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:-Up-regulation of PSF1 promotes the growth of breast
cancer cells
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PSF1 is a subunit of the GINS complex that functions along with the MCM2-7 complex and
Cdc45 in eukaryotic DNA replication. Although mammalian PSF1 is predominantly expressed
in highly proliferating cells and organs, little is known about the roles of PSF! in mature cells
or cancer cells. We found that PSP1 was expressed at relatively high levels in breast tumor
cells, but at low levels in normal breast cells. Knockdown of PSF1 expression using small inter-
fering RNA (siRNA) slowed the growth of breast cancer cell lines by delaying DNA replication
but did net affect proliferation of normal human mammary epithelial cells. Reduced PSF1
expression also inhibited anchorage-independent growth in breast cancer cell lines. These
results suggest that PSF! over-expression is specifically involved in breast cancer cell growth.
Therefore, PSF1 inhibition might provide new therapeutic approaches for breast cancer.

Introduction

Chromosomal DNA replication is tightly regulated in
eukaryotic  cells. Origin-recognition  complexes
(ORC) are believed to play a central role in the rec-
ognition of replication origins (Labib & Gambus
2007). In the late M and early G1 phases of the cell
cycle, the mini-chromosome maintenance 2-7
(MCM2-7) complex and Cdc45 are localized to
DNA replication origins along with ORC (Labib &
Gambus 2007). The MCM2-7 complex and Cdc45
unwind the parental DNA duplex, allowing DNA
polymerases to initiate DNA synthesis (Labib & Gam-
bus 2007). The GINS complex was recently reported
to participate in both the initiation and elongation
phases of DNA replication through its ability to
recruit Cdcd5 and DNA polymerase (Pai et al. 2009).
The GINS complex, which contains PSF1, PSF2,

- PSF3 and SLD5, was first identified as a component

Communicated by : Masayuki Yamamoto (rohoka University)
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of prerecognition complexes by genetic analyses in
Saccharomyces cerevisiae (Takayama et al. 2003). Genes
encoding the GINS components are evolutionally
conserved (Kubota ef al. 2003). PSF1 gene expression
is essential for early embryogenesis, maintenance of

. immature hematopoietic cell pool size and acute bone

marrow regeneration in mice (Ueno ef al. 2005,
2009). PSF1 is predominantly expressed in highly
proliferiting cells but not in mature cells (Ueno et al.
2005) and is up-regulated in intrahepatic cholangio-
carcinomas (Obama et al. 2005). Recently, it was

~ shown that up-regulated PSF1 expression drove

tumorigenesis and conferred metastatic properties
(Nagahama et al. 2010), However, the role of PSF1
in normal mature cells or mammalian cancer cells
remains unclear.

In this study, we show that PSF1 expression is uap-
regulated in breast cancer tissues and cell lines.
Down-regulation of PSF1 expression led to reduced
growth of cancer cells, but not of normal mammary
epithelial cells. Reduced PSF1 expression also inhib-
ited the anchorage-independent cell growth of breast

Genes to Cells (2010) 15, 10151024
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cancer cell lines. These findings indicate that PSF1
might have potential as a breast cancer biomarker and
as a gene target for breast cancer treatment.

Results

PSF1 protein expression is enhanced in breast
cancer cells

As PSF1 promoter activity can be stimulated in vitro
via 17P-estradiol (E2)-mediated estrogen receptor
(ER) signaling (Hayashi et al. 2006), we speculated
that PSF1 expression might be up-regulated in breast
cancer cells. To examine PSF1 expression in breast
cancer tissues, we performed an immunostaining anal-
ysis of 34 tissue specimens. PSF1 immunohistochemi-
cal staining in normal breast tissues was very weak
but was significantly enhanced in 41% (14 of 34) of
cancer tissue specimens (Fig. 1A and Table 1). We
also found that PSF1 was highly expressed in the
invasive tumor area (Fig. 1B), suggesting that PSF1
might be predominantly expressed in advanced malig-
nancy cells. The relationship between the level of
PSF1 expression and clinicopathological parameters
was also investigated, although no significant associa-
tions between the level of PSF1 expression and prog-
nostic indicators could be established in the breast
cancer specimens tested (Table 1). Next, to examine
whether PSF1 expression correlated with hormone
receptor expression and breast cancer biomarkers, we
analyzed the expression of ER, progesterone receptor
(PgR), human epidermal growth factor receptor type
2 (HER?2) and tumor suppressor gene product p53 by
immunohistochemical staining of the same breast can-
cer samples used previously. No correlation between
the expression of PSF1 and that of hormone receptors
or breast cancer biomarkers was observed (Table 1),
suggesting that PSF1 protein expression is not affected
by hormone receptors (ER and PgR) or breast cancer
biomarkers (HER2 and p53).

We analyzed the association between PSF1 expres-
sion and prognosis. The observation time (range: 0.6~
3.4 years, median: 3.2 years) after surgery for the 34
patients did not allow for analysis of either the 5-year
survival rate or 3-year disease-free survival rate.
Therefore, we investigated PSF1 expression levels and
analyzed the survival rate using a publicly available
microarray dataset of 295 patients with breast
cancer (http://microarray-pubs.stanford.edu/wound_
NKI/explore.html). Figure 1C shows the survival
rates of the 127 and 168 patients who respectively
had high and low PSF1 expression levels. The 15-

Genes to Cells (2010) 15, 1015-1024

year survival rate of the low PSF1 expression level
group was higher (P = 0.00466), suggesting that
PSF1 expression might be a prognostic marker.

Promoter activity of PSF1 is up-regulated in
breast cancer cells '

To examine PSF1 expression in cell lines, we ana-
lyzed PSF1 mRINA expression levels in breast cancer
cell lines and normal breast cells using real-time RT-
PCR. High PSF1 expression levels were observed in
breast cancer cell lines (Fig. 2A, lanes 3-5; upper
panel), whereas only low levels were detected in nor-
mal human mammary epithelial cells (HMEC) or
immortalized HMEC by expression of hTERT (cata-
lytic component of human telomerase) (HMEC-tert)
(Fig. 2A, lanes 1 and 2; upper panel). Next, we ana-
lyzed PSF1 protein levels in breast cancer cell lines
and normal breast cells by Western blotting using
anti-PSF1 antibody. PSF1 proteins were detected at
high levels in breast cancer cell lines, but at low levels
in HMEC and HMEC-tert cells (Fig. 2A; lower
panel). These results suggested that both PSF1
mRNA and PSF1 protein expressions were enhanced
in breast cancer cell lines. We also analyzed the
expression levels of the other GINS complex subunits
(PSF2, PSF3 and SLD5) in normal breast cells and
breast cancer cell lines. Like PSF1 expression, SLD5
expression was up-regulated in all three breast cancer
cell lines tested (Fig. 2B; lower panel), whereas
expression levels of PSF2 and PSF3 were only up-
regulated in specific breast cancer cell lines (Fig. 2B;
upper and middle panels).

Because gene amplification of cancer-related genes
has been observed in cancer cells, we investigated the
possibility of PSF1 gene amplification using a single-
nucleotide polymorphism (SNP) chip. SNP IDs were
152500406 and rs6083862. No amplification of the
PSF1 gene locus was detected in any of the breast
cancer cell lines tested (data not shown), which sug-
gested that PSF1 up-regulation in breast cancer cell
lines was not because of PSF1 gene amplification.
We then analyzed PSF1 promoter activity using dif-
ferent promoter region lengths: 5, 1.6 and 0.5 kb
upstream from the transcriptional start site. We found
that when of each of the three regions was fused to
the luciferase gene in T47D cells, the promoter activ-
ities were more than 10 times higher than those
observed in HMEC-tert (Fig. 3A). This result indi-
cated that the up-regulated PSF1 expression was
because of increased promoter activity of PSF1 in
breast cancer cells.

© 2010 The Authors
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Over-expression of PSF1 in breast cancer
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Figure 1 Increased PSF1 expression in human breast cancer tissues. Immunohistochemical staining of PSF1 in human breast can-
cer samples using anti-PSF1 antibody. Bars indicate 100 Hm. (A) Nuclear PSF1 expression was detected in three types of breast
cancer (papillo-tubular, solid-tubular and scirrhous). In rare cases, nuclear PSF1 was also detected in a few normal mammary epi-
thelial cells located in the lobule where cell proliferation occurs physiologically. (B) Prominent and frequent nuclear accumulation
of PSF1 was detected in invasive carcinoma cells (in tumor area), whereas no positive staining was observed in noncancerous mam-
mary duct epithelium (in normal area). (C) The relationship between the level of PSF1 expression and the survival rate in patients
with breast cancer. The relationship between PSF1 expression levels and the survival rate was analyzed by using publicly available
microarray dataset of 295 patients with breast cancer (http://microarray—pubs.stanford.edu/wound_NKI/explore.html). The sur-
vival rates were determined using the Kaplan-Meier methods and were compared by means of the log rank test. The gray line
shows a survival curve for 127 patients with higher PSF1 expression levels and the black line for 168 patients with lower PSF1
expression levels. The cutoff value of PSF1 expression level was calculated by taking the mean value of the median expression lev-
els of the good prognosis group (over 5-year survival) and the poor prognosis group (<5-year survival), respectively.

. and normal cells treated with PSF1-specific siRNA.
Down-regulation of PSF1 led to reduced growth Knockdown of PSF1 expression was detected by

of breast cancer cells real-time RT-PCR. in breast cancer cells (T47D,
To determine whether knockdown of PSF1 expres- MDA-MB-231 and MDA-MB-361) and normal
sion impacted the growth of breast cancer cells, we human mammary epithelial cells (HMEC and
measured the growth rate of breast cancer cell lines HMEC-tert) (Fig. 3B and Fig. S1 in Supporting

© 2010 The Authors Genes to Cells (2010) 15, 1015-1024
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Table 1 Clinicopathologic features and immunohistochemical
results of PSF1, ER, PgR, HER2 and p53

Patient
number PSF1 ER PgR HER2 p53 Stage Histology

BC-1 05 0 o0 3 2 2B Papillo-tubular
BC2 05 1 3 1 0 2A  Scirthous
BC-3 1 Z 3 2 0 1 Solid-tubular
BC-4 05 2 3 1 1 2A  Scirrhous
BC-5 1 2 3 0 1 2A Scirrhous
BC-6 1 3 2 1 1 3B  Papillo-tubular
BC-7 2 1 1 0 2 Scirrhous
BC-8 2 3 3 1 0 1 Papillo-tubular
BC9 2 3 1 1 2 2B Scirrhous
"BC-10 2 0 1 1 0 1 Papillo-tubular
BC-11 2 0 1 3 1 3A Solid-tubular
BC-12 1 3 3 3 2 2B Solid-tubular
BC-13 2 3 0 1 1 2A  Papillo-tubular
BC-14 2 1 2 3 2 3A  Solid-tubular
BC-15 1 0 o0 1 2 1 Solid-tubular
BC-16 0.5 1 3 1 2 1 Scirrhous
BC-18 0.5 0 1 0 2 2B Solid-tubular
BC-19 2 0 0 0 1 2A Solid-tubular
BC-20 05 2 2 0 0 2A  Solid-tubular
BC-21 2 0 0 0 2 2A  Scirrhous
BC-22 05 1 3 0 0 2B  Solid-tubular
BC-23 2 0 3 1 2 2A Scirrhous
BC-24 0.5 0 1 1 1 2A Papillo-tubular
BC-25 1 2 2 0 2 2A  Solid-tubular
BC-26 05 1 2 0 OREE | Papillo-tubular
BC-28 2 3 3 0 1 1 Solid-tubular
BC-29 2 0 3 1 0 2A  Solid-tubular
BC-30 05 0 0 0 0 1 Scirrhous
BC-31 2 0 0 0 2 2A Solid-tubular
BC-32 05 3 3 0 1 1 Papillo-tubular
BC-34 1 0o o0 3 1 1 Papillo-tubular
BC-35 05 2 2 0 2 2B Scirrhous
BC-36 05 2 3 0 1 2A  Papillo-tubular
BC-37 2 0 0 0 0 1 Solid-tubular

Staining extent was scored on a scale of 0-2 for PSF1, as fol-
lows: 0 = no staining, 0.5 = <5%, 1 = 5%—30% and

2 = >30% of tumor cells. Tumor cells with staining intensity
2 were considered as positive. Staining extent was scored on a
scale of 0-3 for ER and PgR, as follows: 0 = no staining,

1 =<10%, 2 = 1%-10% and 3 = >10% of tumor cells.
Tumor cells with staining intensity 3 were considered as posi-
tive. Staining extent was scored on a scale of 0-3 for HER2,
as follows: O = no staining, 1 = <10%, 2 = 10%—30% and

3 = >30% of tumor cells. Tumor cells with staining intensity
2 and 3 were considered as positive. Staining extent was
scored on a scale of 0-2 for p53, as follows: 0 = no staining,
1 = weak staining and 2 = strong staining in tumor cells.
Tumor cells with staining intensity 2 were considered as
positive.

ER, estrogen receptor; Pgr, progesterone receptor.
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Figure 2 Expression levels of subunits of GINS in cell lines.
(A) PSF1 expression levels in cell lines. PSF1 expressions in
normal human mammary epithelial cells, HMEC and HMEC-
tert (lanes 1 and 2) and in breast cancer cell lines, MDA-MB-
231, MDA-MB-361 and T47D (lanes 3-5) were analyzed by
real-time RT-PCR (upper panel) and by immunoblotting
(lower panel). Level of PSF1 expression in HMEC cells was
set at 1. CTBP1 and actin were internal controls. Data show
the mean * SEM (n = 3). (B) Expressions of PSF2, PSF3 and
SLDS5 in normal human mammary epithelial cells (HMEC and
HMEC-tert) and in breast cancer cell lines (MDA-MB-231,
MDA-MB-361 and T47D cells) were analyzed by real-time
RT-PCR. Level of each gene expression in HMEC cells was
set at 1. CTBP1 was internal control. Data show the mean +
SEM (n = 3).
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Information). Six days after transfection, the numbers
of HMEC, HMEC-tert and T47D cells transfected
with either PSF1-specific or control siRNA were
similar (Fig. 3C and Fig. S2 in Supporting Informa-
tion). In contrast, MDA-MB-231 and MDA-MB-
361 cell numbers after transfection with PSF1-spe-
cific siRNA were approximately 50% and 40%,
respectively, of those transfected with control siR NA
(Fig. 3C and Fig. S2 in Supporting Information).
These results indicated that PSF1 over-expression
promoted growth in MDA-MB-231 and MDA-
MB-361 cells, but not in normal HMEC and T47D
cells.

© 2010 The Authors

Over-expression of PSF1 in breast cancer

Figure 3 Up-regulation of PSF1 promotes growth of breast
cancer cell lines. (A) PSF1 promoter (—0.5, —1.6 and -5 kb)
activity using luciferase assay in normal human mammary epi-
thelial cells (HMEC) and breast cancer cells. The pGL3-basic
reporter plasmid (vec) containing the PSF1 promoter (100 ng)
was transfected into HMEC-tert and T47D cells. Luciferase
activity in cell lysates was normalized to the Renilla luciferase
activity of p RL-TK as an internal control. The activity in the
absence of PSF1 promoter was set at 1. Data show the
mean * SEM (n = 3). (B) Knockdown of PSF1 expression by
PSF1 siRNA. The control siRNA or PSF1 siRNA was trans-
fected into HMEC, HMEC-tert, MDA-MB-231, MDA-MB-
361 and T47D cells. After 2 days, the expression level of PSF1
in the cells was analyzed by real-time RT-PCR. Level of
PSF1 expression in cells transfected with control siRNA was
set at 1. GAPDH was an internal control. Data show the
mean * SEM (n = 3). (C) Growth rate of breast cancer cells
by knockdown of PSF1. Six days after transfection of siRNA,
cell numbers were counted. The number of cells transfected
with control siRNA was set at 100. Data show the mean +
SEM, *P > 0.05, **P < 0.01 (n = 3).

To examine whether other components of the
GINS complex were necessary for the growth of nor-
mal HMEC and breast cancer cells, we analyzed cell
growth after knockdown of PSF2, PSF3 and SLD5
expression. Knockdown of these genes was confirmed
by real-time RT-PCR (Fig. S3 in Supporting Infor-
mation). Growth of normal human mammary epithe-
lial cells (HMEC-tert) after knockdown of these three
genes was not significantly influenced (Fig. 4A). In
contrast, growth of breast cancer cells (MDA-MB-
231) was reduced by knockdown of PSF2 and SLDS5,
similar to that of PSF1 (Fig. 4A; upper and lower
panels) and was weakly reduced by knockdown of
PSF3 (Fig. 4A; middle panel). As the amount of
PSF1 might be regulated by PSF2, PSF3 and SLD5,
we analyzed the levels of PSF1 mRNA and PSF1
protein after knockdown of GINS complex subunit
expression. Reduced expression of PSF2, PSF3 or
SLDS5 had no effect on the level of PSF1 mRNA
(Fig. 4B; upper panel), but the level of PSF1 protein
decreased (Fig. 4B; lower panel). This result could
indicate that PSF1 protein is stabilized in the GINS
complex in breast cancer cells.

Slow cell growth in response to reduced PSF1
expression due to delayed DNA replication

To examine whether PSF1 knockdown induced
apoptosis in breast cancer cells, we analyzed.cell apop-
tosis using a fluorochrome inhibitor that covalently

Genes to Cells (2010) 15, 1015-1024
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binds to active caspases (Bedner et al. 2000; Ishida
et al. 2007). At 3 or 6 days after transfection with
either control or PSF1 siRNA, caspase-positive cells
were not detected in the ~400 MDA-MB-231 cells
examined (data not shown). Next, to determine
whether PSF1 knockdown affected the cell cycle, we
analyzed DNA content using flow cytometry 5 days

. after transfection of breast cancer cells or normal cells

with PSF1 siRNA. FACS analysis showed that the
number of cells in the cell cycle S phase increased
after PSF1 knockdown in MDA-MB-231 and MDA-

Genes to Cells (2010) 15, 1015-1024

Figure 4 Knockdown of GINS complex subunits reduces
growth of breast cancer cells. (A) Growth rate of normal cells
and breast cancer cells by knockdown of PSF2 (upper), PSF3
(middle) and SLD5 (lower). Control, PSF2, PSF3 or SLD5
siRNA was transfected into HMEC-tert or MDA-MB-231
cells. Six days after transfection of siRNA, cell numbers were
counted. The number of cells transfected with control siRINA
was set at 100. Data show the mean + SEM, *P > 0.05,
**P < 0.01 (n=3). (B) Expression levels of PSF1 mRINA
and PSF1 protein in MDA-MB-231 cells transfected with
siRINA of GINS complex subunits. Control, PSF1, PSF2,
PSF3 or SLD5 siRNA was transfected into MDA-MB-231
cells. After 2 days, the expression level of PSF1 was analyzed
by real-time RT-PCR (upper panel). Level of PSF1 expres-
sion in cells transfected with control siRNA was set at 1.
GAPDH was an internal control. Data show the mean + SEM
(n = 3). Four days after transfection of siRINA, cells were col-
lected and lysed by RIPA buffer. PSF1 protein was detected
by anti-PSF1 antibody (lower panel). Actin was an internal
control. HMEC, human mammary epithelial cells.

MB-361 cells, but not in HMEC-tert cells (Fig. 5A).
This result indicated that PSF1 might participate in
the S phase of the cell cycle in breast cancer cells, but
not in normal HMEC. EdU incorporation assays
were then performed in cells treated with PSF1
siRINA. At 72 h after PSF1 knockdown, EAdU was
incorporated for 75 min in cells. PSF1 knockdown
reduced cellular EdU incorporation in breast cancer
cell lines (MDA-MB-231 and MDA-MB-361), but
not normal human mammary epithelial cells (HMEC-
tert) (Fig. 5B and C). These results supported the find-
ing that reduction of PSF1 levels slowed cell growth
by delaying DNA replication in breast cancer cell lines.

Down-regulation of PSF1 repressed anchor‘age-
independent growth of breast cancer cells

To determine whether PSF1 expression knockdown
affected anchorage-independent breast cancer cell
growth, we analyzed colony-formation activity of
MDA-MB-231, MDA-MB-361 and T47D cells trea-
ted with PSF1 siRINA on soft agar. Although MDA-
MB-361 cells did not form colonies on soft agar (data
not shown), 3 weeks after treatment, the number of
colonies formed from T47D and MDA-MB-231 cells
transfected with PSF1-specific siRNA was reduced
approximately 40% and 10%, respectively, compared
to those from cells transfected with control siRINA
(Fig. 6). This result suggested that up-regulation of
PSF1 induced anchorage-independent growth of
breast cancer cells.

© 2010 The Authors
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Figure 5 Knockdown of PSF1 leads to delay in S phase of cell cycle in breast cancer cell lines. (A) Cell cycle analysis by flow
cytometry. Five days after transfection of siRNA, HMEC-tert, MDA-MB-231 and MDA-MB-361 cells were collected and stained
with PL. Cells were prepared using CycleTEST PLUS DNA REAGENT KIT (BD Biosciences). All samples were analyzed using
a FACSCalibur flow cytometer (BD Biosciences) and Cell Quest Pro software. Counts and FL2-A indicate cell number and DNA
content, respectively. (B) Incorporation of EdU. Control siRNA or PSF1 siRNA was transfected into HMEC-tert, MDA-MB-
231 and MDA-MB-361 cells. Three days after the transfection of siRNA, cells were labeled with EdU for 75 min and stained with
anti-EdU antibody (green) and Hoechst (blue). DNA replication analysis was performed with Click-iT EdU Alexa Fluor 488
High-Throughput Imaging Assay Kit and confocal laser scanning microscope. (C) The bar graph indicates the relative EdU-posi-
tive cell number under certain fluorescence intensity condition in (B). Approximately 200 cells in each cell were counted. Data
show the mean *+ SEM, *P > 0.05, **p < (.01 (n = 3). HMEC, human mammary epithelial cells.

between PSF1 expression and that of gene markers
(ER, PgR, HER2 and p53) was not observed in 34
breast cancer tissue specimens (Table 1), a weak cor-
relation (P = 0.116) between expression of PSF1 and
Her2 was observed. Therefore, the relationship
between PSF1 and HER2 will be analyzed by

Discussion

PSF1 immunohistochemical staining was significantly
enhanced in 41% of breast cancer tissues tested but
was very weak in normal breast tissues (Fig. 1A and
Table 1). Although a strong correlation (P < 0.05)

© 2010 The Authors
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Figure 6 Knockdown of PSF1 reduces anchorage-independent growth of breast cancer cell lines. (A) Colony-formation activity
on soft agar. Mock, control siRNA or PSF1 siRNA was transfected into T47D and MDA-MB-231 cells. Cells (5000 cells of
T47D and 10 000 cells of MDA-MB-231) were cultured on soft agar for 3 weeks. (B) The bar graph indicates the relative colony
number of cells in (A). The colony number of cells transfected with the control siRNA was set at 100. Data show the mean +

SEM, *P < 0.01 (n = 3).

increasing the number of specimens. We found that
the 15-year survival rate of the group expressing low
PSF1 levels was higher than for patients expressing
high PSF1 levels (Fig. 1C). These results suggest that
PSF1 might be useful as a new breast cancer biomar-
ker or prognosis marker.

We determined that up-regulated PSF1 expression
in breast cancer cells was because of the increased
activity of the PSF1 promoter (Fig. 3A). Although
stimulation of PSF1 promoter activity by estrogen has
been reported in vitro (Hayashi et al. 2006), the ER
recognition sequences were not identified in the pro-
moter regions (—=5000b to +120b that contain the
transcriptional start and upstream regions) of the
PSF1 gene. We also analyzed the expression levels of
PSF1 mRINA in breast cancer cell lines after treat-
ment with the estrogen antagonist tamoxifen.
Although tamoxifen significantly inhibited cell
growth, it only weakly repressed the activity of PSF1
expression in the ER-positive breast cancer cell line,

Genes to Cells (2010) 15, 1015-1024

T47D (data not shown). High levels of PSF1 expres-
sion were also detected in the ER-negative cell line,
MDA-MB-231 (Fig. 2A, lane 3). These results could
indicate that ER is not a major factor for up-regula-
tion of PSF1 promoter activity in breast cancer cells.
Therefore, to identify the factor(s) necessary for up-
regulation of PSFI promoter activity, it will be
important to understand the mechanisms of PSF1
over-expression in breast cancer cells.

We found that knockdown of PSF1 expression
using siRINA slowed cell growth by delaying DNA
replication (Figs 3,5). This result correlated with the
finding that reduced PSF1 expression using shRINA
slowed cell growth in HeLa cells by increasing the
number of cells in the G2/M phase (Nagahama et al.
2010). High-level expression of PSF1 in LLC (lung
carcinoma) and B16 (colon carcinoma) cells was also
reportedly correlated with high proliferative activity
(Nagahama et al. 2010). Our results, along with these
reports, suggest that PSF1 over-expression might be

© 2010 The Authors
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involved in cell growth of several cancers in addition
to breast cancer by promoting changes in cell cycle
progression. We found that down-regulation of PSF1
led to reduced growth of MDA-MB-231 and MDA-
MB-361 cells, but not of normal HMEC and T47D
cells (Fig. 3C). This result suggested that breast cancer
cells with specific genetic backgrounds might require
large amounts of PSF1 for cell proliferation. Although
there are reportedly many replication origins in the S
phase of the cell cycle, only limited numbers of repli-
cation origins are activated in normal cells (Domin-
guez-Sola etal. 2007). The number of active
replicons could be increased by c-Myc over-expres-
sion or oncogenic Ras expression in cancer cells (Di
Micco et al. 2006; Dominguez-Sola et al. 2007). We
did in fact detect c-Myc over-expression in MDA-
MB-231 cells (data not shown). These reports
together with our findings indicate that cancer cells
having large numbers of active replication origins
might require higher levels of GINS complex con-
taining PSF1 when compared to normal mammary
cells. We also found that down-regulation of PSF1
reduced anchorage-independent cell growth in T47D
cells (Fig. 6), but not cell proliferation (Fig. 3C).
These results suggested that PSF1 over-expression
could affect two types of cell growth, cell prolifera-
tion and anchorage-independent cell growth, of breast
cancer cells. Although further studies will be needed
to delineate the mechanism of PSF1 in increased
breast cancer cell growth, PSF1 inhibition might be
of therapeutic benefit for breast cancers with PSF1
over-expression.

Experimental procedures

Tissue samples, cell lines and antibodies

Tumor tissues ‘were obtained with informed consent from
patients who received surgical treatment at National Cancer
Center Hospital. Breast cancer cell lines (T47D, MDA-MB-
231 and MDA-MB-361) were obtained from the American
Type Culture Collection (ATCC). Normal HMEC was
obtained from CAMBERX. HMEC-transfected human Tert
(HMEC-tert) was obtained from Dr Kiyono (NCCRI, Japan).
Anti-Psfl antibody was used as described previously (Ueno
et al. 2005).

Plasmid construction and reporter assay

The promoter DNAs of PSF1{ (=5000b to +120b, —1600b to
+120b, —=500b to +120b that contain transcriptional start and
upstream regions) were isolated from human genomic DNA

© 2010 The Authors
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by PCR. These DNAs were sequenced and inserted in pGL3-
basic (Promega) that contains a firefly luciferase gene. Reporter
assay was performed as described previously (Ishida et al.
2007).

Immunohistochemical staining

Five-micrometer-thick sections of the formalin-fixed paraffin-
embedded tumors were deparaffinized. After heat-induced epi-
tope retrieval, the sections were incubated with mouse mono-
clonal anti-PSF1 antibody at a dilution of 1 : 50. The sections
were incubated with a biotinylated secondary antibody against
mouse IgG (Vector Laboratories, Burlingame, CA, USA) at a
dilution of 1 : 200 and then with the Vectastain ABC reagent
(Vector Laboratories).

Real-time RT-PCR

Real-time RT-PCR. were performed as described previously
(Ishida et al. 2007) using the following primer sets: PSF1,
~-TTCCCTGAGATTCAGATTGACTG-3 (forward) and 5'-G
GTCATAGACCA AAGTATAAAGC-3’ (reverse); PSF2, 5'-
GACATTCTTCAATTCCACATCTG-3 (forward) and 5’-G
CCACCTCTGTGAGAGAGTC-3’ (reverse); PSF3, 5-CCC
TGACACCT CACAACTAGC-3 (forward) and 5-CAGA
ACATATTCATGTACAAAGC-3 (reverse); and SLDS5, 5'-G
CCTCTCTCGCCGGAAGAGT-3 (forward) and 5-CCTG
AC CTCATGATCCGC-3’ (reverse). CTBP1 and GAPDH
genes were used as internal controls.

Small interfering RNA and cell growth analysis

For the small interfering RNA (siRNA) experiments, 20 nm
of siRNA for control (Qiagen), PSF1 (S100452501; Qiagen),
PSF2 (S102653056; Qiagen), PSF3 (SI00394478; Qiagen) and
SLD5 (S104243323; Qiagen) was used. Transfection was per-
formed as described previously (Ishida et al. 2007).

Flow cytometry and EdU incorporation assay

For DNA content analysis, cells were prepared using Cycle-
TEST PLUS DNA REAGENT KIT (BD Biosciences). All
samples were analyzed using a FACSCalibur flow cytometer
(BD Biosciences) and Cell Quest Pro software. DNA replica-
tion analysis was performed with Click-iT EdU Alexa Fluor
488 High-Throughput Imaging Assay Kit (Invitrogen) and
confocal laser scanning microscope (Carl Zeiss).

Anchorage-independent colony assay

‘Anchorage-independent colony assay was performed as

described previously (Ishida ef al. 2007; Ohta ef al. 2008).
T47D (5000 cellsy and MDA-MB-231 (10 000 cells) were
plated on soft agar and incubated for 3 weeks.
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