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Abstract Metabolic reprogramming is a hallmark of cancer, including lung cancer. However, the exact

underlying mechanism and therapeutic potential are largely unknown. Here we report that protein argi-

nine methyltransferase 6 (PRMT6) is highly expressed in lung cancer and is required for cell metabolism,

tumorigenicity, and cisplatin response of lung cancer. PRMT6 regulated the oxidative pentose phosphate

pathway (PPP) flux and glycolysis pathway in human lung cancer by increasing the activity of 6-phospho-

gluconate dehydrogenase (6PGD) and a-enolase (ENO1). Furthermore, PRMT6 methylated R324 of

6PGD to enhancing its activity; while methylation at R9 and R372 of ENO1 promotes formation of active

ENO1 dimers and 2-phosphoglycerate (2-PG) binding to ENO1, respectively. Lastly, targeting PRMT6

blocked the oxidative PPP flux, glycolysis pathway, and tumor growth, as well as enhanced the anti-

tumor effects of cisplatin in lung cancer. Together, this study demonstrates that PRMT6 acts as a post-

translational modification (PTM) regulator of glucose metabolism, which leads to the pathogenesis of

lung cancer. It was proven that the PRMT6-6PGD/ENO1 regulatory axis is an important determinant

of carcinogenesis and may become a promising cancer therapeutic strategy.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction glucose utilization to ensure cancer cell survival under oxidative
Lung cancer remains the second leading cause of cancer mortality,
which ranks as the second cancer-related mortality worldwide
according to the latest global cancer data1. The reprogramming of
energy metabolism has been accepted as a hallmark of cancer,
including lung cancer. There have been a number of studies and
cancer therapeutic agents targeting the cancer metabolism that are
being developed2,3. However, the molecular mechanisms that
underlying lung cancer progression are not fully clarified. Thus,
there is a critical need not only to elucidate the molecular
mechanisms underlying lung cancer carcinogenesis and chemo-
therapy responses, but also identify molecular targets in lung
cancer can be cured and enhance chemotherapy sensitivity.

Several studies reported that the post-translational modification
(PTM) participates in essential biological processes, such as cell
metabolism4. Protein arginine methylation, which is catalyzed by
protein arginine methyltransferases (PRMTs), is one of the most
common PTMs. These PRMTs regulate a broad array of cellular
processes and are increasingly being recognized as drivers for human
diseases, including cancer5e7. Numerous studies showed that several
metabolic enzymes aremethylated by PRMTs. Zhong et al.8 reported
that coactivator-associated arginine methyltransferase 1 (CARM1)
methylates glyceraldehyde-3-phosphate dehydrogenase (GAPDH) at
arginine 234 (R234),which is a key regulatorymechanism of glucose
metabolism in liver cancer. Studies by Guo et al.9 revealed that
CARM1 methylates ribose-5-phosphate isomerase A (RPIA), an
enzyme in oxidative pentose phosphate pathway (PPP), at arginine
42 (R42) and enhances its activity, which connects the glucose
availability to nucleotide synthesis and redox homeostasis. Yama-
moto et al.10 suggested that a carbon monoxide (CO)/cystathionine
b-synthase (CBS)-dependent regulation of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase (PFKFB3) methylation by argi-
nine methyltransferase 1 (PRMT1) determines the directional
stress. The findings of Wang et al.11 revealed that CARM1 methyl-
ates malate dehydrogenase 1 (MDH1) at arginine 248 (R248), which
negatively regulates cellular redox homeostasis and suppresses the
glutamine metabolism of pancreatic cancer. Protein arginine meth-
yltransferase 6 (PRMT6) is a type I PRMT that asymmetrically
dimethylates histones or non-histones protein substrates on arginine
residues5. PRMT6 is frequently overexpressed in human cancers, and
contributes in tumor malignancy12e14. Wong et al.15 revealed that
PRMT6 regulates aerobic glycolysis in an extracellular signal-
regulated kinase (ERK)-dependent pyruvate kinase M2 (PKM2)
nuclear re-localization manner mediated by methylated CRAF.
However, the role of PRMT6 in cell metabolism, tumorigenicity, and
chemotherapy responses of lung cancer remains largely unknown.

This study aimed to further uncover the role and mechanism of
PRMT6 in cell metabolism, tumorigenicity, and explore its poten-
tial as a therapeutic target. In this study, it was shown that PRMT6
is highly expressed in lung cancer and is required for lung cancer
cell metabolism, progression, and cisplatin response. Furthermore,
PRMT6 coordinated the oxidative PPP flux and glycolysis pathway,
providing an overall advantage to lung cancer pathogenesis medi-
ated by methylating 6-phospho-gluconate dehydrogenase (6PGD)
and a-enolase (ENO1). Lastly, targeting PRMT6 blocked cell
metabolism and tumor growth, as well as enhanced the anti-tumor
effects of cisplatin on lung cancer. In summary, we show that the
PRMT6e6PGD/ENO1 axis is critical for lung cancer progression
and inhibiting this axis signaling enhances the anti-tumor effects of
cisplatin for treatment of lung cancer preclinical models.
2. Materials and methods

The more detailed information of materials and methods are
provided in Supporting Information.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.1. Reagents and biological resources

The reagents and biological resources are listed in the Supporting
Information Table S1.

2.2. Cell culture

Lung cancer H1299, H226, H157, H1944, A549, H460, H2122,
and H1437 cells were cultured in RPMI-1640 medium (Thermo
Fisher Scientific, MA, USA) supplemented with 10% fetal bovine
serum (FBS, ExCell Bio, Shanghai, China). HEK293T cell was
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific, MA, USA) supplemented with 10%
FBS. Normal proliferating Human Bronchial Epithelial Cell Line
(BEAS-2B) was cultured in RPMI 1640 medium with 10% FBS.

2.3. Clinical samples

Twenty-one paired clinical lung tumor tissues and adjacent non-
tumor lung tissues (Cohort 1, n Z 21) were collected from The
First Affiliated Hospital of Wenzhou Medical University (Wenz-
hou, China) after surgical resection. The clinical lung cancer
specimens all have the written consent approving the use of the
samples for research purposes from patients. The lung cancer
tissue microarrays (Cohort 2, n Z 41) were purchased from
Shanghai Outdo Biotechnology Co., Ltd. (Shanghai Outdo
Biotechnology, Shanghai, China). These microarrays included 41
lung cancer tissues and 41 adjacent non-tumor lung tissues. The
relevant characteristics were shown in Supporting Information
Table S2. The study protocol was approved by the Institute
Research Ethics Committee at Nankai University, Tianjin, China.

2.4. EdU assay

Lung cancer cells that were knocked down for genes or treated
with inhibitors were seeded in 96-well plates. On the second day
of seeding, the EdU assay was performed using EdU imaging
detection kit (RiboBio, Guangzhou, China) according to the
manufacturer’s instructions.

2.5. Lactate production assay

Cellular lactate production was measured by a colorimetric-based
lactic acid assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions. In
brief, we seeded cells in a 6 well-plate and incubated them at
37 �C for 12 h. Media on cells was replaced with phenol red-free
RPMI medium without FBS when the cells were 50% confluent.
The plate was then incubated for 1 h at 37 �C. After incubation,
1 mL of media from each well was assessed using the lactate assay
kit on a Microplate Photometer (Thermo Fisher Scientific, MA,
USA) at 570 nm. Cell numbers were counted by a microscope, and
the lactate content was normalized by cell numbers.

2.6. NADPH/NADPþ ratio

Intracellular NADPH/NADPþ levels were assayed using NADPH/
NADPþ assay kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. Briefly, 2 � 106 cells were washed
with cold PBS and pelleted. Homogenized samples were treated
with 200 mL counter NADPH (or NADPþ) extraction buffer,
which were incubated at 60 �C for 5 min. The 20 mL of assay
buffer and 200 mL of the counter NADPH (or NADPþ) extraction
buffer were added to neutralize the extracts. Then, these extracts
were centrifuged at 12,000 rpm for 5 min on a Legend Micro 21R
Centrifuge (Thermo Fisher Scientific, MA, USA), and the NADPþ

or NADPH was measured in the supernatant by reading the
fluorescence at 450 nm according to the manufacturer’s protocol
on a microplate photometer. NADPH/NADPþ ratios were calcu-
lated according to the manufacturer’s protocol.

2.7. Intracellular reactive oxygen species (ROS) production

Intracellular ROS was measured by the fluorescence probe
DCFDA (Beyotime, Shanghai, China) following the manufac-
turer’s instructions. In brief, 2 � 105 cells were seeded in 6-well
plates. Twenty-four hours later, the cells were rinsed with PBS
and loaded with 5 mmol/L carboxy-H2DCFDA for 1 h in 37 �C.
The cells were then harvested, re-suspended in PBS and analyzed
using a Microplate Photometer at 488/525 nm.

2.8. 6PGD activity assay

The 6PGD enzyme activity was determined by the NADPH pro-
duction rate in assay buffer (1 mmol/L MgCl2 and 50 mmol/L
TriseHCl, pH 8.1) with 0.2 mmol/L 6-phosphogluconate (6PG) for
6PGD activity. 10 mg cell lysates or 1 mg recombinant protein was
added and the reaction was then initiated by adding 0.1 mmol/L
NADPþ. The increase in 340 nm absorbance (OD340) as a measure
of NADPH production was obtained every minute for 1 h on a
microplate photometer (Thermo Fisher Scientific, MA, USA). The
6PGD enzyme activity was calculated by the changes of NADPH
production rate from the cure of a steady OD340 increase.

2.9. ENO1 activity assay

ENO1 activity was determined by the NADH reduction rate in re-
action buffer containing 50 mmol/LTriseHCl (pH 7.5), 25 mmol/L
MgSO4, 100 mmol/L KCl, 1.3 mmol/L ADP, 1.9 mmol/L
2-phosphoglycerate (2-PG), 0.5 U of pyruvate kinase 2 (PKM2,
Sigma, USA) and 0.67 U of lactate dehydrogenase A (LDHA,
Sigma, MO, USA). Since a product of ENO1, phosphoenolpyruvate
(PEP) is rapidly hydrolyzed to a substrate of PKM2/LDHA in cells.
10 mg cell lysates or 1 mg recombinant protein was added and the
reaction was then initiated by adding 0.15 mmol/L NADH. The
decrease in 340 nm absorbance (OD340) as measures of NADH
reduce was obtained every minute for 1 h on a microplate photom-
eter. The ENO1 enzyme activity was calculated by the changes of
NADH reduction rate from the cure of a steady OD340 decrease.

2.10. Kinase assay for PRMT6

For in vivo argininemethylation, HEK293T cells were co-transfected
with GST-6PGD/GST-ENO1/GST-aldolase A (ALDOA) and Flag-
PRMT6 plasmids. Thirty-six hours later, the cells were lysed with
NP40 lysis buffer and IP using an anti-GSTantibody was performed
to pull down the GST-6PGD/GST-ENO1/GST-ALDOA protein. The
input and eluted protein lysates were resolved by SDS-PAGE and
analyzed byWestern blotting with indicated antibodies. The level of
asymmetric dimethylated arginine (ADMA) in GST-6PGD/GST-
ENO1/GST-ALDOA was assessed by using an anti-ADMA anti-
body (Cell signaling, MA, USA).

For in vitro arginine methylation assay, recombination Flag-
PRMT6 (or Flag-PRMT6 purified from HEK293T cells) and
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recombinationGST-6PGD/recombination GST-ENO1 (rGST-6PGD/
rGST-ENO1) proteins were incubated inmethylation rea-ction buffer
(50mmol/LTris, 150mmol/LNaCl),with 16mmol/Lmethyl donorS-
(50-adenosyl)-L-methionine iodide (SAM, sigma, MO, USA), to a
total volume of 60 mL and incubated at 30 �C for 120 min.

2.11. Tumor formation in nude mice

Nude mice (nu/nu, female, 4e6-week-old) were subcutaneously
injected with 2� 107 H1299 cells harboring empty vector on the left
flank, and the cells with stable knockdown of endogenous PRMT6 on
the right flank. They were performed according to the institutional
ethical guidelines for animal experiments. Cells were harvested by
trypsinization, washed twice with sterile PBS and re-suspended at
1 � 108 cells/mL. And then 0.2 mL aliquots were injected subcuta-
neously into female nude mice. Tumor growth was recorded by
measurement of two perpendicular diameters using Eq. (1):

Tumor growth Z 4p/3 � (Length/2) � (Width/2)2 (1)

The tumors were harvested and weighed at the experimental
endpoint, and the masses of tumors (g) derived from cells with and
without stable knockdown of endogenous PRMT6. Statistical
analyses have been done by comparison in relation to the control
group with a two-tailed paired Student’s t test.
Figure 1 PRMT6 expression is elevated in lung cancer. (A) The cell p

PRMT4, PRMT5, and PRMT6-knockdown human lung cancer H1299 ce

iments). (B) The PRMT6 protein levels in lung cancer tissues (T) and matc

(C) Quantification of PRMT6 expression by Image J software from Wester

IHC assay in lung cancer tissues microarray (TMA), which containing m

Quantification of PRMT6 expression by Image J software from IHC data (n

human lung cancer cells, including H1299, H226, H157, H1944, A549, H

epithelial cell line (BEAS-2B). *P < 0.05; **P < 0.01; ***P < 0.001.
To explore the effect of DCPR049_12 on tumorigenicity of
lung cancer, mice were received either vehicle control or
DCPR049_12 (50 mg/kg), and they were administered every two
days by intraperitoneal (i.p.) injection (50 mg/kg). The mice were
sacrificed, and the tumors were excised, imaged and weighed after
inhibitor treatments. Statistical analyses have been done by
comparison in relation to the control group with a two-tailed
unpaired Student’s t test.

To explore the effect of DCPR049_12 in combination with
cisplatin on tumorigenicity in lung cancer. Mice were received
either vehicle control, DCPR049_12 (30 mg/kg) alone, cisplatin
(2 mg/kg) alone, and DCPR049_12 and cisplatin together, and
they were administered every two days by i.p. injection. The mice
were sacrificed, and the tumors were excised, imaged and weighed
after inhibitor treatments. Statistical analyses have been done by
comparison in relation to the control group with a two-tailed
unpaired Student’s t test.

2.12. Cell-derived xenograft (CDX) models for tumor formation

For CDX model, nude mice (nu/nu, female, 4e6-week-old) were
subcutaneously injected with 2 � 107 H460 cells on the left and
right flank. When tumor volumes reached approximately 20 mm3,
control shRNA lentivirus was injected precisely into the center of
the xenograft tumors first three days for three times on the left
roliferation was determined by cell number counting at third day in

lls (Data represent mean values � SD from three independent exper-

hed adjacent normal tissues (N) were determined by Western blotting.

n blotting (n Z 21). (D) The expression of PRMT6 was determined by

atched adjacent normal tissues (N) and lung cancer tissues (T). (E)

Z 41). (F) PRMT6 protein levels were analyzed in a panel of diverse

460, H2122, H1437 cells and normal proliferating human bronchial
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flank. PRMT6 shRNA virus was injected precisely into the center
of the xenograft tumors first three days for three times on the right
flank. Statistical analyses have been done by comparison in rela-
tion to the control group with a two-tailed paired Student’s t test.

2.13. Patient-derived xenograft (PDX) models for tumor
formation

For PDX model, the PDX samples were from the Jackson Labora-
tory. The model ID is TM00192/LG0567F. The tumor samples were
cut into approximately 1mm3, and the tissueswere pushed under skin
of mice by TROCHAR. When tumor volumes reached approxi-
mately 20 mm3, mice were randomly distributed into groups of 7
mice. To investigate the effect of PRMT6 on tumorigenicity of lung
cancer, PRMT6 shRNA or control shRNA virus were injected pre-
cisely into the center of the xenograft tumors first three days for three
times. Statistical analyses have been done by comparison in relation
to the control group with a two-tailed paired Student’s t test.

To explore the combination effect of DCPR049_12 and cisplatin
on tumorigenicity of lung cancer, mice were received either vehicle
control, DCPR049_12 (30 mg/kg) alone, cisplatin (2 mg/kg) alone
or DCPR049_12 and cisplatin together, and they were administered
every two days by i.p. injection. The mice were sacrificed, and the
tumors were excised, imaged and weighed after inhibitor treat-
ments. Statistical analyses have been done by comparison in rela-
tion to the control group with a two-tailed unpaired Student’s t test.

2.14. Ethics approval and consent to participate

This study was carried out in accordance with the recommenda-
tions of Requirements of the Ethical Review System of Biomed-
ical Research Involving Human by National Health and Family
Planning Commission of China, Nankai University and Wenzhou
Medical University Ethics Committee with written informed
consent from all subjects. All subjects were given a written
informed consent in accordance with the Declaration of Helsinki.

2.15. Bioinformatics analysis

The public datasets TCGA and GSE19804 dataset were used for
bioinformatics analysis. KaplaneMeier Plotter (http://kmplot.com/
analysis/index.php?pZbackground) was used for overall survival.

2.16. Statistical analysis

The data are expressed as mean � standard deviation (SD). The
differences between two groups with similar variances were
analyzed using a two-tailed Student’s t test. All statistical analyses
were performed using GraphPad Prism 8 software (GraphPad
Software Inc., CA, USA). The P value lower than 0.05 was
considered as significant.

3. Results

3.1. PRMT6 expression is elevated in lung cancer

The human genome encodes at least nine different PRMTs, which
catalyze mono-methylation or di-methylation reactions on argi-
nine residues5. To identify PRMTs that are overexpressed in lung
cancer and potential drivers for tumorigenicity and cisplatin
response, the expression profiling of catalytically active PRMTs
and their prognostic significance were analyzed in lung cancer
samples. It was found that the expression levels of PRMT1,
PRMT3, PRMT4, PRMT5, PRMT6, and PRMT7 were highly
expression in lung cancer tissues in TCGA datasets (Supporting
Information Fig. S1A). Secondly, we found that PRMT3,
PRMT4, PRMT5, PRMT6, and PRMT7 were also highly
expressed in lung cancer tissues based on GEO databases
(Fig. S1B). In addition, the elevated expression of PRMT4,
PRMT5, and PRMT6 predicted the poor prognosis in lung cancer
(Fig. S1C). Thus, these findings suggest that the high expression
levels of PRMT4, PRMT5, and PRMT6 in lung cancer may
indicate worse outcomes for patients with lung cancer.

Thus, to better understand which of the PRMT family members
are required for the tumorigenicity of lung cancer, PRMT4, PRMT5,
and PRMT6 were efficiently knocked down in H1299 cells. Cell
number counting assays showed that the knockdown of PRMT6
dramatically inhibited the growth of H1299 cells (Fig. 1A). Thus, the
following investigations were focused on the role of PRMT6 in lung
cancer pathogenesis. To validate the clinical relevance of our findings
from public databases, the expression of PRMT6 in samples taken
from 21 patients with lung cancer was analyzed (Cohort 1: n Z 21,
lung cancer tissues [T], paired adjacent normal tissues [N]). Western
blotting consistently showed that the PRMT6 protein levels were
significantly higher in lung tumor tissues than in adjacent non-tumor
lung tissues (Fig. 1B and C). To validate these findings, immuno-
histochemistry (IHC) staining was performed to determine the
PRMT6 protein expression levels in lung cancer tissue microarrays
(Cohort 2: n Z 41, lung cancer tissues [T], paired adjacent normal
tissues [N]). IHC staining showed that the expression of PRMT6was
positive in 39 (95.1%) and strongly positive in 21 (51.2%) of the 41
patients with lung cancer (Table S2), which was significantly higher
in lung cancer tissues than in paired adjacent normal tissues (Fig. 1D
and E). No correlation was observed between tumor grade and
PRMT6 levels (Supporting Information Table S3). Lastly, the
expression of PRMT6 in various human lung cancer cells, including
H1299, H226, H157, H1944, A549, H460, H2122, and H1437 cells,
were also checked and compared to that in normal proliferating
Human Bronchial Epithelial Cell Line (BEAS-2B). It was found that
PRMT6 was highly expressed in most lung cancer cells (Fig. 1F).
Together, these data demonstrate that PRMT6 was highly expressed
in lung cancer and was correlated with the overall survival, sug-
gesting that PRMT6 is a promising anticancer target.

3.2. PRMT6 promotes lung cancer cell growth

To carefully elucidate the role of PRMT6 upregulation in lung
cancer, stable PRMT6 knockdown cells were generated by specific
short hairpin RNAs (shRNAs) (Supporting Information Fig. S2A).
It was found that PRMT6 knockdown decreased the proliferation of
H1299 and H460 cells based on cell number counting assay and
colony formation assay (Fig. 2A and B). In contrast, the exogenous
expression of PRMT6 in H1299 and A549 cells promoted the cell
proliferation (Fig. S2BeS2E). These findings show that PRMT6
promotes lung cancer cell proliferation in vitro. Next, the impact of
PRMT6 on lung cancer growth in vivo was explored. As indicated
in an H460 cell-derived xenograft (CDX) mouse model, we found
that H460 tumor cells with PRMT6 shRNA lentivirus showed a
slower growth rate compared to control cells (Fig. 2CeE). The
same results were found in an H1299 xenograft model (Fig.
S2FeS2H). Finally, Western blotting assay was done to confirm
the PRMT6 knockdown efficiency (Figs. 2F and S2I). As PRMT6
enzyme carries out the formation of monomethylarginine (MMA)

http://kmplot.com/analysis/index.php?p=background
http://kmplot.com/analysis/index.php?p=background


Figure 2 PRMT6 promotes lung cancer cell growth. (A) The cell proliferation was determined by cell number counting in H1299 and

H460 cells with stable knockdown of PRMT6 (Data represent mean values � SD from three independent experiments). (B) The colony formation

was determined in H1299 and H460 cells with stable knockdown of PRMT6. (C) Tumor growth was compared between xenograft nude mice with

H460 cells injected with PRMT6 shRNA virus and control shRNA virus (n Z 4). (D) All tumors from nude mouse are shown. (E) Tumor mass in

xenograft nude mice with H460 cells injected with PRMT6 shRNA virus and control shRNA virus (nZ 4). (F) The arginine methylation levels of

6PGD/ENO1 and 6PGD/ENO1 were analyzed by immunoprecipitation (IP) assay in a representative H460 tumor cells injected with PRMT6

shRNA virus and control shRNA virus. (G) Tumor growth was compared between xenograft nude mice bearing with lung cancer PDX injected

with PRMT6 shRNA virus and control shRNA virus (n Z 7). (H) All tumors in xenograft nude mouse are shown. (I) Tumor mass in xenograft

nude mice bearing with lung PDX tumor injected with PRMT6 shRNAvirus and control shRNAvirus (nZ 7). (J) The arginine methylation levels

of 6PGD/ENO1 and 6PGD/ENO1 were analyzed by immunoprecipitation (IP) assay in presentative PRMT6 knockdown lung PDX tumor.

*P < 0.05; **P < 0.01; ***P < 0.001.
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as an intermediate before the establishment of ADMA5, it was also
found that PRMT6 knockdown decreased the ADMA levels in tu-
mors (Figs. 2F and S2I).

Next, a patient-derived xenograft (PDX) mouse model was
used to validate the effects of PRMT6 on tumor growth through
intratumoral PRMT6 shRNA lentivirus injection. The growth rate
of tumors with PRMT6 shRNA lentivirus was significantly slower
than that of tumors in the control group (Fig. 2G). Moreover, the
xenograft tumor size was smaller than that in the control group
(Fig. 2H), and its tumor weight was also reduced (Fig. 2I).
Western blotting assay was done to confirm the PRMT6 knock-
down efficiency; it was found that PRMT6 knockdown decreased
the PRMT6 levels in tumors injected with PRMT6 shRNA lenti-
virus (Fig. 2J). And we found that ADMA levels were decreased
in tumors injected with PRMT6 shRNA lentivirus (Fig. 2J).
Collectively, these data indicate that PRMT6 promotes lung can-
cer cell growth in vitro and in vivo.

3.3. PRMT6 promotes the oxidative PPP flux and glycolysis
pathway

Numerous evidence showed that the oxidative PPP flux and
glycolysis pathway contribute to tumor development3,4,15e17. To
identify PRMT6 downstream effectors in promoting lung cancer
development, the effects of PRMT6 on the oxidative PPP flux and
glycolysis pathway were explored. PRMT6 knockdown resulted in
a reduced lactate production (Fig. 3A), glycolytic rate (Supporting
Information Fig. S3A and S3B), DNA biosynthesis (Figs. 3B and
S3C), and NADPH/NADPþ ratio (Fig. 3C), as well as the increased
ROS levels (Fig. 3D). To validate the regulation of PRMT6 on
oxidative PPP flux and glycolysis pathway, we analyzed the role of
PRMT6 in regulating the incorporation of glucose in the oxidative
PPP flux and glycolysis pathway by measuring metabolic fluxes via
isotopomer analysis. We used [1,2]-13C-glucose as a tracer to probe
this issue. As shown in Fig. 3E, the oxidative PPP flux was deter-
mined by measuring M1 ribose. The glycolysis pathway was
determined by measuring M2 intermediate metabolites. By tracking
the carbon atoms of glucose, the fractional contributions of the
intermediate metabolites of oxidative PPP flux and glycolysis
pathway derived from glucose displayed reduced conversion rates
due to PRMT6 knockdown in H1299 cells (Fig. 3F). These data
together suggest that PRMT6 promotes oxidative PPP flux and
glycolysis pathway in lung cancer cells.

3.4. PRMT6 methylates 6PGD/ENO1 and enhances their
activities

To determine how PRMT6 altered the oxidative PPP flux and
glycolysis pathway in lung cancer cells, 12 genes that were involved
in oxidative PPP flux and glycolysis pathway were further analyzed.
The expression of metabolic enzymes was not changed in PRMT6
knockdown H1299 and H460 cells relative to the control based on
Western blotting (Fig. 4A). Thus, we wondered whether PRMT6
regulates oxidative PPP flux and glycolysis pathway through its
interaction with metabolic enzymes. Next, a Flag-pull down assay
was performed to analyze the metabolic enzymes co-precipitated
with Flag-tagged PRMT6 in HEK293T cells. It was found that
ALDOA, ENO1, and 6PGD were associated with PRMT6 based on
the Flag-pull down assay (Fig. 4B). As PRMT6 not only methylates
histoneproteins, it alsomethylates non-histoneproteins.Thus, to gain
insight on the interaction between PRMT6 and metabolic enzymes,
the effects of PRMT6 on 6PGD, ENO1, and ALDOA were
determined. GST-tagged 6PGD, ENO1, and ALDOAwith or without
Flag-PRMT6were transfected intoHEK293Tcells.Then, aGST-pull
down assay was performed to purify GST-tagged 6PGD, ENO1, and
ALDOA. After that, the methylation levels of 6PGD, ENO1, and
ALDOA were examined by Western blotting using ADMA anti-
bodies. It was found that the methylation levels of 6PGD and ENO1,
not ALDOA, were increased in HEK293T cells, with an exogenous
expression of PRMT6 (Supporting Information Fig. S4A, S4C and
S4E). Lastly, the activities of 6PGD and ENO1 were also deter-
mined, and found these were increased in HEK293T cells, with an
exogenous expression of PRMT6 (Fig. S4B and S4D). Additionally,
the activity of 6PGD/ENO1 was also decreased in H1299 cell
xenograft tumors with PRMT6 knockdown (Fig. S2J and S2K). To
rule out the nonspecific pull down by GST-vector, we transfected
HEK293T cells with GST-tagged vector or GST-tagged-6PGD (or
GST-ENO1) with or without Flag-PRMT6. And then the GST-pull
down assay was applied to determine the interaction between
6PGD/ENO1 and PRMT6. It was found that PRMT6 was pulled
down by GST-6PGD (or GST-ENO1), not by GST (Fig. S4F). Thus,
we focused on the arginine methylation regulation of PRMT6 on
6PGD/ENO1.

First, whether PRMT6 directly binds 6PGD/ENO1 was
answered by an in vitro GST-pull down assay, which further
demonstrated that 6PGD/ENO1 directly bound to PRMT6 in vitro
(Fig. 4C). Besides, an in vitro co-immunoprecipitation (Co-IP)
assay demonstrated that 6PGD/ENO1 directly bound to PRMT6
(Fig. S4GeS4H). At same time, a Co-IP assay demonstrated that
6PGD also bound to ENO1 in H460 cells (Fig. S4I); however, an
in vitro Co-IP assay using bacterially expressed recombinant GST-
tagged 6PGD and ENO1 proven that they are not directly bound,
which mediated by PRMT6 (Fig. S4J). These results suggest that
PRMT6 directly binds to 6PGD/ENO1.

Then, whether PRMT6 directly methylates 6PGD/ENO1 was
tested. First, bacterially expressed recombinant GST-tagged 6PGD
and ENO1 with Flag-PRMT6 were incubated, which were purified
from HEK239T cells. It was found that recombinant GST-tagged
6PGD and ENO1 were methylated by Flag-PRMT6 with
increased enzyme activities (Fig. 4DeG). In addition, bacterially
expressed PRMT6 and 6PGD/ENO1 proteins were purified, and
an in vitro methylation assay was performed. After the incubation
of recombinant 6PGD/ENO1 with recombinant PRMT6, 6PGD/
ENO1 showed strongly increased methylation levels (Fig.
S4KeS4L). These results suggest that PRMT6 methylates
6PGD and ENO1 directly and enhances their activities.

3.5. PRMT6 regulates 6PGD and ENO1 activities by
methylating their R324 and R9/372 sites

Proteomics analysis (Cell Signaling Technology) revealed that
6PGD and ENO1were argininemethylated at one ormore groups of
arginine methylation residues (6PGD: http://www.phosphosite.org/
proteinAction.do?idZ15053&showAllSitesZtrue; ENO1: https://
www.phosphosite.org/siteTableNewAction?idZ2610&showAll
SitesZtrue). To examine the effects of arginine methylation on the
activity of 6PGD and ENO1, mutational analysis was performed,
and diverse arginine-deficient (R/K)mutants of 6PGD and ENO1
were generated in which arginine residues were substituted by
lysine residues. First, it was found that the substitution of R324 with
lysine alone abolished the methylation level and activity of 6PGD
compared to what was observed in the wild-type (WT) (Supporting
Information Fig. S5A and S5B). Moreover, the activity (Fig. 5A)
and methylation level (Fig. 5B) of 6PGD R324K mutant were not

http://www.phosphosite.org/proteinAction.do?id=15053&amp;showAllSites=true
http://www.phosphosite.org/proteinAction.do?id=15053&amp;showAllSites=true
https://www.phosphosite.org/siteTableNewAction?id=2610&amp;showAllSites=true
https://www.phosphosite.org/siteTableNewAction?id=2610&amp;showAllSites=true
https://www.phosphosite.org/siteTableNewAction?id=2610&amp;showAllSites=true


Figure 3 PRMT6 promotes the oxidative PPP flux and glycolysis pathway. (AeD) PRMT6 knockdown and control vector cells were tested for

lactate production (A), DNA biosynthesis (B), and NADPH/NADPþ ratio (C), as well as ROS level (D). (E) Schematic of oxidative PPP flux and

glycolysis pathway flux, illustrating labeling from D-[1,2]-13C-glucose. (F) Fractional labeling of metabolites of glycolysis pathway and oxidative

PPP flux in PRMT6 knockdown and control vector cells cultured in medium containing D-[1,2]-13C-glucose for 15 min. Data represent mean

values � SD from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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increased by the PRMT6 treatment. These results suggest that R324
is a key methylation site to control the 6PGD activity mediated by
PRMT6.

The substitution of R9 or R372 with lysine alone also resulted
in decreased methylation levels of purified rGST-ENO1
compared to those of WT (Fig. S5C), whereas the substitution
of both R9 and R372 in the double mutant R9/372K abolished
the methylation level and activity of ENO1 (Fig. S5DeS5E).
This further blocked the PRMT6 treatment-induced activation
(Fig. 5D) and methylation level (Fig. 5E) of ENO1, suggesting
that R9 and R372 methylation were required to activate ENO1.
Interestingly, structural analysis revealed that R9 was located at
the dimeric interface between the two sister molecules of an
ENO1 homodimer (Fig. 5F), and R372 was directly proximal



Figure 4 PRMT6 methylates 6PGD/ENO1 and enhances their activities. (A) Analysis of glycolysis-, and oxidative PPP-related gene

expression in PRMT6 knockdown cells and control vector cells. (B) The expression of glycolysis-, and oxidative PPP-related enzymes were

determined by Western blotting in HEK293T cells by Flag-pull down assay. (C) 6PGD or ENO1 associates with PRMT6 in vitro. The rFlag-

PRMT6 was incubated with recombination GST-taged 6PGD (rGST-6PGD or rGST-ENO1). After GST pull down assay, the interaction of

rFlag-PRMT6 protein with rGST-6PGD (or rGST-ENO1) were analyzed by Western blotting. (D) Purified rGST-6PGD was incubated with

purified Flag-tagged PRMT6 from HEK293T cells, followed by 6PGD enzyme activity assay. (E) Purified rGST-6PGD was incubated with

purified Flag-tagged PRMT6 from HEK293T cells, followed by Western blotting. (F) Purified rGST-ENO1 was incubated with purified Flag-

tagged PRMT6 from HEK293T cells, followed by ENO1 enzyme activity assay. (G) Purified rGST-ENO1 was incubated with purified Flag-

tagged PRMT6 from HEK293T cells, followed by Western blotting. Data represent mean values � SD from three replicates of each sample

(*P < 0.05; **P < 0.01; ***P < 0.001).
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(2.7 Å) to the substrate 2-PG (Fig. 5F). Thus, we hypothesized
that R9 and R372 methylation may contribute to ENO1 activa-
tion by affecting the homodimer formation and substrate 2-PG
binding, respectively. To examine whether R9 methylation pro-
motes homodimer formation, a crosslinking experiment was
performed. As shown in Fig. 5G, R9 arginine residue was
replaced by lysine residue resulting in a decreased formation of
dimeric ENO1. These results reveal that ENO1 exists as a
dimeric ENO1 with an active dimeric state. Lastly, a ‘‘2-PG’’
binding compete experiment was performed using ENO1 activity
assay, and it was found that ENO1 WT not R372K enzyme ac-
tivities were increased with increasing 2-PG concentrations (Fig.



Figure 5 PRMT6 regulates 6PGD and ENO1 activities by methylating their R324 and R9/372 sites. (A) Purified rGST-6PGD WT and rGST-

6PGD R324K were incubated with purified Flag-tagged PRMT6 from HEK293T cells, followed by 6PGD enzyme activity assay. (B) Purified

rGST-6PGD WT and rGST-6PGD R324K were incubated with purified Flag-tagged PRMT6 from HEK293T cells, followed by Western blotting.

(C) Structural locations of R324 (PDB ID 2JKV). (D) Purified rGST-ENO1 WT and R9/372K were incubated with purified Flag-PRMT6 from

HEK293T cells, followed by ENO1 enzyme activity assay. (E) Purified rGST-ENO1 WT and R9/372K were incubated with purified Flag-PRMT6

from HEK293T cells, followed by Western blotting. (F) Structural locations of R9 and R372 (PDB ID 2PSN). Lower right exploded view shows

that R9 forms part of the dimerization interface, with the surface of the partner molecule shown in tan. Upper right exploded view shows that R372

abuts 2-phosphoglycerate (2-PG). (G) Purified rGST-ENO1 WT and R9K were followed by crosslinking and Western blotting experiments to

detect dimeric and monomeric ENO1 in the upper panel. ENO1 protein input assessed by Western blotting is shown in the lower panel. (H) An

ENO1 mutant R372K that cannot be methylated had reduced enzymatic activity when exposure to the increased concentrations of substrate 2-PG.

The data represent mean values � SD from three replicates of each sample (*P < 0.05; **P < 0.01; ***P < 0.001).
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5H). The increased enzyme activity indicated that the binding
between ENO1 WT and 2-PG was increased with increasing
2-PG concentrations. In contrast, the substitution at R372 of
ENO1 significantly abolished the 2-PG binding (Fig. 5H). These
results suggest that R9 and R372 methylation enhances ENO1
activity by affecting homodimer formation and substrate binding,
respectively.

3.6. PRMT6 enhances the oxidative PPP flux, glycolysis
pathway, and cell proliferation by activating 6PGD and ENO1

It was determined whether PRMT6 promotes oxidative PPP flux,
glycolysis pathway, and cell proliferation by regulating 6PGD and
ENO1 activities. 6PGD WT or 6PGD R324K was expressed in
PRMT6 knockdown cells (Supporting Information Fig. S6A and
S6B), and it was found that the exogenous expression of 6PGD
WT, not 6PGD R324K, in PRMT6 knockdown cells rescued the
decreased cell proliferation and colony formation (Fig. 6A and B).
Similarly, the exogenous expression of ENO1 WT, not ENO1 R9/
372K, in PRMT6 knockdown cells rescued the decreased cell
proliferation and colony formation (Figs. 6C, D, S6C, and S6D).
Moreover, the exogenous expression of 6PGD WT, not 6PGD
R324K, in PRMT6 knockdown cells rescued the decreased DNA
synthesis and the increased ROS (Figs. 6E, F and S6E). Similarly,
the exogenous expression of ENO1 WT, not ENO1 R9/372K, in
PRMT6 knockdown cells also rescued the decreased lactate



Figure 6 PRMT6 enhances the oxidative PPP flux, glycolysis pathway, and cell proliferation by activating 6PGD and ENO1. (A) Cell pro-

liferation was determined by cell number counting assay in stable knockdown of PRMT6 cells with or without exogenously expressing 6PGDWT

or R324K. (B) Colony formation was determined in stable knockdown of PRMT6 cells with or without exogenously expressing 6PGD WT or

R324K. (C) Cell proliferation was determined by cell number counting assay in stable knockdown of PRMT6 cells with or without exogenously

expressing ENO1 WT or R9/372K. (D) Colony formation was determined in stable knockdown of PRMT6 cells with or without exogenously

expressing ENO1 WT or R9/372K. (E) DNA synthesis was determined by using EdU incorporation assay in stable knockdown of PRMT6 cells

with or without exogenously expressing 6PGD WT or R324K. (F) The intracellular ROS was determined in stable knockdown of PRMT6 cells

with or without exogenously expressing 6PGD WT or R324K. (G) The lactate production was determined in stable knockdown of PRMT6

cells with or without exogenously expressing ENO1 WT or R9/372K. The data represent mean values � SD from three independent experiments

(*P < 0.05; **P < 0.01; ***P < 0.001).
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production (Fig. 6G). Taken together, these data suggest that
PRMT6 enhances oxidative PPP flux, glycolysis pathway, and cell
proliferation by regulating the arginine methylation levels and ac-
tivities of 6PGD and ENO1.

3.7. DCPR049_12 inhibits the oxidative PPP and glycolysis
pathway by regulating activities of 6PGD and ENO1

In our previous study, DCPR049_12 was designed and synthe-
sized as a highly potent inhibitor of type I PRMTs and the IC50

of DCPR049_12 against PRMT1, PRMT3, PRMT4, PRMT5,
PRMT6, and PRMT8 was 1.1, 22, 63 nmol/L, >100 mmol/L, 1.2
and 1.1 nmol/L, respectively. It was found that DCPR049_12
effectively inhibited cell proliferation in several leukemia cell
lines and reduced the cellular asymmetric arginine demethyla-
tion levels18. In this study, we explored whether DCPR049_12
could be a potent inhibitor of PRMT6 in lung cancer. First, it was
found that the DCPR049_12 treatment resulted in a reduced
lactate production (Fig. 7A), glycolytic rate (Supporting
Information Fig. S7A and S7B), DNA biosynthesis (Figs. 7B
and S7C), and NADPH/NADPþ ratio (Fig. 7C), as well as
increased ROS levels (Fig. 7D). The effect of DCPR049_12 on
oxidative PPP flux and glycolysis pathway by affecting the
methylation levels and activities of 6PGD/ENO1 mediated by
PRMT6 were also confirmed. Then, the effects of DCPR049_12
on 6PGD/ENO1 were explored. Indeed, the DCPR049_12
treatment resulted in a decreased activities and methylation
levels of 6PGD and ENO1 (Fig. 7EeH). Because DCPR049_12
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is a highly potent inhibitor of type I PRMTs, thus, to rule out the
effects of DCPR049_12 on oxidative PPP flux and glycolysis
pathway were mediated by targeting PRMT1, PRMT3, and
PRMT4. First, 6PGD and ENO1 expressions were decreased
with the PRMT1 depletion (Fig. S7D), but these were not
affected by PRMT3 or PRMT4 knockdown. However, the 6PGD
activity was increased by PRMT3 or PRMT4 depletion (Fig. S7E
and S7F), while the ENO1 activity was only increased by
PRMT4 depletion (Fig. S7E and S7F). The DCPR049_12
Figure 7 DCPR049_12 inhibits the oxidative PPP flux and glycoly

DCPR049_12 treated and control cells were tested for lactate production (

ROS level (D) (Data represent mean values � SD from three independen

with or without DCPR049_12, followed by 6PGD enzyme activity assay

sample). (F) Flag-6PGD was purified from H1299 cells treated with or with

purified from H1299 cells treated with or without DCPR049_12, followed b

from three replicates of each sample). (H) Flag-ENO1 was purified from H

blotting. (I) The expression of glycolysis-, and oxidative PPP-related enz

treated with DCPR049_12. *P < 0.05; **P < 0.01; ***P < 0.001.
treatment had no effect on the expression of the identified 12
glucose metabolic enzymes (Fig. 7I). The bindings between
PRMT1, or PRMT3 or PRMT4 and 12 glucose metabolic en-
zymes were also analyzed. There was no interaction between
PRMT1, or PRMT3, or PRMT4 and the identified 12 glucose
metabolic enzymes based on Flag-pull down assay (Fig. S7G).
Thus, these data demonstrate that DCPR049_12 inhibits oxida-
tive PPP flux and glycolysis pathway by regulating the 6PGD and
ENO1 activities by mainly targeting PRMT6 in lung cancer.
sis pathway by regulating activities of 6PGD and ENO1. (AeD)

A), DNA biosynthesis (B), and NADPH/NADPþ ratio (C), as well as

t experiments). (E) Flag-6PGD was purified from H1299 cells treated

(The data represent mean values � SD from three replicates of each

out DCPR049_12, followed by Western blotting. (G) Flag-ENO1 was

y ENO1 enzyme activity assay (The data represent mean values � SD

1299 cells treated with or without DCPR049_12, followed by Western

ymes were determined by Western blotting in H1299 and H460 cells



PRMT6 promotes lung cancer growth via regulating 6PGD/ENO1 169
3.8. DCPR049_12 suppresses the lung cancer cell growth

To examine the effects of DCPR049_12 on lung cancer cell pro-
liferation, lung cancer cells were treated with various concentra-
tions of DCPR049_12, and the effect of DCPR049_12 on cell
proliferation was determined. Cell proliferation and colony for-
mation assays showed that DCPR049_12 exerted a strong inhi-
bition efficacy on lung cancer cell proliferation and colony
formation in time- and dose-dependent manner. However, it did
not significantly affect the proliferation of normal BEAS-2B cells
(Fig. 8AeC, and Supporting Information Fig. S8A). These data
Figure 8 DCPR049_12 suppresses the lung cancer cell growth. (A) Th

lung cancer cells treated with DCPR049_12 (Data represent mean values �
was determined in lung cancer cells treated with DCPR049_12 (Data repre

cell proliferation was determined by cell number counting assay in BEAS-

from three independent experiments). (D) Tumor growth was compared

DCPR049_12 (nZ 7). (E) All tumors from nude mouse were shown. (F) Tu

with DCPR049_12 (n Z 7). (G) Ki67, 6PGD, ENO1, and PRMT6 were an

(H) The arginine methylation levels of 6PGD/ENO1 and 6PGD/ENO1 w

DCPR049_12 treated and control H460 cells tumor. (I) Tumor growth was

treated with DCPR049_12 (n Z 6). (J) All tumors from nude mouse w

H1299 cells and treated with DCPR049_12 (nZ 6). (L) Ki67, 6PGD, ENO

H1299 cell xenograft tumor by IHC. (M) The arginine methylation levels

presentative DCPR049_12 treated and control H1299 cells tumor. *P < 0
demonstrate that DCPR049_12 has a significant inhibitory effect
on lung cancer cell proliferation in vitro.

Next, the anti-tumor effects of DCPR049_12 were determined
in vivo using a CDX mouse model. An initial toxicity studies on the
chronic injection of DCPR049_12 to nude mice for 12 days
revealed that 30 or 50 mg/kg/day of i.p. administered DCPR049_12
was a well-tolerated dose. In addition, the chronic treatment with
DCPR049_12 to nude mice did not affect the body weight, serum
chemistry, or complete blood count (CBC) and hematopoietic
properties of the nude mice compared to the DMSO-treated group
(Fig. S8BeS8D). These results demonstrate the DCPR049_12
e cell proliferation was determined by cell number counting assay in

SD from three independent experiments). (B) The colony formation

sent mean values � SD from three independent experiments). (C) The

2B cells treated with DCPR049_12 (Data represent mean values � SD

between xenograft nude mice injected with H460 cells treated with

mor mass of xenograft nude mice injected with H460 cells and treated

alyzed in a representative DCPR049_12 treated H460 tumor by IHC.

ere analyzed by immunoprecipitation (IP) assay in a representative

compared between xenograft nude mice injected with H1299 cells and

ere shown. (K) Tumor mass in xenograft nude mice injected with

1, and PRMT6 were analyzed in a representative DCPR049_12 treated

of 6PGD/ENO1 and 6PGD/ENO1 were analyzed by IP assay in are

.05; **P < 0.01; ***P < 0.001.



Figure 9 DCPR049_12 enhances the anti-tumor effects of cisplatin. (A) Cell viability determined by MTT in H1299 and H460 cells with stable

PRMT6 knockdown when treated with or without cisplatin. Each bar represents mean � SD (H1299: nZ 8; H460: nZ 10). (B) Cell proliferation

rates were determined by colony formation in H1299 and H460 cells with stable PRMT6 knockdown when treated with or without cisplatin. (C)

Tumor growth was compared between xenograft nude mice injected with PDX tumor treated with treated with DCPR049_12 alone, cisplatin

alone, and combination (n Z 8). (D) All tumors from nude mouse were shown. (E) Tumor mass of xenograft nude mice injected with PDX tumor

treated with treated with DCPR049_12 alone, cisplatin alone, and combination (n Z 8). (F) Ki67 was analyzed in a representative PDX tumor

treated with treated with DCPR049_12 alone, cisplatin alone, and combination by IHC. (G) A schematic model shows that PRMT6 regulates cell

metabolism, tumorigenicity, and cisplatin response of lung cancer by methylating 6PGD and ENO1. *P < 0.05; **P < 0.01; ***P < 0.001.
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treatment did not cause obvious toxicities in vivo. Then, 50 mg/kg
of DCPR049_12 was administrated i.p. every two days into xeno-
graft mice with subcutaneously injected H460 cells. DCPR049_12
significantly decreased the tumor growth (Fig. 8D and E), tumor
masses (Fig. 8F), Ki67 expression (Fig. 8G), and methylation levels
of 6PGD/ENO1 (Fig. 8H) in DCPR049_12 treated mice compared
to mice receiving DMSO. While, the levels of 6PGD/ENO1 and
PRMT6 were not affected by DCPR049_12 treatment (Fig. 8G and
H). Similar results were obtained using an H1299 CDX treated with
DCPR049_12 for 16 days (Fig. 8IeM). These data suggest that
DCPR049_12 significantly suppresses excessive tumor growth in
vivo partly by targeting PRMT6.

3.9. DCPR049_12 enhances the anti-tumor effects of cisplatin

To further determine the therapeutic benefit of targeting PRMT6
in combination with cisplatin, the sensitivity of cisplatin in
PRMT6 knockdown cells was tested. It was found that endoge-
nous PRMT6 knockdown significantly enhanced the sensitivity to
cisplatin treatment based on MTT assay and colony formation
(Fig. 9A and B), while the overexpression of PRMT6 significantly
decreased the sensitivity to cisplatin treatment (Supporting
Information Fig. S9A). A xenograft model of H460 cells in
nude mice was established to analyze the combination effect of
cisplatin and DCPR049_12. Cisplatin showed a slight inhibitory
effect on the tumor growth of H460 by ip administered at a dose of
2 mg/kg every two days. While the co-administration of
DCPR049_12 at 30 mg/kg significantly suppressed the xenograft
tumor growth (Fig. S9B and S9C). H460 xenograft tumors were
weighed at end points (Fig. S9D). The combination of cisplatin
and DCPR049_12 showed about 60% tumor growth inhibition,
which was much higher than that of cisplatin or DCPR049_12
alone (Fig. S9D), Furthermore, the expression of Ki67 was
examined by IHC. The level of Ki67 was significantly suppressed
in the combination treatment group (Fig. S9E). However, it did not
affect nude the body weight of nude mice (Fig. S9F). Moreover, in
a PDX model, the treatment combination also showed a strong
inhibition of lung cancer growth (Fig. 9CeF), it also did not affect
the body weight of nude mice (Fig. S9G). These data suggest that
targeting PRMT6 significantly enhances the anti-tumor effects of
cisplatin on lung cancer xenografts.

4. Discussion

The aberrant expression of PRMT6 was reported in various can-
cers and has been well-recognized to play crucial roles in the
regulation of tumorigenesis15,19,20. Also, the expression of
PRMT6 is increased in lung cancer and is correlated with poor
prognostic significance for patients with lung cancer12,21. Indeed,
our study confirmed these observations using two different lung
cancer patient tissues. It was found that PRMT6 protein levels
were higher in lung cancer tissues than in adjacent non-tumor lung
tissues. As we know, lung cancers have concurrent mutations of
tumor suppressors and oncogenes, which determinants of the
molecular, clinical heterogeneity, and the expression of down-
stream genes in oncogene-driven lung cancer22e24. Indeed, we
observed that PRMT6 was higher in various human lung cancer
cells, while, some lung cancer cells with low PRMT6 expression.
However, the exactly mechanism of PRMT6 expression varied
among lung cancer cells should be further explored. Moreover,
suppressing PRMT6 expression using shRNA or inhibitor
DCPR049_12 significantly reduced lung cancer cell proliferation,
colony formation, and tumor growth, as well as enhanced anti-
tumor effect of cisplatin. However, whether PRMT6 can influ-
ence lung cancer tumorigenesis or cisplatin response through the
regulation of cell metabolism remains largely unknown.

In this study, we reported a crucial role of PRMT6 in pro-
moting lung cancer tumorigenesis by modulating oxidative PPP
flux and glycolysis pathway. Moreover, we demonstrated that
PRMT6 is a critical modification enzyme for 6PGD/ENO1
arginine methylation modification, coordinating both oxidative
PPP flux and glycolysis pathway, leading to lung cancer growth
(Fig. 9G). Several cancer-associated mechanisms have been
proposed for PRMT6 in promoting the lung cancer progression
from its transcriptional regulation role or non-catalytic
role12,15,21,25. For example, PRMT6 may serve as an oncogene
in the progression of lung adenocarcinoma (LUAD) through
transcriptionally represses the p18 expression21. PRMT6 dis-
rupts the association between p16 and Cyclin-dependent kinase
4 (CDK4), and also weakens the function of p16 in preventing
cell proliferation by increasing the methylation level of p1625.
PRMT6/interleukin-enhancer binding protein 2 (ILF2)/macro-
phage migration inhibitory factor (MIF) signaling axis in pro-
moting lung tumor growth by its non-catalytic role12. However,
the mechanisms controlling lung cancer progression mediated by
PRMT6 have not yet to be fully determined. Energy metabolism
reprogramming is one of the main hallmarks of cancer2. Mul-
tiple studies reported that metabolic enzymes play an important
role in cancer cell metabolism and tumorigenesis9e12. Herein,
we demonstrate that PRMT6 is critically involved in the regu-
lation of 6PGD/ENO1 activities to coordinate both oxidative
PPP flux and glycolysis pathway.

Furthermore, the mechanism of arginine methylation on 6PGD/
ENO1 was explored. We found that methylation at R324 of 6PGD
enhances its activity, and structural analysis revealed that R324 was
directly proximal to the E227 and E321 (Fig. 5C). Thus we hypoth-
esized that R324 methylation may contribute to 6PGD activation by
affecting the binding between R324 and E227, or E321, which affect
6PGD enzyme activity by changing the overall conformation of
6PGD. To test this hypothesis, an in vitro thermal shift assay was
performed to analyze the stability of 6PGD proteins to reflect the
changing of 6PGD conformation. And we found that R324 methyl-
ation levels affect the stability of 6PGD under higher temperature
condition (data not shown). In all, these results suggest that R324
methylation enhances the 6PGD activity maybe by controlling the
binding between R324 and E227, or E321, which leading to the
changes of 6PGD conformation. However, the exactly mechanism of
R324 methylation in regulating 6PGD activity should be further
explored. Next, we also explored the mechanism of methylation in
regulating ENO1, and found that methylation at arginine 9 and 372
promotes ENO1 dimer formation and 2-PG binding to ENO1,
respectively. Thus, these data suggest that PRMT6 could exert its
methyltransferase activity in driving lung cancer progression by
methylating 6PGD/ENO1, which are involved in oxidative PPP flux
and glycolysis, respectively. Although our results analyses excluded
histone methylation in regulating the expression of metabolic en-
zymes, it is possible that there are other mechanisms or protein sub-
strates are responsible for PRMT6 in promoting PPP flux and
glycolysis. Indeed, studies by Wong et al.15 indicated that PRMT6
contributes to human hepatocellular carcinoma (HCC) progression
by rewriting glucose metabolic activities, demonstrating that the
mechanism of PRMT6 regulates glycolysis pathway is through the
PRMT6eERKePKM2 signaling axis. Moreover, a proteineprotein
interaction betweenPRMT6andALDOAwas also found inour study,



172 Mingming Sun et al.
but this, including its biological functions, was not explored. Hence,
the biological functions of the interaction between PRMT6 and
ALDOA are worth exploring, and this will hopefully help to under-
stand the mechanism of tumor progression. Therefore, these studies
may have broader implications for targeting PRMT6 to suppress lung
cancer growth.

Indeed, targeting PRMT6 activity using DCPR049_12 signif-
icantly suppressed tumor growth by regulating oxidative PPP flux
and glycolysis. Moreover, the DCPR049_12 treatment also
enhanced the anti-tumor effects of cisplatin on lung cancer. In our
previous study, a potent type I PRMT inhibitor (DCPR049_12)
was designed and synthesized. This is a highly potent inhibitor of
type I PRMTs that has a good selectivity against a panel of other
methyltransferases. To rule out the possible of DCPR049_12 that
regulates oxidative PPP flux and glycolysis pathway by targeting
other methyltransferases. Thus we analyzed the effect of type I
PRMT (PRMT1, PRMT3 and PRMT4) on oxidative PPP flux and
glycolysis pathway. We found that PRMT1 knockdown decreased
the levels of 6PGD, ENO1, PFKP, PKM2, and LDHA. Moreover,
the knockdown of PRMT3 and PRMT4 had no effect on the
expression of oxidative PPP flux and glycolysis pathway enzymes.
Lastly, there was no interaction between PRMT1/PRMT3/PRMT4
and oxidative PPP flux/glycolysis enzymes. The DCPR049_12
treatment also had no effect on the expression of oxidative PPP
flux/glycolysis pathway enzymes, but it decreased the enzyme
activities and asymmetric arginine dimethylation levels of 6PGD
and ENO1, as the effect of PRMT6. Thus, this study demonstrated
that DCPR049_12 could inhibit oxidative PPP flux/glycolysis
pathway, leading to the suppression of tumor growth mainly by
partly targeting PRMT6 activity in lung cancer. Even, we rule out
the effect of DCPR049_12 by targeting other type I PRMT, there
may still have other mechanism or proteins involving in regulating
oxidative PPP flux and glycolysis. So, the specificity and activity
of DCPR049_12 for targeting PRMT6 should be improved in the
future.

Cisplatin is currently one of the most common effective anti-
cancer drugs used for treating lung cancer3. However, the thera-
peutic activity of cisplatin becomes limited because many patients
acquire resistance. Therefore, whether DCPR049_12 could enhance
the anti-tumor effects of cisplatin on lung cancer was further
investigated. First, the knockdown of endogenous PRMT6 signifi-
cantly enhanced the sensitivity of lung cancer to cisplatin.
DCPR049_12 also enhanced this sensitivity in vitro and in vivo. It
was suggested that DCPR049_12 might enhance the sensitivity of
lung cancer cells to cisplatin by partly inhibiting PRMT6 activation.

5. Conclusions

In this study, a unique role for PRMT6 in promoting lung cancer
growth was identified. The molecular mechanisms on how
PRMT6 linked cell metabolism to tumor growth were also
explored by regulating the enzyme activity of 6PGD/ENO1
mediated by asymmetric arginine demethylation modification.
These findings shed light on new molecular mechanisms of
PRMT6 in promoting lung cancer progression, and PRMT6 could
be a novel therapeutic target for lung cancer therapy.
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