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Down-regulation of pescadillo inhibits proliferation
and tumorigenicity of breast cancer cells
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Pescadillo, which has been found to be involved in the process of
ribosomal biogenesis, has been demonstrated to play a role in
embryonic development, DNA replication, and gene transcription.
While deregulation of ribosomal biogenesis was also found to con-
tribute to carcinogenesis, and proteins that regulate ribosomal
biogenesis are commonly overexpressed in primary tumors, little is
known about the clinical significance and biological function of
pescadillo in human breast cancer. In the current study, we found
that the expression of pescadillo was markedly up-regulated in
human breast cancer cells and tissues at both mRNA and protein
levels. Immunohistochemical analysis revealed that pescadillo
expression in clinical stage I-IV primary breast cancer tissues was
statistically significantly higher than that in normal breast tissues
(P < 0.05). Furthermore, we demonstrated that knockdown pesca-
dillo with RNAis inhibited cell proliferation and the colony-forming
ability of the cells. Anchorage-independent growth ability assay
indicated that ablation of pescadillo led to the reduction of breast
cancer cells tumorigenicity in vitro. Moreover, depletion of endog-
enous pescadillo resulted in decreased expression of cell cycle
protein cyclin D1 and up-regulation of cyclin-dependent kinase
inhibitor p27“"', as well as attenuated protein kinase B (Akt)/
glycogen synthase kinase 3 beta (GSK-3p) signaling. Taken
together, our results suggest that pescadillo might play a role in
promoting the proliferation and carcinogenesis of human breast
cancer, and thereby might be a potential target for human breast
cancer treatment. (Cancer Sci 2009; 100: 2255-2260)

R ibosomal biogenesis, the process via which ribosomes are
made, is essentlal for cell growth, proliferation, and animal
development( Ribosome biogenesis represents a key meta-
bolic requirement in a proliferating cell, and 1ts tight regulation
is crucial for a cell to grow and proliferate.®* Mounting evi-
dence has shown that ribosomal proteins are frequently up-regu-
lated in primary tumors,”~” and that mutations in the genes
encoding for proteins that regulate rRNA synthesis are also
associated with cancer and other human diseases.*'” Thus,
identification of proteins that regulate ribosomal biogenesis and
are involved in the molecular events leading to abnormal
homeostasis and carcinogenesis may represent an approach to
identifying new therapeutic targets and development of effective
therapeutic strategies against cancers.

Pescadillo, originally identified in the embryo of zebrafish,
has been reported to be involved in ribosome biogenesis and
regulation of DNA replication.!"'? The pescadillo gene codes
for a nuclear protein, namely, the pescadillo protein, which con-
tains a breast cancer associated gene 1 (BRCAI1) C-terminal
(BRCT) protein—protein interaction domain, numerous nuclear
localization signals, and a putative SMT3 suppressor of mif two
3 homolog 1 (SUMO-1) b1nd1ng site. 37! It has been reported
that pescadillo plays a role in the processing of pre-rRNA
molecules during assembly of 60S ribosomal subunits, through
formation of the PeBoW complex via combining with Bopl and
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WDR12 proteins.'*~'® Truncation of the BRCT domain of pes-
cadillo protein generates the dominant-negative mutant which
blocks the assembly of the PeBoW complex and processing of
the 32S pre-rRNA into mature 28S rRNA, suggesting that the
BRCT domain of Pescadillo is crucial for its function in ribo-
some biogenesis."”"'? Furthermore, pescadillo has been shown
to interact with the insulin receptor substrate-1 (IRS-1) that acts
as an intracellular substrate for various cytokine receptors,
including insulin and insulin-like growth factor-I (IGF-I), and
serves to send mltogenlc or metabolic signals from the cell
surface to the nucleus.®” Moreover, pescadillo has been demon-
strated to bind DNA directly and to regulate gene transcrip-
tion,?" demonstrating that pescadillo is a multifunctional
protein contributing to multiple biological processes in addition
to embryo development. Recently, deregulation of pescadillo
expression has been found to be associated with cancer initiation
and development 322725 Maijorana and colleagues demon-
strated that up-regulation of pescadillo in ARS cells, a human
fibroblast cell line expressing SV40 T antigen, significantly
enhanced the ability of the cells to form colonies in soft agar.
Furthermore, they revealed that pescadillo could interact with
both IRS-1 and the SV40 T antigen, and markedly decreased the
interaction of T antigen with p53.%% Consistent with the
suggested oncogenic property of pe@cadlllo it was found that
the pescadillo protein was up-regulated in malignant human
astrocytomas as compared with differentiated astrocytes."'> In
addition, Killian and colleagues demonstrated that pescadillo
could dlrectly cause chromosomal instability and contribute to
carcinogenesis.** All these published studies have suggested
the possibility that pescadillo is involved in cancer development
or progression.

In the current study, we found that the expression of pesca-
dillo was markedly up-regulated in human breast cancer cells
and tissues. Knockdown of peccadillo with RNAI inhibited the
cell proliferation and colony-forming ability of the cells on soft
agar. Furthermore, we demonstrated that sﬂenced expressmn of
pescadillo could induce the expression of p27%P! reduce the
expression of cyclin D1, and lead to inactivation of protein
kinase B (Akt)/glycogen synthase kinase 3 beta (GSK-3p)
pathway. Our findings suggest that pescadillo has an important
function in the proliferation and carcinogenesis of human breast
cancer, indicating that pescadillo might be a potential target for
human breast cancer treatment.

Materials and Methods

Cell lines. Primary normal breast epithelial cells (NBEC) were
obtained from mammoplasty specimens from a 30-year-old
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woman at the Department of Plastic Surgery, the First Affiliated
Hospital of Sun Yat-sen University, China, in accordance with
rules and regulations concerning ethical issues on research use
of human subjects, and prior patient consent and approval from
the Institutional Research Ethics Committee were obtained.
NBEC were cultured in keratinocyte serum-free medium (Invi-
trogen, Carlsbad, CA, USA).(%) Breast cancer cell lines, includ-
ing MDA-MB-435, T47D, MDA-MB-453, MDA-MB-231,
MCEF-7, ZR-75-30, and SK-BR-3, were grown in the DMEM
medium (Invitrogen) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT, USA).

Patient information and tissue specimens. A total of 92 breast
cancer paraffin-embedded specimens from female patients,
which had been histopathologically and clinically diagnosed as
breast cancer at the First Affiliated Hospital of Sun Yat-sen
University from 2000 to 2002, were used in the present study.
Clinical staging was determined accordin{; to the American Joint
Committee on Cancer (AJCC) criteria.*”” The median age at the
time of surgery was 46 years (range 27—69 years). For the use
of these clinical materials for research purposes, prior patient
consent and approval from the Institutional Research Ethics
Committee were obtained.

Vectors and gene transduction. To introduce RNAis to MDA-
MB-435 and ZR-75-30 cells, we used the pSuper-retroviral vec-
tor to clone and express the following RNAI oligonucleotides to
knock down pescadillo expression: pescadillo-RNAi-1, CCA-
GAGGACCTAAGTGT GA; and pescadillo-RNAi-2, ACA-
CAAGAAGAAGGTTAAC. Recombinant retroviral vectors
were produced by transient co-transfection as described previ-
ously.”®® Viral infection was performed serially, and stable cell
lines expressing pescadillo-RNAis were selected with
0.5 pg/mL puromycin 48 h after infection. After a 10-day selec-
tion, whole cell lysates were fractionated on SDS-PAGE to
examine the level of pescadillo protein.

RNA extraction and real-time RT-PCR. Total RNA from cul-
tured cells and surgically obtained tumor tissues was extracted
using Trizol reagent according to the manufacturer’s instruction.
The extracted RNA was pretreated with RNAase-free DNase,
and 2 pg RNA from each sample was used for cDNA synthesis
primed with random hexamers. cDNAs were amplified and
quantified in ABI Prism 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). Real-time RT-
PCR primers and probes were designed with the assistance of
the Primer Express version 2.0 software (Applied BioSystems).
Sequences of the primers were: pescadillo, 5'-ATCCGAGAGG-
CCAACAAGCT-3" (forward); pescadillo, 5-TCAGACCT-
CACCGCCTCA TC-3’ (reverse); pescadillo probe, 5’-(FAM)
AGAAG CGGAAAGCC (TAMRA)-3’; GAPDH, 5-GACTC-
ATGACCACAGTC CATGC-3’ (forward); GAPDH, 5-AGA-
GGCAGGGATGATGTTCTG-3" (reverse); GAPDH probe,
5’-(FAM)CATCAC TGCCACCCAGAAGACTGT G(TAM-
RA)-3’. Expression data were normalized to the geometric mean
of housekeeping gene GAPDH to control the variability in
expression levels and calculated as

2~ [(Cr of pescadillo)—(Cr of GAPDH)] ,

where Cr represents the threshold cycle for each transcript.
Western blotting. Western blotting was performed as
described previously,(z(’) using anti-pescadillo (Bethyl Laborato-
ries, Montgomery, TX, USA); anti-p-Akt (ser473), anti-Akt,
anti-p-GSK-3p (ser9), anti-GSK-3f, anti-p-Rb(ser608), anti-p27
(Cell Signaling Technology, Danvers, MA, USA); anti-cyclin
D1 (Becton Dickinson, Franklin Lakes, NJ, USA); anti-cyclin
A2, anti-B1 (Epitomics, Burlingame, CA, USA); and anti-Rb
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) as primary
antibodies. The membranes were stripped and re-probed with an
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anti-o-tubulin monoclonal antibody (Sigma, St Louis, MO,
USA) as a loading control.

Immunohistochemical (IHC) analysis. IHC analysis was per-
formed to study altered protein expression in five normal breast
tissues and 92 human breast cancer tissues using rabbit anti-pes-
cadillo antibody (1:250; Bethyl Laboratories). The IHC proce-
dure was performed using previously described methods.*® For
negative controls, the rabbit anti-pescadillo antibody was
replaced with normal goat serum, or the anti-pescadillo antibody
was blocked with a recombinant pescadillo polypeptide by
co-incubation at 4°C overnight preceding the immuno-
histochemical staining procedure.

IHC staining for protein expression in tumor lesions and nor-
mal tissues was quantitatively analyzed with the AxioVision
Rel.4.6 computerized image analysis system assisted with an
automatic measurement program (Carl Zeiss, Oberkochen, Ger-
many). Specifically, the stained sections were evaluated at X200
magnification, and 10 representative staining fields of each sec-
tion were analyzed to verify the mean optical density (MOD),
which represents the strength of staining signals as measured per
positive pixels.

MTT assay. Cells were seeded on 96-well plates at initial
density of (0.2 x 10%/well). At each time point, cells were
stained with 100 pL sterile MTT dye (0.5 mg/mL) for 4 h at
37°C, followed by removal of the culture medium and addi-
tion of 150 pL. of dimethyl sulfoxide (DMSO). The absor-
bance was measured using a Synergy 2 multi-mode
microplate reader (BioTek Instruments, Winooski, VT, USA)
at wave-length of 490 nm. All experiments were performed
in triplicate.

Colony formation assays. Cells were plated on 100-mm plates
(1 x 10° cells per plate) and cultured for 10 days. The colonies
were stained with 1% crystal violet for 30 s after fixation with
10% formaldehyde for 5 min.

Anchorage-independent growth ability assay. Five hundred
cells were trypsinized and suspended in 2 mL complete medium
plus 0.3% agar. The agar—cell mixture was plated on top of a
bottom layer with 1% complete medium agar mixture. After
10 days, viable colonies that contained more than 50 cells or
were larger than 0.1 mm were counted. All experiments were
performed in triplicate.

Bromodeoxyuridine labeling and immunofluorescence. Cells
grown on coverslips were incubated with 5-bromodeoxyuridine
(BrdUrd) for 1 h and stained with anti-BrdU antibody according
to the manufacturer’s instructions. Gray level images were
acquired under a laser scanning microscope (Axioskop 2 plus;
Carl Zeiss, Jena, Germany).

Statistical analysis. All statistical analyses were carried out
using the SPSS 10.0 statistical software package (SPSS, Chi-
cago, IL, USA). Means = SD were calculated, and the two-
tailed Student’s r-test was performed for paired samples using
the data analysis tools provided by the software. In all cases,
P < 0.05 was considered statistically significant.

Results

Pescadillo expression was elevated in human breast cancer.
Western blotting analysis and real-time RT-PCR analysis
demonstrated that pescadillo protein and mRNA were highly
expressed in all breast cancer cell lines, including T47D,
MCF-7, MDA-MB-231, MDA-MB-453, SK-BR-3, ZR-75-30,
and MDA-MB-435, compared with in human NBEC
(Fig. 1A,B). Furthermore, comparative analysis of pescadillo
expression was conducted on four cases of paired primary breast
cancer tissue and adjacent-noncancerous tissue. Consistent with
the aforementioned results, the expression of pescadillo was also
found to be differentially up-regulated in all four human
primary breast cancer tissues compared with their matched
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Fig. 1. Overexpression of pescadillo in human E ! - g
primary breast cancer. (A) Western blotting analysis a-Tubulin m = %

of pescadillo protein in normal breast epithelial
cells (NBEC) and indicated breast cancer cell lines.
a-Tubulin was probed for loading control. (B)
Expression of pescadillo mRNA in the NBEC and
cultured breast cancer cell lines. Expression levels
were normalized for GAPDH. (C) Western blotting
analysis of pescadillo protein from human primary
breast cancer (T) and paired tumor-adjacent non-
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cancerous breast tissues (n), with each pair taken
from a same patient. (D) Real time RT-PCR analysis of
pescadillo mRNA from the same four pairs of breast
cancer and adjacent non-cancerous tissues. Error bars
represent SDs calculated from three parallel
experiments.

adjacent-noncancerous tissues, using Western blotting and real-
time RT-PCR (Fig. 1C,D).

To further examine the prevalence of pescadillo up-regulation
in breast cancer, the following samples were subjected to immu-
nohistochemical staining with a human pescadillo antibody: five
paraffin-embedded, archived non-cancerous human breast tis-
sues; and 92 paraffin-embedded, archived breast cancer tissue
samples, including 24 cases of stage I, 25 cases of stage II, 31
cases of stage III, and 12 cases of stage IV tumors. Pescadillo
protein was detected in 88 of 92 (95.7%) cases. As shown in
Figure 2(A), pescadillo was undetectable or only marginally
detectable in the normal breast tissues. High levels of pescadillo
expression were present in areas containing tumor cells of the
primary breast cancer cells. Quantitative analysis indicated that
the average MODs of pescadillo staining in clinical stage I-IV
primary tumors were statistically significantly higher than that
in normal breast tissues (P < 0.05, Fig. 2B). Taken together,
these results clearly demonstrated that pescadillo expression was
elevated in human breast cancer.

Down-regulation of pescadillo inhibited proliferation and
tumorigenicity of breast cancer cells. To further investigate the
biological function of pescadillo in the pathogenesis of breast
cancer, we knocked down endogenous pescadillo by two
specific RNAis in MDA-MB-435 and ZR-75-30 cells. As shown
in Figure 3(A), both RNAis effectively knocked down the
expression of endogenous pescadillo protein in both MDA-MB-
435 and ZR-75-30 cells. MTT assay and colony formation assay
revealed that depletion of endogenous pescadillo in either
MDA-MB-435 or ZR-75-30 cells caused significant inhibition
of cell growth (Fig. 3B,C, P < 0.05). Moreover, the effect of
pescadillo on the tumorigenic activity of breast cancer cells was
examined using anchorage-independent growth ability assay,
and Figure 3(D) shows that down-regulation of pescadillo in
MDA-MB-435 and ZR-75-30 cells significantly reduced the
anchorage-independent growth abilities of both breast cancer
cell lines, as indicated by the reduction in colony size and num-
ber on soft agar (P < 0.05). These results suggest that down-
regulation of pescadillo in breast cancer cells could result
in inhibition of tumorigenicity in in vitro models.

Pescadillo regulated cell cycle modulator cyclin D1 and p27XiP?
in breast cancer cells. The above observations indicated that pes-
cadillo might play a role in the proliferative phenotype of breast
cancer cells. The expression and phosphorylation of several pro-
tein factors, known to be involved in cell cycle regulation, were
further examined. Western blotting analysis revealed that knock-
down of endogenous pescadillo did not alter the expression of
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Fig. 2. Increased expression of pescadillo protein in histopathological
sections of breast cancer as shown by immunohistochemical analysis.
(A) Representative examples of IHC staining for pescadillo expression
in normal breast tissues and breast cancer of American Joint
Committee on Cancer (AJCC) stages |-IV. (a,b) Normal breast tissue
(c,d) clinical stage I; (e,f) clinical stage II; (g,h) clinical stage IIl; and (i,j)
clinical stage IV. Magnifications: x200 (a, ¢, e, g, and i); x400 (b, d, f,
h, and j). (B) Average mean optical densities (MODs) of pescadillo
staining in all stages of breast cancers (randomly chosen 12 cases per
stage) were statistically higher than that in normal breast tissues (five
cases). *Statistical significance (P < 0.05).

cyclin A2 and cyclin B1. In contrast, the expression of cyclin
D1 was dramatically down-regulated, and cyclin-dependent
kinase inhibitor p27~'P! was significantly up-regulated in the
pescadillo-knocked down cells as compared with vector control
cells (P < 0.05, Fig. 4A). In addition, we found that the phos-
phorylation of Akt and GSK-3f were decreased in pescadillo
RNAis-transduced cells, as compared with the transduction
control cells (P < 0.05), suggesting a possible role of pescadillo
in modulating the Akt/GSK3-3 pathway. )

It is well known that cyclin D1 and p27%'"! play important
roles in the regulation of the progression from the G1 to S phase
in mammalian cells.?*>" To further understand the effect of
pescadillo on cell cycle progression in the G1/S transition,
BrdU incorporation assay was performed. As shown in
Figure 4(B), 39.8% and 46.2% of control MDA-MB-435
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and ZR-75-30 cells, whereas only 19.9% and 24.9% of pesca-
dillo RNAi(s)-infected MDA-MB-435 and ZR-75-30 cells,
respectively, showed BrdU-positive signals, supporting the
notion that the expression level of pescadillo in breast cancer
cells might impact on G1/8S transitional phase entry.

Discussion

Our data presented in the current study provide, for the first
time, evidence that pescadillo is up-regulated in breast cancer

experiments. *Statistical significance (P < 0.05).

cell lines and clinical tumors, at both mRNA and protein levels,
in comparison to in normal breast epithelial cells and normal
breast tissues. Furthermore, we have demonstrated that down-
regulation of endogenous pescadillo could inhibit the prolifera-
tion and tumorigenicity of breast cancer cells. These phenomena
are associated with down-regulation of cell cycle regulator
cyclin D1 and up-regulation of cyclin-dependent kinase inhibitor
p27%iP! . Moreover, we have found that the silencing of
endogenous pescadillo could deactivate the Akt/GSK-3f3
signaling pathway. These findings suggested that deregulation
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Cyclin A2_ R':‘ protein kinase B (Akt)/glycogen synthase kinase 3
beta (GSK-3p) signaling in breast cancer cells. (A)
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Western blotting analysis of expression of p-Akt
(serd73), total Akt, p-GSK3-p (ser9), total GSK3-B,
cyclin A2, cyclin B1, cyclin D1, p27, p-Rb, and total
Rb in vector control-infected and pescadillo RNAI(s)-
infected cells. a-Tubulin was used as loading control.
(B) The figures shown are representative images of
cells processed for BrdU incorporation and the
mean = SD for the quantities of BrdU incorpo-
ration assessed by three independent experiments.
*Statistical significance (P < 0.05).
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of pescadillo might play an important role in inhibiting carcino-
genesis and progression of breast cancer.

Identification of mutations in zebrafish pescadillo gene, which
resulted in reduced organ sizes, suggested that pescadillo might
be involved in regulating cell proliferation during embryo devel-
opment. Interestingly, the primary structure of pescadillo
contains a BRCT domain that is known to be involved in DNA
repair.'*'* Several conserved motifs for covalent attachment of
SUMO-1 were also identified in pescadillo, and previous studies
have demonstrated that proteins covalently modified by SUMO-
1 are frequently involved in cell cycle control.'>*? Indeed, pes-
cadillo mutants have been shown to display growth arrest in the
G1 or G2 phase of the cell clycle in cells of species ranging from
yeast to mammals. 3715180233339 1 our current study, we
found that inhibition of pescadillo slowed down the growth of
human breast cancer cells, as determined by three different
methods, namely, MTT assay, BrdU incorporation and colony
formation. In conjunction with our observation that RNAis-
induced pescadillo suppression, and decreased the number and
size of cell colonies formed in soft agar, the finding supports
the notion that pescadillo might be functionally relevant to the
carcinogenesis of breast cancer.

The mechanism underlying the cell cycle arrest induced by
inhibition of pescadillo remains to be determined. In the current
study, we have shown attenuation in the Akt/GSK-3B/cyclin
D1/p27%"! signaling in pescadillo-depleted cells. Akt family
proteins have been previously shown to activate a signaling
network that promotes G1/S progression through inactivation of
GSK-3B, leading to increased cyclin D1 and reduction of
p27%"P! and may also play a role key in the G2/M transi-
tion.*= 3737y Thus, one may speculate that the observed
G1- or G2-growth arrest in the cell cycle in pescadillo-depleted
cells was, at least in part, mediated through the diminishment of
activated Akt and subsequently cyclin D1 protein. Alternatively,
pescadillo has recently been shown to interact with the IRS-1,
an important mediator of insulin activities, which can also
activate the Akt pathway in the cytoplasm.?**%%33839 Whether
pescadillo activates Akt through a mechanism associated with
IRS-1 activation remains to be clarified. On the other hand, it
has been reported that depletion of pescadillo inhibits ribosome
biogenesis, leading to release of ribosomal proteins L5, L11,
and L23, which subsequently interact with and inactivate
Mdm?2, an E3 ubiquitin ligase that targets p53 for proteasomal
degradation, resulting in p53 accumulation and consequent cell
cycle arrest.“*™*? It is intriguing that the reported biochemical
functions of pescadillo, including modulation of cell cycle and
apoptosis, are very much dependent on the accumulation of
p53.133449 To address this question, we knocked down the
expression of pescadillo in two human breast cancer cell lines,
MDA-MB-435 (p53 mutant, 266G-E) and ZR-75-30 (p53, wild
type),“** and found that the depletion of pescadillo impaired cell
proliferation, indicating that the observed cell cycle control
mediated by pescadillo is pS53-independent. Indeed, recent
studies also provided evidence that pescadillo could perform its
biological functions independent of p53. Sikorski et al. showed
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that pescadillo could directly bind DNA and regulate gene
transcription.m) Moreover, the levels of rgescadillo increased
in various p53-/- carcinoma cell lines.">*? Thus, existing
evidence appears to support the notion that pescadillo
modulation of the cell cycle may be through p53-independent
mechanisms.

The induction of pescadillo expression has been demonstrated
to be mediated by two mechanisms. Kinoshita er al. reported
that pescadillo was up-regulated in malignant mouse astrocytes
followin(g the loss of p53, using a culture model of glial tumori-
genesis.™ On the other hand, Charpentier ef al. have found that
pescadillo expression was increased in 190 000 mRNA tran-
scripts in the breast cancer cell line MCF-7 after exposure to
estrogen.*” In our study, we found that the expression of pesca-
dillo was markedly up-regulated in human breast cancer cells
and tissues at both mRNA and protein levels. As determined by
immunohistochemical analysis, 88 of 92 (95.7%) paraffin-
embedded archival breast cancer biopsies displayed moderate to
strong staining of pescadillo in tumor cells, whereas no signifi-
cant staining of pescadillo was detected in the adjacent noncan-
cerous epithelial cells, supporting the notion that pescadillo
might play a role in the development and progression of breast
cancer. Whether the up-regulation of pescadillo in the breast
cancer specimens examined in the current cohort correlates with
the status of p53 and estrogen receptor needs to be further inves-
tigated.

A recent study showed that pescadillo could substitute for the
transforming function of the SV40 T antigen in mouse embryo-
nic fibroblasts (MEFs),*® and interestingly, another study sug-
gested that inactivation of the RRBI-pescadillo pathway
induced chromosomal instability.** These seemingly contradic-
tory data further complicate the investigation into the precise
function of pescadillo in tumorigenesis, and whether pescadillo
displays differential biological functions in different tissue types
or when interacting with different cooperative molecules
remains to be determined. Nonetheless, the observation that pes-
cadillo was substantially up-regulated upon estrogen treatment
of breast cancer cells raises the possibility that pescadillo could
be an appealing therapeutic target and biomarker for breast can-
cer and warrant further investigation, >
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