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Previous studies have reported that long noncoding RNAs
(lncRNAs) have acted as new players during tumorigenesis.
Metallothionein also plays an important role in tumor progres-
sion. It is mainly considered to be involved in the process of cell
proliferation, oxidative stress, and multidrug resistance. How-
ever, the potential involvement of metallothionein-related
lncRNAs in colon cancer remains poorly understood. In our
study, we found that MT1M affected the expression of lncRNA
STEAP3-AS1. STEAP3-AS1 is located in physical contiguity
with STEAP3 and notably increased in colon cancer tissues
and cell lines. STEAP3-AS1 expression was negatively associ-
ated with the expression of STEAP3. High levels of STEPA3-
AS1 were associated with poor overall survival in colon cancer
patients. In in vitro assays, STEAP3-AS1 knockdown could
inhibit colon cancer cell proliferation and migration and arrest
colon cancer cells at the G0–G1 phase. In tumorigenicity assays,
STEAP3-AS1 knockdown could strongly inhibit tumor growth.
Mechanistic investigations demonstrated that STEAP3-AS1
downregulation could increase the expression of cyclin-depen-
dent kinase inhibitor 1C (CDKN1C) by STEAP3 upregulation.
Overall, we identify the underlying role of MT1M-related
lncRNA STEAP3-AS1 in colon cancer progression, which pro-
vides a novel strategy for colon cancer therapy.
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INTRODUCTION
Colon cancer is the third most common malignant tumor worldwide.
In the United States, it is the second leading cause of death, respon-
sible for 8% of diagnosed cancers and 8% of cancer deaths.1 The inci-
dence rates were 30%–40% higher in men than in women. Owing to
multi-modality therapy, the incidence and mortality rate of colon
cancer have steadily decreased in recent years. However, the prog-
nosis of colon cancer patients is still not satisfactory as a result of tu-
mor recurrence and metastasis.2 Thus, it is crucial to find clinically
useful tumor markers that can be helpful for providing therapeutic
strategies of colon cancer.

Long noncoding RNAs (lncRNAs) are usually defined as a type of
transcripts of greater than 200 nt in length and lacking an open
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reading frame of significant length (less than 100 aa).3 Originally,
lncRNAs were regarded as “noise” in genome transcription and had
no biological function. However, more and more studies have re-
ported that lncRNAs act as new players during tumorigenesis by
gene regulation in the transcriptional and post-transcriptional levels.
lncRNAs are often dysregulated in cancer and emerge as oncogenes or
tumor suppressors.4,5 They are widely involved in various signaling
pathways, and their dysregulations are closely related to
tumorigenesis.

Metallothionein (MT) comprises a multigene family with high con-
tent of cysteine residues. It consists of four isoforms, designated
MT1 to MT4.6 In general, metallothionein is proposed as a key player
in the homeostasis of zinc and copper and the detoxification process
of cadmium and mercury.7 As an antioxidant, metallothionein can
effectively eliminate the hydroxyl radical in the redox reaction.8 In
rapidly increasing and highly metabolized tumor tissues, overexpres-
sion of metallothionein may promote tumor cell proliferation.9 Met-
allothionein has been shown to participate in the cell cycle process,
and knockdown of metallothionein 2A inhibited the cell cycle from
the G1 to S phase in breast cancer.10 Metallothionein could regulate
apoptosis-related proteins via interacting with zinc and iron.11

Conversely, metallothionein II(a) downregulation could induce pros-
tate cancer and ovarian cancer cell apoptosis.12 The tumor necrosis
factor (TNF)-induced oxidative stress in hepatocellular cancer could
be inhibited by autophagy of metallothionein.13 Additionally, metal-
lothionein is reported to be closely correlated with tumor cell drug
resistance. Thus, metallothionein may affect tumor cell proliferation,
apoptosis, oxidative stress, and drug resistance in cancer occurrence
and progression.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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In humans, MT2, MT3, and MT4 proteins are encoded by a single
gene. Further expansion of the MT1 gene in humans has occurred
in the primate lineage, resulting in a total of 13 paralogs (MT1A to
MT1J, MT1L, MT1M, and MT1X). The known active MT1 genes
are MT1A, MT1B, MT1E, MT1F, MT1G, MT1H, MT1M, and
MT1X. The rest of these paralogs (MT1C, MT1D, MT1I, MT1J,
and MT1L) are pseudogenes that have been predicted to lose their
protein-coding capacity through such molecular events as point or
frameshift mutations.6,14,15 The loss of invariant cysteines is the
most frequent event, accounting for pseudogenization of five MT1
genes.6 There was a premature stop codon (Cys5Tyr, Cys15Tyr,
Cys24Tyr, Cys26X, Cys37Tyr, Cys41X, Cys50X, and Cys60Arg) in
MT1JP, MT1CP, MT1DP, and MT1LP. Three non-cysteine codons
encode for an aromatic residue (Gly11Phe, Ser18Phe, and Ser35Phe)
covering MT1IP and MT1CP. Also, a 1-bp deletion was at the C-ter-
minal domain in MT1IP. Because cysteine replacement either with
tyrosine or with a stop codon contains only a single nucleotide sub-
stitution, these residues are expected to often result in metallothio-
nein pseudogenization. Pseudogenes have been viewed as non-func-
tional relics littering the human genome. Recently, it has become
apparent that numerous pseudogenes are transcribed into lncRNAs
and perform their diverse biological functions. MT1JP is a member
of the metallothionein family and, as one of pseudogenes, it is tran-
scribed into lncRNA, which plays a biological function in transcrip-
tional or post-transcriptional regulation of gene expression. It was re-
ported that MT1JP functioned as a competing endogenous RNA
(ceRNA) to competitively bind to miR-92a-3p and regulated the
expression of FBXW7 in gastric cancer.16 Another metallothionein
MT1DP was found to be involved in the cytotoxicity process of heavy
metal cadmium. MT1DP can bind to RhoC protein and increase its
expression and lead to the death of hepatocytes. Considering that
the pseudogenes in the metallothionein family themselves are
lncRNAs, these lncRNAs may affect the real metallothionein at the
transcriptional or post-transcriptional level with regard to cellular de-
fense and cytotoxicity. MT1DP served as a competitive endogenous
RNA and competed for miR-24 with MT1H.17 Otherwise, the tran-
scription factor RunX2, together with YAP, was involved in the occur-
rence of liver cancer by inhibiting the expression of tumor suppressor
lncRNA MT1DP via affecting FoxA1.18 However, it is rarely known
whether other members of metallothionein can be regarded as
lncRNAs or whether metallothionein is correlated with lncRNA in
tumorigenesis.

New insights have been gained into the effects of lncRNAs in cancer
by screening out significantly differential lncRNAs via rapid high-
throughput sequencing methods and connecting them with special
biological processes, such as tumor cells proliferation, migration,
apoptosis, and metastasis.19 Presently, reports have linked lncRNAs
with colon cancer. lncRNA CCAT2 (colon cancer-associated tran-
script 2) activated Wnt signaling via upregulation of MYC, miR-17-
5p, and miR-20a in colon cancer metastasis.20 lncRNA UICLM was
upregulated in colon cancer liver metastasis tissues and regulated
ZEB2 expression by endogenously competing with miR-215.21

Conversely, lncRNA CPS1-IT1 was downregulated in colon cancer
tissues, and overexpression of lncRNA CPS1-IT1 significantly in-
hibited colon cancer cell proliferation, invasion, epithelial-mesen-
chymal transition, and metastasis.22 Thus, lncRNAs could play
important roles in colon cancer progression. However, the number
of lncRNAs associated with colon cancer is limited and further study
is urgently needed.

In previous research, we found that dendritic cell-specific intercellular
adhesion molecule-grabbing nonintegrin-related protein (DC-
SIGNR), one type of C-type lectin, increased the expression of metal-
lothioneins (including MT1M, MT1B, MT1G, MT1H, MT1X, and
MT1F) in colon cancer progression, and we suspected that metallo-
thioneins may be associated with colon cancer.23 Among these metal-
lothioneins, MT1M was dysregulated more obviously than others.
Additionally, emerging evidence has shown that MT1M was an
important part in the cellular and pathological processes.24 As amajor
member of the metallothionein family, high expression of MT1M is
related to pancreatic ductal adenocarcinoma, breast cancer, and colo-
rectal carcinoma.25–27 MT1M and its related lncRNAs LINC01589
and LINC00960 showed profoundly increased expression in pancre-
atic cancer cells in comparison with normal cells. The integration of
MT1M and the related lncRNAs could be useful in the future for pre-
dicting patient survival and condition with regard to pancreatic can-
cer. In breast cancer, MT1M and coexpressed lncRNAs AL139280.1
and AP000851.1 were significantly related to overall survival. In colo-
rectal cancer, MT1M was a highly expressed isoform in tumor
epithelia. It is reported that metallothionein overexpression is an in-
dependent prognosticator for relatively poor survival of patients. In
primary colon cancer, metallothionein expression was significantly
correlated with lymph node metastasis, suggesting that metallothio-
nein may modulate the tumor metastatic process.28 However, the
relationship between MT1M and lncRNA in colon cancer is unclear.

In this study, we first used lncRNA microarray to analyze MT1M-
related lncRNAs and found lncRNA STEAP3-AS1, an unknown anti-
sense lncRNA. We further studied the biological function of lncRNA
STEAP3-AS1 and explored its molecular mechanism in colon cancer.

RESULTS
lncRNA Expression Profile in Colon Cancer Cells after MT1M

Downregulation

lncRNAs are dysregulated in a large number of cancers, indicating
that they are closely associated with cancer development, progression,
and metastasis. The expression level of MT1M was notably silenced
by small interfering RNA (siRNA) in LoVo cells, and the impact of
MT1M knockdown efficiency was detected by real-time PCR. The
expression levels of MT1M in two MT1M short hairpin RNA
(shRNA) cell lines were both lower compared with control shRNA
cells (Figure 1A). Additionally, the MT1M level in shRNA2 cells
was clearly lower than that in control shRNA cells. Thus, we selected
the MT1M shRNA2 interference sequence for further study. We pro-
filed the expression of lncRNAs inMT1M shRNA and control shRNA
cells by LncPath human cancer array. A total of 43 dysregulated
lncRNAs were detected (Figure 1B). Gene Ontology (GO) analysis
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Figure 1. MT1M Dysregulates a Series of Tumor-

Associated lncRNAs in LoVo Cells

(A) The knockdown efficiency of MT1M is shown in LoVo

cells. (B) Hierarchical clustering was performed to show

the distinguishable lncRNAs and showed the relationships

among the expression levels of samples. High relative

expression is indicated by red, and low relative expression

is indicated by green. (C) Gene Oncology and KEGG

pathway analysis of lncRNAs associated with coding

genes. (D) Hierarchical clustering shows different genes

associated the process of cell cycle and cell proliferation.
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was performed on the lncRNA-associated mRNAs with terms under
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and
biological processes (Figure 1C). With MT1M knockdown, it caused
a series of biological processes, mainly including signal transduction,
cell proliferation, and cell cycle. The statistical expressions of genes
for cell cycle and cell proliferation are shown in Figure 1D. These
data indicate that a series of lncRNAs are aberrantly expressed in
MT1M knockdown colon cancer cells.

lncRNA STEAP3-AS1 Was Upregulated in Colon Cancer Tissue

We listed the top 10 dysregulated lncRNAs between the MT1M
shRNA group and the control group (Figure 2A). To validate the mi-
croarray data, we selected four lncRNAs from the differentially ex-
pressed lncRNAs and validated the expression levels by real-time
PCR. As shown in the results, the expression trend of those genes
was consistent with microarray results (Figure 2B). To identify the
role of MT1M-regulated lncRNA in tumorigenesis, we selected
STEAP3-AS1, which was downregulated most prominently among
those lncRNAs in the microarray above, for further study. We
analyzed its expression level in the public dataset The Cancer Genome
Atlas (TCGA) from 453 colon cancer samples and 41 non-tumorous
samples. Results showed that STEAP3-AS1 was annotated in TCGA,
and the results showed that STEAP3-AS1 was significantly elevated in
tumor versus normal pairs (Figure 2C). Correlations between the
clinicopathological parameters of colon cancer patients and
STEAP3-AS1 levels are listed in Table 1. STEAP3-AS1 expression
was statistically related to age. However, there were no differences
in STEAP3-AS1 levels with sex, stage, and tumor, node, and metas-
tasis (TNM). Additionally, we measured the correlation expression
pattern of STEAP3-AS1 and STEAP3 in colon cancer tissues using
TCGA dataset. We found that STEAP3-AS1 expression was signifi-
482 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
cant negatively associated with STEAP3 expres-
sion (r = �0.1442, p = 0.0086) (Figure 2D). We
also analyzed the association of STEAP3-AS1
with patient survival and primary tumors. Sur-
vival analysis was performed using Kaplan-Me-
ier curve and the log-rank test to estimate the
survival probability. Result identified that the
patients with high STEAP3-AS1 expression
(RPKM [reads per kilobase transcript per
million mapped reads] valueR0.05510) tended
to have worse overall survival compared with patients with low
STEAP3-AS expression (Figure 2E). Then, we validated these data
with RNAs extracted from tumor tissues and their matched normal
tissues of 17 patients by quantitative real-time PCR. Results showed
that the expression of STEAP3-AS1 was upregulated in colon cancer
tissue compared with that in the matched non-tumor tissues (Fig-
ure 2F; Table S2). These results demonstrate that the expression of
STEAP3-AS1 is elevated in colon cancer tissues.

Knockdown of lncRNA STEAP3-AS1 Decreased Colon Cancer

Cell Proliferation and Migration

To investigate the influence of lncRNA STEAP3-AS1 on the biolog-
ical function of colon cancer cells, we used quantitative real time
PCR to detect the relative expression of STEPA3-AS1 in five colon
cancer cell lines (LoVo, HCT-116, SW480, SW620, and LS174T)
and one human intestinal epithelial cell line (HIEC). Result showed
that the expression of lncRNA STEAP3-AS1 was upregulated in
five colon cancer cell lines compared with that in HIEC cells (Fig-
ure 3A). lncRNA STEAP3-AS1 was expressed at much higher levels
in LoVo and HCT-116 cells. Then, we selected the above two cell lines
for further research and knocked down STEAP3-AS1 expression by
using lentivirus transfection. The knockdown efficiency was verified
by qPCR. Results implied that those two lentivirus STEAP3-AS1
shRNAs could significantly suppress the expression of STEA3-AS1
in LoVo and HCT-116 cells (Figures 3B and 3C). To determine the
role of STEAP3-AS1, we sought to explore its loss of function in colon
cancer carcinogenesis. First, we used MTT assay to observe its effect
on cell proliferation. Result showed that STEAP3-AS1 knockdown in-
hibited LoVo and HCT-116 cells proliferation compared with nega-
tive control cells (Figure 3D). Additionally, in colony formation assay,
we also confirmed that the number of STEAP3-AS1-silenced cells was



Figure 2. The Expression of lncRNA STEAP3-AS1 Is

Elevated in Colon Cancer Tissues

(A) The top 10 genes were significantly upregulated or

downregulated in LoVo cells after MT1M knockdown. (B)

Real-time PCR demonstrated four gene trends that were

consistent with microarray results. (C) RPKM value is

represented for the expression level of STEAP3-AS1 in

TCGA database. The expression of STEAP3-AS1 was

elevated in 453 colon cancer tissues versus 41 normal

tissues. (D) Correlation between the expression of

STEAP3-AS1 and the expression of STEAP3 in the colon

cancer data in TCGA. (E) Kaplan-Meier analysis of

STEAP3-AS1 expression in overall survival in the colon

cancer dataset. (F) STEAP3-AS1 expression in human

colon cancer and normal tissue by real-time PCR analysis.
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decreased compared with that of control shRNA cells (Figure 3E).
Then, we assessed the influence of STEAP3-AS1 on cell migration
by transwell migration assay (Figure 3F). As shown in the results,
the numbers of the migration cells that went through the transwell
membrane were significantly reduced following the delivery of
STEAP3-AS1 silencing with transfection of two different shRNAs.
Similarly, in a wound-healing assay, two STEAP3-AS1 knockdown
cell lines showed a much slower recovery compared with control cells
(Figure 3G). These results demonstrate that STEAP3-AS1 knock-
down inhibits colon cancer cell proliferation and migration in vitro.

lncRNA STEAP3-AS1 Downregulation Suppressed Cells Cycle

Progression

To assess whether STEAP3-AS1 downregulation affected cell cycle
progression, the cell cycle was detected. Using flow cytometry, we
observed that cells transfected with STEAP3-AS1 shRNA could
induce cell-cycle arrest at the G0–G1 phase (Figure 4A). Additionally,
we repeated the experiment by 1-day fetal bovine serum (FBS) starva-
tion and justified the data in the cell cycle assay again. Actually, upon
transfection of two shRNAs, the percentage of cells in the G1 phase
significantly increased with lncRNA STEAP3-AS1 knockdown in
both cell lines after 1-day FBS starvation (Figures 4B and 4C). West-
ern blot results showed that protein levels of the key checkpoint fac-
tors in the G0-to-G1 phase transition including CDK2, and the G-to-S
phase transition including CDK4, were significantly downregulated
Molecular Therap
in cells treated with STEAP3-AS1 shRNA trans-
fection (Figure 4D). Cyclin and acetyl-H3 are
very important cellular markers in the process
of the cell cycle. Cyclin E2, one member of cy-
clin, forms a complex and functions as a regula-
tory factor of CDK2. Additionally, histones are
basic nuclear proteins that are important for
the nucleosome structure of the chromosomal
fiber in eukaryotes. Thus, we added the related
western blot data as shown in Figure 4. Results
showed that the expression of cyclin E2 and
acetyl-H3 were also decreased in colon cancer
cells when STEAP3-AS1 was knocked down.
These results demonstrate that STEAP3-AS1 downregulation inhibits
colon cancer cell cycle progression in vitro.

lncRNA STEAP3-AS1 Knockdown Inhibited Tumor Growth

In Vivo

To assess whether knockdown of lncRNA STEAP3-AS1 affects tu-
mor growth in vivo, LoVo cells transfected with STEAP3-AS1
shRNA1 or STEAP3-AS1 shRNA2 and control shRNA were subcu-
taneously injected into the two flanks of nude mice. Consistent with
in vitro results, tumor growth in the two STEAP3-AS1 shRNA
groups was obviously slower than that in the control shRNA group
(Figures 5A and 5B). Tumor size was calculated every 4 days. All
mice were killed and tumors were dissected out 24 days after trans-
plantation. The tumor growth rate was slower in the STEAP3-AS1
shRNA-transfected mice compared with control shRNA-trans-
fected mice (Figure 5C). Additionally, the average tumor weight in
the STEAP3-AS1 shRNA group was lower than that in the control
shRNA group (Figure 5D). We observed the histological changes
in two groups by H&E staining and immunostaining staining of
CK20, CK7, CDK4, and STEAP3. The tumors were exclusively pos-
itive for CK20 and negative for CK7. Additionally, knockdown of
STEAP3-AS1 could significantly reduce the expression of CDK4
and increase its neighboring gene STEAP3 (Figure 5E). These data
confirm that knockdown of lncRNA STEAP3-AS1 may inhibit co-
lon cancer tumorigenesis in vivo.
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Table 1. Clinical Data for STEAP3-AS1 in Colon Cancer Based on TCGA

Clinicopathological Features No. p Value

Tissues

Normal colon 41 0.0477

Colon cancer 453

Age

R60 y 329 0.0314

<60 y 124

Sex

Female 214 0.5013

Male 239

Stage

I+II 264 0.1389

III+IV 189

T (tumor)

T1+T2 86 0.7429

T3+T4 367

N (node)

Absent 272 0.3844

Present 181

M (metastasis)

Absent 351 0.5622

Present 65
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lncRNA STEAP3-AS1 Regulated STEAP3 to Modulate CDKN1C

in Colon Cancer Cells

Recent studies indicated that antisense lncRNA can affect the expres-
sion of its nearby protein-coding genes. Noticeably, lncRNA
STEAP3-AS1 is located at the antisense chain of the cognate sense
gene STEAP3 (Figure 6A). As shown in Figure 6B, we used the
LncPro database to predict the interaction of STEAP3-AS1 and
STEAP3. Results showed that the predicted score between the two
molecules was 80.2355. It was demonstrated that lncRNA STEAP3-
AS1 might have intense interaction with STEAP3. There were also
many binding sites between STEAP3 and STEAP3-AS1 predicted
by the catRAPID website (Figure 6C). The online prediction website
analysis revealed binding sites between STEAP3-AS1 and STEAP3.
Next, using an RNA immunoprecipitation (RIP) assay, we found
that STEAP3-AS1 was precipitated with anti-STEAP3 antibodies in
LoVo and HCT-116 cells (Figure 6D). The above result supported
that lncRNA STEAP3-AS1 could specifically bind to the STEAP3
gene. Additionally, the mRNA and protein levels of STEAP3 were
significantly increased after transfection of STEAP3-AS1 shRNAs in
LoVo and HCT-116 cells (Figures 6E and 6F). It is necessary to clone
the expression of lncRNA STEAP3-AS1 to detect the expression of
STEAP3. Therefore, we have established the overexpression plasmid
of STEAP3-AS1. We transfected the STEAP3-AS1 overexpression
plasmid into colon cancer cells and observed the expression of
STEAP3 after transfection. Results showed that the expression of
STEAP3 was lower in STEAP3-AS1 overexpressed cells compared
484 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
with control cells in protein levels (Figure 6G). Thus, STEAP3-AS1
overexpression can downregulate the expression of STEAP3. Addi-
tionally, CDKN1C (which is a related gene of STEAP3-AS1, as shown
in microarray data) was also upregulated in STEAP3-AS1 shRNA
cells in mRNA and protein levels (Figures 6H and 6I). The expression
of CDKN1C was decreased after STEAP3-AS1 overexpression in co-
lon cancer cells (Figure 6J). For further study, we used a STRING 10
algorithm for constructing a protein-protein interaction network be-
tween STEAP3 and CDKN1C. Results showed that the two molecules
have some exact connections in some ways (Figure 6K). Additionally,
it was reported that STEAP3might mediate the downstream response
to p53, and we have demonstrated that STEAP3-AS1 regulated the
expression of STEAP3. Thus, we inferred that there was some inter-
action between STEAP-AS1 and p53. We therefore detected the pro-
tein expression of p53 after STEAP3-AS1 downregulation or upregu-
lation in colon cancer. The results showed that STEAP3-AS1
downregulation could significantly increase the expression of p53.
Conversely, p53 expression was decreased in STEAP3-AS1 overex-
pressed cells compared with control cells. To investigate the relation-
ship between STEAP3 and CDKN1C, we interfered STEAP3 by
siRNA and STEAP3 expression plasmid in LoVo and HCT-116
STEAP3-AS1 knockdown cells, respectively. Results showed that
STEAP3 was downregulated after STEAP3 siRNA transfection in
STEAP3-AS1 shRNA cells, and STEAP3 downregulation in the
STEAP3-AS1 shRNA cells decreased the expression of CDKN1C
(Figure 6L). Additionally, STEAP3 overexpression upregulated the
expression of CDKN1C in STEAP3-AS1 shRNA-transfected cells
(Figure 6M).We also transfected the STEAP3 overexpression plasmid
into LoVo STEAP3-AS1 overexpressed cells. We found that the
expression levels of STEAP3 and CDKN1C were both increased.
Taken together, these data imply that lncRNA STEAP3-AS1 knock-
down may increase CDKN1C by modulating the expression of its
sense gene STEAP3.

DISCUSSION
Metallothionein has been demonstrated as a key modulator in tumor
development and progression. Recently, it was reported that metallo-
thionein is strongly related to the lncRNA regulatory mechanism.17,18

In this study, we focused on the capacity of MT1M to induce the
expression of lncRNAs in colon cancer cells and found that MT1M
is specifically associated with one lncRNA named STEAP3-AS1.
The expression of STEAP3-AS1 was increased both in colon cancer
tissues and cells. Furthermore, we have explored that silenced
STEAP3-AS1 could inhibit colon cancer cell proliferation, migration,
and cell cycle by regulation of CDKN1C through STEAP3. Thus,
these observations together demonstrate that STEAP3-AS1 may be
an important non-protein factor in colon cancer progression.

Metallothionein is a multigene family consisting of several homolo-
gous genes. It contains four main isoforms (MT1, MT2, MT13,
MT4). Owing to cysteine replacement with tyrosine or a stop codon,
it contributes to metallothionein pseudogenization.6 Thus, some of
genes are known as pseudogenes that cannot encode metallothio-
nein proteins, such as MT1DP, MT1JP, and MT1P3.24 As they are



Figure 3. Knockdown of lncRNA STEAP3-AS1 Expression Inhibits Colon Cancer Cell Growth and Migration In Vitro

(A) lncRNA STEAP3-AS1 was increased in colon cancer cells. It was upregulated in colon cancer cells compared with normal HIEC cells. (B and C) STEAP3-AS1 expression

was knocked down by two shRNAs targeting STEAP3-AS1 in (B) LoVo and (C) HCT-116 cells. (D) Downregulation of STEAP3-AS1 significantly inhibited LoVo and HCT-116

cell growth using an MTT assay. (E) The STEAP3-AS1 shRNA cell colony formation number was significantly decreased compared with that of control shRNA cells. (F)

Compared with control shRNA cells, the number of two STEAP3-AS1 shRNA cell lines which went through from polycarbonate membrane was statistically decreased. (G)

The migration rate of two STEAP3-AS1 shRNA group cell lines decreased compared with that of control cells. The relative cell migrations of the two colon cancer cell lines at

24 h are shown.
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generally considered noncoding and nonfunctional, pseudogenes
are usually ignored. Recently, several studies supported functional
roles for some metallothionein pseudogenes as lncRNAs in many
biological processes.16–18 Thus, the members of metallothionein
could take effect as lncRNAs in cancer development. Except for
those metallothioneins, whether other metallothioneins could be
lncRNAs or correlated with lncRNA regulation in cancer is far
from being fully known. In our study, we first found that MT1M,
which was not a pseudogene, regulated the expression of lncRNA
STEAP3-AS1 and that STEAP3-AS1 played an important role in
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 485
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Figure 4. lncRNA STEAP3-AS1 Downregulation Affected Colon Cancer Cell Progression

(A) The flow cytometry assay shows that knockdown of lncRNA STEAP3-AS1 arrested cells at the G0–G1 phase. (B and C) The flow cytometry assay demonstrated that (B)

LoVo and (C) HCT-116 cells transfected with two shRNAs had cell cycle arrest at the G0–G1 phase in comparison with control cells after 1-day FBS starvation. (D) The cell

cycle STEAP3-AS1 downregulation decreased the expression of CDK2, CDK4, cyclin E2, and acetyl-H3. The error bars in all graphs represent SD, and the results were

quantified from three experiments.
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colon cancer occurrence. It is novel that metallothionein may
interact with lncRNAs, and our investigations might provide an
extraordinary understanding of biological processes in which metal-
lothioneins are involved.

Antisense lncRNAs, one type of lncRNAs, are reverse complements of
their sense counterparts. In recent studies, antisense lncRNAs have
been valued for their highly specific effect on their neighboring
genes.29,30,31 The pattern of sense-antisense interaction is divided
into three basic types: head to head (divergent), tail to tail (conver-
gent), and fully overlapping.29 They could have effects on the genes
nearby by two types of regulation: discordant or concordant. Hybrid-
izing with their sense transcript, antisense lncRNA could result in
RNA masking, steric inhibition, transcriptional interference, or
methylation.32 Generally, this is based on the knockdown of antisense
transcripts and the expression of cognate sense gene detection. In the
discordant manner, knockdown of the antisense transcript could in-
crease the expression of the corresponding sense gene, as in the
agonist-activator way.29,33 In the case of concordant regulation, anti-
sense knockdown leads to the synergistic reduction of the sense tran-
486 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
script.34 In our study, lncRNA STEAP3-AS1 is the antisense tran-
script of STEAP3, and, of significance, our findings clearly showed
that the interaction of two molecules might be discordant. Knock-
down of lncRNA STEAP3-AS1 could elevate the expression of
STEAP3 on both the mRNA and protein levels. STEAP3, also known
as TSAP6 (tumor suppressor-activated pathway 6), is a member of the
human 6-transmembrane epithelial antigens the of prostate family.35

It can reduce iron and function as an iron transporter.36 STEAP3
could be involved in a wide range of biological processes, such as
endocytosis and exocytosis regulation, cell proliferation, cell cycle,
and apoptosis.35,37 It was reported to be a candidate prognostic
marker of metastatic high-grade serous carcinoma.38 In colorectal
cancer, the expression of STEAP3 was significantly increased in tu-
mor tissues compared with normal colon mucosa.39 We have demon-
strated that STEAP3-AS1may regulate the expression of STEAP3 and
in some ways act as an important role in colon cancer.

Furthermore, we explored the potential regulatory capacity of
lncRNA STEAP3-AS1. Accordingly, CDKN1C may partly contribute
to STEAP3-AS1-mediated expression of STEAP3. This conclusion is



Figure 5. lncRNA STEAP3-AS1 Knockdown Inhibits Tumor Growth In Vivo

(A and B) Knockdown of lncRNA STEAP3-AS1 expression significantly inhibited tumor growth of LoVo cells in the nude mouse model. (A) The tumors were photographed

with an in vivo imaging system. (B) The harvested transplanted tumors. (C and D) The tumor volume (C) and weight (D) of mice injected by STEAP3-AS1 shRNA cells was

smaller than that of control shRNA cells. (E) Representative images of H&E, CK20, CK7, CDK4, and STEAP3 staining of tumor tissues. The error bars in each graph represent

SD, and the results are shown from three independent experiments. Each bar represents the mean ± SD from three independent experiments.
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based on several phenomena. STEAP3-AS1 knockdown upregulated
the expression of CDKN1C in colon cancer cells. Conversely,
STEAP3-AS1 overexpression decreased CDKN1C expression. Addi-
tionally, we transfected siRNAs which was targeted the region of its
sense gene STEAP3 and observed the expressions of STEPA3 and
CDKN1C. After STEAP3 knockdown, the expression of CDKN1C
was also reduced. STEAP3 overexpression could upregulate
CDKN1C expression. CDKN1C, a cyclin-dependent kinase inhibitor
(CKI) belonging to the CIP/KIP family, is predicted to be related to
STEAP3-AS1. Recombinant CDKN1C potentially inhibits the
expression of cyclin complexes, including cyclin D1-CDK4, cyclin
A-CDK2, and cyclin B1-CDC2.40 It is also essential to the upregula-
tion of CDKN1C in human hematopoietic cells for transforming
growth factor b (TGF-b)-induced cell cycle arrest.41 B-Myb partially
competed with CDKN1C to induce G1 arrest in human osteosarcoma
cells.42 Thus, CDKN1C is an important inhibitor in the cell cycle pro-
cess. Additionally, it is reported that CDKN1C has been endowed
with some hallmarks of cancer, including invasion apoptosis,
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differentiation, angiogenesis, and metastasis.43,44 CDKN1C was
significantly decreased in hepatocellular carcinoma tissues, and
CDKN1C downregulation mediated by Jab1/Csn5 accelerated the
growth and invasion of hepatocellular carcinoma cells in vitro and
in vivo.45 In gastric cancer cell lines, Shin et al.46 found that the gen-
eral mechanism for inactivation of CDKN1C seemed due to the for-
mation of an inactive chromatin through histone deacetylation. The
expression of CDKN1C also decreased dramatically in colorectal car-
cinomas compared with normal tissue.47

Furthermore, potential interaction with STEAP3 and CDKN1C
were constructed by the STRING 10 database. Results showed that
both of these molecules might be related to p53. One cluster may
occur through p53, STEAP3, and BNIP3L. The other cluster may
connect p53 and CDKN1C, potentially via CDK2, CDK4, CDK6,
CCND1, CCND3, CCND2, CCNA2, and CCNE2. We have also
demonstrated that downregulation of STEAP3-AS1 could decrease
the expression of CDK2 and CDK4. Supporting these, Passer
et al.37 reported that TSAP6 could be downstream of p53 and affect
the cell apoptosis and cell-cycle progression. It is sufficient to cause
the secretion of exosomes through STEAP3 transcription by p53.48

For CDKN1C, its loss could be attributable to hyperactivation of p53
at the DN3–DN4 transition.49,50 Also, it was reported that in quer-
cetin- and cisplatin-treated cells, the expression of CDKN1C,
CCNA2, CCND2 ,CCND3, CCNE1, and CDK2 could be simulta-
neously elevated.51 Thus, we suspected there might be some interac-
tions between STEAP3 and CDKN1C, and further studies are
needed.

MATERIALS AND METHODS
Cell Culture and Nude Mice

Human colon cancer cell lines LoVo, HCT-116, SW480, SW620, and
LS174T and the human intestinal epithelial cell line HIEC were used
in this study. Cells were routinely cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% penicillin/streptomycin in a hu-
midified atmosphere of 5% CO2 at 37�C. 6- to 8-week-old nude mice
were purchased from Dalian Medical University. All animal experi-
mental procedures were approved by the Institutional Animal Care
and Use Committee of Dalian Medical University.

Plasmid

The two shRNA sequences for knockdown of lncRNA STEAP3-AS1
were as follows: shRNA1, 50-GCACCTTTAAACTGTCCTACA-30;
shRNA2, 50-GGGAACAAGCTGAACACAACA-30. The siRNAs
targeting STEAP3 were as follows: siRNA1, 50-AAGUUGUAGG
CAUAGAAGCAGGCUUCUAUGCCUACAACUUCG-30; siRNA2,
Figure 6. lncRNA STEAP3-AS1 May Regulate the Expression of CDNK1C by M

(A) The graphic shows that STEAP3is the neighboring gene of lncRNASTEAP3-AS1. (B

database and (C) catRAPID website. (D) Relative STEAP3-AS1 levels detected by RIP as

(E) shRNA1 and (F) shRNA2 or (G) overexpression in colon cancer cells by real-time PCR

(I) shRNA2 or (J) overexpressing STEAP3-AS1 on CDKN1C expression by real-time PCR

or upregulation in colon cancer cells. (L) Western analysis of CDKN1C expression after S

STEAP3 on CDK1NC expression in STEAP3-AS1 shRNA cells and STEAP3-AS1 overe
50-GAGUUCAGCUUCGUUCAGUTTACUGAACGAAGCUGAAC
UCTT-30.

lncRNA Microarray Analysis

The Arraystar LncPath human cancer array is designed for global hu-
man lncRNAs and protein-coding transcripts. lncRNA microarray
analysis simultaneously profiles the expression of 2,829 lncRNAs
and 1,906 of their protein-coding gene targets related to human can-
cer. Samples were derived from LoVo cells, which were transfected
with lentivirus vectors containing MT1M shRNA or negative control
shRNA. Differentially expressed lncRNAs with statistical significance
were confirmed. The dysregulted lncRNAs were identified using a
threshold of fold change>2.0 and an adjusted P-value < 0.05.

TCGA Dataset

The RPKM expression value of lncRNA STEAP3-AS1 in TCGA data-
base was downloaded. These data contained 457 colon cancer tissues
and 41 normal tissues.

Quantitative Real-Time PCR

Total RNA was extracted from the cultured cells using RNAiso Plus
(TaKaRa, China) according to the manufacturer’s instruction. Quan-
titative real-time PCR was performed to detect STEAP3-AS1,
CDKN1C, STEAP3, and GAPDH (internal control) using SuperReal
PreMix Plus (SYBR Green) (Tiangen Biotech, China). The results
were normalized to GAPDH to analyze relative genes expression us-
ing the 2�DDCT method. Information for primers is listed in Table S1.
All quantitative real-time PCR experiments were performed in
triplicate.

MTT Assay

The proliferation of lncRNA STEAP3-AS1 was examined by methyl
thiazolyl tetrazolium (MTT) (Sigma, USA) assay. Briefly, cells were
cultured in 96-well plates at a density of 5 � 103 cells per well for
24, 48, and 72 h. Then, 20 mL of MTT reagent (5 mg/mL) was added
to each well and incubated at 37�C and 5% CO2 in a humidified incu-
bator for 4 h, followed by removing medium and adding 200 mL of
dimethyl sulfoxide (BioSharp, China) to each well and shaken on a
rotary platform for 10min to dissolve formazan crystals. Amicroplate
spectrophotometer (Bio-Rad, USA) was used to measure the optical
density of each well at 570 nm.

Transwell Migration

For the migration assay, cells were digested and diluted. Then, a total
of 4.5 � 105 cells in 200 mL of serum-free medium were placed in the
upper chamber of a 8-mm pore size 24-well transwell plate (Corning
odulating STEAP3

and C) Binding sites between STEAP3-AS1 and STEAP3 predicted by (B) LncPro

say. (E–G) Expression of STEAP3 after STEAP3-AS1 knockdown with STEAP3-AS1

and western blot analysis. (H–J) Effect of silencing by STEAP3-AS1 (H) shRNA1 and

and western blot analysis. (K) Expression of p53 after STEAP3-AS1 downregulation

TEAP3-AS1 and STEAP3 knockdown in two cell lines. (M) Effect of overexpressing

xpressed cells. Data are shown as mean ± SD; repeated three times.
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Life Sciences, NY, USA), and 600 mL of RPMI 1640 medium contain-
ing 20% FBS was added into the lower chamber. After 37�C with 5%
CO2 incubation for 24 h, the cells in the upper surface of the mem-
brane that had not migrated were removed with cotton swabs, while
the migrated cells on the lower surface of the membrane were fixed in
water-free methanol for 15 min and stained with 0.5% crystal violet
for 30 min. The number of cells migrating through the membrane
was counted by using a light microscope (Olympus, Tokyo, Japan).

Cell Cycle Analysis

Cells were harvested and fixed in 70% ethyl alcohol. After 24 h, cells
were resuspended by RNase A and propidium iodide (KeyGen
Biotech, China). The stained cells were performed by a FACSCalibur
instrument (BD Biosciences, USA).

Tumorigenicity Assays in Nude Mice

Suspensions of LoVo control shRNA or LoVo STEAP3-AS1 shRNA
cells (2 � 106) in 500 mL of PBS were injected subcutaneously into
groins of the same mouse. Tumor volumes were measured and calcu-
lated according to the following formula: (length � width2) � 0.5.

LncPro Dataset

LncPro is a website for predicting the interaction between RNA and
protein. The lncRNA and protein sequences are coded into vectors by
using information of secondary structure, hydrogen-bonding propen-
sities, and van der Waals interaction. The score can be the measure-
ment of interactions between RNA-protein pairs. Also, it is suggested
that there exists a potential interaction between RNA and protein
when the predicted score is above 50.

Western Blot Analysis

Proteins were extracted with a whole-cell lysis assay (KeyGen Biotech,
China). Protein concentrations were measured using a bicinchoninic
acid (BCA) kit (Beyotime, China). Primary antibodies were used
against CDK2 (1:500, Proteintech, China), CDK4 (1:1,000, Protein-
tech, China), cyclin E2 (1:500, Proteintech, China), acetyl-H3
(1:1,000, Solarbio, China), STEAP3 (1:150, Bioworld, China),
CDKN1C (1:1,000, Elabscience, China), and p53 (1:2,000, Protein-
tech, China), and b-actin was used as a control (1:1,000, Elabscience,
China). Protein bands signals were visualized using WesternBright
enhanced chemiluminescence (ECL) (Advansta, USA) and analyzed
using ImageQuant LAS 500.

Protein-Protein Interaction Network

A STRING 10 algorithm was used for protein-protein interaction
analysis. All associations were selected for highest confidence
(>90%). Clustering was exhibited by a Markov cluster (MCL) algo-
rithm. Continuous lines stand for connections with clusters, and
dashed lines represent connections among clusters.

Statistical Analysis

The data are presented as the mean ± SD as indicated. Experimental
results between two groups were compared using an unpaired two-
tailed t test. TCGA database analysis was done by a Mann-Whitney
490 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
U test. For multiple groups, a one-way ANOVA was used. For all
tests, a p value of <0.05 was statistically significant. The analysis
was performed by GraphPad Prism (GraphPad, USA).

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.omtn.2020.06.011.

AUTHOR CONTRIBUTIONS
H.N. and X.L. were responsible for performing experiments, acquisi-
tion of data, analysis, and drafting the manuscript. X.Z. and Z.C. pro-
vided and collected the clinical data. Y.X., Y.S., J.C., and X.S. provided
technical support. Y.Z. and S.R. were responsible for designing the ex-
periments and study supervision. All authors read and approved the
final manuscript.

CONFLICTS OF INTERESTS
The authors declare no competing interests.

ACKNOWLEDGMENTS
This work was supported by grants from the Chinese National Sci-
ence Foundation Projects, Liaoning (31470800, 81372669, and
31270867) and the Science and Technology Planning Project of
Liaoning Province, China (2019-BS-142).

REFERENCES
1. Wender, R.C., Brawley, O.W., Fedewa, S.A., Gansler, T., and Smith, R.A. (2019). A

blueprint for cancer screening and early detection: advancing screening’s contribu-
tion to cancer control. CA Cancer J. Clin. 69, 50–79.

2. Burki, T.K. (2017). Risk prediction equations for survival in colorectal cancer. Lancet
Oncol. 18, e437.

3. Rion, N., and Rüegg, M.A. (2017). LncRNA-encoded peptides: more than transla-
tional noise? Cell Res. 27, 604–605.

4. Yan, X., Hu, Z., Feng, Y., Hu, X., Yuan, J., Zhao, S.D., Zhang, Y., Yang, L., Shan, W.,
He, Q., et al. (2015). Comprehensive genomic characterization of long non-coding
rnas across human cancers. Cancer Cell 28, 529–540.

5. Shi, X., Sun, M., Liu, H., Yao, Y., and Song, Y. (2013). Long non-coding RNAs: a new
frontier in the study of human diseases. Cancer Lett. 339, 159–166.

6. Moleirinho, A., Carneiro, J., Matthiesen, R., Silva, R.M., Amorim, A., and Azevedo, L.
(2011). Gains, losses and chanCges of function after gene duplication: study of the
metallothionein family. PLoS ONE 6, e18487.

7. Raudenska, M., Gumulec, J., Podlaha, O., Sztalmachova, M., Babula, P., Eckschlager,
T., Adam, V., Kizek, R., and Masarik, M. (2014). Metallothionein polymorphisms in
pathological processes. Metallomics 6, 55–68.

8. Jomova, K., and Valko, M. (2011). Advances in metal-induced oxidative stress and
human disease. Toxicology 283, 65–87.

9. Voels, B., Wang, L., Sens, D.A., Garrett, S.H., Zhang, K., and Somji, S. (2017). The
unique C- and N-terminal sequences of metallothionein isoform 3 mediate growth
inhibition and vectorial active transport in MCF-7 cells. BMC Cancer 17, 369.

10. Kim, H.G., Kim, J.Y., Han, E.H., Hwang, Y.P., Choi, J.H., Park, B.H., and Jeong, H.G.
(2011). Metallothionein-2A overexpression increases the expression of matrix metal-
loproteinase-9 and invasion of breast cancer cells. FEBS Lett. 585, 421–428.

11. Oteiza, P.I. (2012). Zinc and the modulation of redox homeostasis. Free Radic. Biol.
Med. 53, 1748–1759.

12. Tekur, S., and Ho, S.M. (2002). Ribozyme-mediated downregulation of humanmetal-
lothionein II(a) induces apoptosis in human prostate and ovarian cancer cell lines.
Mol. Carcinog. 33, 44–55.

https://doi.org/10.1016/j.omtn.2020.06.011
https://doi.org/10.1016/j.omtn.2020.06.011
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref1
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref1
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref1
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref2
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref2
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref3
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref3
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref4
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref4
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref4
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref5
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref5
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref6
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref6
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref6
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref7
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref7
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref7
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref8
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref8
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref9
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref9
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref9
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref10
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref10
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref10
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref11
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref11
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref12
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref12
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref12


www.moleculartherapy.org
13. Ullio, C., Brunk, U.T., Urani, C., Melchioretto, P., Bonelli, G., Baccino, F.M., and
Autelli, R. (2015). Autophagy of metallothioneins prevents TNF-induced oxidative
stress and toxicity in hepatoma cells. Autophagy 11, 2184–2198.

14. Vasák, M. (2005). Advances in metallothionein structure and functions. J. Trace
Elem. Med. Biol 19, 13–17.

15. Krizkova, S., Kepinska, M., Emri, G., Eckschlager, T., Stiborova, M., Pokorna, P.,
Heger, Z., and Adam, V. (2018). An insight into the complex roles of metallothioneins
in malignant diseases with emphasis on (sub)isoforms/isoforms and epigenetics phe-
nomena. Pharmacol. Ther. 183, 90–117.

16. Zhang, G., Li, S., Lu, J., Ge, Y., Wang, Q., Ma, G., Zhao, Q., Wu, D., Gong, W., Du, M.,
et al. (2018). lncRNA MT1JP functions as a ceRNA in regulating FBXW7 through
competitively binding to miR-92a-3p in gastric cancer. Mol. Cancer 17, 87.

17. Gao, M., Chen, M., Li, C., Xu, M., Liu, Y., Cong, M., Sang, N., and Liu, S. (2018). Long
non-coding RNA MT1DP shunts the cellular defense to cytotoxicity through cross-
talk with MT1H and RhoC in cadmium stress. Cell Discov. 4, 5.

18. Yu, W., Qiao, Y., Tang, X., Ma, L., Wang, Y., Zhang, X., Weng, W., Pan, Q., Yu, Y.,
Sun, F., and Wang, J. (2014). Tumor suppressor long non-coding RNA, MT1DP is
negatively regulated by YAP and Runx2 to inhibit FoxA1 in liver cancer cells. Cell.
Signal. 26, 2961–2968.

19. Bartonicek, N., Maag, J.L., and Dinger, M.E. (2016). Long noncoding RNAs in cancer:
mechanisms of action and technological advancements. Mol. Cancer 15, 43.

20. Ling, H., Spizzo, R., Atlasi, Y., Nicoloso, M., Shimizu, M., Redis, R.S., Nishida, N.,
Gafà, R., Song, J., Guo, Z., et al. (2013). CCAT2, a novel noncoding RNA mapping
to 8q24, underlies metastatic progression and chromosomal instability in colon can-
cer. Genome Res. 23, 1446–1461.

21. Chen, D.L., Lu, Y.X., Zhang, J.X., Wei, X.L., Wang, F., Zeng, Z.L., Pan, Z.Z., Yuan,
Y.F., Wang, F.H., Pelicano, H., et al. (2017). Long non-coding RNAUICLM promotes
colorectal cancer liver metastasis by acting as a ceRNA for microRNA-215 to regulate
ZEB2 expression. Theranostics 7, 4836–4849.

22. Zhang, W., Yuan, W., Song, J., Wang, S., and Gu, X. (2017). lncRna CPS1-IT1 sup-
presses cell proliferation, invasion and metastasis in colorectal cancer. Cell.
Physiol. Biochem 44, 567–580.

23. Na, H., Liu, X., Li, X., Zhang, X.,Wang, Y.,Wang, Z., Yuan, M., Zhang, Y., Ren, S., and
Zuo, Y. (2017). Novel roles of DC-SIGNR in colon cancer cell adhesion, migration,
invasion, and liver metastasis. J. Hematol. Oncol. 10, 28.

24. Si, M., and Lang, J. (2018). The roles of metallothioneins in carcinogenesis.
J. Hematol. Oncol. 11, 107.

25. Wu, Y., Wei, J., Ming, Y., Chen, Z., Yu, J., Mao, R., Chen, H., Zhou, G., and Fan, Y.
(2018). Orchestrating a biomarker panel with lncRNAs and mRNAs for predicting
survival in pancreatic ductal adenocarcinoma. J. Cell. Biochem. 119, 7696–7706.

26. Ma, X., Liu, C., Xu, X., Liu, L., Gao, C., Zhuang, J., Li, H., Feng, F., Zhou, C., Liu, Z.,
et al. (2020). Biomarker expression analysis in different age groups revealed age was a
risk factor for breast cancer. J. Cell. Physiol. 235, 4268–4278.

27. Arriaga, J.M., Levy, E.M., Bravo, A.I., Bayo, S.M., Amat, M., Aris, M., Hannois, A.,
Bruno, L., Roberti, M.P., Loria, F.S., et al. (2012). Metallothionein expression in colo-
rectal cancer: relevance of different isoforms for tumor progression and patient sur-
vival. Hum. Pathol. 43, 197–208.

28. Hishikawa, Y., Kohno, H., Ueda, S., Kimoto, T., Dhar, D.K., Kubota, H., Tachibana,
M., Koji, T., and Nagasue, N. (2001). Expression of metallothionein in colorectal can-
cers and synchronous liver metastases. Oncology 61, 162–167.

29. Katayama, S., Tomaru, Y., Kasukawa, T., Waki, K., Nakanishi, M., Nakamura, M.,
Nishida, H., Yap, C.C., Suzuki, M., Kawai, J., et al.; RIKEN Genome Exploration
Research Group; Genome Science Group (Genome Network Project Core Group);
FANTOM Consortium (2005). Antisense transcription in the mammalian transcrip-
tome. Science 309, 1564–1566.

30. Villegas, V.E., and Zaphiropoulos, P.G. (2015). Neighboring gene regulation by anti-
sense long non-coding RNAs. Int. J. Mol. Sci. 16, 3251–3266.

31. Guil, S., and Esteller, M. (2012). Cis-acting noncoding RNAs: friends and foes. Nat.
Struct. Mol. Biol. 19, 1068–1075.
32. Lavorgna, G., Dahary, D., Lehner, B., Sorek, R., Sanderson, C.M., and Casari, G.
(2004). In search of antisense. Trends Biochem. Sci. 29, 88–94.

33. Yelin, R., Dahary, D., Sorek, R., Levanon, E.Y., Goldstein, O., Shoshan, A., Diber, A.,
Biton, S., Tamir, Y., Khosravi, R., et al. (2003). Widespread occurrence of antisense
transcription in the human genome. Nat. Biotechnol. 21, 379–386.

34. Munroe, S.H. (2004). Diversity of antisense regulation in eukaryotes: multiple mech-
anisms, emerging patterns. J. Cell. Biochem. 93, 664–671.

35. Gomes, I.M., Maia, C.J., and Santos, C.R. (2012). STEAP proteins: from structure to
applications in cancer therapy. Mol. Cancer Res. 10, 573–587.

36. Zhang, F., Tao, Y., Zhang, Z., Guo, X., An, P., Shen, Y., Wu, Q., Yu, Y., and Wang, F.
(2012). Metalloreductase Steap3 coordinates the regulation of iron homeostasis and
inflammatory responses. Haematologica 97, 1826–1835.

37. Passer, B.J., Nancy-Portebois, V., Amzallag, N., Prieur, S., Cans, C., Roborel de
Climens, A., Fiucci, G., Bouvard, V., Tuynder, M., Susini, L., et al. (2003). The
p53-inducible TSAP6 gene product regulates apoptosis and the cell cycle and inter-
acts with Nix and the Myt1 kinase. Proc. Natl. Acad. Sci. USA 100, 2284–2289.

38. Broner, E.C., Tropé, C.G., Reich, R., and Davidson, B. (2017). TSAP6 is a novel candi-
date marker of poor survival in metastatic high-grade serous carcinoma. Hum.
Pathol. 60, 180–187.

39. Isobe, T., Baba, E., Arita, S., Komoda, M., Tamura, S., Shirakawa, T., Ariyama, H.,
Takaishi, S., Kusaba, H., Ueki, T., and Akashi, K. (2011). Human STEAP3 maintains
tumor growth under hypoferric condition. Exp. Cell Res. 317, 2582–2591.

40. Toyoshima, H., and Hunter, T. (1994). p27, a novel inhibitor of G1 cyclin-Cdk pro-
tein kinase activity, is related to p21. Cell 78, 67–74.

41. Scandura, J.M., Boccuni, P., Massagué, J., and Nimer, S.D. (2004). Transforming
growth factor b-induced cell cycle arrest of human hematopoietic cells requires
p57KIP2 up-regulation. Proc. Natl. Acad. Sci. USA 101, 15231–15236.

42. Joaquin, M., and Watson, R.J. (2003). The cell cycle-regulated B-Myb transcription
factor overcomes cyclin-dependent kinase inhibitory activity of p57KIP2 by interact-
ing with its cyclin-binding domain. J. Biol. Chem. 278, 44255–44264.

43. Kavanagh, E., and Joseph, B. (2011). The hallmarks of CDKN1C (p57, KIP2) in can-
cer. Biochim. Biophys. Acta 1816, 50–56.

44. Besson, A., Dowdy, S.F., and Roberts, J.M. (2008). CDK inhibitors: cell cycle regula-
tors and beyond. Dev. Cell 14, 159–169.

45. Guo, H., Jing, L., Cheng, Y., Atsaves, V., Lv, Y., Wu, T., Su, R., Zhang, Y., Zhang, R.,
Liu,W., et al. (2016). Down-regulation of the cyclin-dependent kinase inhibitor p57 is
mediated by Jab1/Csn5 in hepatocarcinogenesis. Hepatology 63, 898–913.

46. Shin, J.Y., Kim, H.S., Park, J., Park, J.B., and Lee, J.Y. (2000). Mechanism for inacti-
vation of the KIP family cyclin-dependent kinase inhibitor genes in gastric cancer
cells. Cancer Res. 60, 262–265.

47. Li, J.Q., Wu, F., Usuki, H., Kubo, A., Masaki, T., Fujita, J., Bandoh, S., Saoo, K.,
Takeuchi, H., Kuriyama, S., et al. (2003). Loss of p57KIP2 is associated with colorectal
carcinogenesis. Int. J. Oncol. 23, 1537–1543.

48. Yu, X., Harris, S.L., and Levine, A.J. (2006). The regulation of exosome secretion: a
novel function of the p53 protein. Cancer Res. 66, 4795–4801.

49. Matsumoto, A., Takeishi, S., and Nakayama, K.I. (2014). p57 regulates T-cell devel-
opment and prevents lymphomagenesis by balancing p53 activity and pre-TCR
signaling. Blood 123, 3429–3439.

50. López-Nieva, P., Fernández-Navarro, P., Vaquero-Lorenzo, C., Villa-Morales, M.,
Graña-Castro, O., Cobos-Fernández, M.A., López-Lorenzo, J.L., Llamas, P.,
González-Sanchez, L., Sastre, I., et al. (2018). RNA-seq reveals the existence of a
CDKN1C-E2F1-TP53 axis that is altered in human T-cell lymphoblastic lymphomas.
BMC Cancer 18, 430.

51. Demiroglu-Zergeroglu, A., Ergene, E., Ayvali, N., Kuete, V., and Sivas, H. (2016).
Quercetin and Cisplatin combined treatment altered cell cycle and mitogen activated
protein kinase expressions in malignant mesotelioma cells. BMC Complement.
Altern. Med. 16, 281.
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 491

http://refhub.elsevier.com/S2162-2531(20)30172-4/sref13
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref13
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref13
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref14
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref14
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref15
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref15
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref15
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref15
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref16
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref16
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref16
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref17
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref17
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref17
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref18
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref18
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref18
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref18
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref19
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref19
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref20
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref20
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref20
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref20
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref21
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref21
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref21
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref21
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref22
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref22
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref22
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref23
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref23
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref23
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref24
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref24
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref25
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref25
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref25
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref26
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref26
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref26
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref27
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref27
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref27
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref27
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref28
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref28
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref28
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref29
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref29
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref29
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref29
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref29
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref30
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref30
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref31
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref31
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref32
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref32
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref33
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref33
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref33
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref34
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref34
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref35
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref35
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref36
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref36
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref36
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref37
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref37
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref37
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref37
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref38
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref38
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref38
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref39
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref39
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref39
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref40
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref40
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref41
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref41
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref41
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref42
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref42
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref42
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref42
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref43
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref43
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref44
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref44
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref45
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref45
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref45
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref46
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref46
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref46
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref47
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref47
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref47
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref48
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref48
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref49
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref49
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref49
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref50
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref50
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref50
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref50
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref50
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref51
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref51
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref51
http://refhub.elsevier.com/S2162-2531(20)30172-4/sref51
http://www.moleculartherapy.org

	lncRNA STEAP3-AS1 Modulates Cell Cycle Progression via Affecting CDKN1C Expression through STEAP3 in Colon Cancer
	Introduction
	Results
	lncRNA Expression Profile in Colon Cancer Cells after MT1M Downregulation
	lncRNA STEAP3-AS1 Was Upregulated in Colon Cancer Tissue
	Knockdown of lncRNA STEAP3-AS1 Decreased Colon Cancer Cell Proliferation and Migration
	lncRNA STEAP3-AS1 Downregulation Suppressed Cells Cycle Progression
	lncRNA STEAP3-AS1 Knockdown Inhibited Tumor Growth In Vivo
	lncRNA STEAP3-AS1 Regulated STEAP3 to Modulate CDKN1C in Colon Cancer Cells

	Discussion
	Materials and Methods
	Cell Culture and Nude Mice
	Plasmid
	lncRNA Microarray Analysis
	TCGA Dataset
	Quantitative Real-Time PCR
	MTT Assay
	Transwell Migration
	Cell Cycle Analysis
	Tumorigenicity Assays in Nude Mice
	LncPro Dataset
	Western Blot Analysis
	Protein-Protein Interaction Network
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


