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SUMMARY

Increased aerobic glycolysis is a hallmark of cancer
metabolism. How cancer cells coordinate glucose
metabolism with extracellular glucose levels remains
largely unknown. Here, we report that coactivator-
associated arginine methyltransferase 1 (CARM1 or
PRMT4) signals glucose availability to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and
suppresses glycolysis in liver cancer cells. CARM1
methylates GAPDH at arginine 234 (R234), inhibiting
its catalytic activity. Glucose starvation leads to
CARM1 upregulation, further inducing R234 hyper-
methylation and GAPDH inhibition. The re-expres-
sion of wild-type GAPDH, but not of its methyl-
ation-mimetic mutant, sustains glycolytic levels.
CARM1 inhibition increases glycolytic flux and
glycolysis. R234 methylation delays tumor cell prolif-
eration in vitro and in vivo. Compared with normal
tissues, R234 is hypomethylated in malignant
clinical hepatocellular carcinoma samples. Notably,
R234 methylation positively correlates with CARMA1
expression in these liver cancer samples. Our
findings thus reveal that CARM1-mediated GAPDH
methylation is a key regulatory mechanism of
glucose metabolism in liver cancer.

INTRODUCTION

Cancer cells have features that distinguish them from normal
cells, including metabolic reprogramming, resistance to cell
death, and evasion of growth suppression (Hanahan and Wein-
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berg, 2011). Among these features, dysregulated metabolism
is regarded as a driving force for tumor initiation and progression
(Dang, 2012). Indeed, cancer cells prefer aerobic glycolysis
to oxidative phosphorylation even under normoxic conditions,
a characteristic known as the Warburg effect (Warburg, 1956).
This unique metabolic behavior promotes malignancy by fueling
cancer cells’ energetic demands and by providing the building
blocks for cell proliferation. The activation of glycolytic enzymes
is frequently observed in almost all human cancers (Lash et al.,
2000; Strausberg et al., 2001). To thrive in a harsh microenviron-
ment, cancer cells coordinate their metabolic program with the
availability of extracellular nutrients, especially glucose. How-
ever, the mechanism that fine-tunes glucose metabolism and
glucose availability within cancer cells remains largely unknown.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
housekeeping gene that functions in glycolysis. It catalyzes the
phosphorylation and oxidation of glyceraldehyde-3-phosphate
(G3P), using B-nicotinamide adenine dinucleotide (NAD") as a
coenzyme, to produce 1,3-biphosphoglycerate (1,3-BPG) and
NADH (Lehninger et al., 2013). GAPDH plays a vital role in
maintaining aerobic glycolysis in various cancers, such as lung
cancer, pancreatic adenocarcinoma, and prostate cancer
(Ripple and Wilding, 1995; Schek et al., 1988; Tokunaga et al.,
1987). However, the mechanism that regulates GAPDH and its
effect on glucose utilization remains unclear. The catalytic activ-
ity of GAPDH is modulated by levels of extracellular glucose
(Li et al., 2014). Upon glucose starvation in HEK293 cells and
mouse embryonic fibroblasts (MEFs), GAPDH translocates to
the nucleus and enhances autophagy (Chang et al., 2015). These
observations strongly suggest that the function of GAPDH is
intrinsically linked to nutrient sensing. However, how GAPDH
coordinates its catalytic activity with nutrient availability remains
obscure.

Protein arginine methylation, catalyzed by protein arginine
methyltransferases (PRMTs), is a prevalent post-translational
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Figure 1. GAPDH Is Methylated at R234
(A) Arginine methylation of GAPDH is decreased by AdOx treatment. HEK293T cells overexpressing FLAG-tagged GAPDH were treated with increasing con-
centrations of the PRMT inhibitor AdOx for 24 hr as indicated. Arginine methylation of immunopurified GAPDH was detected with antibodies as indicated. Relative

ratios of GAPDH methylation were calculated by normalizing against the GAPDH protein level. WCL, whole-cell lysate.
(B) AdOx decreases arginine methylation of wild-type (WT) GAPDH but not of the R234K and R234F GAPDH mutants. HEK293T cells expressing FLAG-tagged

WT GAPDH or the R234K or R234F mutants were treated with or without AdOx for 24 hr. Ectopically expressed GAPDH was affinity-purified using FLAG beads.

Arginine methylation of immunopurified GAPDH was analyzed by western blot.
(C) The R234 site-specific methylation antibody «-meGAPDH(R234) detects the methylated, but not the unmodified, peptide. A nitrocellulose membrane was

spotted with different amounts of either R234me2a peptide or unmodified peptide, as indicated, and probed with the «-meGAPDH(R234) antibody.
(D) The R234me2a peptide, but not the unmodified peptide, blocks the R234 site-specific antibody. The a-meGAPDH(R234) antibody was incubated with either
R234me2a peptide or unmodified peptide for 3 hr at 4°C and used for western blot analysis as indicated. The FLAG antibody was included as a control.

(legend continued on next page)
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modification (Paik et al., 2007). The human genome encodes at
least nine different PRMTs (Yang and Bedford, 2013). PRMTs
catalyze mono- or di-methylation reactions on arginine residues.
Because of different catalytic specificities, asymmetric dimethyl-
arginine is produced by type | PRMTs (PRMT1, PRMT2, PRMTS3,
PRMT4, PRMT6, and PRMT8), whereas symmetric Di-methyl-
arginine forms with the help of type Il PRMTs (PRMT5 and
PRMT9) (Bedford and Clarke, 2009; Yang et al., 2015). Protein
arginine methylation regulates multiple cellular processes,
such as cellular metabolism, transcription, protein translation,
and signal transduction (Gao et al., 2015; Hsu et al., 2011; Liao
et al., 2015; Liu et al.,, 2017a; Poornima et al., 2016; Wang
et al., 2016; Zhao et al., 2016). The current human and mouse
protein methylomes indicate that almost 3% of metabolic en-
zymes are modified by arginine methylation (Gu et al., 2016;
Guoetal., 2014; Larsen et al., 2016; Onwuli et al., 2017). Notably,
clinical evidence suggests that PRMTs are deregulated in
various cancers (Al-Dhaheri et al., 2011; Cheung et al., 2007;
Frietze et al., 2008; Shia et al., 2012; Yang and Bedford, 2013).
These observations imply that PRMTs potentially modulate
nutrient sensing and cancer metabolism by regulating the
methylation of metabolic enzymes. Here we report that
CARM1, also known as PRMT4, mediates the arginine methyl-
ation of GAPDH and couples glucose metabolism with nutrient
sensing in liver cancer.

RESULTS

GAPDH Is Methylated at R234

Previous protein methylome studies have shown that GAPDH is
modified by arginine methylation in both mouse and human cells
(Guo et al., 2014; Larsen et al.,, 2016). To examine whether
GAPDH is regulated by arginine methylation, FLAG-tagged
wild-type (WT) GAPDH was overexpressed in HEK293T cells.
Western blot analysis using antibodies against asymmetrical
di-methylarginine (#-me2a), symmetrical di-methylarginine
(«-me2s), and mono-methylarginine (z-me1) revealed that im-
munopurified GAPDH undergoes mono-methylation and asym-
metrical di-methylation (Figure 1A). This result indicates that
GAPDH is indeed arginine-methylated in HEK293T cells. Treat-
ment of these cells with the PRMT inhibitor adenosine-2,3-dia-
Idehyde (AdOx) significantly reduced both the mono-methylation
and asymmetrical di-methylation levels of GAPDH, indicating
that this enzyme is dynamically modified by arginine methylation.
Of note, symmetric di-methylarginine (me2s) levels were unde-
tectable (Figure 1A), indicating that GADPH methylation was

potentially modulated by type | PRMT(s) but not by type I
PRMT. Previous mass spectrometry studies have reported that
arginine 234 (R234) is the only methylated arginine residue in
GAPDH (Guo et al., 2014; Larsen et al., 2016). R234 is highly
conserved from yeast to humans and is located in the catalytic
pocket of GAPDH (Figures S1A and S1B). To investigate whether
R234 is the major methylated site in GAPDH, we mutated R234
into either lysine (R234K), a mutation that confers resistance to
arginine methylation, or into phenylalanine (R234F), which can
mimic methylated arginine. FLAG-tagged WT GAPDH and its
mutants were overexpressed in HEK293T cells, followed by
treatment with AdOx. Compared with WT GAPDH, the R234K
and R234F mutants showed a 5-fold decrease in the basal level
of asymmetric di-methylation (Figure 1B). Importantly, the levels
of asymmetrical di-methylation of WT GAPDH were significantly
decreased by AdOx treatment, whereas the methylation of
R234K and R234F mutants remained unaltered (Figure 1B).
This result indicates that R234 is the major, if not the sole,
methylation site of GAPDH.

To more precisely monitor the methylation status of
GAPDH at R234, we generated a site-specific antibody
(«-meGAPDH(R234)), the specificity of which was validated in
both dot blot and peptide competition assays (Figures 1C
and 1D). This antibody efficiently reacted with WT GAPDH
but not with its R234K and R234F mutants (Figure 1E), further
supporting that R234 of GAPDH undergoes methylation. Treat-
ing cells with AdOx decreased the methylation of R234 in ectop-
ically expressed GAPDH (Figure 1F). In addition, the methylation
of R234 in endogenous GAPDH was significantly reduced by
AdOx in HEK293T and in two liver cancer cell lines (HepG2
and Huh?) (Figure 1G). Because arginine methylation modulates
the positive charge on the target protein, we performed isoelec-
tric focusing (IEF) to separate unmethylated and methylated
GAPDH. Interestingly, GAPDH migrated as three populations
(spots 1-3), each of which was recognized by the R234-specific
methylation antibody (Figure 1H). The antibody (and, thus,
methylation) signal was strongest at spot 3, which corre-
sponded to 11% of total GAPDH protein. These data indicate
that at least 11% of GAPDH is methylated on arginine 234.
Collectively, R234 of GADPH is dynamically modified by argi-
nine methylation.

R234 Methylation Decreases Coenzyme Affinity and
Inhibits GAPDH Activity

To explore the effect of R234 methylation on GAPDH, we immu-
nopurified GAPDH from AdOx-treated cells and determined its

(E) The R234 site-specific methylation antibody recognizes WT GAPDH but not its R234K and R234F mutants. FLAG-tagged WT GAPDH or its R234K and R234F
mutants was immunopurified with FLAG beads and blotted with the site-specific methylation antibody a-meGAPDH(R234) or with serum before immunization.

(F and G) AdOx reduces R234 methylation of GAPDH.

(F) HEK293T cells were transfected with FLAG-tagged GAPDH and treated with different concentrations of AdOx. R234 methylation of immunopurified GAPDH

was determined using the site-specific antibody a-meGAPDH(R234).

(G) HEK293T, HepG2, and Huh7 cells were treated with or without AdOx. Endogenous GAPDH was immunoprecipitated using the GAPDH antibody, and R234

methylation was determined by western blot.

(H) Quantitative analysis of endogenous GAPDH methylation at R234. 293T cell lysates were separated by isoelectric focusing (IEF), followed by western blotting
using the indicated antibodies. Relative R234 methylation and GAPDH protein levels for each spot were quantified by intensity, and the relative percentage of

each spot is calculated and listed below the western blots.
See also Figure S1.
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catalytic activity. AdOx treatment mediated a significant in-
crease in GAPDH activity concomitant with a decrease in R234
methylation (Figure 2A). We further quantified the catalytic activ-
ity of GAPDH on its substrates. AdOx treatment led to a 30%
decrease in the Km(NAD*), whereas the Km(G3P) remained un-
changed (Figure 2B). The crystal structure of GAPDH indicates
that R234 is located in the catalytic center and that R234 poten-
tially modulates substrate binding; that is, the affinity of GAPDH
for G3P and NAD™ (Figure S1B; Ismail and Park, 2005; Jenkins
and Tanner, 2006). We hypothesized that R234 methylation
might inhibit GAPDH activity by regulating the affinity of GAPDH
for G3P and/or NAD". The GAPDH R234K and R234F mutations
led to an 80% decrease in GAPDH activity (Figure 2C). Accord-
ingly, the mutation of R234K resulted in a 2-fold increase in
Km(NAD"), and the R234F mutant showed a 10-fold elevation
in Km(NAD") (Figure 2D). The Km(G3P) of the R234F mutant,
but not of the R234K mutant, was elevated by 60% compared
with the WT enzyme (Figure 2D). These data show that R234 mu-
tation decreases the affinity of GAPDH for its coenzyme NAD™;
hence, the activity of GAPDH is inhibited. Of note, the R234K
mutant of GAPDH showed an unexpected increase in Km(NAD™)
and a decrease in catalytic activity. This observation suggests
that R234 is an important residue for catalysis. The R-to-K muta-
tion at R234 strongly disrupted coenzyme binding and sup-
pressed GAPDH activity. R234K is therefore incapable of serving
as a methylation-deficient mutant. We nevertheless included the
R234K mutant in the functional assays of GAPDH methylation
reported below, not to demonstrate its role as a methylation-
defective surrogate but to show that GAPDH activity is indis-
pensable for CARM1-mediated glucose sensing and metabolic
reprogramming.

We next tested the importance of R234 methylation in control-
ling GAPDH activity. Cells that express WT GAPDH or its R234K
and R234F mutants were treated with AdOx. The activity of the
WT enzyme was enhanced by 1.6-fold after AdOx treatment,
whereas the activity of the R234K and R234F mutants showed
a marginal change in the presence of AdOx (Figure 2E). This
result suggests that R234 is a critical site via which arginine
methylation regulates the activity of GAPDH. Furthermore,
HEK293T, HepG2, and Huh7 cells were treated with arginine

N-methyltransferase inhibitor 1 (AMI-1), a PRMT-specific inhibi-
tor. AMI-1 decreased the R234 methylation of endogenous
GAPDH and enhanced its catalytic activity (Figure 2F). Together,
these results suggest that R234 methylation inhibits GAPDH by
decreasing its affinity for its coenzyme, NAD*.

CARM1 Methylates GAPDH at R234

The absence of a symmetrical di-methylation signal in GAPDH
(Figure 1A) indicates that a type | PRMT, but not a type Il
PRMT, is responsible for GAPDH methylation. To identify the po-
tential arginine methylase that modifies GAPDH, four different
GFP-tagged type | PRMTs (PRMT1-PRMT4) were co-expressed
with FLAG-tagged GAPDH. A subsequent co-immunoprecipita-
tion (colP) assay showed that GAPDH selectively interacted with
CARM1 or PRMT4 (Figure 3A). Reciprocal colP further demon-
strated that endogenous CARM1 associated with GAPDH in
HEK293T, HepG2, and Huh7 cells (Figures 3B and 3C). To inves-
tigate whether CARM1 directly methylates GAPDH, recombinant
CARM1 and GAPDH proteins were purified to homogeneity (Fig-
ure S2A). A subsequent in vitro methylation assay showed that
WT CARMT1, but not its catalytic-dead R168A mutant, increased
R234 methylation and inhibited GAPDH activity (Figure 3D). After
incubation with CARM1, GAPDH protein showed an 8-fold
increase in Km(NAD™) and a 1.2-fold increase in Km(G3P) (Fig-
ure 3E). In contrast, the R234K and R234F mutants showed a
negligible change in R234 methylation, Km(NAD*), Km(G3P), or
enzyme activity following in vitro methylation (Figures 3F and
3G). Collectively, these results strongly support that CARM1 is
a direct methylase of GAPDH. CARM1-mediated R234 methyl-
ation decreases GAPDH’s affinity for NAD* and downregulates
GAPDH enzymatic activity.

To test the effect of CARM1 on GAPDH in cells, GAPDH and
CARM1 were co-transfected into HEK293T cells. Co-expression
of CARM1 with GAPDH increased R234 methylation in a dose-
dependent manner, with a corresponding decrease in its activity
(Figure S2B). The R168A mutant of CARM1 failed to upregulate
R234 methylation and could not suppress GAPDH activity (Fig-
ure S2C). More importantly, inhibition of CARM1 by a specific
inhibitor, TP-064, or via short hairpin RNA (shRNA) resulted in a
strong reduction of R234 methylation in multiple cell lines

Figure 2. R234 Methylation Decreases Coenzyme Affinity and Inhibits GAPDH Activity

(A) R234 methylation inhibits GAPDH activity. HEK293T cells expressing FLAG-tagged GAPDH were treated with AdOx for 24 hr. GAPDH protein was
immunopurified with FLAG beads and eluted with FLAG peptide. GAPDH protein and R234 methylation were determined by western blot. The enzymatic activity
of GAPDH was assayed and normalized to GAPDH protein. Relative enzymatic activity is presented as mean + SD of triplicate experiments and was statistically
analyzed using unpaired Student’s t test. “*p < 0.01.

(B) R234 methylation of GAPDH increases its Km(NAD*) but not Km(G3P). The Km(NAD™") and Km(G3P) of GAPDH immunopurified from cells treated with or
without AdOx were determined. Relative enzymatic activity was presented as mean + SD of triplicate experiments.

(C and D) R234K and R234F mutations inhibit the catalytic activity of GAPDH and increase Ky(NAD*). FLAG-tagged WT GAPDH and its R234K and R234F
mutants were immunopurified from HEK293 cells. The catalytic activity of GAPDH (C) and its Km for substrates (D) were determined. Relative enzymatic activity
was presented as mean + SD of triplicate experiments and was statistically analyzed using unpaired Student’s t test. “**p < 0.001.

(E) AdOx treatment upregulates the activity of WT GAPDH, but not of its R234K and R234F mutants. HEK293T cells expressing FLAG-tagged WT GAPDH or its
mutants were treated with or without AdOXx for 24 hr. GAPDH protein was immunopurified using FLAG beads and eluted with FLAG peptide. The R234 methylation
level and activity of GAPDH were determined. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was statistically analyzed
using unpaired Student’s t test. **p < 0.01; ns, not significant.

(F) AMI-1 treatment decreases R234 methylation of endogenous GAPDH and increases its catalytic activity. HEK293T, HepG2, and Huh7 cells were treated with
or without the PRMT inhibitor AMI-1. Endogenous GAPDH was immunopurified by using the GAPDH antibody. The R234 methylation and enzyme activity of
GAPDH were determined. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was statistically analyzed using unpaired
Student’s t test. **p < 0.01.
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Figure 3. CARM1 Methylates GAPDH at R234
(A) GAPDH selectively binds to CARM1 or PRMT4. FLAG-tagged GAPDH was co-expressed with GFP-tagged PRMT1-PRMT4. The GFP-only vector was
included as a negative control. GAPDH was immunopurified with FLAG beads. The interaction between GAPDH and PRMT was determined by western blot.

R234F
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(HEK293T, HepG2, and Huh7) and in a concomitant increase
in the activity of GAPDH (Figures S2D and S2E). Together, these
findings show that CARM1 methylates GAPDH at R234 and
inhibits its enzymatic activity.

CARM1 Signals Glucose Availability to GAPDH
Methylation in an AMPK-Dependent Manner

The activity of GAPDH is closely linked with glucose availability.
We speculated that GAPDH might couple glucose metabolism
to extracellular glucose levels. Interestingly, glucose starvation
increased the protein expression of CARM1 in HepG2 and
Huh7 cells (Figure 4A). The methylation of R234 in GAPDH was
also upregulated by glucose depletion in a time-dependent
manner, with a corresponding decrease in GAPDH activity (Fig-
ure 4A). Previous studies have suggested that glucose starvation
induces the phosphorylation of serine 122 (S122) of GAPDH and
promotes the nuclear translocation of GAPDH to enhance auto-
phagy (Chang et al., 2015). In line with this finding, we observed
an increase in GAPDH phosphorylation upon glucose starvation
(Figure 4A). Interestingly, the subcellular localization of WT
GAPDH remained unchanged in HEK293T and Huh7 cells
treated with TP-064 (Figures S3A and S3B), as did that of the
R234K and R234F mutants (Figure S3A). In glucose-starved
cells, phosphorylation of the WT GAPDH protein and its R234K
mutant was increased, whereas the phosphorylation-resistant
S122A mutant showed increased R234 methylation (Figure 4B).
In contrast to the S122A mutant, WT GAPDH and its R234K
mutant retained the ability to upregulate LC3B, an autophagy
marker, under conditions of glucose starvation (Figure 4B).
These observations suggest that R234 methylation modulates
GAPDH in a manner that is independent of GAPDH phos-
phorylation. More importantly, CARM1 expression was reduced
in a dose-dependent manner when cells were cultured with
increasing concentrations of glucose (Figure 4C). In support of
this finding, R234 methylation was concomitantly downregu-
lated, and the catalytic activity of GAPDH was upregulated (Fig-
ure 4C). These results demonstrate that R234 methylation does
not regulate GAPDH localization, nor does it correlate with S122
phosphorylation. Glucose insufficiency increases CARM1
expression, leading to R234 hypermethylation and to inhibition

of GAPDH. Thus, CARM1 links glucose availability to GAPDH
activity.

Next, we investigated the underlying mechanism that links
glucose levels and R234 methylation. In HepG2 and Huh7 cells,
glucose shortage induced the upregulation of the CARM1 protein
but not of its mMRNA (Figures 4A-4C, S3C, and S3D). AMPK is a
multi-subunit kinase complex that senses glucose availability
(Hardie, 2014). The alpha subunit of AMPK, designated AMPKa,
functions as the catalytic subunit of the AMPK complex. The
phosphorylation of AMPKa. closely reflects glucose availability
and modulates glucose sensing or signaling (Garcia and Shaw,
2017). Notably, the glucose starvation-mediated phosphoryla-
tion of AMPKa. positively correlated with CARM1 protein expres-
sion (Figures 4A-4C), indicating that CARM1 might be involved
in glucose signaling in an AMPK-dependent manner. To test
whether AMPK modulates CARM1-mediated GAPDH methyl-
ation, we employed AMPKa double knockout (DKO) cells, in
which two genes (AMPKa1 or AMPKa2) that encode the AMPK
complex alpha subunits were deleted. In contrast to WT cells,
AMPKa-deleted 293A and MEF cells showed no change in
CARM1 protein expression or R234 methylation upon glucose
starvation (Figures 4D). Glucose starvation also did not alter
CARM1 mRNA levels (Figure S3E) in AMPK«-deleted 293A and
MEF cells, suggesting that AMPK regulates CARM1 expression
post-translationally. A previous study has suggested that
CARM1 protein is under the control of the ubiquitin-proteasome
pathway (Shin et al., 2016). To investigate this possibility, we
treated glucose-starved HepG2 and Huh7 cells with MG132, a
proteasome inhibitor. MG132 treatment led to an increase in
CARM1 protein; however, glucose starving of cells in the
presence of MG132 did not further elevate CARM1 protein levels
(Figure S3F). These observations suggest that, in response to
glucose availability, AMPK modulates GAPDH methylation by
regulating CARM1 protein levels. In addition, in HepG2 and
Huh7 cells, shRNA-induced depletion of CARM1 had no effect
on AMPKoa. phosphorylation (Figure 4E). Glucose starvation thus
increased R234 methylation and reduced GAPDH activity in
control cells but not in CARM1 knockdown cells (Figure 4E).
Together, these results show that CARM1 acts in concert with
AMPK to signal glucose availability to GAPDH.

(B and C) Endogenous CARM1 associates with GAPDH. Endogenous CARM1 was immunoprecipitated from HEK293T, HepG2, and Huh7 cells with the CARM1
antibody. IgG was included as a negative control (B). Reciprocal colP was performed using the GAPDH antibody (C). The interaction of endogenous CARM1 and
GAPDH was determined by western blot.

(D) WT CARM1 but not its catalytically dead R168A mutant methylates GAPDH in vitro. Recombinant CARM1 and GAPDH were incubated with or without
S-adenosyl methionine (SAM). GST only was used as a negative control. After in vitro methylation, the reaction mixture was subjected to R234 methylation
detection, Coomassie blue staining, and a GAPDH enzyme activity assay. Relative enzymatic activity was presented as mean = SD of triplicate experiments and
was statistically analyzed using unpaired Student’s t test. ***p < 0.001.

(E) CARM1-catalyzed in vitro R234 methylation increases Km(NAD*) and Km(G3P) of GAPDH. The in vitro methylation assay was performed by incubating
GAPDH with GST or with CARM1. Km(NAD™*) and Km(G3P) of unmethylated and in vitro-methylated GAPDH were determined. Relative enzymatic activity was
presented as mean + SD of triplicate experiments.

(F) CARM1 increases R234 methylation and decreases the enzymatic activity of WT GAPDH but not of its R234K and R234F mutants in vitro. WT GAPDH or
its R234K/F mutants was incubated with recombinant CARM1 in the presence or absence of SAM. R234 methylation and the enzymatic activity of GAPDH
were determined. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was statistically analyzed using unpaired Student’s t test.
**p < 0.01.

(G) CARM1 increases Km(NAD™) of WT GAPDH but not of its R234K/F mutants in vitro. Recombinant GAPDH or its R234K/F mutants were incubated with CARM1
in the presence or absence of SAM. Km(NAD™) and Km(G3P) of in vitro-methylated GAPDH were determined. Km value was presented as mean + SD of triplicate
experiments and was statistically analyzed using unpaired Student’s t test. “**p < 0.001, *p < 0.05.

See also Figure S2.
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Figure 4. CARM1 Signals Glucose Availability to GAPDH Methylation in an AMPK-Dependent Manner
(A) Glucose starvation upregulates GAPDH methylation and decreases GAPDH activity in a time-dependent manner. HepG2 and Huh7 cells were exposed
to glucose starvation (Glc Starv) as indicated. Phosphorylation, R234 methylation, and the catalytic activity of immunopurified endogenous GAPDH were
determined. The phosphorylation level of AMPKa and CARM1 protein expression were analyzed by western blot. Relative enzymatic activity was presented as
mean + SD of triplicate experiments and was statistically analyzed using unpaired Student’s t test.

(legend continued on next page)
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GAPDH R234 Methylation Represses Glycolysis

GAPDH plays a critical role in glycolysis. We hypothesized that
the R234 methylation of GAPDH potentially represses glycol-
ysis. To test this, we transduced liver cancer cells with shRNA
to knock down GAPDH and re-introduced WT GAPDH or its
R234K and R234F mutants at physiologically relevant levels
(Figure S4A). Depletion of GAPDH resulted in a significant
decrease in glucose consumption and lactate production in
both HepG2 and Huh7 cells (Figures S4B and S4C). Re-intro-
ducing WT GAPDH restored glucose consumption and lactate
secretion but not when the R234F mutant protein was intro-
duced (Figures S4B and S4C). These data indicate that the
methylation-mimic mutant R234F suppresses glycolysis in liver
cancer cells.

To determine the function of R234 methylation in modulating
glycolysis, we re-expressed WT GAPDH or its R234F mutant in
GAPDH knockdown or GAPDH/CARM?1 double knockdown
HepG2 cells (Figures 5A and 5B). Suppression of CARM1 in
these cells with TP-064 or via shRNA led to a significant
decrease in R234 methylation and to a marked and significant
increase in the enzymatic activity of WT GAPDH but not of its
R234F mutant (Figures 5C and 5D). Accordingly, the levels of
metabolites that lie upstream of GAPDH, including of glucose-
6-phosphate (G6P) and G3P, significantly decreased upon
CARMT1 inhibition. The levels of downstream metabolites, such
as 3-phosphoglycerate (3PG), pyruvate, and lactate, signifi-
cantly increased upon CARM1 inhibition (Figures 5E and 5F).
CARM1 inhibition had no effect on the levels of glycolytic metab-
olites in HepG2 cells in which the R234F mutant was re-ex-
pressed (Figures 5E and 5F). We also investigated the effect
of GAPDH methylation on glycolysis by suppressing CARM1
with TP-064 or via shRNA in HepG2 cells. The suppression
of CARM1 using both approaches significantly upregulated
the extracellular acidification rate (ECAR) of cells in which WT
GAPDH, but not its R234F mutant, was re-expressed (Figures
5G and 5H). Interestingly, CARM1 inhibition mildly increased
the basal oxygen consumption rate (OCR) of cells re-expressing
WT GAPDH but not its R234F mutant (Figures 51 and 5J). Collec-
tively, these results suggest that the R234 methylation of GAPDH
slows down glycolysis.

GAPDH R234 Methylation Delays Liver Cancer Cell
Growth

Cancer cells depend on enhanced glycolysis to maintain their
rapid proliferation. We hypothesized that R234 methylation of
GAPDH suppresses cell proliferation. In support of this theory,
knockdown of GAPDH significantly delayed the proliferation of
both HepG2 and Huh7 cells (Figures S5A and S5B). The re-
expression of WT GAPDH, but not of its R234F mutant, restored
cell growth to a level comparable with scramble shRNA control
cells (Figures S5A and S5B). These results indicate that the
methylation-mimetic R234F mutant suppresses the proliferation
of HepG2 and Huh7 cells.

To further investigate the role of R234 methylation in cell pro-
liferation, CARM1 was depleted from GAPDH knockdown or
GAPDH/CARM1 double knockdown HepG2 cells in which WT
GAPDH or its R234F mutant were then re-expressed (Figures
5A and 5B). CARM1 suppression by TP-064 or via shRNA-medi-
ated knockdown significantly promoted the proliferation of cells
rescued by WT GAPDH but not that of cells re-expressing the
R234F mutant (Figures 6A and 6B). More importantly, CARM1
depletion accelerated the growth of xenograft tumors generated
from GAPDH/CARM1 double knockdown HepG2 cells that re-
expressed WT GAPDH but not its R234F mutant (Figures
6C-6E). In addition, we found Ki67 staining to be stronger in tu-
mor xenograft cells in which WT GAPDH was re-expressed rela-
tive to R234F-rescued tumor cells (Figure 6F). Moreover, CARM1
depletion in HepG2 cells re-expressing WT GAPDH led to an in-
crease in 3PG, pyruvate, and lactate levels and to a decrease in
G6P and G3P, but not in cells re-expressing the R234F mutant
(Figure 6G). These findings were further supported by the sus-
tained re-expression of GAPDH in xenograft tumors in which
CARM1 was stably knocked down (Figure 6H). Together, these
results strongly suggest that the methylation of R234 in GAPDH
inhibits cell proliferation.

GAPDH R234 Is Hypomethylated in Human
Hepatocellular Carcinoma

To investigate the clinical relevance of GAPDH methylation, we
collected 20 samples of human hepatocellular carcinoma (HCC)
with paired surrounding normal liver tissue. Immunoblotting of

(B) Glucose starvation inhibits the enzymatic activity of both WT GAPDH and its S122A mutant but not its R234K mutant. GAPDH knockdown HepG2 and Huh7
cells re-expressing FLAG-tagged WT GAPDH or its R234K and S122A mutant were cultured with or without glucose for 18 hr. Phosphorylation and R234
methylation of GAPDH and LC3B were determined by western blot. GAPDH activity was analyzed by spectrofluorometer. Relative enzymatic activity was
presented as mean + SD of triplicate experiments and was statistically analyzed using unpaired Student’s t test.

(C) High glucose induces R234 hypomethylation and GAPDH activation. HepG2 and Huh7 cells were cultured for 18 hr with different concentrations of glucose as
indicated. R234 methylation and the catalytic activity ofimmunopurified endogenous GAPDH were determined. The phosphorylation level of AMPKa and CARM1
protein expression were analyzed by western blot. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was statistically
analyzed using unpaired Student’s t test.

(D) Glucose starvation-induced R234 hypermethylation is dependent on AMPKa. AMPKa1 and AMPKa2 double knockout cells (AMPKa DKO) or WT cells were
cultured with or without glucose for 18 hr. R234 methylation and enzymatic activity ofimmunoprecipitated GAPDH were assayed. Phosphorylation of AMPKa and
protein expression of CARM1 were determined by western blot. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was
statistically analyzed using unpaired Student’s t test.

(E) Glucose starvation modulates GAPDH methylation in a CARM1-dependent manner. A control shRNA (scr) or two different shRNAs (#1 and #2) targeting
CARM?1 were transduced into HepG2 and Huh7 cells. The cells were cultured with or without glucose for 18 hr. The levels of GAPDH R234 methylation, AMPKa.
phosphorylation, and CARM1 protein expression were analyzed by western blot. The catalytic activity of immunopurified endogenous GAPDH was also
determined by spectrofluorometer. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was statistically analyzed using
unpaired Student’s t test.

**p < 0.01., *p < 0.01. See also Figure S3.
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Figure 5. GAPDH R234 Methylation Represses Glycolysis

(A and B) Stable re-expression of GAPDH in HepG2 cells. WT GAPDH and its R234F mutant were re-introduced in GAPDH knockdown cells (A) or into GAPDH/
CARM1 double knockdown cells (B). Knockdown efficiency and re-expression of FLAG-tagged GAPDH were determined by western blot.

(C and D) TP-064 treatment or CARM1 shRNA decreases R234 methylation and increases the enzymatic activity of WT GAPDH but not of its R234F mutant.
GAPDH knockdown HepG2 cells re-expressing WT GAPDH or its R234F mutant were treated with TP-064 (C) or transduced with a virus carrying CARM1 shRNA

(legend continued on next page)
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the HCC liver cancer samples (T) and their adjacent normal
tissues (N) demonstrated that CARM1 protein levels and R234
methylation levels were significantly lower in the liver cancer tis-
sue (p = 0.0001 and p = 0.0007) relative to the surrounding
normal tissue (Figures 7A-7D). Moreover, the levels of CARM1
protein expression and R234 methylation positively correlated
(R2 = 0.626, p < 0.0001) (Figure 7E). These data demonstrate
that GAPDH methylation is dependent on CARM1 and is involved
in the aerobic glycolysis of HCC.

DISCUSSION

The GAPDH enzyme plays a critical role in the aerobic breakdown
of glucose (Lehninger et al., 2013). GAPDH expression is
frequently elevated in various human cancers and is associated
with reduced patient survival (Lash et al., 2000; Liu et al., 2017b;
Strausberg et al., 2001), indicating that GAPDH is involved in
metabolic remodeling in arange of different cancers. In this study,
we have discovered that GAPDH is regulated by R234 methyl-
ation. The CARM1-mediated R234 methylation of GAPDH inhibits
its catalytic activity and suppresses the proliferation of liver
cancer cells in vitro and in vivo. More importantly, CARM1 signals
glucose availability to GAPDH in an AMPK-dependent manner
and coordinates glycolytic activity with extracellular glucose
levels (Figure 7F). This finding reveals a new mechanism for how
cancer cells couple remodeled metabolism with nutrient sensing.

Methylation of GAPDH at R234 is dynamically regulated, indi-
cating that an arginine demethylase likely modifies this residue.
To date, several alpha-ketoglutarate («-KG)-dependent dioxyge-
nases have been reported to possibly function as arginine deme-
thylases (Walport et al., 2016). However, the methylation of R234
showed only marginal changes when GAPDH was co-expressed
with these potential demethylases (data not shown). Thus, the
demethylase of GAPDH remains to be discovered.

R234 of GAPDH serves as a key residue during catalysis. Inter-
estingly, it has been reported that the 2,3-butanedione modifica-
tion of rabbit GAPDH at arginine 231, which corresponds to R234
in human GAPDH, disrupts the enzyme’s activity (Kuzminskaya
et al., 1991). Although R234 is located in the catalytic center of
GAPDH, the enzyme’s crystal structure suggests that R234
does not directly interact with NAD* (Jenkins and Tanner,
2006). Thus, methylation of R234 might affect the spatial organi-
zation of residues that do directly interact with the coenzyme in
the catalytic pocket. Modification-resistant and mimicry mutants

are important tools for studies of post-translational modification
(Lin et al., 2013; Xiong and Guan, 2012). Methyl groups on argi-
nine residues increase their stereo hindrance without completely
neutralizing the residue’s positive charge (Paik et al., 2007).
Thus, arginine-to-lysine and arginine-to-phenylalanine muta-
tions are used to mimic unmethylated and methylated states,
respectively. However, the R234K mutation unexpectedly inacti-
vated GAPDH. This finding suggests that R234, which is located
in the catalytic pocket, is required for the catalytic activity of
GAPDH. The R234K mutant is unable to totally mimic unmethy-
lated GAPDH.

Previous studies have reported that CARM1 is overexpressed
and acts as an oncogenic protein in several different cancer
types (Yang and Bedford, 2013). However, recent studies indi-
cate that CARM1 also functions as a tumor suppressor protein
in pancreatic and lung cancer (Wang et al., 2016; O’Brien
et al., 2010). These observations suggest that the function of
CARM1 in cancer is context-dependent. Here we find that
CARM1 expression is decreased in malignant liver cancer, indic-
ative of a tumor suppressor role. Large-scale cohort studies and
detailed immunohistochemical analysis of CARM1 in cancer
samples would be invaluable to better understand the role
CARM1 plays in liver cancer progression. The prognostic value
of CARM1 expression and subcellular localization also merits
future investigation.

Protein arginine methylation is emerging as a key regulatory
mechanism of cellular metabolism. Glucose is repurposed for
the pentose phosphate pathway when fructose-2,6-biphospha-
tase 3 (PFKFB3) is hypomethylated to cope with oxidative
stress (Yamamoto et al., 2014). Glutamine metabolism is also
modulated by arginine methylation of malate dehydrogenase 1
(MDH1) in pancreatic cancer (Wang et al., 2016). Upon exposure
to the glucose-rich environment, cancer cells turn on their
metabolic machinery to utilize more carbon sources. From our
findings, we propose that AMPK senses cellular glucose levels
and suppresses the expression of CARM1 when glucose levels
are high. The consequent hypomethylation of R234 activates
GAPDH to promote glycolysis, which further increases the
growth of liver cancer cells (Figure 7F). Thus, small molecules
that function as CARM1 activators might have therapeutic po-
tential for suppressing GAPDH and liver cancer growth. Collec-
tively, our study demonstrates that CARM1-mediated GAPDH
methylation plays a key role in coordinating cancer metabolism
and nutrient sensing.

(D). R234 methylation and the enzymatic activity of immunopurified WT and mutant GAPDH were determined by western blot and spectrofluorometer,
respectively. Relative enzymatic activity was presented as mean + SD of triplicate experiments and was statistically analyzed using unpaired Student’s t test.
(E and F) R234 methylation of GAPDH modulates the level of glycolytic intermediates. GAPDH knockdown HepG2 cells re-expressing WT GAPDH or its R234F
mutant were treated with TP-064 (E) or transduced with a virus carrying CARM1 shRNA (F). Glycolytic intermediates were extracted and determined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Relative metabolites abundance was presented as mean + SD of triplicate experiments and was
statistically analyzed using unpaired Student’s t test. *p < 0.05.

(G and H) R234 methylation of GAPDH decreases the extracellular acidification rate (ECAR) of HepG2 cells. GAPDH knockdown HepG2 cells re-expressing WT
GAPDH or its R234F mutant were treated with TP-064 (G) or transduced with a virus carrying CARM1 shRNA (H). The ECAR was measured in an XF96 extra-
cellular analyzer. Each data point represents triplicate experiments with mean + SD, which was statistically analyzed using unpaired Student’s t test. *“p < 0.01,
*p < 0.05.

(I and J) R234 methylation of GAPDH mildly decreases the basal oxygen consumption rate (OCR) of HepG2 cells. CARM1 was inhibited by TP-064 (I) or depleted
by shRNA (J) in GAPDH knockdown HepG2 cells re-expressing WT GAPDH or its R234F mutant. OCR was measured in an XF96 extracellular analyzer. Each data
point represents triplicate experiments with mean + SD, which was statistically analyzed using unpaired Student’s t test. *p < 0.05.

**p < 0.01. See also Figure S4.
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Figure 6. GAPDH R234 Methylation Delays Liver Cancer Cell Growth

(A and B) R234 methylation of GAPDH suppresses the proliferation of HepG2 cells. CARM1 was suppressed by TP-064 (A) or knocked down by shRNA (B) in
GAPDH knockdown HepG2 cells re-expressing WT GAPDH or its R234F mutant. Cell proliferation was determined. Each data point was presented as mean + SD
of triplicate experiments and was statistically analyzed using unpaired Student’s t test. “*p < 0.01, *p < 0.05. Scr, scramble shRNA.

(C—-E) R234 methylation of GAPDH delays the tumor growth of liver cancer cells in a xenograft model. WT GAPDH and its R234F mutant were stably expressed in
GAPDH/CARM1 double knockdown HepG2 cells. The growth of xenografts was monitored over 5 weeks (C). Xenograft tumors were then dissected and their

(legend continued on next page)
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EXPERIMENTAL PROCEDURES

Plasmids

The cDNA encoding full-length human GAPDH was cloned into the FLAG-
tagged vector pcDNAS.1 and the His-tagged vector pSJ3. Plasmids encoding
PRMTs were obtained from Dr. Yanzhong Yang (City of Hope National Medical
Center, Los Angeles, USA). Point mutations of GAPDH and CARM1 were
generated by site-directed mutagenesis using a QuikChange Site-Directed
Mutagenesis Kit (Stratagene). FLAG-tagged WT GAPDH or its R234K and
R234F mutants were subcloned into pQCXIH. shRNA oligos were synthesized
and annealed and cloned into pMKO.1 or pBAsi-hU6-Neo. All expression
constructs were verified by DNA sequencing.

Antibodies

Antibodies against FLAG (Cell Signaling Technology, catalog number 2368),
GAPDH (Proteintech, catalog number 10494-1-AP), CARM1 (Cell Signaling
Technology, catalog number 12495), AMPKa (Cell Signaling Technology,
catalog number 2532), phospho-AMPKa (Cell Signaling Technology, catalog
number 2535), actin (AOGMA, catalog number 9601), GFP (Proteintech,
catalog number 66002-1-Ig), phospho-Ser/Thr (Cell Signaling Technology,
catalog number 9631), LC3B (Cell Signaling Technology, catalog number
2775), monomethyl arginine (Cell Signaling Technology, catalog number
8015S), symmetric dimethylarginine (Cell Signaling Technology, catalog
number 13222), and asymmetrical dimethylarginine (Cell Signaling Technol-
ogy, catalog number 13522) were purchased commercially. To generate a
site-specific antibody to detect the asymmetric di-methyl R234 of GAPDH
(a-meGAPDH(R248)), the synthesized peptide TGMAFR(me2a)VPTANVC
(GL Biochem) was coupled to keyhole limpet hemocyanin (KLH) as an
antigen to immunize rabbits. Anti-serum was collected after five doses of
immunization.

Cell Culture and Treatment

The cells used in this study were cultured in DMEM (Gibco, catalog number
12100046) supplemented with 10% fetal bovine serum (FBS) (Gibco, catalog
number 0082147) and 1% penicillin and streptomycin (HyClone, catalog
number SV30010). For PRMT inhibitor treatment, 40 pM AdOx (Sigma,
catalog number A7154), 20 uM AMI-1 (Selleck, catalog number S7884),
or 10 uM TP-064 (Tocris, catalog number 6008) was added to the culture
medium when the cells were 50% to 60% confluent. After 24 hr of AdOx
and AMI-1 treatment or after 12 hr of TP-064 treatment, cells were harvested
for further analysis. For glucose starvation, DMEM-containing glucose was
aspirated, cells were washed twice with PBS, and glucose-free DMEM
(Gibco, catalog number 11966025) was added. For MG132 treatment,
10 M MG132 was added to the culture medium 6 hr before cells were
harvested.

Immunoprecipitation and Western Blotting

Cells were lysed in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris, and 0.3%
NP-40 [pH 7.5]) with protease inhibitors (Biotool, catalog number B14001) at
4°C for 1 hr. For exogenous IP and co-immunoprecipitation (colP), FLAG
beads (Sigma, catalog number A2220) were added to the cell lysates and incu-
bated at 4°C for 4 hr. The beads were then washed three times with NP-40 lysis

buffer and used for further analysis. For endogenous IP and colP, antibodies
against GAPDH or CARM1 were added to cell lysates and incubated at 4°C
overnight. Then protein G beads (Roche) were added to the cell lysates and
incubated at 4°C for another 4 hr. Standard western blotting protocols were
used to analyze the results of the IP and colP experiments.

Determination of GAPDH Activity

To assay GAPDH enzymatic activity, reactions were conducted in 1 mL
mixture containing 896 L pyrophosphate and arsenate buffer (0.015 M
NayP,07 and 0.03 M Na,HASO, [pH 8.5]), 33 uL NAD™ (7.5 mM), 33 uL G3P
(7.5 mM), 33 puL DTT (100 mM), and 5 pL purified GAPDH protein at 37°C.
Enzyme activity was monitored as an absorbance increase at 340 nm using
a spectrofluorometer (FL-4600, Hitachi). Three independent experiments
were performed. To determine Km, serial concentrations of NAD* or G3P at
0.00, 24.75, 49.50, 165.00, 247.50, 412.50, 495.00, and 750.00 uM were
used to measure the enzymatic activity of GAPDH. The Km value was deter-
mined using the Michaelis-Menten curve plotted by GraphPad Prism.

Recombinant Protein Expression and Purification

Plasmids encoding recombinant GAPDH and CARM1 were transformed
into the BL21 strain, and bacterial culture was induced with isopropy! g-D-1-
thiogalactopyranoside (IPTG) at 16°C for 12 hr when the optical density
600 (ODgoo) reached 0.6. BL21 cells were lysed by ultrasonication and purified
with GST agarose beads (AOGMA, catalog number AGM90049) for glutathione
S-transferase (GST)-CARM1 or with nickel-nitrilotriacetic acid (Ni-NTA)
agarose beads (Sigma, catalog number P6611) for His-GAPDH.

In Vitro Methylation Assay

The in vitro methylation reaction was performed in 30 uL PBS containing 3 ng
His-GAPDH, 3 ng CARM1, and 3 uM S-adenosyl methionine (SAM) (Sigma,
A4377). Methylation reactions were initiated by the addition of purified
CARM1 and incubated at 30°C for 1.5 hr. After in vitro methylation, R234
methylation and GAPDH activity were determined.

Real-Time qPCR Analysis

Total RNA was extracted from HepG2, Huh7, MEF, and 293A cells using
TRNzol Universal reagent (Tiangen, catalog number DP424). 2 ug of total
RNA was reverse-transcribed according to the manufacturer’s instructions
(Takara, catalog number RR047B). qPCR was conducted with SYBR Green
Premix reagent (Takara, catalog number RR820A) using the following primers:

mActb forward primer: 5-GGCTGTATTCCCCTCCATCG-3/,

mActb reverse primer: 5'-CCAGTTGGTAACAATGCCATGT-3/,
mCarm1 forward primer: 5'-CAGGCTCCAAGTCCAGTAACC-3/,
mCarm1 reverse primer: 5-GGGAGTGGGTGTGATTGACA-3/,
hACTB forward primer: 5-GCCGACAGGATGCAGAAGGAGATCA-3’,
hACTB reverse primer: 5'-AAGCATTTGCGGTGGACGATGGA-3/,
hCARM?1 forward primer: 5'-CTGGCTTTCTGGTTTGACG-3/,
hCARMT1 reverse primer: 5'-CAGGAGGTTACTGGACTTGGA-3'.

Relative gene expression was calculated using the comparative C(T)
method based on three independent experiments.

weights determined (D and E). Each data point was presented as mean + SD of triplicate experiments and was statistically analyzed using unpaired Student’s
t test. ™*p < 0.01, *p < 0.05.

(F) R234 methylation decreases Ki-67 staining in tumor xenograft samples. Immunohistochemistry (IHC) was performed using the «-Ki67 antibody and
hematoxylin. Ki-67-positive cells, denoted by arrows, were quantified and analyzed (right). Percentage of Ki67 positive cell is presented as mean + SD calculated
from three different view and was statistically analyzed using unpaired Student’s t test. *p < 0.05.

(G) R234 methylation of GAPDH modulates the level of glycolytic metabolites in tumor xenografts. Metabolites were extracted from the tumor and detected by
LC-MS/MS. Relative abundance value was presented as mean + SD calculated from three xenograft samples and was statistically analyzed using unpaired
Student’s t test. *p < 0.05.

(H) R234 methylation and enzymatic activity of GAPDH in tumor xenografts were determined by western blot and spectrofluorometer, respectively. Xenograft
tumors were homogenized, and GAPDH was immunopurified. The stable knockdown efficiency and sustained expression of FLAG-tagged GAPDH in xenograft
tissue were validated by western blot. Relative GAPDH enzyme activity was presented as mean + SD calculated from three xenograft samples and was
statistically analyzed using unpaired Student’s t test.

**p < 0.01. See also Figure S5.
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Figure 7. GAPDH R234 Is Hypomethylated in Human Hepatocellular Carcinoma

(A-D) CARMT1 protein levels and the R234 methylation of GAPDH immunopurified from human hepatocellular carcinoma (HCC) patient samples were determined
by immunoblotting in both tumor (T) and adjacent normal tissue (N) (A and B). CARM1 protein (C) and R234 methylation (D) levels in normal and cancerous tissues
were statistically analyzed. Relative CARM1 protein level and R234 methylation level was presented as mean + SD calculated from twenty HCC samples and was
statistically analyzed by paired Student’s t test.

(E) CARM1 protein and R234 methylation levels are positively correlated in HCC patient samples.

(F) Working model for CARM1-induced methylation of GAPDH. M, methylation; P, phosphorylation. The dashed line between AMPK and CARM1 indicates that
AMPK regulates the CARM1 protein level indirectly.
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Construction of Stable Cell Pools and Cell Proliferation Assay

To generate stable CARM1 knockdown or GAPDH knockdown or GAPDH/
CARM1 double knockdown cell pools, shRNAs targeting CARM1 or GAPDH
were constructed. Targeting sequences are as follows:

shGAPDH-#1: 5'-CCCTTCATTGACCTCAACT-3/,
shCARM1-#1: 5'-GCAAGCAGTCCTTCATCATCACTC-3/,
shCARM1-#2: 5'-GGACAAGATCGTTCTTGATGTCTC-3'.

Retroviruses were produced by using a two-plasmid packaging system.
Cells were infected with the retrovirus and selected in 0.8 pg/mL puromycin
(AMERESCO, catalog number J593) or in 200 png/mL G418 (Selleck, catalog
number S3028) for 1 week. To generate GAPDH knockdown or GAPDH/
CARM1 double knockdown and to rescue stable cell pools, FLAG-tagged hu-
man WT GAPDH or its R234F mutant were cloned into the retroviral pQCXIH
vector and co-transfected with vectors expressing the gag and vsvg genes
in HEK293T cells to produce retroviruses. Cells with stable GAPDH knock-
down or GAPDH/CARM1-double knockdown were then infected with the
WT GAPDH or R234F mutant-expressing retroviruses, followed by selection
in 50 ng/mL hygromycin B (AMERESCO, catalog number K547) for 1 week.
For the cell proliferation assay, 1 x 10% Huh7 cells or 4 x 10* HepG2 cells
were seeded in triplicates in six-well plates. Cell numbers were counted every
48 hr for 8 days using a hemocytometer (Brand, catalog number 717805).

Glucose and Lactate Detection

1 x 10° cells were seeded in six-well plates. The culture medium was then
collected 12 hr after being replaced and filtered using a 10-kD spin column
(Abcam, catalog number ab93349). Glucose and lactate were determined us-
ing a glucose assay kit (Sigma, catalog number GAGO20) and a lactate assay
kit (Sigma, catalog number MAKO064), respectively. Glucose uptake was deter-
mined by subtracting the final medium glucose concentration from the initial
medium glucose concentration in the culture medium. Data were obtained
from three independent triplicates and normalized against cell number.

Metabolites Extraction

1 x 107 cells were re-suspended in 1 mL of ice-cold 80% methanol and 20%
sterile ultra-pure water (ddH,O). Samples were vigorously vortexed and
placed in liquid N, for 10 min to freeze and in ice for 10 min to thaw. The
freeze-thaw cycle was repeated four times. Samples were centrifuged
at 13,000 rpm for 15 min to pellet cell debris, lipids, and proteins. The super-
natant was evaporated, and the resulting metabolites were re-suspended in
10% methanol and 90% high performance liquid chromatography (HPLC)-
grade H,0.

Metabolite Analysis by Liquid Chromatography-Tandem Mass
Spectrometry

The metabolites samples were re-suspended in 80 pL 10% methanol and 90%
HPLC-grade H,O for mass spectrometry. 20 uL of each sample was injected
and analyzed using a 6500 Q-Trap triple quadrupole mass spectrometer
(AB Sciex) coupled to a Prominence HPLC system (Shimadzu) via multiple
reaction monitoring (MRM). Metabolites were targeted in negative ion mode
(lonSpray voltage: —4,500 V). An Ultimate AQ-C18 column (1.7 um, 2.1 x
250 mm, Welch) was used to separate G6P, G3P, 3-PG, pyruvate, and lactate.
Monitored transitions were as follows: G6P, mass-to-charge ratio (m/z)
259 > 97 (collision energy, [CE], —18 V); G3P, m/z 169 > 79 (CE: —20 V);
3-PG, m/z 185 > 79 (CE, —44 V); pyruvate, m/z 87.0 > 43.0 (CE, —10V); lactate,
m/z 89.0 > 43.0 (CE, —13 V). Peak areas from the total ion current for each
metabolite were integrated using Skyline software (AB Sciex).

Measurement of ECAR and OCR

The ECAR and OCR were measured in an XF96 extracellular analyzer
(Seahorse Bioscience). A total of 2 x 10* cells per well were seeded into a
96-well plate and incubated in DMEM with 10% FBS at 37°C. The next day,
the medium was changed to XF base medium containing 2 mM glutamine
for ECAR measurement or containing 10 mM glucose, 2 mM glutamine, and
1 mM sodium pyruvate for OCR measurement. The cells were incubated in a
CO,-free incubator at 37°C for 1 h before measurement. For ECAR detection,

cells were sequentially exposed to 10 mM glucose, 2 uM oligomycin, and
50 mM 2-deoxyglucose (2-DG). For OCR determination, cells were sequen-
tially exposed to 2 uM oligomycin, 1 uM carbonyl cyanide-4-(trifluorome-
thoxy)phenylhydrazone (FCCP), and 0.5 pM rotenone and antimycin A.
Each point in the traces represents the average measurement from triplicate
experiments.

Xenograft Studies

All animal procedures were performed in accordance with the approval of the
animal care committee at Fudan University. GAPDH/CARM1 double knock-
down HepG2 cells re-expressing WT GAPDH or the R234F mutant were trypsi-
nized and re-suspended in a mixture of 50% PBS and 50% Matrigel (Corning,
catalog number 354248). BALB/c-nude mice (nu/nu, male, 4 weeks old) were
purchased from Shanghai Sippr-BK Laboratory Animal Company (Shanghai).
Mice were injected subcutaneously with 5 x 10° cells (n = 6 for each group).
Two weeks later, the major and minor diameter of tumors were measured
every 2 days, and tumors were harvested 5 weeks after injection. Tumor
volume was calculated using the formula of 1/2 x major diameter x minor
diameter?.

Ki67 Staining

Xenograft sections were deparaffinized in xylene and hydrated in graded
ethanol, followed by deionized water. Endogenous peroxidase activity was
inactivated with 3% hydrogen peroxidase in methanol for 30 min. Antigen
retrieval was performed by boiling the sections in 0.01 M citrate buffer
(pH 6.0) for 25 min in a microwave oven. The sections were incubated with
normal goat serum for 20 min to block non-specific staining and then incu-
bated overnight at 4°C with the Ki67 antibody (Abcam, catalog number
ab15580) at 1:200 dilution. After incubation for 45 min with a horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibody, the sections
were stained using a diaminobenzidine (DAB) kit according to the manufac-
turer’s instructions (Long Island Antibody, catalog number DAB-50T), followed
by counterstaining with hematoxylin.

HCC Samples

Hepatocellular carcinoma patient samples were obtained from Tongji Univer-
sity Affiliated 10th People’s Hospital, Shanghai, with written consent from all
patients. Procedures related to human subjects were approved by the Ethics
Committee of the Institutes of Biomedical Sciences, Fudan University. The
CARM1 protein level and arginine methylation level of immunopurified GAPDH
were determined using western blot with «-CARM1 and a-meGAPDH(R234)
antibodies.

Statistical Analysis

Statistical analyses were performed with a two-tailed unpaired Student’s
t test. All data shown represent the results obtained from triplicate independent
experiments with SEM (mean + SD). ns, not significant, *p < 0.05, **p < 0.01,
***p < 0.001.
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