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Abstract: Cysteine-rich intestinal protein 1 (CRIP1) is overexpressed in colorectal cancer (CRC) tissues and func-
tions as an oncogene in regulating the migration and invasion of CRC cells. However, the underlying mechanism is
unclear. CRIP1 has a role in zinc absorption and functions as an intracellular zinc transport protein. Here, we aimed
to focus on the function of zinc and its underlying mechanism in CRC and determine whether CRIP1 promotes inva-
sion and CRC metastasis through excessive zinc-induced epithelial-mesenchymal transition (EMT) by affecting the
phosphorylated glycogen synthase kinase (GSK)-3beta. The results showed that ZnSO, (Zn**) supplementation in
medium increased the labile intracellular zinc content. Furthermore, excessive Zn?* supplementation activated the
GSK3/mTOR signaling pathway in both SW620 and LoVo cells, and excessive Zn?* supplementation promoted mi-
gration, invasion, and EMT of SW620 and LoVo cells. This migration promotion was alleviated by the specific mTOR
inhibitor rapamycin, indicating that the GSK3/mTOR signaling pathway was involved in this process. CRIP1 silencing
increased the labile intracellular zinc content and inhibited EMT and GSK3/mTOR signaling pathway. CRIP1 silenc-
ing alleviated the zinc supplementation effects on migration, invasion, EMT, and GSK3/mTOR signaling pathway. In
conclusion, excessive Zn?* promotes migration and invasion capabilities of SW620 and LoVo cells through GSK3/
mTOR signaling pathway-induced EMT.

Keywords: Excessive zinc, epithelial-mesenchymal transition, cysteine-rich intestinal protein 1, migration and inva-
sion capabilities

Introduction

Colorectal cancer (CRC), that is, the develop-
ment of cancer in the colon or rectum, is the
second most commonly diagnosed cancer in
women, the third most commonly diagnosed
cancer in men, and the fourth most common
cause of cancer death after lung, stomach, and
liver cancers [1]. The morbidity and mortality
rates are high in developing countries [2-4]
and CRC greatly threatens human life and he-
alth. CRC cells have a strong ability to migrate
and invade, leading to recurrence, which finally
results in death of patients. Therefore, factors
that may affect the invasion and CRC metasta-
sis should be evaluated.

Cysteine-rich intestinal protein 1 (CRIP1), a
member of the LIM/double zinc finger protein
family, was overexpressed in CRC, and CRIP1
silencing suppressed migration and invasive
capability of CRC cells [5]. In addition, CRIP1
was overexpressed in the CRC cell line E1, pos-
sessing increased motility and invasiveness as
compared to the parental HCT-116 cells [6].
Moreover, abnormal expression of CRIP1 has
been demonstrated in several tumor types,
including thyroid carcinoma, breast, osteosar-
coma, cervical, and prostate tumors [7-12]. Th-
ese results indicate that CRIP1 may be a po-
tential treatment target for malignant tumors,
especially for the invasion and metastasis of
cancer. As an intracellular zinc transport pro-
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tein, CRIP1 is involved in zinc absorption [13-
15]. Considering CRIP1's important role in re-
gulating CRC invasion, metastasis, and zinc ab-
sorption, we predicted that zinc might play a
role in regulating CRC invasion and metastasis.
This study aimed to demonstrate the predict-
ed role of zinc in regulating CRC invasion and
metastasis and determine its related underly-
ing mechanism.

Zinc has been reported to induce an increase in
phosphorylated (p) glycogen synthase kinase
(GSK)-3beta level, which could be inhibited by
rapamycin, a specific mechanistic target of ra-
pamycin kinase (MTOR) inhibitor in SH-SY5Y
neuroblastoma cells [16]. GSK-3beta can bind
to and phosphorylate Snail at two consensus
motifs to dually regulate the function of Snail,
triggering the epithelial-mesenchymal transi-
tion (EMT) of epithelial cells by repressing the
E-cadherin expression [17, 18]. However, whe-
ther zinc can affect the EMT of tumor cells re-
mains unclear. At present, we discuss the role
of zinc and CRIP1 in regulating the EMT of CRC.
In addition, we discuss whether CRIP1 promo-
tes CRC invasion and metastasis through zinc-
regulated EMT by affecting the phosphorylat-
ion of GSK-3beta.

Materials and methods
Cell culture

The human colon cancer cell lines SW620 and
LoVo were purchased from America Type Cul-
ture Collection (Manassas, VA, USA) and cul-
tured in the condition according to the instruc-
tion of supplier.

SiRNA interference

The siRNA oligonucleotides for targeting the
CRIP1 gene (siCRIP1, sense: 5-GCAACAAGGA-
GGUGUACUUTT-3’) and negative control siRNA
(siNC) were obtained from GenePharma (Shang-
hai, China). Cells were transfected with the 100
nM siCRIP1 or siNC using the Lipofectamine™
2000 (Promega, Madison, WI, USA).

ZnSO, supplementation and experimental
group

To detect the effect of ZnSO, supplementation
on the cell survival rate, SW620 and LoVo cells
were seeded on a 96-well plate and treated
with 0.5, 5, 10, 50, 100, or 200 uyM ZnSO, for
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24 h. To determine the effects of ZnSO, supple-
mentation on the levels of p-mTOR and p-GSK-
3beta, SW620 and LoVo cells were seeded on a
6-well plate and treated with 5, 10, or 50 yM
ZnSO4 for 24 h, or with 5 yM ZnSO4 for 12, 24,
or 48 h. To determine the effects of 50 uyM
ZnS0, and/or 50 nM rapamycin on migration
and invasion capabilities, SW620 and LoVo
cells were seeded on a 6-well plate, treated
with 50 pM ZnSO,, 50 pM ZnS0O, plus 50 nM
rapamycin, or 50 nM rapamycin for 24 h, and
harvested for Transwell assays and western
blotting. To determine the effects of CRIP1
silencing on the level of p-mTOR and p-GSK-
3beta, SW620 and LoVo cells were seeded
on a 6-well plate and transfected with siCRIP1
and siNC for 48 h. To determine the effects of
CRIP1 silencing on the function of ZnSO,, SW-
620 and LoVo cells were seeded on a 6-well
plate, pre-transfected with siCRIP1 and siNC
for 24 h, and subsequently treated with 5 yM
ZnS0, for 24 h.

Cell proliferation assay

After being treated with 0.5, 5, 10, 50, 100, or
200 uM ZnS0, for 24 h, cell proliferation was
monitored using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay (Promega) fol-
lowing the manufacturer’s protocol.

Labile intracellular zinc content

At the end of different treatment, labile intracel-
lular zinc in SW620 and LoVo cells treated as
described above was monitored using Zinquin
ethyl ester (Abcam, Cambridge, MA, USA). Brief-
ly, cells were harvested and washed three
times with phosphate-buffered saline (PBS) to
remove extracellular Zn prior to labelling with
Zinquin. Then, cells were suspended in PBS
and 5 x 10° cells/ml were seeded in black-
bottom 96-well plates, incubated with 25-uM
Zinquin at 37°C for 30 min. The fluorescence
intensity was determined using a multiplate
reader SuPerMax 3000FA (Shanghai Flash
spectrum biological technology co. LTD) at 368
and 490 nm, respectively. The results in rela-
tive light units were obtained from raw data
minus the reagent blank and expressed as the
percentage of fluorescence-intensity controls.

Western blotting

The total protein isolation, protein concentra-
tion measurement, and western blot were car-
ried out according the method described previ-
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ously [5]. The primary antibodies, anti-CRIP1,
anti-mTOR, anti-mTOR (phospho S2448), anti-
GSK-3beta, anti-GSK-3beta (phospho Y216),
were purchased from Abcam. The primary anti-
body of internal reference, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), was pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Transwell assay

After treated with different condition, transwell
assays for cell migration or invasion were car-
ried out according the method described pre-
viously [5]. Finally, the number of migrated or
invasive cell was counted in five randomly se-
lected fields under a phase contrast micro-
scope (magnification: 200 x; I1X71, Olympus,
Tokyo, Japan). Assays were performed in tripli-
cate. The number of invasive or migrated cells
was adjusted by dividing with the survival rate.

Statistical analysis

All results are presented as the mean + stan-
dard deviation and were analyzed using the
Statistical Package for the Social Science
(SPSS) version 19.0 software (IBM SPSS,
Armonk, NY, USA). Intergroup comparisons of
more than two groups were conducted using
one-way analysis of variance (ANOVA), follow-
ed by post hoc tests of the least significant
difference for multiple pairwise comparisons.
Intergroup comparisons of two groups were
conducted using Student’s t-test. A P-value of
< 0.05 was considered to indicate a statisti-
cally significant difference.

Results

Zn?* supplementation increased the labile zinc
levels in the CRC cells

The CRC cell lines SW620 and LoVo were treat-
ed with different concentrations of ZnSO, (Zn2)
for 24 h, and the cell survival rate was calcu-
lated using cell proliferation assay. The results
showed that 0.5 uM Zn?* supplementation did
not decrease the survival rate of both SW620
and LoVo cells (Figure 1A). The inhibition rate of
5-, 10-, and 50-uyM Zn?* on SW620 and LoVo
cell proliferation was < 5% (Figure 1A). The cell
survival rate was clearly inhibited after 100-,
125-, 150-, or 200-uM Zn?* supplementation
(Figure 1A). Although 50-uM Zn?* can signifi-
cantly inhibit the survival rate of SW620 and
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LoVo, the survival rate remains to be > 95%. Be-
cause we investigated the effects of Zn?* sup-
plementation on migration and invasion capa-
bilities, 5-, 10-, and 50-uM Zn?* concentrations
that cannot obviously suppress cell prolifera-
tion were selected for the following assays.

After treating with 5-, 10-, and 50-yM Zn?* sup-
plementation in the medium for 24 h, the
labile intracellular zinc content was increased
in both the SW620 and LoVo cells, with 50-uM
Zn?* having the most obvious promotion effect
(Figure 1B). Following this, SW620 and LoVo
cells were treated with 50-uM Zn?* supplemen-
tation in the medium for 12, 24, and 48 h. Our
findings indicate that 50-yM Zn?* supplementa-
tion can increase the labile intracellular zinc
content from 12 to 48 h, reaching a peak at 24
h (Figure 1C and 1D). These results all indicate
that zinc supplementation can increase the
labile intracellular zinc content in CRC cells.
The specific mTOR inhibitor rapamycin cannot
affect the labile intracellular zinc content with
or without 50-uM Zn?* supplementation in the
medium (Figure 1E). However, the labile intra-
cellular zinc content was increased in siCRIP1
transfected cells with or without 50-uyM Zn?*
supplementation in medium (Figure 1F).

Zinc supplementation activated the GSK3/
mTOR signaling pathway in the CRC cells

After the treatment with 5-, 10-, and 50-uM
Zn?* supplementation in medium for 24 h, the
phosphorylation levels of GSK-3beta and mTOR
were increased in both the SW620 and LoVo
cells, with 50-uM Zn?* having the most obvious
promotion effect (Figure 2A). Following this,
SW620 and LoVo cells were treated with 50-
MM Zn2* supplementation in medium for 12, 24,
and 48 h. Our findings indicate that 50-uM Zn?*
supplementation can increase the phosphory-
lation levels of GSK-3beta and mTOR in a time-
dependent manner (Figure 2B and 2C). These
results indicate that zinc supplementation can
activate the GSK3/mTOR signaling pathway in
the CRC cells.

Zinc supplementation promotes migration, in-
vasion, and EMT activation through the GSK3/
mTOR signaling pathway

After being treated with 50-uM Zn?* for 24 h,
the migration and invasion capabilities of SW-
620 and LoVo cells were examined using the
Transwell assays. The results showed that a
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Figure 1. The effects of zinc supplementation in medium on the cell survival rate and labile zinc content in SW620
and LoVo cells. (A) The effects of different ZnSO, (Zn>*) concentrations on the cell survival rate after being treated
for 24 h, as calculated using cell proliferation assay. (B-D) Changes of the labile zinc content in SW620 and LoVo
cells treated with 5-, 10-, and 50-uM Zn?* for 24 h (B), or treated with 50-uM Zn?* for 12, 24, and 48 h (C, D). (E, F)
Changes of the labile zinc content in SW620 and LoVo cells treated with 50-uM Zn2?* and/or 50-nM rapamycin (E), or
transfected with CRIP1 siRNA (siCRIP1) or negative control siRNA (siNC) with or without 50-uM Zn?* supplemented
in the medium (F). *P < 0.05, when compared to the 0-uM Zn?* treated group or to the cell group at 12, 24, and

48 h.

50-uM Zn?* treatment could increase the num-
ber of migratory and invasive cells (Figure 3A).
In addition, we found that a 50-uM Zn?* supple-
mentation significantly decreased the protein
level of the epithelial marker, E-cadherin, and
correspondingly increased the levels of mesen-
chymal marker, vimentin (Figure 3B). In con-
trast, the specific mTOR inhibitor rapamycin
alleviated the effects of Zn?* supplementation
on the migration and invasion capabilities and
EMT markers (Figure 3A and 3B). Compared to
the cell group, rapamycin can suppress migra-
tion and invasion capabilities and the expres-
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sion of EMT markers (Figure 3A and 3B). These
results indicate that a 50-uM Zn?* supplemen-
tation promotes migration, invasion, and EMT
of SW620 and LoVo cells and that the GSK3/
mTOR signaling pathway was involved in this
process.

CRIP1 silencing inhibits EMT and GSK3/mTOR
signaling pathway

Our previous study indicated that CRIP1 silenc-
ing could effectively inhibit migration and inva-
sion of CRC cells [5]. To further determine whe-
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Figure 2. Zinc supplementation activated the GSK3/mTOR signaling pathway in the CRC cells. The phosphorylation
levels of GSK-3beta (p-GSK3B) and mTOR (p-mTOR) after being treated with 5-, 10-, and 50-uM Zn?* for 24 h (A) or
with 50-uM Zn?* for 12, 24, and 48 h (B, C). On the left are the representative graphs of the western blot. On the right
are the statistical results of relative p-GSK3B and p-mTOR expression levels referenced to both GAPDH and total
protein levels. *P < 0.05, when compared to the 0-uM Zn?* treated group or to the cell group at 12 h, 24, and 48 h.

ther CRIP1 silencing suppressed invasion and
CRC metastasis by inhibiting the EMT, we de-
tected the expression levels of EMT markers
and the phosphorylation levels of p-GSK-3beta
and p-mTOR after transfection with siCRIP1 or
siNC. Compared to the siNC transfection group,
siCRIP1 transfection significantly increased the
protein level of the epithelial marker, E-cadherin,
and correspondingly decreased the levels of
mesenchymal marker, vimentin (Figure 4A). In
addition, the phosphorylation levels of GSK-
3beta and mTOR decreased in both SW620
and LoVo cells after being transfected with
siCRIP1 compared to those transfected with
siNC (Figure 4B). These results all indicate that
CRIP1 silencing inhibits EMT and GSK3/mTOR
signaling pathway.
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CRIP1 silencing alleviated the effects of zinc
supplementation on the migration, invasion,
EMT, and GSK3/mTOR signaling pathway

To further investigate the relationship between
CRIP1 and zinc supplementation in regulating
migration, invasion, EMT, and GSK3/mTOR sig-
naling pathway, SW620 and LoVo cells were
treated with 50-uM Zn?* after being transfect-
ed with siNC or siCRIP1 for 24 h. The results of
Transwell assays showed that the number of
migratory and invasive cells in the siCRIP1
transfection and zinc supplementation group
(SiCRIP1+Zn?*) was less than that in the siNC
transfection and zinc supplementation group
(siNC+Zn?*) (Figure 5A and 5B). The results of
western blotting showed that the protein level
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of the epithelial marker, E-cadherin, was incre-
ased in the siCRIP1+Zn?* group compared to
that in the siNC+Zn?* group (Figure 5C). In addi-
tion, the level of mesenchymal marker vimentin
and the phosphorylation levels of GSK-3beta
and mTOR were decreased in the siCRIP1+Zn?*
group compared to those in the siNC+Zn?* gro-
up (Figure 5C and 5D). These results indicated
that CRIP1 silencing alleviated the effects of
zinc supplementation on migration, invasion,
EMT, and GSK3/mTOR signaling pathway.

Discussion

Zinc, an essential micronutrient, is required for
the activity of > 300 enzymes, including key
kinases, proteases, and phosphatases. The
benefits of zinc supplementation have been
widely accepted. In addition, its tumor-suppre-
ssing role and the association between zinc
deficiency and cancer have been widely report-
ed [19-22]. Our previous study indicated that
CRIP1 is overexpressed in the CRC tissues and
cell lines, and CRIP1 functioned as an onco-
gene in regulating migration and invasion of
CRC cells [5]. CRIP1 has a role in zinc absorp-
tion and functions as an intracellular zinc tra-
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nsport protein [13-15]. These results suggest-
ed that an overactivity of intracellular zinc
transport may also be involved in cancer de-
velopment. CRC cells have a notable capability
to migrate and invade; therefore, we focused
on the function and underlying mechanism of
excessive zinc supplementation on CRC cell
migration and invasion capabilities.

First, 50-uM Zn?* supplementation in medium
increased the labile intracellular zinc content
and enhanced the migratory and invasive capa-
bilities of SW620 and HT29 cells, indicating
that 50-uM Zn?* supplementation elicited the
effects on CRC cell migration and invasion.
However, our present study showed that the
survival rate of SW620 and LoVo cells was
clearly inhibited after 100-, 125-, 150-, or 200-
UM Zn?* supplementation, indicating that exce-
ssive Zn?* supplementation inhibits the effects
on CRC cell growth. These inhibiting effects of
Zn?* supplementation have also been reported
previously [23]. Although 50-uM Zn?* can sig-
nificantly inhibit the survival rate of SW620, the
survival rate remains > 95% in our study. Thus,
the effects of 50-uM Zn?* supplementation on
the cell survival rate are limited. In other words,

Am J Transl Res 2019;11(6):3578-3588
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50-uM Zn2?* supplementation cannot obviously tent with the previous study [23]. In addition,
suppress the cell growth. This result is consis- the number of invasive or migrated cells was
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adjusted by dividing with the survival rate. Th-
erefore, the conclusion that 50-uM Zn?* sup-
plementation promotes CRC cell migration and
invasion cannot be mediated by its limited in-
hibiting effect on CRC cell growth. Zinc is an
essential trace element with cofactor functions
in a large number of proteins, such as zinc fin-
ger proteins [24]. However, some zinc finger
proteins functioned as oncogene [25, 26], but
some as tumor suppressor [27]. Therefore, we
predicted that different concentrations of labile
intracellular zinc may activate various proteins,
resulting in different changes in the cells. These
may explain the double-edged role in the devel-
opment of CRC. Zinc concentration in the cell
culture medium can simulate normal physiolog-
ical concentrations of zinc. As such, 50-uM Zn?*
supplementation in a cell culture medium can
stimulate a zinc excess condition, which sug-
gests that an excess of zinc at some concentra-
tions may play a cancer-promoting role in the
development of CRC. This conclusion can be
supported by the reports in Hep-2 tumor cells
[28]. External zinc has also been reported to
stimulate proliferation of tumor Hep-2 cells
[28]. These results indicated that zinc does
not always play a beneficial role. Clinicians and
patients may need to reconsider the practice
of using zinc supplements. However, further in
vivo studies should be conducted to confirm
this finding. In addition, only one concentration
of Zn?* was investigated in this study. The func-
tion of excessive zinc supplementation on CRC
cell migration and invasion should be further
confirmed by more concentration of Zn?* in
other CRC cells.

Second, we found that excessive zinc supple-
mentation activated the GSK3/mTOR signaling
pathway in SW620 and LoVo cells. This regula-
tory mechanism has also been reported in
SH-SY5Y neuroblastoma cells [16]. GSK-3beta
can bind to and phosphorylate Snail at two con-
sensus motifs to dually regulate the function of
Snail, which triggers the EMT of epithelial cells
through repressing E-cadherin expression [17,
18]. Due to a 50-uM Zn?* supplementation that
enhanced the EMT of SW620 and LoVo cells,
we predicted that zinc enhanced EMT of SW620
and LoVo cells through the activation of GSK3/
mTOR signaling pathway, which was confirmed
by our results. We found that the effects of zinc
supplementation on the EMT were blocked by
rapamycin, a specific mTOR inhibitor. Moreover,
rapamycin alleviated the effects of a 50-uM
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Zn?* supplementation on the migratory and in-
vasive capabilities of SW620 and LoVo cells.
Cancer-associated EMT is known to contribute
to increased invasiveness and metastasis [29].
Based on these results, we predicted that ex-
cessive Zn?* would promote the migratory and
invasive capabilities of SW620 and LoVo cells
through GSK3/mTOR signaling pathway-induc-
ed EMT. Our previous study demonstrated that
CRIP1 silencing inhibited the migratory and
invasive capabilities of SW620 and LoVo cells
[5] and that CRIP1 silencing inhibited the EMT
and GSK3/mTOR signaling pathway. In addi-
tion, CRIP1 silencing alleviated the effects of
zinc supplementation on migration, invasion,
EMT, and GSK3/mTOR signaling pathway. Fur-
thermore, the labile intracellular zinc content
was increased in siCRIP1 transfected cells with
50-uM Zn?* supplementation in medium. As the
intracellular zinc transport role of CRIP1, we
predicted that CRIP1 affect GSK3/mTOR sig-
naling pathway by increasing the zinc transport
to the target protein. However, other zinc trans-
porters also existed in the CRC cells, such as G
protein-coupled receptor 39 [30]. Moreover,
many enzymes or signaling pathways could
also be regulated by zinc [20, 28, 31, 32]; thus,
the underlying mechanism in which excessive
Zn?* promotes the migratory and invasive ca-
pabilities of SW620 and LoVo cells may be
more complex than the results indicated in
our report.

In conclusion, our results indicated that exces-
sive zinc supplementation enhanced the migra-
tory and invasive capabilities of SW620 and
LoVo cells, and GSK3/mTOR signaling pathway-
induced EMT was involved in this regulation. In
addition, CRIP1 silencing alleviated the effects
of excessive zinc supplementation on migra-
tion, invasion, EMT, and GSK3/mTOR signaling
pathway. Based on these results, we predicted
that CRIP1 promoted EMT through zinc-induced
p-GSK-3beta in the CRC. Although further stud-
ies in vivo are needed to confirm the function
and underlying mechanisms of zinc on CRC cell
migratory and invasive capabilities, our data
reveal a novel molecular basis for the under-
standing and clinical treatment of CRC.
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