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Enhanced expression of Annexin A4 in clear cell carcinoma of the ovary
and its association with chemoresistance to carboplatin
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Clear cell carcinoma (CCC) of the ovary is known to be highly re-
sistant to platinum-based chemotherapy. The purpose of our study
was to identify a candidate protein that is associated with chemo-
resistance of CCC and to investigate the specific mechanism of
chemoresistance conferred by the identified protein. Enhanced
expression of Annexin A4 (Anx A4) was identified in ovarian CCC
cells using 2-D differential gel electrophoresis (2D-DIGE) and
mass spectrometry. Anx A4 levels were elevated in CCC cells com-
pared with non-CCC cells as determined by real-time RT-PCR
and Western blot analysis. Immunohistochemical analysis of Anx
A4 was performed in 126 epithelial ovarian cancer tissue samples
and demonstrated significantly elevated levels of Anx A4 protein
levels in ovarian CCC tumors compared with ovarian serous and
endometrioid tumors (p < 0.01). Anx A4-transfected ovarian non-
CCC cells were more resistant to carboplatin (IC50 = 42 pM)
compared with control cells (IC50 = 23 pM) as determined by
modified MTT assay. Intracellular platinum levels were signifi-
cantly lower in Anx Ad-transfected cells compared with control
cells after carboplatin treatment (p = 0.0020) and after an addi-
tional 360 min of carboplatin-free incubation (p = 0.0004), as
measured by atomic absorption spectrophotometry. Expression of
Anx Ad is elevated in ovarian CCC tumors and is associated with
chemoresistance in cultured ovarian cancer cells. These results
demonstrate that Anx A4 confers chemoresistance in ovarian can-
cer cells in part by enhancing drug efflux. Thus, Anx A4 may rep-
resent a novel therapeutic target of chemoresistance in patients
with ovarian CCC.

© 2009 UICC

Key words: clear cell carcinoma of the ovary; chemoresistance;
Annexin A4

Ovarian cancer is the 5th leading cause of cancer deaths for
women in the United States, with approx;mate]y 21,600 new cases
and 15,500 deaths reported annually.' In Japan, it is the eighth
most common cause of cancer deaths, with approximately 7,700
new cases (2001) and 4,500 deaths (2007) reported yearly, and the
incidence is increasing (Health, Labour and Welfare Ministry, Ja-
pan: Population Survey Report). More than 20% of all cases with
ovarian cancer in Japan are classified as clear cell carcinoma
(CCC) of the ovary, and for unknown reasons, this percentage is
markedly higher (by approximately 2-fold) than in Europe and the
United States.”

Because ovarian cancers (including ovarian CCC) are relatively
asymptomatic at early stage, the majority of patients (approxi-
mately 70%) present with an advanced stage disease at first diag-
nosis and subsequent}‘y require surgical tumor reduction and adju-
vant chemotherapy However, of the 4 major hlstologlcal types
of epithelial ovarian cancer, CCC of the ovary is highly resistant
to conventional cancer chemotherapy (including carboplatin and
pachtaxel treatment) compared with the other histological
types.”>S Consequently, pauents with ovarian CCC are associated
with both poorer prognosm and higher monahty than patients with
other types of ovarian cancer.? Thus, there is an urgent need to fur-
ther our understanding of the pathogenesis of ovarian CCC, partic-
ularly with respect to the expression of proteins, which confer che-
moresistance, for the development of a novel therapeutic strategy.

Publication of the Intarnational Union Against Cancer

In this study, we performed a proteomic analysis using ovarian
cancer cell lines [CCC for comparison with non-CCC serous adeno-
carcinoma (SAC)] to identify a candidate protein associated with
chemoresistance in ovarian CCC. SAC was chosen as a control
non-CCC cell line because of its chemosensitivity compared with
the chemoresistant CCC cell line. We identified several proteins
that are differentially upregulated in ovarian CCC compared with
SAC and focused our investigation on Annexin A4 (Anx A4).

Anx A4 is an epithelial isoform of a ubiquitous family of solu-
ble cytoplasmic proteins, which bind to and polymerize on the sur-
face of ccll membranes in response to increases in intracellular
calcium. ™ Although the functions of Anx A4 have not been com-
pletely characterized, prev1ous studies have 1dent1ﬁed major
1nvolvement of this protein in membrane pcrmeablhty, exocyto-
sis!™"12 and regulation of ion channels.'? Its roles in membrane flu-
idity and membrane trafficking may in part explain the involve-
ment of Anx A4 in modulating drug resistance in cancer cells.

A previous report associating Anx A4 with chemoresistance in
human cancer cell lines focused on human lung and colon cancer
cell lines™* but did not examine ovarian cancer cell lines. In addi-
tion, the mechanism of chemoresistance induced by Anx A4 has
not been explored in detail. In the study of Morita ef al.,' proteo
mic analysis showed enhanced expression of Anx A4 in the
OVISE and OVTOKO ovarian CCC cell lines compared with the
MCAS ovarian mucinous cancer cell line. However, a possible
association between Anx A4 expression and chemoresistance was
not investigated. Importantly, neither study tried to determine
whether Anx A4 protein levels are elevated in tumors of patients
with ovarian CCC.

In this study, we have addressed 2 important questions concem-
ing Anx A4 and chemoresistance, i.e., whether expression of Anx
A4 is elevated in patient ovarian CCC tumors and by what mecha-
nism Anx A4 confers chemoresistance.,

Material and methods
Patients

We examined surgically obtained tumor tissue samples of 126
ovarian cancer patients (Table I) who underwent surgery at Osaka
University Hospital, Japan, between 1999 and 2006. None of the
patients entered in this study had received adjuvant chemotherapy,
including paclitaxel or carboplatin treatment. Histologic features of
the tissues were reviewed by board-certified pathologists. Diagnosis
was based on the FIGO (Intemational Federation of Gynecologists &

Grant sponsor: Japanese Ministry of Education, Science, Culture and
Sports (Grants-Aids for Scientific Research).

*Correspondence to: Laboratory for Immune Signal, National Institute
of Biomedical Innovation, 7-6-8 Saito-asagi, Ibaraki, Osaka 567-008S5,
Japan. Fax: +81-72-641-9837. E-mail: tnaka@nibio.go.jp

Received 13 February 2009; Accepted after revision 12 May 2009

DOI 10.1002/ijc.24587

Published online 20 May 2009 in Wiley InterScience (www.interscience.
wiley.com).

186



ENHANCED EXPRESSION OF ANNEXIN A4

TABLE 1 - SUMMARY OF CLINICAL CHARACTERISTICS OF OVARIAN
CANCER PATIENTS EXAMINED IN THIS STUDY

Histology Mean age (range) FIGO stages Total
I m v
CCC 53 (36-66) 27 5 9 2 43
Endometrioid 53 (28-66) 2 7 4 0 13
Mucinous 53 (28-90) 6 1 1 0 8
SAC 55 (33-81) 9 13 35 5 6%
12

Obstetricians) classification system. Patient profiles (age, FIGO
stage) were analyzed against each of the 4 major epithelial ovarian
cancer histological types (CCC, endometrioid adenocarcinoma,
mucinous adenocarcinoma and serous adenocarcinoma). Written
informed consent was obtained for all the cases, and the experimental
protocol was approved by the ethics committee of Osaka University.

Cell lines

Human clear cell carcinoma (CCC) ovarian cancer cell lines
(OVISE, OVTOKO, OVMANA and RMG-1) and serous adeno-
carcinoma (SAC) ovarian cancer cell lines (OVSAHO and
OVKATE) were obtained from the Japanese Collection of
Research Bioresources (JCRB, Osaka, Japan). Cells were main-
tained in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum (FBS) (HyClone Laboratories, Logan, UT) and 1%
penicillin—streptomycin (Nacalai Tesque, Kyoto, Japan) at 37°C
under a humidified atmosphere of 5% CO,.

Protein extraction and 2D-DIGE

Proteins extracts of the cell lines were prepared with the Com-
plete Mammalian Proteome Extraction Kit (Calbiochem, La Jolla,
CA) and stored at —80°C until use. Protein concentrations were
determined with the RC-DC Protein Assay kit (Bio-Rad Laborato-
ries, Hercules, CA) using BSA as the standard. Before 2D-DIGE,
we performed fluorescence labeling, for which the OVISE and
OVSAHO samples were labeled with Cy3 and Cy5 CyDye DIGE
fluorminimal dyes (GE Healthcare Bio-Sciences, Little Chalfont,
Buckinghamshire, UK), respectively. For first-dimension separa-
tion, isoelectric focusing electrophoresis was performed using
ReadyStrip™ (Bio-Rad Laboratories) IPG strips (24 cm, pH3-
1ONL). The labeled proteins (150 pg) were then loaded onto a gel
strip, which was rehydrated in the dark for 12 hr (99,000 Vh) with
the labeled protein sample diluted to 430 ul with a rehydration
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2 mM TBP, 0.0002%
BPB, 1.0% Bio-lyte 3-10 and 1.2% destreak). After isoelectric fo-
cusing, proteins were reduced in an equilibration buffer (50 mM
Tris-HCI containing 6 M urea, 20% v/v glycerol and 2% SDS, pH
8.8) containing 20 mg/ml DTT for 40 min followed by carbamido-
methylation in the equilibration buffer containing 25 mg/ml iodo-
acetamide for 30 min in the dark. The second-dimension separa-
tion was performed on 10% polyacrylamide gels using the Ettan-
Dalt-Six system (GE Healthcare Bio-Sciences) at a constant
wattage of 100 W at 20°C for 3 hr. Gel electrophoresis was per-
formed in the dark, and the gels were scanned with the Typhoon
scanner (GE Healthcare Bio-Sciences).

Protein identification by mass spectrometry

2D-PAGE was performed in parallel with 2D-DIGE using
OVISE and OVSAHO protein extracts without fluorescence label-
ing. Gels were stained using a Silver Stain MS Kit (WAKO Pure
Chemical Industries, Ltd., Osaka, Japan). Protein spots in a silver-
stained gel, corresponding to the spots of interest in the 2D-DIGE
scanned image, were digested in gel according to a previously
described method,'® using sequencing grade modified trypsin
(Promega, Inc., Madison, WI). Digested peptides were then
extracted with 5% TFA in acetonitrile (ACN/DW 50:45), soni-
cated for 5 min and concentrated by evaporation. The peptides
were solubilized with 0.1% TFA in ACN/DW (2:98) and analyzed
by means of LC-MS/MS. For reverse-phase separations, a Magic
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2002 capillary HPLC (Michrom BioResources, Auburn, CA) with
a C-18 RP column (length 15 cm, i.d. 200 pm; GL Sciences Inc.,
Tokyo, Japan) was used. The injected peptides were then eluted
with a 30-min linear gradient of 5-65% of solvent B (solvent A:
0.1% formic acid in ACN/DW, 2:98; solvent B: 0.1% formic acid
in ACN/DW, 95:5). The column was directly interfaced to an
LCQ ion trap mass spectrometer (ThermoElectron, San Jose, CA)
equipped with a nanoelectrospray ion source, and data were col-
lected in the double mode that was configured to alternate between
a single full MS scan and an MS/MS scan of the most intense pre-
cursor masses. MS/MS spectra were searched against the human
protein Swiss-Prot database with the aid of the MASCOT search
program (version 2.1.03; Matrix Science K.K., Tokyo, Japan).
The following parameters were used for the search: enzyme: tryp-
sin, missed cleavage; 1, variable modification; oxidation of
methionines, fixed modification; carbamidomethylation of cys-
teins and monoisotopic peptide masses.

Real-time RT-PCR

For the quantification of Anx A4 mRNA in different ovarian
cancer cell lines (CCC and SAC), we performed real-time RT-
PCR. Total RNA was prepared from OVISE, OVTOKO,
OVMANA, RMG-1 (CCC), OVSAHO and OVKATE (SAC) cell
lines using an RNeasy Kit (Qiagen Valencia, CA) and cDNA was
synthesized with a SuperScript M I Reverse Transcriptase Kit
(Invitrogen, Carlsbad, CA). A standard curve for Anx A4 cDNA
was generated by the serial dilution of plasmid vector DNA, which
encodes the Anx A4 gene. The primer sequences for Anx A4 were
as follows: forward primer, 5-ggaggtactgtcaaagetge-3’' and
reverse primer, 5’-gccactcagtictgacttcag-3'. Primers and ¢cDNA
were added to SYBR green premix (Invitrogen), which contained
all the reagents required for PCR. The PCR conditions consisted
of 1 cycle at 95°C for 1 min and 42 cycles of 95°C for 20 sec,
50°C for 20 sec and 72°C for 30 sec. PCR products were measured
continuously with the My IQ™ Single-Color Real-Time Detec-
tion System (Bio-Rad Laboratories).

Western blotting

Cells and frozen tumor tissue samples were lysed in RIPA
buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-
40, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM Na,;VO, and
1 X protease inhibitor cocktail (Nakalai Tesque)) followed by
centrifugation (13,200 rpm, 4°C, 15 min), after which the supema-
tants were stored at —80°C until use. Protein concentrations were
determined with the DC Protein Assay kit (Bio-Rad Laboratories),
using BSA as the concentration standard. Extracted proteins were
then resolved using 10% Bis-Tris Criterion XT Precast gels (Bio-
Rad Laboratories) and subsequently transferred to PVDF mem-
branes (Millipore, Bedford, MA). The membranes were washed
and blocked with 1% skim milk in PBS containing 0.1% Tween
20 (PBST) and incubated with a goat polyclonal anti-Anx A4 anti-
body (sc-1930; Santa Cruz Biotechnology, Santa Cruz, CA) at a
1:300 dilution. Next, the membranes were incubated with horse-
radish peroxidase-conjugated donkey anti-goat IgG (Santa Cruz
Biotechnology). Finally, the signals were visualized by means of
an enhanced chemiluminescence (ECL) reaction system (Perkin-
Elmer Life Sciences, Boston, MA). For loading control, western
blotting and the subsequent antigen—antibody reaction were per-
formed with GAPDH (Santa Cruz Biotechnology).

Immunohistochemistry

Expression of Anx A4 protein in ovarian cancer patient tissue
sections was immunohistochemically measured with the ABC Kit
(Vector Laboratories, Burlingame, CA). The total number of tis-
sue section samples analyzed was 126 (43 CCC, 13 endometrioid,
8 mucinous, 62 SAC). Sections (3 um) were prepared from forma-
lin-fixed, paraffin-embedded tissue specimens, deparaffinized and
rehydrated in graded alcohols. For antigen retrieval, the sections
were incubated in a target retrieval solution (DAKO, Kyoto,
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FiGuRE 1 — Proteomic analysis of OVISE CCC and OVSAHO SAC cell lines. Representative gel images of 3 independent experiments are
shown. A 2D-DIGE gel image of OVISE CCC and OVSAHO SAC cell lines is shown in (a). Green spots correspond to proteins upregulated in
OVISE cells (Cy3 labeled) compared with OVSAHO cells (CyS labeled). Red spots correspond to proteins upregulated in OVSAHO cells (Cy5
labeled) compared with OVISE cells (Cy3 labeled). Yellow spots correspond to proteins expressed at the same level in the OVISE and
OVSAHO cell lines. A corresponding silver stain gel image is shown in (b).

Japan) in a hot water bath at 98°C for 40 min. In brief, quenching
endogenous peroxidase with 3% H,0, in methanol for 20 min. Af-
ter treatment with BlockAce (Dainippon Sumitomo Pharmaceuti-
cal, Osaka, Japan) for 30 min at room temperature, the sections
were incubated with a goat polyclonal anti-Anx A4 antibody at
1:100 dilution at 4°C overnight and subsequently incubated with a
biotinylated anti-goat IgG antibody (Vector Laboratories Inc.) at
room temperature for 1 hr. The antibody complex was detected by
incubation with an avidin-biotin-peroxidase complex solution
(Vector Laboratories Inc.) and visualized with 3,3’-diaminobenzi-
dine tetrahydrochloride (MERCK, Darmstadt, Germany). Tissue
sections were counter-stained with hematoxylin. Three gyneco-
logic oncologists (A.K., T.M., Y.U.), blinded to the histological
data, reviewed the stained sections. Cases with >90% of tumor
cells staining positively with the anti-Anx A4 antibody were con-
sidered strongly positive (+++), cases with >50% but <90%
Anx Ad-positive cells medium positive (++), those with <50%
positive cells weakly positive (+) and those with no or hardly any
positive cells were considered negative.

Construction of Anx A4 expression vector

Total RNA from OVISE cells was purified with an RNA-Bee
solution (Tel-Test Inc., Friendswood, TX) and cDNA was pre-
pared with a SuperScript™ III Reverse Transcriptase Kit (Invi-
trogen). To construct the Anx A4 expression vector, cDNA of
human Anx A4 was amplified using KOD-plus (Toyobo Co. Litd.,
Osaka, Japan) with the following primers: Anx A4 forward primer
§'-ttgacctagagteatggeea-3’ and Anx A4 reverse primer 5'-tttaat-
catctcetccacag-3’. The amplified ¢cDNA was then inserted into
pcDNA3.1/V5-His-TOPO vector (Invitrogen) and designated
pcDNA3.1-Anx A4. The DNA sequence of Anx A4 cDNA
inserted into the plasmid was confirmed using the ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, Foster City, USA).

Generation of Anx A4 stable transfectant cells

To generate Anx A4 stable transfectant cells, the OVSAHO cell
line was transfected with pcDNA3.1-Anx A4 using Lipofectamine
2000 (Invitrogen) according to the manufacturers’ instructions, af-
ter which the cells were selected with 500 pg/ml of Geneticin
(GIBCO, Invitrogen, Carlsbad, CA). We also transfected empty
vector into the OVSAHO cell line using the same procedure
described earlier to generate control cells. Stable clones were
maintained in 250 pg/ml of Geneticin. Western blot analysis was
performed to confirm the levels of Anx A4 expression in Anx A4
transfectant cells and empty vector control cells.

Measurement of ICsy values after carboplatin treatment

Anx A4 transfected OVSAHO cells and empty vector control
cells were seeded in 96-well plates (3,000 cells/well) (Costar;
Corning Inc., Coming, NY) for 24 hr and then exposed to various
concentrations (0-150 uM) of carboplatin for 72 hr. The cells were
incubated with 10 pl of Cell Counting Kit-8 (Dojindo, Osaka, Ja-
pan) in 100 pl RPMI-1640 medium for 3 hr. Absorbance at 450
nm was measured with a microplate reader (Bio-Rad Model 680),
and absorbance values were expressed as percentages relative to
those for untreated controls, and the concentrations resulting in
50% inhibition of cell growth (ICs, values) were calculated.

Measurement of intracellular platinum accumulation

Carboplatin accumulation in Anx A4 transfected cells and control
cells was analyzed according to a previouslgf established method!”
with minor modifications. In brief, 1.5 X 10° cells were seeded into
a 60-mm tissue culture dish and incubated for 24 hr. The cells were
then exposed to 2 mM carboplatin for 60 min at 37°C and washed
twice with PBS either immediately or after 360 min of incubation
in carboplatin-free RPMI 1640 medium supplemented with 10%
FBS (HyClone Laboratories). After whole-cell extracts were pre-
pared, the concentration of intracellular platinum was determined
by using a polarized Zeeman atomic absorption spectrophotometer
(model Z-8000; Hitachi, Ltd., Tokyo, Japan). The absolute concen-
tration of platinum in each sample was determined from a calibra-
tion curve prepared with a platinum standard solution.

Statistical analysis

Student’s r tests were used for statistical analyses. For the im-
munohistochemical analysis, a nonparametric analysis (the Krus-
kal-Wallis test) was used. A value of p < 0.05 was considered
statistically significant.

Results

Anx A4 expression is elevated in CCC cell lines
compared with SAC cell lines

The protein expression profiles of OVISE (CCC) and OVSAHO
(SAC) cell lines were compared by means of 2D-DIGE analyses
using fluorminimal dye-labeled protein extracts. The resulting gel
images and corresponding silver-stained gels are shown in Figures
la and 1b. Eight proteins highly expressed in OVISE cells and 6
proteins in OVSAHO cells were selected for identification by LC-
MS/MS analysis. The results of these analyses (Table IT) revealed
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TABLE II - PROTEINS DIFFERENTIALLY EXPRESSED IN OVISE AND OVSAHO CELL LINES

Spot no. Access. no. Identified protein M, (Da) pl Coverage (%)
Proteins upregulated in OVISE cells compared with OVSAHO cells
1 P09211 Glutathione S-transferase P 23,438 5.44 38
2 P09525 Annexin A4 (Annexin IV) 35,957 5.85 49
3 P04792 Heat-shock protein beta-1 22,826 5.98 39
4 Q13011 Delta3,5-delta2,4-dienoyl-CoA isomerase, mitochondrial precursor 36,136 8.16 28
5 P30040 Endoplasmic reticulum protein ERp29 precursor 29,032 6.77 15
6 075874 Isocitrate dehydrogenase [NADP] cytoplasmic 46,915 6.53 39
7 P68104 Elongation factor 1-alpha 1 50,451 9.1 14
8 P68104 Elongation factor 1-alpha 1 50,451 9.1 19
Proteins upregulated in OVSAHO cells compared with OVISE cells
1 Q07021 Complement component 1 Q subcomponent-binding protein, 31,742 4.74 14
mitochondrial precursor
2 075947 ATP synthase D chain, mitochondrial 18,405 522 41
3 P30084 Enoyl-CoA hydratase, mitochondrial precursor 31,823 8.34 27
4 P42126 3,2-trans-enoyl-CoA isomerase, mitochondrial precursor 33,080 8.8 10
5 P45880 Voltage-dependent anion-selective channel protein 2 38,639 6.32 25
6 P45880 Voltage-dependent anion-selective channel protein 2 38,639 6.32 25
a OVTOKO, OVMANA, RMG-1 (CCC) cell lines compared with
the OVSAHO and OVKATE (SAC) cell lines.
160
2 P Enhanced expression of Anx A4 protein in tumors of
< ovarian CCC patients
% 89 Next, we determined whether levels of Anx A4 protein are ele-
3 0 vated in tumors of patients with ovarian CCC compared with other
% 20 ovarian cancers. For this analysis, we performed an immunochisto-
) chemical study of Anx A4 expression in tumor tissue samples
6 i S from a large cohort of ovarian cancer patients (126 patients in
OVISE  OVIOKD GVIMANA RMG4  DVSAND OVRATE total). In addition, we performed Westermn blot analysis using sev-
cce SAC eral frozen tumor tissue samples and compared the results with
) those of the immunohistochemical study. Representative immuno-
b histochemical staining of Anx A4 in tissue sections from patients
with ovarian cancer revealed intense Anx A4 staining in ovarian
Anx Ad CCC compared with other histological types (Fig. 3a). Positive

OVISE OVTOKC OVMANA RMG-T DVSAHO OVKATE

ccc SAC

FIGURE 2 — Real-time RT-PCR and Western blot analysis of levels
of Annexin A4 expression in ovarian cancer cell lines. Levels of
Annexin A4 mRNA in ovarian CCC cell lines (OVISE, OVTOKO,
OVMANA and RMG-1) and in ovarian SAC cell lines (OVSAHO and
OVKATE) were determined by real-time RT-PCR (a). Levels of
Annexin A4 protein in ovarian CCC cell lines (OVISE, OVTOKO,
OVMANA and RMG-1) and in ovarian SAC cell lines (OVSAHO and
OVKATE) were determined by Western blot analysis (b).

enhanced expression of the Anx A4 protein in the OVISE cell line
compared with the OVSAHO cell line.

The specific overexpression of Anx A4 in ovarian CCC cell
lines compared with that in SAC cell lines was further evaluated
by real-time RT-PCR (Fig. 2a) and Westemn blot analysis (Fig.
2b). As shown in Figure 24, expression of Anx A4 (mRNA level)
in OVISE, OVTOKO, OVMANA and RMG-1 (CCC) cell lines
was enhanced compared with the OVSAHO and OVKATE (SAC)
cell lines where Anx A4 expression (mRNA level) was barely
detectable. Western blot analysis (Fig. 2b) also demonstrated
enhanced expression of Anx A4 (protein level) in OVISE,

staining scores for Anx A4 in tissue sections from patients with
other types of ovarian cancers are shown in Figure 3b. We
observed significantly stronger (p < 0.01) positive staining in tis-
sue sections from patients with ovarian CCC compared with
patients with ovarian endometrioid and serous adenocarcinoma.
Of 43 CCC tissue sections, more than 30 were strongly positive
for Anx A4 (+++) compared with only 5 of the 62 SAC samples.
Western blot analysis showed enhanced expression of Anx A4 in
CCC tumor samples that had demonstrated strong Anx A4 immu-
nohistochemical staining (+ -+ ) but barely detectable expression
of Anx A4 in SAC tumor samples that had demonstrated negative
(—) Anx A4 immunohistochemical staining (Fig. 3¢).

Transfection of Anx A4 cDNA into ovarian cancer cells
enhances resistance to carboplatin treatment
and modulates drug cellular efflux

Because Anx A4 has been demonstrated to perform a functional
role in chemoresistance in some cancer cell lines,'* we determined
whether Anx A4 can also confer chemoresistance to epithelial
ovarian cancer cells. For this study, we generated Anx A4 stably
transfected OVSAHO cells. Figure 4a shows a Western blot analy-
sis of Anx A4 levels in OVSAHO parent cells, Anx A4 stably
transfected OVSAHO cells and empty vector transfected control
cells. Figure 4b shows cell survival plots for control and
OVSAHO/Anx A4 cell lines after treatment with increasing con-
centrations of carboplatin (0-150 pM). From this analysis, we
determined the ICsq carboplatin concentration values for the 2 cell
lines. Higher (approximately double) ICsq carboplatin concentra-
tion was observed in the OVSAHO/Anx A4 (IC5q = 42 puM) cells
compared with the empty vector control cells (IC5y, = 23 pM).
These results demonstrate that Anx A4 can confer chemoresist-
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FicuRE 3 - Immunohistochemical analysis of Annexin A4 in ovar-
ian cancer tumors. Levels of Annexin A4 protein in 126 epithelial
ovarian cancer samples were determined by immunohistochemical
analysis. Representative images of tissue sections from CCC (n = 43),
endometrioid (n = 8), mucinous (n = 13) and serous adenocarcinoma
(n = 62) ovarian cancer patients after immunohistochemical staining
for Annexin A4 (a). Annexin A4-positive staining scores of tissue sec-
tions from ovarian cancer tumors (b). The p value between CCC and
SAC is provided as determined by the nonparametric Kruskal-Wallis
test. Western blot analysis using 5 CCC frozen tumor samples and 5
SAC frozen tumor samples (c).

ance in ovarian cancer cells. To investigate the molecular mecha-
nisms of chemoresistance induced by Anx A4, we quantitated the
intracellular platinum content after treatment of OVSAHO/Anx
A4 and empty vector control cells with carboplatin, Figure 4c¢
shows an analysis of intracellular platinum accumulation in
OVSAHO/Anx A4 cells and empty vector control cells after car-
boplatin treatment with or without an additional incubation time
(360 min) in carboplatin-free medium. Significantly (p = 0.0020)
reduced levels of intracellular platinum accumulation were noted
in OVSAHO/Anx A4 cells (OVSAHO/Anx A4 no. 40, 0 min)
compared with empty vector control cells (Control no. 16, 0 min)
when neither cell line underwent additional incubation in carbo-
platin-free medium. Contro] cells displayed no significant differ-
ence (p = 0.178) in intracellular platinum content between 0 min
and 360 min of additional carboplatin-free incubation time (Con-
trol no. 16, 0 min vs. Control no. 16, 360 min), whereas
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FiGure 4 — Transfection of Annexin A4 cDNA into ovarian cancer
cells confers resistance to carboplatin and decreases intracellular Pt
accumulation. Cell survival (expressed as a percentage relative to con-
trol untreated cells) after 72 hr treatment of OVSAHO/Anx A4 and
empty vector control cells with different concentrations of carboplatin
(Figure 4a). The obtained IC50 values were 42 uM for OVSAHO/Anx
A4 no. 40 and 23 pM for Control no. 16 (not shown in figure). Intra-
cellular platinum content after treatment with 2 mM carboplatin for 60
min with or without after 360 min of incubation in carboplatin-free
medium in OVSAHO/Anx A4 cells and control cells, as determined
by atomic absorption spectrophotometry (Figure 4c).

OVSAHO/Anx A4 cells showed a significant decrease (p =
0.0025) in intracellular platinum content at 360 min as compared
with at 0 min of additional carboplatin-free incubation time
(OVSAHO/Anx A4 no. 40, 0 min vs. OVSAHO/Anx A4 no. 40,
360 min). Furthermore, OVSAHO/Anx A4 cells displayed signifi-
cantly decreased (p = 0.0004) levels of intracellular platinum con-
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tent compared with control cells after an additional 360 min of
carboplatin-free incubation (Control no. 16, 360 min vs.
OVSAHO/Anx A4 no. 40, 360 min), which suggests a role for
Anx A4 in enhancing cellular platinum efflux.

Discussion

The use of carboplatin and paclitaxel for the treatment of ovar-
ian cancers has si §mﬁcantly improved survival rates in patients
with this disease.'® However, of the 4 major histological types of
ovarian cancer, CCC of the ovary is characterized by strong che-
moresistance. Consequently, patients with this disease are associ-
ated with significantly lower 5-year survival rates than patients
with other histological types of ovarian cancer. However, the
molecular mechanisms of chemoresistance in this disease have
remained poorly understood. Thus, the identification of proteins
which are involved in chemoresistance in ovarian CCC is of major
clinical importance because these proteins may constitute novel
therapeutic targets in this disease.

In this study, we performed a 2D-DIGE proteomic analysis
using ovarian cancer cell lines for the identification of a candidate
protein associated with chemoresistance in ovarian CCC. We
identified 8 proteins differentially upregulated in OVISE CCC
cells compared with OVSAHO SAC cells (Table IT). From among
those 8 proteins, we focused on Anx A4, a calcium-dependent
phospholipid-binding protein, which is localized proximal to the
cell membrane and plays an important role in membrane fluidity
or trafficking. '°

We confirmed by means of both real-time RT-PCR (mRNA lev-
els) and Western blot analysis (protein levels) that expression of
Anx A4 was significantly enhanced in ovarian CCC cell lines
compared with in non-CCC ovarian cancer cell lines (Figs. 2a and
2b). The findings of our analysis using ovarian cancer cell lines
are 1n agreement with those of the proteomic study of Morita
et al.,'” in which Anx A4 was identified as being differentially
upregulated in ovarian CCC cell lines (OVISE and OVTOKO)
compared with an ovarian mucinous cancer cell line.

Previous studies have associated Anx A4 protem with chemore-
sistance. For example, in a study of Han ef al.,'* Anx A4 was
observed to be elevated in a paclitaxel-resistant human lung can-
cer cell line and transfection of Anx A4 ¢cDNA into embryonic
kidney 293T cells to confer resistance to paclitaxel. Because Anx
A4 has been shown to be involved in modulatmg membrane per-
meability and membrane trafficking,'” it is conceivable that this
involvement may result in modulation of both cellular drug influx
and efflux after chemo-drug treatment. Taken together, these stud-
ies suggest that the strong chemoresistance characteristic of
human ovarian CCC may be due to enhanced expression of Anx
A4, However, it remained unclear whether levels of Anx A4 pro-
tein are significantly elevated in tumors of patients with ovarian
CCC compared with other histological types.

In the study reported here, we, therefore, performed an immu-
nohistochemical analysis of Anx A4 in tumor tissue samples from
126 patients with epithelial ovarian cancer to determine whether
levels of Anx A4 protein are elevated in tumors of patients with
ovarian CCC compared with other epithelial ovarian cancers.
Because treatment wnh paclitaxel can enhance Anx A4 expression
in cultured cells,'* all patients examined in this analysis had
undergone preliminary diagnosis and had not received chemother-
apy (including carboplatin or paclitaxel) before surgery. The
results of this analysis revealed significantly (p < 0.01) strong
positive staining (enhanced expression) of Anx A4 in tumor tissue
samples from patients with ovarian CCC compared with endome-
trioid and serous adenocarcinoma, which are known to represent
chemosensitive histological types (Fig. 3b). Western blot analysis
using frozen tumor samples were compatible with results of the
THC study (Fig. 3¢). Thus, our study was able to demonstrate the
presence of enhanced expression of Anx A4 in tumors of patients
with ovarian CCC. This finding is in agreement with that of our
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proteomic analysis using ovarian cancer cell lines and indicates
that Anx A4 may play a role in tumor resistance to cancer chemo-
therapy in patients with ovarian CCC.

To investigate a relationship between levels of expression of
Anx A4 and patient prognosis, we reviewed clinical outcomes (re-
currence, progression-free survival, etc.) of the 62 SAC patients
including S patients with strong (+++)Anx A4 povitive staining
in JHC analysis. Among the 5 SAC patients with high levels of
Anx A4 expression, 2 patients are well and alive with no recur-
rence, whereas the other 2 patients have recurred within 1 or 2
years after treatment and 1 patient was out of follow-up. We have
compared the progression-free survival between these 5 patients
and Anx A4 negative SAC patients and there was no statistically
significant difference between the 2 groups. Because the number
of Anx A4-positive SAC patients is small, further investigation
will be necessary in a larger cohort of patients.

Although previous studies have demonstrated a role for Anx A4
in confemng chemoresistance to human cancer cell lines,'* a simi-
lar role in human epithelial ovarian cancer cells was not identified,
and the specific mechanism of chemoresistance that Anx A4 con-
fers was not previously determined. Therefore, we first studied
cell survival after carboplatin treatment to confirn whether Anx
A4 can enhance chemoresistance in epithelial ovarian cancer cells.
We were unable to reduce Anx A4 protein levels in the OVISE
CCC cell line, despite using various strategies (including siRNA),
which may be due to the reported long half-life of Anx A4 protein
(approx1mately 4 days).*! We then tested the effect of forced over-
expression of Anx A4 in the OVSAHO non-CCC (SAC) ovarian
cancer cell line in which Anx A4 is not endogenously expressed.
We observed enhanced chemoresistance to carboplatin treatment
in cells that stably expressed Anx A4 compared with empty vector
control cells (Figs. 4a and 4b). Thus, our results demonstrate that
Anx A4 protein plays a role in the enhancement of chemoresist-
ance in epithelial ovarian cancer cells.

We next examined intracellular platinum accumulation in both
Anx A4 expressing ovarian cancer cells (OVSAHO/Anx A4 cells)
and empty vector control cells after carboplatin treatment (Fig.
4¢). Our results of carboplatin treatment with no carboplatin-free
incubation revealed significantly reduced levels of intracellular
platinum content in OVSAHO/Anx A4 cells compared with con-
trol cells, which indicates that Anx A4 inhibits cellular platinum
influx and/or promotes cellular platinum efflux. Comparison of the
results for 0 and 360 min carboplatin-free incubation showed that
OVSAHO/Anx A4 cells are more active in promoting cellular
platinum efflux compared with control cells. Taken together, these
results demonstrate that Anx A4 plays a part in the enhancement
of cellular platinum efflux.

Our study has demonstrated for the first time elevated levels of
Anx A4 protein in patients with ovarian CCC and an association
between elevated Anx A4 levels and enhanced chemoresistance to
carboplatin in human epithelial ovarian cancer cells. It has also
found evidence for the first time that Anx A4 confers chemoresist-
ance in part by enhancing drug efflux. Thus, it is conceivable that
the observed strong resistance to cancer chemotherapy (including
carboplatin) specific to ovarian CCC tumors, compared with that
of other epithelial ovarian tumors, is mediated through the
enhanced expression of Anx A4 in patients with this disease.
Therefore, Anx A4 may constitute a novel therapeutic target for
overcoming resistance to cancer chemotherapy in patients with
ovarian CCC. In view of the reported half-life of Anx A4 protein,
such a therapeutic strategy is likely to involve the inhibition of the
function rather than of the expression of Anx A4 in patients with
CCC.
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CDK Inhibitors Selectively
Diminish Cell Cycle Controlled

Activation of the Histone H4
Gene Promoter by p220NPAT

and HiNF-P
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Cell cycle progression into S phase requires the induction of histone gene expression to package newly synthesized DNA as chromatin.
Cyclin E stimulation of CDK2 at the Restriction point late in G1 controls both histone gene expression by the E%ZONPAT/HiNF-P pathwag

and initiation of DNA replication through the pRB/E2F pathway. The three CDK inhibitors (CKls) p21 et

AFI, P27KIP" and P57K!P

attenuate CDK2 activity. Here we find that y-irradiation induces p21 CIPIWAEL but not the other two CKls, while redu%i)r'\%\iwisl:t'one H4

mRNA levels but not histone H4 gene promoter activation by the p220N"AT/HiNF-P complex. We also show that p21€

is less

effective than p275""! and p57*'™ in inhibiting the CDK2 dependent phosphorylation of E220NP‘°‘T at subnuclear foci and transcriptional

activation of histone H4 genes. The greater effectiveness of p57K“Dz in blocking the p220™
that may suppress CDK2/cyclin E phosphorylation throu

ability to form a specific complex with p220N"AT

AT/HINF-P pathway is attributable in part to its

h direct substrate inhibition.

We conclude that CKls selectively control stimulation of the histone H4 gene promoter by the p220NP'°§/HiNF-P complex.

J. Cell. Physiol. 219: 438-448, 2009. © 2009 Wiley-Liss, Inc.

At the G1/S phase transition of the human cell cycle, DNA
replication is initiated and histone gene expression is induced to
package nascent DNA. At the restriction point that precedes
the G1/S boundary, growth factor dependent signaling
pathways activate cyclin E and its cognate cyclin dependent
kinase 2 (CDK2) (Blagosklonny and Pardee, 2002; Sherr and
Roberts, 2004). Cyclin E/CDK2 complexes control
phosphorylation of two distinct regulatory pathways to support
the synthesis of DNA or histone proteins. One pathway is
initiated by phosphorylation of the retinoblastoma protein
pRB(RBI) which releases E2F proteins that stimulate
transcription of a number of genes to support the initiation
and progression of DNA synthesis during S phase {e.g., DHFR,
TK, DNA polymerase o) (Dyson, 1998; Nevins, 2001). Equally
important, cyclin E/CDK2 controls the activity of the histone
gene transcription factor HiNF-P through phosphorylation of
its co-activator p220NFAT, and this complex coordinately
regulates histone H4 gene expression in somatic cells (Pauli
etal., 1987; van Wijnen etal., 1992; Ma et al,, 2000; Zhao et al,,
2000; Mitra et al., 2003, 2007; Holmes et al., 2005; Miele et al,,
2005) and human embryonic stem cells (Becker et al., 2006,
2007; Ghule et al., 2007). HiINF-P and p220™"AT co-localize at
Cajal Body-related subnuclear foci together with histone genes
and factors that support the processing of histone gene
transcripts (Ma et al., 2000; Zhao et al., 2000; Shopland et al,,
2001; Miele et al., 2005; Ghule et al., 2007). In addition, HiNF-P
and p220NFAT are components of broader regulatory networks
of protein/protein interaction and target genes involved in cell
cycle control (Medina et al,, 2006, 2007; Miele et al,, 2007;
Xie et al,, 2007).

CDK2 activity is regulated by direct bindinF to one of three
CDK inhibitory proteins (CKIs) p21 CIPIWAFT (CDKNI A),
p27<"! (CDKNIB), and p57"'"* (CDKN I C) that have distinct
biological roles in mammalian development (Harper etal., 1993;

© 2009 WILEY-LISS, INC.
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el-Deiry et al., 1994; Luo et al,, 1995; Matsuoka et al,, 1995;
Zhang et al., 1997, 1998, 1999; Nakayama and Nakayama, 1998;
Reynaud et al., 1999; Sherr and Roberts, 1999). The general
roles of p21F/"WAFl and 27! in mediating cell cycle arrest
during differentiation or DNA damage responses have been
extensively investigated, but the function of p57XF? has been
more enigmatic (Baumbach et al., 1987). The expression of
p575%2 in vivo is more restricted than that of p27"! and
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p2 | CPIWAFT due to CpG methylation dependent imprinting
(Matsuoka etal., 1995, 1996; Kondo etal., 996). Loss of p5 772
expression in mice and humans may increase susceptibility to
specific tumors (Zhang etal., | 997; Caspary etal., 1999),and the
p575""2 gene is transcriptionally silenced in several cancers
(Kikuchi et al., 2002; Li et al., 2002; Canalli et al., 2005; L.odygin

et al,, 2005). Structural similarities between CKls (e.g., N-
terminal cyclin binding domain) reflect biochemical redundancy
in blocking CDK2 and the shared ability to attenuate cell growth
and mediate checkpoint control. However, the structure of
p57%!2 is distinct, because it contains a C-terminal proline-
alanine extension (PAPA repeat) (Matsuoka et al., 1 995). While
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Fig. |. v-lrradiation reduces histone H4 gene expression while selectivelymodulating the expression of p2 | “F"'WAF! and p27¥""1, U208 cells were

exposed to 5 Gyirradiation at 24 h after transfection, At 4 or | 6 h afterirradiation, total RNA was extracted and purified from triplicate experiments.
TherelativemRNA expression of Hén (A), p2 1 €P1WAFL (B 527KIP1 (€), p5751F2 (D), and CDK2 (E) was calculated with the AACT method using GAPDH
(F) as an internal control. For GAPDH, the CT values were plotted and these values did not change appreciably upon irradiation.
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Fig. 2. Co-activation of the histone H4/n gene by HiNF-P and
p220NPAT occurs independently of y-irradiation, U20S cells were
transiently transfected with a wild-type histone H4 promoter
luciferase reporter construct and co-transfected with the expression
vectors for HINF-P (P), or p220""AT (N), or empty expression vector
(EV). For irradiation experiments, cells were exposedto 5 Gyat 24 h
after transfection. At 4 or |6 h after irradiation, cell I ates were
analyzed for (A) protein levels of HiNF-P and p21€t Fl by
Western blotting protein and (B,C) for luciferase activity. Firefly (FF)
luciferase activity was normalized to Renilla (RL) luciferase activity in
part B, In part C, these values are normalized to the empty vector.
Error bars indicate standard deviations from triplicate experiments,

all three CKls can inhibit CDK activity, p57<'"> may have

unique properties that have not yet been appreciated.

In this study, we compare the inhibitory function of
2| CIPUWAFL 5a7KIP1 and p57<'%2 in the cyclin E/CDK2/
p220NPATIH|NF Plhistone gene-regulatory pathway that
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supports entry into S phase. Our data suggest that CKls exhibit
selectivity in their ability to mhlblt signaling at the histone H4
promoter through the p220N"AT/HINF-P complex, a principal
CDK2 substrate that operates in parallel to the pRB/E2F
pathway at the G1/S phase transition.

Experimental Procedures
Cell culture and transient transfections

Cos7 cells were co-transfected with HiNF-P responsive
promoters (i.., histone H4) fused to luciferase reporters and
expresston vectors encoding the indicated proteins (e.g.,
p57K'P2, p220NPAT and HiNF-P) using FUGENE6 (Mitra et al.,
2003; Mlele et al,, 2005). Luciferase activity was measured
within 24 h. Vectors for human Myc-tagged p57*'* (Ro er
Watson, Imperial College of London, UK), mouse ?5
(James Cross, University of Toronto), mouse p27" %! (Jack
Pledger, University of South Florida, Tampa, Florida) and human
Skp2 and a Skp2 F-box deletion mutant (Skp2AF), were the
generous gifts of the indicated individuals. Adenovirus p57 P
was kindly provided by Matthew Stewart (University of lllinois).
Treatments with p575/F2 siRNA smart pool duplexes or
universal controls (Dharmacon RNA Technologies, Chicago,
IL) were performed at 12—16 h after co-transfection of H4/
luciferase reporters. At 48 h, we examined luciferase activity
using a luminometer and p57K levels by immunoblotting with
~15-20 g total protein separated by 10% SDS-PAGE (Mitra
et al., 2003; Miele et al., 2005). Immunoprecipitations were
obtained with ~100 g of whole cell extract protein, the
indicated antibodies and protein A/G-agarose after overnight
incubation at 4°C. Samples were then separated by 9% or 10%
SDS-PAGE followed by western blotting and
chemiluminescence detection.

Expression analysis and reporter gene assays

For reporter gene assays wnth irradiated cells, we plated U20S
cellsata density of 1.1 x 10° cells per well in six-well plates. The
next day, co-transfections were performed using FUGENE6
(Roche) with the same wild-type histone H4 promoter
luciferase reporter construct (200 n%l as above and expression
vectors for HiINF-P (25 ng) or p220"PAT (200 ng) or the
corresponding empty vector as described previously (Mitra
et al., 2003; Miele et al., 2005) while maintaining the same total
amount of DNA in every transfection. Cells were irradiated by
exposure to 5 or 12 Gy y-irradiation at 24 h after transfection.
At 4 or 16 h after irradiation, cell lysates were analyzed for
luciferase activity and normalized to Renilla (phRL-null, 5 ng per
well) using the dual-luciferase reporter assay system (Promega,
Madison, WI).

Reporter gene experiments were also performed with
normal diploid human WI-38 cells. These cells were plated at a
density of 1.6 x 10%/well in six-well plates and transiently
transfected at day 2 after plating at a cell density of ~30% with
wild-type histone H4 promoter luciferase reporter construct,
and co-transfected with the expression vectors HiNF-P,
p220NPAT or p57 as described above. The same total amount of
DNA (2.5 j.g) was maintained in every transfection.
Lipofectamine LTX (Invitrogen, Carlsbad, CA) was used as
a transfection agent in combination with PLUS reagent
(Invitrogen) and transfection was performed in the absence of
FBS and antibiotics. After 16 h medium was changed to normal
growth medium with FBS, and cells were lysed in 1 x PLB lysis
buffer (Promega) after a total of 40 h transfection time. Cell
lysates were analyzed for luciferase activity and normalized to
Renilla (phRL-null) with dual-luciferase reporter assay system
(Promega).

For protein analyses, cell lysates obtained from reporter
gene assays were diluted in SDS sample buffer and loaded on a
4-15% ready gel precast gel (Bio-Rad, Hercules, CA). HiNF-P
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was detected with the 802 antibody (1:2,000 dilution) (Mitra
et al., 2003; Miele et al., 2005) and p2| “F!"™WAF! was visualized
with a commerecially available antibody (sc-756; 1:1,000 dilution,
Santa Cruz Biotechnology, Santa Cruz, CA). Tubulin was used
as an internal control. Peroxidase labeled goat-anti-rabbit
antibody (Santa Cruz) was used as secondary antibody and
visualized with enhanced chemiluminescence (ECL) chemistry
(PerkinElmer, Waltham, MA).

The levels of mRNAs for human histone HIST2H4 (H4/n),
p2 | CIPHIWAFL 527K and p57X2, CDK2, and GAPDH were
detected by quantitative real-time reverse transcriptase
PCR (gRT-PCR). Purified total RNA using Trizol (Invitrogen)
from triplicate experiments of reporter gene assays was
subjected to DNase | digestion, and cDNA was prepared
with the iScript cDNA synthesis kit (Bio-Rad). Relative
quantitation was determined using a 7000 sequence detection
system (Applied Biosystems) with SYBR Green chemistry
(Applied Biosystems). The relative mRNA expression was
calculated with the AACT method. Real-time primer
sequences for H4/n, p27 and CDK2 were published previously
(Becker et al., 2007; Medina et al., 2007). The following
primer pairs were used for human mRNA (in 5'-3’ direction):
p21 forward 5'-GGA AGA CCA TGT GGA CCT GT and
reverse 5-GGC GTT TGG AGT GGT AGA AA; p57
forward 5'-AAG AGA TCA GCG CCT GAG AA and
reverse 5'-TGG GCT CTA AAT TGG CTC AC; GAPDH
forward 5'-ATG TTC GTC ATG GGT GTG AA and reverse
5-TGT GGT CAT GAG TCC TTC CA.

We also examined gene expression in total RNA that was
extracted and purified from mouse embryonic fibroblasts
(MEFs) isolated from wild type p57 (WT), heterozygous p57
null (HET) and homozygous p57 null (KO) mice. The relative
mRNA expression of mouse HiNF-P, Hist2H4, HistH4/m and
Hist1 H4/f, p57, p27, and p21 was calculated using the AACT
method with HPRT as an internal control. The following mouse
primer sequences were used: p57 forward: 5'-GTC TGA GAT

GAG TTA GTT TAG AGG and reverse 5-TGC TAC ATG
AAC GAA AGG TC; p27 forward 5’ TCT AAA GCC CAC
TTATAACCCAG and reverse 5-CCTGTG CCATCTCTA
TAT TCC T; p2! forward 5-CTT CTC CCATTT CTT AGT
AGC AG and reverse 5-CCA CGG TAT TCAACACTG AG;
HiNF-P forward 5-ATG TTT GCC AAC AAC ACC AA and
reverse 5'-GCC TCT CTG TGG CAA ATC TC; Hist2h4
forward 5'-CCA GCT GGT GTT TCA GAT TAC A and
reverse 5'-ACC CTT GCC TAG ACC CTT TC; Histlh4m
forward 5-GAG CAG TACAGT TTT GTC TTC ATC Aand
reverse 5-CGT GAT GCC CTG GAT GTT AT; Histlh4f
forward 5-CAA CTC AGT GCT CCA TAG CC and reverse
5-GGT GAT GCC CTG GAT GTT AT; Hprtl forward 5'-
CAGGCCAGACTTTGTTGG AT and reverse 5-TTG CGC
TCA TCT TAG GCT TT.

Immunofluorescence microscopy

Cells grown on gelatin-coated coverslips (Fisher Scientific,
Springfield, NJ) were examined by in situ immunofluorescence
microscopy 24 h after transfection (Miele et al., 2005). Cells
were washed with cold saline, fixed with 3.7% formaldehyde for
10 min on ice, and permeabilized with 0.1% Triton X-100 for
20 min. Coverslips were blocked with serum albumin prior to
antibody staining and incubated at 37°C for | h with the
following antibodies using 1:1,000 dilutions (unless indicated
otherwise): mouse Flag (1:10,000; Sigma St. Louis, MO) and
p220NPAT(BD Biosciences, San Jose, CA) monoclonals and
rabbit polyclonals against phospho-Thr[270 and phospho-
Thr1350 of p220N"AT (Ma et al., 2000). Cells were incubated at
37°Cfor | h with Alexa 488 goat anti-rabbit or Alexa 594 goat
anti-mouse (Molecular Probes, Eugene, OR). Cells were stained
with 4,6-diamidino-2-phenylindole (DAPI) (5 mg/mi) for 5 min,
mounted to slides and examined by an Axioplan 2
epifluorescence microscope (Zeiss, Thornwood, NY) attached
to a charge-coupled device camera.
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Fig. 3. p57X'*2selectively regulates the phosphorylation of p220NPAT at Cajal bodies. A-C: Immunofluorescence microscopy was performed on

Cos7 cells with antibodies detecting endogenous p220NFAT SIA), or CDK2 dependent P
27N o p2] CIPIIWA

T1350 (C)) in cells transfected with wild type human p57¢!

hosphorylation at two distinct epitopes (i.e., T1270 (B) or
! (right columns) or untransfected cells (left columns).

Immunofluorescence signals (green)fortotalp220™"A7 orthe T1270and T 1350 phos@g;:apitopes aremerged with DAPIsignals (blue). Theinsets

show merged image of cells transfected with wild type p57*'*2, p27KIP1 or p21°'®

! (red; combined with DAPI to yield purple). The

percentages on each part indicate the number of positive or negative cells.
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Results

Irradiation reduces histone mRNA levels but not
histone jgene promoter activation by the
p220NPAT/HINF-P complex

The CDK2 mediated phosphorylation of p220N"AT as the co-
activator of HiNF-P ensures the transcriptional activation of
histone genes in conjunction with the onset of § phase.
Therefore, it is necessary to understand how the activity of this
transcriptional complex responds to inhibition of CDK activity
that prevents cells from replicating DNA. Histone mRNA levels
are rapidly degraded foliowing inhibition of DNA synthesis
(Baumbach etal,, 1987; Stein et al., 1992). Indeed, we observe a
rapid decrease of histone gene expression (e.g., histone H4/n)
upon vy-irradiation of U20S cells at a non-lethal dose (5 Gy),
while CDK2 and GAPDH mRNA levels are not affected (Fig. I).

Similar results for all parameters were obtained with a 12 Gy .

dose (data not shown). y-Irradiation evokes a DNA damage
response as reflected by an increase in p2 1 CIPHWAFL M RNA
levels at both 4 and | 6 hafter irradiation, while the mRNA levels
of p275"! decrease modestly and those of p57°""? remain
relatively constant (Fig. 1).

Transfection assays with histone H4 promoter/Luciferase
reporter gene constructs show that y-irradiation at 5 Gy does
not affect activation of the histone H4 gene promoter by HiNF-P
and p220NFAT, although p21 “PWAFT brotein levels are clearly
upregulated at both the 4 and [6 h time points (Fig. 2). Similar
results were obtained upon increasing the radiation dose to 12
Gy (data not shown). Hence, physiological induction of p2| ciey

ARl during a genotoxic stress response contributes to a
reduction of histone mRNA accumulation but does not impinge
on the CDK2 dependent transcriptional activation of histone
genes by the p220NPAT/HINF-P complex. Our findings are in
keeping with the longstanding observation that histone mRNA
accumulation is dictated by both transcriptional and post-
transcriptional mechanisms and that mRNA destabilization will
override transcriptional activation (Baumbach et al., | 987; Stein
et al, 1992).

Selective inhibition of p220N*AT phosphorylation by CKls
at subnuclear foci

The finding that elevation of p21<"/"AF! gene expression
during a DNA damage response is not potent enough to block
the activity of the p220"PAT/HINF-P transcri?tional complex is
unexpected. The data indicate that p220N"AT phosphorylation
may occur despite a reduction in cellular CDK kinase activity
upon elevation of p2| “P/WAF! |evels, Therefore, we compared
the potency of p21 “P'"™WAF! in relation to the other two CKlsin
regulating the in situ phosphorylation of p220™PAT by CDK2 at
subnuclear foci.

Phosphorylation of p220™NFAT by cyclin E/CDK2 at the G1/S
boundary occurs on at least two distinct phospho-epitopes
(T1270 and T1350) and is essential for activation of histone
genes by HiNF-P (Ma et al, 2000; Mitra et al., 2003). Actively
proliferating Cos7 cells typically have three to six p220NPAT foci
(Fig. 3A). Phosphorylation of p220N"AT at both phospho-
epitopes is observed in ~80-90% of the cells and predominantly
in cells with more than three foci (Fig. 3B,C and data not
shown). These data are consistent with the cell cycle specific
phosphorylation of p220™PAT during late G1 that persists
throughout S and G2, as well as the expected doubling of
p220""AT foci during S phase that has been observed in other
cell types (Ma et al., 2000).

The focal organization of p220"*AT is sustained upon
introduction of exogenous p57<'72, p27XIP!, or p2| CIPIWAFI
(Fig. 3A). Forced expression of CKls in each case reduces
phosphorylation at both CDK2 related epitopes in transfected
cells, but not in adjacent untransfected cells (Fig. 3B,C).
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Importantlgi ,B\§7K'P2 and p27<'*! appear to be more effective
than p21<F"WAF i blocking p220"™PAT phosphorylation at
T1270. We observe that none of the cells transfected with
p57'"2 and almost none of the p27""! expressing cells (1%
positive, 99% mative cells) are positive for phospho-T 1270,
while p21 SPIMWAF! expressing cells show residual immuno-
reactivity with the phospho-T1270 antibodx (15% positive, 85%
negative cells) (Fig. 3B). Moreover, p57%'™ completely
abrogates phosphorylation at T1350, while p27°'! (12%
positive cells) and p2| <'P/WAF! (239 Eositive cells) do not
(Fig. 3C). Our data suggest that p57<""? is more effective in
blocking p220™PAT phosphorylation in situ than the other two
CKils.

We tested the specificity of p57<™2 to block p220NAT
phosphorylation at subnuclear foci using p57*'"2 mutants
(Fig. 4A). Both human and mouse wild type proteins are equally
effective in blocking p220NFAT phosphorylation (Fig. 4A,B). The
CC and CCT mutants of p57<'" (see diagram in Fig. 6C below)
are defective in cyclin binding and do not affect phosphorylation
of p220NPAT at T1270 or T1350 (Fig. 4A). Mutant p57<'*2-T that
lacks a CDK phosphorylation site required for Skp2 dependent
degradation (Hattori etal., 2000) is equally effective as wild type

T1270 p220-NPAT T1350 p220-NPAT

Fig. 4. Mutant p57%/*? js defective in regulating in situ
phosphorylation of p220NFAT, A-B: Immunofluorescence microscopy
detecting the T1270 or T1350 epitopes (green) was performed as
described in Figure | using cells transfected with wild type mouse
p57%'"2 or three different mutants (i.e., p57¥F2LT, .CC, or -CCT) (A)
or human p57%'F2 compared with a human p27%"'-p5§7*"? chimera
(B). Insets show merged images of p57%'"2 (red) and DAPI signals
(blue) in transfected cells. The percentages on each part indicate the
number of cells with a microscopic phenotype.




CONTROL OFTHECYCLINE/CDK2/p220/HiINF-P PATHWAY

(Fig. 4). Thus, in situ inhibition of p220NPAT a'ggarently requires
the functional cyclin binding domain of p57 P2

The structure of p57X'72 differs from p27*'"' by the presence
of a C-terminal proline-alanine extension (PAPA repeat)
(Matsuoka et al,, 1995) thatis similar but not entirely identical in
mouse and human. Despite only partial conservation of the C-
terminus, both human and mouse p57XF2 are similarly effective
in blocking p220NPAT phosphorylation (Fig. 4A,B). To examine
the contribution of the C-terminus, we prepared a chimera in
which the C-terminus of human p575Z is fused to the N-
terminal cyclin binding domain of p27<"P! The p27KIP!p57XIF2
chimera s as effective as wild type E57KIP2 in blocking T1270and
T1350 phosphorylation of p220N"AT (Fig. 4B). Hence, our data
suggest that the selective ability of human p57</"? to prevent
p220NPAT phosphorylation is mediated in part by its unique
C-terminus.

p57'("’2 is the most effective inhibitor of the cyclin
E/CDK2/p220NPAT/HINF-P pathway

Phosphorylation of p220NPAT is inhibited by the three CKls in
part due to reduced CDK2 kinase activity as measured using
histone HI as a substrate (Fig. 5A). Under our experimental

conditions, p27%"! is a stronger inhibitor of CDK2 activity than
p57XIP2 or p21 “PHWAFL (Fig SA), Hence, the relative intrinsic
strength by which CKls inhibit CDK2 kinase activity does not
appear to correlate directly with their ability to reduce
phosphorylation of the two epitopes of p220NFAT,

We tested the functional effects of the three CKis on HiNF-
P/p220NPAT co-activation using histone H4 gene reporter assays
(Fig. 5B). Forced expression using limited amounts of
expression vector elevates the levels of p57K'P2, p27K'P', and
p2| CPVWAFL (Fig 5B), but only p57</F2 elevation represses the
HiNF-P/p220NPAT dependent stimulation of H4 gene
transcription at the doses shown here (Fig. 5B). We note that
p2| CIPIWARL o 7XIP1 and p57*"P2 can each block histone H4
gene promoter activity in a dose-dependent manner when
exogenously expressed at higher levels, althougbl p57*IP2 seill
remains more effective than p27*'! or p2] CIPIWAFI (data not
shown). Excessive non-physiological levels of CKls will result in
a general block of CDK2 activity thus indiscriminately
suppressing the phosphorylation of p220™*T and preventing
activation of transcription by the p220N"AT/HiNF-P complex.
We also examined the effect of the F-box protein Skp2, which
promotes p57<"F? degradation (Kamura et al., 2003), on
activation of the H4 gene promoter. Co-expression of Skp2
decreases p57<'"? and restores the ability of p220N"AT and
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Fig. 5. Inhibition of CDK2 kinase activity and H4 gene transcription by p57%'F2, A: In Cos7 lysates, p27¥'"! is more potent than p57%'F2 or

p2 I WAFICIPY 41y hlocking CDK2 activity. CDK2 kinase activity was measured using 4-*2P.ATP and histone H| as a substrate in CDK2
immunoprecipitates (respectively, 2, 5, and 10 pl of beads) obtained with lysates of mock-transfected cells or cells expressing pS7XP2 p27KIF o
p2|WAFIICIPI B. Selective inhibition of HiNF-P/p220NPAT signaling at the H4 promoter by p57%'"2, Co-transfection exr?eriments withawildtype H4
promoter-luciferase reporter gene in the absence (first bar) or presence of vectors for HiNF-P (200 ng/well) or p220 PAT (150 nglwell) (remaining
bars) in cells expressing exogenous CKls (25 or 50 ng vector) as indicated. H4 promoter-luciferase activities were measured within 24 h after
transfection and plotted as a function of p57¥!"? vector concentration (right part). Western blot analysis (left part) was used to examine CKI
expression in whole cell lysates (20 jug protein). Note that Cos7 cellsdo not express endogenous p57%'F2, C: The HiNF-P binding site is sufficient for
p57%'*2 dependent inhibition of the H4 gene promoter. Cos7 cells were co-transfected with Luciferase reporters controlled by wild type or mutant
HiNF-P elements fused to a minimal TATA box promoter. Relative promoter activity was assessed in the presence (1) or absence (—) of vectors
expressing HINF-P, p220NPAT, or p57%'P2 (25 ng/ml) as above. D: Summary of data presented in Figures 1~3 with + signs indicating the relative
effectiveness of CKis to affect the activities in the left column.
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