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The testin (TES) gene was previously identified in the fragile
chromosomal region FRA7G at 7¢g31.2. In the present study, we
aimed to investigate the candidate tumor suppressor function of
TES and explore its correlations to clinicopathologic features and
prognosis in breast cancer. In clinical samples, we showed that
the expression of TES decreased gradually from normal through
ductal hyperplasia without atypia, atypical ductal hyperplasia,
and ductal carcinoma in situ, to invasive ductal carcinoma. To
explore the possible tumor suppressing function of TES, the
expression of TES in breast cancer cells was manipulated by ecto-
pic expression or by RNAi. We revealed that ectopic TES expres-
sion significantly inhibited cell proliferation, invasive ability, and
angiogenesis, whereas knockdown of TES by RNAi enhanced cell
proliferation, invasive ability, and angiogenesis. In an animal
model, TES markedly inhibited breast cancer cell xenograft for-
mation in athymic nude mice and reduced breast cancer cell
metastasis to lung. Moreover, we revealed that TES inhibited the
invasion and angiogenesis of breast cancer partially through miR-
29b-mediated MMP-2 inhibition. Using the tissue microarray of
breast cancer from Yale University, we found that lower TES
expression was an independent prognostic factor for shorter
overall survival and disease-free survival with univariate and
multivariate analyses. Taken together, these data suggest that
TES, as a valuable marker of breast cancer prognosis, plays an
important role in the development and progression of breast can-
cer. TES may be an effective novel target in breast cancer preven-
tion and treatment. (Cancer Sci 2012; 103: 2092-2101)

B reast cancer is the most common female malignancy
worldwide, with approximately 229 060 new breast cancer
cases and 39 510 deaths expected in the USA alone in 2012."
Although the widespread use of early detection methods and
improvements in treatment have led to a reduction in mortality
from breast cancer, it continues to be the second leading cause
of cancer-related deaths among women. Better understanding
of the molecules and signaling pathways leading to breast can-
cer would facilitate the development of more effective treat-
ment strategies, with potential improvements in the quality of
life and outcomes in patients. Thus, identification of novel
molecular mechanisms that lead to breast cancer carcinogene-
sis, tumor progression, and improvements in patient outcomes
are still urgently needed.

The TES gene, a novel human gene, was mapped to a common
fragile site on chromosome 7q31.2 designated FRA7G. The gene
spans 48 kb encompassing seven exons and is predicted to encode
a highly conserved protein of 421 amino acids. There are three
isoforms of human TES, which differ in the size of the 3'-UTR
encoded by exon 7. The TES gene contains three zinc-binding
domains present in the Lin-11, Isl-1, and Mec-3 domains, which
play a very important role in focal adhesion.” FRA7G is a locus
that shows loss of heterozygosity in many human malignancies,
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and some studies suggested that one or more tumor suppressor
genes involved in multiple malignancies are in this region.*
Loss of gene expression within this region on chromosome
7q31.2 may have a relationship with the development and/or pro-
gression of cancer. We and other researchers have reported that
TES expression is decreased or silenced partially by hypermethyla—
tion and/or loss of heterozygosity in various human cancers.”™®
TES is a cytoskeleton-associated protein that localizes along actin
stress fibers at cell-cell contact areas and at focal adhesion
plaques. It interacts with a variety of cytoskeletal proteins, includ-
ing zyxin, mena, VASP, talin, and actin.*” Drusco et al.'?
established the tumor suppressor function of TES in vivo for
gastric cancer but the potential role of TES in the progression,
metastasis, and prognosis of breast cancer remains to be identi-
fied. In the present study, we aimed to investigate the candidate
tumor suppressor function of TES and explore its correlations to
clinicopathologic features and prognosis in breast cancer.

Materials and Methods

Patients and tissue samples. All the breast samples involved
in the study were histopathologically diagnosed by at least two
pathologists using the World Health Organization’s Classifica-
tion of Tumors: Pathology and Genetics of Tumors of Breast and
Female Genital Organs, Fourth Edition. A total of 307 paraffin-
embedded breast tissue samples (50 cases of normal breast
tissues, 28 cases of ductal hyperplasia without atypia [UDH], 17
cases of atypical ductal hyperplasia [ADH], 25 cases of ductal
carcinoma in situ [DCIS], and 187 cases of invasive ductal carci-
noma) and 39 cases of breast cancer tissue and their matched
non-tumor tissues were obtained from the Department of Patho-
logy of Qilu Hospital (Shandong University, Jilin, China)
between 2007 and 2011. A breast cancer tissue microarray was
created with 153 primary tumors. In addition, a clinicopatho-
logic database with long-term clinical follow-up was also used
for this study, and has been previously described.”'"'? For all
participants in this study, written informed consent was obtained
as delineated by the protocol that was approved by the Ethical
Committee of Shandong University.

Cell lines and reagents. The breast cancer cell lines MCF-7
and MDA-MB-468 and the murine fibroblast cell line NIH3T3
were obtained from ATCC (Rockville, MD, USA). An anti-
body against MMP-2 was purchased from Cell Signaling Tech-
nology (Beverly, MA, USA) and mouse monoclonal anti-TES
antibody (ab57292) from Abcam (Cambridge, MA, USA).
Unless otherwise specified, all remaining reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Immunohistochemistry. Immunohistochemical staining was
carried out using the labeled streptavidin—biotin method as
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Fig. 1. Expression of the testin (TES) gene in breast
cancer tissues. (A) TES protein levels in four different
pairs of tumor tissues (T) and their matched non-
tumor tissues (N) analyzed by Western blot.
(B) Expression of TES by immunohistochemistry in
breast pre-cancerous lesions and cancer; TES staining
was mainly localized in the cytoplasm of breast cells.
ADH, atypical ductal hyperplasia; DCIS, ductal
carcinoma in situ; UDH, usual ductal hyperplasia
without atypia.

previously described.”'*'* The primary antibody was incu-
bated with the sections overnight at 4°C. Staining was visual-
ized using diaminobenzidine. Known positive tissue from testis
was included as the positive control. For negative controls, the
antibody solution was replaced with non-immune mouse
serum. The 7TES immunoreactivity was semiquantitatively
scored based on both distribution and intensity of staining. The
distribution of staining in the tumor cells was graded as focal
(< 10%), regional (11-50%), or diffuse (>50%). The intensity
of staining was graded as negative, weak, moderate, or intense.
The TES immunoreactivity was assigned one of the two final
scores: 0, negative (focal distribution, or regional distribution
and negative/weak staining); or 1, positive (diffuse distribution,
or regional distribution and moderate/intense staining). Two
investigators who were blinded to the clinical and laboratory
patient information carried out evaluation of the specimens
independently. The antibodies and methods for estimating
estrogen receptor (ER), progesterone receptor (PR), human epi-
dermal growth factor receptor 2 (HER2), and p53 were the
same as previously described.! !4

Plasmid construction and transfection. For RNAi of TES, the
pGPU6-Neo-GFP (Genepharm, Shanghai, China) vector was
used. The pGPU6-Neo-GFP-shRNA-TES vector, which consists
of pools of three to five target-specific 19-25 nt siRNAs
designed to knockdown TES expression, was constructed by
Genepharm. The pGPU6-Neo-GFP-shRNA-TES vector and the
empty vector were used to transfect cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol to establish pGPU6-Neo-GFP-shRNA-TES cell
lines (MCF7-TES-KD) and control cell lines (MCF7-control).

For overexpression, the cDNA representing the com-
plete ORF of TES was cloned into the pcDNA3.1 vector
(Invitrogen) to generate the expression plasmid of TES. The
expression plasmid was verified by sequencing of both strands
and was used to transfect the MDA-MB-468 cells to establish

Zhu et al.

the TES overexpression cell line (TES-OVE). The MDA-MB-
468 cell lines were transfected by the pcDNA3.1 vector to
generate 468 control cell lines.

Quantitative RT-PCR analysis. Total RNA were extracted with
TRIzol reagents (Invitrogen) according to the manufacturer’s
protocol. Briefly, cDNA was synthesized from 1 pg total RNA
by the PrimerScript RT Reagent Kit (Takara, Dalian, China).
For miRNA analysis, the miRcute miRNA First-Strand cDNA
Synthesis Kit and the miRcute miRNA gPCR Detection Kit
(SYBR Green) from Tiangen (Beijing, China) were employed.
Quantitative RT-PCR (qRT-PCR) was carried out using the
StepOne and StepOnePlus Real-Time PCR Systems (Applied
Biosystems, Foster City, CA, USA). The samples were loaded
in quadruple, and the results of each sample were normalized
to GAPDH. The experiments were repeated in triplicate to
confirm the findings.

Western blot analysis. Cells were lysed with protease and
phosphorase inhibitors and quantified by the BCA Protein
Assay Kit (Merck, Darmstadt, Germany). Equal amounts of
protein were separated by SDS-PAGE, electrotransferred to
PVDF membranes (ImmobilonP; Millipore, Bedford, MA,
USA) and blocked in 5% non-fat dry milk. Membranes were
immunoblotted overnight at 4°C with primary antibodies, fol-
lowed by their respective HRP-conjugated secondary antibod-
ies. Signals were detected by enhanced chemiluminescence.
B-actin was used as the loading control.

Cell proliferation assay. The MTT assay was used to assess
cellular proliferation. Cells were seeded in a 96-well plate and
allowed to attach overnight. Twenty microliters of MTT solu-
tion (5 mg/mL) was added to each well at the indicated time.
The absorbance was quantified by a Microplate Reader (Bio-
Rad, Hercules, CA, USA).

Clonogenic assay. The survival and proliferation potential of
cells were assessed using clonogenic assays. Briefly, cells were
trypsinized, counted, and seeded in a 6-cm plate at 500 cells
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Fig. 2. Effect of the testin (TES) gene on cell
proliferation in  breast cancer cell lines.
(A) Transfection efficiency of TES protein levels
measured by Western blot analysis and RT-PCR
analysis in MDA-MB-468 and MCF-7 cell lines.
(B) Growth curves of control and TES overexpression/
knockdown cells were plotted. (C) Results of colony
formation for control and TES transfected breast

0

per well. After incubation for 2 weeks, colonies were fixed
with methanol and stained with crystal violet, and the number
of colonies containing more than 50 cells was scored.

Invasion and migration assays. Invasion assays were carried
out as described previously."> Briefly, 500 mL of balanced
mixture of the conditional medium from NIH3T3 fibroblasts
and the complete medium was added to the lower compartment
as the chemotactic factor. Serum-free DMEM with 1 x 10°
cells was added to the upper compartment of the chamber. At
the indicated time, the non-invasive cells in the upper compart-
ment were removed with a cotton swab. The cells in the lower
compartment of the chamber were counted under a light micro-
scope for a minimum of 10 random visual fields. The migra-
tion assay was similar to the invasion assay, except that the
upper side of the membranes was not coated with Matrigel.

Capillary tube formation assay. Forty-eight-well plates were
coated with 200 pL growth factor-reduced Matrigel and incu-
bated at 37°C for 1 h to allow gelling. Tumor cell conditioned
medium (TCM) was prepared as described."® Then HUVEC
were resuspended by the TCM collected from the cells and
seeded on Matrigel-coated plates. The HUVEC were then incu-
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cancer cell lines. The data represent the mean + SD
of three independent experiments. **P < 0.01;
***p < 0.001.

bated at 37°C. The formation of capillary-like structures was cap-
tured under a light microscope. The branch points of the formed
tubes, which represent the degree of angiogenesis in vitro, were
scanned and quantitated in at least 10 microscopic fields.

In vivo tumorigenesis and metastasis assay. The in vivo
tumorigenesis and metastasis assay was carried out as
described previously."'" For the s.c. xenograft model, 1 x 10°
cells were injected s.c. into either side of the posterior flank of
the same female BALB/c athymic nude mice at 5 weeks of
age. For MCF-7 cells, a 17p-estradiol pellet (Innovative
Research of America, Sarasota, FL, USA) was implanted s.c.
into each mouse 2 days before cell injection. The growth of
primary tumors was monitored by measuring tumor diameters
for 35 days. Tumor length (L) and width (W) were measured,
and tumor volume was calculated by the equation: vol-
ume = (W? x L) /2. To produce experimental lung metasta-
sis, 5 x 10° cells were injected into the lateral tail veins of
5-week-old female BALB/c athymic nude mice. After 38 days,
the mice were killed under anesthesia. The lungs were har-
vested and fixed in 10% formalin. Haematoxylin and eosin
staining was done on sections from embedded samples. All
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animal work was carried out in accordance with the guidelines
of the Shandong University Animal Care and Use Committee
under approved protocols.

Statistical analysis. The results were analyzed using the soft-
ware spss version 18.0 (SPSS, Chicago, IL, USA). Each exper-
iment was done three times and the data were expressed as
mean + SD. A two-tailed Student’s #-test and xz—test was used
when indicated to determine statistical significance. Kaplan—
Meier analysis and multivariate Cox analysis were used to
assess the relationship between TES and patient outcomes.
P < 0.05 was considered statistically significant.

Results

Testin protein was reduced in breast cancer tissues. In order
to clarify the relationship between TES and breast cancer pro-
gression, we first compared the expression levels of TES in 39
cases of breast cancer fresh-frozen tissues and the matched
non-tumor tissues by Western blot analysis. As shown in Fig-
ure 1(A), the TES protein levels of 31 cases were significantly
reduced in the cancer lesion compared with the matched non-
tumor tissues, suggesting an association between decreased
expression of TES protein levels and carcinogenesis of breast
cancers. The other eight cases had similar levels of TES
between them.

Expression levels of TES gradually reduced during breast carci-
nogenesis. Given that UDH, ADH, and DCIS of the breast are
associated with different levels of risk for the subsequent devel-
opment of invasive carcinoma, we used a variety of the above
(in addition to normal tissue and invasive cancer) to determine
whether changes in the expression level of TES contribute to the
progression of breast cancer. As shown in Figure 1(B), positive
TES staining was identified in all of the normal breast tissues
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(50/50; 100%). In the proliferative lesions, positive TES staining
was detected in 27/28 (96.43%) cases of UDH, 12/17 (70.59%)
cases of ADH, and 13/25 (52.00%) cases of DCIS. Furthermore,
only 56/187 (29.95%) cases of invasive breast cancer showed
positive TES staining. The differential staining of TES at differ-
ent stages of breast cancer was statistically significant by linear-
by-linear association (P < 0.05).

Testin gene inhibited proliferation of breast cancer cells. In
order to explore additional functions of TES in breast cancer,
we used the breast cancer cell line MDA-MB-468 to establish
stable cells that constitutively overexpressed the TES protein,
and breast cancer cell line MCF-7 to generate TES-knockdown
cell models. The transfection efficiency was confirmed using
Western blot and qRT-PCR analysis. As shown in Figure 2(A),
the MDA-MB-468 cells transfected with expression plasmid
(TES-OVE cell lines) showed significantly increased TES pro-
tein expression and mRNA levels compared with the 468 con-
trol cells. The MCF-7 cells transfected with shRNA-TES
plasmid (TES-KD cell lines) showed significantly decreased
TES mRNA and protein expression levels compared with the
MCEF-7 control cells.

We next investigated the effect of TES expression on cell pro-
liferation. The MTT assay showed that overexpression of TES
significantly inhibited cell proliferation of MDA-MB-468 cells
(P = 0.009), whereas knockdown of TES significantly enhanced
the growth of MCF-7 cells (P = 0.008) (Fig. 2B). Next, we car-
ried out a clonogenic assay. As shown in Figure 2(C) over-
expression of TES in MDA-MB-468 cells dramatically reduced
colony formation efficiency (P = 0.006), whereas the colony
formation efficiency was dramatically increased in the TES
knockdown cells compared with MCF-7 control cells
(P < 0.0001). These results suggested that TES played a signifi-
cant role in inhibiting the proliferation of breast cancer cells.
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Testin gene inhibited mobility of breast cancer cells. By using
a two-chamber assay, we found that TES inhibited cell migra-
tion (120.40 + 9.69 vs 64.80 + 5.93; P <0.001) and inva-
sion (82.40 + 5.55 vs 31.80 £ 4.32; P < 0.001) in TES-OVE
cell lines. Consistent with this, enhanced cell migration
(49.48 £ 4.58 vs 79.40 £9.94; P =0.0001) and invasion
(30.0 £ 5.36 vs 55.6 £ 5.55; P <0.001) (Fig. 3) were evident
with knockdown of TES in MCF-7 cells.

Testin gene inhibited angiogenesis of breast cancer. Because
angiogenesis is one of the major contributors to tumor growth
and metastasis, we explored the biological significance of TES
in tumor angiogenesis using an in vitro capillary tube forma-
tion assay for the angiogenic activity of HUVEC. As shown in
Figure 4(A), when HUVEC were incubated with TCM of
TES-OVE cells, the branch points of capillary-like structures
dramatically decreased to a level comparable to HUVEC
grown in the control MDA-MB-468 cells (75.67 + 7.02 vs
37.33 £ 5.51, P =0.0017). When TCM from TES-KD cells
were supplied to the culture medium for HUVEC, HUVEC
developed more capillary-like structures compared with those
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Fig. 4. Effect of the testin (TES) gene on
angiogenesis in breast cancer. (A) Tube formation
assay showing the effect of TES on the formation
of tube-like structures in HUVEC (left). The
representative images of tube formation and the
number of branch points of HUVEC are presented
(right). (B) Sections of breast tumors were stained
for TES, CD34, and MMP-2. Representative images
of sections with lower TES expression and cancer
lesions with higher TES expression. **P < 0.01.

cultured in TCM from MCEF-7 control cells (38.67 + 4.51 vs
66.33 + 7.02, P = 0.0046).

Given that CD34 has been described as a marker for vascu-
lar-associated tissue and angiogenesis, we examined the
expression of CD34 in 83 cases of breast cancers and analyzed
the relationship between CD34 and TES. As shown in
Figure 4(B), overexpression of TES was associated with lower
microvessel density compared with the TES non-expressing tis-
sues (55.67 = 5.69 vs 3533 £4.04, P = 0.0072), suggesting
that expression of TES in tumor sections is inversely correlated
with expression of specific angiogenesis molecule CD34 both
in vitro and in clinical samples.

Because the MMP family is frequently overexpressed in var-
ious tumor tissues and plays an important role in both tumor
angiogenesis and metastasis, including breast cancer,"'”?? we
assessed the relationship between TES and MMP-2. In 83
cases of breast cancer, 35 cases had higher TES expression and
19 cases had MMP-2 positive staining, whereas 35 cases were
MMP-2 positive in the 48 cases with lower TES expression
(P = 0.0222) (Fig. 4B). We also examined the relationship
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Fig. 5. Testin (TES) gene inhibited tumorigenic
and metastatic capabilities in vivo. (A) Tumors
isolated from mice 35 days after s.c. injection of
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MCF-7 cells in SCID mice. Growth curves of
mammary tumors after injection of cells. Error bars
represent mean = SD (n =7). (B) Lungs obtained
from mice after injection into the lateral tail veins
with control and TES overexpression MDA-MB-468
cells as well as TES knockdown MCF-7 cells (H&E
staining). Representative staining of lung sections
showing the numbers of tumor nodules per field
under light microscope. **P < 0.01.

between TES and MMP-9, but found there was no relationship
between them (P = 0.0731).

Testin gene inhibited tumorigenesis and metastasis in vivo. In
order to investigate the tumor-suppressing function of TES
in vivo, the TES overexpressed MDA-MB-468 (TES-OVE)
cells, TES knockdown MCEF-7 (TES-KD) cells, and control
cells were injected s.c. into either side of the posterior flank of
5-week-old female BALB/c athymic nude mice. During the
process, we found that the mice injected with the TES-OVE
cells formed tumors later than those in the control MDA-MB-
468 cells. Whereas large tumors were formed in mice injected
with control cells within 35 days, tumor growth was greatly
reduced in mice injected with TES-OVE cells. The TES-KD
cells formed earlier tumors and the tumors grew faster than
the MCF-7 control group (Fig. 5A), implying a potential role
of TES in inhibition of breast cancer cell xenograft formation
and growth in vivo.

The effect of TES on breast cancer metastatis to lung was
evaluated using an experimental lung metastasis model. After
5 weeks, all lungs were harvested and fixed in 10% formalin.
Haematoxylin and eosin staining was done on sections from
embedded samples. As expected, the lungs from mice injected
with MDA-MB-468 control cells developed extensive macro-
metastatic foci by histological analysis. However, mice
injected with TES-OVE cells showed fewer macrometastatic
foci (42.23 + 7.02 vs 16.00 £ 3.61, P = 0.0045). Macrometa-
static foci from the MCF-7 control cells measured 0.67 + 0.58
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foci vs 1434 +£3.51 in lungs of the TES-KD group
(P = 0.0027) (Fig. 5B). These data further confirm that TES
plays a role in the inhibition of lung metastasis of breast can-
cer cells.

Testin gene inhibited invasion, metastasis, and angiogenesis
through miR-29b-mediated MMP-2 inhibition. We had previ-
ously revealed that TES played an important role in carcino-
genesis, invasion, metastasis, and angiogenesis, and it was
significantly correlated with the expression of MMP-2 in breast
cancer tissues. Fang er al."® also has reported that miR-29b
could suppress tumor angiogenesis, invasion, and metastasis by
regulating MMP-2 expression in hepatocellular carcinoma.
Therefore, we further hypothesized that TES inhibited the inva-
sion, metastasis, and angiogenesis of breast cancer by the inhi-
bition of MMP-2 through miR-29b, a novel miRNA that has
been shown to play an important role in invasion, metastasis,
and angiogenesis in various cancers. We first detected the
expression of miR-29b and MMP-2 in the TES overexpressed
MDA-MB-468 cells and the TES knockdown MCEF-7 cells.
The results of qRT-PCR confirmed our hypothesis, with the
level of miR-29b upregulated in TES-OVE cells and downreg-
ulated in TES-KD cells compared with their respective control
cells, and the levels of MMP-2 showing the reverse results
(Fig. 6A). To validate the role of miR-29b in invasion and
angiogenesis, we transfected the control and TES-OVE cells
with an miR-29b inhibitor (10 pM) or negative control oligo-
duplex (Ambion, Cambridge, MA, USA). The control and
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Fig. 6. Testin (TES) gene inhibited metastasis and angiogenesis ability by the inhibition of MMP-2 through miR-29b. (A) Levels of miR-29b and
MMP-2 in TES transfected breast cancer cell lines. (B) Transfection efficiency was detected by quantitative RT-PCR in TES overexpressing
(TES-OVE) and TES knockdown (TES-KD) cells transfected by miR-29b inhibitor or mimics. Levels of MMP-2 were detected in the above miR-29b
transfected cells. (C) Invasion ability was measured using Transwell chamber assays after transfection of miR-29b inhibitor or mimics in TES trans-
fected MDA-MB-468 and MCF-7 cell lines. Summary graphs for the invasion assay are presented. (D) Effects of miR-29b on the formation of
tube-like structures in TES-OVE and TES-KD cells were determined by HUVEC cells. Representative images of tube formation and the number of
branch points of HUVEC are presented. Data represent the average cell numbers from at least 10 viewing fields and are presented as the

mean = SEM. **P < 0.01; ***P < 0.001.

TES-KD cells were transfected with miR-29b mimics (10 uM)
or negative control oligoduplex (Ambion). The transfection
efficiency and the levels of MMP-2 were examined by qRT-
PCR (Fig. 6B). We also measured invasion ability using a
Transwell assay and the variability in angiogenesis by capillary
tube formation assay. As expected, the invasion ability
(Fig. 6C) was restored in TES-OVE cells and the invasion
ability of TES-KD was inhibited after transfection of miR-29b.
Meanwhile, the branch points of capillary-like structures
formed by HUVEC decreased in the TES-OVE cells and the
HUVEC developed more capillary-like structures in TES-KD
cells (Fig. 6D). Consistent with these results, the MDA-MB-
468 and MCF-7 cell lines transfected with miR-29b inhibitor
or mimics showed the same effect on invasion and angiogene-
sis (data not shown).

Testin gene is an independent prognostic marker for breast
cancer. We first determined the relationship of TES with the
clinical features of breast cancer. As shown in Table 1,
TES expression was strongly correlated with ER status
(P =0.027), but it was not associated with other clinical
characteristics. To evaluate whether the expression of TES is
prognostic in breast cancer, we evaluated TES expression
status with respect to the four survival outcomes: breast
relapse-free survival; cause-specific survival; distant metasta-
sis-free survival; and overall survival. As shown in Figure 7,
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significant correlations were observed between TES negativity
and declines in all four survival categories (P = 0.001,
P =0.002, P=0.007, and P = 0.018, respectively). As the
tumor biology differs according to breast cancer subtypes, we
also evaluated the prognostic values in the subgroup of
ER-positive and ER-negative breast cancers as well as
HER2-positive and HER2-negative breast cancers. In the
ER-positive group, TES was a prognostic factor for breast
relapse-free survival and overall survival (both P < 0.001).
However in the ER-negative breast cancers, there were no
statistical differences in either breast relapse-free survival or
overall survival (P = 0.537 and 0.820, respectively). Prognos-
tic significance was not detected in the HER2-positive or
HER2-negative groups.

To further validate the prognostic values, univariate analysis
was carried out to identify those factors that affected overall
survival (Table 2). We then carried out multivariate analysis
of TES expression with the tissue samples stratified by other
common clinicopathological parameters including 7ES, ER,
PR, HER2, p53, and lymph node status as well as the sizes of
primary tumors at the time of cancer diagnosis. The TES
expression level retained its prognostic significance in multi-
variate analyses independent of other clinicopathological
factors (hazard ratio, 0.162; 95% confidence interval, 0.043—
0.612, P = 0.007).
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Table 1. Relationship between testing (TES) gene expression and
clinicopathological variables of breast cancer

Clinicopathological TES expression status

. P-value
variables Negative Positive
Age, years
<40 21 39 0.861
>40 30 63
Tumor size, cm
<2 34 68 0.935
>2 13 29
Nodal status
Negative 34 63 0.857
Positive 11 24
ER status
Negative 40 59 0.027
Positive 9 36
PR status
Negative 33 60 0.207
Positive 11 36
HER2 status
Negative 42 86 0.571
Positive 3 11
p53 status
Negative 38 72 0.097
Positive 5 25

Bold text indicates significant result. ER, estrogen receptor; HER2, human
epidermal growth factor receptor 2; PR, progesterone receptor.

Discussion

It has been established that TES is a candidate human tumor sup-
pressor gene,"'*?" but its role in breast cancer remains unknown.
Our study is the first attempt to elucidate the tumor suppressor

role of TES in the progression, angiogenesis, and metastasis of
breast cancer using both in vitro and in vivo models. This is also
the first attempt to illuminate the independent prognostic role of
TES in breast cancer tissues.

We first identified that TES expression was reduced in breast
cancer lesions compared with matched non-tumor tissues,
which implied that TES is a candidate tumor suppressor gene
in breast cancer. Next, we assessed the expression levels of
TES in the progression of breast cancer by immunohistochemi-
cal staining and found that TES is expressed in all normal tis-
sues, but that expression levels diminished with proliferative
lesion progression from UDH to ADH and DCIS. These results
suggest that TES is a novel indicator for the carcinogenesis of
breast cancer and may play an important role in the develop-
ment of the disease.

To further explore the detailed tumor suppressor function of
TES, the expression of TES in breast cancer cells was manipu-
lated with ectopic expression or RNAi. We found that overex-
pression of TES significantly inhibited proliferation, invasion,
and angiogenesis, whereas knockdown of TES promoted the
proliferation, invasion, and angiogenesis in breast cancer cell
lines. In animal models, TES also markedly inhibited breast
cancer cell xenograft formation and growth and reduced breast
cancer cell metastasis in a lung metastasis model. These data
further supported the tumor suppressor role of TES in breast
cancer. Previous studies have reported that TES inhibited the
growth of breast and uterine as well as ovarian cancer cell pro-
liferation through caspase-dependent and caspase-independent
apoptosis.”*" Our present results further confirmed that TES
could significantly inbibit cell proliferation, but its role in
invasion and angiogenesis of breast cancer was unknown.
Angiogenesis has been reported to be essential for tumor
metastasis,*> >? and metastasis remains the major cause of
breast cancer-related death. So we next examined the effect of
TES on angiogenesis, which partly contributes to the metastasis
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Table 2. Cox hazard ratios for overall survial of breast cancer based on testin (TES) gene expression levels in tissue array analysis

Univariate analysis

Multivariate analysis

Pathological

parameter HR (95% Cl) P-value HR (95% Cl) P-value
Testin 0.305 (0.136-0.685) 0.004 0.162 (0.043-0.612) 0.007

Tumor size 0.231 (0.048-1.114) 0.068 0.604 (0.258-1.415) 0.246

Nodal status 0.132 (0.027-0.648) 0.013 0.684 (0.273-1.718) 0.419

ER 0.054 (00003-1.018) 0.051 0.792 (0.282-2.223) 0.658

PR 0.071 (0.057-1.088) 0.057 0.484 (0.160-1.460) 0.198

HER2 0.397 (0.067-2.342) 0.308 0.904 (0.294-2.785) 0.861

p53 0.426 (0.041-4.444) 0.476 0.839 (0.302-2.334) 0.737

Cl, confidence interval; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; PR, progesterone receptor.

of breast cancer. Our findings showed that overexpression of
TES in breast cancer cell lines could significantly inhibit capil-
lary tube formation of HUVEC. In the clinical samples, we
found that TES was inversely correlated with expression of
MMP-2 and CD34. These data suggested that TES had a
potential role in the neovascular formation of breast cancer.
This gave a clue that TES should be considered as a potential
therapeutic target for breast cancer in future investigations.

The phenomenon of TES in inhibiting the progression,
metastasis, and angiogenesis of breast cancer cells encour-
aged us to further investigate the possible mechanism. We
found that ectopic expression of TES could upregulate the
expression of miR-29b, whereas knockdown of TES signifi-
cantly inhibited the expression of miR-29b in breast cancer
cell lines. We also found that MMP-2 was inversely regu-
lated. It had been reported that MMP-2 is a target for
miR-29b and studies have shown that miR-29b could
suppress tumor angiogenesis, invasion, and metastasis by
regulating MMP-2 expression in cancers.'® Therefore, we
hypothesized that TES inhibited invasion and angiogenesis of
breast cancer by the inhibition of MMP-2 through miR-29b.
Using the transfectants of miR-29b inhibitors, we revealed
that the invasion and angiogenesis ability were rescued in
TES-OVE as well as their control cells. Also, after transfec-
tion of miR-29b mimics, the invasion and angiogenesis abil-
ity were inhibited for both TES-KD and their control breast
cancer cells. These data suggested that TES could suppress
tumor angiogenesis, invasion, and metastasis at least partly
by the inhibition of MMP-2 through miR-29b. However,
the mechanism through which TES regulates miR-29b and
MMP-2 should be explored in further studies.

Lastly, we evaluated the prognostic ability of TES in breast
cancer. We showed that a unique cohort of breast cancer
patients lacking TES had significantly worse relapse-free sur-
vival, cause-specific survival, distant metastasis-free survival,
and overall survival. Our findings suggest that low expression
or loss of expression of TES protein may be an important
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