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RNAi-mediated downregulation of cyclin Y to attenuate
human breast cancer cell growth
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Abstract. Cyclin Y (CCNY) is a newly identified PFTK1
interacting protein and has been found to be associated with
the proliferation and tumorigenesis of human non-small cell
lung cancer. In the present study, we analyzed the expression
levels of CCNY in 65 cases of breast cancer (BC) tissues
and in four BC cell lines, BT-474, MDA-MB-231, T-47D and
MCF-7. Lentivirus-mediated short hairpin RNA (shRNA)
was employed to knock down CCNY expression in MCF-7
and MDA-MB-231 cells. The effects of CCNY depletion on
cell growth were examined by MTT, colony formation and
flow cytometry assays. The results showed that immunohisto-
chemical expression of CCNY in tumor tissues is stronger than
that in normal tissues. CCNY was also expressed in all four
BC cells. The knockdown of CCNY resulted in a significant
reduction in cell proliferation and colony formation ability.
Cell cycle analysis showed that CCNY knockdown arrested
MDA-MB-231 cells in the GO/GI1 phase. Furthermore, deple-
tion of CCNY inhibited BC cell growth via the activation of
Bad and GSK3p, as well as cleavages of PARP and caspase-3
in a p53-dependent manner. Therefore, we believe that CCNY
has biological effect in BC development, and its inhibition via
an RNA interference lentiviral system may provide a thera-
peutic option for BC.

Correspondence to: Professor Xiaoya Hu, College of Chemistry
and Chemical Engineering, Yangzhou University, 88 South University
Avenue, Yangzhou, Jiangsu 225002, P.R. China

E-mail: xyhu@yzu.edu.cn

Abbreviations: CCNY, cyclin Y; BC, breast cancer; shRNA, short
hairpin RNA; IDCs, invasive ductal carcinomas; ILC, invasive
lobular carcinoma; CDKs, cyclin-dependent kinases; NSCLC,
non-small cell lung cancer; DAB, 3,3’-diaminobenzidine; DMEM,
Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; MTT,
methylthiazol tetrazolium; PI, propidium iodide

Key words: cyclin Y, breast cancer, lentivirus, downregulation,
tumor tissue

Introduction

Breast cancer is the leading cause of cancer-related deaths in
women worldwide, with ~1.38 million cases newly diagnosed
and 458,000 deaths in 2008 alone (1,2). According to the histo-
pathological classification of breast carcinoma, 70-80% of the
all breast cancers will eventually belong to invasive ductal
carcinomas (IDCs) or invasive lobular carcinoma (ILC) (3).
There have been great advances in uncovering the biological
mechanisms of breast cancer progression. However, many
details of the genetic causes have yet to be determined.

Cyclins are a family of proteins that control cell cycle
progression by regulating the activity of various cyclin-
dependent kinases (CDKs) (4,5). Cyclin Al was discovered
to be highly expressed in primary breast cancer tissues and
metastatic lesions, which leads to a significant increase in
cancer cell growth and angiogenesis (6). Co-expression of
cyclin D1 and p21 proteins is required for the initial steps
of breast cancer development (7). Moreover, inhibition of
cyclin DI or its binding partners CDK4/6 can increase or
decrease migration and stem-like cell activity in ER-negative
and ER-positive breast cancer, respectively, showing estrogen
receptor-dependent divergent functions (8). Cyclin D1 has also
been reported to be associated with a poor prognosis for breast
cancer patients (9,10). High cyclin E expression is common in
hormone receptor negative and high grade aggressive breast
cancer (11-13). A meta-analysis has shown that cyclin E over-
expression is associated with poor overall survival and breast
cancer-specific survival (14).

Cyclin Y is a PFTKI1 interacting protein newly identified
using a yeast two-hybrid screen (15). Human PFTK1 protein has
been characterized as a Cdc2-related kinase that controls cell
cycle progression and is highly expressed in brain, pancreas and
kidney (16). Binding of cyclin Y to PFTK1 not only enhances
the PFTK1 kinase activity but also changes its intracellular
location. Recently, cyclin Y was found to be overexpressed in
human non-small cell lung cancer (NSCLC) and is associated
with NSCLC proliferation and tumorigenesis (5). However, the
role of cyclin Y in breast cancer remains elusive. The present
study found that cyclin Y is highly expressed in human breast
cancer specimens. To investigate the physiological function of
cyclin Y in breast cancer, we applied gene knockdown using
siRNA as an excellent tool to suppress cyclin Y expression in
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two types of breast cancer cells, MDA-MB-231 and MCF-7.
The effects of cyclin Y on cell growth were also examined in
two breast cancer cell lines.

Materials and methods

Immunohistochemical staining. Eighty cases of breast cancer
tissues including 65 cases of breast cancer and 15 cases of non-
tumor tissues were collected from the Department of Clinical
Laboratory, Nanjing Medical University Cancer Hospital
and Jiangsu Cancer Hospital from 2008 to 2010. The clinical
staging of breast cancer was evaluated by the tumor-node-
metastasis (TNM) staging systems. The samples were used
with the written informed consent from patient and approval of
the Ethics Committee of Nanjing Medical University Cancer
Hospital and Jiangsu Cancer Hospital. All tissue samples were
paraffin-embedded, dewaxed and rehydrated. The sections
were then microwaved for antigen rerieval. For immuno-
histochemical staining, slides were treated with hydrogen
peroxide (H,0,) for 10 min, washed with water and placed
in phosphate-buffered saline (PBS) buffer. Anti-cyclin Y
(1:150; #ab114086; Abcam) was then applied for incubation
at room temperature. Biotinylated goat anti-rabbit IgG was
used as the secondary antibody. The immunoreactions were
detected by staining with 3,3'-diaminobenzidine (DAB). All
stained slides were evaluated under a light microscope. In each
sample section, at least 5 visual field areas were examined.
The proportion of positive tumor cells was recorded according
to the following classification: 0, no cells stained; 1, <30% of
cells stained; 2, 30-60% of cells stained and 3, >60% of cells
stained. The intensity of the coloring was recorded according
to the following classification: 0, no coloring; 1, stramineous;
2, buffy; and 3, dark brown. The two scores were combined
to obtain the final one: scores equal to O indicate negative (-),
1-2 indicate slightly positive (+), 3-4 indicate moderately posi-
tive (++4), and 5-6 indicate strongly positive (+++).

Cell culture. Human breast cancer cell lines BT-474,
MDA-MB-231, T-47D and MCF-7 and human embryonic
kidney cell line 293T were obtained from the Cell Bank of
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China). BT-474 cells were cultured in
RPMI-1640 medium (HyClone) supplemented with 10% fetal
bovine serum (FBS) in 5% CO, at 37°C. MDA-MB-231, T-47D
and 293T cells were grown in Dulbecco's modified Eagle's
medium (DMEM; HyClone) supplemented with 10% FBS in
5% CO, at 37°C. MCF-7 cells were cultured in DMEM supple-
mented with 10% FBS, 1% sodium pyruvate and 0.01 mg/ml
bovine insulin in 5% CO, at 37°C.

Constructions of lentiviruses. A short hairpin RNA (shRNA)
sequence (CCGGCAGGACAAATAGCAAGGAAATCTC
GAGATTTCCTTGCTATTTGTCCTGTTTTTTG) was
designed for human cyclin Y gene (NM_145012.3). The non-
silencing siRNA sequence (TTCTCCGAACGTGTCACGT)
was used as control. The stem-loop-stem oligos (shRNAs)
were ligated into the pFH-L vector containing a GFP reporter
(Shanghai Hollybio, China). 293T cells were transfected with
pFH-L-cyclin Y shRNA or control shRNA along with two
helper plasmids pVSVG-I and pCMVARS8.92 (Shanghai
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Hollybio, China) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's instructions. Lentiviruses
were harvested 72 h after transfection. The lentiviruses were
purified using ultracentrifugation, and the titer of the lentivi-
ruses was determined. MDA-MB-231 (5x10* cells/well) and
MCF-7 (5x10* cells/well) cells were cultured in 6-well plates
and infected with the lentivirus constructs at a multiplicity of
infection (MOI) of 40 and 30, respectively. The transfection
efficiency was determined by fluorescence microscopy 96 h
after infection.

Quantitative real-time PCR. After infection for 96 h,
MDA-MB-231 and MCF-7 cells were collected for RNA
extraction by TRIzol (Invitrogen, Carlsbad, CA, USA). Total
RNA (2 ug) was reverse transcribed using an M-MLV reverse
transcriptase kit (Promega) according to the manufacturer's
protocol. In quantitative real-time PCR, two sets of primers
were applied: cyclin Y sense, 5'-GTCAGTCAACCAAACCT
CAAG-3' and antisense, 5-AACAGTGTCCGAACGAA
CC-3'; B-actin sense, 5'-GTGGACATCCGCAAAGAC-3' and
antisense, 5'-AAAGGGTGTAACGCAACTA-3'. Relative
expression levels of cyclin Y mRNA were calculated by
normalizing to the level of f-actin mRNA using comparative
threshold cycle method, in which the fold difference =2 - (Act
of target gene - Act of reference). Each sample was performed
in triplicate. All results were analyzed with LightCycler soft-
ware version 3.5 (Roche Diagnostics).

MTT assay. After infection with recombined lentiviruses
(Lv-shCCNY and Lv-shCon), MDA-MB-231 (2x10° cells/well)
or MCF-7 (2x10° cells/well) cells were reseeded into 96-well
plates, and were collected at 1-day intervals to perform the
methylthiazol tetrazolium (MTT) proliferation assay. In brief,
10 ul of MTT solution (5 mg/ml; Sigma) was added into each
well and incubated at 37°C for 4 h. Acidic isopropanol (10%
SDS, 5% isopropanol and 0.01 mol/l HCI) was then added to
dissolve the crystals. After 10 min, the absorbance of each
sample was recorded at 595 nm.

Colony formation assay. MDA-MB-231 (400 cells/well) or
MCF-7 (200 cells/well) cells were reseeded in 6-well plates
after lentivirus infection. The medium was changed at
three-day intervals. After 6 days of culture for MDA-MB-231
cells and 8 days of culture for MCF-7 cells, the colonies formed
were washed with PBS and fixed with 4% paraformaldehyde
for 30 min at room temperature. The fixed cell samples were
stained with crystals violet for 10 min. The total number of
colonies (>50 cells/colony) was counted.

Flow cytometric analysis. Fluorescence dye propidium
iodide (PI) (Sigma) was used to analyze the DNA contents
in different cell cycle phases. MDA-MB-231 (2x10° cells/
well) cells infected with Lv-shcyclin Y and Lv-shCon were
reseeded into 6-cm dishes and cultured for 40 h and harvested
after trypsinization, washed with PBS and fixed with 70%
cold ethanol. The fixed cells were pelleted, re-suspended in
PBS containing PI (100 pg/ml) and RNase A (10 pg/ml) for
at least 30 min in the dark. The percentages of cells in GO/G1,
S and G2/M phases were determined by FACSCalibur (BD
Biosciences, USA).
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Breast cancer

Figure 1. Determination of cyclin Y expression by immunohistochemical staining. Normal (left) and breast cancer (right) tissue specimens are subjected to
immunohistochemical staining. Brown stained areas are DAB-positive (cyclin Y-positive). Magnification, x400.

Table I. Expression of cyclin Y in normal breast and breast cancer tissues (n=80).

Cyclin Y immunostaining

Characteristics Total - (%) + (%) ++ (%) +++ (%) P-value®
Normal breast 15 0(0.0) 4(26.7) 10 (66.7) 1(6.7) 0.037
Breast cancer 65 0(0.0) 12 (18.5) 26 (40.0) 27 (41.5)

“Using Pearson's ¥ test.

Intracellular signaling assay. Phosphorylation and proteolysis
are two widespread covalent post-translational modifications.
Detection of these modifications on a set of cellular proteins that
play a well-understood role in cell biology can provide a broad
snapshot of intracellular signaling. The alteration of signaling
molecules in MDA-MB-231 cells was detected by PathScan®
intracellular signaling array kit (#7323; Cell Signaling
Technology) according to the protocol provided by CST.

Statistical analysis. The results of immunohistochemical
staining were evaluated by Pearson's y* test and the other
data were evaluated by Student's t-test and expressed as the
mean = SD of three independent experiments. A p-value of
<0.05 was considered to indicate a statistically significant result.

Results

Cyclin Y expression in human breast cancer and normal
breast tissues. The expression patterns of cyclin Y protein
in 65 stage I-III breast cancer and 15 normal breast tissues
were analyzed by immunohistochemistry. Representative
immunohistochemical staining is shown in Fig. 1. The rate of
strong cyclin Y expression (+++) in breast cancer tissues was
significantly higher than that in normal breast tissues (Table I;
p<0.05; o test). Moreover, the expression of cyclin Y in breast
cancer was associated with lymph node metastasis (Table II;
p<0.001; % test). These results suggest that the high cyclin Y
expression may contribute to breast cancer development and
progression.

Table II. Relationship of cyclin Y expression and clinicopatho-
logical parameters in breast cancer patients (n=65).

CyclinY
immunostaining
Characteristic - + ++  4+++ P-value®
Stage 0.458
I 0 o0 1 2
II 0 12 23 21
1 0 o0 2 4
Invasion depth 0.139
I 0 0 1 0
II 0 3 3 13
m 0 9 8 11
Lymph node metastasis 0.001
No 0 1 17 20
Yes 0 11 9 5

aUsing Pearson's y? test.

Inhibition of cyclin Y expression by RNA interference.
The expression levels of cyclin Y in four human breast
cancer cell lines were analyzed by RT-qPCR (Fig. 2A). The
MCF-7 (ER-positive) cells with high cyclin Y expression
and MDA-MB-231 (ER-negative) cells with low cyclin Y
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Figure 2. Efficient transfection with lentivirus targeting cyclin Y in breast cancer cells. (A-C) The mRNA and protein levels of cyclin Y in breast cancer cells
are determined by RT-qPCR and western blotting. (D) Seventy-two hours post-transfection, treated cells were photographed under bright light and fluorescent
light in MCF-7 (left panel) and MDA-MB-231 (right panel) cells with original magnification, x200.

expression were chosen for further investigation. The cells
were treated with Lv-shecyclin Y and Lv-shCon. To determine
the transfection efficiency, fluorescent cells were examined
and photographed. As shown in Fig. 2D, >80% of cells were
GFP-positive, indicating that both MCF-7 and MDA-MB-231
cells were successfully transfected. The mRNA levels of
cyclin Y were then measured to assess the knockdown
efficiency of Lv-shcyclin Y. As compared to Lv-shCon, the
Lv-sheyclin Y conferred ~60% knockdown efficiency in
both MDA-MB-231 (Fig. 2B) and MCF-7 cells (Fig. 2C). The
results indicated that the lentivirus constructs were able to
efficiently suppress cyclin Y expression in both MDA-MB-231
and MCF-7 cells.

Cyclin Y knockdown suppresses proliferation of MDA-MB-231
and MCF-7 cells. To evaluate the biological effect of cyclin Y
knockdown in regulating breast cancer cell proliferation, MTT
and colony formation assays were used. As shown in Fig. 3, the

growth curves of Lv-sheyclin Y groups were much lower than
those of Lv-shCon and control groups in both MDA-MB-231
and MCF-7 cells. The results showed that the Lv-shcyclin Y had
a short-term inhibitory effect on cell proliferation. Moreover,
we further determined its relative long-term function on cell
proliferation by colony formation assay. As revealed in Fig. 4A,
the size of single colony in the Lv-shcyclin Y group was much
smaller than that in Lv-shCon and control groups. Also, the total
number of colonies formed in MDA-MB-231 cells was mark-
edly reduced by over 80% in the Lv-shcyclin Y group (Fig. 4B).
These results indicated that cyclin Y knockdown inhibited the
proliferation of breast cancer cells.

Cyclin Y knockdown induces cell cycle arrest at GO/G1
phase. To investigate whether cyclin Y regulates cell cycle
progression directly, we then examined the cell cycle
distribution of MDA-MB-231 cells after cyclin Y knockdown
by flow cytometry. As shown in Fig. 5, compared with control
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Figure 3. Effect of cyclin Y knockdown on the proliferation of breast cancer MCF-7 (A) and MDA-MB-231 (B) cells. Cells with Lv-shcyclin Y, Lv-shCon and

Con treatments were determined by MTT assay with 1-day intervals.
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Figure 4. Inhibition of the colony-forming ability of MDA-MB-231 cells through cyclin Y knockdown. (A) Representative images of colonies with Giemsa
staining under light microscopy and fluorescence microscopy. (B) Statistical analysis of the number of colonies in MDA-MB-231 cells with Lv-shCCNY,

Lv-shCon and Con treatments.
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Figure 5. Cyclin Y knockdown induces cell cycle of MDA-MB-231 cells.
Cell cycle distribution of MDA-MB-231 cells is analyzed by flow cytometry.
The population of cells in the GO/G1 phase increased in Lv-shcyclin Y group.

and Lv-shCon groups, the proportion of cells increased in the
GO0/G1 phase and decreased in the G2/M phase, indicating that
cyclin Y could be involved in the cell cycle regulation.

Modifications of effector proteins in cyclin Y-silenced cells. To
explore the underlying signaling pathways mediated by cyclin Y
in breast cancer cells, PathScan® intracellular signaling array
kit was utilized to test whether alterations of modifications
occurred in proteins involved in cell proliferation, growth, cell
cycle, survival or apoptosis (Fig. 6). The detection of signaling
pathways contained the MAPK/ERK cascade, p38 and JNK
MAPKSs, Statl and Stat3, Akt, mTOR, AMPK, HSP27, p53,
and caspase-3. To our surprise, knockdown of cyclin Y in
MDA-MB-231 cells resulted in a series of phosphorylation,
including Bad (Ser112), p53 (Serl5), GSK3p (Ser9), as well as
cleavage of PARP and caspase-3 (Table III). These data indi-
cated that the above signaling pathways could contribute to the
regulation of cyclin Y in breast cancer cell growth.

Discussion

Cyclins are essential regulators of cell cycle progression and
are implicated in cancer progression. Abnormalities in cell
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Figure 6. Alterations of protein modification with intracellular signaling assay. Modifications of effector proteins are analyzed in MDA-MB-231 cells from
two groups. The data can be directly read out from the spot intensity showed in the left graph. The distribution of 20 protein modifications in one chip is shown

in the graph on the right.

Table III. Representative modification from different wells in one chip.

Target Phosphorylation Site Modification Lv-shcyclin Y vs. Lv-shCon
6 Akt Thr308 Phosphorylation Upregulation
7 Akt Ser473 Phosphorylation Upregulation
9 S6 ribosomal Ser235/236 Phosphorylation Upregulation

13 p70 S6 kinase Thr389 Phosphorylation Upregulation

15 p53 Serl5 Phosphorylation Upregulation

16 p38 Thr180/Tyr182 Phosphorylation Upregulation

18 PARP Asp214 Cleavage Upregulation

19 Caspase-3 Aspl75 Cleavage Upregulation

cycle regulatory proteins are common in breast cancers (17).
The present study indicates that cyclin Y is highly expressed in
human breast cancer specimens. To identify cyclin Y involved
in breast cancer development and progression, lentivirus-medi-
ated RNAi was employed to knock down cyclin Y expression
in two types of breast cancer cells, the MDA-MB-231 and
MCEF-7 cells. Inhibition of cyclin Y markedly attenuated the
cell proliferation and colony formation capacity.

Xu et al have reported that cyclin Y may function as a
S-phase-related cyclin, similar to cyclin A-CDK2 (18). CDK16
can be activated by membrane-associated cyclin Y (19). Unlike
conventional cyclin-CDK interactions, cyclin Y-CDK16
binding not only requires the catalytic domain, but also
domains within the N-terminal region (20). To examine the
effect of cyclin Y on the cell cycle control in breast cancer,
flow cytometry analysis was performed. Knockdown of
cyclin Y in MDA-MB-231 cells resulted in GO/G1 phase cell
cycle arrest, which could contribute to cell growth inhibition,
indicating that cyclin Y may directly participate in G1/S tran-
sition. We next sought to determine the underlying molecular
mechanism by which cyclin Y regulated breast cancer cell
growth. Depletion of cyclin Y augmented the phosphorylation
of Bad, p53, GSK3 and the cleavages of PARP and caspase-3.
Phosphorylation of the pro-apoptotic protein Bad inhibits
cell proliferation and promotes apoptosis while its inhibition
increases cell growth rate (21). Phosphorylation of the multi-
functional kinase GSK-3f at Ser9 (22,23) inhibits its activity.
Inhibition of GSK-3p enhances reovirus-induced apoptosis in

colon cancer cells (24). Increased levels of cleaved caspase-3
and cleaved PARP are reliable indicators of apoptosis (25). The
above results suggested that cyclin Y knockdown could induce
apoptosis by activating Bad, GSK-33, PARP and caspase-3 in
a p53-dependent manner, which also contribute to cell growth
inhibition.

In conclusion, cyclin Y is overexpressed in breast cancer
and modulates cell growth progression via regulating cell
cycle progression and apoptosis. A lentiviral-mediated RNAi
system may be an ideal therapeutic option for breast cancer
therapy.
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