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Methylation of HBP1 by PRMT1 promotes tumor progression
by regulating actin cytoskeleton remodeling
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HBP1 is a sequence-specific transcription factor which generally considered as a crucial growth inhibitor. Posttranslational
modification of HBP1 is vital for its function. In this study, we demonstrate that HBP1 is methylated at R378 by PRMT1, which
decreases HBP1 protein stability by promoting its ubiquitination and proteasome-mediated degradation. PRMT1-mediated
methylation of HBP1 alleviates the repressive effects of HBP1 on tumor metastasis and growth. GSN is identified as a novel target
gene of HBP1. Methylation of HBP1 promotes actin cytoskeleton remodeling, glycolysis and tumor progression by downregulating
GSN (a vital actin-binding protein) levels. The methylated HBP1-GSN axis is associated with the clinical outcomes of cancer patients.
This investigation elucidates the mechanism of how methylated HBP1 facilitates actin cytoskeleton remodeling, thus attenuates its
tumor-suppressive function and promotes tumor progression. Targeting methylated HBP1-GSN axis may provide a therapeutic

strategy for cancer.
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INTRODUCTION

Transcription factor HBP1 is a member of the sequence-specific
high mobility group (HMG) protein family. HBP1 plays a vital role
in cell metabolism and cell cycle progression by regulating the
expression of a number of important cell cycle regulators. Several
micro-RNAs can epigenetically regulate the expression of HBP1 in
cancer cells, such as miR-17-5p and miR-21, which can improve
cell proliferation, invasion and migration by decreasing the
expression of HBP1 [1, 2]. As a dual transcription factor, HBP1
can repress the transcription of certain target genes, such as N-
MYC, DNMT1, C-MYC, and EZH2, via direct binding to the high-
affinity sites [3-6]. However, HBP1 can also transcriptionally
activate several genes, including p16, PIM-1, p21, MPO, and histone
H1 [6-10]. Whether HBP1 acts as a repressor or activator depends
on specific post-translational modifications (PTMs) and promoter
DNA sequences. We have previously reported that HBP1 is a
substrate for PIM-1 kinase during oxidative stress [8]. PIM-1-
mediated phosphorylation of HBP1 increases its protein stability
and, in turn, induces cell growth arrest by activating PIM-1 gene
expression. Moreover, HBP1 can be phosphorylated by p38 MAPK
and participates in Ras-p38 MAPK-induced premature senescence
[11]. A specific p300/CBP acetylation site (Lys-419) has been
identified in the HBP1 protein [12]. The acetylation of HBP1 is
required for enhancing p16 transcription and G1 cell cycle arrest.
HBP1 is also a target of E3 ubiquitin ligase MDM2. MDM2 can
ubiquitinate HBP1, leading to proteasomal degradation. This can
thus attenuate HBP1-mediated transcriptional repression of EZH2
and DNMTI, resulting in histone hypermethylation, global DNA
hypermethylation, and ultimately genomic instability [13]. These

data collectively indicate that HBP1 modulation is a complex
process and PTMs play crucial roles in the subsequent biological
consequences, as HBP1 abrogation disrupts cell metabolism and
promotes tumorigenesis. Similar to phosphorylation, acetylation,
and ubiquitination, arginine methylation is also a common PTM.
Currently, there is no report regarding the biological significance
of methylated HBP1. The objectives of this study were to
investigate if HBP1 can be methylated by protein arginine
methyltransferase (PRMT) and if methylated HBP1 can influence
downstream transcriptional activity and relevant biological
functions.

Protein methylation at arginine residues is mainly catalyzed by
the PRMT protein family. PRMTs are involved in many biological
processes including signal transduction, RNA processing, DNA
repair, DNA replication, and gene transcription [14-17]. The PRMT
family includes three groups categorized by catalytic activity.
Typelenzymes (PRMT1-4, PRMT6, and PRMT8) can generate
monomethylation and asymmetric dimethylarginine residues,
typellenzymes (PRMT5 and PRMT9) catalyze monomethylation
and create symmetric dimethylarginine residues, and type Il
(PRMT7?) only catalyzes monomethylation [15]. PRMT1 is known to
be a typelenzyme and performs 85% of total PRMT activity in
mammalian cells. It can methylate both histone and non-histone
proteins, such as H4, FOXO1, C/EBPq, EGFR, Twist1, and others
[18-22]. However, it remains unknown whether HBP1 is methy-
lated by PRMTs.

GSN (Gelsolin) is an abundant actin-binding protein that
mediates the rate of actin-based cell migration. It regulates the
actin cytoskeleton by severing, capping, and nucleating actin
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filaments, as well as sequestering actin monomers [23]. Yet, the
role of GSN in different tumors is controversial. In breast cancer
and hepatocellular carcinoma (HCC), GSN promotes cell prolifera-
tion and metastasis [24, 25]. However, overexpression of GSN in
bladder cancer and glioblastoma (GBM) cells leads to a loss of
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tumorigenicity [26, 27]. The function of GSN as both a growth
inhibitor gene and oncogene depends on the specific carcinoma
type through regulation of actin cytoskeleton remodeling and cell
motility. Both roles mark GSN as a prospective target for novel
cancer therapies.
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Fig. 1 HBP1 is methylated by PRMT1 at arginine 378. A Endogenous HBP1 undergoes MMA modification. Endogenous HBP1
immunoprecipitates from Hela cells were immunoblotted with anti-HBP1 and anti-MMA antibodies. B HBP1 is methylated by PRMT1 in vivo.
HA-HBP1 with FLAG-PRMT1, 3, 5, 6 individually were co-transfected into HEK293T cells. Then total cell lysates were immunoprecipitated with
anti-HA antibody and detected by western blotting. € Knock down PRMT1 decreased HBP1 methylation. Endogenous HBP1
immunoprecipitates in Hela cells with PRMT1 knock down and then blotted with anti-MMA antibody and anti-DMA antibody. D HBP1 is
methylated by PRMT1 in vitro. Purified His-HBP1 was incubated with or without GST-PRMT1 in 60 uL of HMT buffer at 37°C for 2h and
followed by western blotting with His, GST, MMA or DMA antibodies. E, F PRMT1 interacts with HBP1 in vivo. E HEK293T cells were co-
transfected with HA-HBP1 and FLAG-PRMT1. The Co-IP assay was carried out by using anti-HA/FLAG antibody and followed by western
blotting with anti-FLAG/HA antibody. F Endogenous HBP1 or PRMT1 immunoprecipitates from Hela cells were immunoblotted with anti-
HBP1 or anti-PRMT1 antibodies. G PRMT1 co-localizes with HBP1 in nucleus. HEK293T cells were transfected with HA-HBP1 and stained with
PRMT1 antibody (red) and anti-HA antibody (green). DAPI (blue), nucleus. Scale bar, 5 ym. H PRMT1 interacts with HBP1 in vitro. GST pull-down
assays were performed using His-HBP1 /His-PRMT1 with GST or GST-PRMT1/GST-HBP1 followed by immunoblotting with anti-His antibody.
I-M PRMT1 methylates HBP1 at arginine 378. 1 HBP1 methylation is analyzed by mass spectrometry. J Evolutionary conservation of the HBP1
R378 residue in other species. K HEK293T cells were co-transfected with HA-HBP1/R378A with FLAG-PRMT1/G98R and subjected to
immunoprecipitation followed by western blotting. L, M HBP1 methylation was verified by polyclonal antibody specific for HBP1 R378me1a.

In the present study, we demonstrate that HBP1 can be
methylated by PRMT1 at R378, which alleviates HBP1-mediated
repression of tumor metastasis and growth through regulation of
GSN expression. GSN is identified as a novel target of HBP1.
Methylated HBP1 can decrease protein stability by promoting its
ubiquitination and proteasome-mediated degradation, thereby
reducing GSN expression and promoting actin cytoskeleton
remodeling and tumor progression. The PRMT1-HBP1-GSN axis is
critical for regulating cytoskeleton remodeling and tumorigenesis,
and targeting this axis may provide a new therapeutic strategy for
treating various cancers.

RESULTS

HBP1 is methylated by PRMT1 at arginine 378

To ascertain whether HBP1 arginine residues are methylated
in vivo, we performed co-immunoprecipitation (co-IP) experi-
ments in Hela cells with an HBP1 antibody and detected
monomethylated arginine (MMA) using an additional antibody.
As shown in Fig. 1A, endogenous HBP1 underwent MMA
modification. To identify the specific methylating enzyme(s), we
co-transfected HEK293T cells with HA-HBP1 and FLAG-PRMTT1, 3, 5,
or 6 individually. IP analysis indicated that HBP1 was mono-
methylated by PRMT1 (Fig. 1B). Furthermore, we knocked down
PRMT1 expression by shRNA in Hela cells and performed IP
experiment with an HBP1 antibody, then detected the level of
methylated-HBP1. IP analysis indicated that monomethylated-
HBP1 was decreased by PRMT1 knocked down. (Fig. 1C). To
validate the results, we performed in vitro methylation assays.
Recombinant His-HBP1 protein was monomethylated, but not
asymmetrically dimethylated (DMA), following addition of PRMT1
(Fig. 1D). Taken together, the results demonstrate that HBP1 can
be methylated by PRMT1 both in vivo and in vitro. Next, we
investigated whether HBP1 combines with PRMT1. We ectopically
expressed HA-PRMT1 and FLAG-HBP1 in HEK293T cells and then
performed co-IPs with an anti-HA or anti-FLAG antibody. The
results show that exogenous HBP1 can bind to exogenous PRMT1
in vivo (Fig. 1E). An endogenous interaction between PRMT1 and
HBP1 was validated in Hela cells (Fig. 1F). We also employed
immunofluorescence staining assays to test the PRMT1/HBP1
interaction. As shown in Fig. 1G, PRMT1 co-localized with HBP1 in
the nucleus. Finally, we performed GST pull-down assays to clarify
the direct interaction between PRMT1 and HBP1, which further
demonstrated the PRMT1/HBP1 interaction in vitro (Fig. TH).

We then performed mass spectrometry analysis to identify
PRMT1-specific methylation sites in HBP1. FLAG-HBP1 was
ectopically expressed alone or co-expressed with PRMT1 in
HEK293T cells, followed by affinity purification using protein
A-Sepharose and resolved by SDS-PAGE (Fig. S1). This analysis
revealed that HBP1 was monomethylated by PRMT1 at R378 (Fig.
11). Notably, HBP1 R378 is highly evolutionarily conserved across
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species, such as human, mouse, and bovine, etc. (Fig. 1J),
suggesting that methylation of that specific amino acid may be
important for HBP1 function. To further confirm R378 methylation
by PRMT1, we designed two mutants: R378A (methylation-
deficient HBP1 mutant) and G98R (methyltransferase dead PRMT1
mutant) [28]. We then co-transfected HEK293T cells with HA-HBP1
or R378A mutant together with FLAG-PRMT1 or G98R mutant. As
shown in Fig. 1K, HBP1 methylation was only observed in the cells
co-transfected with wild-type HBP1 and wild-type PRMT1,
indicating that exogenous HBP1 is specifically methylated by
PRMT1 at R378. Additionally, we generated a polyclonal antibody
specific for HBP1 protein methylated at R378, which was
designated as R378me1a. Hela cells were transiently transfected
with HBP1 4 PRMT1, R378A + PRMT1, or HBP1+ G98R. HBP1
methylation levels were then measured using western blotting
analysis with the R378me1a antibody. As shown in Fig. 1L, only
wild-type HBP1 was methylated in the presence of PRMT1
expression, indicating monomethylation of R378 in vivo. Further-
more, we transfected FLAG-PRMT1, G98R or PRMT1shRNA into
Hela cells and measured endogenous HBP1 methylation level
using R378mela antibody. As shown in Fig. 1M, PRMT1 over-
expression increased endogenous HBP1 methylation level, while
PRMT1 knockdown decreased HBP1 methylation level. We there-
fore conclude that exogenous or endogenous HBP1 can be
monomethylated by PRMT1 at R378 in vivo.

HBP1 methylation by PRMT1 decreases HBP1 stability by
promoting MDM2-mediated ubiquitination

To clarify if PRMT1-mediated HBP1 methylation could regulate
HBP1 expression, we first tested the effect of PRMT1 over-
expression on HBP1 protein and mRNA levels by western blotting
and real-time PCR, respectively. As shown in Fig. 2A, PRMT1
overexpression decreased HBP1 protein levels in both HelLa and
MGC803 cells, but had no effect on HBP1 mRNA levels. To further
confirm PRMT1 function, we knocked down PRMT1 expression in
Hela and MGC803 cells using PRMT1shRNA. Efficient shRNA-
mediated PRMT1 knockdown promoted HBP1 protein levels, but
caused little change to HBP1T mRNA levels (Fig. 2B). Thus, these
results suggest that PRMT1 represses HBP1 protein expression at a
post-transcriptional level. To investigate how PRMT1 regulates
HBP1, we tested the stability of HBP1 using protein half-life
experiments. As shown in Fig. 2C, D, PRMT1 overexpression clearly
decreased the half-life of HBP1 from 52 min to 37 min (Fig. 2Q),
whereas knocking down PRMT1 significantly increased the half-life
of HBP1 from 45 min to 70 min (Fig. 2D). To further determine
whether HBP1 degradation can be attributed to methylation of
R378, we expressed wild-type HBP1 or R378A mutant in HeLa cells.
Notably, wild-type HBP1 protein levels decayed at a faster rate
than R378A mutant HBP1 protein in cells incubated with
cycloheximide. Comparing with wild-type HBP1, R378A mutant
increased the half-life of HBP1 from 49 min to 77 min (Fig. 2E).
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Fig. 2 HBP1 methylation by PRMT1 decreases HBP1 stability by promoting its ubiquitination. A, B PRMT1 reduces HBP1 protein levels.
Western blot analysis of HBP1 in HeLa and MGC803 cells transfected with empty vector or FLAG-PRMT1 (A, left and middle panels)/shPRMT1
(B, left and middle panels). mRNA expression of endogenous HBP1 measured by real-time PCR in HeLa and MGC803 cells transfected with
empty vector or FLAG-PRMTT1 (A, right panels)/shPRMT1 (B, right panels) (n = 3, Student’s t-test). C, D PRMT1 decreases HBP1 protein stability.
Western blot of endogenous HBP1 expression in empty vector- or FLAG-PRMT1(C)/shPRMT1(D)-transfected HeLa cells when treated with CHX
for 0, 30, 60, or 90 min (n = 3, Student’s t-test). E PRMT1-mediated HBP1 methylation decreases HBP1 protein stability. The stable expression of
wild-type HBP1 and mutant R378A were detected by western blotting in transfected HelLa cells when treated with CHX for 0, 30, 60, or 90 min
(n =3, Student’s t-test). The half-life of HBP1 protein t1/2 measurements were performed as described previously [11]. F HBP1 protein level is
elevated in the presence of MG132. Hela cells were treated with MG132 for 6 h, the protein level of HBP1 was measured by western blotting.
G PRMT1 does not decrease HBP1 protein level in the presence of MG132. Hela cells were transfected with empty vector or FLAG-PRMT1 and
incubated with or without MG132 for another 6 h. The protein level of HBP1 was detected by western blotting. H-L PRMT1-mediated
methylation of HBP1 promotes its ubiquitination. H HEK293T cells were co-transfected FLAG-HBP1 with or without His-ubiquitin and then
immunoprecipitated with anti-FLAG antibody. The HBP1 ubiquitination was measured by western blotting with anti-multi ubiquitin antibody.
I HEK293T cells were co-transfected FLAG-HBP1, His-ubiquitin with or without HA-PRMT1 and then immunoprecipitated with anti-FLAG
antibody. The HBP1 ubiquitination was measured by western blotting with anti-multi ubiquitin antibody. J HEK293T cells were co-transfected
His-ubiquitin with HA-HBP1 or HA-R378A and then immunoprecipitated with anti-HA antibody. The HBP1 ubiquitination was measured by
western blotting. K HEK293T cells were co-transfected HA-HBP1, His-ubiquitin with or without FLAG-MDM2 and then immunoprecipitated
with anti-HA antibody. The HBP1 ubiquitination was measured by western blotting with anti-multi ubiquitin antibody. L HEK293T cells were
co-transfected His-ubiquitin, MDM2, HA-HBP1 or HA-R378A with or without FLAG-PRMT1 and then immunoprecipitated with anti-HA

antibody. The HBP1 ubiquitination was measured by western blotting. Date were the mean + SD. *p < 0.05, **p < 0.01.
<

Thus, we conclude that PRMT1-mediated methylation of HBP1 can
decrease HBP1 protein levels by reducing its protein stability.
We next sought to elucidate the mechanism by which
methylation of HBP1 decreases its protein levels. Because
proteasome-dependent degradation of proteins is promoted by
ubiquitination, we hypothesized that methylation could decrease
HBP1 stability by promoting its ubiquitination. We incubated Hela
cells with MG132, a proteasomal degradation inhibitor, and
assessed HBP1 protein levels by western blotting. Indeed,
MG132 treatment resulted in a marked increase in HBP1 levels,
and the accumulation was not decreased by PRMT1 overexpres-
sion, indicating that PRMT1-mediated methylation decreased
HBP1 stability in a proteasome-dependent manner (Fig. 2F, G).
To determine whether methylation of HBP1 could promote its
ubiquitination and degradation, we used HEK293T cells expressing
FLAG-HBP1 with or without His-ubiquitin, then detected HBP1
ubiquitination using an anti-multi ubiquitin antibody. As shown in
Fig. 2H, HBP1 protein could be ubiquitinated in vivo. In addition,
HBP1 ubiquitination was increased in HEK293T cells transfected
with HA-PRMT1 (Fig. 2I). Moreover, the ubiquitination level of wild-
type HBP1 was markedly higher than that of R378A (Fig. 2J),
suggesting that HBP1 methylation at R378 by PRMT1 promotes its
ubiquitination. We previously reported that HBP1 is ubiquitinated
by ubiquitin E3 ligase MDM2 [13]. We then tested if HBP1
methylation at R378 promotes MDM2-mediated ubiquitination. As
shown in Fig. 2K, L, HBP1 was ubiquitinated by MDM2 and PRMT1
increased wild-type HBP1 ubiquitination mediated by MDM2,
while had no effect on R378A. Altogether, our results indicate that
HBP1 methylation at R378 by PRMT1 promotes MDM2-mediated
ubiquitination, therefore decreases HBP1 protein stability.

HBP1 methylation alleviates HBP1-mediated suppression of
metastasis and growth of tumor cells

Bikkavilli et al. reported that PRMT1 can promote metastasis in
non-small cell lung cancer by methylating transcription factor
Twist1 [22]. Our data identified HBP1 protein as a substrate of
PRMT1 that can be methylated at arginine 378 to decrease its
stability. Thus, we hypothesized that PRMT1-mediated HBP1
methylation may participate in PRMT1-induced metastasis in
tumor cells. As shown in Fig. 3A, overexpression of PRMT1 in Hela
cells induced a dramatic decrease in E-cadherin and a remarkable
increase in N-cadherin, MMP9, and MMP2 protein levels. Co-
expression of HBP1 could rescue the PRMT1-induced changes in
these metastasis marker protein levels, while R378A co-expression
reversed the effects of PRMT1 more strongly than wild-type HBP1
co-expression (Fig. S2A, B). The binding ability of PRMT1 and HBP1
was consistent with that of PRMT1 and R378A (Fig. S2C), indicating

Oncogenesis (2022)11:45

that methylation did not affect the binding of HBP1 and PRMT1.
Moreover, PRMT1 knockdown by shRNA in Hela cells had the
opposite effect on the protein levels of these markers, but had no
effect when HBP1 was simultaneously knocked down (Fig. 3B). We
next performed Transwell assays with HeLa cells. The results show
that PRMT1 overexpression enhanced both the migratory and
invasive potential of these cells, whereas co-expression of HBP1
rescued the effects of PRMT1 overexpression (Fig. 3C). Further-
more, the migratory and invasive potential of the cells was
inhibited by PRMT1 silencing, while HBP1 silencing rescued this
inhibition (Fig. 3D). Collectively, our data suggest that PRMT1-
mediated HBP1 methylation facilitates PRMT1-induced metastasis
in tumor cells. We speculated that wild-type HBP1 could sequester
PRMT1 by physical binding, and partially bound HBP1 could be
degraded by PRMT1 methylation, while undegraded HBP1 could
partially reverse effects of PRMT1 overexpression. R378A could
reverse the effects of PRMT1 overexpression more strongly
because it could not be methylated by PRMTT.

To further investigate the role of HBP1 methylation in
metastasis, we used a lentiviral expression vector to overexpress
wild-type HBP1 or R378A mutant in HeLa and MGC803 cells. HBP1
overexpression resulted in increased E-cadherin and decreased N-
cadherin, MMP9, and MMP2 protein levels, and thus inhibited the
migration and invasion of the cells. However, overexpression of
R378A, which lost its ability to be methylated by PRMT1, resulted
in more significantly changed metastasis-related protein levels
and inhibited tumor cell migration and invasion rates (Fig. 3E, F).
We next investigated the impact of HBP1 methylation on
metastasis in vivo. Hela cells stably expressing empty vector,
HBP1, or R378A were injected into 6-week-old female Balb/c nude
mice via the tail vein. Two months later, the nude mice were
sacrificed and the number of formed lung tumors were examined
as a way to analyze the distant metastasis of the Hela cells. As
shown in Fig. 3G, there were significantly fewer lung tumors in the
mice injected with R378A-expressing cells compared with the
HBP1 and empty vector groups. Furthermore, the xenograft
tumors from the R378A-expressing cells resulted in less damage to
the lung. These results indicate that the methylation of HBP1 by
PRMT1 can alleviate HBP1-mediated suppression of metastasis in
tumor cells.

Next, we assessed the effect of HBP1 methylation on its growth-
suppressive function. We first detected the expression of PTEN/
PI3K/AKT pathway-related proteins in HeLa and MGC803 cells
transfected with wild-type HBP1 or R378A. As shown in Fig. 3H,
HBP1 transfection increased PTEN and decreased p-AKT protein
levels, while R378A transfection resulted in more robust changes
to the protein levels. Consistent with this protein expression
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Fig. 3 HBP1 methylation alleviates HBP1-mediated suppression of metastasis and growth of tumor cells. A-D PRMT1-mediated HBP1
methylation participates in PRMT1-induced metastasis in tumor cells. A The protein levels of metastasis-related markers were detected by
western blotting in Hela cells transfected with PRMT1 with or without HBP1. B The protein levels of metastasis-related markers were detected
by western blotting in Hela cells transfected with shPRMT1 with or without shHBP1. C The migratory and invasive potential of HelLa cells
transfected with PRMT1 with or without HBP1 were measured by Transwell assay (n = 4, one-way ANOVA). Scale bar, 200 um. D The migratory
and invasive potential of Hela cells transfected with shPRMT1 with or without shHBP1 were measured by Transwell assay (n = 4, one-way
ANOVA). Scale bar, 200 ym. E, G HBP1 methylation alleviates HBP1-mediated suppression of metastasis of tumor cells. E HeLa and MGC803
cells were transfected with empty vector, HBP1 or R378A and the protein levels of metastasis-related markers were verified by western
blotting. F The migratory and invasive potential of HeLa and MGC803 cells transfected with empty vector, HBP1, or R378A were measured by
Transwell assay (n = 4, one-way ANOVA). Scale bar, 200 um. G The empty vector, HBP1 and R378A stably transfected Hela cells were injected
into nude mice via the tail vein. Visible lung tumors were quantitatively analyzed (top and right panels). Representative images and
hematoxylin and eosin (H&E) staining of metastatic lung tumors are shown (bottom panels) (n =5, one-way ANOVA). Scale bar, 200 pm.
H-K HBP1 methylation alleviates its inhibition of tumor growth. H HeLa and MGC803 cells were stably transfected with empty vector, HBP1 or
R378A and the levels of PTEN, p-AKT and AKT were measured by western blotting. I, J Proliferation rates of the cells above were measured by
MTT (n = 3, one-way ANOVA) () and EdU (J) (n = 7, one-way ANOVA) assays. K HeLa cells stably transfected with empty vector, HBP1 or R378A
were subcutaneously injected into nude mice. Tumor volume and weight were quantitatively analyzed after 4 weeks (n = 4, one-way ANOVA).
Date were the mean £ SD. *p < 0.05, **p <0.01.

pattern, HBP1 and R378A could both inhibit cell growth, but
R378A had more significant effects as assessed by MTT (Fig. 3I)
and EdU incorporation (Fig. 3J) assays. To examine the role of
HBP1 methylation in tumorigenesis in animals, 4-week-old BALB/c
nude mice were subcutaneously injected with Hela cells stably
expressing empty vector, HBP1, or R378A. R378A expression
resulted in a noticeably stronger suppression of tumor growth
compared with wild-type HBP1 or empty vector in the xenograft

Oncogenesis (2022)11:45

models (Fig. 3K). Overall, our results suggest that HBP1 methyla-
tion alleviates its suppression of tumor cell metastasis and growth.

Pharmacological or enzymatic inhibition of HBP1 methylation
suppresses metastasis and growth of tumor cells

Because PRMT1-mediated HBP1 methylation can promote metas-
tasis and growth of tumor cells, we next asked if pharmacological
inhibition of HBP1 methylation could suppress tumor cell
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Fig. 4 Pharmacological or enzymatic inhibition of HBP1 methylation suppresses tumor cell metastasis and growth. A-H AMI-1
(Selleckchem, Cat#S57884) and MS023 (MedChemExpress, Cat#HY-19615) suppresses tumor cells metastasis and growth. A, B The protein levels
of metastasis-related and proliferation-related markers were measured by western blotting in HeLa and MGC803 cells treated with AMI-1
(10 M, 24 h) and MS023 (10 uM, 24 h). C, D Transwell assays were performed to test the migratory and invasive potential of the cells above
(n =5, Student’s t-test). Scale bar, 200 um. E, F MTT (n = 3) and G, H EdU incorporation assays were performed to test the ability of cell growth
in the cells above (n = 4, Student’s t-test). I-L G98R suppresses tumor cells metastasis and growth. | The protein levels of metastasis-related
and proliferation-related markers were measured by western blotting in HeLa and MGC803 cells transfected with empty vector, PRMT1 or
GO98R. J Transwell assays were performed to test the migratory and invasive potential of the cells above (n = 4, one-way ANOVA). Scale bar,
200 pm. K MTT (n = 3, one-way ANOVA) and L EdU incorporation assays were performed to test the ability of cell growth in the cells above
(n =4, one-way ANOVA). Date were the mean + SD. *p < 0.05, **p < 0.01.

metastasis and growth. We used AMI-1 and MS023, both of one of 12 upregulated genes in R378A-expressing cells, immedi-
specific PRMT1 inhibitors that can block its enzymatic activity ately became of interest. As an important actin-binding protein,
[17, 29], to test their effects on cell viability in HeLa and MGC803 GSN is involved in many biological functions including the
cells. As shown in Fig. 4A, B, AMI-1 or MS023 treatment remarkably regulation of cell structure, motility, growth, and apoptosis, as
stabilized HBP1 protein and reduced HBP1 R378 methylation well as signal transduction and phagocytosis processes [23]. The
levels. Moreover, E-cadherin and PTEN protein levels were basic function of GSN is to maintain the balance of G-actin and
significantly increased, whereas N-cadherin, MMP9, MMP2, and F-actin levels by severing and capping F-actin filaments. Abnormal

p-AKT protein levels were decreased following AMI-1 or MS023 increases in F-actin promote reorganization of the actin cytoske-
treatment. According to Transwell, MTT, and EdU incorporation leton, which may ultimately lead to a malignant phenotype. To
assays, we observed that AMI-1 or MS023 treatment could reduce identify the potential relevance of HBP1 methylation and GSN, we
tumor cell metastasis and growth (Fig. 4C-H). first detected GSN mRNA levels in HeLa and MGC803 cells

Subsequently, we utilized PRMT1 mutant G98R, which has lost expressing empty vector, HBP1, or R378A by real-time PCR. As
its enzymatic activity, to test its role in HBP1 methylation and shown in Fig. 5D, R378A-expressing cells showed the highest GSN

tumor cell metastasis and growth. As shown in Fig. 4l, over- mRNA levels, while there were moderate GSN mRNA levels in
expression of PRMT1, not GI98R, induced a dramatic decrease in HBP1-expressing cells compared with control cells (left panels).
HBP1 protein levels and increase in HBP1 R378 methylation levels. GSN protein levels were consistent with the observed mRNA levels

In addition, we found that N-cadherin, MMP9, MMP2, and p-AKT (right panels). These data suggest that the R378A mutant cannot
protein levels were increased, while E-cadherin and PTEN levels be methylated by PRMT1 and promotes GSN expression, while
were decreased, in PRMT1 overexpression cells but not G98R or wild-type HBP1 can be methylated by endogenous PRMT1 and
empty vector cells. Accordingly, G98R overexpression inhibited reduces GSN expression at the transcriptional level.

tumor cell metastasis and growth compared with PRMT1 over- We next questioned, as a transcription factor, if HBP1 could
expression (Fig. 4J-L). Thus, we conclude that pharmacological or regulate GSN expression by binding to the GSN gene promoter. To
enzymatic inhibition of HBP1 methylation can suppress tumor cell address this, we co-transfected HEK293T cells with wild-type HBP1
metastasis and growth. or R378A with GSN promoter constructs of distinct length: —1434

to +86, —1000 to +86, —400 to +86, or —140 to +86 bp from the
HBP1 methylation alleviates its transcriptional activation of transcriptional start site. As shown in Fig. 5E, both R378A and wild-
GSN type HBP1 activated GSN promoters —1434 to +86, —1000 to +86,

To investigate the mechanism controlling how HBP1 methylation and —400 to +86, but had no effect on the —140 to +86 GSN
regulates tumor cell metastasis and growth, we performed RNA promoter, indicating that the affinity site of R378A and HBP1 is
sequencing (RNA-seq) analysis in Hela cells expressing wild-type between —400 to —140 bp from the GSN transcriptional start site.
HBP1 or R378A, then clustered the same or similar gene Additionally, R378A showed stronger transcriptional activation of
expression patterns with hierarchical cluster analysis. The heatmap the GSN promoter compared with HBP1, indicating that HBP1

and volcano plot show that 16 differentially expressed genes, methylation at R378 alleviates its transcriptional activation of GSN.
including 12 upregulated and 4 downregulated genes, were To further identify that GSN is a direct target of HBP1, we
separated into R378A-expressing cells compared with HBP1- performed chromatin immunoprecipitation (ChIP) assays. The

expressing cells (Fig. 5A, B). KEGG pathway enrichment analysis results show that HBP1 can bind directly to the GSN promoter and
revealed 16 genes enriched in different pathways (Fig. 5C). GSN, R378A can enhance the binding to the promoter (Fig. 5F).
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Fig. 5 HBP1 methylation alleviates its transcriptional activation of GSN. A—-C RNA-seq analysis found that 16 genes were differentially
expressed in Hela cells transfected with HBP1 or R378A. Heatmap (A) and volcano plot B showed 16 differentially expressed genes between
HBP1 and R378A expressing cells with RNA-seq analysis. KEGG enrichment analysis revealed 16 genes enriched in different biological
pathways C. D Methylation of HBP1 at R378 alleviates HBP1 promotion of GSN mRNA and protein levels. GSN mRNA and protein levels were
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*p < 0.05, **p < 0.01.

According to the previously reported HBP1 affinity site [30], we
constructed a reporter gene with possible HBP1 binding site
deletion (Luc-AGSN, deletion —296 to —271 bp). As shown in Fig.
S3A, HBP1 and R378A mutant activated Luc-GSN which had
possible HBP1 binding site, while had no effect on Luc-AGSN,
indicating that HBP1 binding site is located in the —296 to
—271bp region of the GSN promoter. To test if co-expression of
PRMT1 affected the effect of HBP1 on GSN promoter, we co-
transfected HBP1, R378A, PRMT1 + HBP1 or PRMT1 + R378A with
GSN promoter segment into HEK293T cells. As shown in Fig. S3B,
the co-transfection of PRMT1 reduced the activation of HBP1 on
GSN promoter, but did not affect the activation of R378A.
Accordingly, the co-transfection of PRMT1 decreased the binding
of HBP1 to GSN promoter, but did not affect the binding of R378A
to GSN promoter (Fig. S3Q). In addition, using western blotting and
real-time PCR, we found that PRMT1 overexpression decreased
GSN protein and mRNA levels (Fig. S3D), indicating PRMT1 itself
can inhibit GSN gene expression. Our data clearly demonstrate
that methylation of HBP1 at R378 can alleviate its transcriptional

SPRINGER NATURE

activation of GSN by reducing HBP1 binding to the GSN promoter,
thus decreasing GSN expression levels.

Methylation of HBP1 promotes actin cytoskeleton remodeling
by downregulating GSN

Khurana et al. previously reported that GSN knockout increased
the levels of actin filaments, as analyzed by fluorescence intensity
of F-actin. This eventually led to mitochondrial defects and
necroptosis in intestinal epithelial cells [31]. To further determine
the role of GSN in the metastasis and growth of tumor cells, we
established two stably transfected cell lines with lower GSN
expression using lentiviral vectors expressing a GSN-targeting
shRNA, designated as shGSN-1 and shGSN-2. As shown in Fig. 6A,
B, GSN knockdown by shGSN-1 or shGSN-2 in HeLa and MGC803
cells affected the expression levels of metastasis-related and
PTEN/PI3K/AKT pathway-associated proteins. Transwell assays
suggested that GSN knockdown significantly increased cell
migration and invasion (Fig. 6C). The MTT and EdU assays indicated
that GSN knockdown could promote cell growth (Fig. 6D, E).
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To assess the role of GSN in cytoskeleton remodeling, HelLa and
MGC803 cells transfected with empty vector, shGSN-1, or shGSN-2
were stained with phalloidin and observed by confocal microscopy.
The results revealed that GSN knockdown led to an obvious
increase of F-actin staining (Fig. 6F), indicating that GSN knock-
down promoted filament formation. Overall, our data suggest that
GSN acts as a growth inhibitor in these cell lines, and is involved in
actin cytoskeleton remodeling in tumor cells.

Next, we assessed the effects of HBP1 methylation on the actin
cytoskeleton. HeLa and MGC803 cells were transfected with empty
vector, wild-type HBP1, or R378A separately and stained with
phalloidin. As judged by F-actin staining, R378A-transfected cells
had the lowest fluorescence intensities, while wild-type HBP1
transfection resulted in lower fluorescence intensities compared
with the control vector (Fig. 6G). These findings indicate that
R378A significantly inhibited filament formation, while HBP1 that
could be methylated at R378 by endogenous PRMT1 alleviated
R378A-mediated inhibition of filament formation. Our results
suggest that HBP1 methylation may accelerate rearrangement of
the cytoskeleton by promoting filament formation, and ultimately
support the growth and metastasis of tumor cells.

To further examine the role of GSN in HBP1 methylation-
induced metastasis and cell proliferation, we constructed Hela
cells stably expressing wild-type HBP1, R378A, HBP1 + shGSN-1,
R378A + shGSN-1, HBP1 4 shGSN-2, or R378A + shGSN-2. As
shown in Fig. 6H, stable expression of R378A increased
E-cadherin protein levels and decreased N-cadherin, MMP9, and
MMP2 protein levels compared with stable expression of wild-type
HBP1. However, GSN knockdown with shRNAs completely
reversed the observed changes in metastasis-related markers.
Similar results were obtained from Transwell experiments, which
revealed that the cells stably overexpressing R378A have lower
migration and invasion rates compared with cells overexpressing
wild-type HBP1. Again, this inhibition was abolished by GSN
knockdown (Fig. 6l). These data indicate that R378A inhibited
migration and invasion of Hela cells by upregulating GSN
expression, whereas HBP1 methylation alleviated these effects.
Furthermore, we found that PTEN and p-AKT protein levels were
remarkably increased and decreased, respectively, in R378A
overexpression cells compared with wild-type HBP1 overexpres-
sion cells. GSN knockdown disturbed this protective effect
(Fig. 6H). MTT and EdU assays further demonstrated that R378A-
induced growth inhibition was completely reversed by GSN
knockdown (Fig. 6J, K). Similar results were observed with F-actin
staining, in which R378A overexpression led to a more effective
repression of F-actin fluorescence intensity than HBP1 over-
expression. This observed repression was rescued by GSN
knockdown (Fig. 6L). Hence, our results suggest that methylation
of HBP1 can promote actin cytoskeleton remodeling, thus
inducing growth and metastasis of tumor cells by downregulating
GSN expression.

Methylated HBP1-mediated actin cytoskeletal remodeling
promotes glycolysis in tumor cells

Usually, the motile aggressive tumor cells exhibit increase
glycolysis to obtain more energy. Recent studies have unraveled
that mechanical force-induced actin cytoskeleton remodeling
promotes metabolic activity, especially glycolysis in tumor cells
[32-34]. So we ask question whether methylated HBP1-mediated
actin cytoskeletal remodeling promotes glycolysis in tumor cells?
Indeed, GSN knockdown showed an obvious increase of glucose
uptake, lactate production, and cell medium acidification in Hela
cells (Fig. S4A), indicating that GSN knockdown increases glycolytic
rate in cancer cells. Meanwhile, R378A-transfected cells had the
lowest level of glycolysis, while wild-type HBP1 transfection
resulted in lower level of glycolysis compared with the control
vector (Fig. $4B). Interestingly, this protective effect was disturbed
by GSN knockdown (Fig. S4C). Taken together, these results
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suggest that methylation of HBP1 can promote glycolysis by
accelerate rearrangement of the cytoskeleton, thereby provide
more energy for growth and metastasis of tumor cells.

Elevated expression of methylated HBP1 and reduced levels
of GSN in cervical cancer samples are associated with poorer
clinical outcomes

To define whether HBP1 methylation can contribute to cancer
progression, we used the HBP1 R378me1la antibody to detect the
levels of methylated HBP1 in 70 cervical cancer tissue samples.
Immunohistochemistry (IHC) staining results indicated that higher
levels of methylated HBP1 were significantly related to higher
pathological stage and positive lymph node metastasis (Fig. 7A).
Given that GSN knockdown promoted cell growth and metastasis in
HelLa and MGC803 cells, GSN protein levels were also detected by IHC
staining. The staining intensity analysis revealed a positive correlation
between lower GSN expression levels and poorer prognosis (Fig. 7B).
These results corroborate data from The Cancer Genome Atlas (TCGA)
database, which also show that lower levels of GSN correlate with
worse overall survival (Fig. S5). Importantly, we also found that the
levels of methylated HBP1 negatively correlated with GSN expression
(Fig. 7C). Taken together, our results demonstrate that elevated
expression of methylated HBP1 and reduced levels of GSN in cervical
cancer are associated with poorer prognosis.

DISCUSSION
The previous studies reported that HBP1 is regulated by multiple
types of PTMs, including phosphorylation, acetylation, and
ubiquitination. These PTMs of HBP1 have important roles in
senescence and tumorigenesis [8, 12, 13]. In this study, we
discovered a novel PTM of HBP1 and validated that HBP1 can be
methylated at R378 by PRMT1. This methylation diminishes the
stability of the HBP1 protein by accelerating its ubiquitination and
proteasomal degradation. Methylation of HBP1 at R378 can
alleviate its repressive effects on metastasis and tumorigenesis
by downregulating GSN expression. Mechanistically, methylation
of HBP1 weakens its ability to bind to the GSN promoter. This
alleviates its transcriptional activation of GSN, thereby down-
regulating GSN expression and leading to an abnormal increase in
F-actin levels. This excessive accumulation of F-actin in turn
promotes remodeling of the actin cytoskeleton and affects levels
of growth, metastasis-related proteins and glycolysis-related
indicators. These molecular events therefore impact cancer cell
malignant phenotypes and promote tumor progression. In
addition, we also demonstrated that high amounts of methylated
HBP1 and low GSN expression levels positively correlate with poor
prognosis of cervical cancer patients, indicating that methylated
HBP1-GSN axis is critical for tumorigenesis, and targeting this axis
may provide a new therapeutic strategy for treating cancers. Our
results are summarized in a schematic model depicted in Fig. 8.
PRMT1 reportedly contributes to as much as 85% of all cellular
PRMT activity [35]. It is expressed in all embryonic and adult
tissues, demonstrating the widespread importance of this enzyme
in cellular functions [15, 36-38]. PRMT1 has a broad spectrum of
non-histone substrates that are involved in crucial cellular
processes such as transcription, cell metabolism, and DNA repair
[14-16]. PRMT1-mediated methylation of arginine residues in
transcription factors has been linked to cancer progression [16].
PRMT1 may act as either an activator or repressor, depending on
the specific transcription factor and methylation site. Yamagata
et al. demonstrated that PRMT1 can methylate FOXO1 at R248 and
R250. This blocks AKT-mediated phosphorylation of FOXO1, thus
inhibiting FOXO1 protein degradation and promoting its tran-
scriptional activity [19]. However, PRMT1 can repress the
transcriptional activity of C/EBPa by methylating it at R35, R156,
and R165, which leads to rapid growth of breast cancer cells [20].
Therefore, PRMT1 is able to fine-tune the expression of various
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Fig. 6 (Continued)

genes by methylating certain transcription factors. In this study,
we identified HBP1 as a novel substrate of PRMT1. PRMT1-
mediated methylation of HBP1 alleviates its protein stability and
transcriptional activation of GSN. This thereby promotes actin
cytoskeleton remodeling and causes HBP1 to lose its effects on
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metastasis and tumor inhibition. Interestingly, a previous study
reported that multiple substrates of PRMT1 contain an RGG/RG
motif for PRMT1 targeting [39], which is not present in the HBP1
protein. In fact, recent reports found that many non-histone
proteins have methylation sites not located in the RGG/RG motif,
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cells above (n = 4, one-way ANOVA) (H). L Methylation of HBP1 promotes filaments formation by downregulating GSN. F-actin were analyzed
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such as EZH2, HSP70, and FLT3 [40-42], indicating that those
proteins without the canonical PRMT1 methylation motif may be

levels, thereby enhancing HBP1-mediated suppression of tumor
growth and metastasis. These findings suggest that inhibiting the

targeted and methylated by PRMT1.

As a tumor suppressor, HBP1 expression levels are often low in
various cancers [30, 43-47]. In this study, we found that HBP1 can
be methylated at R378 by PRMT1. Methylated HBP1 protein is less
stable compared with non-methylated HBP1, which may explain
why HBP1 protein levels are low in diverse cancer types. We
therefore hypothesized that inhibiting HBP1 methylation could be
used as a novel cancer treatment method. Our experiments
revealed that two PRMT1-specific inhibitors (AMI-1 and MS023)
could decrease HBP1 methylation and increase HBP1 protein
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PRMT1-HBP1 axis may have therapeutic value in cancer. Addi-
tionally, high amounts of HBP1 methylation is associated with
poor prognosis of cancer patients. Our study also verified that
HBP1 methylation can influence expression of its target genes,
such as p53, p21, p16, and DNMT1 (Fig. S6), which may play a vital
role in cell metabolism. With this diverse set of HBP1 interactions
and targets in cells, it will be of great importance to examine the
role of HBP1 methylation in tumor initiation and progression.
Maintaining actin cytoskeleton integrity is essential for prevent-
ing cell transformation, and several reports have provided
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Fig. 7 Elevated expression of methylated HBP1 and reduced levels of GSN in cervical cancer samples are associated with poorer clinical
outcomes. A-C High level of HBP1 methylation and low GSN expression relate to poor prognosis. A, B IHC assays were performed using anti-
HBP1 R378me1a and anti-GSN in 70 cervical cancer tissue samples. Representative images were presented. Scale bar, 50 pm. (n = 70, Student’s
t-test) C Correlation between HBP1 R378me1la and GSN expression was examined by Pearson correlation coefficient test.

evidence that GSN mediates actin cytoskeleton remodeling by
regulating actin filament formation [23]. However, the mechanism
of transcriptional regulation of GSN remained elusive. In this study,
we identified GSN as a novel target of HBP1. HBP1 methylation
downregulates GSN expression levels. The methylated HBP-GSN
axis could contribute to actin cytoskeleton remodeling and further
promote tumorigenesis. As an actin-binding protein, GSN
participates in diverse biological processes by regulating the actin
skeleton. The previous study reported that the GSN protein levels
are lower in some human cancer cells, including breast, bladder,
gastric, lung, and oral cancers, relative to healthy controls
[23, 27, 48, 49]. These observations suggest that GSN acts as a
growth inhibitor. Our results support this, as GSN knockdown
promoted the metastasis, growth and glycolysis of cancer cells
and low levels of GSN expression were associated with poor
prognosis in cervical cancer patients. In fact, there is growing
evidence that the function of GSN is multidimensional in various
cancers [23, 25, 48, 50, 51]. GSN acting as a growth inhibitor or
oncoprotein depends on the specific pathological conditions and
carcinoma type. The mechanism controlling this apparent dual
function for GSN in cancers needs to be explored further in the
future.

In conclusion, we demonstrate that the methylation of HBP1 by
PRMT1 can regulate GSN-mediated actin cytoskeleton remodeling.
Importantly, we provide evidence that a novel PRMT1-HBP1-GSN
regulatory pathway plays a major role in cancer development and
metastasis. Targeting this axis may become a potential new
strategy for the treatment of malignant cancers.
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MATERIALS AND METHODS

Cell culture, transfection, and lentivirus infection

HEK293T, HelLa and MGC803 cells were purchased from ATCC and cultured
at 37°C, 5% CO, in DMEM supplemented with 10% fetal bovine serum
(FBS). Cells were transfected using TurboFect transfection reagent (Thermo
Scientific) according to the manufacturer’s instructions and harvested 48 h
after transfection. The lentivirus plasmid pLL3.7-shHBP1 or pLL3.7-
shPRMT1 were transfected to obtain the shHBP1 or shPRMT1 stable cell
line. The primers’ sequences used in this study were listed in
Supplementary Information (Table 1). To overexpress HBP1 or
PRMT1 stably, the entire coding region of the HBP1 or PRMT1 gene was
placed into pLVX-IRES-puro lentiviral vector. Cells were selected with
puromycin for 1 week and then analyzed for overexpression efficiency.

Western blotting and antibodies

Cells were lysed in RIPA buffer (Thermo Scientific) including protease
inhibitor cocktail (Sigma) and protein concentrations were measured
utilizing the BCA protein assay kit (Pierce). A total of 25-50 pg of protein
was separated by SDS-PAGE and transferred to nitrocellulose membranes
(Pall). The primary antibodies and secondary antibodies which were used
are shown in Supplementary Information (Table 2). The antigen of
R378me1a antibody was SSMARQRR(me)ASLS.

Real-time PCR

Total RNA was extracted using the RNAsimple Total RNA kit (Tiangen).
Quantitative RT-PCR and real-time PCR were performed utilizing ReverAid
FirstStrand cDNA Synthesis kit (Vazyme) and Maxima SYBR Green gPCR
Master Mix (Vazyme) according to the manufacturer’s instructions. The
primers’ sequences used in this study were listed in Supplementary
Information (Table 1).
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Immunoprecipitation and mass spectrometry

Cells were harvested and lysed with IP lysis buffer (25 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, and 5% glycerol) including
protease inhibitor cocktail (Sigma) at 4°C for 1h. The samples were
incubated with Protein A-Sepharose (GE Healthcare) and the indicated
antibody on a rocking platform overnight at 4 °C. The following day, the IPs
were washed with IP lysis buffer for three times and boiled in 2 x SDS
loading buffer for 10 mins at 95 °C. For Mass spectrometry, HEK293T cells
were co-transfected indicated plasmids and subjected to immunoprecipi-
tation. Elutes were resolved on SDS-PAGE and stained with Coomassie blue
staining. The protein band corresponding to HBP1 was excised and
subjected to mass spectrometry analysis.

GST pull-down assay

The GST-tagged proteins or GST alone which purified from Escherichia coli
strain BL21 (DE3) were incubated with glutathione-Sepharose beads (GE
Healthcare) on a rocking platform overnight at 4 °C. The following day, the
samples were incubated with His-tagged proteins for 4 h at 4 °C. Then, the
beads were washed three times with GST elution buffer and subjected to
western blotting with the indicated antibodies.

In vitro methylation assay

The purified GST-PRMT1 and His-HBP1 were incubated together with
Histone methyltransferase (HMT) buffer (25 mM Tris-HCl pH 8.8, 25 mM
NaCl, 2 uM SAM). The reactions were incubated at 37 °C for 2 h.

In vivo ubiquitination assay

Cells were transfected with plasmids for 36 h and treated with 10 uM
MG132 for 6 h before harvesting. The samples were immunoprecipitated
and incubated with indicated antibody on a rocking platform overnight at
4°C. The next day, the samples were washed three times and subjected to
western blotting with the indicated antibodies.

Protein half-life assay
PRMT1 overexpression or shPRMT1-transduced Hela cells were treated
with the cycloheximide (CHX) for 0, 30, 60, and 90 min separately at final
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concentration of 100 ug/ml. The endogenous HBP1 levels were detected
by western blot and normalized to f-actin with using Image J software.
The half-life of HBP1 protein t1/2 measurements were performed as
described previously [11].

Immunofluorescence staining

Transfected cells were cultured in 3.5cm confocal dishes and washed
with PBS at 37°C for three times. Then, cells fixed with 4%
paraformaldehyde for 15min and permeabilized (using 0.2% Triton
X-100 in PBS) for 15 min under room temperature. After washing with
PBS for three times, cells were blocked for 1 h with 1% bovine serum
albumin in PBS under room temperature and incubated with primary
antibodies overnight in 4 °C. The following day, cells were incubated with
the secondary antibodies conjugated with AlexaFlour488 (anti-rabbit
IgG). For F-actin staining, cells were washed, fixed, permeabilized and
incubated with phalloidin (cytoskeleton). DNA was stained with DAPI at
final concentration of 1 pg/ml. Images were photographed using a ZEISS
fluorescence microscope.

Cell migration and invasion assay

About 5x 10* cells were used for assessing cell migration and invasion.
Cells were cultured with serum-free DMEM medium in the Transwell inserts
(Corning) containing 8 um permeable pores and allowed to migrate into
lower chambers which filled with DMEM supplemented with 10% FBS. For
the invasion assay, the Transwell inserts were covered with Matrigel. 24 h
later, the metastatic cells were fixed with 4% paraformaldehyde and
stained by 0.1% crystal violet. Then the cells were photographed by the
microscopy (Leica) and counted by image J software.

MTT and EdU incorporation

About 3x 10% cells were seeded in 96-well plates for 6 days. 15 pl MTT
solution (5 mg/ml) was added to each well and incubated at 37 °C for 4 h.
The cell proliferation ability was measured by the intensity of absorbance
at 490 nm. The EdU incorporation assay was assessed using EdU kit
(Ribobio) and cells were photographed by the microscopy (Leica) at least
five randomly chosen fields.
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Reporter gene assay

HEK293T cells were plated on 12-well plates and transfected with plasmids
about 30-48 h before harvesting. The luciferase activity was measured by
the Dual-Luciferase Reporter Assay kit (Promega). Each assay was
performed at least three times.

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described previously [6]. The ChIP primer
sequences were listed in Supplementary Information (Table 1).

Glycolytic activity assay

For glucose uptake assay, cells were treated with 2-NBDG (50 uM,
MedChemExpress) for 1 h, the level of glucose uptake was measured by
fluorescence intensity (Varioskan™ LUX, Thermo Scientific). For lactate
production assay, cells were plated on 6-well plates and cultured for 24 h.
The lactate in the culture medium was measured by Lactic Acid Assay Kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The pH of the
media was measured by PB-10 (Sartorius).

Animal studies

To evaluate the role of HBP1 methylation in tumorigenesis, six-week-old
female Balb/c nude mice were purchased from Peking University Health
Science Animal Center and complied with the Committee on the Ethics of
Animal Experiments of Peking University. About 3 x 10° stable transfected
cells were suspended in 200 ul PBS and subcutaneously injected into
mice. After 3-4 weeks, mice were sacrificed, and the tumors were
measured. As for lung metastasis model, about 1 x 10° stable transfected
cells were suspended in 200 pl PBS and injected via the tail vein. Two
months later, mice were sacrificed, and lung were analyzed for distant
metastasis.

Immunohistochemistry analysis

Cervical cancer samples (Cat No. CXC1502) from patients were purchased
from Fanpu Biotech, Inc (Guangxi, China). IHC of methylated HBP1 was
performed using homemade R378me1la antibody (1:500) which obtained
from willget (Shanghai, China). A total score of protein expression was
classified into four groups (1, low staining; 2, weak staining; 3, moderate
staining; 4, strong staining) according to the percentage of immunopo-
sitive cells and immunostaining intensity. We defined that 3/4 as high
expression and 1/2 as low expression.

Statistical analysis

Statistical analyses were performed using SPSS software. The two-tailed,
Student t test was used to compare two groups and one way ANOVA was
performed to the comparisons among more than two groups. All data
were expressed as mean*SD from at least three-independent experi-
ments. P value < 0.05 was considered as statistically significant. *p < 0.05,
**p < 0.01.

DATA AVAILABILITY
All data generated or analyzed during this study are available from the
corresponding author on reasonable request.

REFERENCES

1.

Su CY, Cheng X, Li YS, Han Y, Song XY, Yu DP, et al. MiR-21 improves invasion and
migration of drug-resistant lung adenocarcinoma cancer cell and transformation
of EMT through targeting HBP1. Cancer Med-Us. 2018;7:2485-503.

. Li HL, Bian CJ, Liao LM, Li J, Zhao RC. miR-17-5p promotes human breast cancer

cell migration and invasion through suppression of HBP1. Breast Cancer Res
Treat. 2011;126:565-75.

. Claeys S, Denecker G, Durinck K, Decaesteker B, Mus LM, Loontiens S, et al. ALK

positively regulates MYCN activity through repression of HBP1 expression.
Oncogene. 2019;38:2690-705.

. Pan K, Chen Y, Roth M, Wang W, Wang S, Yee AS, et al. HBP1-mediated tran-

scriptional regulation of DNA methyltransferase 1 and its impact on cell senes-
cence. Mol Cell Biol. 2013;33:887-903.

. Escamilla-Powers JR, Daniel CJ, Farrell A, Taylor K, Zhang X, Byers S, et al. The

tumor suppressor protein HBP1 is a novel c-myc-binding protein that negatively
regulates c-myc transcriptional activity. J Biol Chem. 2010;285:4847-58.

Oncogenesis (2022)11:45

J. Wang et al.

6.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Chen Y, Pan K, Wang P, Cao Z, Wang W, Wang S, et al. HBP1-mediated
Regulation of p21 Protein through the Mdm2/p53 and TCF4/EZH2 Pathways
and Its Impact on Cell Senescence and Tumorigenesis. J Biol Chem.
2016;291:12688-705.

. Li H, Wang W, Liu X, Paulson KE, Yee AS, Zhang X. Transcriptional factor HBP1

targets P16(INK4A), upregulating its expression and consequently is involved in
Ras-induced premature senescence. Oncogene. 2010;29:5083-94.

. Wang S, Cao Z, Xue J, Li H, Jiang W, Cheng Y, et al. A positive feedback loop

between Pim-1 kinase and HBP1 transcription factor contributes to hydrogen
peroxide-induced premature senescence and apoptosis. J Biol Chem.
2017;292:8207-22.

. Lin K, Zhao W-G, Bhatnagar J, Zhao W-D, Lu J-P, Simko S, et al. Cloning and

expression of human HBP1, a high mobility group protein that enhances mye-
loperoxidase (MPO) promoter activity. Leukemia. 2001;15:601-12.

. Lemercier C, Duncliffe K, Boibessot |, Zhang H, Verdel A, Angelov D, et al.

Involvement of Retinoblastoma Protein and HBP1 in Histone H1(0) Gene

Expression. Mol Cell Biol. 2000;20:6627-37.

. Zhang X, Kim J, Ruthazer R, McDevitt MA, Wazer DE, Paulson KE, et al. The HBP1

transcriptional repressor participates in RAS-induced premature senescence. Mol
Cell Biol. 2006,26:8252-66.

. Wang W, Pan K, Chen Y, Huang C, Zhang X. The acetylation of transcription factor

HBP1 by p300/CBP enhances p16INK4A expression. Nucleic Acids Res.

2012;40:981-95.

. Cao Z, Xue J, Cheng Y, Wang J, Liu Y, Li H, et al. MDM2 promotes genome instability

by ubiquitinating the transcription factor HBP1. Oncogene. 2019;38:4835-55.

. Bedford MT, Clarke SG. Protein arginine methylation in mammals: who, what, and

why. Mol Cell. 2009;33:1-13.

. Blanc RS, Richard S. Arginine Methylation: The Coming of Age. Mol Cell.

2017;65:8-24.

. Yang Y, Bedford MT. Protein arginine methyltransferases and cancer. Nat Rev

Cancer. 2013;13:37-50.

. Wu Q, Schapira M, Arrowsmith CH, Barsyte-Lovejoy D. Protein arginine methy-

lation: from enigmatic functions to therapeutic targeting. Nat Rev Drug Disco.
2021;20:509-30.

. Lin C, Li H, Liu J, Hu Q, Zhang S, Zhang N, et al. Arginine hypomethylation-

mediated proteasomal degradation of histone H4-an early biomarker of cellular
senescence. Cell Death Differ. 2020;27:2697-709.

. Yamagata K, Daitoku H, Takahashi Y, Namiki K, Hisatake K, Kako K, et al. Arginine

methylation of FOXO transcription factors inhibits their phosphorylation by Akt.
Mol Cell. 2008;32:221-31.

Liu LM, Sun WZ, Fan XZ, Xu YL, Cheng MB, Zhang Y. Methylation of C/EBPalpha
by PRMT1 Inhibits Its Tumor-Suppressive Function in Breast Cancer. Cancer Res.
2019;79:2865-77.

Liao HW, Hsu JM, Xia W, Wang HL, Wang YN, Chang WC, et al. PRMT1-mediated
methylation of the EGF receptor regulates signaling and cetuximab response. J
Clin Invest. 2015;125:4529-43.

Avasarala S, Van Scoyk M, Karuppusamy Rathinam MK, Zerayesus S, Zhao X,
Zhang W, et al. PRMT1 Is a Novel Regulator of Epithelial-Mesenchymal-Transition
in Non-small Cell Lung Cancer. J Biol Chem. 2015;290:13479-89.

Feldt J, Schicht M, Garreis F, Welss J, Schneider UW, Paulsen F. Structure, reg-
ulation and related diseases of the actin-binding protein gelsolin. Expert Rev Mol
Med. 2019;20:e7.

Xiao Y, Liu G, Sun Y, Gao Y, Ouyang X, Chang C, et al. Targeting the estrogen
receptor alpha (ERalpha)-mediated circ-SMG1.72/miR-141-3p/Gelsolin signaling
to better suppress the HCC cell invasion. Oncogene. 2020;39:2493-508.

Marino N, Marshall JC, Collins JW, Zhou M, Qian Y, Veenstra T, et al. Nm23-h1
binds to gelsolin and inactivates its actin-severing capacity to promote tumor cell
motility and metastasis. Cancer Res. 2013;73:5949-62.

Zhang J, Furuta T, Sabit H, Tamai S, Jiapaer S, Dong Y, et al. Gelsolin inhibits
malignant phenotype of glioblastoma and is regulated by miR-654-5p and miR-
450b-5p. Cancer Sci. 2020;111:2413-22.

Tanaka M, Miillauer L, Ogiso Y, Fujita H, Moriya S, Furuuchi K, et al. Gelsolin: A
Candidate for Suppressor of Human Bladder Cancer. Cancer Res. 1995;55:3228-32.
Sakamaki J, Daitoku H, Ueno K, Hagiwara A, Yamagata K, Fukamizu A. Arginine
methylation of BCL-2 antagonist of cell death (BAD) counteracts its phosphor-
ylation and inactivation by Akt. Proc Natl Acad Sci USA. 2011;108:6085-90.

Li X, Wang C, Jiang H, Luo C. A patent review of arginine methyltransferase
inhibitors (2010-2018). Expert Opin Ther Pat. 2019;29:97-114.

Bollaert E, de Rocca Serra A, Demoulin JB. The HMG box transcription factor
HBP1: a cell cycle inhibitor at the crossroads of cancer signaling pathways. Cell
Mol Life Sci. 2019;76:1529-39.

Roy S, Esmaeilniakooshkghazi A, Patnaik S, Wang Y, George SP, Ahrorov A, et al.
Villin-1 and Gelsolin Regulate Changes in Actin Dynamics That Affect Cell Survival
Signaling  Pathways and Intestinal Inflammation.  Gastroenterology.
2018;154:1405-20. e1402

SPRINGER NATURE

17



J. Wang et al.

18

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Evers TMJ, Holt LJ, Alberti S, Mashaghi A. Reciprocal regulation of cellular
mechanics and metabolism. Nat Metab. 2021;3:456-68.

Fernie AR, Zhang Y, Sampathkumar A. Cytoskeleton Architecture Regulates Gly-
colysis Coupling Cellular Metabolism to Mechanical Cues. Trends Biochem Sci.
2020;45:637-8.

Park JS, Burckhardt CJ, Lazcano R, Solis LM, Isogai T, Li L, et al. Mechanical
regulation of glycolysis via cytoskeleton architecture. Nature. 2020;578:621-6.
Tang J, Frankel A, Cook RJ, Kim S, Paik WK, Williams KR, et al. PRMT1 Is the
Predominant Type | Protein Arginine Methyltransferase in Mammalian Cells. J Biol
Chem. 2000,275:7723-30.

Infantino S, Light A, O’'Donnell K, Bryant V, Avery DT, Elliott M, et al. Arginine
methylation catalyzed by PRMT1 is required for B cell activation and differ-
entiation. Nat Commun. 2017;8:891.

Greenblatt SM, Liu F, Nimer SD. Arginine methyltransferases in normal and
malignant hematopoiesis. Exp Hematol. 2016;44:435-41.

Jarrold J, Davies CC. PRMTs and Arginine Methylation: Cancer’s Best-Kept Secret?
Trends Mol Med. 2019;25:993-1009.

Thandapani P, O’Connor TR, Bailey TL, Richard S. Defining the RGG/RG motif. Mol
Cell. 2013;50:613-23.

Li Z, Wang D, Lu J, Huang B, Wang Y, Dong M, et al. Methylation of EZH2 by
PRMT1 regulates its stability and promotes breast cancer metastasis. Cell Death
Differ. 2020,27:3226-42.

Wang L, Jia Z, Xie D, Zhao T, Tan Z, Zhang S, et al. Methylation of HSP70
Orchestrates Its Binding to and Stabilization of BCL2 mRNA and Renders Pan-
creatic Cancer Cells Resistant to Therapeutics. Cancer Res. 2020;80:4500-13.
Zhu Y, He X, Lin YC, Dong H, Zhang L, Chen X, et al. Targeting PRMT1-mediated
FLT3 methylation disrupts maintenance of MLL-rearranged acute lymphoblastic
leukemia. Blood. 2019;134:1257-68.

Chen YC, Zhang XW, Niu XH, Xin DQ, Zhao WP, Na YQ, et al. Macrophage
migration inhibitory factor is a direct target of HBP1-mediated transcriptional
repression that is overexpressed in prostate cancer. Oncogene. 2010;29:3067-78.
Paulson KE, Rieger-Christ K, McDevitt MA, Kuperwasser C, Kim J, Unanue VE, et al.
Alterations of the HBP1 transcriptional repressor are associated with invasive
breast cancer. Cancer Res. 2007;67:6136-45.

Tseng RC, Huang WR, Lin SF, Wu PC, Hsu HS, Wang YC. HBP1 promoter methy-
lation augments the oncogenic beta-catenin to correlate with prognosis in
NSCLC. J Cell Mol Med. 2014;18:1752-61.

Liang H, Fairman J, Claxton DF, Nowell PC, Green ED, Nagarajan L. Molecular
anatomy of chromosome 7q deletions in myeloid neoplasms:Evidence for mul-
tiple critical loci. Proc Natl Acad Sci USA. 1998;95:3781-5.

Zenklusen JC, Thompson JC, Klein-Szanto AJP, Claudio JC. Frequent Loss of Het-
erozygosity in Human Primary Squamous Cell and Colon Carcinomas at 7g31.1:
Evidence for a Broad Range Tumor Suppressor Gene. Cancer Res. 1995;55:1347-50.
Li GH, Arora PD, Chen Y, McCulloch CA, Liu P. Multifunctional roles of gelsolin in
health and diseases. Med Res Rev. 2012;32:999-1025.

Wang HC, Chen CW, Yang CL, Tsai IM, Hou YC, Chen CJ, et al. Tumor-Associated
Macrophages Promote Epigenetic Silencing of Gelsolin through DNA Methyl-
transferase 1 in Gastric Cancer Cells. Cancer Immunol Res. 2017;5:885-97.
Silacci P, Mazzolai L, Gauci C, Stergiopulos N, Yin HL, Hayoz D. Gelsolin superfamily
proteins: key regulators of cellular functions. Cell Mol Life Sci. 2004;61:2614-23.
Ke H, Parron VI, Reece J, Zhang JY, Akiyama SK, French JE. BCL2 inhibits cell
adhesion, spreading, and motility by enhancing actin polymerization. Cell Res.
2010;20:458-69.

SPRINGER NATURE

AUTHOR CONTRIBUTIONS

JYW designed the project and performed original data analysis. RXY performed
animal studies. YNC and TJZ performed Immunohistochemistry assay. YZ and SJW
helped with plasmid construction. HL and WJ helped with the critical material
support. XWZ supervised this study and wrote the manuscript.

FUNDING

This work was supported by grants of the National Natural Science Foundation of
China (No. 81874141, 82073068, and 81672717) and Beijing Natural Science
Foundation Grant (No. 7212056).

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL

All animal experiments were conducted in accordance with the Institutional Animal
Care and Committee on the Ethics of Animal Experiments of Peking University
(Beijing, China).

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541389-022-00421-7.

Correspondence and requests for materials should be addressed to Xiaowei Zhang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Oncogenesis (2022)11:45


https://doi.org/10.1038/s41389-022-00421-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Methylation of HBP1 by PRMT1 promotes tumor progression by�regulating actin cytoskeleton remodeling
	Introduction
	Results
	HBP1 is methylated by PRMT1 at arginine 378
	HBP1 methylation by PRMT1 decreases HBP1�stability by promoting MDM2-mediated ubiquitination
	HBP1 methylation alleviates HBP1-mediated suppression of metastasis and growth of tumor cells
	Pharmacological or enzymatic inhibition of HBP1 methylation suppresses metastasis and growth of tumor cells
	HBP1 methylation alleviates its transcriptional activation of GSN
	Methylation of HBP1 promotes actin cytoskeleton remodeling by downregulating GSN
	Methylated HBP1-mediated actin cytoskeletal remodeling promotes glycolysis in tumor cells
	Elevated expression of methylated HBP1 and reduced levels of GSN in cervical cancer samples are associated with poorer clinical outcomes

	Discussion
	Materials and methods
	Cell culture, transfection, and lentivirus infection
	Western blotting and antibodies
	Real-time PCR
	Immunoprecipitation and mass spectrometry
	GST pull-down assay
	In vitro methylation assay
	In vivo ubiquitination assay
	Protein half-life assay
	Immunofluorescence staining
	Cell migration and invasion assay
	MTT and EdU incorporation
	Reporter gene assay
	Chromatin immunoprecipitation (ChIP)
	Glycolytic activity assay
	Animal studies
	Immunohistochemistry analysis
	Statistical analysis

	References
	Author contributions
	Funding
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




