in a modular chamber (Billups-Rothenberg),
which was flushed with a gas mixture containing 1% O2, 5%
CO2, and balanced N2.

Lentivirus production

The lentivirus was generated by transfection of HEK293FT
cells with transducing vector and packaging vectors
psPAX2 (Addgene #12260) and pMD2.G (Addgene
#12259). Forty eight hours after transfection, the super-
natant containing virus particles was collected, filtered and
transduced into U251MG cells.

Immunoprecipitation (IP) and immunoblot assays

Cells were lysed in lysis buffer [10 mM Tris–HCl (pH 8.0),
150 mM NaCl, 1 mM EDTA, 0.5% NP-40 and protease
inhibitor cocktail] for 30 min on ice, followed by centrifu-
gation at 13 000 g for 15 min at 4◦C. Whole-cell lysates
(WCLs) were subjected to IP by incubation overnight at
4◦C with a primary antibody in the presence of protein G
magnetic beads (Bio-Rad). After extensive washing with
lysis buffer, the bound proteins were eluted by boiling in
SDS-PAGE sample buffer, and analyzed by immunoblot
assays. Antibodies used for IP and immunoblot assays
are the following: anti-methyl lysine (ab23366, Abcam;
NB600-824, Novus Biologicals); anti-HIF-1� (sc-10790,
Santa Cruz; 610959, BD Biosciences); anti-HIF-2� (A300-
286A, Bethyl Laboratories); anti-G9a (G6919, Sigma); anti-
GLP (A301-642A, Bethyl Laboratories); p300 (NB500-161,
Novus Biologicals); anti-JMJD2C (NBP1-49600, Novus
Biologicals); anti-Pontin (12300S, Cell Signaling Technol-
ogy); anti-Reptin (8959S, Cell Signaling Technology); anti-
FLAG (F3165, Sigma); anti-V5 (R96025, Invitrogen); anti-
HA (H9658, Sigma); anti-monomethyl and anti-dimethyl
HIF-1� K674 antibodies (Novus Biologicals).

http://crispr.mit.edu
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In vitro methylation assays

The methyltransferases G9a [210–1210 amino acid (aa)],
GLP (32–1298 aa), SET7, SMYD2, and SET8 were ex-
pressed in Sf9 cells and purified as described previously (26).
GST-HIF-1� proteins were expressed in Escherichia coli
BL21-Gold (DE3) and purified by binding to glutathione–
Sepharose beads (GE Healthcare) (25). Purified methyl-
transferases (200 ng) were incubated at 30◦C for 1 h with
a GST-HIF-1� protein in methylation reaction buffer
[40 mM Tris–HCl (pH 8.5), 100 mM NaCl, 30 mM
KCl, 6% glycerol and 55 �Ci/ml S-Adenosyl-L-(methyl-
3H)methionine (3H-SAM) or 100 �M unlabeled SAM
(PerkinElmer)]. The reaction was terminated by adding
SDS-PAGE sample buffer and boiling for 2 min. HIF-
1� methylation was determined by autoradiography, mass
spectrometry, or immunoblot assays with anti-monomethyl
or dimethyl HIF-1� K674 antibodies.

Mass spectrometry (MS) assays

Purified GST-HIF-1� (576–680 aa) protein was incubated
with purified G9a (210–1210) in in vitro methylation assays,
fractionated by SDS-PAGE, and stained by Coomassie
blue. Stained GST-HIF-1� (576–680) protein was excised,
reduced with DTT (Sigma), alkylated with iodoacetamide
(Sigma), and digested with endoproteinase Arg-C (Sigma).
Following solid-phase extraction cleanup with Oasis HLB
plates (Waters), the resulting peptides were injected and an-
alyzed by LC/MS/MS using a Q Exactive HF mass spec-
trometer (Thermo) coupled to an Ultimate 3000 RSLC-
Nano liquid chromatography system (Dionex). Samples
were separated on a 75-�m i.d., 50-cm Easy Spray column
(Thermo) and eluted with a gradient from 1–28% buffer
B (80% (v/v) acetonitrile, 10% (v/v) trifluoroethanol and
0.08% formic acid) over 60 min at a 400 nl/min flow rate.
The mass spectrometer was operated in positive ion mode
with a source voltage of 2.2 kV, capillary temperature of
275◦C, and S-lens RF level at 55%. MS scans were ac-
quired at 120,000 resolution and up to 20 MS/MS spec-
tra were obtained for each full spectrum acquired using
higher-energy collisionally-induced dissociation (HCD) for
ions with charge 2–8. Raw MS data files were converted to a
peak list format and analyzed using the central proteomics
facilities pipeline (version 2.0.3). Peptide identification was
performed using the Tandem and open MS search algo-
rithm search engines against the human protein database
from Uniprot, with common contaminants and reversed
decoy sequences appended. Fragment and precursor tol-
erances of 20 ppm and 0.5 Da were specified, and three
missed cleavages were allowed. Carbamidomethylation of
cysteine was set as a fixed modification, with oxidation of
methionine and mono-, di- and tri-methylation of lysine as
variable modifications. An additional requirement of two
unique peptide sequences per protein was used for protein
identification. Methylated peptides were manually verified.

Luciferase reporter assays

Parental or HIF-1� KO HeLa cells were seeded onto a 48-
well plate, and transfected with HIF-1 luciferase reporter
p2.1 plasmid, or pG5E1bLuc and pGalA reporter plasmid;

control reporter pSV-Renilla plasmid; and expression vec-
tor encoding wild-type (WT) or catalytically dead mutant
(H1113K) G9a, GLP, WT or K674R FLAG-HIF-1�, or
empty vector (EV). Eighteen hours after transfection, cells
were exposed to 20% or 1% O2 for 24 hours. The firefly
and Renilla luciferase activities were measured by the Dual-
Luciferase Assay System (Promega).

Quantitative reverse transcription-polymerase chain reaction
(RT-qPCR) assays

Total RNA was isolated with Trizol (Invitrogen) and treated
with DNase I (Ambion). 1 �g of DNA-free total RNA was
reverse transcribed using iScript reverse transcription kit
(Bio-Rad), and resulting cDNAs were diluted and analyzed
by real-time qPCR with iTaq Universal SYBR Green Su-
permix (Bio-Rad). Primer sequences are listed in Supple-
mentary Table S2. The target mRNA transcript levels were
normalized into 18S rRNA and its fold change by hypoxia
was calculated based on the threshold cycle (Ct) as 2−�(�Ct),
where �Ct = Cttarget – Ct18S rRNA and �(�Ct) = �Ct1% O2
– �Ct20% O2 (25).

Chromatin immunoprecipitation (ChIP)-qPCR assays

Cells were crosslinked with 1% formaldehyde for 20 min,
and quenched in 0.125 M glycine. After washing with PBS
plus protease inhibitor cocktail, cells were lysed in lysis
buffer (50 mM Tris–HCl, 10 mM EDTA, 1% SDS, and pro-
tease inhibitor cocktail). The chromatin was fragmented by
sonication, diluted in ChIP IP buffer [0.01% SDS, 1% Tri-
ton X-100, 2 mM EDTA, 20 mM Tris–HCl (pH 8.1), 150
mM NaCl, and protease inhibitor cocktail], and subjected
to IP by incubation overnight at 4◦C in the presence of pro-
tein A agarose beads pre-blocked with salmon sperm DNA
(Millipore) with following antibodies: G9a (G6919, Sigma);
GLP (A301–642A, Bethyl Laboratories); p300 (NB500-
161, Novus Biologicals); H3K9me2 (4658S, Cell Signaling
Technology); rabbit IgG (2729S, Cell Signaling Technol-
ogy). For FLAG ChIP, a SimpleChIP Kit (#9003, Cell Sig-
naling Technology) was used for preparation of chromatin
according to manufacturer’s protocol. Briefly, cells were re-
suspended in buffer A on ice for 10 min. After centrifuga-
tion, cells were resuspended in buffer B and digested with
micrococal nuclease for 20 min at 37◦C, followed by termi-
nation of enzyme digestion with 0.5 M EDTA. The nuclear
pellets were then collected by centrifugation, resuspended
in 1× ChIP buffer containing protease inhibitor cocktail,
and sonicated. The fragmented chromatin was subjected
to IP in the presence of Salmon sperm DNA/protein A
beads with antibodies against FLAG (F1804, Sigma) or
mouse IgG (sc-2025, Santa Cruz Biotechnology) overnight
at 4◦C. The precipitated chromatin DNA was washed,
eluted, reverse crosslinked at 65◦C for 4 h followed by
treatment with proteinase K at 45◦C for 1 h, purified
with phenol/chloroform/isoamyl alcohol (25:24:1, v/v),
and quantified by real-time qPCR assays. The primers used
for ChIP-qPCR are listed in Supplementary Table S2. Fold
enrichment was calculated based on Ct as 2−�(�Ct), where
�Ct = CtIP – CtInput and �(�Ct) = �Ctantibody – �CtIgG.
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Cell migration assays

Cells were suspended in serum-free DMEM and seeded
onto Boyden chamber transwell inserts (Corning). DMEM
with 10% FBS was placed at the bottom plate as chemoat-
tractant. After exposure to 20% or 1% O2 for 16 h, cells that
migrated to the lower side of the transwell insert were fixed
in methanol, stained with 0.5% crystal violet, and counted.

Human GBM tissues

The study was approved by the Institutional Review Board
at UT Southwestern Medical Center with informed con-
sent. The pathology of GBM tissues were confirmed by two
experienced pathologists (Kimmo J. Hatanpaa and Jack M.
Raisanen). The brain tissues adjacent to GBM (<10% of tu-
mor cells) or from patients with epilepsy were used as nor-
mal control.

Statistical analysis

All experiments were repeated at least three times. Data
were expressed as mean ± SEM. Statistical analysis was per-
formed by Student’s t-test between two groups, or one-way
or two-way ANOVA between multiple groups using Graph-
Pad Prism7 software. Gene expression correlation was an-
alyzed by Pearson correlation coefficients. Kaplan–Meier
survival curve was analyzed by log-rank test. P < 0.05 is
considered significant.

RESULTS

Identification of HIF-1� as a new G9a substrate

To determine if the transactivation domain of HIF-1� is
lysine-methylated under hypoxia, HeLa cells were trans-
fected with FLAG-HIF-1� (531–826) vector and exposed
to 1% O2 for 24 h. Using a pan methyl-lysine antibody (anti-
Lys-me), which recognizes mono-, di- and tri-methyl lysine,
we found that anti-Lys-me antibody, but not control IgG,
precipitated FLAG-HIF-1� (531–826) (Figure 1A). Full-
length FLAG-HIF-1� was also precipitated by anti-Lys-me
antibody in HeLa cells exposed to 1% O2 for 24 h (Figure
1B). These data indicate that HIF-1� is methylated on lysine
within its transactivation domain in hypoxic human cells.

To identify which methyltransferase methylates HIF-1�,
we performed a small-scale in vitro methylation screen. G9a,
SET7, SET8 and SMYD2, which are known methyltrans-
ferases for non-histone proteins, were chosen for this screen.
GST-HIF-1� (531–826) was expressed in bacteria, puri-
fied, and incubated with G9a (210–1210), SET7, SET8 or
SMYD2, which were expressed and purified from insect
Sf9 cells (26), in the presence of a methyl donor 3H-SAM.
Transfer of the 3H-labeled methyl group to GST-HIF-1�
(531–826) by a methyltransferase was detected by autora-
diography. As shown in Figure 1C, GST-HIF-1� (531–
826) was methylated by G9a (210–1210) in a concentration-
dependent manner. However, no 3H-SAM-labeled GST-
HIF-1� (531–826) was detected when GST-HIF-1� (531–
826) was incubated with SET7, SET8, SMYD2 or buffer
alone (Figure 1C). These data indicate that G9a, but not
SET7, SET8 or SMYD2, methylates the transactivation do-
main of HIF-1� in vitro.

To determine whether the catalytic activity of G9a is re-
quired for HIF-1� methylation, we incubated GST-HIF-
1� (531–826) with WT or catalytically inactive (H1113K)
G9a (210–1210) in the in vitro3H-SAM-based methylation
assays. WT G9a (210–1210) induced methylation of GST-
HIF-1� (531–826) (Figure 1D), which validated the screen
data (Figure 1C). In contrast, a catalytically inactive G9a
mutant (H1113K) failed to methylate GST-HIF-1� (531–
826) (Figure 1D). These data indicate that G9a directly
methylates HIF-1� through its methyltransferase activity in
vitro.

To determine whether G9a methylates HIF-1� in vivo
and whether G9a-mediated HIF-1� methylation is regu-
lated by O2, we employed a mutant HIF-1� (P402/564A),
which is not subjected to O2-dependent protein degrada-
tion (6), and compared the methylation levels of HIF-1�
(P402/564A) that is equally expressed under normoxic and
hypoxic conditions. HeLa cells were co-transfected with
vector encoding FLAG-tagged HIF-1� (P402/564A), and
WT or H1113K G9a or EV, and exposed to 20% or 1% O2
for 24 h. Consistent with in vitro findings (Figure 1D), WT
but not H1113K G9a induced methylation of FLAG-HIF-
1� (P402/564A) in HeLa cells, and its methylation levels
were comparable under 20% and 1% O2 conditions (Fig-
ure 1E). These data indicate that G9a methylates HIF-1�
through its methyltransferase activity in a O2-independent
manner in vivo.

G9a methylates HIF-1� at K674 in vitro and in vivo

To systematically map HIF-1� domains methylated by G9a,
we performed in vitro3H-SAM-based methylation assays
using a series of truncated GST-HIF-1� proteins. As ex-
pected, G9a (210–1210) methylated GST-HIF-1� (531–
826) (Figure 2A). In contrast, G9a (210–1210) failed to
methylate GST-HIF-1� (1–80), (81–200), (201–329), (331–
427) and (432–528), or GST (Figure 2A). SET7 was known
to methylate HIF-1� at lysine 32 (14). Our in vitro methyla-
tion assay also showed that GST-HIF-1� (1–80) was methy-
lated by SET7 (Figure 2A), validating our experimental
system. Together, these data indicate that G9a exclusively
methylates HIF-1� (531–826), but not other HIF-1� do-
mains.

To identify the lysine residue of HIF-1� methylated by
G9a, we first divided HIF-1� (531–826) into 6 subdomains.
In vitro3H-SAM-based methylation assays showed that G9a
(210–1210) strongly methylated GST-HIF-1� (576–680)
and (576–786), comparable to its effect on GST-HIF-1�
(531–826) methylation (Figure 2B). In contrast, GST-HIF-
1� (531–575), (681–786) and (787–826) were not methylated
by G9a (210–1210) (Figure 2B). These data indicate that
G9a-methylated lysine residue resides within the amino acid
residues 576–680 of HIF-1�. The HIF-1� (576–680) sub-
domain contains a total of five lysine residues. Mutation
of K674 to arginine (K674R) in this subdomain completely
abolished G9a (210–1210)-induced GST-HIF-1� (531–826)
methylation in vitro (Figure 2C). In contrast, individual
mutation of the other four lysine residues did not alter
G9a (210–1210)-induced GST-HIF-1� (531–826) methyla-
tion (Figure 2C).
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Figure 1. HIF-1� is methylated by G9a. (A and B) HeLa cells were transfected with FLAG-HIF-1� (531–826) (A) or FLAG-HIF-1� (B) vector and
exposed to 1% O2 for 6 h. IP assays were performed with IgG or anti-Lys-me antibody, followed by immunoblot assays with antibodies against FLAG or
actin. (C and D) In vitro methylation assays were performed using purified GST-HIF-1� (531–826) and methyltransferases in the presence of 3H-SAM,
followed by autoradiography or Coomassie staining. (E) HeLa cells were cotransfected with FLAG-HIF-1� (P402/564A) vector and WT or inactive
H1113K G9a or EV, and exposed to 20% or 1% O2 for 24 h. IP assays were performed with anti-Lys-me antibody, followed by immunoblot assays with
antibodies against FLAG or V5.

To confirm K674 methylation and to identify its methy-
lation type by G9a, we performed MS assays. GST-HIF-1�
(576–680) was incubated with G9a (210–1210) in the pres-
ence of SAM, fractionated by SDS-PAGE, and subjected to
MS analysis. Two major methylation types K674me1 and
K674me2 were identified by MS (Figure 2D–F). The per-
centage of the K674me1- and K674me2-containing pep-
tides was 18.8% and 10.6%, respectively (Figure 2D). In
contrast, few trimethyl (me3) K674-containing peptides
(2.4%) were detected, similar to unmethylated K649 (Fig-
ure 2D).

To further validate the MS data, we developed polyclonal
antibodies that specifically recognize K674me1 or K674me2
of HIF-1�. In vitro methylation assays showed that GST-
HIF-1� (531–826) was indeed mono- and di-methylated at
K674 in the presence of G9a (Figure 2G). K674R, but not
K625R, K629R, K636R or K649R, completely abolished
mono- and di-methylation of GST-HIF-1� (531–826) (Fig-
ure 2G).

We further examined if G9a methylates K674me1 and
K674me2 of HIF-1� in vivo. IP assays showed that WT
but not H1113K G9a induced K674me1 and K674me2
of FLAG-HIF-1� in HeLa cells exposed to 1% O2 for 6
h (Figure 2H). Consistent with in vitro findings (Figure 2G),
K674R, but not K649R, eliminated G9a-induced K674me1
and K674me2 of FLAG-HIF-1� in hypoxic HeLa cells

(Figure 2H). Together, these in vitro and in vivo data indicate
that G9a catalyzes mono- and di-methyl K674 of HIF-1�.

G9a interacts with and methylates endogenous HIF-1� in
vivo

The HIF-1� methylation data shown above suggest that
G9a interacts with HIF-1�. To test this possibility, HeLa
cells were transfected with FLAG-G9a vector and exposed
to 1% O2 for 6 h. Anti-HIF-1� antibody pulled down
FLAG-G9a in hypoxic HeLa cells, whereas control IgG
failed to do so (Figure 3A). We also performed a recip-
rocal co-IP assay and found that anti-G9a antibody, but
not IgG, precipitated FLAG-HIF-1� in hypoxic HeLa cells
(Figure 3B). Furthermore, we found that endogenous G9a
precipitated with endogenous HIF-1�, but not HIF-2�, in
U251MG cells exposed to 1% O2 for 6 h (Figure 3C). To-
gether, these data indicate that G9a interacts with HIF-1�,
but not HIF-2�, in human cells.

Next, we generated G9a KO HeLa cells by the
CRISPR/Cas9 technique and performed IP assays to de-
termine if G9a methylates endogenous HIF-1� in vivo. As
shown in Figure 3D, anti-K674me1 antibody strongly pre-
cipitated endogenous HIF-1� in parental, but not G9a KO,
HeLa cells under hypoxia, suggesting that G9a KO abol-
ished monomethylation of HIF-1� at K674. Similarly, very
little endogenous HIF-1� K674me2 was detected in G9a
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Figure 2. G9a methylates HIF-1� at K674. (A–C) In vitro methylation assays were performed using GST or indicated GST-HIF-1� truncated proteins and
G9a (210–1210) or SET7 in the presence of 3H-SAM, followed by autoradiography or Coomassie staining. (D–F) GST-HIF-1� (576–680) was incubated
with purified G9a (210–1210) in the presence of SAM, followed by MS analysis. Methylation of K674 and K649 was summarized in D. The spectra of
the HIF-1� peptide containing monomethyl (E) and dimethyl (F) K674 are shown. (G) In vitro methylation assays were performed using purified WT
or mutant GST-HIF-1� (531–826) and G9a (210–1210) in the presence of SAM, followed by immunoblot assays with antibodies against K674me1 or
K674me2, and Coomassie staining. (H) HIF-1� KO HeLa cells were cotransfected with WT or mutant FLAG-HIF-1� vector and WT or catalytically
inactive H1113K G9a-V5 vector or EV, and exposed to 1% O2 for 6 h. IP assays were performed with anti-FLAG antibody, followed by immunoblot assays
with antibodies against K674me1, K674me2, FLAG, V5 or actin.
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Figure 3. G9a interacts with and methylates endogenous HIF-1�. (A)
HeLa cells were transfected with FLAG-G9a vector and exposed to 1%
O2 for 6 h. IP assays were performed with IgG or anti-HIF-1� antibody,
followed by immunoblot assays with antibodies against FLAG, HIF-1�,
or actin. (B) HeLa cells were transfected with FLAG-HIF-1� vector and
exposed to 1% O2 for 6 h. IP assays were performed with IgG or anti-G9a
antibody, followed by immunoblot assays with antibodies against FLAG,
G9a or actin. (C) U251MG cells were exposed to 1% O2 for 6 h. IP assays
were performed with IgG or anti-G9a antibody, followed by immunoblot
assays with antibodies against HIF-1�, HIF-2� or G9a. (D) Parental or
G9a KO HeLa cells were exposed to 1% O2 for 6 h, and subjected to IP
with antibodies against K674me1 or K674me2, followed by immunoblot
assays with antibodies against HIF-1�, G9a or actin.

KO HeLa cells under hypoxia (Figure 3D). These data in-
dicate that G9a catalyzes mono- and di-methylation of en-
dogenous HIF-1� at K674 in human cells.

GLP interacts with and methylates HIF-1�

GLP often shares the same substrates with G9a (17). Thus,
we studied if GLP also interacts with HIF-1�. As shown in
Figure 4A, anti-GLP antibody, but not control IgG, pulled
down both endogenous HIF-1� and GLP in U251MG
cells under hypoxia, indicating that GLP binds to HIF-
1� in human cells. Endogenous HIF-2� did not interact
with GLP in hypoxic U251MG cells (Figure 4A). To de-
termine whether GLP methylates HIF-1�, we performed
in vitro methylation assays. Similar to G9a, GLP (32–1298)
methylated GST-HIF-1� (531–826), but not GST alone in
vitro (Figure 4B). Domain mapping studies showed that
GLP (32–1298) methylated GST-HIF-1� (531–826), (576–
680), and (576–786), but not GST-HIF-1� (531–575), (681–
786), and (787–826), or GST (Figure 4C). K674R, but
not K625R, K629R, K636R, or K649R, abolished GLP-
induced mono- or di-methylation of GST-HIF-1� (531–
826) in vitro (Figure 4D). Further, we found that ectopic
expression of HA-GLP induced mono- and di-methylation
of FLAG-HIF-1� in hypoxic HeLa cells (Figure 4E). Con-
sistent with in vitro findings (Figure 4D), FLAG-HIF-1�
(K674R) failed to be mono- and di-methylated by GLP in
hypoxic HeLa cells, whereas FLAG-HIF-1� (K649R) was
fully methylated by GLP like WT FLAG-HIF-1� (Figure
4E). GLP-induced HIF-1� methylation was not regulated
by hypoxia (Figure 4F). Conversely, CRISPR/Cas9-based

KO of GLP decreased K674me1 or K674me2 levels of en-
dogenous HIF-1� in hypoxic HeLa cells (Figure 4G). These
data indicate that GLP catalyzes mono- and di-methylation
of HIF-1� at K674 in vitro and in human cells, as G9a does,
but to a lesser extent.

G9a/GLP inhibits HIF-1 transcriptional activity and down-
stream target gene expression

To determine if G9a/GLP regulates HIF-1 transcriptional
activity, we performed HIF-1 luciferase reporter p2.1 as-
says. Parental or HIF-1� KO HeLa cells were co-transfected
with p2.1, containing a hypoxia response element from the
ENO1 gene upstream of the firefly luciferase gene (27), a
control vector pSV-Renilla, and vector encoding WT or
H1113K G9a, or EV, and exposed to 20% or 1% O2 for 24
h. WT G9a significantly decreased HIF-1 transcriptional
activity, which was reversed by catalytically inactive G9a
(H1113K) in HeLa cells (Figure 5A). Neither WT nor in-
active G9a altered p2.1 activity in HIF-1� KO HeLa cells
(Figure 5A), indicating specific inhibition of HIF-1 by G9a.
Ectopic expression of WT or H1113K G9a did not affect the
protein levels of HIF-1� in HeLa cells (Figure 2H), suggest-
ing that G9a-mediated HIF-1 inhibition is not due to re-
duced HIF-1� protein levels. Likewise, ectopic expression
of GLP also significantly inhibited HIF-1 transcriptional
activity in hypoxic HeLa cells (Figure 5B). To further de-
termine if G9a/GLP directly inhibits HIF-1 transcriptional
activity, we performed HIF-1 luciferase reporter GalA as-
says. HeLa cells were co-transfected with pGalA, which en-
codes HIF-1� (531–826) fused to the Gal4 DNA-binding
domain (28), a luciferase reporter plasmid pG5E1bLuc con-
taining five Gal4-binding sites and a TATA box upstream of
the firefly luciferase gene, and WT or H1113K G9a vector,
or EV, and exposed to 20% or 1% O2 for 24 h. WT but not
H1113K G9a inhibited HIF-1 transactivation in hypoxic
HeLa cells (Figure 5C). Similar results were also observed
in HIF-1� KO HeLa cells as GalA assays measured the ac-
tivity of exogenous HIF-1� transactivation domain, not en-
dogenous HIF-1� (Figure 5C). We also found that ectopic
expression of GLP significantly decreased HIF-1 transacti-
vation in HeLa cells (Figure 5D). Together, these data in-
dicate that G9a/GLP inhibit HIF-1 transcriptional activity
through the methyltransferase activity in hypoxic cells.

To determine whether G9a suppresses transcription of
HIF-1 target genes, we generated G9a KO and G9a+HIF-
1� double KO (DKO) U251MG cells by the CRISPR/Cas9
technique (Figure 5E). Parental, G9a KO, G9a+HIF-1�
DKO cells were exposed to 20% or 1% O2 for 24 h.
RT-qPCR assays showed that hypoxia significantly in-
duced transcription of HIF-1 target genes PTGS1, NDNF,
SLC6A3, Linc01132, and VEGFA in U251MG cells (Fig-
ure 5F). Hypoxia-induced PTGS1, NDNF, SLC6A3, and
Linc01132 mRNA, but not VEGFA mRNA, was signifi-
cantly enhanced in G9a KO U251MG cells as compared to
parental U251MG cells (Figure 5F). As expected, HIF-1�
KO abolished G9a KO-induced HIF-1 target genes (Figure
5F), suggesting that repression of these hypoxia-inducible
genes is due to specific inhibition of HIF-1 by G9a. Neither
HIF-1� nor HIF-2� protein levels were affected by G9a KO
in nonhypoxic and hypoxic U251MG cells (Figure 5E). To
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Figure 4. GLP interacts with and methylates HIF-1� at K674 in vitro and in vivo. (A) IP assays were performed with IgG or anti-GLP antibody in U251MG
cells exposed to 1% O2 for 6 h, followed by immunoblot assays with antibodies against GLP, HIF-1� or HIF-2�. (B and C) In vitro methylation assays
were performed using indicated GST-HIF-1� truncated proteins or GST and GLP (32–1298) in the presence of 3H-SAM, followed by autoradiography or
Coomassie staining. (D) In vitro methylation assays were performed using purified WT or mutant GST-HIF-1� (531–826) and GLP (32–1298) in the pres-
ence of SAM, followed by immunoblot assays with antibodies against K674me1 or K674me2, and Coomassie staining. (E) HeLa cells were cotransfected
with WT or mutant FLAG-HIF-1� vector and HA-GLP vector or EV, and exposed to 1% O2 for 6 h. IP assays were performed with IgG, anti-K674me1
antibody, or anti-K674me2 antibody, followed by immunoblot assays with antibodies against FLAG, HA, or actin. (F) HeLa cells were cotransfected with
FLAG-HIF-1� (P402/564A) vector and HA-GLP or EV, and exposed to 20% or 1% O2 for 24 h. IP assays were performed with anti-Lys-me antibody,
followed by immunoblot assays with antibodies against FLAG or HA. (G) Parental or GLP KO HeLa cells were exposed to 1% O2 for 6 h, and subjected
to IP with antibodies against K674me1 or K674me2, followed by immunoblot assays with antibodies against HIF-1�, GLP, or actin.

determine whether GLP has similar inhibitory functions,
we generated CRISPR/Cas9-based GLP KO U251MG
cells (Figure 5G). GLP KO significantly increased the ex-
pression of HIF-1 target genes PTGS1 and Linc01132, but
not NDNF, SLC6A3, and VEGFA, in U251MG cells under
hypoxia (Figure 5H). These data indicate that G9a/GLP se-
lectively inhibit HIF-1 target gene expression in U251MG
cells.

K674 methylation inhibits HIF-1 transcriptional activity and
target gene expression

We performed p2.1 reporter assays to determine if K674
methylation inhibits HIF-1 transcriptional activity. HeLa
cells were transfected with p2.1, pSV-Renilla, and vector
encoding WT or K674R FLAG-HIF-1� or EV, and ex-
posed to 20% or 1% O2 for 24 h. WT FLAG-HIF-1� sig-
nificantly increased p2.1 activity, which was further en-

hanced by K674R in HeLa cells under nonhypoxic and hy-
poxic conditions (Figure 6A). These data indicate that K674
methylation represses HIF-1 transcriptional activity.

Next, we set out to determine whether K674 methyla-
tion suppresses the expression of HIF-1 target genes in
U251MG cells. To address this, we generated HIF-1� and
HIF-2� DKO U251MG cells by the CRISPR/Cas9 tech-
nique, and the rescued cell line expressing WT or K674R
FLAG-HIF-1� (Figure 6B). Previous studies showed that
K674 was acetylated by PCAF (12). Thus, we also
generated a K674 acetylation-mimic cell line, HIF-1/2�
DKO+FLAG-HIF-1� (K674Q) U251MG (Figure 6B), to
distinguish the effect of K674 acetylation and methyla-
tion on HIF-1 target gene expression. These cell lines
were exposed to 20% or 1% O2 for 24 h and sub-
jected to RT-qPCR assays. As shown in Figure 6C–G,
the mRNA levels of HIF-1 target genes PTGS1, NDNF,
SLC6A3, Linc01132, and VEGFA were increased by hy-
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Figure 5. G9a/GLP inhibit HIF-1 transcriptional activity via their catalytic activity. (A and B) Parental or HIF-1� KO HeLa cells were cotransfected
with HIF-1 luciferase reporter p2.1, pSV-Renilla and vector encoding WT G9a (A), G9a (H1113K, A), GLP (B), or EV. Cells were exposed to 20% or 1%
O2 for 24 h and subjected to dual-luciferase reporter assays (n = 3, mean ± SEM). ****P < 0.0001. (C and D) Parental or HIF-1� KO HeLa cells were
cotransfected with pGalA, pG5E1bLuc, pSV-Renilla, and vector encoding WT G9a (C), G9a (H1113K, C), GLP (D), or EV. Cells were exposed to 20%
or 1% O2 for 24 h and subjected to dual-luciferase reporter assays (n = 3, mean ± SEM). ****P < 0.0001. (E and F) Parental, G9a KO, and G9a+HIF-1�
DKO U251MG cells were exposed to 20% or 1% O2 for 24 h. Immunoblot analysis of indicated proteins is shown in E. RT-qPCR analysis of indicated
mRNAs is shown in F (n = 6, mean ± SEM). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (G and H) Parental and GLP KO U251MG cells were
exposed to 20% or 1% O2 for 24 h. Immunoblot analysis of indicated proteins is shown in G. RT-qPCR analysis of indicated mRNAs is shown in H (n =
6, mean ± SEM). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 6. K674 methylation suppresses the expression of HIF-1 target genes in GBM cells. (A) HeLa cells were cotransfected with p2.1, pSV-Renilla, and
vector encoding WT or K674R FLAG-HIF-1�, or EV. Cells were exposed to 20% or 1% O2 for 24 h and subjected to dual-luciferase reporter assays (n = 4,
mean ± SEM). ****P < 0.0001. (B–G) Parental, HIF-1/2� DKO+EV, HIF-1/2� DKO+WT FLAG-HIF-1�, HIF-1/2� DKO+FLAG-HIF-1� (K674R),
and HIF-1/2� DKO+FLAG-HIF-1� (K674Q) U251MG cells were exposed to 20% or 1% O2 for 24 h. Immunoblot analysis of indicated proteins is shown
in B. RT-qPCR analysis of indicated mRNAs is shown in C–G (n = 3, mean ± SEM). **P < 0.01; ***P < 0.001; ****P < 0.0001.

poxia, which were blocked by HIF-1/2� DKO in U251MG
cells. Ectopic expression of WT FLAG-HIF-1� partially
but significantly restored expression of these five HIF-1
target genes in hypoxic HIF-1/2� DKO U251MG cells
(Figure 6C–G). Increased PTGS1, NDNF, SLC6A3, and
Linc01132 mRNA levels were significantly greater in hy-
poxic HIF-1/2� DKO U251MG cells expressing FLAG-
HIF-1� (K674R) or (K674Q) as compared to HIF-1/2�
DKO U251MG cells expressing WT FLAG-HIF-1� (Fig-
ure 6C–F), suggesting that methylation, but not acetylation,
of K674 inhibits expression of PTGS1, NDNF, SLC6A3,
and Linc01132 in hypoxic U251MG cells. In contrast,
K674R or K674Q had no effect on VEGFA mRNA expres-
sion in hypoxic U251MG cells (Figure 6G). The protein lev-
els of WT, K674R, and K674Q FLAG-HIF-1� were com-
parable in HIF-1/2� DKO U251MG cells under hypoxia
(Figure 6B), excluding the possibility that increased expres-
sion of PTGS1, NDNF, SLC6A3, and Linc01132 by K674R
or K674Q FLAG-HIF-1� is due to high levels of FLAG-
HIF-1� (K674R) or (K674Q) protein. Therefore, these data
indicate that mutation of HIF-1� at K674 phenocopies G9a
loss of function by increasing HIF-1 target gene expression
in U251MG cells.

K674 methylation has no effect on HIF-1 binding to the HRE

To determine whether K674 methylation inhibits HIF-1�
binding to the HRE to suppress HIF-1 transcriptional
activity, we performed ChIP-qPCR assays. HIF-1� KO
U251MG cells were transiently transfected with vector en-
coding WT or K674R FLAG-HIF-1� and exposed to 20%
or 1% O2 for 24 or 72 h. As expected, WT FLAG-HIF-
1� was enriched at HREs of VEGFA, PTGS1, SLC6A3,
and Linc01132 under non-hypoxic conditions, and its oc-
cupancy was significantly increased by hypoxia for 24 or 72
h in U251MG cells (Supplementary Figure S1A–D). Simi-
larly, FLAG-HIF-1� (K674R) also occupied HREs of these
HIF-1 target genes with binding intensity that was compa-
rable to WT FLAG-HIF-1� (Supplementary Figure S1A–
D). These data indicate that K674 methylation fails to block
HIF-1 binding to HREs in GBM cells.

Chronic hypoxia reduces G9a/GLP binding to the HRE of
HIF-1 target genes

Next, we studied whether G9a/GLP directly bind to the
HRE of HIF-1 target genes. HIF-1� KO U251MG cells
were transduced with lentivirus carrying WT or K674R
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FLAG-HIF-1� and exposed to 20% or 1% O2 for 24 or 72
h. ChIP-qPCR assays showed that G9a was highly enriched
at HREs of PTGS1, SLC6A3, Linc01132, and VEGFA in
HIF-1� KO U251MG cells expressing WT FLAG-HIF-
1� under 20% O2, and its enrichment was not altered by
24 h of hypoxia, but significantly decreased after 72 h of
chronic hypoxia (Supplementary Figure S2A–D). Similar
intensity of G9a occupancy at HREs was found in HIF-
1� KO U251MG cells expressing FLAG-HIF-1� (K674R)
(Supplementary Figure S2A–D). These data indicate that
chronic hypoxia inhibits G9a binding to HREs, but K674
methylation has no effect on G9a enrichment at HREs.
Likewise, we found that GLP also occupied HREs in
U251MG cells and its occupancy was inhibited by chronic
hypoxia but not K674 methylation (Supplementary Figure
S2E–H). Together, these findings indicate that G9a/GLP
are enriched at the HRE of HIF-1 target genes in GBM
cells, and that G9a/GLP occupancy is decreased in GBM
cells exposed to chronic hypoxia.

G9a/GLP are known to methylate H3K9 to suppress
gene expression (17). Consistent with G9a/GLP occupancy,
high enrichment of H3K9me2 was detected at HREs of
PTGS1, SLC6A3, Linc01132, and VEGFA in HIF-1� KO
U251MG cells expressing WT or K674R FLAG-HIF-1�
under 20% O2, and its occupancy was not increased by 24 h
of hypoxia (Supplementary Figure S3A–D). These data in-
dicate that G9a/GLP-induced H3K9 dimethylation is not
responsible for repression of HIF-1 target genes in GBM
cells.

p300, JMJD2C, Pontin, Reptin, PRDX2 and PRDX4 are not
involved in K674 methylation-mediated HIF-1 inhibition

Next, we investigated whether K674 methylation influ-
ences the recruitment of HIF-1 coactivators or corepres-
sors including p300, JMJD2C, Pontin, Reptin, PRDX2, or
PRDX4 to HIF-1�, leading to HIF-1 inhibition. HIF-1�
KO U251MG cells expressing WT or K674R FLAG-HIF-
1� were exposed to 1% O2 for 6 h. IP of p300 by anti-
p300 antibody pulled down an equal amount of WT and
K674R FLAG-HIF-1� (Supplementary Figure S4A), in-
dicating that K674 methylation does not affect HIF-1�-
p300 interaction in GBM cells. We further performed ChIP-
qPCR assays to examine the effect of K674 methylation
on the recruitment of p300 to HIF-1 target genes. Hypoxia
increased p300 occupancy at HREs of PTGS1, SLC6A3,
Linc01132 and VEGFA in HIF-1� KO U251MG cells ex-
pressing WT FLAG-HIF-1� (Supplementary Figure S4B–
E). K674R did not alter p300 occupancy under hypoxia
(Supplementary Figure S4B–E). Similarly, we found that
both WT and K674R FLAG-HIF-1� equally bound to
JMJD2C, Pontin, Reptin, PRDX2-V5, or PRDX4-V5 in
U251MG cells (Supplementary Figure S4F–I). Taken to-
gether, these findings indicate that p300, JMJD2C, Pontin,
Reptin, PRDX2, and PRDX4 do not participate in K674
methylation-mediated inhibition of HIF-1 transcriptional
activity in GBM cells.

HIF-1� K674 methylation impairs GBM cell migration

HIF-1 promotes cancer cell migration by inducing expres-
sion of downstream target genes (2,29). Thus, we studied

if HIF-1� methylation regulates GBM cell migration
by Boyden chamber migration assays. Parental, HIF-
1/2� DKO+EV, HIF-1/2� DKO+WT FLAG-HIF-1�,
HIF-1/2� DKO+FLAG-HIF-1� (K674R), HIF-1/2�
DKO+FLAG-HIF-1� (K674Q) U251MG cells were
seeded onto Boyden chamber transwell inserts, respectively,
and exposed to 20% or 1% O2 for 16 h. As expected,
hypoxia significantly increased the number of cells that
migrated through the transwell membrane, which was
blocked by HIF-1/2� DKO (Figure 7A and B). Expression
of WT FLAG-HIF-1� partially restored the migration
ability of HIF-1/2� DKO U251MG cells under hypoxia
(Figure 7A and B). K674R or K674Q FLAG-HIF-1�
significantly increased hypoxia-induced U251MG cell
migration as compared to WT FLAG-HIF-1� (Figure 7A
and B). These data indicate that K674 methylation inhibits
HIF-1-mediated migration of GBM cells.

G9a is downregulated by chronic hypoxia and inversely cor-
related with HIF-1 target gene expression in GBM

We studied if G9a/GLP proteins are regulated by hypoxia
in GBM cells. U251MG cells were exposed to 20% or 1%
O2 for 24–72 h. As shown in Figure 8A, G9a protein lev-
els were decreased in U251MG cells after 48 h of hypoxia.
Hypoxia-induced G9a protein downregulation was also ob-
served in other GBM cell lines, LN-229 and U87MG cells,
in a time-dependent manner (Figure 8B and C). GLP pro-
tein was also downregulated by hypoxia in U251MG and
LN229, but not U87MG cells (Figure 8A–C). In line with
reduced G9a and GLP, HIF-1� K674me1/2 was attenuated
by chronic hypoxia in U251MG cells (Figure 8A). More-
over, the interaction of HIF-1� with G9a was also blocked
by chronic hypoxia in U251MG cells (Figure 8A). KO of
HIF-1�, HIF-2�, or both had no effect on hypoxia-induced
G9a or GLP downregulation in U251MG cells (Figure 8D),
suggesting that hypoxia-induced downregulation of G9a
and GLP is independent of HIF-1 and HIF-2.

To study if G9a/GLP downregulation occurs in human
GBM, which contains extensive hypoxic regions, we ana-
lyzed mRNA levels of G9a and GLP using the data from
The Cancer Genome Atlas (TCGA) (30), and found that
G9a mRNA was significantly reduced in human GBM com-
pared to normal brain tissues (Figure 8E). Similar results
were also obtained from other publicly available microarray
datasets (Figure 8F and G) (31,32). However, GLP mRNA
expression varied in different GBM datasets (Figure 8H-J),
suggesting its heterogeneity in GBM. We further found that
G9a protein tended to be reduced in human GBM tissues
as compared to normal brain tissues (Figure 8K and L),
but GLP protein tended to be upregulated in human GBM
tissues (Figure 8K and M). Notably, the HIF-1 target gene
PTGS1 was upregulated in GBM (Figure 8N–P), and its ex-
pression was negatively correlated with G9a mRNA levels
(Figure 8Q). These data support our findings that G9a in-
hibits HIF-1 transcriptional activity and also suggest a gen-
eral mechanism of augmented HIF-1 transactivation due to
loss of G9a in GBM.

To determine the significance of G9a downregulation in
patients with GBM, we performed the Kaplan-Meier analy-
sis using the TCGA (30) and GSE4271 (33) datasets and the
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Figure 7. HIF-1� K674 methylation inhibits GBM cell migration. (A and B) Migration of parental, HIF-1/2� DKO+EV, HIF-1/2� DKO+WT FLAG-
HIF-1�, HIF-1/2� DKO+FLAG-HIF-1� (K674R) and HIF-1/2� DKO+FLAG-HIF-1� (K674Q) U251MG cells in Boyden chambers under 20% or 1%
O2 for 16 h. Representative images from three experiments are shown in A. Quantification of migrated cell numbers is shown in B (mean ± SEM, n = 3).
**P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar, 50 �m.

PROGgene program (34), and found that low levels of G9a
were significantly correlated with high mortality of GBM
patients in both datasets (Figure 8R and S). No signifi-
cant association between GLP mRNA levels and survival
of GBM patients was observed (Figure 8T and U). These
findings suggest that G9a may be a prognostic factor that
predicts the clinical outcome in patients with GBM.

DISCUSSION

In the present study, we identified a novel epigenetic mech-
anism underlying modulation of HIF-1 transcriptional ac-
tivity in GBM. The lysine methyltransferase G9a and its
paralog GLP catalyzed mono- and di-methylation of HIF-
1� at K674. K674 methylation directly inhibited HIF-1
transcriptional activity and downstream target gene expres-
sion in GBM cells. G9a/GLP selectively bound to HIF-
1�, but not HIF-2�. Moreover, K674 was not conserved in
HIF-2�, suggesting that G9a/GLP-mediated K674me1/2
are unique to HIF-1�. These data indicate HIF-1� as a
new G9a/GLP substrate, and provide direct evidence that
G9a/GLP inhibit HIF-1 transcriptional activity in GBM
cells. Thus, G9a/GLP are the novel negative HIF-1 coreg-
ulators in GBM. G9a/GLP were enriched at the HRE
of HIF-1 target genes under normoxia and their occu-
pancy was not affected by 24 h of hypoxia, although it
was impaired by chronic hypoxia possibly due to reduced

G9a/GLP protein levels during chronic hypoxia. Simi-
larly, our recent studies indicate that the HIF coactiva-
tor ZMYND8 occupies HREs and constitutes a transacti-
vation complex under normoxic conditions, prior to HIF
binding to HREs (35). These findings implicate that the
HIF-1 regulatory complex containing HIF-1 coregulators
has been pre-assembled at the HRE under normoxia and
controls HIF-1 transcriptional activity once HIF-1 binds to
the HRE under hypoxia, so that cancer cells can rapidly re-
spond to hypoxic stress.

Although both G9a and GLP were capable to methylate
HIF-1� (P402/564A) under 20% and 1% O2, endogenous
HIF-1� protein is unlikely methylated by G9a/GLP under
20% O2 because it is unstable and degraded. We showed that
both G9a and GLP bound to HREs of HIF-1 target genes
under 20% O2. Thus, G9a/GLP may methylate HIF-1� at
K674 when HIF-1 occupies HREs, thereby counteracting
the HIF-1-dependent transcription program. K674 methy-
lation is impaired due to reduced G9a, GLP, and HIF-
1� protein levels during chronic hypoxia. We found that
G9a KO completely eliminated mono- and di-methylation
of K674 of HIF-1�, whereas GLP KO partially decreased
K674 methylation. These findings indicate that G9a is the
primary methyltransferase for HIF-1� at K674, and that
GLP methylates HIF-1� to a lesser extent. In line with their
differential ability on HIF-1� methylation, G9a fully phe-
nocopied K674 methylation-mediated inhibition of HIF-
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Figure 8. G9a is downregulated in GBM and anti-correlated with HIF-1 target gene expression and survival of patients with GBM. (A–C) U251MG (A),
LN229 (B) and U87MG (C) cells were exposed to 20% or 1% O2 for indicated time. IP assays were performed with anti-HIF-1� or anti-G9a antibody,
followed by immunoblot assays (A). Immunoblot assays were performed with antibodies against K674me1, K674me2, G9a, GLP, HIF-1� or actin. (D)
Parental, HIF-1� KO, HIF-2� KO or HIF-1/2� DKO U251MG cells were exposed to 20% or 1% O2 for 48 h. Immunoblot assays were performed with
antibodies against G9a, GLP, HIF-1�, HIF-2� or actin. (E–J) Analysis of G9a/GLP mRNA expression in normal brain and human GBM. The data were
retrieved from the TCGA (E and H) (30), GSE4536 (F and I) (32), and GSE4290 (G and J) (31) databases. **P < 0.01; ****P < 0.0001. ns, not significant.
(K–M) Immunoblot assays were performed with antibodies against G9a, GLP, or actin in human GBM tissues and normal brain tissues (K). G9a (L) and
GLP (M) bands were quantified by densitometry and normalized to actin. (N-P) Analysis of PTGS1 mRNA expression in normal brain and human GBM.
The data were retrieved from the TCGA (N) (30), GSE4536 (O) (32), and GSE4290 (P) (31) databases. ***P < 0.001. (Q) Negative correlation between
G9a and PTGS1 mRNA expression in human GBM. The data were retrieved from the TCGA (30). (R-U) Kaplan-Meier survival analysis for patients with
GBM using the PROGgene program (34). Patients were divided by median expression levels of G9a (R and S) or GLP mRNA (T and U). HR, hazard
ratio.
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1 target genes PTGS1, NDNF, SLC6A3, and Linc01132
in U251MG cells. GLP inhibited PTGS1 and Linc01132,
but not NDNF and SLC6A3. Thus, G9a may counteract
the effect of GLP KO on NDNF and SLC6A3 expression,
whereas GLP may have little counteractive effect on HIF-1
activation by G9a loss-of-function, which is possibly due to
its reduced ability to methylate HIF-1�.

Previous studies have shown that K674 is acetylated
by PCAF and K674R decreases protein interaction of
HIF-1� with p300 to inhibit HIF-1 transcriptional activ-
ity in HEK293T cells (12). Our data here showed that an
acetylation-mimic mutant K674Q enhanced expression of
the HIF-1 target genes similar to the methylation-resistant
mutant K674R, suggesting that methylation but not acety-
lation of K674 primarily mediates repression of HIF-1 tran-
scriptional activity in GBM cells. Recent studies identified
K32me1 and K391me2 of HIF-1� by SET7/9, although it
remains unclear if K391me2 is present on endogenous HIF-
1� (14–16). Liu et al. reported that K32me1 may attenuate
HIF-1 binding to the HRE of target genes (14). Subsequent
studies showed that K32me1 and K391me2 decrease HIF-
1� protein stability to inhibit HIF-1 transcriptional activity
(15,16). In contrast to K32me1 and K391me2, K674me1/2
directly impaired HIF-1� transactivation domain activ-
ity but had no effect on HIF-1� protein stability. K674
is located in the inhibitory domain at the C-terminus of
HIF-1�, which harbors the binding sites for multiple HIF-
1�-interacting proteins that are involved in repression of
HIF-1� transactivation domain activity (36,37). We showed
that several known HIF-1 coregulators including p300,
JMJD2C, Pontin, Reptin, PRDX2, and PRDX4 equally
bound to unmethylated and methylated K674, and thus
they are unlikely involved in G9a/GLP-mediated HIF-1 in-
hibition. Further studies are needed to investigate whether
K674 methylation by G9a/GLP interferes with the recruit-
ment of an unknown HIF-1 coregulator to HIF-1� lead-
ing to repression of HIF-1 transcriptional activity. We also
found that K674 methylation failed to block HIF-1� bind-
ing to HREs, excluding impaired HIF-1�-DNA binding as
a possible mechanism of K674 methylation-mediated HIF-
1 inhibition. Nevertheless, K674 methylation represents a
novel mechanism underlying inhibition of HIF-1 transcrip-
tional activity in cancer cells.

We showed that K674 methylation suppressed expression
of PTGS1, NDNF, SLC6A3, and Linc01132 in U251MG
cells under hypoxia, and inhibited HIF-1-dependent GBM
cell migration. PTGS1 and NDNF are known to pro-
mote cell migration (38,39), suggesting an important role
of PTGS1 and NDNF in K674 methylation-mediated inhi-
bition of cell migration. Intriguingly, the HIF-1 target gene
VEGFA was not modulated by K674 methylation. There-
fore, K674 methylation selectively inhibits HIF-1-mediated
transactivation of target genes in GBM cells. Selective ac-
tivation or inhibition of HIF-1 target genes has been also
found in many other regulatory pathways of HIF-1 activity
by its coregulators (22,23,25,36,40).

Previous studies have shown that G9a is induced by
hypoxia at its transcriptional levels in mouse embryonic
stem cells (41). G9a protein is also stabilized through
blocking its proteasomal degradation mediated by the pro-
lyl hydroxylase/VHL pathway in MCF-7, MDA-MB-231,

and A549 cells under hypoxia (24,42). However, we found
that G9a was downregulated by chronic hypoxia in GBM,
which was HIF-1- and HIF-2-independent. The prolyl
hydroxylase/VHL pathway is functional in GBM cells as its
putative substrate HIF-1� is fully regulated by this pathway
in these cancer cells. Thus, cell type-specific mechanism con-
tributes to hypoxia-mediated G9a downregulation in GBM.
Notably, reduced G9a levels were correlated with increased
expression of the HIF-1 target gene PTGS1 in GBM, imply-
ing that loss of G9a-mediated HIF-1� methylation leads to
high activation of HIF-1 and upregulation of HIF-1 down-
stream target genes in GBM. Our data suggest heteroge-
neous expression of GLP in GBM. To what extent GLP me-
diates HIF-1� methylation and HIF-1 inhibition in human
GBM warrants further investigations. Together, our find-
ings reveal a negative feedback mechanism that maintains
high activity of HIF-1 in GBM.

It has been shown that G9a mediates progression of sev-
eral types of human cancers, including breast cancer, liver
cancer, lung cancer, and ovarian cancer (43). Targeting G9a
by its small molecule inhibitors impairs tumorigenesis in
mice (24). Although the precise role of G9a in GBM de-
velopment remains to be determined, we showed that low
levels of G9a were associated with poor survival of pa-
tients with GBM, suggesting that high activation of HIF-1
in GBM with low G9a may be the cause of high mortality of
these patients and that G9a is likely a negative regulator of
GBM development, distinct from its role in other cancers.
HIF-1 is a key driver of GBM growth, and thus manipu-
lating G9a-induced HIF-1� K674 methylation may benefit
GBM therapy.
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