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CT45A1 acts as a new proto-oncogene to trigger
tumorigenesis and cancer metastasis

OPEN

B Shang'®, A Gao'?, Y Pan'3, G Zhang', J Tu?, Y Zhou', P Yang', Z Cao', Q Wei', Y Ding', J Zhang', Y Zhao' and Q Zhou*'

Cancer/testis antigen (CTA)-45 family (CT45) belongs to a new family of genes in phylogenetics and is absent in normal tissues
except for testis, but is aberrantly overexpressed in various cancer types. Whether CT45 and other CTAs act as proto-oncogenes
has not been determined. Using breast cancer as a model, we found that CT45A1, a representative CT45 family member, alone
had a weak tumorigenic effect. However, its neoplastic potency was greatly enhanced in the presence of growth factors.
Overexpression of CT45A1 in breast cancer cells markedly upregulated various oncogenic and metastatic genes, constitutively
activated ERK and CREB signaling pathways, promoted epithelial-mesenchymal transition, and increased cell stemness,
tumorigenesis, invasion, and metastasis, whereas silencing CT45A1 significantly reduced cancer cell migration and invasion.
We propose that CT45A1 functions as a novel proto-oncogene to trigger oncogenesis and metastasis. CT45A1 and other CT45
members are therefore excellent targets for anticancer drug discovery and targeted tumor therapy, and valuable genes in the
study of a molecular phylogenetic tree.
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Introduction chromosome Xq26.3'%'® (Supplementary Figure S1a). The
amino-acid sequences exhibit more than 98% identity among
the six CT45 family members (Supplementary Figure S1b).
CT45 exists only in Homo sapiens and 10 other primates, and
not in any other species, and belongs to a new gene family in
terms of biological evolution'® (Supplementary Figure S1c).
In normal human, CT45 is only expressed in the testis, and not
in any other tissues, but is overexpressed in various malignant
tumors, including lung cancer,'® breast cancer,'®'® and

Carcinogenesis is a dynamic process dependent on not only
the oncogenic properties of cancer cells but also dependent
on a favored environment in organs. In particular, genetic and
epigenetic abnormalities arise in a hostile tumor microenvir-
onment, leading to the activation of various proto-oncogenes,
to produce numerous oncogenes, resulting in tumor initiation,
progression, and metastasis.” In the search for cancer-
associated genes, various cancetr/testis (CT) antigens (CTAs)

have been found to be aberrantly overexpressed in cancer
types.2® CTAs originally referred to testis-derived specific
immunogenic antigens that elicited spontaneous immune
responses in cancer patients.*® They are not expressed in
nearly all tissues after birth, except for the testis,® but are
highly expressed in cancer types,>®®'* and are closely
associated with poor overall survival of cancer patients.”'*
Presently, more than 200 CT genes have been identified.™®
However, whether CTAs exert an oncogene-like function is
still unknown.?*

Among CTAs, the CT45 gene family (CT45) is especially
important because of its unique genetic characteristics and
aberrant expression in various cancer types. CT45 comprises
six genes designated as CT45A1 to CT45A6, which are
clustered in tandem within a 125-kb-narrow region at

so on."®2% Notably, overexpression of CT45 is closely
associated with tumor progression, aggressiveness, and poor
prognosis.'”2° Despite the close association of CT45
overexpression with poor prognosis of cancer patients, the
biological function of CT45 is still less studied. Presently, only
Koop et al.>* recently reported that downregulation of CT45
expression in lymphoma, fibrosarcoma, and myeloma cell
lines, using siRNA, changed tumor cell morphology and
reduced cell migration; however, the possible role of CT45 in
carcinogenesis is still unclear.

In addition, CT45 was aberrantly overexpressed in non-
Hodgkin’s lymphoma (NHL) patients, and very high titers
against CT45 in two diffuse large B-cell lymphoma patients
were found in 97 untreated NHL serum samples, which
conceptually demonstrated that CT45 was able to elicit
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spontaneous humoral immune response in some NHL
patients,'* warranting for further investigation of the immuno-
genic properties of the CT45 family in various other cancer
types and CT45 as potential targets for cancer
immunotherapy.

Breast cancer is a leading malignant tumor in females.
Several proto-oncogenes are highly activated during the
development of this malignancy.?® Whether CT45 functions
as a proto-oncogene to drive tumorigenesis has not been
determined. CT45 genes are associated with poor prognosis
of cancer patients;'®"2® we hypothesize that CT45 may act as
a proto-oncogene to trigger oncogenesis.

In the current study, we used low tumorigenic breast cancer
MCF7 cells, which lack CT45A1 and other CT45 family
members, as a model to explore the oncogenic effect of the
gene and its mechanisms, and we found that overexpression
of CT45A1 notably increased tumorigenesis, invasion, and
metastasis of breast cancer cells in a growth factor-dependent
manner. Mechanistic studies revealed that CT45A1 markedly
upregulated several key tumorigenic and metastatic genes,
induced epithelial-mesenchymal transition (EMT), increased
cell stemness, and enhanced breast cancer cell invasion
and metastasis. These results suggest that CT45A1 acts
as a newly discovered proto-oncogene, which can trigger
tumorigenesis and cancer metastasis in a favored tumor
microenvironment.

Results

CT45A1 acts as a new proto-oncogene to trigger
tumorigenesis and metastasis of breast cancer. Taking
advantage of the breast cancer cell line MCF7, which
does not express the six CT45 genes and possesses very
low tumorigenicity in vitro and in vivo, we selected CT45A1
as a representative of the CT45 family. Initially, we
established CT45A1-positive and -negative MCF7 cell lines
by infection of cells with lentivirus, containing either
Venes-CT45A1-IRES-GFP or Venes-IRES-GFP, respectively.
GFP-positive cells were sorted with flow cytometry
(Supplementary Figure S2a), and expression of CT45A1 in
the infected MCF7 cells was confirmed with RT-PCR
(Supplementary Figure S2b), western blotting (WB) analysis
(Supplementary Figure S2c¢), and immunofluorescent
staining (Supplementary Figure S2d). CT45A1-infected
MCF7 cells were named MCF7-CT45A1, and the vector
mock-infected MCF7 cells were named MCF7-V.

When MCF7-CT45A1 or MCF7-V cells were cultured in
routine cell culture complete medium containing 10% fetal
bovine serum (complete medium), some of the MCF7-
CT45A1 cells displayed morphological alterations. The cell
nucleus was enlarged, whereas the cell cytosol was reduced;
however, there were no obvious morphological changes in the
control MCF7-V cells (Figure 1a). When the cells were
cultured for 5 days in a serum-free medium supplemented
with SF-EFB consisting epithelial growth factor (EGF), basic
fibroblast growth factor (bFGF), and B27 neuron survival
factor, the majority of MCF7-V cells still adhered to the bottom
of the flask, and only a minor portion of the cells formed small
and adhesive mammospheres (Figure 1b, left panel). By
contrast, MCF7-CT45A1 cells formed larger mammospheres,
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and most of the mammospheres were suspended in cell
culture medium (Figure 1b, right panel). These results
suggested that the overexpression of CT45A1 can induce
MCF7 cell dedifferentiation and EMT.

Next, we investigated whether the overexpression of
CT45A1 also promotes tumorigenesis of MCF7 cells using a
colony-forming assay in the absence of growth factors.
When both cell types were cultured in complete medium,
MCF7-CT45A1 cells formed more colonies than the control
MCF7-V cells, and the colony sizes of MCF7-CT45A1 cells
were larger than the colonies from control MCF7-V cells
(Figures 1c and d). After the cells were cultured in SF-EFB for
5 days, both the colony number and size were markedly
increased in MCF7-CT45A1 cells when compared with the
control cells (Figures 1e and f). To our surprise, over-
expression of CT45A1 did not affect cell growth rate
(Supplementary Figure S3a) and cell cycle parameters
(Supplementary Figure S3b). In addition, MCF7-CT45A1
cells had diminished apoptosis when they were ultraviolet
(UV)-irradiated, as compared with control MCF7-V cells
(Supplementary Figure S4a—c). Together, these in vitro data
suggest that CT45A1 promotes MCF7 cell dedifferentiation
and EMT, and increases cell stemness and tumorigenesisin a
growth factor-dependent manner.

Next, we characterized the in vivo tumorigenesis of
CT45A1. Using xenografted mice, in situ breast tissue
received either MCF7-CT45A1 or control MCF7-V cells
without administration of estrogen. Tumors in the
MCF7-CT45A1 group grew faster than the control MCF7-V
group (Figure 2a), and the tumor size was larger and heavier
in the MCF7-CT45A1 group compared with the control
group (Figures 2b and c). Notably, in the MCF7-CT45A1-
xenografted mice, the tumor cells invaded the adjacent tissue
of the rib bone (Figure 2d, right), whereas the tumor in the
control MCF7-V mice was well isolated in the breast tissue
without invasion of neighboring tissue (Figure 2d, left).
Hematoxylin and eosin (H&E) staining of the lung tissue
showed multiple metastatic sites in several xenografted
MCF7-CT45A1 mice, with the absence of any lung metastasis
in all of the MCF7-V-xenografted mice (Figure 2e). In addition,
immunofluorescent staining indicated that both CT45A1 and
CD44 were present in lung metastatic tumors of MCF7-
CT45A1-xenografted mice, but were absent in lung tissue of
the control MCF7-V-xenografted mice (Figure 2f).

To further study the role of CT45A1 in tumor cell invasion
and metastasis, we performed MCF7 cell migration and
invasion assays in vitro. The wound-healing assay indicated
that the gap in the MCF7-CT45A1 cell monolayer was more
rapidly closed over 48h as compared with that of control
MCF7-V cells (Figures 3a and b). In addition, overexpression
of CT45A1 significantly increased the invasion of MCF7-
CT45A1 cells compared with control MCF7-V cells (Figures
3c and d).

Besides, we examined CT45A1-mediated cell morphological
and functional changes in other two lines, which do not
express CT45A1, one is breast cancer cell line Hs578T and
the other is gastric cancer cell line AGS. CT45A1-negative
Hs578T and AGS cells were infected with the lentivirus
containing either Venes-CT45A1-IRES-GFP or control
Venes-IRES-GFP, respectively; GFP-positive cells were
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Figure1 CT45A1 induces breast cancer cell EMT and promotes tumorigenesis. After MCF7-V and MCF7-CT45A1 cells were cultured in either the complete medium (with
serum) or serum-free medium (SF-EFB), the cells were stained with Wright-Giemsa solution and photographed with amplification of x 200 (a), the formation of
mammospheres was directly imaged at x 200 (b), the colonies were photographed, x5 (c and e), and counted under the microscopy (d and f). The data were a
representative of three repeats. Samples were compared using one-way ANOVA. Error bars indicated mean + S.D., **P<0.01, as compared with MCF7-V cells

sorted using flow cytometry (Supplementary Figure S5a), and
the expression of CT45A1 in the infected Hs578T and
AGS cells was confirmed using western blot analysis
(Supplementary Figure S5b). The CT45A1-positive Hs578T
and AGS cells were named Hs578T-CT45A1 and AGS-
CT45A1, and the vector mock-infected CT45A1-negative
cells were called Hs578T-V and AGS-V, respectively. Wright—
Giemsa staining showed that some of the Hs578T-CT45A1
cells displayed morphological alterations compared with the
control Hs578T-V cells; in a portion of CT45A1-infected cells,
the cell cytoplasm was reduced and the nucleus was deeply
stained (Supplementary Figure S5c), the result is consistent
with the morphological changes in the MCF7 cells over-
expressing CT45A1 mentioned above (Figure 1a).

Next, we investigated whether overexpression of CT45A1
changes cell function as we observed in MCF7 cells. Over-
expression of CT45A1 in Hs578T and AGS cells did not have
an effect on cell growth and cell cycles (data not shown);
however, the migration of CT45A1-positive Hs578T-CT45A1
and AGS-CT45A1 cells was significantly faster than the
control CT45A1-negative Hs578T-V and AGS-V cells
(Supplementary Figures S6a and b). In addition, over-
expression of CT45A1 significantly enhanced the invasion of

Hs578T-CT45A1 and AGS-CT45A1 cells (Supplementary
Figures S7a and b). In short, these data are compatible with
the function of CT45A1 in breast cancer MCF7 cells as stated
before, suggesting that CT45A1 promotes tumor cell migra-
tion and invasion.

Furthermore, to confirm the pro-metastatic effects of
CT45A1, we used shRNA to knockdown CT45A1 in the
metastatic gastric cancer cell line SGC7901, which constitu-
tively overexpressed CT45A1. Four CT45A1 shRNAs were
synthesized and cloned into lentivirus-IRES-GFP vector and
used to transfect package cell 293T to produce infectious
lentivirus. SGC7901 cells were infected with lentivirus
containing one of the four CT45A1 shRNAs, either
shRNA19747, shRNA19748, shRNA19749, or shRNAT,
respectively. GFP-positive infected cells were sorted
(Supplementary Figure S8a). CT45A1 expression levels in
the cells were examined using western blot analysis
(Supplementary Figure S8b) and immunofluorescent staining
(Supplementary Figure S8c). WB and immunofluorescent
staining showed that CT45A1-shRNA1 effectively silenced
CT45A1 expression in SGC7901 cells, and the level
of CT45A1 was reduced more than 95% in the cells, whereas
CT45A1-shRNA19749 did not affect CT45A1 level in the
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SGC7901 cells (Supplementary Figures S8b and c). Accord-
ingly, we chose CT45A1-positive (SGC7901-shRNA19749)
and -silenced (SGC7901-shRNA1) SGC7901 cells as models
to access the function of CT45A1. Wright-Giemsa staining
displayed that cell morphology altered in most CT45A1-
silenced SGC7901-shRNA1 cells compared with the
CT45A1-positive SGC7901-19749 cells; obviously, cell size
was enlarged and the cell cytosol was also increased in
CT45A1-silenced SGC7901-shRNA1 cells (Figure 4a). Cell
migration assay showed that knocking down CT45A1
expression significantly reduced the migration of SGC7901-
shRNAT1 cells (Figure 4b). In addition, silencing CT45A1 also
decreased the invasion of SGC7901-shRNA1 cells
(Figure 4c). Collectively, these data imply that silencing
CT45A1 in SGC7901 diminishes the migration and invasion
of the metastatic gastric cancer cells.

The mechanisms of CT45A1-mediated tumorigenesis
and cancer metastasis. To determine the mechanisms of
CT45A1-mediated tumorigenesis and cancer metastasis,
we used a DNA microarray to analyze the differential gene
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expression profile between MCF7-CT45A1 and MCF7-V
cells. The results indicated that the overexpression of
CT45A1 in MCF7 cells greatly changed the gene expression
profile. With threefold or greater changes as a cutoff
threshold, among the 32 375 genes on the array, 950 genes
were upregulated (Supplementary Table 1) and 1092 genes
were downregulated (Supplementary Table 2). Importantly,
several genes responsible for EMT, stemness, tumorigen-
esis, and metastasis were markedly upregulated in MCF7-
CT45A1 as compared with the control MCF7-V cells (Figures
5 and 6). In light of that definitive important tumor suppressor
genes were not downregulated in the gene expression
profiling, we focused on these CT45A1-upregulated genes
in the current investigation. The DNA microarray results were
further confirmed using RT-PCR and real-time quantitative
PCR (QT-PCR). Overexpression of CT45A1 upregulated a
master EMT gene TWIST1, whereas other EMT genes were
unchanged (Figure 5a). QT-PCR showed that TWIST1
expression was increased 34.3-fold in MCF7-CT45A1 cells
compared with control MCF7-V cells (Figure 5b). In addition,
among the nine cancer stem cell-related genes examined,
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Figure 3 CT45A1 enhances cell migration and invasion. The migration of MCF7-V and MCF7-CT45A1 cells was measured with the wound-healing assay (n= 3). After
culture for 48 h, the cells were stained with Wright-Giemsa solution and photographed at x 40 (a and b); the invasion of the cells was measured using the transwell assay
(n=3). After culture for 24 h, the cells were stained with Wright-Giemsa solution and photographed at x 200 (c and d). Samples were compared using one-way ANOVA, and
error bars represent mean = S.D., *P<0.05, **P<0.01, as compared with MCF7-V cells

Figure2 CT45A1 enhances tumorigenesis in breast cancer in situ xenografted mice. After MCF7-V or MCF7-CT45A1 cells were cultured with SF-EFB for 5 days, the cells
were harvested and injected into the breast cushion of NOD-SCID mice (n=#6), and the tumor volume was measured every other days (a), the excised tumors were
photographed (b), and weighted (c). The tumor invasion in the breast area of the mice was photographed (d), the green line marked the breast in situ xenografted area, and the
red line marked the rib bone area; tumor cell invasion to the vicinity of the rib bone was noted in MCF7-CT45A1 cell-xenografted mice (d, right panel), but absent in CT45A1-
negative MCF7-V cell-xenografted mice (d, left panel). The experiments were repeated twice. Samples were compared using one-way ANOVA, and error bars of the data
indicated mean £ S.E.M., *P<0.05, **P<0.01, as compared with MCF7-V cells. The lung tissues in MCF7-V and MCF7-CT45A1 cell-xenografted mice were excised and
sectioned. The tissue slides were stained with H&E method and imaged at x 100 (e, left two panels) and x 400 (e, right two panels); (f) in addition, the slides were triply
stained with CT45A1-specific antibody (green color), breast cancer cell marker CD44 antibody (red color), and DAPI (blue color), and photographed with confocal microscopy
at x 1000
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Figure 4 Silencing CT45A1 diminishes cancer cell migration and invasion. SGC7901-shRNA19749 and SGC7901-shRNA1 cells were stained with Wright-Giemsa
solution and photographed at x 1000 (a). The migration of the cells was measured using the wound-healing assay (n = 3). After culture for 48 h, the cells were stained with
Wright-Giemsa solution and photographed at x 40 (b). The invasion of the cells was measured using the transwell assay (n = 3). After culture for 24 h, the cells were stained
with Wright-Giemsa solution and photographed at x 200 (c). The data were analyzed using one-way ANOVA, and error bars represent mean + S.D., *P<0.05, **P<0.01,

as compared with SGC7901-shRNA19749 cells

expression of aldehyde dehydrogenases 1 family, member
A1 (ALDH1AT1), and KIT (CD117) was significantly higher in
MCF7-CT45A1 cells than control MCF7-V cells, whereas the
other seven stemness-related genes were unchanged
(Figure 5a). QT-PCR showed that expression of ALDH1A1
and KIT were elevated 17.8- and 3.0-fold, respectively, in
MCF7-CT45A1 cells in comparison with control MCF7-V
cells (Figures 5¢ and d).

Expression of several cancer metastatic genes was also
upregulated in MCF7-CT45A1 cells (Figure 5a). Notably,
expression of the sulfatase 2 (SULF2) gene was elevated
153.9-fold in MCF7-CT45A1 cells and expressions of the
CXCR4 gene in MCF7-CT45A1 cells were increased 7.0-fold,
compared with control cells (Figures 5e and 5f). Collectively,
these data suggest that CT45A1 activates overexpression of
various oncogenic and metastatic genes, which have impor-
tant roles in carcinogenesis and tumor dissemination.

In addition, RT-PCR showed that several oncogenic genes,
including melanoma antigen family D-4B (MAGEDA4B),
homeobox B6 (HOXB6), HOXD13, and RAS exchange
factor A1 (RASEGF1A) were markedly overexpressed in
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MCF7-CT45A1 cells compared with control MCF7-V cells
(Figure 6a). QT-PCR showed that expression of MAGED4B,
HOXB6, HOXD13, and RASEGF1A were increased 144.3-,
9.5-,26.9-, and 3.42-fold, respectively, in MCF7-CT45A1 cells
as compared with control MCF7-V cells (Figures 6b—e).

We also found that phosphorylation of ERK and CREB was
higherin MCF7-CT45A1 cells than control MCF7-V cells in the
absence of growth factor stimulation, but total ERK and CREB
protein levels were unchanged, suggesting that overexpres-
sion of CT45A1 constitutively increased ERK and CREB
signaling pathways (Figures 7a—c). In addition, phosphoryla-
tion of AKT was significantly enhanced in the presence of
growth factors (Figures 7a and d); however, phosphorylation
of several other signaling proteins, such as STAT3, JNK, and
NF-xkB, was unaffected (Figure 7a). Immunofluorescent
staining and confocal microscopy showed that overexpres-
sion of CT45A1 in MCF7 resulted in the localization of
phosphorylated ERK in the cell nucleus (Figure 7e). CT45A1
was also colocalized in the cell nucleus, suggesting that
CT45A1 may have an important role in oncogenic signaling
pathways.
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Figure 5 CT45A1 induces overexpression of EMT, stemness, and metastatic genes. After MCF7-V and MCF7-CT45A1 cells were cultured in serum-free medium
(SF-EFB) for 5 days, expression of EMT, stemness, and metastatic genes in the cells was determined using semi-quantative RT-PCR (a). Expression levels of TWIST1 (b),
ALDH1AT1 (), KIT (d), SULF2 (e), and CXCR4 (f) were quantitatively measured using QT-PCR. The experiments were repeated for three times. Samples were compared
using one-way ANOVA, and error bars of the data indicated mean + S.D., **P<0.01, as compared with MCF7-V cells
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Figure 6 CT45A1 promotes the overexpression of tumorigenic genes. The expression of tumorigenic genes, including MAGED4B, HOXB6, HOXD13, RASGEF1A,
HIF1A, VEGFA, and HRAS in MCF7-V and MCF7-CT45A1 cells was detected using RT-PCR (a); the expression levels of MAGED4B, HOXB6, HOXD13, and RASGEF1A
were also measured using QT-PCR (b—e). The experiments were repeated for three times. Samples were compared using one-way ANOVA, and error bars of the data

displayed mean + S.D., **P<0.01, as compared with MCF7-V cells

Discussion

During oncogenesis, tumors usually undergo an atavism that
results in the overexpression of various embryonic develop-
ment genes, including a variety of proto-oncogenes and
CTAs.27'® Among the more than 200 CTAs identified so far,
CT45 is dynamically expressed during embryonic develop-
ment and is silenced after birth but is reactivated in various
cancer types in a favored tumor microenvironment; over-
expression of CT45 is closely associated with poor overall
survival of cancer patients.'®2% However, whether CT45 acts
as proto-oncogenes has not been determined.?® In the
current study, we found that overexpression of CT45A1
activated transcription of multiple oncogenic and metastatic
genes, promoted EMT, increased breast cancer cell stem-
ness and invasion, and increased metastasis in a growth
factor-dependent manner. We therefore propose that
CT45A1 acts as a new proto-oncogene, which activates the
expression of numerous oncogenic genes, activating several
key signaling pathways, and triggering tumorigenesis and
cancer metastasis in a favored environment (Figure 8).
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Overexpression of CT45A1 in breast cancer cells selec-
tively increased the levels of several important EMT and
stemness genes, including TWIST1, ALDH1A1, and KIT.
Among them, TWIST1 is one of the dominant EMT genes
overexpressed in various cancer types and promotes cancer
cell EMT, migration, invasion, and metastasis.2® ALDH1A1 is
a well-known cancer stem cell marker. High ALDH1A1 activity
has been found in a fast growing cell subpopulation with
strong tumorigenicity.2”-28 KIT is a stem cell factor receptor
and functions as a proto-oncogene in a variety of malignant
tumors®® and enhances stem/progenitor cell survival.*°
Therefore, CT45A1-mediated overexpression of TWIST1,
ALDH1A1, and KIT increases breast cancer cell EMT,
dedifferentiation, and stemness.

In addition, CT45A1 promoted expression of four
pro-oncogenic genes MAGED4B, HOXB6, HOXD13,
and RASGEF1A. MAGED4B was originally identified in
melanomas and is generally considered a tumor-specific
antigen. Overexpression of MAGED4B promotes cell pro-
liferation and EMT and nurtures tumorigenesis.®' HOX genes
are a highly conserved family of homeodomain-containing
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Figure 7 CT45A1 constitutively activates ERK and CREB signaling pathways. MCF7-V and MCF7-CT45A1 cells were activated with EGF, bFGF, and B27 at 37 °C for
10min, and the total and phosphorylated proteins were detected using western blot analysis (a); the bands of p-ERK (b), p-CREB (c), and P-AKT (d) were scanned with
grayscale scanning, and the density of the bands was statistically analyzed. The data were representative of two experiments. Samples were compared using one-way
ANOVA, and error bars of the data displayed mean £ S.D., “P<0.05, “**P<0.01, as compared with MCF7-V cells. (¢) MCF7-V and MCF7-CT45A1 cells on the slides were
triply stained with CT45A1 antibody (green color), phosphorylated ERK antibody (red color), and DAPI (blue color), and the slides were photographed using confocal

microscopy at x 1000. The experiments were repeated twice

transcription factors. Accumulated data have shown that

many silenced HOX genes in the normal body are reactivated
in various malignant tumors.®® Among the HOX genes,
HOXBE6 is expressed in breast cancer cells.®® HOXD13 is

widely overexpressed in a variety of cancer types and
contributes to tumorigenesis.>* RASGEF1A has Ras
guanyl nucleotide exchange factor activity and has an
important role in RAS signaling. Its overexpression has been
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Figure 8 Schematic model for CT45A1 acts as a proto-oncogene to trigger
tumorigenesis and cancer metastasis. Environmental factors and growth factors
switch on transcription of the silenced CT45A1 gene in the nucleus. CT45A1 can
directly bind to the promoter region of its target genes or interact with transcription
factors to induce the transcription of several key tumorigenic and metastatic genes,
including EMT master gene TWIST1, metastasis genes SULF2, and CXCR4,
stemness genes ALDH1A1 and KIT, and tumorigenic genes MAGED4B, HOXBS,
HOXD13, and RASGEF1A. In addition, overexpression of CT45 activates ERK,
CREB, and AKT signaling pathways, induce breast cancer cell EMT and
dedifferentiation, increase tumor cell stemness, migration, and invasion, and foster
tumorigenesis and cancer metastasis

implicated in tumorigenesis.®*® Hence, CT45A1-mediated
overexpression of these pro-oncogenic genes may be major
factors that trigger tumorigenesis in breast cancer.
Furthermore, overexpression of CT45A1 in breast cancer
cells constitutively activated ERK and CREB signaling
pathways in the absence of growth factor stimulation. It is
well known that the constitutive activation of the RAS-MAPK-
ERK signaling pathway drives uncontrolled cell proliferation,
carcinogenesis, and cancer metastasis,*>%® and that CREB is
overexpressed or over-activated in various cancer types and
functions as a proto-oncogene to promote tumorigenesis and
metastasis.®” Hence, CT45A1-mediated activation of ERK
and CREB signaling pathways contribute to oncogenesis.
Moreover, CT45A1 expression dramatically elevated
SULF2 expression levels. SULF2 is an endosulfatase that
has a critical role in the regulation of cell migration and
functions as a bona fide cancer-causing protein that promotes
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cancer metastasis.®*“*° Thus, CT45A1-mediated overex-
pression of SULF2 may promote breast cancer cell invasion
and metastasis. In addition, our data showed that CT45A1
induced CXCR4 overexpression in MCF7-CT45A1 cells and
resulted in metastases from in situ breast tissue to lung tissue
or to the vicinity of bone tissue. CXCR4 is involved in the
activation of a key chemotaxis pathway and contributed to
tumor cell invasion and metastasis.*'™® Thus, CT45A1-
induced high CXCR4 levels may cause breast cancer invasion
and metastasis.

The mechanisms of CT45A1-mediated oncogenesis and
cancer metastasis have not been determined, and several
mechanistic questions need to be addressed. First, how do
environmental factors activate the expression of silenced
CT45A1 in cancer tissues? Second, among the CT45A1-
upregulated genes, which belong to its direct target genes,
which are the secondarily affected genes? Third, does
nuclear CT45A1 directly bind to promoters of its target
genes or interact with transcription factors in the nucleus to
stimulate gene transcription? Fourth, how does CT45A1 in
collaboration with growth factors boost oncogenesis and
cancer metastasis?

Analysis of putative domains in CT45A1 using InterProS-
can (http://www.ebi.ac.uk/interpro/) showed that the CT45A1
protein has a DEAD/H box that has a putative nucleic acid-
binding function and RNA helicase activity (Supplementary
Figure S1b). RNA helicase interacts with the C-terminus of
RNA polymerase Il (Pol Il) to regulate gene transcription.
However, whether CT45A1 interacts with Pol Il and other
transcription factors to drive the overexpression of various
oncogenic and metastatic genes needs to be determined.
Besides, our data showed that CT45A1 is mostly localized in
the nucleus (Figure 7, Supplementary Figures S2d and S8c);
the binding of the protein to its target genes and CT45A1-
mediated transcriptional regulatory mechanisms need to be
further elucidated.

Interestingly, the CT45 gene family has a DEAD domain
that is shared by the DEAD box proteins DDX26B, INTS6, and
SAGE1. CT45 family members exist only in Homo sapiens
and primates, '° belonging to novel genes in terms of biological
evolution. Whether CT45 genes are derived from the three
DEAD box proteins needs to be further studied. Hence, the
CT45 family is a rare, but valuable, set of genes in the study of
molecular phylogenetic trees and the genesis of novel genes
during biological evolution.

As the CT45A1 protein is absent in normal tissues after
birth, except for the testis, but highly expressed in various
cancer types, particularly highly expressed in cancer stem/
progenitor cells, but not in differentiated cells,*” it is an
attractive biomarker for diagnosis and prognostic predication
of cancer patients and may be utilized to develop novel
approaches for vaccination against cancer stem/progenitor
cells and could be used as a target for novel anticancer drug
discovery.

Malignant tumors usually undergo an atavism that over-
expresses various embryonic development genes, including a
variety of CTAs. Similar to many other CTAs, CT45 is
dynamically expressed in a favored tumor microenvironment.
Hence, CT45 is a good model system to study the dynamic
activation of proto-oncogenes in tumor cells as a function of
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environment. In addition, CT45 and CTAs may be used as a
tool to study the cross interactions between embryology and
tumor biology. Therefore, further study of the oncogenic
effects and mechanisms of CT45A1 and other CT45 family
members as well as more than 200 CTAs should reveal new
insights into tumorigenesis and provide new strategies and
approaches for cancer diagnosis and specific tumor therapy.

Materials and Methods

Preparation of CT45A1 antigen and antibodies. CT45A1 cDNA was
cloned into the pET-28a vector. The BL21-competent cells were transformed by
CT45A1-pET-28a to produce recombinant CT45A1 protein. The recombinant
CT45A1 protein was purified with Ni-NTA agarose, emulsified with complete
Freund’s adjuvant, and used in the primary and boosting immunization of seven
BALB/c mice, at doses of 100 ug/mouse, and four rabbits, 500 pg/rabbit,
respectively. The blood of the immunized mice and rabbits were collected, and the
specificity of these antibodies against CT45A1 was confirmed using WB and
immunofluorescence (IF) staining.

Cell culture. The human breast cancer cell lines MCF7 and Hs578T, and
human gastric cancer cell lines AGS and SGC7901were from ATCC. The cells
were cultured in DMEM (high glucose) supplemented with 10% fetal bovine serum,
100 U/ml Penicilin G, and 100 U/ml streptomycin (complete medium) under a
humidified atmosphere of 5% CO, at 37 °C.

Infection of MCF7 cells. CT45A1 cDNA was cloned into the lentivirus
vector Venus-IRES-GFP. The 293T cells were transfected with either CT45A1-
Venus-IRES-GFP or the control Venus-IRES-GFP to produce infectious viruses.
MCF7 cells were infected with the lentivirus containing either CT45A1 cDNA or
GFP cDNA, and the GFP-positive cells were sorted using flow cytometry, and the
sorted MCF7 cells were named as MCF7-CT45A1 and MCF7-V, respectively. The
expression of CT45A1 in the cells was confirmed using RT-PCR, WB, and IF
(Supplementary Figure S2).

CT45A1 silence by shRNA. Four CT45A1 shRNAs, including shRNA19747
(5'-TGCAGTCAGGAAGCGATTT-3'), shRNA19748 (5'-GAGAAATTAATGCTGA
TAT-3'), shRNA19749 (5-GATCCTGAAACTGTGTTTA-3'), and shRNA1 (5-GGAG
AGAAAAGGATCAGATT-3')** that were cloned into the lentivirus vector
GV248-GFP, were purchased from Shanghai Genechem Co., Ltd. (Shanghai,
China). The infectious lentivirus was prepared by transfection of 293T cells with
the CT45A1 shRNA constructs and control shRNA. SGC7901 cells were infected
with five lentiviruses, respectively, and GFP-positive infected cells were sorted
using flow cytometry. CT45A1 expression levels in the cells were determined using
WB and IF staining.

Cell growth assay. Cell growth was measured with the AlamarBlue assay kit
(Invitrogen, Carlsbad, CA, USA). Briefly, 3000 MCF7, Hs578T, AGS, and
SGC7901 cells were seeded into each well of a 96-well plate, respectively. After
culture for 46h, 10 ul AlamarBlue solution was added into each well and the
plate was incubated at 37 °C, 5% CO, for 2h, and the OD value was measured
using a SpectraMax M5 multi-detection reader (Molecular Devices Corporation,
Sunnyvale, CA, USA) at absorbance 560 and 590 nm.

Cell cycle assay. MCF7, Hs578T, AGS, and SGC7901 cells were cultured in
the complete medium for 2 days and the cells were fixed with 70% ethanol ovemight
at 4°C and resuspended in 500 ul PBS containing 100mg/l RNasel. After
incubation at 37 °C for 30 min, 2.5 ul (10 mg/ml) propidium iodide (PI) solution was
added. The DNA content of Pl-stained cells was analyzed using flow cytometry
(Becton Dickinson FACSCalibur, BD Biosciences, San Diego, CA, USA).

Cell apoptosis assay. MCF7 cells were seeded into each well of a six-well
plate. The cells were irradiated with UV at 20 uJ, cultured for 24 h. The cells were
stained with Pl and analyzed using flow cytometry. Besides, the apoptotic cells were
also assessed with TUNEL assay using the ApopTag Red in Situ Apoptosis Detection
Kit S7165 (Millipore, Shanghai, China) according to the manufacturer's instructions.

Mammosphere formation assay. MCF7 cells were first cultured for
5 days in either the complete medium or serum-free DMEM/F12 medium
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supplemented with 10 ng/ml EGF, 10 ng/ml bFGF, and 1 x B27 (SF-EFB) under a
humidified atmosphere of 5% CO, at 37°C. Then, the cells were directly
imaged with Intelligent Bio-image navigation FSX100 (Olympus Optical Co., Ltd,
Tokyo, Japan). A sphere with more than 50 mammary cells is considered as a
mammosphere.

Colony formation. One thousand MCF7 cells were cultured for 5 days in
either the complete medium or SF-EFB medium, suspended in 100 ul of the
complete medium, mixed with 150 ul soft agarose and 1.5ml of the complete
medium, and seeded into a 30-mm plate overlying 1000 ul 0.5% soft agar. The
cells were cultured under a humidified atmosphere of 5% CO, at 37 °C for 2
weeks and imaged with OLYMPUSSZX16 Research Stereo microscopy (Olympus
Optical Co., Ltd). In addition, the colonies containing more than 50 cells were
counted, and the data were analyzed with a SPSS 16.0 software (Statistical
Product and Service solutions, Palo Alto, CA, USA).

Cell Wright-Giemsa staining. MCF7, Hs578T, AGS, and SGC7901 cells
were transferred into each well of a six-well plate fitted with cover slips and
cultured in the complete medium at 37 °C with 5% CO, for 24 h. The slides of
MCF7 cells were prepared by a cytospin method and stained with Wright-Giemsa
solution (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and
photographed.

Cell migration assay. MCF7, Hs578T, AGS, and SGC7901 cells were
seeded into each well of a six-well plate and incubated for 24 h to research near
confluence. The cells were wounded with a plastic tip and cultured with RPMI-
1640 medium supplemented with 2% FBS at 37 °C, 5% CO, for 48h. After
Wright-Giemsa staining, the gaps and cells were imaged.

Cell invasion assay. MCF7, Hs578T, AGS, and SGC7901 cells were
resuspended in serum-free medium at 5 x 105 cells/ml, and 100 ul cells were
seeded into the upper chamber (Corning Costar, Tewksbury, MA, USA) in serum-
free medium. After incubation for 24 h at 37 °C, 5% CO,, the invaded cells on the
lower chamber were fixed with 100% methanol, stained with Wright-Giemsa
solution (Nanjing Jiancheng Bioengineering Institute) and photographed. Six
randomly chosen fields were analyzed for each transwell.

Breast cancer in situ xenograft model. MCF7-V and MCF7-CT45A1
cells were cultured for 5 days in SF-EFB under a humidified atmosphere of 5% CO,
at37°C. The 5 x 10% MCF7-V or MCF7-CT45A1 cells were first mixed with 100 4l of
ice-cold Matrigel and then injected into the breast cushion of 8-week-old NOD-SCID
mice (n=6 each group). All mice used in this study were maintained in a laminar
airflow cabinet under specific pathogen-free conditions in a 12-h light-dark cycle.
Animal care and experiments followed approved animal protocols of the Soochow
University Animal Care and Use Committee. The tumor sizes were measured and
the mouse weight was weighted every other day. Tumor volume was calculated
using the formula: length x width? x 0.55. After 40 days, the tumor invasion in the
breast area of the mice was photographed, and the tumors were excised and
weighted, and the lung, liver, spleen, and kidney tissues were also collected.

H&E staining. In brief, the tumors and tissues were fixed and sectioned.
After dewaxing rehydration, the slides were prepared and stained with H&E
staining solution. The slides were mounted and observed using OLYMPUS
microscopy.

Cell and tissue immunofluorescent staining. Cells were fixed in 4%
paraformaldehyde for 10 min at room temperature and permeated with 0.1% Triton
X-100 for 15 min. The tumors and tissues of in situ xenografted mice were fixed,
and sectioned, and dewaxing rehydration was performed. The slides were
prepared and blocked with 5% BSA and incubated overnight at 4°C with
antibodies against CT45A1, CD44, and phosphorylated ERK, followed by
incubation with Alexa Fluor 594 and/or 488-coupled secondary antibodies for
1h at room temperature. The cell nuclei were stained with 4.6-diamidino-2-
phenylindole (DAPI) for 10 min. The slides were mounted and imaged using
OLYMPUS confocal microscopy (Olympus Optical Co., Ltd).

DNA microarray. The total RNA in the MCF7 cells was purified with
the Trizol kit (Invitrogen), and the differential gene expression between
MCF7-V and MCF7-CT45A1 cells was analyzed using the U133 Plus 2.0 Array
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(Affymetrix, Santa Clara, CA, USA, containing 48000 transcripts, total 32375
human genes) by the Shanghai Biotechnology Co., Ltd. (Shanghai, China).

RT-PCR and QT-PCR. The total RNA was extracted from MCF7-V or MCF7-
CT45A1 cells, and the cDNA was generated by reverse transcription using the
RevertAid First Strand ¢cDNA Synthesis Kit (Fermentas Life Sciences, Chicago,
NY, USA). RT-PCR was performed as we previously described and PCR primers
were listed in Supplementary Table 3. PCR products were resolved on 1.5%
agarose gel and the bands were imaged. QT-PCR was carried out by Applied
Biosystems ABI 7500 (ABI, Carlsbad, CA, USA) and using SYBR Green PCR
Master Mix (ABI) and primers listed in Supplementary Table 4. Briefly, the PCR
reaction consisted of an initial denaturation at 95°C for 10min, followed by
denaturation at 94 °C for 15, and annealing and extension at 60 °C for 1 min for
each PCR cycle. After a total of 40 cycles, the QT-PCR results were analyzed with
a QT-PCR-data processing software of the machine.

Western blotting. The proteins in MCF7, Hs578T, AGS, and SGC7901 cells
were extracted with the M-PER Mammalian Protein Extraction Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Equal amounts of the proteins were loaded on
each lane and resolved using SDS-PAGE with Tris-glycine running buffer for
50 min at 150 V. The proteins were transferred to nitrocellulose membranes by wet
electrotransfer for 90 min at 250 mA. The membranes were blocked with 5%
nonfat milk and incubated overnight at 4°C with primary antibodies against
CT45A1 or other proteins, followed by incubation with HRP-coupled secondary
antibody for 1h. The blots were visualized using enhanced chemiluminescence
detection reagents and exposed to X-ray film. The blots were then stripped and re-
probed with the HRP-labeled anti-f-actin antibody (Sigma, St. Louis, MO, USA).

Cell signaling. MCF7 cells were suspended in PBS at a density of 5.0 x
107 cells/ml. Cells (100 ul) were incubated with EGF (50 ng/ml), bFGF (50 ng/ml),
and B27 (5 x ) at 37 °C for 10 min, and then stopped with 100 ul 2 x SDS sample
buffer with 10mM sodium vanadate, 10mM sodium fluoride, 10mM DTT, and
denaturated at 95 °C for 3min. The total and phosphorylated ERK, CREB, AKT,
JNK, NF-xB (Cell Signaling Technology, Boston, MA, USA), and STAT3 (BD
Pharmingen, San Diego, CA, USA) were detected using WB analysis.

Statistical analysis. All data in this study were expressed as mean + S.D. or
S.E.M. and statistically compared using one-way ANOVA. P<0.05 is considered
as statistically significant, and P<<0.01 as very significant.
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