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Abstract
Disordered choline metabolism is associated with tumor progression. Glycerophosphocholine phosphodiesterase 1 (GPCPD1) 
is critical for cleaving glycerophosphocholine (GPC) to produce choline. However, whether and how GPCPD1 is epigeneti-
cally regulated remains largely unknown. In the current study, we report that histone H3 lysine 9 (H3K9) methyltransferase 
GLP (G9a-like Protein) is essential for transcriptional activation of GPCPD1 through H3K9me1 to promote tumor cell 
migration and invasion. Knocking down GLP or inhibiting its methyltransferase activity impaired GPCPD1 expression and 
decreased the choline levels. Importantly, we confirmed that both GPCPD1 and choline levels are positively correlated with 
cancer cell migration. The reduced migration and invasion of GPCPD1-knockdown cells were rescued by choline treat-
ment. Interestingly, GPCPD1 gene expression was found regulated by transcription factor Krüppel-like Factor 5 (KLF5). 
KLF5 recruitment was GLP-dependent and was indispensable for GPC-induced GPCPD1 expression. These data suggest 
that GLP promotes tumor cell migration and invasion by transcriptionally activating GPCPD1. GLP and KLF5 are potential 
therapeutic targets in future cancer treatment.
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Introduction

Metabolic reprogramming is a predominant hallmark of 
cancer and an attractive process that can be targeted in can-
cer treatment (Pavlova & Thompson, 2016). The metabo-
lism of choline is considered a critical aspect of the cancer 
metabolome and has thus been intensively investigated in 
the context of tumor progression (Aboagye & Bhujwalla, 
1999; Ackerstaff et al., 2003; Glunde et al., 2006, 2011; Iorio 
et al., 2005). Cells undergoing malignant transformation pro-
duce high levels of total choline (tCho) and phosphocholine 
(PC), which is increasingly used in clinical diagnostics (Gil-
lies & Morse, 2005; Glunde et al., 2010; Iorio et al., 2010; 
Podo, 1999). For example, increased tCho levels are associ-
ated with aggressiveness in both breast (Chen et al., 2011) 
and prostate cancers (Scheenen et al., 2011). In addition, 
increased PC accompanied by decreased glycerophospho-
choline (GPC) is also found in breast and ovarian carcino-
mas, which causes a lower GPC/PC ratio in cancer samples 
as compared to the normal tissues (Aboagye & Bhujwalla, 
1999; Iorio et al., 2005).
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Glycerophosphocholine phosphodiesterase 1 (GPCPD1, 
also known as EDI3 or GDE5), is an essential enzyme 
for choline generation. Mechanistically, GPC could be 
cleaved by GPCPD1, resulting in generation of choline, 
which is possibly related to cancer cell migration (Lesjak 
et al., 2014). Unsurprisingly, GPCPD1 expression was also 
found higher in primary tumors of patients with ovarian 
and endometrial cancers, which is positively correlated 
with developed metastasis and poor survival outcomes 
(Stewart et al., 2012). Although GPDPD1 has been sug-
gested to be an important factor in cancer development, 
the epigenetic regulation mechanism of GPCPD1 in cancer 
is poorly understood.

Histone lysine methylations have pivotal roles in vari-
ous biological processes including the regulation of gene 
transcription. Histone lysine methylations are reversible 
and modulated by two groups of enzymes, namely histone 
lysine methyltransferases (KMTs) and lysine demethylases 
(KDMs). Importantly, the catalyzation conducted by KMTs 
or KDMs requires certain metabolic coenzymes, such as 
S-adenosylmethionine (SAM), α-ketoglutarate (α-KG) and 
flavin adenine dinucleotide (FAD). During cancer develop-
ment, the cellular metabolites contents are always changed, 
possibly leading to altered behaviors of KMTs or KDMs 
to reprogram gene expression and promote the malignancy 
of tumor. In this scenario, the metabolic genes can also be 
targeted. It raises an exciting theory that the metabolites-
regulated KMTs or KDMs participate in cancer metabolic 
reprogramming through transcriptional regulation of meta-
bolic genes, which may serve as possible therapeutic targets 
in cancer treatment (Teperino et al., 2010).

G9a-like protein (GLP), also known as EHMT1, belongs 
to KMTs and plays a critical function in catalyzation of his-
tone H3K9 mono-methylation (H3K9me1) and di-methyla-
tion (H3K9me2) in mammals. Histone lysine methyltrans-
ferases GLP and G9a usually function as heterodimers that 
are responsible for most of the H3K9me1 and H3K9me2 in 
the genome. GLP and G9a are important regulators of vari-
ous cellular processes, including embryo development (Choi 
et al., 2018), immune response (Shinkai & Tachibana, 2011), 
and DNA damage repair (Lu et al., 2019; Yang et al., 2017). 
In the human genome, H3K9me1 is suggested to potentially 
associate with transcriptional activation, whereas H3K9me2 
is usually involved in transcriptional repression (Barski 
et al., 2007). For example, G9a accumulation induced by 
hypoxia has been reported to induce increased levels of 
H3K9me2 and suppression of the targeted genes expression 
to promote cell survival (Chen et al., 2006). Interestingly, 
G9a can also activate the serine–glycine biosynthesis path-
way to maintain cancer cell proliferation and survival in an 
epigenetic manner by catalyzing H3K9me1 (Ding et al., 
2013). Although GLP is overexpressed in many cancers 
and correlates with survival (Huang et al., 2010; Shinkai & 

Tachibana, 2011), how GLP mediates cancer metastasis and 
invasion is not well understood.

Krüpple-like factor 5 (KLF5) is a transcription fac-
tor related to cell proliferation, migration and invasion. 
Mechanistically, KLF5 interacts with the GC-rich DNA 
region using its zinc-finger domain (Kojima et al., 1997) 
and regulates transcription of several downstream target 
genes, including Survivin (Zhu et al., 2006), Cyclin D1 
(Bateman et al., 2004), and P21 (He et al., 2009). In cancer 
development, KLF5 is reported to enhance hepatocellular 
carcinoma (HCC) invasion and migration via inducing epi-
thelial-mesenchymal transition (EMT) and stimulating the 
gene expression of matrix metalloproteinase 2 and 9 (MMP2 
and MMP9) (An et al., 2019). In addition, cooperative bind-
ing of KLF5 with histone deacetylase 1 (HDAC1) on the 
insulin like growth factor 1 (IGF1) promoter can repress 
IGF1 expression to regulate the metastasis of prostate cancer 
(Ma et al., 2020). It is still unknown whether KLF5 is associ-
ated with the choline metabolism to regulate the cancer cells 
invasion and migration.

Here, we confirmed for the first time that histone meth-
yltransferase GLP is epigenetically involved in choline 
metabolism and GPCPD1-related cancer cell migration 
and invasion. H3K9me1 levels were greatly increased 
at the GPCPD1 promoter by GPC treatment, together 
with enhanced GPCPD1 expression. Mechanistically, the 
enriched GLP at GPCPD1 promoter could recruit the tran-
scription factor KLF5 and cooperate with KLF5 to regulate 
the expression of GPCPD1. Overall, this study uncovered 
a novel function of GLP in choline metabolism to promote 
tumor cell migration and invasion, implying that GLP and 
the regulated choline pathway are potential therapeutic tar-
gets in cancer therapy.

Materials and methods

Cell lines, antibodies, and reagents

HeLa and SW620 cells were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% (vol/vol) 
fetal bovine serum (FBS) (Gibco, NY, USA), 100 U/ml peni-
cillin, and 100 μg/ml streptomycin. McCoy's 5a medium was 
used for HCT116 and HT29 cells culture and RPMI-1640 
medium was used for DLD-1 cells culture, supplemented 
with the same amount of FBS, penicillin, and streptomycin. 
GLP knockdown HeLa cells and G9a KO HCT116 cells 
were described before (Lu et al., 2019; Yang et al., 2017). 
All cells were maintained in a 37 ℃ incubator (Panasonic, 
Osaka, Japan) with a 5% CO2 and humidified atmosphere. 
The antibodies used in this study included: anti-GPCPD1 
(HPA039556) from Sigma; anti-H3K9me1 (ab8896), 
anti-H3K9me2 (ab1220), anti-EHMT1 (GLP, ab41969), 
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anti-H3K4me2 (ab11946), anti-H3K4me3 (ab8580), anti-
H3K36me3 (ab9050), anti-H3K79me3 (ab2621), anti-his-
tone H3 (ab176842), anti-KLF5 (ab137676) from Abcam; 
anti-EHMT2 (G9a, 3306S) from Cell Signaling Technology; 
Anti-H3K27me3 (07449) from Millipore; anti-β-actin from 
Santa Cruz. The primary antibodies used 1:1,000 working 
diluent. Dipyridamole (S1895), BIX01294 (S8006), ML264 
(S8196), and UNC0638 (S8071) were obtained from Selleck 
(Houston, TX, USA). We dissolved each inhibitor in dime-
thyl sulfoxide (DMSO) at a final concentration of 10 mM. 
Glycerophosphocholine (C824554) and Choline chloride 
(C805029) were purchased from Macklin. Each compound 
was dissolved in PBS at a final concentration of 100 mM.

RNA interference

All the siRNAs used in this research were synthesized by 
Genepharma (Suzhou, China) and transfected into cells 
using Lipofectamine 2000 (Invitrogen, CA, USA), accord-
ing to the manufacturer’s procedure. The siRNAs sequences 
were as follows:

GPCPD1: 5’-GCA​GAU​UGU​GUU​AAC​UGU​AACUU-3’;
EHMT1(GLP): 5’-GAU​GCC​AGC​AGU​CAU​GCA​

AUU-3’;
EHMT1(GLP) #2: 5’-GGA​UUC​AGA​UGU​CAC​CUU​

A-3’;
KLF5: 5’-GAU​GUA​AAU​AGA​UGA​CAA​ACGUU-3’
KLF5 #2: 5’-GCU​ACA​UAU​AUG​CAA​UAU​AAA-3’;
GATA2: 5’-GGA​UUA​GUG​AAC​UAA​GUU​AUU-3’
HOXA5: 5’-CAU​AAG​UCA​UGA​CAA​CAU​AGG-3’
CREB1: 5’-CAA​UGU​GUU​CAU​UAU​UAA​AUA-3’
RHOXF1: 5’-GCA​CUU​AUG​UUA​UCA​AUA​AAG-3’
MZF1: 5’-GGC​GAU​UAC​AUA​AGU​AUA​AGC-3’
TFCP2: 5’-GGG​AAU​UGU​GUG​AUG​UUU​AAC-3’
POU3F4: 5’-CAA​UUC​AAA​CAA​AGA​AGA​AUC-3’
GATA3: 5’-GAA​CUG​UUG​UAU​AAA​UUU​AUU-3’
FOXO3: 5’-CCA​AUG​UGU​UUC​AAC​UUU​AAA-3’
MEIS1: 5’-GGU​GAU​AGA​CGA​UAG​AGA​AGG-3’
A pGPU6/Hygro vector was used for cloning the GLP 

siRNA sequence. shGLP constructs were transfected into 
HeLa cells for generation of stable GLP knockdown cells. 
The hygromycin was used for selection of stable transfected 
cells.

Reverse‑transcription PCR

Isolation of total RNA was used TRIzol (Invitrogen) and 
chloroform. The extracts were precipitated in isopropanol, 
then the pellets were washed with 75% (vol/vol) ethanol, 
dried in air for 10 min, and dissolved in DNAase/RNAase 
free water (TIANGEN, Beijing, China). Two microgram 
RNA was used for synthesizing the cDNA with a cDNA 
Synthesis Kit (ReverTra Ace, TOYOBO, Osaka, Japan). The 

relative gene expressions of GPCPD1 and GAPDH were 
measured by performing polymerase chain reaction (PCR) 
and gel electrophoresis. The following primers were used: 
GPCPD1, 5’-GAT​CTG​CCA​GCA​AAG​GGA​TG-3’ and 
5’-CTT​TTG​CCG​AAC​CAT​TGT​GC-3’; GAPDH, 5’-GAG​
TCA​ACG​GAT​TTG​GTC​GT-3’, 5’-TTG​ATT​TTG​GAG​GGA​
TAC​TCG-3’.

Western blotting

Total proteins were extracted, quantified, and then analyzed 
by performing the SDS-PAGE and immunoblotting as we 
previously described (Zhu et al., 2004). Equal amounts of 
proteins (20–60 µg) from each sample were subjected to 
SDS-PAGE, and then transferred to nitrocellulose mem-
branes. The membrane was incubated with the indicated 
antibodies, and then treated with anti-rabbit or anti-mouse 
(1:10,000) secondary antibodies conjugated with HRP, and 
visualized with ECL solution (GE Healthcare).

Chromatin immunoprecipitation (ChIP)‑qPCR 
and ChIP‑Re‑ChIP

The ChIP assays were performed as previously described 
(Cao et al., 2016a, 2016b). In brief, after the treatment, cells 
from each sample were fixed with 1% paraformaldehyde and 
lysed in ChIP lysis buffer (50 mM Tris·HCl pH 8.0, 5 mM 
EDTA, 1% SDS with phosphatases and protease inhibitors) 
on ice for 10 min. The lysates were then sonicated on ice, 
5 s on 5 s off for 2 min, at 30% intensity. The sonicated sam-
ples were centrifuged at 12,000 rpm (13,523 × g) for 10 min 
at 4 ℃. The supernatants were collected and precleared in 
ChIP dilution buffer (150 mM NaCl, 20 mM Tris·HCl pH 
8.0, 2 mM EDTA, 1% Triton X-100) with protein G or A 
Sepharose beads and salmon DNA (Sigma, D1626) for over 
2 h at 4 ℃ on a rotator. After centrifugation, the supernatants 
were moved to new tubes and 5% of the samples was taken 
as ChIP input, stored at – 20 ℃. The left pre-cleared samples 
were divided and immunoprecipitated with the indicated 
antibodies at 4℃ overnight on a rotator. Sepharose beads 
(G or A) were then added and incubated for another 3 h at 
4 ℃ with rotation. The beads were washed as previously 
described (Li et al., 2018). Then, the precipitated samples 
were eluted from the beads by two times of 15 min incuba-
tion with 250 μL of ChIP elution buffer (0.1 M NaHCO3, 
1% SDS). In ChIP-Re-ChIP experiments, the first elution 
was conduct by using 10 mM DTT in TE buffer (10 mM 
Tris–HCl pH 8.0, 1 mM EDTA pH 8.0.) and then diluted 
10 times with ChIP dilution buffer (150 mM NaCl, 20 mM 
Tris·HCl pH 8.0, 2 mM EDTA, 1% Triton X-100) and sub-
jected again to the above ChIP processes from antibody incu-
bation. Crosslinking was inverted by incubating samples at 
65 ℃ overnight. The DNA was purified by using a Cleaning 
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Kit (Macherey–Nagel, 740609), according to the manufac-
turer’s instructions. Real-time PCR was carried out with 
an Analytikjena sequence detection system (qTOWER3G), 
using a thunderbird SYBR Green qPCR mix (TOYOBO, 
QPC-201). Primers used for PCR were from the GPCPD1 
promoter sequence: 5’-AGC​GTG​CAA​CTC​GAG​CTA​TT-3’ 
and 5’-AGC​GCC​TGT​AAT​TCC​AGC​TA-3’. Three repeats of 
PCR were performed for each sample. Then, we calculated 
the percentage of IP/input (2−△Ct) using the average of Ct 
values obtained from three PCR replications. The differences 
between two groups were assessed by unpaired two-tailed 
Student’s t tests using IP/input percentage values obtained 
from three independent experiments. All ChIP-qPCR data 
represent the means ± S.D. of three independent experiments 
to show the enrichment.

Co‑immunoprecipitation

After treatment of GPC, cells were collected, washed with 
PBS and lysed in NP-40 lysis buffer (20 mM Tris–HCl pH 
8.0, 137 mM NaCl, 10% glycerol, 1% Nonidet P-40, pro-
tease inhibitors) for 30 min on ice. After centrifugation at 
13,000 rpm (15,871 × g) for 15 min at 4 ℃, the supernatant 
was moved in to new tube for immunoprecipitation. After 
taking the input, antibodies (each for 2 µg) were added for 
an overnight incubation on a rotator at 4 ℃. The washed 
Sepharose beads (G or A) were incubated for another 2 h 
at 4 ℃ with rotation. The beads were washed for over three 
times with the lysis buffer, and the samples were eluted with 
2X SDS loading buffer and analyzed by western blotting.

Peptide pull‑down assays

For GST-tagged protein purification, GST-GLP or GST-
KLF5 vectors were individually transformed into BL21 
cells. After induction using IPTG at 25 ℃ overnight, the 
expressed proteins were purified with glutathione-sepharose 
4B beads (GE Healthcare, NY, USA). A molecular sieve 
was used for further purification. All the Biotin-labeled pep-
tides were synthesized by Taopu Biotech (Shanghai, China). 
The sequences of the peptides used were as follows: Bio-
tin-H3K9me0: MARTKQTARKSTGGKAPRKQLAGGK-
Biotin; Biotin-H3K9me1: MARTKQTAR[K(me)]STG-
GKAPRKQLAGGK-Biotin. Biotin-tagged peptides were 
first incubated with streptavidin slurry from New England 
Biolabs (MA, USA) in binding buffer (150  mM NaCl, 
50 mM Tris–HCl pH 7.4, 10% Glycerol, 1 mM EDTA, 
2 mM MgCl2, 0.5% NP-40) at 4 °C overnight. After mag-
netic adsorption, the unbound peptides were discarded, and 
the peptide-bound slurries was re-suspended with binding 
buffer and incubated with 2 μg purified GST-GLP or GST-
KLF5 proteins for 1 h at 4 °C. After magnetic adsorption, 
the slurries were re-suspended with washing buffer (300 mM 

NaCl, 50 mM Tris–HCl pH 7.4, 10% Glycerol, 1 mM EDTA, 
2 mM MgCl2, 0.5% NP-40) and washed for three times. 
After that, the slurry-bound proteins were dissolved in 2X 
SDS loading buffer and boiled for analyzation by western 
blotting.

Cell migration assay

After the seed cells were grown to confluency in a 6-well 
plate, the scratches were made with pipet tips. The old cul-
ture medium was discarded to remove cells scratched off 
from dishes and changed with new culture medium that 
contained reduced serum (1% FBS) to decrease cell prolif-
eration. Before scratching, the cells were transfected with 
siRNAs or vectors for 48 h, if necessary, then cells were 
scratched with a pipet tip. After scratching, the media were 
added the small molecular compounds, if necessary, such as 
choline (1 mM) and GPC (1 mM) were incubated for 48 h 
and dipyridamole (10 µM), UNC0638 (1 µM) and BIX01294 
(5 µM) were incubated for 24 h, then the culture media was 
freshly changed. Images were captured under a microscopy 
at 0 h and at 48 h of incubation after the scratching. Micro-
scope settings were kept the same for each measurement.

Invasion assay

Cell invasion assays were carried out in 24-well transwell 
plates with the inserts dividing upper and lower chambers. In 
brief, the cells were suspended using serum-free media and 
seeded on the upper chamber. Medium containing 10% FBS 
were added into the lower chamber. The transwell plates 
were cultured in a 37 °C incubator with 5% CO2 for 48 h. 
After transfection of HeLa and HCT116 cells with siRNA 
for 48 h, the cells were seeded. During the incubation, small 
molecular compounds were added to the media, if necessary, 
such as choline (1 mM) and GPC (1 mM) were incubated 
for 48 h and dipyridamole (10 µM), UNC0638 (1 µM) and 
BIX01294 (5 µM) were incubated for 24 h, then the culture 
media was freshly changed. After incubation, cells attached 
on the upper chamber were removed, whereas the invasive 
cells on the lower side of the insert were fixed with 4% par-
aformaldehyde (PFA) for 15 min and stained with 0.05% 
crystal violet for 20 min. The quantification of invaded cells 
were used Image J (National Institutes of Health).

Metabolite extraction for NMR spectroscopy

Metabolite extraction was performed on counted cells (4 
× 106 cells) per sample. After transfection of HeLa and 
HCT116 cells with siRNA for 48 h or treatment of dipyrida-
mole (10 µM), UNC0638 (1 µM) and BIX01294 (5 µM) for 
24 h, the cells were collected. The collected cell were re-sus-
pended with 200 µL MAD buffer (Methanol, Acetonitrile, 
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Distilled water at the ratio 5: 3: 2). After 20 min extraction 
on ice, the samples were centrifuged at 15,000 × g for 20 min 
at 4 °C. After drying the supernatants using a vacuum cen-
trifugator (Eppendorf, Concentrator plus), the metabolite 
pellets were dissolved with 500 µL NMR buffer (2 mM 
Na2HPO4 and 5 mM NaH2PO4 in D2O) with 0.025% tri-
methylsilyl propionic acid sodium salt-d4 (TSP, an internal 
standard).

NMR measurement

One-dimensional classical NMR spectrum was performed on 
a 600 MHz Bruker ASCEND NMR spectrometer (Bruker, 
Fallanden, Switzerland) prepared with a cryogenic triple 
resonance probe. The detection parameters were essentially 
the same as those previously reported (Wen et al., 2015). 
Chenomx database (Edmonton, Alberta, Canada) was used 
for identification of the metabolites, such as GPC and cho-
line. Standard compounds were also used for comparison 
of experimental spectra by fitting the chemical shifts and 
J-coupling.

Statistical analysis

Gene expression profiling and interactive analyses (GEPIA, 
http://​gepia.​cancer-​pku.​cn/) is a newly developed webserver 
platform, which can be applied for analyzation of clinical 
data of tumor patients from TCGA and the GTEx databases 
(Tang et al., 2017). Based on GEPIA, we investigated the 
overall survival of GPCPD1 expression and correlation 
analysis between GPCPD1 and EHMT1 both in CESC 
and COAD tumor samples. Cutoff-high (75%) and cutoff-
low (25%) for CESC or cutoff-low (35%) for COAD were 
applied for the thresholds of different GPCPD1 expression, 
respectively. Patient samples were separated into high and 
low groups based on GPCPD1 expression and analyzed 
using the risk ratio (95% confidence interval) and log rank 
test. Correlation coefficients were evaluated by Pearson 
correlation analysis. For comparison metastasis with non-
metastasis colon adenocarcinomas, the clinical data were 
obtained from the TCGA database (https://​www.​cancer.​
gov/​tcga) using the Sangerbox tools, an online platform for 
data analysis and dataset download (http://​www.​sange​rbox.​
com/​tool). Based on clinical information, we sorted meta-
static and non-metastatic samples, meanwhile excluded the 
samples without obvious information. Then, we read out 
the values of GPCPD1 (ENSG00000125772) expression 
according to TCGA sample name and performed statisti-
cal analysis using the values. Unpaired two-tailed Stu-
dent’s t-test was employed. P < 0.05 was considered to be 
significant (*P < 0.05; **P < 0.01; ***P < 0.001; NS, no 

significance). The data represent the means ± SD of three 
independent experiments.

Results

GPCPD1 is associated with cervical squamous cell 
carcinoma and colon adenocarcinoma metastasis

To examine whether GPCPD1 is clinically associated 
with cancer metastasis, we first compared GPCPD1 
expression levels between non-metastasizing and metas-
tasizing samples with mRNA-Seq data of colon adeno-
carcinomas (COAD) from the TCGA database. As shown 
in Fig. 1a, we found that GPCPD1 expression is signifi-
cantly enhanced in metastasizing samples as compared 
with the non-metastasizing samples. We also obtained 
the clinical data of cervical squamous cell carcinoma 
(CESC) and COAD from TCGA database and performed 
a Kaplan–Meier survival analysis using GEPIA (http://​
gepia.​cancer-​pku.​cn/). As expected, high GPCPD1 expres-
sion was positively correlated to poor survival in both can-
cer samples (Fig. 1b). Next, we detected GPCPD1 pro-
tein levels and its downstream metabolite choline levels 
in various colon cancer cell lines. We saw that GPCPD1 
(Fig. 1c) and choline (Fig. 1d) levels were relatively lower 
in HT29 cells, higher in DLD-1 and HCT116 cells, and 
higher still in the SW620 cell line. By performing a scratch 
assay in these cell lines, we also found that the migra-
tion abilities gradually increased from HT29 to SW620 
(Fig. 1e). We also found a positive correlation between 
the metastatic capacities of these cells and the expression 
levels of GPCPD1 (Fig. 1f, left) and the choline levels 
(Fig. 1f, right). These data suggest an appealing theory 
that cancer cell metastatic abilities can be regulated by 
GPCPD1 expression or the choline levels. Indeed, when 
we knocked down GPCPD1 by siRNA in HeLa and 
HCT116 cells (Fig. 1g), the choline levels were markedly 
decreased (Fig. 1h) and the migration and invasion capa-
bilities of these cells were significantly reduced (Fig. 1i 
and j). In addition, the migration and invasion abilities 
were rescued when we transfected with flag-GPCPD1 in 
these cells (Fig. S1). These results suggest that GPCPD1 
protein expression and choline levels are potential regula-
tors of cancer cell metastasis.

GPCPD1 downstream metabolite choline sustains 
cancer cell migration and invasion

We next assessed whether the effect of GPCPD1 on cancer 
cell migration and invasion depends on its choline-release 

http://gepia.cancer-pku.cn/
https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
http://www.sangerbox.com/tool
http://www.sangerbox.com/tool
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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activity. To do so, we performed the scratch and transwell 
assays with HeLa and HCT116 cells, this time in the pres-
ence of dipyridamole (DIP), a phosphodiesterase inhibitor. 
As shown in Fig. S2 and Fig. 2a, DIP treatment had no 

effect on GPCPD1 expression (Fig. S2), but the choline 
levels were significantly decreased (Fig. 2a). In addition, 
migration and invasion abilities of these cells were also 
inhibited (Fig. 2b and c). We thus hypothesized that this 
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reduction of migration and invasion abilities following 
GPCPD1 pharmacological inhibition might result from 
choline deprivation. To confirm our hypothesis, HeLa 
and HCT116 cells were treated with choline. We found 
that choline treatment induced the increment of migration 
and invasion capacities of these cells but did not affect 
GPCPD1 expression levels (Fig. 2d–f). Meanwhile, cho-
line treatment also rescued the reduced migration and 
invasion phenotypes of both HeLa and HCT116 cells 
transfected with GPCPD1 siRNA (Fig. 2g and h). These 
findings imply that choline, the downstream metabolite of 
GPCPD1, promotes the migration and invasion capacity 
of cancer cells.

GPC modulates GPCPD1 expression in vitro via GLP 
through H3K9 mono‑methylation

We next considered whether the upstream metabolite of 
GPCPD1, namely GPC, can promote the migration and 
invasion of cancer cells. We treated HeLa and HCT116 
cells with 1 mM GPC. We found that GPC treatment not 
only markedly enhanced tumor cell migration and inva-
sion capacities as compared to untreated cells, but also 
enhanced the expression levels of GPCPD1 in these cells 

(Fig. 3a–c). In addition, we obtained the consistent results 
in HepG2 and 293 T cells (Fig. S3a–c). To study whether 
the higher expression of GPCPD1 upon GPC treatment 
depends on histone modification, we carried out a chro-
matin immunoprecipitation (ChIP) assay using several 
transcriptional regulation-related histone modification 
antibodies, including: H3K9me1, H3K9me2, H3K4me2, 
H3K4me3, H3K27me3, H3K36me3, and H3K79me3. We 
then performed qPCR to determine their relative enrich-
ment around the GPCPD1 promoter (Fig. 3d). We found 
that H3K9me1 levels were markedly enriched at the pro-
moter region of GPCPD1 compared with the other histone 
methylation sites tested upon GPC treatment (Fig. 3d). 
As is well known, H3K9me1 is usually modulated by the 
methyltransferases G9a and GLP. To study whether GLP 
and/or G9a triggers GPCPD1 promoter activity, we per-
formed a chromatin immunoprecipitation assay using anti-
GLP or anti-G9a antibodies. Following GPC treatment, 
we saw that GLP levels were significantly enhanced at 
regions around the GPCPD1 promoter. However, we did 
not see an obvious enrichment of G9a at the GPCPD1 
promoter even under GPC treatment (Fig. 3e). In addi-
tion, GPCPD1 mRNA expression levels were not markedly 
changed when G9a was knocked out in HCT116 cells (Fig. 
S4a and 4b). These results indicate that GLP, but not G9a, 
is positively associated with GPCPD1 gene expression 
through H3K9me1 upon GPC treatment.

GLP silencing reduces GPCPD1 expression 
and cancer cell migration and invasion

To investigate whether GLP depletion reduces H3K9me1 
levels at the promoter region of the GPCPD1 gene, we 
repeated our ChIP assay this time using anti-GLP and anti-
H3K9me1 antibodies (Fig. 4a and b). In HeLa cells stably 
expressing GLP shRNA (shGLP cells; Fig. S5), GLP levels 
were markedly decreased at the promoter region of GPCPD1 
as compared to those in control cells (Fig. 4a). Similarly, 
the H3K9me1 levels were also significantly reduced at the 
GPCPD1 promoter in these cells (Fig. 4b). Consistent with 
our earlier results, we did not detect any changes in the 
enrichment of G9a or H3K9me2 at the same region (Fig. 
S6). In addition, GLP silencing reduced the migration and 
invasion capacities of HeLa and HCT116 cells in conjunc-
tion with reduced GPCPD1 expression (Figs. 4c–e, S7). We 
also obtained the consistent results in HepG2 and 293 T 
cells (Fig. S3d–f). Furthermore, we found that the resulting 
reduction in GPCPD1 expression led to a greater accumula-
tion of GPC and consequently a reduction in choline levels 
compared to control cells (Fig. 4f). As a confirmation, phar-
macological inhibition of GLP activity using UNC0638 or 
BIX01294 also decreased GPCPD1 expression (Fig. 4g) and 

Fig. 1   High GPCPD1 expression is associated with a poor prognosis 
in colon and cervical squamous cancer. a GPCPD1 mRNA expres-
sion analysis in metastasizing and non-metastasizing colon adenocar-
cinomas. The top of the box represents the 75th percentile, the bot-
tom represents the 25th percentile, and the middle line represents the 
50th percentile. The whiskers represent the highest and lowest values 
that are not outliers or extreme values. b Kaplan–Meier survival anal-
ysis of CESC and COAD patient samples based on GPCPD1 expres-
sion via GEPIA (log-rank test, p = 0.013, n(high) = 73, n(low) = 73, 
HR(high) = 2.4, p(HR) = 0.017 for CESC and p = 0.025, n(high) = 68, 
n(low) = 95, HR(high) = 2.1, p(HR) = 0.028 for COAD). c GPCPD1 
was detected by western blotting in SW620, HCT116, DLD-1, 
and HT29 cells. Actin served as the loading control. d The relative 
amounts of choline detected by 1H-NMR spectroscopy in SW620, 
HCT116, DLD-1, and HT29 cells (n = 3 for each cell lines). e Cell 
migration assays were carried out in variety colon cancer cells, such 
as SW620, HCT116, DLD-1, and HT29 cells. The wound closure rate 
was determined as a percentage of the original wound area (down). 
f The correlation between metastatic capacities (data from Fig.  1e) 
and expression levels of GPCPD1 (left, data from Fig.  1c) or cho-
line (right, data from Fig. 1d) in colon cancer cell lines. g GPCPD1 
knockdown was detected by western blotting in HeLa (left) and 
HCT116 (right) cells transfected with non-specific siRNA negative 
control (siNC) or GPCPD1 siRNA. Actin served as the loading con-
trol. h The relative amounts of choline detected by 1H-NMR spec-
troscopy in HeLa (left, n = 5) and HCT116 (right, n = 5) cells trans-
fected with non-specific siRNA negative control (siNC) or GPCPD1 
siRNA. i, j Cell migration (i) and invasion (j) assays in HeLa (left) 
or HCT116 (right) cells transfected with non-specific siRNA nega-
tive control (siNC) or GPCPD1 siRNA. i The wound closure rate 
was determined as a percentage of the original wound area (down). 
j The relative invasive ability was normalized to siNC (down). All 
data represent the means ± S.D. of three independent experiments 
(**p < 0.01; ***p < 0.001; NS, no significance)
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choline levels (Fig. 4h), and subsequently inhibited tumor 
migration and invasion (Fig. 4i and j). All these results sug-
gest that GLP can promote cancer cell migration and inva-
sion by regulating GPCPD1 expression.

Choline treatment rescued the reduced metastatic 
and invading phenotypes of GLP deficiency

We next checked whether the reduced metastatic and invad-
ing phenotypes account form GLP silencing in HeLa and 
HCT116 cells could be rescued by choline treatment. To do 
so, we performed scratch and transwell assays and found that 
choline could indeed enhance the migration and invasion 
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Fig. 2   Choline promotes cell migration and invasion. a The rela-
tive amounts of choline detected by 1H-NMR spectroscopy in HeLa 
(left, n = 5) or HCT116 (right, n = 5) cells incubated with DMSO 
or 10 µM dipyridamole (DIP) for 24 h. b, c Cell migration (b) and 
invasion (c) assays in HeLa (left) or HCT116 (right) cells incu-
bated with DMSO or DIP (10  µM). b The wound closure rate was 
determined as a percentage of the original wound area (down). c 
The relative invasive ability was normalized to DMSO (down). (d) 
GPCPD1 expression was detected by western blotting in HeLa (left) 
or HCT116 (right) cells incubated with or without 1  mM choline 
(Cho) for 24 h. Actin served as the loading control. e, f Cell migra-
tion (e) and invasion (f) assays in HeLa (left) or HCT116 (right) 

cells with or without 1 mM choline (Cho). e The wound closure rate 
was determined as a percentage of the original wound area (down). 
f The relative invasive ability was normalized to negative control 
(down). g, h Cell migration (g) and invasion (h) assays in HeLa (left) 
or HCT116 (right) cells transfected with non-specific siRNA nega-
tive control (siNC) or GPCPD1 siRNA for 48 h, and treated with or 
without 1 mM Choline (Cho). g The wound closure rate was deter-
mined as a percentage of the original wound area (down). h The rela-
tive invasive ability was normalized to siNC without choline (down). 
All data represent the means ± S.D. of three independent experiments 
(**p < 0.01; ***p < 0.001)
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Fig. 3   GPC activates GPCPD1’s expression by GLP through 
H3K9me1. a, b Cell migration (a) and invasion (b) assays in HeLa 
(left) or HCT116 (right) cells incubated with or without 1  mM 
GPC. a The wound closure rate was determined as a percentage of 
the original wound area (down). b The relative invasive ability was 
normalized to negative control (down). c GPCPD1 expression was 
detected by western blotting in HeLa (left) or HCT116 (right) cells 
incubated with or without 1 mM GPC for 24 h. Actin served as the 

loading control. d ChIP-qPCR was performed in HeLa cells incu-
bated with (blue) or without (red) 1  mM GPC for 24  h and using 
indicated antibodies. IgG indicates the relative IgG control. e ChIP-
qPCR was performed in HeLa cells incubated with (blue) or without 
(red) 1  mM GPC for 24  h using anti-GLP (left) or anti-G9a (right) 
antibodies. IgG indicates the relative IgG control. All data repre-
sent the means ± S.D. of three independent experiments (**p < 0.01; 
***p < 0.001; NS, no significance)
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capacities of GLP-silenced HeLa and HCT116 cells (Fig. 5a 
and b). GPCPD1 expression, however, did not increase upon 
GPC treatment in these cells (Fig. 5c). We also checked 
GLP and H3K9me1 enrichment at the GPCPD1 promoter 
in shGLP cells after GPC treatment and found no enhance-
ment of H3K9me1 or GLP as compared to that in shGLP 
cells without GPC (Fig. 5d), suggesting that the increased 
H3K9me1 at GPCPD1 promoter was dependent on GLP. In 
addition, both G9a and H3K9me2 were not enriched at the 
GPCPD1 promoter and showed no obvious change between 
control and shGLP HeLa cells (Fig. S8). Conversely, when 
overexpressing WT-GLP in the shGLP cells, we observed 
that cell migration and GPCPD1 levels were significantly 
improved and GPC treatment even promoted a further incre-
ment (Fig. 5e and f). By contrast, we saw no enhancement of 
migration or GPCPD1 levels in shGLP cells overexpressing 
an enzymatically inactive GLP mutant (MT-GLP; C1203A) 
even under GPC treatment (Fig. 5e and f). In addition, MT-
GLP overexpression was unable to induce an increase in 
H3K9me1 levels on the promoter region of GPCPD1 as 
compared with cells overexpressing WT-GLP (Fig. 5g). We 
also evaluated the correlation between GLP and GPCPD1 in 
cancer samples from CESC and COAD patients. GPCPD1 
levels were positively correlated with expression levels of 

GLP (EHMT1) in CESC (n = 304, r = 0.2, p = 0.00049) and 
COAD (n = 261, r = 0.14, p = 0.023) tissues (Fig. 5h). Over-
all, these data prove that GLP has a key role in modulating 
GPCPD1-mediated cell migration and invasion.

Transcription factor KLF5 activates GPCPD1 
expression in response to GPC treatment

GLP typically cooperates with other co-modulators to acti-
vate the expression of target genes (Levy et al., 2011). In 
our final analyses, we therefore investigated whether GLP 
requires an additional transcription factor to co-regulate 
GPCPD1 expression. We started by searching the JASPAR 
database (http://​jaspar.​gener​eg.​net/) and found several can-
didates that might modulate GPCPD1’s expression. We then 
investigated the expression levels of GPCPD1 in HeLa cells 
individually transfected with the siRNA of each candidate 
(Fig. S9). We found that knocking down the transcription 
factor Krüppel-like Factor 5 (KLF5) in HeLa cells reduced 
GPCPD1 expression levels compared with that of the con-
trol. Intriguingly, data from endogenous co-immunoprecip-
itation (co-IP) assays revealed a physiological interaction 
between GLP and KLF5 when using either anti-KLF5 or 
anti-GLP antibodies. In addition, this endogenous interac-
tion between GLP and KLF5 was significantly enhanced 
after GPC treatment (Fig. 6a and b). Interestingly, we did 
not observe a direct interaction between H3K9me1 and 
KLF5 in vitro, whereas the interaction between H3K9me1 
and GLP (positive control) was successfully detected (Fig. 
S10). Next, we detected KLF5 enrichment at the GPCPD1 
promoter upon GPC treatment in HeLa cells. As shown in 
Fig. 6c, in control cells, GPC treatment induced an increased 
enrichment of KLF5 at the GPCPD1 promoter, however, 
such increased enrichment was not observed in shGLP 
cells (Fig. 6c). Moreover, overexpression of KLF5 in GLP-
silenced HeLa cells was not enhanced GPCPD1 expres-
sion levels and the abilities of invasion compared with that 
of the control (Fig. S11). These results indicated that the 
recruitment of KLF5 onto GPCPD1 promoter was depend-
ent on GLP. In addition, we carried out a ChIP-Re-ChIP 
assay and found that combinatorial recruitment of GLP 
and KLF5 to the GPCPD1 promoter was enhanced upon 
GPC treatment (Fig. 6d). Importantly, we found that the 
GPCPD1 expression levels were reduced in KLF5-silenced 
HeLa and HCT116 cells (Figs. 6e, S12a), even no incre-
ment upon GPC treatment in KLF5-silenced HeLa cells 
(Fig. 6e). At the phenotypic level, migration and invasion 
capacities of KLF5-silenced HeLa and HCT116 cells were 
decreased (Figs. 6f–g, S12b, c) and GPC treatment also 

Fig. 4   GLP knockdown or enzyme inactivation reduce GPCPD1 
expression levels and cancer cell migration and invasion capacity. a, 
b ChIP-qPCR was performed in HeLa cells stably transfected with 
shRNA control (shCtr) or shRNA targeting GLP (shGLP) using anti-
GLP (a) and anti-H3K9me1 (b). IgG indicates the relative IgG con-
trol. c GPCPD1 mRNA and protein expression levels were detected 
in HeLa cells stably transfected with control (shCtr) or GLP shRNA 
(left panel). HCT116 cells transfected with non-specific siRNA nega-
tive control (siNC) or GLP siRNA for 48 h (right panel) and whole 
cell extracts were analyzed by immunoblotting. GAPDH and actin 
served as the loading controls. d, e Cell migration (d) and inva-
sion (e) assays in HeLa cells stably transfected with control (shCtr) 
or GLP shRNA (left panel) or HCT116 cells transfected with non-
specific siRNA negative control (siNC) or GLP siRNA (right panel). 
d The wound closure rate was determined as a percentage of the 
original wound area (down). e The relative invasive ability was nor-
malized to shCtr for HeLa or siNC for HCT116 cells (down). f The 
relative amounts of choline, GPC and PC detected by 1H-NMR 
spectroscopy in HeLa cells stably transfected control (shCtr) or 
GLP shRNA. Each group contains six duplicates. g, h GPCPD1 (g) 
and choline (h) levels in HeLa cells treated with DMSO, UNC0638 
(1 µM) or BIX01294 (5 µM) for 24 h, respectively. g The whole cell 
extracts were analyzed by immunoblotting with the indicated antibod-
ies. Actin served as the loading control. h The relative amounts of 
choline detected by 1H-NMR spectroscopy. Each group contains three 
duplicates. i, j Cell migration (i) and invasion (j) assays in HeLa cells 
treated with DMSO, UNC0638 (1 µM) or BIX01294 (5 µM) for 24 h. 
i The wound closure rate was determined as a percentage of the origi-
nal wound area (down). j The relative invasive ability was normalized 
to DMSO (down). All data represent the means ± S.D. of three inde-
pendent experiments (**p < 0.01; ***p < 0.001)
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Fig. 5   Supplemental choline rescues GLP silencing-induced cell 
phenotypes. a, b Cell migration (a) and invasion (b) assays were car-
ried out in HeLa cells stably transfected with control (shCtr) or GLP 
shRNA (left panel) or HCT116 cells transfected with non-specific 
siRNA negative control (siNC) or GLP siRNA (right panel), each 
group with or without 1 mM choline (Cho). a The wound closure rate 
was determined as a percentage of the original wound area (down). 
b The relative invasive ability was normalized to shCtr for HeLa or 
siNC for HCT116 without choline, respectively (down). c GPCPD1 
and GLP expression levels were detected by western blot analysis 
in HeLa cells stably transfected with control (shCtr) or GLP shRNA 
(left panel) or HCT116 cells transfected with non-specific siRNA 
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d After treating GPC for 24 h, ChIP-qPCR was performed in HeLa 

cells stably transfected with control (shCtr) or GLP shRNA using 
anti-GLP (left panel) or anti-H3K9me1 (right panel) antibodies. IgG 
indicates the relative IgG control. e–g Cell migration (e), western 
blot (f), and ChIP-qPCR (g) assays were carried out with or without 
1 mM GPC in HeLa stably expressing GLP shRNA and rescued with 
wild-type GLP (Flag-WT) or enzymatically dead GLP (Flag-MT). 
NC, negative control. e The wound closure rate was determined as a 
percentage of the original wound area (down). f Actin served as the 
loading control. Flag was used to indicate the transfection efficacy. 
g IgG indicates the relative IgG control. h Gene expression correla-
tion analysis between GLP (EHMT1) and GPCPD1 in tumor samples 
of CESC (left) and COAD (right). R and p value indicated at bottom 
of the figures. All data represent the means ± S.D. of three independ-
ent experiments (*p < 0.05; **p < 0.01; ***p < 0.001; NS, no signifi-
cance)
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failed to improve the migration and invasion capacity in 
KLF5-silenced HeLa cells (Fig. 6f and g). In addition, phar-
macological inhibition of KLF expression using ML264 also 
increased GPC accumulation, decreased choline levels and 
KLF5 enrichment at the GPCPD1 promoter in HeLa cells, 
and reduced GPCPD1 expression and subsequently inhibited 
tumor migration and invasion in HeLa and HCT116 cells 
(Fig. S13). Moreover, combined treatment of ML264 and 
BIX01294 inhibited the capacities of migration and invasion 
more effectively than ML264 or BIX01294 single treatment 
in HeLa and HCT116 cells (Fig. S14). These results proved 
that GLP recruits and cooperates with transcription factor 
KLF5 to regulate the GPCPD1 gene expression in cancer 
cells.

Discussion

In this research, we aimed to understand whether and how 
the expression of GPCPD1 is epigenetically regulated. By 
performing a series of cell-based analyses, we derived a new 
mechanism that GLP activates GPCPD1 gene expression 
by increasing H3K9me1 levels and recruiting KLF5 around 
GPCPD1 promoter to increase choline production, which in 
turn promotes cancer cell migration and invasion (Fig. 6h). 
Considering the association between enhanced PC levels 
and malignancy (M. D. Cao et al., 2016a, 2016b), inhibiting 
GPCPD1 activation can restrict GPC cleavage and choline 
production, which ultimately reduces cancer cell migration.

Outside of this study, little was known about the epige-
netic regulation of GPCPD1. To gain an understanding of 
such regulation, we performed a series of ChIP assays using 
histone modification antibodies. We screened histone modi-
fications known to transcriptionally modulate gene expres-
sion, namely: the methylation of H3K9 and H3K27 (that 
modifies transcriptional repression) and the methylation of 
H3K4, H3K36, and H3K79 (that modifies transcriptional 
activation), and found H3K9me1 specifically involved in 
GPCPD1 expression regulation. Different methylation status 
on the same histone lysine residues may have different roles 
in transcriptional regulation. For example, tri-methylations 
of H3K27 and H3K79 are always associated with gene sup-
pression, whereas mono-methylations of H3K27 and H3K79 
are linked with gene activation (Barski et al., 2007). In addi-
tion, both H3K9me2 and H3K9me3 are highly involved in 
gene silencing, whereas higher H3K9me1 levels are detected 
in more active promoters surrounding the transcription start 

sites (TSSs) (Barski et al., 2007). Moreover, serine-glycine 
biosynthetic enzyme genes have been shown transcription-
ally activated by H3K9me1 (Black et al., 2012; Ding et al., 
2013). In current study, we found that H3K9me1 positively 
correlates with GPCPD1 expression, supporting the asso-
ciation of H3K9me1 with active chromatin under certain 
circumstances.

G9a and GLP are H3K9 methyltransferases that primar-
ily catalyze mono- and di-methylation of H3K9 (Tachi-
bana et al., 2005). Consistently, we identified that GLP is 
recruited to the GPCPD1 promoter region upon GPC treat-
ment and activates GPCPD1 expression through H3K9me1. 
However, G9a did not seem to have the same effect around 
the GPCPD1 promoter and we saw no obvious change in 
GPCPD1 expression in G9a knockout HCT116 cells. This 
result can be explained as GLP and G9a have been revealed 
to show different biological properties in some cases. For 
instance, it was reported that G9a and GLP have distinct 
H3K9 methylation binding preferences (Collins et  al., 
2008). In addition, during mice embryonic development, 
their H3K9 methylation-binding deficient mutations led to 
different phenotypes (Liu et al., 2015). Also, mutations of 
EHMT1 gene that is coding GLP are related with the rare 
Kleefstra syndrome; it is worth noting that the G9a gene is 
unrelated to the syndrome (Benevento et al., 2016). It has 
been shown that GLP (not G9a) influences chromatin states 
and myogenic differentiation through repression of methyl-
CpG-binding protein 2 (MeCP2) (Choi et al., 2018). In 
terms of gene expression regulation, previous studies found 
that G9a is involved in the silencing of CASP1 (caspase 1) 
promoter by inducing H3K9me2 (Huang et al., 2017) and 
required for activating the serine biosynthesis pathway by 
catalyzing H3K9me1 (Ding et al., 2013). GLP is enriched at 
the promoters of RelA targeted genes to induce H3K9me2 for 
the regulation of cell proliferation and inflammation (Levy 
et al., 2011). In most of previous studies, only one of the two 
is investigated to show the functions of GLP or G9a in gene 
regulation. Based on our findings, we think GLP and G9a 
can individually regulate gene expression in some cases. 
Therefore, it is intriguing to determine whether G9a and 
GLP function together or they individually operate in certain 
gene regulation and other biological processes in the future.

Importantly, we showed that GLP cooperates with KLF5 
to transcriptionally activate GPCPD1. This finding is not 
the first to implicate the role of KLF5 in cancer pathogen-
esis. Actually, KLF5 was already found highly expressed 
in high-grade breast cancers (Jia et al., 2019) and KLF5 
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high expression was also related with a poor prognosis in 
patients suffering from colorectal cancer (Takagi et al., 
2020). So did the cellular metastasis in hepatocellular 

carcinoma (An et al., 2019) and thyroid cancer (Ma et al., 
2018). Moreover, KLF5 can transcriptionally activate a 
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large number of oncogenes (Frigo et al., 2009; Jia et al., 
2016). Our data provide further evidence that KLF5 is a 
newly identified regulator of tumor choline metabolism 
that contributes to cancer cell migration and invasion. 
Overall, we revealed a novel mechanism by which GLP 
and KLF5 promote GPCPD1 expression to produce cho-
line and promote cancer cell migration and invasion. We 
propose that GLP, KLF5 and the regulated choline meta-
bolic pathway may serve as potential therapeutic targets 
for dealing with the migration and invasion of cancer.
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