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Recently, an increasing number of evidences have shown that polyploid giant cancer

cells (PGCCs) could generate daughter cells with a strong migration and invasion

ability, which have been implicated in cancer recurrence and metastasis. However,

the underlying molecular mechanisms of PGCCs with their daughter cells remain

largely unclear. In vitro and in vivo experiments combined with 222 cases of human

colorectal cancer (CRC) samples were used to identify the molecular mechanisms

of S100A4-related proteins regulating the invasion and metastasis of PGCCs with

their daughter cells. PGCCs with their daughter cells had high migration, invasion,

and proliferation abilities compared to control cells; these were significantly inhibited

after S100A4 knockdown. The high expression of cathepsin B, cyclin B1, TRIM21,

and Annexin A2 were significantly downregulated after S100A4 knockdown, while the

overexpression of S100A4, cathepsin B, cyclin B1, and S100A10 were significantly

downregulated after TRIM21 knockdown in PGCCs with their daughter cells. The

tumorigenic and metastatic ability of PGCCs with their daughter cells in vivo was

significantly stronger compared to the untreated cells, which was significantly decreased

after S100A4 knockdown. Moreover, the expression of S100A4-related proteins was

positively correlated with the malignancy degree of human CRC, and maintained a high

level in lymph node metastasis. S100A4 and TRIM21 may regulate each other to affect

the expression and subcellular localization of cyclin B1, and participate in regulating

the structure and function of Annexin A2/S100A10 complex, affecting downstream

cathepsin B, resulting in the invasion and metastasis of PGCCs with their daughter cells.

Besides, 14-3-3 ζ/δ and Ezrin may be involved in the motility and invasion of PGCCs with

their daughter cells via cytoskeletal constructions with S100A4.
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INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed
new cancer (10.2%) and is the second leading cause of death
(9.2%) among cancer patients in both sexes worldwide (1).
According to the global cancer statistics, over 1.8 million new
CRC cases and 880,000 CRC deaths are expected in 2018, which
accounts for about 1 in 10 total new cancer cases and deaths
(1). Regardless of the remarkable improvement in diagnosis and
treatment of CRC, distant metastasis and postoperative relapse
remain the leading causes for the unsatisfactory 5-year survival
rate and poor prognosis of CRC patients (2, 3).

Recently, numerous reports had showed that cobalt chloride
(CoCl2) could induce the formation of polyploid giant cancer
cells (PGCCs) (4, 5). PGCCs, a special subpopulation of cancer
cells, are defined by size and morphology, and not cell surface
markers (6, 7), and are considered the seed cells fueling the
growth, metastasis, chemoresistance, recurrence, and patients’
prognosis in many kinds of human malignant tumors (6–
10). PGCCs have many properties of cancer stem cells and
contribute to malignant solid tumor heterogeneity (5, 10). The
number of PGCCs is more in high-grade malignant tumors
than in their low-grade counterparts, more in relapse after
chemotherapy than in that before chemotherapy, andmore in the
metastatic foci than in the primary sites (6, 9). PGCCs and their
generating daughter cells via asymmetric cell division acquire
a mesenchymal phenotype and express less epithelial markers,
which correlates with tumor cell infiltration and invasion (6, 11).
However, the underlying molecular mechanisms involved in
the invasion and metastasis of PGCCs and their daughter cells
remain largely unclear.

We previously used a high-throughput iTRAQ-based
proteomic methodology coupled with liquid chromatography-
electrospray ionization tandem mass spectroscopy to determine
the differentially expressed proteins in the HEY and SKOv3
human ovarian cancer cell lines with and without CoCl2
and confirmed that S100A4 was significantly upregulated
in PGCCs and their budding daughter cells (11). S100A4, a
metastasis-related protein, also named calvasculin, metastasin,
p9Ka, 18A2, 42A, CAPL, pEL-98, and fibroblast-specific
protein, is a member of S100 calcium-binding protein family
(12). The human S100A4 protein is an X-type four-helix
bundle symmetrical homomeric dimer, which is coded by the
S100A4 gene (localized in chromosome 1q21) and contains
101 amino acid residues with molecular masses of 10–12
kDa (13). S100A4 was first identified to correlate with cancer
metastasis in 1989, followed by the finding that high S100A4
transfection could strengthen the tumorigenic potential and
metastatic phenotype in vivo (14, 15). S100A4 contributes to
the progression and metastasis of numerous cancers via both
intracellular and extracellular pathways, which influence the

Abbreviations: CRC, colorectal cancer; CoCl2, cobalt chloride; PGCCs, polyploid

giant cancer cells; FBS, fetal bovine serum; PBS, phosphate-buffered saline;

ICC, immunocytochemical; WB, western blotting; siRNAs, small interfering

RNAs; PC, positive control; NC, negative control; MC, mock control; Co-IP, co-

immunoprecipitation; MS, mass spectrometry; H&E, hematoxylin and eosin; IHC,

immunohistochemical; TRIM21, tripartite motif-containing 21.

stability of lamellipodia and chemotactic cell migration through
the targeting of the intracellular cytoskeleton and extracellularly
stimulating angiogenesis, promoting the secretion of various
cytokines from cancer cells (16, 17). Here, this study was to
investigate the underlying molecular events concerning S100A4
in PGCCs with their daughter cells contributing to the invasion
and metastasis of human CRC in vivo and in vitro, which might
lead to a better understanding of CRC progression.

MATERIALS AND METHODS

Cell Lines and Culture
The human CRC cell lines in this study (LoVo and HCT116)
were achieved from the American Type Culture Collection.
LoVo and HCT116 were both cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100µg/mL streptomycin (Complete medium).
The above agents were obtained from Thermo Fisher Scientific.
The cells were incubated at 37◦C and conditions of 5% CO2

under moderate humidity.

Formation of PGCCs Induced by CoCl2
Treatment
Four hundred fifty micrometers CoCl2 (Sigma-Aldrich, St. Louis,
MO, USA) was added in the medium of LoVo and HCT116
for different durations based on their individual resistance to
hypoxia. After CoCl2 treatment, most of cells were died while
a few giant cells survived. We have described the properties of
PGCCs in our previous published papers (5, 18–20). Ten days or
so after CoCl2 treatment, the surviving PGCCs could generate
daughter cells through asymmetric cell division. After treatment
with CoCl2 3–4 times, the PGCCs occupied 20–30% total cells
and 70–80% were the PGCCs-derived daughter cells. Based on
the long-term experimental data and observation, we defined the
PGCC as a cancer cell that was at least three times larger in size
than that of regular cancer cells. The size of each PGCC nucleus
was measured using a micrometer in our study.

Cell Migration Assay
Cell migratory ability of LoVo and HCT116 was performed
by wound-healing assay and transwell migration assay. Cells
overgrowed the 6-well plates; then, scratched the monolayer cells
by sterile pipette tips uniformly, washed away the cast-off cells
with phosphate-buffered saline (PBS), and incubated in serum-
freemedium. Image-J software was used tomeasure the scratched
area. Cell migratory ability of wound-healing was assessed using
the following formula: [(wound area at 0 h) – (wound area at
indicated 24 h)] / (wound area at 0 h) (6). A higher score indicates
a better migratory ability.

Cell culture inserts (8µm; Corning Inc.; 24-well plate) were
used in transwell migration assay. 10 × 104 cells in 200 µL
medium (supplemented with 1% FBS) were seeded in the upper
chamber, while 600 µL medium (supplemented with 20% FBS)
was added in the lower chamber. After incubating for 24 h, fixed
the cell culture inserts with absolute methanol for 30min and
then stained using 0.1% crystal violet for 30min. Cell migratory
ability of transwell migration assay was assessed by the method:
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counting the average number of stained cells per field (100×, at
least five different fields). The more stained cells, the better cell
migratory ability.

Cell Invasion Assay
Cell invasive ability was performed by the transwell invasion
assay (8µm; Corning Inc.). Added the cell suspensions
(including 5 × 105 cells in 200 µL medium supplemented with
1% FBS) onto the inserts which were pre-coated with matrigel
basement membrane matrix. Then, placed the inserts in the
bottom chamber contained 600 µL medium (supplemented with
1% FBS), incubating for 24 h. Fixed the inserts with absolute
methanol for 30min and then stained with 0.1% crystal violet
for 30min. Cell invasive ability of transwell invasion assay was
assessed by counting the average number of stained cells per field
(100×, at least five different fields). The more stained cells, the
better cell invasive ability.

Plate Colony Formation Assay
Cultured tumor cells in the logarithmic phase and 60, 120, and
240 cells were seeded into 6-well plates, followed by incubation
for 2 weeks. When macroscopic cell colonies appeared in the
bottom of the plate, the cells were fixed with absolute methanol
for 20min, and then stained the cell colonies with 0.1% crystal
violet for 30min. Counted the number of cell colonies visually
using a microscope (clusters containing ≥50 cells were counted
as a single colony). The colony formation efficiency was defined
as the number of cell colonies/seeded cells.

Western Blots (WB) Analysis
WB analyses were carried out to detect the expression of
molecules related to S100A4 in LoVo and HCT116 cells and
nude mice tumor tissues. The total, nuclear, and cytoplasmic
protein were extracted by the corresponding manufacturer’s
instructions, respectively (Thermo Fisher Scientific, Inc.).
Detailed WB procedures were performed as described previously
(6). Information regarding the antibodies used has been listed
in Table S1. And β-actin was indicated as the protein-loading
control in this study. Quantitative analysis of the gray value of
target protein band was normalized to that of the loading control
band. The gray value of each protein band was determined by
Image-J. All WB experiments were repeated multiple times.

Immunocytochemical (ICC) and
Immunofluorescence Staining
Monolayer cells were cultured on glass coverslips until they
attained 70–80% confluence and were then fixed with 75%
ethanol for 30min. After being washed with PBS thrice, these
slides were incubated with endogenous peroxidase inhibitor for
15min, and blocked with goat serum for 20min, followed by
treatment with different primary antibodies at 4◦C overnight
(information regarding the antibodies used has been listed
in Table S1). The slides were then incubated with biotin-
labeled goat anti-mouse/rabbit IgG for 20min and horseradish-
labeled streptomycin for 15min. Detailed ICC analysis was
performed referring to the instructions of Biotin-Streptavidin
HRP Detection Systems (SP-9000, Zhongshan Inc.). PBS was
used as a negative control to replace the primary antibody.

For immunofluorescence staining, the cells were incubated
with primary antibodies 4◦C overnight (information regarding
the antibodies used has been listed in Table S1), followed
by reacting with the fluorescein (FITC)-conjugated Affinipure
Goat Anti-Rabbit IgG(H+L) (SA00003-2, Proteintech) at room
temperature for 30min. The nuclei were visualized with DAPI.
The cell morphology was visualized and photographed with
fluorescence microscopy.

Transient siRNA Transfection
Cells (∼40–60% confluence) were transfected for 48–72 h
with small interfering RNAs (siRNAs) targeted to the human
S100A4 and tripartite motif-containing 21 (TRIM21) genes
(sequences of siRNAs have been listed in Table S1) at a 50-nM
concentration (pre-experimental conditions have been shown
in Figures S1A,B). The siRNA sequences were constructed by
Shanghai Genepharma and transfected with the lipofectamine
RNAiMax (Thermo) [siRNA: lipo= 20:1 (pmol:ul)].

Co-immunoprecipitation (Co-IP) and Mass
Spectrometry (MS)
Cells were lysed with IP lysis buffer (Thermo) containing 1×
Halt Protease & Phosphatase Inhibitor Cocktail for 30min
on ice, followed by centrifugation at 14,000 g for 10min.
The samples were then incubated with rabbit anti-S100A4
monoclonal antibodies (IP application, 1:50) at 4◦C overnight;
normal rabbit IgG (Beyotime, Shanghai, China) was used as
the negative control. Next, pre-washed protein A/G agarose
beads (Thermo) was added to the mixture and mixed for
2 h at 4◦C on a roller. After washing and centrifugation, the
immunoprecipitates were examined by silver staining and WB
using anti-S100A4 antibodies. MS analysis of coprecipitation
substrates was performed using tandem mass spectrometry
(MS/MS) in Q ExactiveTM plus (Thermo) coupled online
to the ultra-performance liquid chromatography system for
the acquisition of MS/MS data. The peptides were identified
and quantified using Proteome Discoverer 1.3. The peptide
confidence was set at high, and peptide ion score was set at a
value >20.

Animal Experiments
Fifty-five BALB/cNU/NU nude mice (7 weeks old) were obtained
from Beijing Weitonglihua Co. Ltd. Thirty nude mice injected
with LoVo and 25 nude mice injected HCT116, which were
both divided into three groups, including control cells without
CoCl2 treatment (Control), PGCCs with their daughter cells
(Treatment), PGCCs with their daughter cells after S100A4
knockdown (Si-Treatment). 1 × 106 cells were resuspended in
200µL of PBS and injected in the right flank of each mouse.
Starting on the 11th day after LoVo cell inoculation and 7th day
after HCT116 cell inoculation, tumors were visible and measured
every other day. The tumor volume (mm3)= (length×width2)/2
(21). On the 37th day and 19th day after inoculation, the
LoVo cell-injected and HCT116 cell-injected mice, respectively,
were sacrificed, and the tumor, liver, and lung tissues were
harvested. The animal study was approved and supported by the
Institutional Animal Care and Use Committee of Tianjin Union
Medicine Center.
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Hematoxylin & Eosin (H&E) Staining
Four micrometers-thick sections of the paraffin-embedded
tissues were subjected to deparaffinization, rehydrated, and
counterstained with hematoxylin and eosin for 1min; then
dehydrated, made transparent, and mounted onto coverslips.

Human Tissues Samples
All the human CRC paraffin-embedded tissue samples (n= 222)
were obtained from 2009 to 2013 in the Department of
Pathology of Tianjin Union Medical Center. All cases were
histologically diagnosed, and none received treatment prior to
surgical resection of the tumor. The cases were divided into
four groups: 51 well-differentiated CRC primary focus (group
I), 55 moderately differentiated CRC primary focus (group II),
52 poorly differentiated CRC primary focus (group III), and 64
lymph node metastasis (group IV). The use of these human tissue
samples was approved and supported by the Hospital Review
Board of Tianjin UnionMedicine Center. All patient information
will be kept strictly confidential.

Immunohistochemical (IHC) Staining and
Quantification
IHC staining was performed according to the protocol of Biotin-
Streptavidin HRP Detection Systems (SP-9000, Zhongshan Inc.);
the detailed information of antibodies was listed in Table S1

and detailed process has been described previously (6). The sum
of the positive cell ratio score and staining intensity score was
defined as the final score (staining index) of each case. The
positive cell ratio score was defined as follows: 0, <5%; 1, ≥5%
and <30%; 2, ≥30% and <50%; 3, ≥50%. The staining intensity
score was defined as follows: 0, no staining (negative); 1, faint
yellow (weak); 2, brownish-yellow (moderate); 3, brown (strong).

Statistical Analysis
SPSS 17.0 statistical software (IBM Corporation, Armonk, NY)
was utilized to analyze all data in this study. The comparisons
of tumor growth in the inoculated nude mice and protein
expression levels in human CRC tissues were both analyzed by
the Kruskal-Wallis test. The comparisons between two groups
in tumor growth and in protein expression levels were both
analyzed by the Mann-Whitney test. The Pearson’s chi-square
(χ2) test was performed to compare the tumor formation rate
and metastasis rate, and some comparisons were analyzed by
the two-tailed Student’s t-test. Data of tumor growth in nude
mice and protein expression in human tissues and all histogram
data were expressed as mean ± SD. ∗P < 0.05 was considered
statistically significant.

RESULTS

Change of Migration, Invasion,
Proliferation and the Expression of S100A4,
Cathepsin B, and Cyclin B1 After CoCl2
Treatment
LoVo and HCT116 were cultured in complete medium
(Figures 1Aa,c). On treating cells with 450µM CoCl2 for

48–72 h, almost all the tumor cells were eliminated except few
survived PGCCs (Figures 1Ab,d). The nature of PGCCs had been
confirmed in our previous researches, exhibiting multinucleated
giant cells and mononuclear giant cells. Approximately 15 day
after treatment, several daughter cells were generated by PGCCs
via budding (Figures 1Ae,g). When PGCCs and their daughter
cells approached 80% confluence, treatment with the same CoCl2
concentration and incubated time was re-administered. After
CoCl2 treatment for 3–4 times, more PGCCs were observed
among LoVo cells (Figure 1Af) and HCT116 cells (Figure 1Ah).
More PGCCs generating more daughter cells that attained a
confluence of 70–80% were used for later analyses, which was
claimed to be the group of treatment.

The wound spaces between the red dashed lines in LoVo
(Figures 1Ba,c) and HCT116 cells (Figures 1Be,g) before and
after treatment at 0 h was narrowed at 24 h (Figures 1Bb,d,f,h),
which showed a significant increase in migration of PGCCs with
their daughter cells among LoVo and HCT116 (Figure 1Bi)
cells. Moreover, transwell assay indicated that cells after
treatment had stronger migratory (Figures 1Cc,g,Ea) and
invasive (Figures 1Cd,h,Ea) abilities than control cells
(Figures 1Ca,e,b,f,Ea). The Plate colony formation assay
was carried out to detect the proliferative ability of LoVo and
HCT116 cells before (Figures 1Da,c,g,i) and after treatment
(Figures 1D,d,f,j,l), indicating a higher proliferation capacity in
cells after treatment than control cells (Figure 1Eb).

The expression of metastasis-related protein S100A4 was
higher in cells after treatment than before treatment, whose
upregulation occurred primarily in the cytoplasm and partly in
the nucleus of daughter cells (Figures 1F,Ga,g,d,j,Ha). Cathepsin
B was associated with cell motility via disruption of the
extracellular matrix, whose expression was also higher in cells
after treatment than in control cells, and this upregulation
occurred completely in the cytoplasm (Figures 1F,Gb,h,e,k,Hb).
Cyclin B1 localized in cytoplasm during the interphase and
translocated to the nucleus, thereby triggeringmitosis (22), which
was upregulated in cells after treatment compared to control
cells (Figures 1F,Gc,i,f,l,Hc, 2a–d). In PGCCs, cyclin B1 was
primarily localized in the cytoplasm involved in the formation
of PGCCs via G2/M phase arrest, and then PGCCs generated
daughter cells positively expressing cyclin B1 in the nucleus,
correlated to the high proliferation activity (Figures 1Gi,l, 2b,d).
Thus, the increase of S100A4, cathepsin B, and cyclin B1
might together contribute to robust migration, invasion, and
proliferative abilities of PGCCs with their daughter cells, in which
the nuclear translocation of S100A4 and cyclin B1 in daughter
cells was also involved.

S100A4 Affects Cell Function Cooperating
With S100A4-Related Proteins in PGCCs
and Daughter Cells
Four siRNAs (116/153/240/358) targeting different sites of
human S100A4, an siRNA targeting GAPDH as the positive
control (PC), an unrelated homologous sequence as the negative
control (NC), and the mere lipofectamine RNAiMax as the
mock control (MC) were transfected in LoVo and HCT116
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FIGURE 1 | Migration, invasion, proliferation, and expression of S100A4, cathepsin B, and cyclin B1 after CoCl2 (*P < 0.05). (A) Morphologic features before and

after CoCl2 (100×). (a) LoVo and (c) HCT116 control cells. (b) LoVo and (d) HCT116 after treatment for 48-72 h, red arrows indicate the PGCCs. (e) LoVo and (g)

HCT116 PGCCs generating daughter cells via budding after the recovery, red arrows indicate the PGCCs. (f) LoVo and (h) HCT116 show more PGCCs after treatment

for 3–4 times, red arrows indicate the PGCCs. (B) Wound-healing before and after treatment (100×). LoVo control cells at 0 h (a) and 24 h (b). LoVo after treatment at

0 h (c) and 24 h (d). HCT116 control cells at 0 h (e) and 24 h (f). HCT116 after treatment at 0 h (g) and 24 h (h). (i) Wound-healing index before and after treatment.

(C) Transwell assay before and after CoCl2 (100×). (a) Migration and (b) invasion of LoVo control cells. (c) Migration and (d) invasion of LoVo cells after treatment. (e)

Migration and (f) invasion of HCT116 control cells. (g) Migration and (h) invasion of HCT116 cells after treatment. (D) Colony formation before and after CoCl2. (a) 60,

(b) 120, and (c) 240 LoVo control cells. (d) 60, (e) 120, and (f) 240 LoVo cells after treatment. (g) 60, (h) 120, and (i) 240 HCT116 control cells. (j) 60, (k) 120, and (l) 240

HCT116 cells after treatment. (E) (a) Cell migration and invasion before and after treatment. (b) Colony formation efficiency before and after treatment. (F) The total,

cytoplasmic (con-cyt and tre-cyt), and nuclear (con-neu and tre-neu) expression of S100A4, cathepsin B, and cyclin B1 before and after treatment. (G) ICC staining of

S100A4, cathepsin B, and cyclin B1 before and after treatment (400×). (a) S100A4 (b) cathepsin B (c) cyclin B1 in control LoVo cells. (d) S100A4 (e) cathepsin B (f)

cyclin B1 in control HCT116 cells. (g) S100A4 (h) cathepsin B (i) cyclin B1 in LoVo cells after treatment. (j) S100A4 (k) cathepsin B (l) cyclin B1 in HCT116 cells after

treatment. (H) Comparison of S100A4 (a), cathepsin B (b), and cyclin B1 (c).
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FIGURE 2 | Immunofluorescence staining showed the expression levels and cellular localization of cyclin B1, Annexin A2, and S100A10 before and after CoCl2
treatment (400×). (a) Cyclin B1 in LoVo control cells. (b) Cyclin B1 in LoVo cells after treatment. (c) Cyclin B1 in HCT116 control cells. (d) Cyclin B1 in HCT116 cells

after treatment. (e) Annexin A2 in LoVo control cells. (f) Annexin A2 in LoVo cells after treatment. (g) Annexin A2 in HCT116 control cells. (h) Annexin A2 in HCT116

cells after treatment. (i) S100A10 in LoVo control cells. (j) S100A10 in LoVo cells after treatment. (k) S100A10 in HCT116 control cells. (l) S100A10 in HCT116 cells

after treatment.

PGCCs and daughter cells. siRNA-116/153/240/358 all had good
inhibiting efficiency in LoVo (Figures S1CDa,Ea) and HCT116
(Figures S1Ca,D,Eb) cells after treatment than with siRNA-
PC/NC/MC. Compared with siRNA-PC, WB revealed a robust
interfering efficiency of GAPDH in LoVo and HCT116 cells
after treatment (Figures S1Cb,D). Here, we chosen siRNA-153
as S100A4 knockdown (si-S100A4) and siRNA-NC as a negative
control of S100A4 knockdown (si-Control) for later analysis.

Cathepsin B and cyclin B1 were both downregulated in
si-S100A4 compared to si-Control, and the downregulation
of cyclin B1 was primarily in the nucleus of daughter cells
(Figures 3A–C). The wound-healing assay revealed that healing
speed of si-S100A4 in cells after treatment was lower than that
in si-Control at 24 h after scratching (Figures 3Da,Ea). Similarly,
the transwell assay confirmed that migrated and invaded cells
of si-S100A4 in cells after treatment were significantly less than
those of si-Control (Figures 3Db,Eb). The plate colony formation
assay indicated a subdued proliferation ability in si-S100A4
compared to si-Control (Figures 3Dc,Ec). All data above indicate
that S100A4 may inhibit the migration and invasion of PGCCs
with daughter cells accompanied by the decrease of cathepsin B
and cyclin B1 (a significant decrease in the nuclear translocation
of cyclin B1 in daughter cells).

The positive IP results of S100A4 in PGCCs with daughter
cells were showed in Figure 3F. Based on the MS analysis

(Table S2), we detected that the expression levels of Annexin
A2 (Figures 2e–h, 3G,Ha,Ia), S100A10 (Figures 2i–l, 3G,Hb,Ib),
TRIM21 (Figures 3G,Hc,Ic), 14-3-3 ζ/δ (Figures 3G,Hd,Id), and
Ezrin (Figures 3G,He,Ie) were markedly lower in control cells
than in PGCCs with their daughter cells; these upregulations
occurring primarily in the cytoplasm, except for S100A10 and
Ezrin being upregulated in nucleus of daughter cells, suggests
that Annexin A2, S100A10, TRIM21, 14-3-3 ζ/δ, and Ezrin may
interact with S100A4 contributing to the migration and invasion
of PGCCs with their daughter cells.

Influence on the S100A4-Related Proteins
After S100A4 or TRIM21 Knockdown
Annexin A2 (Figures 4A,Ba,Ca) and TRIM21
(Figures 4A,Bc,Cc) were downregulated in si-S100A4 compared
to si-Control, and the downregulation occurred primarily in
the cytoplasm. There were no obvious differences in S100A10
(Figures 4A,Bb,Cb), 14-3-3 ζ/δ (Figures S1F,Ga,Ha), Ezrin
(Figures S1F, Gb,Hb) expression between si-S100A4 and si-
Control, but the nuclear translocation of S100A10 in daughter
cells was significantly reduced in si-S100A4.

TRIM21, as an E3 ubiquitin protein ligase, was detected in
S100A4 interacting proteins, speculated to be directly regulating
the ubiquitination of target protein S100A4, followed by
influencing degradation or localization or other functions of
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FIGURE 3 | S100A4 affects cell function cooperating with S100A4-related proteins in PGCCs with their daughter cells (*P<0.05). (A) WB showed the expression of

cathepsin B and cyclin B1 before and after S100A4 knockdown. (B) ICC staining of cathepsin B and cyclin B1 before and after S100A4 knockdown. Cathepsin B in

(a) LoVo and (b) HCT116. cyclin B1 in (c) LoVo and (d) HCT116. (C) Bar graph of WB band intensities for cathepsin B (a) and cyclin B1 (b) before and after S100A4

knockdown. (D) S100A4 knockdown of PGCCs and their daughter cells inhibits the migration, invasion, and proliferation. (a) Cell migration in si-S100A4 and si-Control

(Continued)
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FIGURE 3 | of LoVo (front part) and HCT116 cells (latter part) using wound-healing assay (100×). (b) Cell migration (upper panel) and invasion (lower panel) in

si-S100A4 and si-Control of LoVo (front part) and HCT116 (latter part) using transwell assay (100×). (c) Cell proliferation in si-S100A4 and si-Control of LoVo (front

part) and HCT116 (latter part) using plate colony formation assay. (E) Bar graph of (a) wound-healing, (b) transwell, and (c) plate colony formation before and after

S100A4 knockdown. (F) Western blots confirmed the results of S100A4 co-immunoprecipitation in LoVo and HCT116 cells after treatment. (G) Western blots

detected the total, cytoplasmic, and nuclear protein expression differences of Annexin A2, S100A10, TRIM21, 14-3-3 ζ/δ, and Ezrin in LoVo and HCT116 cells before

and after treatment (β-actin of Figure 1F was re-used here). (H) ICC staining of S100A4-related proteins in LoVo and HCT116 cells before and after treatment (400×).

(a) Annexin A2, (b) S100A10, (c) TRIM21, (d) 14-3-3 ζ/δ, (e) Ezrin in LoVo (front part), and HCT116 (latter part). (I) Bar graph of WB band intensities for the total,

cytoplasmic, and nuclear protein expression differences of Annexin A2 (a), S100A10 (b), TRIM21 (c), 14-3-3 ζ/δ (d), and Ezrin (e) in LoVo and HCT116 cells before and

after treatment.

FIGURE 4 | Influence on S100A4-related proteins after S100A4 or TRIM21 knockdown in PGCCs with daughter cells (*P< 0.05). (A) WB showed the expression of

Annexin A2, S100A10, TRIM21 before and after S100A4 knockdown (β-actin of Figure 2A was re-used here and was re-used in Figure S1F). (B) Bar graph of WB

band intensities for Annexin A2 (a), S100A10 (b), TRIM21 (c) before and after S100A4 knockdown. (C) ICC staining of Annexin A2 (a), S100A10 (b), TRIM21 (c) before

and after S100A4 knockdown. (D) WB showed the expression of S100A4, cathepsin B, cyclin B1, Annexin A2, S100A10 before and after TRIM21 knockdown

(β-actin was re-used in Figure S2D). (E) Bar graph of WB band intensities for S100A4 (a), cathepsin B (b), cyclin B1 (c), Annexin A2 (d), S100A10 (e) before and after

TRIM21 knockdown. (F) ICC staining of S100A4 (a), cathepsin B (b), cyclin B1 (c), Annexin A2 (d), S100A10 (e) before and after TRIM21 knockdown.
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S100A4. However, we confirmed that S100A4 was not regulated
via ubiquitination based on the analysis of S100A4 modification
sites in PGCCs with their daughter cells (Table S2). Followed
by, three siRNAs (122/404/891) targeting different sites of
human TRIM21, one siRNA targeting GAPDH in PC, one
unrelated homologous sequence in NC were transfected in
PGCCs with daughter cells. Based on successful inhibition of
TRIM21, we chosen siRNA-404 as TRIM21 knockdown (si-
TRIM21) and siRNA-NC as a negative control of TRIM21
knockdown (si-Control) for later analysis (Figures S2A–C).
S100A4 (Figures 4D,Ea,Fa), cathepsin B (Figures 4D,Eb,Fb),
cyclin B1 (Figures 4D,Ec,Fc), and S100A10 (Figures 4D,Ee,Fe)
were drastically downregulated in si-TRIM21 cells compared
to those in si-Control. However, si-TRIM21 did not influence
the expression of Annexin A2 (Figures 4D,Ed,Fd), 14-3-3
ζ/δ (Figures S2D,Ea,Fa), and Ezrin (Figures S2D,Eb,Fb). The
downregulation of cathepsin B mainly located in the cytoplasm,
while the decrease of S100A4, cyclin B1, and S100A10 were
primarily in the nucleus of daughter cells and partly located
in PGCCs cytoplasm. These results suggest that TRIM21 may
indirectly regulate S100A4 by affecting the expression and
subcellular localization of cathepsin B, cyclin B1, and S100A10.

S100A4-Related Proteins Positively
Correlate With Tumorigenesis in vivo and
the Malignancy of Human CRCs
Compared to untreated control cells, treatment (PGCCs with
their daughter cells) had higher tumorigenicity and metastasis,
evident from the tumor growth speed, size and the time of
tumorigenesis (Figures 5A,B and Table 1), while these high
tumorigenic and metastatic abilities significantly declined in
the group of si-treatment (PGCCs with their daughter cells
after S100A4 knockdown) (Figures 5A,B and Table 1). H&E
staining was performed to assess tumor morphology and
metastasis. Histological examination revealed that the resulting
tumor cells of control had a higher nucleus-to-cytoplasm
ratio with no necrosis (Figures 5Ca,g). In the si-treatment
group, hyaline degeneration occurred in most tumor cells
(Figures 5Cb,h) and necrosis (Figures 5Cc,i) was observed.
In the treatment group, many PGCCs were observed in the
tumor tissue, which is a common histological feature of high-
grade malignant tumors (Figures 5Cd,j). Furthermore, other
invasion- and metastasis-related morphological characteristics
include fatty (Figure 5Ce) and muscle infiltration (Figure 5Ck),
bidirectional differentiation (referred to as an epithelial-
mesenchymal transition characteristic; Figures 5Cf,l), and tumor
emboli (Figure 5Cm) in vessels were observed in treatment
group. In HCT116, some mice in treatment group had
liver (Figure 5Cn) and lung metastasis (Figure 5Co). Tumor
growth curves of LoVo (Figure 5Ba) and HCT116 (Figure 5Bb)
inoculated groups were plotted on the basis of tumor size,
measured every 2 days after tumor visualization. The data
revealed that tumor growth in the treatment was significantly
faster than that in control and si-treatment (Table 1).

The IHC staining intensity and positive percentage of S100A4
(Figure 5Da), cathepsin B (Figure 5Db), cyclin B1 (Figure 5Dc),
Annexin A2 (Figure 5Dd), S100A10 (Figure 5De), TRIM21

(Figure 5Df), and Ezrin (Figure 5Dh) gradually increased in
group I, group II, group III, and group IV. Nomarked differences
were observed among the four groups with regards to 14-
3-3 ζ/δ expression (Figure 5Dg). Staining indices of S100A4,
cathepsin B, cyclin B1, Annexin A2, S100A10, TRIM21, 14-3-3
ζ/δ, and Ezrin revealed significant differences (P= 0.000). Group
II exhibited higher staining indices for S100A4 (P = 0.035),
cathepsin B (P = 0.003), cyclin B1 (P = 0.000), Annexin A2
(P = 0.013), S100A10 (P = 0.000), TRIM21 (P = 0.000), and
Ezrin (P = 0.003) than group I, except for 14-3-3 ζ/δ (P =

0.643), and all indices were significantly higher in group III than
in group II. No significant differences were observed between
group IV and group III (Table 2). S100A4, cathepsin B, cyclin
B1, Annexin A2, S100A10, TRIM21, 14-3-3 ζ/δ, and Ezrin may
hence participate in tumor invasion depending on the grade
of human CRCs, and protein upregulation during lymph node
metastasis also suggests a positive correlation with metastasis in
human CRCs.

DISCUSSION

It is well-known that CRCs are a threat to human health
worldwide because of the high morbidity associated with them,
caused by the invasion and metastasis of tumor cells (1).
Increasingly, studies are indicating that PGCCs with budding
cells are highly correlated with malignant biological behaviors,
such as tumor metastasis, recurrence, and drug-resistant (8, 10,
23). In tumor tissues, PGCCs number, single stromal PGCC, and
PGCCs generating erythroid cells to form vasculogenic mimicry
had been used as risk factors of CRC metastasis (8, 18, 24). The
findings of this study help reveal the molecular events underlying
regulation of invasion and metastasis by S100A4 in CRC PGCCs
with their daughter cells.

As a metastasin, S100A4 is associated with numerous
cytoskeletal proteins, such as actin, myosin, and tropomyosin,
increasing the tumor progression and metastasis (19, 25–
27). Cathepsin B belongs to a family of lysosomal cysteine
proteases comprising disulfide-linked heavy and light chains,
which can directly or indirectly degrade the extracellular matrix
in tumor tissues (28). Inhibition of cathepsin B could reduce
liver metastases of CRC (29). Cyclin B1 is a key cell cycle
protein regulating the G2/M phase transition, contributing to
the formation of PGCCs, highly correlating with the invasion
and metastasis of various malignant tumors (30, 31). This study
confirmed that overexpression of S100A4, cathepsin B, and cyclin
B1 is associated with the increased infiltration and invasion of
CRC cell lines after CoCl2 treatment. Increased S100A4 in the
cytoplasm targeted the cytoskeleton, resulting in a change in
the cell shape; the nuclear translocation of S100A4 regulated
downstream targets affecting cell infiltration and invasion (32).
High expression of cathepsin B promotes cell infiltration, and
increase of cyclin B1 mainly locating in cytoplasm is indicative
of G2/M arrest resulting in the formation of PGCCs; the
daughter cells derived from PGCCs positively expressed cyclin
B1 in the nucleus contributing to the high proliferation activity.
PGCCs with their daughter cells are highly invasive, which was
suppressed after S100A4 knockdown along with the reduced
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FIGURE 5 | S100A4-related proteins positively correlate with tumorigenesis in vivo and the malignancy of human CRCs. (A) Characteristics of inoculated tumors with

control, treatment, and si-treatment cells. Nude mice inoculated with control, treatment, and si-treatment cells of LoVo (a) and HCT116 (b). (B) Tumor growth curves of

control, treatment, and si-treatment cells inoculated LoVo (a) and HCT116 (b). (C) H&E staining in control, treatment, and si-treatment inoculated cells (200×). (a) LoVo

(g) HCT116 control cells. (b) LoVo (h) HCT116 si-treatment and hyaline degeneration (red arrows). (c) LoVo (i) HCT116 si-treatment and necrosis (red arrows). (d) LoVo

(j) HCT116 treatment and PGCCs (red arrows) (400×). (e) LoVo treatment and fatty infiltration (k) HCT116 treatment and muscle infiltration (red arrows). (f) LoVo (l)

HCT116 treatment and bidirectional differentiation (red arrows). (m) HCT116 treatment and tumor emboli (red arrows). (n) HCT116 treatment and liver metastasis (red

arrows). (o) HCT116 treatment and lung metastasis (red arrows). (D) IHC staining of S100A4-related proteins in human CRC tissues (200×). (a) S100A4, (b) Cathepsin

B, (c) cyclin B1, (d) Annexin A2, (e) S100A10, (f) TRIM21, (g) 14-3-3 ζ/δ, (h) Ezrin in well-differentiated CRC primary focus (group I), moderately differentiated CRC

(group II), poorly differentiated CRC (group III), and lymph node metastasis (group IV).

expression of cathepsin B and cyclin B1, and a decrease of cyclin
B1 nuclear translocation in daughter cells. These data suggest
that S100A4 may contribute to the migration and invasion of
PGCCs with their daughter cells via affecting cathepsin B and
cyclin B1.

Based on Co-IP of S100A4, we detected the high expression
of Annexin A2, S100A10, TRIM21, 14-3-3 ζ/δ, and Ezrin in

PGCCs with their daughter cells; these upregulations located
primarily in the cytoplasm except for S100A10 and Ezrin were
upregulated in the nucleus of daughter cells. The proteins
14-3-3 ζ/δ and Ezrin, which link cytoskeletal and membrane
proteins, have also implicated in cellular movement contributing
to tumorigenesis, invasion, andmetastasis (33, 34). Two Annexin
A2 monomers bridged by an S100A10 homodimer are known
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TABLE 1 | Tumor formation, metastasis, and growth among control, treatment and si-treatment cells inoculated nude mice.

Cells Group n Tumor formation rate (%) P Metastasis rate P Tumor growth (mm3) P

LoVo Control 5 20.00 0.000* 0 NS 78.04 ± 49.30 P = 0.000*

P1 = 0.000*

P2 = 0.000*

P3 = 0.244

Treatment 10 100.00 0 155.87 ± 116.14

Si-Treatment 15 93.33 0 102.17 ± 81.22

HCT116 Control 5 100 NS 0 0.000* 145.23 ± 104.23 P = 0.000*

P1 = 0.000*

P2 = 0.000*

P3 = 0.722

Treatment 10 100 30% 410.56 ± 323.76

Si-Treatment 10 100 0 166.85 ± 182.08

NS: no significance; *P < 0.05 (P: difference among the three groups; P1: difference between control and treatment; P2: difference between si-treatment and treatment; P3: difference

between control and si-treatment).

TABLE 2 | Comparison of S100A4-related proteins in human CRC tissues.

Tissues Well-differentiated

CRC

Moderately

differentiatedCRC

Poorly

differentiatedCRC

Lymph node

metastasis

χ
2 P P1 P2 P3

Group I II III IV

n (222) 51 55 52 64

S100A4 2.37 ± 3.09 3.65 ± 3.38 5.34 ± 3.32 6.24 ± 2.46 42.032 0.000* 0.035* 0.013* 0.224

cathepsin B 2.60 ± 2.45 4.04 ± 2.39 5.28 ± 3.12 5.57 ± 2.25 35.859 0.000* 0.003* 0.041* 0.588

cyclin B1 2.94 ± 1.76 5.77 ± 2.40 6.81 ± 2.09 6.41 ± 2.15 71.535 0.000* 0.000* 0.030* 0.336

Annexin A2 2.12 ± 2.20 3.21 ± 2.39 4.39 ± 2.85 5.49 ± 2.28 46.036 0.000* 0.013* 0.041* 0.027*

S100A10 2.18 ± 2.20 4.94 ± 2.09 6.50 ± 2.41 7.34 ± 1.83 90.766 0.000* 0.000* 0.001* 0.085

TRIM21 2.12 ± 2.16 4.11 ± 2.26 5.67 ± 2.84 5.95 ± 2.16 63.821 0.000* 0.000* 0.006* 0.610

14-3-3 ζ/δ 7.52 ± 1.99 7.72 ± 1.87 8.52 ± 1.27 8.73 ± 0.87 20.551 0.000* 0.643 0.011* 0.415

Ezrin 2.24 ± 2.06 3.55 ± 2.32 4.96 ± 3.01 5.40 ± 2.17 41.859 0.000* 0.003* 0.034* 0.328

*P<0.05: statistically significant. (P: difference among the three groups; P1: difference between group I and group II; P2: difference between group II and group III; P3: difference

between group III and group IV).

to form a multifunctional membrane-associated heterotetramer
(35), which has been implicated in membrane trafficking events
and membrane-cytoskeletal connection relating to cell motility
and drug-resistance in human cancers (36, 37). S100A10,
a small dimeric helix-loop-helix protein residing in a tight
complex with Annexin A2, appeared to regulate the intracellular
trafficking of a variety of membrane-resident proteins, such as
cathepsin B (38). TRIM21 is an E3 ubiquitin ligase associated
with autoimmune diseases (39), and the dysregulation of
TRIM21 facilitates human cancer development (40, 41). This
study detected a significant decrease of TRIM21 and Annexin
A2 levels in PGCCs with their daughter cells after S100A4
knockdown as well as a reduced nuclear translocation of
S100A10 in daughter cells, while 14-3-3 ζ/δ and Ezrin did
not vary.

Studies have shown that S100A10 is ubiquitinated and
degraded rapidly in the absence of Annexin A2 (42, 43).
However, in this study, S100A10 expression was not affected
by the decrease in Annexin A2 levels after S100A4 knockdown
in PGCCs with their daughter cells, which might indicate
that the decreased expression of TRIM21 directly inhibited
the S100A10 ubiquitination and degradation. Followed by
TRIM21 knockdown in PGCCs with their daughter cells, the
expression levels of S100A4, cathepsin B, cyclin B1, and S100A10
declined, as well as a decrease of nuclear translocation of

S100A4, cyclin B1, and S100A10 in daughter cells, while the
others were unchanged. The mechanism by which S100A10
expression is suppressed in the presence of Annexin A2 after
TRIM21 knockdown is yet to be elucidated. In vivo assays
confirmed that the tumorigenicity of PGCCs with their daughter
cells was significantly higher than the control cells, while
the high tumorigenicity and metastasis dramatically declined
after S100A4 knockdown. Moreover, the expression of S100A4-
related proteins was positively correlated with the malignancy
degree of human CRC, and maintained a high level in lymph
node metastasis.

In conclusions, Annexin A2 combines with S100A10 to form a
multifunctional heterotetrametric complex, which was identified
as a center in the molecular network of S100A4 regulating
migration and invasion in PGCCs with their daughter cells.
The inhibition of Annexin A2 or S100A10 may affect the
function of the complex. S100A4 and TRIM21 may regulate each
other to affect cyclin B1 expression and subcellular localization
contributing to the formation of PGCCs with their daughter cells,
which participates in regulating the structure and function of
Annexin A2/S100A10 complex, affecting downstream cathepsin
B, resulting in the invasion and metastasis of PGCCs with
their daughter cells. Besides, 14-3-3 ζ/δ and Ezrin may be
involved in the motility and invasion of PGCCs with their
daughter cells via cytoskeletal constructions with S100A4. The
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potential mechanisms by which S100A4 influences the invasion
and metastasis of PGCCs with their daughter cells in human
CRCs may provide a novel strategy for CRC therapy by
targeting S100A4 molecular events. The detailed mechanisms by
which S100A4 and TRIM21 regulate the Annexin A2/S100A10
complex in PGCCs and their daughter cells need to be
explored further.
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