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Zinc finger protein 384 enhances colorectal
cancer metastasis by upregulating MMP2
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Abstract. Zinc finger proteins (ZNFs) serve key roles in
tumor formation and progression; however, the functions and
underlying mechanisms of dysregulated ZNF384 in colorectal
cancer (CRC) are yet to be fully elucidated. Therefore, the
present study initially aimed to investigate the expression
levels of ZNF384 in CRC samples. Moreover, lentiviral
ZNF384 overexpression and ZNF384 knockdown models
were established in CRC cells. Transwell, wound healing and
in vivo tail vein metastasis assays were carried out to evaluate
the effects of ZNF384 on CRC cell metastasis. Furthermore,
reverse transcription-quantitative PCR, western blotting, serial
deletion, site-directed mutagenesis, dual-luciferase reporter
and chromatin immunoprecipitation assays were conducted to
investigate the potential underlying mechanisms. The results
of the present study demonstrated that ZNF384 expression
was markedly increased in CRC samples and this was associ-
ated with a poor prognosis. Notably, ZNF384 overexpression
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increased the levels of CRC cell invasion and migration,
whereas ZNF384 knockdown inhibited CRC development.
Moreover, the results of the present study demonstrated
that ZNF384 mediated the expression of MMP2. MMP2
knockdown inhibited ZNF384-mediated CRC cell invasion
and migration, whereas MMP2 overexpression ameliorated
ZNF384 knockdown-induced inhibition of CRC progression.
In addition, the results of the present study demonstrated that
hypoxia-inducible factor 1a (HIF-1a) had the ability to bind
to the ZNF384 promoter, thereby initiating ZNF384 expres-
sion. In human-derived CRC samples, the expression levels
of ZNF384 were positively correlated with both MMP2 and
HIF-1a expression. Collectively, these findings highlighted
that ZNF384 may act as a prognostic marker and regulator of
CRC metastasis.

Introduction

In women and men, colorectal cancer (CRC) is the second
and third most prevalent type of cancer, respectively (1). High
CRC-associated mortality rates are attributed to the high
levels of metastasis and recurrence (2). Advances in techno-
logical and genetic analyses have improved CRC diagnosis
and therapy (3); however, the mortality rate of CRC remains
at a high level (4). Further investigations into the underlying
molecular mechanisms involved in CRC progression are
required to identify potential prognostic markers.

The C2H2-type zinc finger protein (ZNF), which is
encoded by the ZNF384 gene, is a transcription factor involved
in the transcription of extracellular matrix genes (5). Coupling
of ZNF384 with TET family genes, such as the TATA box
binding protein-associated factor, transcription factor 3 and
Ewing sarcoma breakpoint region 1 gene, serves vital roles in
acute lymphocytic leukemia (6,7). Moreover, transactivating
characteristics of the fusion protein have been reported
in NIH3T3 cells, highlighting the oncogenic potential of
ZNF384 as a fusion protein (8). In melanoma cells, ZNF384
overexpression was shown to promote metastasis (9). Although
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previous studies have indicated that ZNF384 may act as an
oncogenic factor that promotes cancer progression and metas-
tasis, the specific expression levels and functions of ZNF384
in human CRC are yet to be fully elucidated.

The present study aimed to examine the expression levels
of ZNF384 in CRC tissues and cells, and to determine its prog-
nostic value in patients with CRC. Additionally, the effects of
ZNF384 on CRC cell invasion and migration, as well as the
underlying mechanism, were assessed.

Materials and methods

Cell culture. The normal colonic epithelial cell line FHC, 293T
cells and six human CRC cell lines (SW480, Caco-2, SW620,
HT29, LoVo and HCT116) were purchased from the American
Type Culture Collection. The 293T and CRC cell lines were
seeded in DMEM (Gibco; Thermo Fisher Scientific, Inc.)
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), and
the FHC cell line was seeded in DMEM:F12 (cat. no. D8437;
Sigma-Aldrich; Merck KGaA) with 10% FBS. Cells were incu-
bated in a humidified atmosphere containing 5% CO, at 37°C.
For cell culture under 0.5% O, tension, the cells were incubated
for 0-24 h in a humidified atmosphere at 37°C in a multi-gas
CO,-0, incubator (NuAire) equilibrated with 0.5% O,, 5% CO,
and 94.5% N,. The cell suppliers stated that the identity of the
cells had been confirmed using STR profiling and were free
of mycoplasma contamination. The HT29 cell line was also
identified by STR profiling in the present study. The following
STR profiling markers were analyzed: Amelogenin, CSF1PO,
D3S1358, D2S1338, D5S818, D8S1179, D7S820, D13S317,
D16S539, D195433, D18S51, D21S11, Penta D, FGA, Penta E,
TPOX, THOI and vWA.

Patients and tissue samples. Between September 2008 and
December 2009, CRC tissues and corresponding non-carci-
noma samples (=5 cm away from the tumor margin) were
acquired from a total of 167 patients with CRC subjected
to surgical resection at The Affiliated Hospital of North
Sichuan Medical College (Nanchong, China). In addition, the
metastatic lymph tissues were collected from 50 patients with
lymph node metastasis. Three of the enrolled cases developed
distant metastases and were subsequently excluded from the
study. Prior to surgery, the enrolled patients did not receive any
adjuvant therapies. Resected tissues were immersed in liquid
nitrogen and stored at -80°C for subsequent analyses. Ethics
approval was obtained from the Medical Ethics Committee of
North Sichuan Medical College [approval no. 2021ER(A)007].
Prior to study enrollment, patients provided written informed
consent. In order to evaluate postoperative survival, all
patients with CRC were periodically followed up for between
11 and 96 months. Table SI displays the clinical characteristics
of the study participants.

Immunohistochemical (IHC) staining and evaluation. CRC
tissues were collected from patients with CRC, fixed for 12 h
in 4% paraformaldehyde at room temperature and subse-
quently embedded in paraffin. Samples were sectioned into
4-um slices. After incubation for 2 h at 60°C in an incubator,
the sections were deparaffinized using dimethylbenzene and
rehydrated using a descending alcohol series. Sections were

subsequently incubated for 30 min at room temperature in the
presence of 0.3% hydrogen peroxide, and blocked for 1 h using
10% BSA (Sangon Biotech Co., Ltd.) at room temperature.
Sections were incubated overnight at 4°C with the following
antibodies: Rabbit anti-ZNF384 (1:50; cat. no. ab251673;
Abcam), rabbit anti-HIF-1a (1:100; cat. no. ab243860; Abcam)
and rabbit anti-MMP2 (1:100; cat. no. ab235167; Abcam).
Subsequently, sections were incubated with an HRP-conjugated
secondary antibody (1:200; Goat Anti-Rabbit IgG H&L;
cat. no. ab205718; Abcam) at 37°C for 2 h. The tissues were
then stained at room temperature for 1 h using DAB (OriGene
Technologies, Inc.) and counterstained for 1 min at room
temperature using hematoxylin. All sections were dehydrated
and sealed. Visualization and imaging were carried out using
a light microscope (Carl Zeiss AG), and sections incubated
with Rabbit IgG (1:50; cat. no. A7016; Beyotime Institute of
Biotechnology) acted as negative controls (NCs). Scoring
was based on the ratio of positively stained cells, namely: 0O,
0-5; 1, 6-35; 2, 36-70; and 3, >70%. Staining intensities were
as follows: 3, strong; 2, moderate; 1, weak and 0, no staining.
Final score determination was carried out by multiplying the
scores of the percentage of positive cells with those of the
staining intensities. Final scores were defined as: -, 0-1; +, 2-3;
++, 4-6; and +++, >6. Low expression levels were determined
by a total score <4, whereas elevated expression was defined
as a total score =4. Two pathologists independently performed
the scoring.

Establishment of lentiviruses and stable cell lines. The
pLKO.1-EGFP-PURO (cat. no. FH1717; Hunan Fenghui
Biotechnology Co., Ltd.) vector was used to establish lenti-
viral vectors with short hairpin (sh)RNA sequences, which
were designated LV-shZNF384, LV-shHIF-1a, LV-shMMP2
and LV-shcontrol. The LV-shcontrol contained a non-targeting
shRNA control. All shRNA sequences are displayed
in Table SII. Lentiviral vectors with human ZNF384,
MMP2 and HIF-la gene sequences were established in
PLVX-EGFP-IRES-PURO (cat. no. BR684; Hunan Fenghui
Biotechnology Co., Ltd) and designated as LV-ZNF384,
LV-MMP?2 and LV-HIF-1a. An empty vector was used as the
NC and labeled LV-control.

To generate stable cell lines, the pPPACKH1 HIV Lentivector
Packaging kit (Systems Bioscience, LLC) was used. Briefly, the
expression plasmids, including control plasmids (1.0 ug) and
pPACKHI1 packaging plasmid mix [5.0 pg; pPPACKHI-GAG
(3.0 pug), pPACKHI-REV (1.0 ug) and pVSV-G (1.0 ug)
plasmids; 3rd generation packaging system] were transfected
into 293T cells at 37°C using Lipofectamine® 3000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). After 24 h, the
culture medium was mixed with 20% of the medium volume
of PEG-it Reagent (Systems Biosciences, LLC), and incubated
overnight at 4°C. After centrifugation at 72,000 x g for 120 min
at 4°C, pellets were washed in 1X PBS and aliquots were stored
at -80°C. The viruses were transduced into SW480, Caco-2,
SW620 and LoVo cells (1x10° cells/well) using polybrene
(8 mg/ml; Sigma-Aldrich; Merck KGaA) with infection multi-
plicities of 30-50. After 24 h at 37°C, fresh medium was used to
replace the viral medium. Selection of stably transduced cells
was carried out by the addition of puromycin (6 yg/ml) and the
maintenance concentration of puromycin used was 3 pg/ml.
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Western blotting and reverse transcription-quantitative (RT-q)
PCR were used to confirm successful transduction.

In vivo metastasis assay. A total of 80 BALB/C nude female
mice (age, 6 weeks; weight ~20 g) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. Animals were
housed in a 60% humidified atmosphere at 24°C, under a 12-h
light/dark cycle with free access to purified drinking water
and food. The Experimental Animal Ethics Committee of
North Sichuan Medical College approved the present study
(approval no. 20200908). For the in vivo tail vein metastasis
assay, mice (n=10/group) were inoculated with 5x10° cells in
100 p1 PBS through the tail vein. The mice were divided in to
the following groups: SW480 (LV-Control and LV-ZNF384),
SW620 (LV-shControl and LV-shZNF384), SW480-ZNF384
(LV-shControl and LV-shMMP2) and SW620-shZNF384
(LV-Control and LV-MMP2). Mice survival was recorded
daily for 9 weeks, after which, animals were sacrificed to
remove the lung tissues. Lung tissues were collected, fixed
with 4% paraformaldehyde for 12 h at room temperature and
embedded in paraffin for subsequent pathological examina-
tion. Paraffin-embedded tissues were sectioned into 4-ym
slices. Mice were sacrificed via an intraperitoneal administra-
tion of sodium pentobarbital (200 mg/kg). Finally, a dissection
microscope (SZX7; Olympus Corporation) was used to count
the tumor metastases formed in the lungs.

Hematoxylin and eosin (H&E) staining. Lung tissues sections
were de-paraffinized in two changes of xylene, followed by
rehydration in two changes of absolute ethanol, and two changes
of 95 and 70% ethanol. Tissue was washed briefly in deionized
water and stained with Harris hematoxylin (Thermo Fisher
Scientific, Inc.). Slides were then processed in 0.25% acid
alcohol, blued in lithium carbonate and counterstained with
eosin solution (Thermo Fisher Scientific, Inc.). Tissues were
dehydrated in two changes of 95% and absolute ethanol, and
cleared in xylene. Photomicrographs were captured using an
Olympus BH-2 light microscope with DP70 camera operating
with DPS-BSW v3.1 software (Olympus Corporation).

Chromatin immunoprecipitation (ChIP) assay. The ChIP
assay was conducted using the Magna ChIP G Assay kit
(MilliporeSigma) according to the manufacturer's protocol.
Briefly, crosslinking of the transfected SW480 cells was carried
out for 10 min using 1% formaldehyde at 37°C, followed by
quenching with glycine. Co-immunoprecipitation of bound
DNA from sonicated (VCX750; Sonics & Materials, Inc.;
frequency: 20 kHz; 25% power; 4.5S impact; 9S gap; 14 times
in total) cell lysates (six rounds of 15 sec on, 90 sec off) was
carried out following incubation with primary antibodies
against HIF-1a (rabbit; 1:100; cat. no. 36169; Cell Signaling
Technology, Inc.), ZNF384 (rabbit; 1:200; cat. no. ab251673;
Abcam) and normal IgG (rabbit; 1:100; cat. no. 3900; Cell
Signaling Technology, Inc.) overnight at 4°C. Amplification of
the corresponding promoter binding sites was carried out using
PCR, and the corresponding primer sequences are displayed in
Table SII. PCR was performed using Taq DNA polymerase
(cat. no. EP0405; Thermo Fisher Scientific, Inc.) and a PCR
system (Takara Biotechnology Co., Ltd.). The thermocycling
conditions were as follows: Initial denaturation at 94°C for

5 min; followed by 35 cycles at 94°C for 40 sec, 60°C for
30 sec and 72°C for 60 sec, and a final extension step at 72°C
for 7 min. Experiments were carried out for three biological
repeats.

Cell proliferation analysis. An MTT assay was performed
to assess the levels of cell proliferation. Briefly, 100 ul trans-
fected cells (SW480 or SW620; 5x10° cells/well) were plated
in 96-well plates. Following incubation for 24, 48, 72 or 96 h,
5 mg/ml MTT solution (20 pl) was added to each well and incu-
bated for a further 4 h at 37°C. Subsequently, the MTT solution
was removed and 150 ul DMSO was added. Absorbance was
measured at a wavelength of 490 nm using a SpectraMax M5
microplate reader (Molecular Devices, LLC). Five biological
repeats were performed.

Transwell migration and invasion assays. Transwell inserts
with polycarbonate membranes (pore size, 8.0 ym) were placed
in 24-well plates. The invasion assay was performed after
precoating the upper chamber with 50 ul Matrigel (Corning,
Inc.) for 30 min at 37°C, followed by overnight drying. For
the migration and invasion assays, 1x10* and 1x10° cells,
respectively, were seeded in the top chamber. Subsequently,
complete medium (600 ul) was added to the lower chamber and
incubated for 24 h. Cells on the upper surface were removed
by swabbing. Cells on the lower surface were fixed in 10%
formalin at 25°C for 20 min, followed by staining with crystal
violet (0.1%) at 25°C for 5 min and counted using an inverted
light microscope (magnification, x20; Olympus Corporation).
Three biological repeats were performed.

Wound healing assay. Cells were plated into 6-well plates and
cultured under standard conditions until 100% confluence was
reached. Subsequently, a 1-ml pipette tip was used to scratch the
cell monolayer to generate a linear cell wound and the floating
cells were gently washed twice with DMEM. Cells were
cultured at 37°C in DMEM (containing 1% FBS) for 24 h. The
cells migrating into the wounded areas were captured using a
light microscope (magnification, x20) at O and 48 h. Wound
healing was assessed using MShot Image Analysis System
1.3.10 (Guangzhou Mingmei Photoelectric Technology Co.,
Ltd.). Wound closure was assess using the following equation:
Wound closure (%)=(area at TO-area at T48)/area at TO x100.
Three biological repeats were performed.

RT-gPCR. Total RNA was extracted from tissues and cells
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). PrimeScript RT Reagent kit (Takara Bio, Inc.) was used
for cDNA synthesis according to the manufacturer's protocol.
To determine the mRNA expression levels of ZNF384 and
MMP2, qPCR was performed using SYBR Premix Ex Taq II
(Takara Bio, Inc.) on the ABI 7500 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
gPCR thermocycling conditions were as follows: 95°C for
10 min; followed by 40 cycles at 95°C for 30 sec, 60°C for
30 sec and 72°C for 30 sec; followed by a final extension step
at 72°C for 2 min. Samples without a cDNA template were
used as the NC. Analysis of amplification curves was carried
out using SDS 1.9.1 software (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The expression levels of target genes



4 YAN et al: ZINC FINGER PROTEIN 384 ENHANCES COLORECTAL CANCER METASTASIS

in the cell lines were determined using the 224°4 method (10)
using the following equations: ACq=ACq'*¢*-~ACq°**P" and
AACq=ACqerpression vector ACgeontrol veetor Exnregsion levels were
normalized to matched control cells, which were set to 1.0.
In clinical tissue samples, fold changes in expression levels
of target genes were also determined using the 244% method,
as per the following equations: ACq=ACq'*"¢'-ACqCAPPH,
and AACq=ACq"™-ACq "™ or AACq=ACq!y™mph node
metastatic ACgrontumer - FExpression levels were normalized to
healthy colorectal tissues, which were also set to 1.0. Primer
sequences are displayed in Table SII.

Western blotting. Total proteins were extracted from
cells using RIPA lysis buffer (Beijing Solarbio Science
& Technology Co., Ltd.) supplemented with proteinase
inhibitors. The BCA method was used to assess protein
concentrations. Proteins (50 pg/lane) were separated by
SDS-PAGE on 10% gels and were subsequently transferred
to PVDF membranes. After blocking for 1.5 h with 5% skim
milk at room temperature, the membranes were incubated
overnight at 4°C in the presence of primary antibodies
against ZNF384 (rabbit; 1:1,000; cat. no. ab251673; Abcam),
MMP2 (rabbit; 1:1,000; cat. no. ab235167; Abcam), HIF-1a
(rabbit; 1:2,000; cat. no. ab243860; Abcam) and the control
[-actin (mouse; 1:500; cat. no. ab8226; Abcam). Subsequently,
membranes were incubated with anti-rabbit (HRP-conjugated;
1:5,000; cat. no. sc-2357; Santa Cruz Biotechnology, Inc.)
and anti-mouse (HRP-conjugated; 1:10,000; cat. no. sc-2005;
Santa Cruz Biotechnology, Inc.) secondary antibodies for 1 h
at 37°C. Visualization of protein bands was carried out using
electrochemiluminescence reagent (cat. no. WBKLS0500;
MilliporeSigma). Semi-quantification of protein expression
levels was carried out using ImagelJ software (version 1.8.0;
National Institutes of Health), with B-actin used as the loading
control. Experiments were carried out for three biological
repeats.

Plasmid construction. Plasmid vectors were established using
standard procedures. Primers used in the present study are
displayed in Table SII. PCR was used to amplify the ZNF384
promoter sequence (-1,996/+115) from human genomic DNA
extracted from SW480 cells using a genomic DNA extrac-
tion kit (cat. no. ab156900; Abcam). PCR was performed
using Takara LA Taq polymerase and PCR system (Takara
Biotechnology Co., Ltd.). The thermocycling conditions were
as follows: Initial denaturation at 94°C for 5 min; followed by
35 cycles at 94°C for 30 sec, 60°C for 30 sec and 72°C for
40 sec, and final extension at 72°C for 5 min. This sequence is
localized at the transcriptional start site position (-1,996/+115)
in the 5'-flanking region of the human ZNF384 gene. Vector
construction was carried out by integrating both forward and
reverse primers in the 5'- and 3'-ends of Kpnl and HindIII sites,
respectively. Insertion of PCR products between the digested
HindIII and Kpnl sites of the pGL3-Basic vector (Promega
Corporation) was performed. Moreover, the 5'-flanking region
deletion mutants of the ZNF384 promoter [(-1,996/+115)
ZNF384; (-1,752/+115) ZNF384; and (-317/+115) ZNF384]
were established using the (-1,996/+115) ZNF384 vector as the
template. Mutations in the HIF-1a-binding sites in the ZNF384
promoter were made using the QuikChange II Site-Directed

Mutagenesis kit (Stratagene; Agilent Technologies, Inc.).
Vector construction was verified using first DNA sequencing
(Sangon Biotech Co., Ltd.) and HIF-1a promoter vectors were
designed in the same way.

Transient transfection and luciferase assay. ZNF384 and
HIF-la expression plasmids were generated by cloning
ZNF384 or HIF-1a DNA into pCMV-tag2A vectors (Agilent
Technologies, Inc.). SW480 or SW620 cells were cultured in
a 24-well plate at 1x10° cells/well. After 12-24 h incubation,
cells were co-transfected with expression plasmids [0.6 pg;
pCMV-ZNF384, pCMV-HIF-1a or the control (pCMV-Tag)],
reporter plasmids (0.18 pg) and pRL-TK plasmids (0.02 ug)
(Promega Corporation) using Lipofectamine 3000 reagent. A
total of 5 h post-transfection, cells were washed and placed
in fresh medium containing 1% FBS for 48 h to recover.
Cells were subsequently serum-starved for assaying. A
Dual-Luciferase Assay kit (Promega Corporation) was used
to detect luciferase activities according to the manufac-
turer's protocol. Lysed transfected cells were centrifuged
at 72,000 x g for 120 min at 4°C in Eppendorf microcentrifuge
tubes. A Modulus™ TD20/20 luminometer (Turner Designs)
was used to determine relative luciferase activities. Luciferase
activity was normalized to Renilla luciferase activity. Three
biological repeats were performed.

Bioinformatics analysis. UALCAN (11) (http://ualcan.path.
uab.edu/) is an online interactive resource, which also provides
easy access to publicly available cancer omics data [The Cancer
Genome Atlas (TCGA), Metastasis 500, Clinical Proteomic
Tumor Analysis Consortium (CPTAC) and Children's Brain
Tumor Tissue Consortium]. UALCAN was used to deter-
mine the mRNA and protein expression levels of ZNF384 in
primary colon adenocarcinoma cases using data obtained from
TCGA and CPTAC. Gene Expression Profiling Interactive
Analysis (GEPIA; http://gepia2.cancer-pku.cn; version, 2) is an
open-access online tool for the interactive evaluation of RNA
sequencing data from 9,736 tumors and 8,587 healthy samples
in TCGA and Genotype-Tissue Expression programs (12).
GEPIA2 was also used to evaluate the association between
ZNF384 expression levels, and HIF-1a and MMP?2 expression
levels in colon or rectum adenocarcinoma. The University of
California Santa Cruz (UCSC) Genome Browser (13) (http://
genome.ucsc.edu) is a popular web-based tool for quickly
displaying a requested portion of a genome at any scale,
accompanied by a series of aligned annotation ‘tracks’. UCSC
Genome Browser was used to find the promoter sequence of
MMP2 and ZNF384. JASPAR (14) website (https://jaspar.
genereg.net/) was used to analyze the MMP2 and ZNF384
promoter (accessed on 10 October 2019). The relative profile
score threshold was set at 85%. Data were output after calcula-
tion through the JASPAR website.

RT-PCR array. Total RNA was extracted from SW480-ZNF384
and SW480-Control cells using TRIzol according to the
manufacturer's protocol and reverse transcribed to cDNA
using PrimeScript RT Reagent kit (Takara Bio, Inc.) according
to the manufacturer's protocol. Subsequently, RT-PCR was
carried out using the Human Tumor Metastasis RT2 Profiler
PCR array (SuperArray Bioscience) in an ABI PRISM7900
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system (Applied Biosystems; Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions. The PCR cycling
conditions were set as follows: 95°C for 5 min; followed by
40 cycles at 95°C for 15 sec, 60°C for 15 sec and 72°C for
20 sec, and a final extension step at 72°C for 5 min. The results
were analyzed using the AACq method as aforementioned.

Statistical analysis. Continuous data are displayed as the
mean + standard deviation, and TCGA and CPTAC data
are displayed as median and interquartile range. The ¥ test
was used to analyze categorical data. Comparison of means
between and among groups was carried out using Student's
t-tests and one-way ANOVA followed by Tukey's or Dunnett's
post hoc tests, respectively. Comparison of means among
50 matched primary CRC, lymph node metastatic and healthy
tissue samples was carried out using repeated measures
ANOVA followed by Tukey's post hoc tests. Based on vari-
ables from univariate analyses, determination of independent
factors influencing survival was carried out using the Cox
proportional hazards model. Kaplan-Meier was used for
survival analysis following surgery, and the log-rank test was
performed for comparisons of survival outcomes. Correlations
between ZNF384 and MMP2 or HIF-1a expression levels in
CRC samples were assessed using Spearman's rank correlation
analysis. SPSS software (version, 19; IBM Corp.) was used for
statistical analyses, and GraphPad Prism (version, 9; GraphPad
Software, Inc.) was used for graph preparation. P<0.05 was
considered to indicate a statistically significant difference.

Results

ZNF384 expression is markedly increased in human CRC
tissues. To explore the functions of ZNF384 in CRC develop-
ment, the expression levels of ZNF384 in TCGA and CPTAC
datasets were evaluated. Compared with in healthy tissues,
ZNF384 expression levels were significantly elevated in colon
adenocarcinoma tissues (Fig. 1A and D). TCGA samples were
categorized into two groups: i) High expression (with TPM
values above the upper quartile) and ii) Low/Medium expres-
sion (with TPM values below the upper quartile). The upper
quartile of ZNF384 expression in TCGA samples was 36.407.
Based on TCGA datasets, patients with elevated ZNF384
expression levels exhibited shorter overall survival outcomes
compared with those with lower ZNF384 expression levels,
implying that ZNF384 may be involved in CRC progression
(Fig. 1F). The mRNA expression levels of ZNF384 were also
measured in 50 matched primary CRC, lymph node metastatic
and healthy tissue samples. The results shown in Fig. 1B
demonstrated that compared with in matched healthy tissues,
ZNF384 mRNA expression levels were markedly increased
in primary CRC tissues. Moreover, compared with in primary
CRC tissues, ZNF384 mRNA expression levels were mark-
edly elevated in lymph node metastatic tissues. Consistent
with the aforementioned findings, ZNF384 protein expression
levels were markedly elevated in CRC tissues compared with
in adjacent healthy tissues (Figs. 1C, E and S1A).
Subsequently, ZNF384 expression levels and the potential
clinical significance were evaluated in a cohort of CRC tissues
using THC staining. Elevated ZNF384 expression levels were
positively associated with poor tumor differentiation, high

lymph node metastasis and an increased American Joint
Committee on Cancer stage (15), and elevated ZNF384 expres-
sion levels were an independent risk factor for CRC progression
(Tables I and II). Patients with high expression of ZNF384
exhibited markedly poor survival outcomes compared with
patients with low expression of ZNF384 (Fig. 1G). In addition,
patients with high expression of HIF-1a and MMP?2 exhibited
markedly poor survival outcomes compared with patients with
low expression of HIF-1o. and MMP?2 (Fig. S2). These results
suggested that ZNF384 expression levels were elevated in
CRC and may be associated with poor prognostic outcomes.

ZNF384 enhances CRC cell invasion and metastasis. The
results of the present study demonstrated that ZNF384
expression was closely associated with tumor metastasis.
SW480 and SW620 represented cells with low and high
metastatic ability, respectively, and ZNF384 was differ-
entially expressed in these two cell lines (Fig. 1H and I).
Therefore, the present study selected these two cell lines
to study the effect of ZNF384 on the proliferation of
colorectal cancer cells. Notably, ZNF384 expression exerted
no significant effect on the proliferation of SW480 and
SW620 CRC cells (Fig. S3). Thus, the effect of ZNF384
expression on the migratory and invasive capacity of CRC
cells was investigated. Both the mRNA and protein expres-
sion levels of ZNF384 were measured in various CRC cell
lines, including a normal colonic cell line (FHC), and cell
sublines with weak metastatic ability (SW480, Caco-2,
HCT116 and HT29) or strong metastatic ability (SW620 and
LoVo). Consistent with the clinical findings, the expression
levels of ZNF384 were significantly elevated in the six CRC
cell lines compared with in the healthy colonic cell line
(Figs. 1H, I and S1B). In the six CRC cell lines, ZNF384
expression was significantly elevated in metastatic CRC
cells (LoVo and SW620) compared with in non-metastatic
cell lines (SW480, Caco-2, HT29 and HCT116). In addition,
the trend in HIF-1a expression in CRC cells under conditions
of normoxia were inconsistent with the expression levels of
ZNF384 and MMP?2; under normoxic conditions, HIF-1a
was highly expressed in HT29 and HCT116 cells, whereas
ZNF384 and MMP2 were highly expressed in SW620 and
LoVo cells (Figs. S4, S10, SIP and 1I). These findings indi-
cated that ZNF384 may have a vital role in CRC metastasis
(Fig. 1H and I). Subsequently, four stable cell lines were
used to investigate the role of ZNF384 in CRC progression
(Figs. 2A-C, S1IC and D). The levels of in vitro CRC cell
migration and invasion were investigated using Transwell
assays. The results displayed in Fig. 2D demonstrated that
ZNF384 overexpression was associated with a high number
of migrating and invading cells; however, ZNF384 knock-
down led to a notable decrease in the levels of cell migration
and invasion. These findings were consistent with those of
the wound healing assays (Fig. S5). Therefore, the results of
the present study highlighted that ZNF384 promoted CRC
cell migration and invasion.

To further establish the role of ZNF384 in metastasis,
nude mice were injected with either SW480-ZNF384 or
SW620-shZNF384-1 cells, or the corresponding control cells.
The results of the present study demonstrated that mice that
had been injected with cells overexpressing ZNF384 exhibited
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Figure 1. High levels of ZNF384 are predictors for poor prognostic outcomes in patients with CRC. (A) Representative data from TCGA datasets displaying
the mRNA expression levels of ZNF384 in colon cancer tissues compared with in healthy tissues. Box-and-whisker plots represent medians (horizontal lines),
interquartile ranges (boxes), and minimum and maximum values (whiskers). (B) mRNA expression levels of ZNF384 in normal, primary CRC and lymph
node metastatic tissues. Expression levels of ZNF384 mRNA were determined by RT-qPCR and normalized to GAPDH. (C) Western blot analyses were
conducted using human CRC and adjacent normal tissues. (D) ZNF384 protein expression levels in different tumor types and corresponding healthy tissues
from UALCAN. (E) Immunohistochemical staining for the detection of ZNF384 in CRC tissues. Scale bars, 100 gm (upper panel) and 50 ym (lower panel).
(F) Results of the Kaplan-Meier analysis demonstrated the association between ZNF384 mRNA expression levels and overall survival for patients with COAD
in TCGA dataset. (G) Results of the Kaplan-Meier survival curves demonstrated the association between ZNF384 expression and overall survival outcomes in
patients with CRC. (H and I) RT-qPCR and western blot analysis of ZNF384 expression levels in various CRC cell lines. "P<0.05, “P<0.01 vs. FHC; #P<0.01
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colon adenocarcinoma; N, normal; T, tumor; TCGA, The Cancer Genome Atlas; CPTAC, Clinical Proteomic Tumor Analysis Consortium; RT-qPCR, reverse
transcription-quantitative PCR.

elevated CRC metastasis levels, whereas mice injected SW620-shControl group exhibited higher metastatic ability,
with cells in which ZNF384 was knocked down exhibited compared with SW480-Control group. This is due to the
reduced CRC metastasis levels (Fig. 2E). In addition, the difference in the metastatic ability of the two colorectal cancer
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Table I. Associations between ZNF384 expression and clinicopathological parameters in 164 patients with colorectal cancer.

ZNF384 expression
Clinicopathological variables Number (n=164) High (n=66) Low (n=98) P-value
Age, years 0.101
<60 55 27 28
=60 109 39 70
Sex 0.655
Male 83 32 51
Female 81 34 47
T stage 0.306
T1 and T2 57 26 31
T3 and T4 107 40 67
Lymphatic invasion <0.01*
Absent 114 32 82
Present 50 34 16
AJCC stage <0.01*
I 47 9 38
II 67 27 40
III 50 30 20
Differentiation 0.016°
Well 35 15 20
Moderate 73 21 52
Poor 56 30 26
Tumor location 0.651
Colon 76 32 44
Rectum 88 34 54

P<0.01, "P<0.05. AJCC, American Joint Committee on Cancer.

cells themselves. Consistent with the aforementioned elevated
lung metastasis levels, significantly reduced survival periods
were observed in SW480-ZNF384 cell-injected mice compared
with those injected with SW480-control cells (Fig. 2F). The
survival period for SW620-shZNF384 cell-injected mice was
significantly increased compared with the survival period of
control cell-injected mice (Fig. 2F). Further histopathological
evaluation of the lungs revealed a markedly high number
of metastatic nodules in SW480-ZNF384-injected mice,
compared with SW480-control-injected mice. Moreover,
SW620-shZNF384 cell-injected mice exhibited significantly
fewer metastatic nodules compared with those injected with
SW620-sh control cells (Fig. 2G and H). In the tail vein
metastasis assay, the nude mice quickly suffered casualties due
to lung metastases, and colon metastases were rarely found.
These results indicated that ZNF384 increased CRC cell
invasion and metastasis.

MMP? is a transcriptional target of ZNF384. To establish the
mechanisms through which ZNF384 enhances CRC progres-
sion, a Metastasis RT2 Profiler PCR Array analysis was
carried out to detect ZNF384 overexpression-associated tran-
scriptomic variations in SW480 cells. By using a fold change
of two as the cut off, 23 of the 89 metastasis-associated genes

were elevated upon overexpression of ZNF384 in SW480 cells,
17 genes were suppressed and 49 genes did not exhibit any
significant variations (Table SIII). Among the elevated genes,
MMP?2 had the strongest induction response to ZNF384 over-
expression (Table SIII). Moreover, ZNF384, a transcriptional
factor that exhibits a C2H2 ZNF structure, regulates MMP1,
collagen a-1 chain precursor and MMP3 gene transcription
levels (16-18). The transcriptional recognition site has an
adenine enriched-sequence (15). By querying the UCSC
Genome Browser, it was revealed that the promoter region
of MMP?2 is rich in adenine. Therefore, it was hypothesized
that MMP?2 was a target gene of ZNF384. To confirm whether
ZNF384 activated MMP2 expression, the MMP2 mRNA and
protein expression levels were evaluated in cells following
either ZNF384 silencing or overexpression. ZNF384 overex-
pression significantly elevated the MMP2 mRNA expression
levels, whereas the mRNA expression levels of MMP2
were markedly suppressed following ZNF384 knockdown
(Fig. 3A and B). The changes in MMP2 protein expression
levels were consistent with the aforementioned findings
(Figs. 3C, S1E and F). To establish whether ZNF384 medi-
ated MMP2 transcription activation, constructs expressing the
MMP2 promoter were co-transfected with pCMV-ZNF384,
and the relative luciferase activity was determined. The results
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Table II. Univariate and multivariate analysis of factors associated with survival in patients with colorectal cancer.

Univariate analysis

Multivariate analysis

Characteristics HR (95% CI) P-value HR (95% CI) P-value
Age, years

(=60 vs. <60) 2.605 (0.9748-6.96) 0.056

Sex

(female vs. male) 0.986 (0.4466-2.179) 0973

T stage

(T3 and T4 vs. T1 and T2) 1.114 (0.4691-2.647) 0.806

Lymphatic invasion

(present vs. absent) 5.931(2.034-17.29) 0.001 3.849 (1.201-12.302) 0.022
Differentiation

(poor vs. well/moderate) 1.817 (0.8395-3.934) 0.130

AJCC stage

(III vs. I and II) 3.088 (1.29-7.395) 0.010 0.998 (0.360-2.740) 0.897
Tumor location

(colon vs. rectum) 0.995 (0.986-1.018) 0.549

ZNF384 expression

(high vs. low) 2478 (1.102-5.574) 0.028 1.864 (1.450-2.380) 0.012
HIF-1o expression

(high vs. low) 1.910 (1.020-3.575) 0.043 2.146 (0.881-5.230) 0.093
MMP2 expression

(high vs. low) 3.946 (1.052-14.804) 0.042 3472 (1.134-10.631) 0.029

AJCC, American Joint Committee on Cancer; HIF-1a, hypoxia-inducible factor-1a; ZNF384, zinc finger protein 384.

of the present study demonstrated that luciferase activity
was markedly elevated in MMP2 promoter-transfected cells
(Fig. 3D), indicating that ZNF384 activated MMP?2 transcrip-
tion. Moreover, sequence analysis via JASPAR revealed the
presence of three putative ZNF384-binding sites in the MMP2
promoter. Site-directed mutagenesis and serial deletion anal-
yses revealed that binding site 3 is vital for ZNF384-induced
MMP?2 transactivation (Fig. 3E). Furthermore, direct binding
of ZNF384 to the MMP2 promoter was further verified using
ChIP (Fig. 3F). These results indicated that ZNF384 directly
binds to specific sites on the MMP2 promoter to transcription-
ally activate subsequent gene expression.

MMP?2 is crucial for ZNF384-mediated CRC cell migra-
tion and metastasis. Both MMP2 knockdown and
overexpression were verified using RT-qPCR and western
blotting (Figs. 4A-C, S1G-J, Q, R and S6). MMP2 knockdown
significantly inhibited ZNF384-induced cell migration and
invasion (Figs. 4D and S7); however, MMP2 overexpres-
sion reversed the ZNF384 knockdown-mediated levels
of migration and invasion (Fig. 4E and S7). In vivo, the
SW480-ZNF384 + LV-shMMP2-1 group exhibited poor
metastasis, limited lung metastasis and scarce metastatic
nodules, compared with the SW480-ZNF384 + LV-shControl
group (Fig. 4F, I and J). However, MMP2 overexpression
reversed the ZNF384 knockdown-induced decrease in
SW620 cell metastasis (Fig. 4F, I and J). Compared with in
mice injected with control cells, those that were injected with
MMP2-overexpressing SW620-shZNF384 cells exhibited

significantly reduced survival periods, whereas those injected
with MMP2-knockdown SW480-ZNF384 cells exhibited
significantly increased survival periods (Fig. 4G and H). These
results indicated that ZNF384 may increase CRC migration
and metastasis by promoting MMP2 expression.

HIF-lo transactivates ZNF384. Hypoxia is common in
a number of malignancies, including CRC. Notably, the
expression levels of HIF-1a and -2a have been reported to
be elevated in numerous types of human cancer, and the
expression levels of these proteins are associated with poor
prognostic outcomes (19). The role of HIF-la in cancer
progression and the corresponding implications in CRC
metastasis have previously been reported (20,21). During
hypoxia, HIF-1a activates downstream genes involved in
various cancer biological processes, such as angiogenesis,
glucose metabolism, cell survival and invasion, to adapt to
the hypoxic environment (22,23). Moreover, MMPs play
important roles in this process, and a previous study indi-
cated that HIF-1a initiated the expression of MMPs (24).
Osinsky ef al (25) demonstrated the positive correlation
between hypoxia levels and MMP2, as well as MMP9, in
Lewis lung carcinoma (25). Exposure of neonatal mice to
chronic hypoxia (10% O,), an inducer for lung development
arrest, also led to elevated MMP?2 levels with corresponding
suppression of MMP inhibitor 2 precursor (26). Under hypoxic
conditions (0.5% O,), the ZNF384 expression levels in Caco-2
and SW480 cells were markedly elevated in a time-dependent
manner (Figs. 5A, B, SIK and L). To investigate whether
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Figure 2. ZNF384 enhances CRC cell invasion and metastasis. (A-C) Reverse transcription-quantitative PCR and western blotting were carried out to
verify ZNF384 overexpression in SW480 and Caco-2 cells, and ZNF384 knockdown in SW620 and LoVo cells. (A) “P<0.01 vs. LV-Control (B) “P<0.01
vs. LV-shControl. (D) Migration and invasion of CRC cells was detected using Transwell assays (magnification, x20). “P<0.05 vs. LV-Control; “P<0.05,
#P<0.01 vs. LV-shControl (E) Number of mice with lung metastasis per group. (F) Overall survival outcomes for mice in every group. (G) Representative
hematoxylin and eosin staining images showing lung metastases in mice injected with transfected cells via the tail vein. Scale bars, 1 mm (low magnification)
and 100 ym (high magnification). (H) Numbers of lung metastatic nodules in various groups. “P<0.01 vs. LV-Control; “P<0.05 vs. LV-shControl. ZNF384, zinc
finger protein 384; CRC, colorectal cancer; sh, short hairpin RNA.

hypoxia-mediated ZNF384 expression was involved in the and subjected to hypoxia. Under conditions of hypoxia,
transactivation of its promoter, a reporter plasmid with the = ZNF384 transcription levels were markedly elevated, demon-
ZNF384 gene promoter was transfected into CRC cell lines  strated by enhanced luciferase activities (Fig. 5C). HIF-1a
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overexpression was associated with high luciferase promoter
activities, and elevated ZNF384 mRNA and protein expres-
sion levels, whereas HIF-1a knockdown exerted the opposite
effects (Figs.5D,SIM and N). Moreover, the ZNF384 promoter
sequences were explored to establish potential cis-regulatory
elements, and two putative HIF-1a-binding sites were identi-
fied through the JASPAR website. Site-directed mutagenesis
and serial deletion assays revealed that both ZNF384-binding
sites were crucial for HIF-1a-initiated ZNF384 transactiva-
tion (Fig. SE). Results of the ChIP assay further verified the
direct binding of HIF-1a to the ZNF384 promoter in CRC

cells (Fig. 5F). The aforementioned findings demonstrated
that ZNF384 is a target gene for HIF-1a.

ZNF384 expression is positively associated with HIF-1a and
MMP?2 expression levels in CRC. The potential association
between ZNF384, MMP2 or HIF-1a expression in CRC tissues
was evaluated. Results of the present study demonstrated that
there was a positive association between ZNF384 and HIF-1a
expression, and between ZNF384 and MMP2 expression
(Fig. 6A and B), which was further verified using GEPIA
(Fig. 6C).
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Figure 4. MMP2 is crucial for ZNF384-mediated CRC migration and metastasis. (A-C) Reverse transcription-quantitative PCR and western blotting were
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Discussion that ZNF384 overexpression promoted melanoma cell

progression (9). In addition, ZNF384 has been shown to bind
In numerous types of cancer, ZNF384 promotes various malig-  the APOBEC3B (A3B) promoter to modulate A3B expression
nant processes, including cell proliferation, migration and in cervical cancer (27). ZNF384 may also promote hepa-
invasion (9,27,28). Results of a previous study demonstrated  tocellular carcinoma (HCC) cell proliferation by promoting
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cyclin D1 expression and is considered a prognostic factor for
patients with HCC (28).

The results of the present study demonstrated that
ZNF384 was markedly elevated in metastatic CRC tissues,
and increased ZNF384 expression was associated with lymph
node metastasis and advanced clinical stage. ZNF384 expres-
sion was also revealed to be an independent risk factor for
low patient survival outcomes following curative resection.
Furthermore, the results of the present study demonstrated

that ZNF384 overexpression markedly enhanced CRC metas-
tasis, whereas ZNF384 knockdown exerted the opposite
effects. However, the results of the present study revealed that
ZNF384 expression did not affect CRC cell proliferation. The
discrepancies in the function of ZNF384 in different types of
cancer may be associated with differences in cellular context
or differences in targeted genes. Therefore, in CRC, ZNF384
may act as a potential metastatic promoter and prognostic
marker.
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Figure 6. ZNF384 expression levels are positively correlated with MMP2 and HIF-1a expression levels in CRC. (A) Representative immunohistochemical
staining images for ZNF384, HIF-1a and MMP2 in human CRC tissues. Scale bars, 200 zm (low magnification) and 50 zm (high magnification). (B) Association
between ZNF384 expression levels, and HIF-1a and MMP2 expression levels in human CRC tissues. (C) Correlation between ZNF384 expression, and HIF-1a
or MMP?2 expression was analyzed by Gene Expression Profiling Interactive Analysis in colon or rectum adenocarcinoma. ZNF384, zinc finger protein 384;

CRC, colorectal cancer; HIF-1a, hypoxia-inducible factor la.

MMPs are involved in cancer invasion and metastases (29).
Among the MMPs, MMP2, also referred to as gelatinase A,
plays critical roles in malignant cell migration, which is attrib-
uted to its ability to degrade type IV collagen (30). MMP2
is a potential prognostic biomarker (31). Elevated MMP2
expression in cancer cells has been reported to be a significant
predictive factor for poor survival outcomes in CRC (31,32).
Kostova et al (33) demonstrated a significant positive corre-
lation between MMP2 tissue expression and the presence of
nodal metastasis in CRC. Increased expression levels of MMP2
have also been shown to be correlated with poor overall and
progression-free survival in patients with CRC (34). In CRC,
increased levels of MMP2 have been revealed to be associated
with microvascular angiogenesis and apoptotic resistance,
and increased levels of MMP2 could elevate the levels of
cell adhesion, and promote invasion and metastasis (35).
The results of intrasplenic injection assays carried out in a
previous study demonstrated that, in nude mice, the metastatic
potential of CRC cell lines was associated with the levels of
secreted MMP2 (36). These findings highlighted that MMP2
may be a crucial oncogene in CRC; however, the mechanisms
through which MMP?2 is dysregulated in CRC are yet to be
fully elucidated. The results of the present study demonstrated
that MMP2 was a direct functional target of ZNF384, which
transactivates MMP2 expression by binding its promoter.
Suppression of MMP2 markedly inhibited ZNF384-mediated
CRC migration, invasion and lung metastasis, whereas MMP2
overexpression reversed the ZNF384 knockdown-induced
suppression of CRC cell malignancy. Moreover, ZNF384
expression exhibited a positive correlation with MMP2
expression. In the present study, in addition to using serial
deletion, site-directed mutagenesis was used as a control.

Compared with the mutant plasmid, the wild-type plasmid had
almost the same structure except the mutant base, which can
also exclude the influence of nucleosomes. Therefore, these
findings indicated that ZNF384 increased CRC metastasis by
transactivating MMP2.

The mechanisms through which ZNF384 and MMP2
were dysregulated in CRC were also investigated. The asso-
ciation between hypoxia and MMPs, such as MMP2, has
previously been verified (24). However, the role of hypoxia
in ZNF384-associated MMP2 dysregulation has yet to be
fully elucidated in human CRC. The results of the present
study demonstrated two potential HIF-la-binding sites in
the ZNF384 promoter. Further analyses revealed that HIF-1a
transactivated ZNF384 by binding both HIF-1a-binding sites
within the ZNF384 promoter. Moreover, HIF-1a expression
was correlated with ZNF384 expression levels. However, the
results of the present study demonstrated that the trend in
HIF-1a expression in CRC cells under conditions of normoxia
were inconsistent with the expression levels of ZNF384 and
MMP2. Thus, the ZNF384/MMP2 axis may not be regulated
by HIF-1a under conditions of normoxia. Results of previous
studies have demonstrated that hypoxia induces the Warburg
effect, which is key in the development of cancer and may alter
glucose metabolism (22,23). In the present study, the role of
the HIF-10/ZNF384/MMP2 axis in CRC progression has yet
to be fully elucidated; thus, further investigations are required.
The aforementioned results of the present study highlighted
that the hypoxia-associated protein, HIF-1a, is a transcrip-
tional regulator of ZNF384, which may enhance both MMP2
expression and CRC cell metastasis. These results highlight
that under hypoxic conditions, human CRC progression may
be promoted by dysregulated MMP2.
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In conclusion,ZNF384,a direct HIF-1a target, was revealed
to be markedly elevated in CRC and to be associated with poor
prognostic outcomes. Furthermore, ZNF384 overexpression
enhanced CRC cell metastasis by transactivating MMP2
expression. Therefore, these findings indicated that ZNF384
may act as a potential prognostic factor and therapeutic target
for CRC.
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