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Abstract 

Peptidylarginine deiminase 4 (PAD4), a Ca 2 + -dependent enzyme, catalyzes the conversion of arginine to citrulline and has been 

strongly associated with many malignant tumors. However, the molecular mechanisms of PAD4 in the development and progression 

of colorectal cancer (CRC) remain unclearly defined. In our study, PAD4 expression was increased in CRC tissues and cells, and 

was closely related to tumor size, lymph node metastasis. Moreover, the transcription factor KLF9 directly bound to PADI4 gene 
promoter, leading to overexpression of PAD4 in CRC cells, which augmented cell growth and migration. We revealed that PAD4 

interacted with and citrullinated glycogen synthase kinase-3 β (GSK3 β) in CRC cells, and GSK3 β Arg-344 was the dominating 
PAD4-citrullination site. Furthermore, IgL2 and catalytic domains of PAD4 directly bound to the kinase domain of GSK3 β in CRC 

cells. Mechanistically, PAD4 promoted the transport of GSK3 β from the cytoplasm to the nucleus, thereby increasing the ubiquitin- 
dependent proteasome degradation of nuclear cyclin-dependent kinase inhibitor 1 (CDKN1A). Our study is the first to reveal the 
details of a critical PAD4/GSK3 β/CDKN1A signaling axis for CRC progression, and provides evidence that PAD4 is a potential 
diagnosis biomarker and therapeutic target in CRC. 
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Introduction 

Colorectal cancer (CRC) is one of the most prevalent cancers worldwide
[1] . The majority of CRC cases (88-94%) are sporadic, while roughly 5-10%
of CRC develops from hereditary factors [2–4] . CRC is characterized by high
heterogeneity and genetic instability, and gene mutations, such as in APC,
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P53, KRAS , and PIK3CA , are the basis for the development of CRC [ 5 , 6 ].
herefore, a more comprehensive understanding of the mechanisms of CRC
rogression and metastasis is important for improving the prognosis of CRC
atients. 

Citrullination is a post-transcriptional modification that catalyzes the 
onversion of positively charged arginine into electrically neutral citrulline 
esidues in the presence of Ca 2 + [7] . This reaction is catalyzed by
eptidylarginine deiminases (PADs) and five highly conserved PAD enzymes 
 I-IV and VI ) have been reported in mammals so far [ 8 , 9 ] and each exhibits
pecific tissue distribution and substrate specificities [10] . Although PAD4
s the only member of the PAD family that contains a distinct nuclear
ocalization sequence [11] , all the PAD members can enter into nucleus, and
AD1, PAD2 and PAD4 can citrullinate histone [12–17] . PAD4, a 663-
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amino-acid protein with a molecular weigh of 74 kDa, is the most widely
studied deiminase [18] . It has five Ca 2 + -binding sites and Ca 2 + -binding is
capable of inducing conformational changes to generate the active site [18] .
PAD4 binds and converts arginine and monomethylarginine to citrulline in
histones H2A, H3, and H4. Arginine deimination of histones is central for
transcriptional regulation [8] and formation of neutrophil extracellular traps
(NETs) [19] . Moreover, researches show that non-histone proteins, such as
ING4 [20] , p300 [21] and p53 [22] are also targets of PAD4. 

Reports have also confirmed that PAD4 shows ectopic expression in
various tumors and plays a critical role in cancer cells proliferation or
migration [23–30] . In gastric cancer (GC), PAD4 acceblerates migration
and metastasis through promoting interleukin 8 (IL-8) expression in GC
cells [23] . Cui et al. [24] reveal that, PAD4 promotes tumorigenesis through
regulating the expression of WAS/WASL-interacting protein family member
1 and insulin-like growth factor 1 in ovarian cancer. PAD4 stimulates
esophageal squamous cell carcinoma cells proliferation and up-regulates
CA9 expression [27] . In addition, PAD4 mediates epithelial–mesenchymal
transition (EMT) and promotes tumor progression in lung cancer [28] .
In CRC, citrullination of the extracellular matrix by tumor cell derived
PAD4 is essential for the growth of liver metastases [31] . Therefore, PAD4
is a potential therapeutic target in various cancers. Pan PAD inhibitor Cl-
amidine [32–35] and specific PAD4 inhibitor GSK199 [36] and GSK484
[ 37 , 38 ] have been developed and applied to inhibit the deiminase activity
of PAD4 [16] . So far, Cl-amidine, GSK199 and GSK484 are the recognized
PAD inhibitors commonly. Cl-amidine is a irreversible pan PAD-inhibitor
which covalently binds to the active site cysteine of PAD4 and decreases the
binding between PAD4 and natural substrates [ 9 , 16 ]. GSK199 and GSK484
are reversible specific-PAD4 inhibitor. These two compounds preferentially
bind to PAD4 through competing with calcium and decrease the activity of
PAD4 [16] . However, irreversible inhibition should make a better repeating
result, when compared with the reversible inhibition. In the other hand,
concentration of the irreversible inhibition treatment should be controlled
better. Therefore, Cl-amidine have been used to inhibit PAD4 activity in vivo
and in vitro in many scientific reports [32–35] . 

In our study, we demonstrated that PAD4 expression was increased in
CRC tissues and cells, and promoted CRC cell growth and migration.
Glycogen synthase kinase-3 β (GSK3 β) Arg-344 was identified as a PAD4-
dependent citrullinated site in CRC cells. Mechanically, PAD4-driven
citrullination of GSK3 β contributed to the nuclear translocation of GSK3 β
in HCT116 cells, which increased the ubiquitin-dependent proteasome
degradation of nuclear cyclin-dependent kinase inhibitor 1 (CDKN1A).
Therefore, we hypothesize that the biological function of PAD4 in CRC cells
depends on the PAD4-induced nuclear accumulation of GSK3 β. 

Materials and methods 

Cell culture, patient samples, treatments with Cl-amidine and MG-132
and A23187 

NCM460 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). NCM460 cell line is an epithelial
cell line derived from the normal colon and is therefore used as the
control cell line [39] . HCT116, SW480, HT29, and SW620 cells were
obtained from the American Type Culture Collection. HCT116 [40] and
HT29 [41] cells are separated isolated from primary tumors obtained from
colorectal adenocarcinoma patients. SW480 cells are obtained from the
primary lesion of colon cancer patient, and SW620 cells are isolated from
lymph node metastasis of the same patient [42] . All cells were grown in
DMEM media supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C in a 5% CO 2 incubator. 

Clinical samples, including 24 primary human CRC tissues and 24
corresponding adjacent non-cancerous tissues, were obtained by surgical
esection from patients diagnosed with CRC at the first Affiliated Hospital 
f Shenzhen University. All the clinical-pathology data was shown in Table 
1. All processes were consistent with the requirement of the Institutional 
eview Board of The School Medicine of Shenzhen University. 

In our study, we performed the drug concentration assays. The plasmid 
LAG-PAD4 was transfected into HCT116 cells, and 24 h after transfection, 
resh medium containing different concentrations of Cl-amidine (HY- 
00574, MCE) was added to the transfected cells and incubated for 48 h.
estern blot showed that the citrullination level of H3 was decreased to 20%
ith 200 μM Cl-amidine treatment, compared with the 100 μM Cl-amidine 
r untreated HCT116 cells (Fig. S1). Thus, we chose 200 μM Cl-amidine 
reatment in the follow-up experiments. To inhibit the deiminase activity of 
AD4, the plasmid FLAG-PAD4 was transfected into HCT116 cells, and 
4 h after transfection, fresh medium containing 200 μM Cl-amidine was 
dded to the transfected cells and incubated for 48 h. FLAG-PAD4 were 
ransiently transfected into HCT116 cells [43] . At 24 h after transfection, 
he cells were treated with a calcium ionophore 5 uM A23187 (HY-N6678, 

CE) for 2 h. To inhibit proteasome activity, HCT116 cells were incubated 
ith DMEM medium containing the proteasome inhibitor MG132 (HY- 
3259, MCE), at a concentration of 10 μM for 24 h at 37 °C. 

issue microarrays and immunohistochemistry 

Tissue microarrays (HColA180Su19) were purchased from Outdo 
iotech (Shanghai), containing eighty-six CRC tissues and para-cancer 

issues, and eight CRC tissues. All patients were followed up for 5-6 years,
nd their complete clinic-pathologic data were collected for further analysis. 
mmunohistochemistry (IHC) was performed to determine the relative 
xpression of PAD4 according to the protocol. In brief, tissue sections were 
ncubated at 4 °C with anti-PAD4 antibody (1:2000, ab128086, Abcam) 
vernight. After washing three times with PBS, the sections were incubated 
ith biotinylated anti-mouse IgG (1:1000, 58802, Cell Signaling). Finally, 

he DAB system was used to visualize the signal, and hematoxylin was used
o stain the nucleus. The immunostaining images were captured using an 
pright Zeiss LSM 510 confocal laser scanning microscope. The IHC score 
as calculated according to the intensity and extent of the IHC staining and
as independently determined by two pathologists who were blinded to the 
atient characteristics (Table S2). 

uantitative reverse-transcription PCR 

Total RNA from tissue samples and cells was extracted using TRIzol 
eagent (Invitrogen) according to established protocols. Total RNA was 
eversely transcribed using the PrimeScript RT reagent Kit (RR037A, 
aKaRa) to generate cDNA. The qPCR was performed using GoTaq 
PCR Master Mix (A6001, Promega) in triplicate independent biological 
xperiments. All samples were normalized to the internal control gene human 
CTB , and relative changes in gene expression were calculated using the 
omparative Ct method ( 2 −��Ct ) (Table S3). 

ell proliferation and migration assays 

The 5-ethynyl-2 ′ -deoxyuridine (EdU) and wound-healing assays were 
erformed according to established protocols [ 44 , 45 ]. For the Transwell assay,
CT116 and SW480 cells in 200 μl of DMEM with 2% FBS were seeded

nto the upper chamber. The bottom chamber was filled with 600 μl culture
edia with 20% FBS. After incubation for 24 h, the migrated cells were

xed with 4% paraformaldehyde and stained with 0.5% crystal violet. For 
he growth curve assay, cells were seeded into a 96-well plate, and MTS
ab197010, Abcam) was added to each well (10 μl/ well) at 24 h, 48 h, 72 h,
nd 96 h. Then the plates were incubated with MTS reagent for 4 h, and cell
iability was evaluated by measuring the absorbance at 490 nm. 
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Plasmid constructs and RNA interference 

GSK3 β genes 1-1029bp and 1010-1263bp (1030bp C-A and 1031bp G-
A) were amplified from the cDNA of HCT116 cells, then these two genes are
both cloned into the vector pIRESneo-FLAG/HA-EYFP, generating vector
GSK3 β-R344K. FLAG-PADI4 and GSK3 β genes were amplified from the
cDNA of HCT116 cells; These PCR sequences were separately cloned into
the vector pIRESneo-FLAG/HA-EYFP. 

PADI4 gene was amplified from the cDNA of HCT116 cells, mCherry
gene was amplified from plasmid pcDNA3.1-mCherry, P2A gene was
amplified from plasmid lentiCRISPR-v2 and GFP gene was amplified from
plasmid pcDNA3.1-EGFP. PADI4, mCherry, P2A, GFP and GSK3 β or
GSK3 β-R344K were all cloned into the vector pIRESneo-FLAG/HA-EYFP,
generating vector mCherry-PAD4-P2A-GFP-GSK3 β and mCherry-PAD4-
P2A-GFP-GSK3 β-R344K. 

GSK3 β genes 1021-1169bp (1148bp C-A and 1149bp G-A) and
1127-1263bp (1148bp C-A and 1149bp G-A) were amplified from the
cDNA of HCT116 cells, then these two genes are both cloned into the
vector pGEX-4T1 vector, generating vector GSK3 β-C domian-R383K.
The GSK3 β, GSK3 β-N domian, GSK3 β-kinase domain, GSK3 β-C domain,
GSK3 β-C domain-R344K, GSK3 β-C domian-R354K, GSK3 β-C domain-
R405K, PADI4, PADI4-IgL1 domain, PADI4-IgL2 domain, and PADI4-
catalytic domain sequences were amplified from cDNA of HCT116 cells and
separately cloned into the pGEX-4T1 vector. 

The promoter of human PADI4 , a series of 5 ′ -unidirectional truncation
mutants, and point mutants of PADI4 promoter were obtained from
the DNA of HCT116 cells and separately cloned into pGL3-Basic. All
vectors were constructed using the ClonExpress II One-Step Cloning kit
(Vazyme Biotech Co., Ltd.). All constructed vectors were validated by
DNA sequencing by Shanghai Sangon (Shanghai, China). siRNAs targeting
human GSK3 β (si1-GSK3 β, si2-GSK3 β, si3-GSK3 β) and siRNA-NC were
synthesized by Ribobio Co. (Guangzhou, China). The mix of the three
siRNAs against GSK3 β was termed as simix-GSK3 β. All primer sequences
and siRNA sequences are listed in Table S3. 

Recombinant protein purification 

Plasmids were separately transformed into E. coli BL21 (DE3). The
transformed bacteria were grown overnight in 2 ml LB medium with
kanamycin 50 μg/mL at 37 °C and shaking at 200 rpm. The following day,
2 ml of bacterial culture was used to inoculate 100 ml of LB medium, which
was incubated until the culture reached an absorbance approximately 0.3-
0.6 at 600 nm. Then 0.4 mM IPTG was added to induce the production
of recombinant protein at 18 °C for 16 h with shaking at 180 rpm. Next,
100 ml of the culture was centrifuged at 8000 × g at 4 °C for 10 min, and the
pellet was resuspended in 5 ml PBS. Subsequently, the media was sonicated
for 20 cycles (10s on and 10s off) on ice and centrifuged at 12,000 × g at
4 °C for 30 min. The protein in the supernatant was purified according to the
manufacturer’s instructions with GST Resin (Beyotime). 

GST pull down assay, immunoprecipitation, and western blot assays 

GST pull down experiments were performed using purified proteins and
cell extraction. Briefly, the purified GST fusion protein was immobilized
on GST resin (Beyotime), and GST fusion protein was incubated with cell
extraction at 4 °C for 1 h with constant shaking. After incubation, the resin
was washed thoroughly four times with PBS. Any retained proteins were
eluted by the addition of 10 mM L-glutathione reduced in 50 mM Tris-HCl
(pH 8.0). 

For immunoprecipitation (IP) and co-immunoprecipitation (co-IP), cells
were lysed in lysis buffer (PH 7.6, 25 mM Tris-HCl, 150 mM NaCl, 1%
P40) and incubated with anti-FLAG (1:1000, F1804, Sigma) or anti-
SK3 β (1:1000, 12456, Cell Signaling) at 4 ◦C overnight with shaking. The

mmune complex was incubated with protein A/G magnetic beads (Thermo)
t room temperature for 1 h with shaking and then washed with lysis buffer.
he bound immune complex was dissociated from the beads by incubating
ith SDS-PAGE sample loading buffer for 10 min at room temperature.
amples were then subjected to electrophoresis and western blotting. All
he primary antibodies used for the western blot analysis were anti-PAD4
1: 2000, ab128086, Abcam), anti-GSK3 β (1:1000, 12456, Cell Signaling), 
nti-GAPDH (1:3000, 2118, Cell Signaling), anti-FLAG (1:1000, F1804, 
igma), anti-H3-cit (1:5000, ab281584, Abcam), anti-H3 (1:5000, ab1791, 
bcam), anti-modified-citrulline (1:1000, 17-347, Millipore), anti-HDAC1 

1:1000, 5356, Cell Signaling), anti-KLF9 (1:1000, ab227920, Abcam), anti- 
DKN1A (1:1000, 2947, Cell Signaling), and anti-ubiquitin (1:1000, 3936, 
ell Signaling) antibodies. 

rotein citrullination assay 

Protein citrullination assays were performed by incubating recombinant 
AD4 (ab196393, Abcam) with purified proteins at 37 °C for 1 h in 100 mM
ris-HCl, pH 7.4, containing 5 mM DTT and 10 mM CaCl 2 . Reactions
ere stopped by the addition of SDS-PAGE sample loading buffer. Samples
ere then subjected to electrophoresis and western blotting. Citrulline was
etected with an anti-modified-citrulline detection kit (17-347, Millipore) 
ccording to the manufacturer’s instructions. 

mmunofluorescence (IF) staining 

HCT116 cells at 3 × 10 5 were plated into a confocal dish. The next day,
hey were fixed with 4% formaldehyde for 20 min and blocked with blocking
uffer (5% BSA and 0.3% Triton X-100) for 1 h. The cells were incubated
ith anti-FLAG (1:1000, F1804, Sigma) or anti-PAD4 (1: 2000, ab128086, 
bcam) or anti-GSK3 β (1:1000, 12456, Cell Signaling) overnight at 4 °C
nd then with secondary antibodies conjugated with Alexa Fluor for 1 h.
hen the cells were incubated with DAPI (1:1000, C10310, RiboBio Inc.)

or 30 min and photographed using an upright Zeiss LSM 510 confocal laser
canning microscope. 

uciferase activity assay 

HCT116 cells (1 × 10 5 ) were seeded into 24-well plates and allowed to
ettle overnight. Firefly plasmid (0.5 μg) and renilla plasmid (0.01 μg) were
o-transfected into HCT116 cells using lipofectamine 3000 (Thermo). At 
8 h post-transfection, the firefly luciferase and renilla luciferase luminescence
as measured using a dual luciferase reporter assay kit (E1960, Promega)

ccording to the manufacturer’s instructions. The firefly luciferase activity 
as normalized for transfection efficiency using the corresponding renilla 

uciferase activity. 

hromatin immunoprecipitation 

HCT116 cells were harvested, and the Chromatin immunoprecipitation 
ChIP) experiments were performed using Magna ChIP protein G Kit
17-611, Millipore) according to the manufacturer’s protocol. In brief, the
ross-linked chromatin was sonicated into fragments, and cell lysates were
mmunoprecipitated using a KLF9 antibody. Finally, the precipitated DNA 

as analyzed by PCR with the primers listed in Table S3. 

NA sequencing 

RNA isolation and sequencing were performed by LC Sciences. Briefly,
otal RNA was extracted using the RNeasy mini kit (Qiagen), and RNA



4 PAD4-dependent citrullination of nuclear translocation of GSK3 β X. Luo et al. Neoplasia Vol. 33, No. xxx 2022 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

The relationship between PAD4 and clinical characteristics of 

CRC patients. 

Features n PAD4 expression p value 

High Low 

Number 91 78 13 

Gender 0.145 

Female 45 36 9 

Male 46 42 4 

Age 0.255 

< 62 36 29 7 

> = 62 55 49 6 

Tumor size 0.032 ∗
< 5 cm 40 27 13 

> = 5 cm 51 44 7 

Clinical staging 0.596 

I + II 57 48 9 

III + IV 34 30 4 

Lymphatic metastasis 0.039 ∗
No 59 40 19 

Yes 32 28 4 

Remote metastasis 0.348 

No 86 73 13 

Yes 5 5 0 

∗ p value < 0.05 
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concentrations were measured using Quant-ITTM RiboGreen RNA Reagent
(Invitrogen, USA). The Agilent RNA 6000 Nano kit (Agilent 2100
Bioanalyzer) was used to assess the integrity of the total RNA. High-
quality mRNA was fragmented into small pieces using RNA Fragmentation
Reagents (AM8740, Invitrogen), then the cleaved RNA fragments were
reverse transcribed to produce the final cDNA library using the mRNA-seq
sample preparation kit (Illumina, USA). The library products were sequenced
on the Illumina Hiseq 2500 platform (Illumina) following the vendor’s
recommended protocols. 

Statistical analysis 

Statistical analyses were carried out using GraphPad Prism. All
experiments were conducted in three biological replicates and the data are
presented as mean ± SD. Two-tailed Student’s t -test was used to assess the
statistical significance of differences among groups. The chi-square test was
employed to evaluate clinicopathological features. Survival rate was evaluated
using the Kaplan-Meier method, and differences between sur vival cur ves were
tested with the log-rank test. For all tests, the significance level for statistical
analysis was set at p value < 0.05. 

Results 

PAD4 is highly expressed in CRC cells and correlated with 
clinicopathologic parameters 

To reveal the role of PAD4 in CRC, we investigated the expression level of
PADI4 in 24 paired tumor tissue specimens from CRC patients by RT-qPCR.
The results showed that the expression of PADI4 was higher in 14 of the 24
tumor tissues compared with their corresponding non-cancerous controls.
PADI4 expression was significantly increased in the overall statistical analysis
of the 24 paired tumor tissue specimens ( Fig. 1 A). PADI4 expression levels
were also measured in normal human colon mucosal epithelial cells NCM460
cells and CRC cells HCT116, HT29, SW480, and SW620 cells. PADI4
expression was markedly up-regulated in HT29 and SW620 cells compared
with normal colon mucosal epithelial cells in the RT-qPCR and western blot
analysis ( Fig. 1 B). Consistent with these results, western blotting analysis
confirmed that PAD4 was overexpressed in human CRC specimens ( Fig. 1 C).
IHC showed that PAD4 was expressed in both the nucleus and cytoplasm,
but mainly in the nucleus in CRC tissue ( Fig. 1 D). In a microarray of 73
paired CRC tissue samples, PAD4 expression was significantly increased,
and more intense staining was observed in cancer tissues than the matched
adjacent normal tissues. Sixty-four (87.7%) of seventy-three CRC specimens
exhibited high levels of PAD4 protein, while only twenty nine (39.7%)
normal mucose specimens expressed abundant PAD4 ( p < 0.0001) ( Fig. 1 E
and F). Similar results were observed in human CRC samples compared
with matched non-CRC tumors from the clinical proteomic tumor analysis
consortium (CPTAC) database ( Fig. 1 G). Additionally, ROC curve was
generated based on the data from a microarray of CRC tissues (91 CRC
patients and 73 healthy subjects), and the area under the ROC curve (AUC)
PAD4 was 0.7457 (95%, CI = 0.6684–0.8229) ( Fig. 1 H). Together, these
results demonstrated that PAD4 was over-expressed in CRC tissues and cells,
and could serve as a new diagnosis biomarker of CRC. 

Then we divided 91 CRC patients into two groups: high-expression
group ( n = 78) and low-expression group ( n = 13) according to PAD4
expression level from IHC staining. Kaplan-Meier analysis showed that
PAD4 expression had no significant correlation with overall survival of
CRC patients (Fig. S2). As presented in the statistical data Table 1 , high
PAD4 expression in CRC tissues was strongly correlated with increased
tumor size and positive lymphatic metastasis ( p < 0.05), although there
were no significant differences in the expression level of PAD4 according to
ender, age, clinical stage, or distant metastasis (all p > 0.05). Collectively, 
hese findings demonstrated that there is a possible link between increased 
xpression of PAD4 and CRC progression. 

AD4 promotes cell proliferation and migration of CRC in vitro 

The frequent overexpression of PAD4 in CRC tumors and cell lines 
rompted us to investigate the biological role of PAD4 in CRC cells. 
ubsequent western blot analysis revealed PAD4 was ectopically expressed, 
nd PAD4 induced the citrullination of histone 3 in FLAG-PAD4-transfected 
W480 and HCT116 cells ( Fig. 2 A), suggesting that PAD4 has deiminase
ctivity. The effect of PAD4 on cell metastasis was assessed using transwell 
nd wound-healing assays. PAD4 expression led to the promotion of the 
igratory capacity of SW480 and HCT116 cells ( Fig. 2 B, D). To determine
hether the deiminase activity of PAD4 is required for the up-regulated 
igration of CRC cells, PAD4 inhibitor Cl-amidine was added to FLAG- 

AD4-transfected HCT116 cells to inhibit deiminase activity. The wound- 
ealing assay showed that Cl-amidine treatment effectively reduced the up- 
egulated migration capacity of the PAD4-overexpressed HCT116 cells, 
ndicating that deiminase activity PAD4 is essential for the PAD4-mediated 
he up-regulation of cell migration ( Fig. 2 E). Collectively, these results 
ndicated that PAD4 can promote the migration of CRC cells in vitro . 

To detect the function of PAD4 in cell growth, EdU assay was employed.
he ectopic expression of PAD4 significantly promoted the growth of 
W480 and HCT116 cells ( Fig. 2 F). However, Cl-amidine treatment 
ecreased the proliferation ability of FLAG-PAD4-transfected HCT116 
ells ( Fig. 2 G). Consistent with this, the cell growth curve assay showed
hat the forced expression of PAD4 significantly increased SW480 cells 
roliferation. However, PAD4 expression in HCT116 cells did not change 
heir proliferation ability in any obvious way in the cell growth curve assay
 Fig. 2 C). Taken together, it suggested that PAD4 promotes CRC cells growth
n vitro. 
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Fig. 1. PAD4 is highly expressed in CRC. (A) RT-qPCR analysis of PAD4 expression in 24 pairs of CRC tissues. The values of controls were normalized to 1. 
(B) Western blot and RT-qPCR analyses of PAD4 expression in CRC cells. (C) Western blot analyses of PAD4 expression in 10 pairs of CRC tissues. (D) IHC 

analysis of PAD4 expression in 73 pairs of CRC microarray tissues. (E) Statistical analysis for PAD4 proteins visualized by IHC in CRC tissues. (F) Expression 
levels of PAD4 proteins visualized by IHC in 73 pairs of CRC tissues. (G) PAD4 expression in CRC patients from CPTAC database. (H) ROC curves were 
used to determine the diagnostic value of PAD4 in CRC tissues. All the experiments are conducted in three biological replicates, and error bars represent SD. 
∗∗∗ p value < 0.001, ∗∗ p value < 0.01, ∗ p value < 0.05. 
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Fig. 2. Overexpression of PAD4 promotes cell proliferation and migration in CRC cells. (A) The expression of PAD4 in SW480 and HCT116 cells transfected 
with FLAG-PAD4 was confirmed by western blotting. GAPDH was used as a loading control. (B) Transwell assay for PAD4-overexpressed SW480 and 
HCT116 cells to determine the effect on cell migration, invasive cells were stained and counted under microscope at 24 h after reseeding. (C) Cell growth 
curve assay was conducted to analyze the proliferation of SW480 and HCT116 cells transfected with FLAG-PAD4. (D) and (E) Scratch test was produced 
to determine the effect of PAD4 overexpression on the migration rate based on width of SW480 and HCT116 cells with without Cl-amidine. (F) and (G) 
EdU proliferation assay was conducted on FLAG-PAD4-transfected HCT116 and SW480 cells treated with or without Cl-amidine. All the experiments are 
conducted in three biological replicates, and error bars represent SD. ∗∗∗ p value < 0.001, ∗∗ p value < 0.01, ∗ p value < 0.05. 
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Fig. 3. PAD4 citrullinates R344 of GSK3 β C-domain in CRC cells. (A) Schematic representation of PAD4-mediated citrullination reaction. (B) PAD4 
citrullinates GSK3 β in vitro (left). PAD4 was treated with GSK3 β at 37 °C for 1 h. Samples were analyzed on a western blot using an anti-modified-citrulline 
antibody. PAD4 citrullinates GSK3 β in HCT116 cells (right). FLAG-PAD4 was transfected into HCT116 cell, GSK3 β was immunoprecipitated to detect 
citrulline levels. (C) Schematic of GSK3 β truncated sequences. (D) Citrullinated domain (s) of GSK3 β was mapped. (E) Arginine residue in GSK3 β C 

domain was mapped. (F) Citrullination assays identified citrulline site (s) on GSK3 β C domain. (G) Citrullination by PAD4 was much weaker when GSK3 β
Arginine 344 was mutated in HCT16 cells. All the experiments are conducted in three biological replicates. 
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PAD4 citrullinates GSK3 β R344 in CRC cells 

PAD4 catalyzes a guanidino group of arginine into a urea group in a post-
translational modification process ( Fig. 3 A) [46] . To explore the potential
targets of PAD4 in CRC, we searched for the proteins beginning with MSGR
from the UniProt database. Among the identified proteins, GSK3 β attracted
our attention, as it is a serine/threonine protein kinase that plays vital roles in
multiple tumor types ( Table 2 ). 
To identify whether PAD4 citrullinates GSK3 β, the western blotting
howed that PAD4 citrullinated GSK3 β ( Fig. 3 B left). In PAD4-
verexpressed HCT116 cells, GSK3 β was immunoprecipitated and probed 
or citrulline content. Western blotting showed that GSK3 β was clearly
itrullinated in the presence of PAD4 in HCT116 cells ( Fig. 3 B right).These
esult indicated that PAD4 citrullinates GSK3 β in CRC cells. 

To determine which domain(s) of GSK3 β is preferentially citrullinated, 
ST-GSK3 β-N domain, kinase domain, and C domain were purified and
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Table 2 

List of 10 proteins containing an amino-terminal MSGR sequence 

Uniprot ID Protein Full name 

P49841 GSK3 β Glycogen synthase kinase-3 beta 

A0A578 TRBV5-1 T cell receptor beta variable 5-1 

F5GX29 CHP1 Calcineurin B homologous protein 1 

Q96GE9 DMAC1 Distal membrane-arm assembly complex protein 1 

Q99944 EGFL8 Epidermal growth factor-like protein 8 

B4E3F4 ITGA5 Integrin alpha-5 

E5RHR4 CCDC121 Coiled-coil domain-containing protein 121 

C9JXP5 NME9 Thioredoxin domain-containing protein 6 

Q6FGU7 RAB7L1 Ras-related protein Rab 

Q86SQ3 ADGRE4P Putative adhesion G protein-coupled receptor E4P 
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incubated with the activated recombinant PAD4 ( Fig. 3 C). Western blotting
showed that a strong citrullination signal existed in the C domain but not
in the N domain or kinase domain of GSK3 β ( Fig. 3 D), indicating that the
GSK3 β C domain was preferentially citrullinated by PAD4. 

To more precisely identify the citrullination sites in the C domain of
GSK3 β, GSK3 β-C domain R344K, R354K, R383K, and R405K were
purified ( Fig. 3 E). The four mutants were separately incubated with the
activated recombinant PAD4. Western blotting showed that the R344K
mutant displayed a significant reduction of citrullination signal compared
with the R354K, R383K, and R405K mutants ( Fig. 3 F). It indicated that
R344 is the major site of citrullination by PAD4. Then, plasmid GSK3 β
and mutant GSK3 β-R344K were constructed and separately transfected into
PAD4-overexpressing HCT116 cells. The western blot showed that GSK3 β
and GSK3 β-R344K were separately overexpressed in HCT116 cells. Co-IP
assay showed that GSK3 β citrullination was significantly increased in the
presence of PAD4. However, citrullination by PAD4 was much weaker when
GSK3 β was mutated at R344 ( Fig. 3 G). These results demonstrated that
GSK3 β is a new substrate of PAD4 in CRC, and the major citrullination site
is R344 in GSK3 β. 

PAD4-induced nuclear accumulation of GSK3 β promotes proliferation 

and migration of CRC cells 

The expression of GSK3 β in CRC cells was detected by RT-qPCR and
western blot analyses. Results showed that the expression of GSK3 β was
markedly up-regulated in HCT116, HT29, and SW480 cells compared with
the normal colon mucosal epithelial cell line NCM460 (Fig. S3A). A wound-
healing assay demonstrated that the down-regulation of GSK3 β by simix-
GSK3 β (si1-GSK3 β + si2-GSK3 β + si3-GSK3 β) ( Fig. 4 A) significantly
inhibited HCT116 cell migratory viability compared with control cells.
However, the over-expression of GSK3 β led to no significant effect on
migratory viability of HCT116 cells (Fig. S3B). These results indicated that
GSK3 β is involved in CRC progression. 

As our results showed that GSK3 β is involved in CRC progression and
PAD4 induces GSK3 β citrullination in CRC, we aimed to determine
whether PAD4-mediated GSK3 β citrullination is involved in the
proliferation and migration of CRC cells. Simix-GSK3 β was transfected into
PAD4-overexpressing HCT116 cells to silence their expression of GSK3 β
( Fig. 4 B). A transwell assay showed that the forced expression of PAD4
promoted the migration, whereas GSK3 β knockdown inhibited the cell
migration caused by the over-expression of PAD4 in HCT116 cells ( Fig. 4 C).
In addition, an EdU assay showed that GSK3 β down-regulation decreased
the proliferation potential of PAD4-overexpressing HCT116 cells ( Fig. 4 D).
However, the wound-healing assay showed knockdown of GSK3 β led to
no difference in migratory potential of PAD4-overexpressing HCT116 cells
(Fig. S3C). In conclusion, these results demonstrated that PAD4-mediated
romotion of proliferation and migration of HCT116 cells was significantly 
eversed by knockdown of GSK3 β, and the PAD4–GSK3 β signaling axis 
as an important role in CRC progression. 

To explore how PAD4–GSK3 β axis influences CRC progression, we 
xamined the expression level of GSK3 β in HCT116 and SW480 cells 
ransfected with FLAG-PAD4. According to the western blot and RT- 
PCR analyses, the expression of total GSK3 β was not obviously changed 
fter PAD4 overexpression in HCT116 cells compared with control cells 
Fig. S3D, E). Nuclear and cytoplasmic fractionation assays showed that 
verexpression of PAD4 significantly increased the nuclear GSK3 β in 
CT116 cells ( Fig. 4 E). Consistent with this, IF analysis showed that the

ositive signal of GSK3 β was increased in the nucleus after the overexpression
f PAD4, which demonstrated that PAD4 enhances nuclear GSK3 β in 
CT116 cells ( Fig. 4 F). 

To establish whether PAD4-mediated GSK3 β citrullination regulates 
he location of GSK3 β, the plasmid cherry-PAD4-P2A-GFP-GSK3 β (C- 
SK3 β) and the mutant plasmid cherry-PAD4-P2A-GFP-GSK3 β-R344K 

C-GSK3 β-R344K) were separately transfected into HCT116 cells ( Fig. 4 G). 
F assays showed that nuclear GFP intensity decreased when GSK3 β was 
utated at R344 ( Fig. 4 H). Collectively, these results indicated that the

AD4-induced nuclear accumulation of GSK3 β promotes the proliferation 
nd migration of CRC cells. 

SK3 β-kinase domain and PAD4-IgL2 and catalytic domains directly 
ind in HCT116 cells 

We used IF staining to validate the physical interactions between PAD4 
nd GSK3 β in HCT116 cells, which revealed that PAD4 was co-localized 
xtensively with GSK3 β ( Fig. 5 A). A GST pull-down assay showed that GST-
AD4 was able to bind to GSK3 β from total cell lysate, while GST failed
o bind ( Fig. 5 B), suggesting that PAD4 binds to GSK3 β. Similarly, in a
o-IP assay, PAD4 co-immunoprecipitated with GSK3 β in HCT116 cells 
 Fig. 5 C upper). Reciprocally, GSK3 β was shown to co-immunoprecipitate 
ith PAD4 in HCT116 cells ( Fig. 5 C down). To map the binding between
AD4 and GSK3 β in more detail, GST-PAD4 IgL1 domain, IgL2 domain, 
nd catalytic domain ( Fig. 5 D), were purified. GST pull-down assay showed
hat IgL2 domain, and catalytic domain but not IgL1 domain of PAD4 were
ble to pull down GSK3 β from HCT116 cells extracts ( Fig. 5 E), suggesting
hat the IgL2 and catalytic domains of PAD4 are sufficient to mediate its
nteraction with GSK3 β. To map the region(s) of GSK3 β that specifically 
nteracts with PAD4, GST pull-down experiment showed that the kinase 
omain, but not the N domain or C domain of GSK3 β, bound to PAD4
 Fig. 5 F), suggesting that the kinase domain of GSK3 β is sufficient for
inding to PAD4. The above GST pull-down experiments showed there were 
hysical interactions between the kinase domain of GSK3 β and the IgL2 and 
atalytic domains of PAD4 ( Fig. 5 G). 
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Fig. 4. PAD4-induced nuclear accumulation of GSK3 β promotes proliferation and migration of CRC cells. (A) HCT116 cells were transfected with si1- 
GSK3 β, si2-GSK3 β, si3-GSK3 β and simix-GSK3 β, and expression of GSK3 β was confirmed by western blot and RT-qPCR. (B) Expression of PAD4 and 
GSK3 β in HCT116 cells co-transfected with FLAG-PAD4 and simix-GSK3 β. (C) Transwell assay was conducted on HCT116 cells co-transfected with 
FLAG-PAD4 and simix-GSK3 β. (D) EdU assay was conducted on HCT116 cells co-transfected with FLAG-PAD4 and simix-GSK3 β. (E) Expression of 
GSK3 β in whole cell lysate, cytoplasm, and nucleus from FLAG-PAD4 transfected HCT116 cells was identified by western blot. (F) IF analysis of cellular 
location of GSK3 β in FLAG-PAD4 transfected HCT116 cells. (G) Expression of PAD4 and GSK3 β in C-GSK3 β or C-GSK3 β-R344K transfected HCT116 
cells. (H) IF analysis of location of GSK3 β in C-GSK3 β or C-GSK3 β-R344K transfected HCT116 cells. All the experiments are conducted in three biological 
replicates, and error bars represent SD. ∗∗∗ p value < 0.001, ∗∗ p value < 0.01, ∗ p value < 0.05. 
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Fig. 5. GSK3 β kinase-domain binds to IgL2 and catalytic-domains of PAD4 in CRC cells. (A) IF analysis of locations of GSK3 β and PAD4 in FLAG-PAD4 
transfected HCT116 cells. (B) GST pull-down indicated that PAD4 associated with GSK3 β. (C) Immunoprecipitation showed that PAD4 associated with 
GSK3 β in FLAG-PAD4 transfected HCT116 cells. (D) Schematic of PAD4 truncated sequences. (E) GST pull-down indicated the IgL2 and catalytic domains 
of PAD4 were sufficient for interaction with GSK3 β. (F) GST pull-down indicated the kinase domain of GSK3 β was sufficient for interaction with PAD4. 
(G) There was physical interaction between the kinase domain of GSK3 β and the GST-IgL2 and GST-catalytic domains of PAD4. All the experiments are 
conducted in three biological replicates. 
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KLF9 upregulates the transcription of PADI4 gene in CRC cells 

PAD4 is highly expressed in CRC cells and promotes their proliferation
and migration. However, little is known about the mechanism that regulates
the transcription of PADI4 in CRC. To understand the upstream regulatory
elements controlling PADI4 expression, we amplified a 2120 bp DNA
fragment (-2000 to + 120) containing the proximal 5 ′ -flanking region (-
2000/-1), transcription start site ( + 1) and exon 1 ( + 1/ + 120) of PADI4
gene. A series of 5 ′ -truncated sequences of PADI4 gene were cloned into the
luciferase reporter vector pGL3-basic. These constructs were then transiently
transfected into HCT116 cells, and luciferase activity was measured. The -
2000/ + 120 region was sufficient to drive the expression of luciferase, which
was increased compared with HCT116 cells transfected with pGL3-basic,
and −146/ + 120 region conferred no significant reduction of luciferase
activity compared with those in the −2000/ + 120 region. However, the
−78/ + 120 and −12/ + 120 regions gradually decreased luciferase activity
( Fig. 6 A). Therefore, −146/ −12 region contains the core promoter for
PADI4 transcription. 

When we then analyzed the −146/ −12 sequence of PADI4 using the
databases JSAPAR ( https://jaspar.genereg.net/ ), UCSC ( http://genome.ucsc.
edu/ ), and PROMO ( http://alggen.lsi.upc.es/cgi-bin/promo _ v3/promo/
promoinit.cgi?dirDB=TF _ 8.3#opennewwindow). We predicted four cis-
elements for binding with the transcription factors NF-kB, TFAP, KLF9,
and Sp3 in −146 to −12 sequence of PADI4 ( Fig. 6 B), suggesting that
these transcription factors may be involved in regulating the transcription
of PADI4 . Furthermore, mutations in the NF-kB, TFAP, KLF9, or Sp3
binding site of −146/ + 120 region was separated cloned into pGL3-basic and
there were significantly reduced luciferase activity compared with control,
and mutation of the KLF9 binding site of −146/ + 120 region showed the
lowest luciferase activity ( Fig. 6 C), suggesting that KLF9 palys a vital role in
regulating of PADI4 transcription. To test whether KLF9 actually binds to
the PADI4 promoter in HCT116 cells, a ChIP assay were performed. The
KLF9 binding site was amplified with a pair of primers, which resulted in
a band of 130 bp. No bands were amplified when the control IgG was used
( Fig. 6 D). Collectively, these findings suggested that KLF9 plays a prominent
role in the transcription of the PADI4 gene. 

PAD4 promotes GSK3 β-mediated nuclear CDKN1A 

ubiquitination-degradation in CRC cells 

To inspect the downstream molecular mechanisms by which PAD4-
GSK3 β axis contribute to CRC progression, differentially expressed genes
(DEGs) were identified in HCT116 cells and PAD4-overexpressing HCT116
cells using RNA-sequencing. Using fold change > 2 and p value < 0.05 as
statistical cutoffs, we detected 290 genes that were up-regulated and 152 genes
that were down-regulated after PAD4 over-expression in HCT116 cells. The
DEGs are presented in a heat map plot and volcano plot ( Fig. 7 A and S3A)
(Table S4). The significantly up-regulated genes were analyzed for pathway
enrichment using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. The top 15 enriched pathways are presented in Fig. 7 B, which
shows that these genes are involved in several important pathways, such as
pathways in cancer (47 DEGs), PI3K-Akt (20 DEGs), MAPK (18 DEGs),
and the Hippo signaling pathway (18 DEGs). Among the upregulated genes,
CDKN1A existed in 11 of the top 15 enriched pathways. And GSK3 β
can phosphorylate CDKN1A to contribute its degradation [47] . Therefore,
CDKN1A was subjected for further analysis. 

Western blot showed that there was no change in the total expression of
CDKN1A in the PAD4-overexpressing HCT116 cells ( Fig. 7 C). However,
the expression of nuclear CDKN1A was significantly decreased ( Fig. 7 D).
Moreover, silencing GSK3 β increased the expression of nuclear CDKN1A
in the PAD4-overexpressing HCT116 cells, suggesting that PAD4 decreased
the expression of nuclear CDKN1A through GSK3 β. To determine
hether ubiquitination is involved in nuclear CDKN1A degradation, the 
uclear CDKN1A protein was immunoprecipitated using an anti-CDKN1A 

ntibody from the nuclear extract of PAD4-overexpressing HCT116 cells. 
hen, the ubiquitination level of CDKN1A was analyzed by immunoblotting
ith an anti-ubiquitin antibody. The western blotting showed that the ectopic

xpression of PAD4 increased ubiquitination level of nuclear CDKN1A. 
owever, GSK3 β-silencing significantly decreased the up-regulated nuclear 
DKN1A ubiquitination due to the high expression of PAD4 ( Fig. 7 E),

uggesting that PAD4 degrades CDKN1A through GSK3 β in an ubiquitin-
ependent proteasome manner in HCT116 cells. Taken together, our 
ndings demonstrated that PAD4 interacts with and citrullinates GSK3 β,
hich increases the nuclear localization of GSK3 β, and nuclear GSK3 β
egrades CDKN1A in a ubiquitin-dependent way to induce the progression
f CRC ( Fig. 7 F). 

iscussion 

The family of PADs has five highly conserved PAD enzymes ( I-IV and VI )
 7 , 8 ] and each exhibits specific tissue distribution and substrate specificities
10] . PAD1 mainly exists in human skin epidermis [48] which is involved in
pidermal cornification [49] . PAD3 is primarily localized in the hair follicles
50] and mutations in PADI3 gene are associated with central centrifugal
icatricial alopecia (CCCA) [51] . PAD6 is preferentially expressed in the adult
vary [ 52 , 53 ]. The absence of the PAD6 protein or mutations in PADI6
ene contribute to female fertility [ 54 , 55 ]. There are few reports on the
elationship between PAD1/PAD3/PAD6 and cancers. PAD2 and PAD4 
lay vital roles in several cancers. They regulate cancer development through
itrullinating histone and regulating genetic transcription [ 56 , 57 ]. In CRC,
e had detected the expression of PADI1, PADI2, PADI3 PADI4 and PADI6

n 24 pairs of CRC tissues and control tissues. The expression of PADI1 and
ADI3 are low in CRC and adjacent tissues PADI1 can only be detected in
5 pairs of 24 pairs of CRC tissues, and PADI3 can be detected in 12 pairs
f 24 pairs of CRC tissues. RT-qPCR results showed that PADI1 (11 of 15,
 = 0.0241) and PADI3 (7 of 12, p = 0.0296) were significantly increased
n CRC tissues compared with the control (Fig. S5 A and S5 C). Similar
esults were observed in human CRC samples compared with matched non-
RC tumors from The Cancer Genome Atlas (TCGA) database (Fig. S5 E

nd F); PADI6 (18 of 24, p = 0.0312) was significantly decreased in CRC
issues compared with the control (Fig. S5D); PADI2 (18 of 24, p < 0.0001)
as significantly decreased in CRC tissues compared with the control (Fig.
5B). Furthermore, PAD2 expression was also obvious declined in CRC
amples compared with matched controls from TCGA database and the
PTAC database (Fig. S5G and S5H). PADI4 was significantly higher in 14
f the 24 tumor tissues compared with their corresponding non-cancerous
ontrols ( Fig. 1 A). Similar results were observed in human CRC samples
ompared with matched non-CRC tumors from the CPTAC database 
 Fig. 1 G). Collectively, PAD2 and PAD4 are related to cancers, and among
hich only PAD4 is highly expressed in CRC. So we selected PAD4 as the

arget in our study. 
Up to now, little is known on the role of PAD1, PAD3 or PAD6 in

RC. However, there are several reports about PAD2 in CRC. Funayama
t al. [58] reported that PAD2 was decreased in CRC tissues and inhibited
he proliferation of CRC cells. Furthermore, Qu et al. [59] reported
hat small molecule nitazoxanide inhibits Wnt signaling through targeting 
AD2 in CRC cells. NTZ increased the activity of PAD2 which leads
o the citrullination and degradating of β-catenin. However, Chen et al.
60] reported that lncRNA HOXA11-AS promoted liver metastasis of CRC
atients through sponging miR-125a-5p and increasing PAD2 expression. 

Increasing amounts of evidences from basic and clinical studies support
he crucial roles of PAD4 in the onset and progression of cancers. PAD4
s highly expressed in multiple cancer types, including CRC, lung cancer,
ancreatic cancer, osteosarcoma, esophageal squamous cell carcinoma, GC, 

https://jaspar.genereg.net/
http://genome.ucsc.edu/
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3#opennewwindow
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Fig. 6. KLF9 contributes transcription of PADI4 gene in CRC cells. (A) Identification of minimum promoter sequence of PADI4 . HCT116 cells were 
transfected with the indicated constructs and assayed for luciferase activity after 48 h. Luciferase activity is expressed as fold increase over a control vector 
pGL3-Basic. (B) Putative transcription factor-binding sites of the minimal promoter of PADI4 . (C) Site-directed mutation was carried out on the putative 
transcription factor-binding sites spanning the -146/-12 region. (D) ChIP assay using anti-KLF9 antibody or IgG was performed on chromatin from HCT116 
cells to identify the association of KLF9 and PADI4 promoter. All the experiments are conducted in three biological replicates. 
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Fig. 7. PAD4-dependent citrullination of GSK3 β promotes degradation of CDKN1A in CRC cells. (A) Heat map showing DEGs in HCT116 cells transfected 
with FLAG-PAD4. (B) KEGG pathway enrichment analysis of up-regulated genes of FLAG-PAD4 transfected HCT116 cells. (C) Western blot analysis of 
CDKN1A expression in simix-GSK3 β and FLAG-PAD4 co-transfected HCT116 cells. (D) Expression of CDKN1A in cytoplasmic and nuclear extracts 
from simix-GSK3 β and FLAG-PAD4 co-transfected HCT116 cells. (E) Ubiquitin levels of CDKN1A from cell nucleus in simix-GSK3 β and FLAG-PAD4 
co-transfected HCT116 cells. (F) Schematic diagram of PAD4/GSK3 β/CDKN1A signaling axis for CRC progression. All the experiments are conducted in 
three biological replicates. 
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and nasopharyngeal carcinoma [ 23-25 , 61 , 62 ]. Moreover, there is also a
significant increase in PAD4 expression in the blood of patients with various
tumors [63] . PAD4 is also frequently correlated with clinicopathological
parameters and the prognosis of various tumors, e.g., higher PAD4 expression
corresponds with a poorer prognosis for patients with human pancreatic
cancer [64] . Guo et al. reported that PAD4 is increased in osteosarcoma
nd upregulated PAD4 is connected with larger tumor size [26] . Zhai et al.
dentified that higher PAD4 is related to positive pulmonary metastasis in
steosarcoma [30] . In our study, PAD4 expression was significantly higher
xpressed in CRC tissues and cells. ROC curve showed the area under the
OC curve (AUC) PAD4 was 0.7457. Furthermore, high PAD4 expression

n CRC tissue was strongly correlated with increased tumor size and positive
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lymphatic metastasis ( p < 0.05). Taken together, these results demonstrated
that there is a possible link between increased expression of PAD4 and
cancer progression, and PAD4 could serve as a new diagnosis biomarker and
therapeutic target of various cancers. 

PAD family members are highly conserved and the conservation of the
primary structure is approximately 50% [65] , and it is necessary to identify
whether over-expression of PADI4 influence the transcription of other PAD
family members. RT-qPCR was carried out, and the result showed that PADI4
expression was significantly increased in PAD4-overexpressed cells compared
with the control HCT116 and SW480 cells. However, expression of PADI1,
PADI2, PADI3 and PADI6 showed little changes compared with the controls,
suggesting that over-expression of PADI4 did not affect the transcription of
PADI1, PADI2, PADI3 , and PADI6 in CRC cells HCT116 and SW480 cells
(Fig. S5 I and S5J). 

PAD4 is involved in tumor development by citrullinating histone
substrates and non-histone proteins. Histones H4 and H2A are the most
extensively studied target proteins, and both have identical N-terminal
MSGR sequences, the arginine of which is citrullinated by PAD4. To explore
the potential targets of PAD4 interaction, we obtain all human protein
sequences from the UniProt database, and then use the python programming
language to search the proteins beginning with MSGR. Among the identified
proteins, GSK3 β is a serine/threonine protein kinase that plays vital roles
in multiple tumor types. PAD4 citrullinated GSK3 β and promoted the
nuclear location of GSK3 β. To detect the location of PAD4 in CRC, confocal
assay was conducted in normal colon cells NCM460 and CRC cells. Results
indicated that PAD4 was expressed in both the nucleus and cytoplasm, but
mainly in the nucleus of cells. There was no significantly difference of PAD4
location in CRC cells compared with normal colon cells NCM460 (Fig. S6).

Aberrant nuclear accumulation of GSK-3 β has been identified as a
hallmark of cancer cells in malignant tumors, and the NLS motif, N-terminal
tail, and tyrosine 216 phosphorylation have been found to be involved in the
nuclear localization of GSK3 β [ 11 , 66 ]. Sonja et al. [11] demonstrated that
PAD4 is an important post-translational modifier of GSK3 β that regulates
nuclear location of GSK3 β by citrullinating its N-terminal domain. Both of
us found that PAD4 citrullinates GSK3 β and promotes nuclear translocation
of GSK3 β, which is consistent with each other. However, Sonja reported that
PAD4-mediated citrullination of nuclear GSK3 β is found to inhibit EMT
and suppress the development of breast cancer. Our results demonstrated
that PAD4 citrullinates GSK3 β at Arg-344 of the C domain to induce
GSK3 β nuclear translocation and thus promote CRC progression. Therefore,
we speculated that the molecular mechanisms of PAD4 are different among
different cancers and specific to cancer type. 

Accumulating evidence suggests that CDKN1A expression correlates
with tumorigenesis and progression [ 67 , 68 ]. CDKN1A is an important
regulator of cell cycle checkpoints and a major transcriptional target of the
p53 protein. In general, CDKN1A binds to and inhibits the activity of
cyclin dependent kinases Cdk1 and Cdk2 and blocks the cell cycle after
DNA damage [69] . Several studies have shown that GSK3 β phosphorylates
CDKN1A and induces CDKN1A degradation of urothelial carcinoma cells
via an ubiquitination-dependent pathway [ 47 , 70 ], which was consistent with
ours. 

In conclusion, the up-regulation of PAD4 in CRC is a potential indicator
of aggressive CRC phenotypes. PAD4 down-regulates CDKN1A expression
through the citrullination of GSK3 β C domain to induce proliferation and
migration of CRC cells. Citrullination of the C terminus is a completely new
standpoint in regulation of the location of GSK3 β, and we expect future
studies committed to explor the function of citrullination of GSK3 β in CRC.
Moreover, this is the first study to reveal the important role of the PAD4–
GSK3 β–CDKN1A axis in CRC, which provides a potential therapeutic
target in CRC. However, further investigation is needed to search for other
regulatory machineries of PAD4 in CRC progression. 
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