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Abstract

Chromosome 11¢13.5 containing RSF1 (HBXAP), a gene involved in chromatin remodeling, is
amplified in several human cancers including ovarian carcinoma. Our previous studies
demonstrated requirement of Rsf-1 for cell survival in cancer cells, which contributed to tumor
progression; however, its role in tumorigenesis has not yet been elucidated. In this study, we co-
immunoprecipitated proteins with Rsf-1 followed by nanoelectrospray mass spectrometry and
identified cyclin E1, besides SNF2H, as one of the major Rsf-1 interacting proteins. Like RS-1,
CCNEZ1 is frequently amplified in ovarian cancer, and both Rsf-1 and cyclin E1 were found co-
upregulated in ovarian cancer tissues. Ectopic expression of Rsf-1 and cyclin E1 in non-
tumorigenic TP53™t RK3E cells led to an increase in cellular proliferation and tumor formation
by activating cyclin El-associated kinase (CDK2). Tumorigenesis was not detected if either cyclin
E1 or Rsf-1 was expressed, or they were expressed in a TP53™ background. Domain mapping
showed that cyclin E1 interacted with the first 441 amino acids of Rsf-1. Ectopic expression of
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this truncated domain significantly suppressed G1/S-phase transition, cellular proliferation and
tumor formation of RK3E-p53R175H/Rsf-1/cyclin E1 cells. The above findings suggest that Rsf-1
interacts and collaborates with cyclin E1 in neoplastic transformation and TP53 mutations are
prerequisite for tumor-promoting functions of RSF/cyclin E1 complex.

Keywords

Rsf-1; HBXAP; cyclin E1; chromatin remodeling; TP53™!: cancer development

Introduction

Chromatin remodeling plays fundamental roles in regulating nucleosome distribution and
compactness of chromatin. As such, it participates in diverse genomic events including
transcriptional regulation, DNA synthesis, damage repair, methylation and recombination.
Cancer cells exhibiting aberration of chromatin remodeling activity due to defects in or
aberrant expression of constituent proteins are positively selected during clonal evolution.
This is evidenced by frequent somatic mutations in several SWI/SNF chromatin remodeling
genes including BRG1 (SMIARCA) in lung cancer [1, 2], PBRM1 (BAF180) in renal cell
carcinoma [3], ARID1A (BAF250A) in endometrium-related carcinoma [4-6] and ARID2 in
hepatocellular carcinoma [7]. Moreover, analysis of DNA copy number in ovarian high-
grade serous carcinoma identified a discrete amplicon at ch11g13.5 [8] and functional
screening of genes within this locus demonstrated RSF1 (A.K.A. HBXAP) the most likely
“driver” because Rsf-1 knockdown but not other genes within this amplicon was associated
with an increased sensitivity of ovarian cancer cells to paclitaxel [9]. RSF1 encodes Rsf-1
that binds to a nucleosome-dependent ATPase, SNF2H, forming the RSF (Remodeling and
Spacing Factor) ISWI chromatin remodeling complex [8, 10-12].

Clinical correlation studies found that RS-1 amplification and upregulation are significantly
associated with disease aggressiveness and poor clinical outcome in patients with ovarian
high-grade serous carcinoma [8, 13]. Similar findings were also reported in patients with
ovarian clear cell carcinoma [14], oral squamous carcinoma [15], nasopharyngeal carcinoma
[16], gall bladder carcinoma [17], lung cancer [18] and colorectal cancer [19, 20]. Therefore,
we have investigated tumor-promoting functions of Rsf-1 and shown its expression essential
for cellular survival and proliferation, especially in the presence of cytotoxic
chemotherapeutic agents, in ovarian cancer cells with RS=1 amplification/overexpression
but not in those without [9, 21]. Ectopic expression of Rsf-1 in SKOV3 ovarian cancer cells,
which expressed a low level of endogenous Rsf-1, enhanced tumor growth in tumor
xenografts [21]. Furthermore, Rsf-1 overexpression led to DNA damage and was associated
with chromosomal instability in vitro and in vivo [22, 23]. These results strongly suggest
that RSF1 amplification and its upregulation are critical in the development of ovarian high-
grade serous carcinoma.

In order to investigate how Rsf-1 participates in tumor development, we analyzed the
proteins that co-immunoprecipitated with Rsf-1 in OVCAR3 ovarian cancer cells.
Identification and characterization of the interacting proteins historically provide important
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clues how proteins of a given pathway form interaction networks that when activated
reprogram cellular functions such as differentiation and tumorigenesis. We found cyclin E1
as one of major proteins that complexed with Rsf-1. We demonstrated that Rsf-1 co-
upregulated and co-immunoprecipitated with cyclin E1 in ovarian cancer tissues, and
determined whether Rsf-1 expression alone or in combination with cyclin E1 promotes
tumorigenesis in a mouse xenograft tumor model. Findings from this study provide new
insights into molecular collaboration of cancer-associated genes frequently altered in
ovarian cancer in promoting tumor development. Our results also suggest molecular cross-
talks between molecules involved in chromatin remodeling and cell cycle regulation.

Materials and Methods

Human tumor tissues and immunohistochemistry

A total of 127 high-grade ovarian serous carcinomas were analyzed for expression levels of
Rsf-1 and cyclin E1. Tissues were obtained from Department of Pathology at the Johns
Hopkins Hospital (Baltimore, MD) under the approval of Johns Hopkins institutional review
board. Immunohistochemistry was performed on paraffin sections using following primary
antibodies: anti-Rsf-1 (Upstate) [8, 24] and anti-cyclin E1 (Zymed) [25]. Immunoreactivity
was developed using an EnVision+System peroxidase kit (DAKO), and the intensity was
independently scored by two investigators. For discordant cases, immunointensity was
scored by a third investigator and the final intensity score was determined by majority
scores.

As Rsf-1 nuclear staining was homogenous, we evaluated immunointensity using a method
previously described [8, 24] and scored as negative (0), weakly positive (1+), moderately
positive (2+), strongly positive (3+), or intensely positive (4+). Cyclin E1 immunoreactivity
was heterogeneous; therefore, we used a combination of the percentage of positively stained
cells and the intensity of nuclear staining. The H-score = Y Pi xi was calculated where i was
the intensity of stained tumor cells (0 to 4+), and Pi is the percentage of stained tumor cells
for each intensity group (0 to 100%).

Co-immunoprecipitation and nanoelectrospray mass spectrometry

OVCARS cells, a line shows an 8-fold increase in DNA copy number at RS~1 locus by
quantum dot electrophoretic mobility shift assay [26], were lysed in ice-cold RIPA buffer
(Cell Signaling). Soluble lysates were incubated with anti-Rsf-1 antibodies and protein-A
gel. After washes, precipitated proteins were separated by SDS-PAGE and visualized by
silver staining. Protein bands of interest in gel were excised and subjected to in-gel digestion
using a previous method [27]. NanoLC-MS/MS analysis was performed using the Ultimate
Capillary LC System (LC Packings) coupled to a QSTARXL quadrupole-time of flight (Q-
TOF) mass spectrometer (Applied Biosystems/MDS Sciex). Data acquisition was performed
using the Information Dependent Acquisition (Applied Biosystems) software. lon spectra
generated by nanoLC-MS/MS were searched against NCBI databases for exact matches
using the ProlD (Applied Biosystem/MDS Sciex) and MASCOT programs [28]. A Homo
sapiens taxonomy restriction was used, and the mass tolerance of both precursor ions and
fragment ions was set to 0.3 Da.
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Expression constructs of Rsf-1, cyclin E1 and p53™MUt, and their tumorigenicity in
immunocompromised mice

A Tet-off inducible system was generated in RK3E non-transformed cells by transfecting
cells with the tetracycline-controlled transactivator (tTA) vector (Clontech). Full length
Rsf-1 (tagged with V5 at C-terminus) and cyclin E1 were cloned into a pBI inducible vector
(Clontech), and these expression vectors were subsequently introduced into RK3E-tTA
cells. To determine whether TP53™! was required for Rsf-1 to promote tumor development,
the above selected clones were further transfected with either a pcDNA4C vector
(Invitrogen) or a vector containing a human p53R175H (tagged with Xpress at N-terminus). A
total of six transfectants were generated: RK3E-Rsf-1, RK3E-cyclin E1, RK3E-p53R175H/
Rsf-1, RK3E-p53R175H/cyclin E1, RK3E-Rsf-1/cyclin E1, and RK3E-p53R175H/Rsf-1/cyclin
E1. Cell clones were validated by Western blot analysis and immunostaining. To assess
whether Rsf-D1 (1-441 a.a.) disrupts the interaction between Rsf-1 and cyclin E1, the Rsf-
D1 segment (tagged with V5 at C-terminus) was cloned into a pcDNA6B/His vector
(Invitrogen) and then introduced into RK3E-p53R17°H/Rsf-1/cyclin E1 cells. For
proliferation assay, cell number was measured at various time points by SYBR green |
nucleic acid staining (Molecular Probes).

Equal numbers of cells (5x108 cells per injection) were injected into subcutaneous tissue of
immunocompromised (nu/nu) mice. RK3E-p53R175H/Rsf-1/cyclin E1 cells with Rsf-D1
expression or vector control were also injected into mice to evaluate anti-RSF/cyclin E1
complex activity. Six weeks after cell inoculation, mice were sacrificed, and tumors were
excised, weighed, and prepared for histological examination and immunohistochemistry.

Kinase activity assay

Results

Protein lysates prepared from cells with Rsf-1/cyclin E1 turned-on or —off were collected
with ice-cold RIPA buffer. Kinases in lysates were captured in ELISA plates pre-coated
with anti-cyclin E1 (Zymed) or anti-CDK2 (Upsate) antibodies and kinase activity was
measured by using an ADP-Glo reagent system (Promega). Six replicates were performed
for each treatment and data were presented as meanzS.D.

Rsf-1 interacts with cyclin E1

To identify candidate proteins complexing with Rsf-1, we performed immunoprecipitation
in OVCARS cells known to amplify and overexpress RSF1 [26]. Silver staining of the
immunoprecipitates demonstrated a robust protein with a molecular mass corresponding to
SNF2H and several novel bands including one with a molecular mass of approximately 47
kDa (Figure 1A). Mass spectrometry followed by peptide sequencing identified the 47 kDa
protein as cyclin E1 (Figure 1B). Reciprocal co-immunoprecipitation indicated the direct
interaction between Rsf-1 and cyclin E1 (Figure 1C). Moreover, SNF2H can be also
immunoprecipitated with cyclin E1 (Figure 1D), which occurs only when Rsf-1 was turned-
on in Rsf-1 inducible SKOV3 cells [9, 21]. These results confirmed the interaction between
cyclin E1 and RSF complex via direct binding to Rsf-1, but not SNF2H.
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Co-upregulation of Rsf-1 and cyclin E1 in ovarian high-grade serous carcinomas

To test if Rsf-1 and cyclin E1 co-upregulated, we correlated expression levels of Rsf-1 and
cyclin E1 using immunohistochemistry in 127 ovarian high-grade serous carcinomas.
Figures 2A and 2B indicated positive correlation between Rsf-1 and cyclin E1
immunoreactivity with a Spearman’s rank correlation coefficient of 0.661 and P<0.0001.
Especially, cancer cells with Rsf-1 immunointensity score =3 had higher percentages of cells
showing high cyclin E1 immunoreactivity than those with Rsf-1 score <2 (Figures 2B). The
cutoff of Rsf-1 immunointensity score (<2 versus =3) used in this report was based on our
previous study [8] showing that samples with Rsf-1 score >3 contained RSF1 amplification
in ovarian carcinoma. This cutoff has been independently used in other clinical studies [24,
29]. In fact, genomewide studies by digital karyotyping indicated the existence of co-
amplification at both RS=1 and CCNEL loci in OVCARS3 cells (Figure 2C) [8].

To further validate the interaction between Rsf-1 and cyclin E1 in ovarian cancer, we
performed co-immunoprecipitation in two representative tumor tissues: JH352 with
abundant Rsf-1 and cyclin E1, and JH574 with abundant cyclin E1 and modest amount of
Rsf-1. In both specimens, Rsf-1 was found co-immunoprecipitated with cyclin E1 (Figure
2D), indicating biological significance of the interaction between Rsf-1 and cyclin E1 in
ovarian high-grade serous carcinoma.

Rsf-1 and cyclin E1 promote tumorigenicity in the presence of p53mut

Given the roles of Rsf-1 and cyclin E1 in cancer pathogenesis [25, 30-33] and their
upregulation in serous tubal intraepithelial carcinomas, the precursor lesions of ovarian
high-grade serous carcinoma [34], we determined if ectopic expression of both proteins
could transform non-tumorigenic epithelial cells. Since our recent study demonstrated a
prerequisite of p53 functional loss for Rsf-1 to promote tumor progression [22], we
reconstituted Rsf-1 expression together with cyclin E1 and human p53R175H in RK3E cells.
RK3E cell ling, a cellular model widely used for studying transforming ability of potential
oncogenes [35-40]. Notably, this cell line was amenable for stable expression after multiple
transfections of different constructs as other non-transformed cells and primary cultures
were not available for this purpose. Furthermore, our previous study has shown the
capability of ectopic Rsf-1 to form RSF chromatin remodeling complex with endogenous rat
SNF2H in this cell line [22]. Using Western blot and co-immunoprecipitation analyses, we
detected increased levels of Rsf-1 and cyclin E1 in those inducible RK3E clones as early as
6 hours after induction (Supplemental Figure 1A) and ectopic cyclin E1 can interact with
RSF complex (Supplemental Figure 1B). Cell growth assay showed that RK3E cells co-
expressing Rsf-1, cyclin E1, and p53R17°H produced the highest cell numbers in vitro as
compared to cells expressing other combinations of those genes (Figure 3A). We then
injected individual groups of RK3E cells into subcutaneous tissue of immunocompromised
mice and found that cells co-expressing Rsf-1, cyclin E1, and p53R175H produced tumors in
all mice tested. By contrast, none of other groups produced grossly detectable tumors
(Figure 3A).

Microscopic examination of excised RK3E tumors revealed a highly invasive pattern with
tumor cells deeply infiltrating into surrounding normal tissues (Figure 3B). Abnormal
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mitotic figures including tri-polar or tetra-polar metaphase (8.2% + 4.8%) and anaphase
bridges (2.0% + 1.8%) were readily observed (Figure 3C). Immunohistochemistry
confirmed the expression of Rsf-1, p53R175H ‘and cyclin E1 in all tumors (Figure 3D).
Sequence analysis of genomic DNA purified from mouse tumors showed the introduced
human p53R175H (CGC to CAC) coding an amino acid change of R to H at the position 175.
To further understand the functional interaction among Rsf-1, cyclin E1 and p53 in cancer,
cyclin E1 depletion (Figure 3E) or p53 restoration (Figure 3F) was found sufficient to
reduce cell growth in OVCARS cells which expressed a high level of Rsf-1, suggesting the
essential role of cyclin E1 for Rsf-1 in promoting cell growth in cancer cells with a TP53Mut
genetic background.

Identification of the cyclin E1-binding domain on Rsf-1

In order to assess biological roles of cyclin E1 in complex formation with Rsf-1, we tried to
identify the minimal domain on Rsf-1 binding to cyclin E1. Several Rsf-1 deletion mutants
with a V5-tag at their C-termini were fused with a GST-tag and utilized to perform co-
immunoprecipitation with cyclin E1 (Figure 4A). GST pull-down assay revealed that cyclin
E1 co-immunoprecipitated with Rsf-D1 and Rsf-D4 fragments in addition to the full-length
Rsf-1 (Figure 4B). Moreover, using anti-V5 antibodies, we were able to co-
immunoprecipitate Rsf-D1/V5 and cyclin E1 in OVCARS cells (Figure 4C). More
importantly, excessive exogenous Rsf-D1 reduced the interaction between Rsf-1 and cyclin
E1 in a dose-dependent manner, indicating a competition between Rsf-D1 and Rsf-1 for
cyclin E1 binding (Figure 4D). Thus, we confirmed Rsf-D1 (amino acids 1-441) the cyclin
E1-binding domain on Rsf-1. Rsf-D1 contained a DDT domain involved in protein
interaction and a Glu-rich transactivating domain for transcription factors, but lacked the
PHD and Arg-rich domains (Figure 4A).

RSF/cyclin E1 complex controls G1/S-phase transition

To study the possible roles of Rsf-1 in cell cycle regulation, we synchronized RK3E-
p53R175H/Rsf-1/cyclin E1 cells by the double-thymidine block method. After cells were
released from G1/S-phase and entered the S-phase, the expression level of Rsf-1
dramatically reduced and upregulated again when cells were entering G1-phase. The same
pattern could also be detected in cyclin E1 (Figure 5A). The above data suggest that Rsf-1
may collaborate with cyclin E1 in regulating G1/S check point. To test this possibility, we
starved the cells under Rsf-1/cyclin E1-turned off and -turned on conditions for 24 hrs, and
re-stimulated the cells with 10% FBS. Our data demonstrated that co-overexpression of
Rsf-1 and cyclin E1 further promoted G1/S-transition after serum stimulation, resulting in
higher population of cells at S- and G2/M-phases (Figure 5B). Kinase activity assays also
confirmed that the corresponding activity of CDK2 (or cyclin E1l-associated kinase
complex) could be enhanced by high levels of Rsf-1 and cyclin E1 as compared to the Rsf-1/
cyclin E1-turned off control (Figure 5C). As expected, Rsf-D1 expression in Rsf-1/cyclin
E1-turned on cells blocked such growth-stimulating signals, resulting in a G1/S-transition
rate and CDK2 activity similar to the ones in Rsf-1/cyclin E1-turned off cells.
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Full-length Rsf-1 is required for tumor-promoting activity of the RSF/cyclin E1 complex

To know if the minimal interacting region determines gross tumor growth, RK3E-p53R175H/
Rsf-1/cyclin E1 cells were stably transfected with an Rsf-D1/V5 construct or an empty
vector as the negative control. Western blot analysis demonstrated that the selected stable
clone constitutively expressed Rsf-D1/V5 and p53R175H/Xpress as detected by anti-V/5 and
anti-Xpress antibodies, respectively (Figure 6A). Proliferation assays indicated that RK3E-
p53R175H/Rsf-1/cyclin E1 cells transfected with the empty vector were highly proliferative
when both Rsf-1 and cyclin E1 were turned-on (Figure 6B). By contrast, the growth rate of
cells transfected with Rsf-D1 did not significantly change between Rsf-1/cyclin E1 turned-
on and turned-off groups. Next, we assessed whether such minimal binding domain affected
tumorigenicity of RK3E-p53R175H/Rsf-1/cyclin E1 cells by injecting cells with and without
Rsf-D1 expression to subcutaneous tissue of nu/nu mice. We found that the vector control
group formed tumors in 10 of 10 (100%) injection sites whereas the Rsf-D1 expressing
group formed tumors in only one of 10 (10%) injection sites (Figure 6C). The tumor weight
in control group was also significantly higher than that in Rsf-D1 group (p< 0.001).

Discussion

Our study provides clear evidence that cyclin E1 directly interacts with RSF ISWI complex
through binding to Rsf-1, a finding suggestive of a molecular cross-talk between chromatin
remodeling and cell cycle regulation. This finding is interesting because only SNF2H has
been reproducibly reported so far as the binding partner of Rsf-1. Since RSF chromatin
remodeling participates in a variety of nuclear activity including regulation of gene
expression [41], it is likely that RSF complex interacts with other nuclear proteins to exert
its context-dependent chromatin remodeling functions. With the recent finding of cyclin D1
in assembling/stabilizing RAD51 DNA repair complex [42], our study supports a non-
catalytic function for cyclin E1 besides a cell cycle regulator. It is plausible that excessive
Rsf-1 recruits and directs cyclin E1 to specific subchromosomal regions involving active
chromatin remodeling where DNA synthesis and repair take place, although the detailed
mechanisms await further investigation. The molecular collaboration between Rsf-1 and
CCNEL, two frequently amplified oncogenes in ovarian cancer, provides a new opportunity
in understanding the role of ISWI chromatin remodeling in cancer.

Complex formation between Rsf-1 and cyclin E1 suggests that they are co-upregulated in
cancer. In fact, Rsf-1 induction is associated with increased cyclin E1 in Rsf-1-nducible
SKOV3 cells, probably due to complex stabilization (Supplementary Figure 2).
Furthermore, a significant positive correlation between Rsf-1 and cyclin E1 expression was
found in ovarian high-grade serous carcinomas. Excessive Rsf-1 and cyclin E1 proteins may
collaborate to promote oncogenesis by increasing cellular proliferation that overrides
negative regulatory mechanisms operating in non-transformed cells. To test this hypothesis,
we engineered RK3E cells to express different combinations of Rsf-1, cyclin E1, and
p53MUt We constitutively express cyclin E1 because upregulation of cyclin E1 by Rsf-1 may
not achieve the level as high as that in in ovarian cancer cells. Mutant p53 was introduced
because our recent study showed TP53™M! essential for non-transformed cells to survive
following ectopic expression of Rsf-1, which otherwise would trigger DNA strand breaks
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followed by DNA damage response leading to cell cycle arrest and apoptosis [22]. Cell
cycle analysis revealed that the interaction between Rsf-1 and cyclin E1 enhances the
activity of CDK2/cyclin E complex and promotes G1/S transition rate in cells with p53Mut,
Indeed, Rsf-1 could increase the efficiency of tumor formation in mice only if the cells had
also been engineered to express cyclin E1 and p53™MUt, supporting molecular collaboration of
Rsf-1, cyclin E1 and TP53™Ut in tumor initiation. Expression of Rsf-1 deletion mutants (Rsf-
D1 and Rsf-D4) that contain the binding domain to cyclin E1 abolishes growth stimulating
effects and tumorigenicity in mice. Although Rsf-D1 and Rsf-D4 may have effects on
cancer cells other than binding to cyclin E1, our finding suggests Rsf-1-cyclin E1 interaction
a prerequisite for their oncogenic collaboration.

Several molecular models have been developed to simulate tumorigenesis of ovarian high-
grade serous carcinoma, but their biological significance remains elusive, mainly because
genes like SV40 T antigen and H-RAS [43, 44] introduced into those cell models appear
biologically irrelevant. By contrast, our approach might provide a more real scenario of how
cancer develops in human ovary, especially for ovarian high-grade serous carcinoma. First,
we overexpressed both cyclin E1 and Rsf-1 because genomic loci harboring CCNE1 and
RSF1 are among the most frequently amplified chromosomal regions in this tumor type.
Furthermore, both genes are among the top 60 “driver” genes that show the most significant
correlation between DNA copy number and RNA expression level by analyzing whole
ovarian cancer genome from the Tumor Genome Atlas (TCGA) data set [45]. Clinically,
upregulation of both genes is associated with a worse clinical outcome in patients [8, 25, 29,
31, 46, 47], and biologically, expression of both RSF1 and CCNEL1 are able to stimulate
cellular growth in vitro and propel tumor progression in vivo [18, 25, 46].

Similarly, TP53MUt was introduced in this model because of its high prevalence (>85%) in
high-grade ovarian serous carcinomas [48]. More importantly, somatic TP53 mutations and
upregulation of Rsf-1 and cyclin E1 occur very early in tumor progression as observed in
non-invasive (in situ) precursor lesions, serous tubal intraepithelial carcinoma, but not in the
adjacent normal tubal epithelium [34, 49]. Thus, we proposed the defined molecular
alterations sufficient for tumorigenicity based on co-expression of three early and prevalent
molecular changes. Future engineered mouse models that express Rsf-1, cyclin E1, and
p53Mut in ovary and fallopian tube are required to determine if this is the case in developing
ovarian cancer.

In summary, our study demonstrates a role for interaction between cyclin E1 and RSF
chromatin remodeling complex which collaborates with p53™Ut in promoting cell growth
and tumorigenicity of non-transformed cells. During cancer development, the interaction
between full-length Rsf-1 and cyclin E1 is required for tumor growth, or otherwise the
tumorigenicity can be reduced. The biological relevance of those molecular alterations
comes from a high correlation among Rsf-1 expression, cyclin E1 expression and TP53
mutations in clinical tumor specimens. The findings reported here could have significant
implications for future studies aimed at elucidating the pathogenesis of ovarian high-grade
serous carcinoma.
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Cyclin E1 forms a complex with Rsf-1 and SNF2H. (A) Silver stained SDS-PAGE gel
shows several novel proteins as well as SNF2H co-immunoprecipitated with Rsf-1. Protein
G with an irrelevant antibody was used as the negative control. (B) NanoLC-MS/MS
analysis revealed that the cyclin E1 band contained several peptide sequences (bold fonts
with underlines) that matched cyclin E1 protein sequence. (C) Reciprocal co-
immunoprecipitation demonstrates complex formation between Rsf-1 and cyclin E1. Lane 1:
protein G/Ab blank control; lane 2: co-immunoprecipitation; lane 3: cell lysate (5% input).
(D) Using Rsf-1 inducible SKOV3 cells, both Rsf-1 and SNF2H co-immunoprecipitated
with cyclin E1 when Rsf-1 was turned-on. Lane 1: protein G control; Lane 2: Rsf-1 turned-
on; Lane 3: Rsf-1 turned-off. The total input lysates in this experiment have been adjusted so
the total amount of SNF2H in each group remains similar.
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Figure2.
Expression of Rsf-1 and cyclin E1 in high-grade ovarian serous carcinomas. (A) Scatter plot

of Rsf-1 and cyclin E1 immunoreactivity based on immunohistochemistry. The majority of
tumors with Rsf-1 overexpression (intensity score > 3) express a high level of cyclin E1.
Each symbol represents an individual high-grade serous carcinoma. Error bar: mean *
interquartile range. (B) Rsf-1 and cyclin E1 staining in two representative specimens. One
exhibits an intense Rsf-1 staining with an intensity score of 4+ and a high level of H-score
for cyclin E1. The other specimen shows weak Rsf-1 immunoreactivity with intensity score
of 1+ and demonstrates an H-score of 60 for cyclin E1. (C) Genome-wide study of genetic
alterations by digital karyotyping reveals co-amplification of tumor driver genes in
OVCARS cells, including RSF1 and CCNEL1 [26]. (D) Reciprocal co-immunoprecipitations
in two ovarian high-grade serous carcinoma specimens, JH352 and JH574.
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Figure 3.
Effects of combined expression of Rsf-1, p53R175H and cyclin E1 in cellular proliferation

and tumorigenicity. (A) A series of stable RK3E cells with different combinations in
expressing Rsf-1, p53R175H and cyclin E1 were generated. In vitro, RK3E cells that
expressed Rsf-1, cyclin E1, and p53R175H showed the highest cell number as compared to
cells in other groups. The data are expressed as the ratio of cell numbers (gene turned-on/
off) at Day 4. Cells co-expressing Rsf-1, p53R175H and cyclin E1 produced subcutaneous
tumors in all 10 mice 4 weeks after injection, whereas none of other groups produced tumors
in any mice. Filled circles, mice developing tumors; open circles, mice without tumors. Each
circle represents a mouse in the experiment. (B) Microscopically, the RK3E tumors were
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highly invasive as the tumor cells deeply infiltrated the surrounding skeletal muscle (M)
(hematoxylin and eosin stain). (C) Left panel, higher magnification of anaphase bridges.
Middle panel, a tri-polar metaphase. Right panel, a tri-polar mitotic figure with anaphase
bridges. (D) Immunohistochemistry demonstrated diffuse and intense immunoreactivity of
Rsf-1, p53MUt and cyclin E in a representative tumor. Skeletal muscle (M) serves as a
negative control. Sequence analysis of genomic DNA purified from the tumor confirms the
TP53MUt from CGC to CAC (asterisk). Cyclin E1 depletion by specific SARNAs (E) or p53Wt
restoration (F) caused cell growth suppression in OVCARS cells,
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Figure4.

Rsf-D1 (1-441 a.a.) is responsible for interacting with cyclin E1. (A) Schematic presentation
of the Rsf-1 deletion mutants tagged with V5 on their C-termini (open circles). D, a
conserved DDT domain for DNA-binding homeobox-containing proteins; Glu, glutamine-
rich domain; PHD, plant homeodomain; Arg, arginine-rich domain. (B) Expression of
various Rsf-1 deletion mutants (top) and GST pull-down of mutant proteins that co-
immunoprecipitate with cyclin E1 (bottom). (C) The interaction of Rsf-1 and cyclin E1 was
further confirmed by immunoprecipitation of V5 tagged Rsf-1 fragments and Western blot
with anti-cyclin E1 antibodies. (D) The interaction between Rsf-1 and cyclin E1 could be
blocked by excessive exogenous Rsf-D1.
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Involvement of the RSF/cyclin E1 complex in G1/S-phase transition. (A) Expression levels
of Rsf-1 change alone with cell cycle progression with the highest level at G1/S-phase
transition and lowest levels at S-phase. Right panel indicates cell population of cell cycle
phases at indicated time points after cells were released from double-thymidine block. (B)
The G1/S-phase transition rate of treated cells was measured by flow cytometry analyses
after 24-hrs serum starvation followed by 10% FBS stimulation. (C) CDK2- or Cyclin E1-
associated kinase activity in treated cells was measured by ELISA assay using either anti-

CDK?2 or anti-cyclin E antibodies to capture kinase complex.
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Figure®6.
Rsf-D1 (1-441 a.a.) decreases tumor-promoting activity of RSF/cyclin E1 complex. Rsf-

D1/V5 gene was introduced into the tumorigenic RK3E cells co-expressing p53R175H, Rsf-1
and cyclin E1. (A) Western blot analysis demonstrated the selected stable clone
constitutively expressing Rsf-D1 (anti-V5) and p53R17°H (anti-Xpress). GAPDH served as
the loading control. (B) Rsf1-D1 overexpression attenuates RSF/cyclin E1 proliferation-
enhancing activity. RK3E-p53R175H/Rsf-1/cyclin E1 cells transfected with the empty vector
showed high proliferative activity when both Rsf-1 and cyclin E1 were turned-on. By
contrast, growth rate of cells transfected with Rsf-D1 vector was not significantly changed
when Rsf-1 and cyclin E1 were turned-off. The data are expressed as the ratio of cell
numbers (gene turned-on/off). (C) Both vector and Rsf-D1 transfected cells were injected
into immunocompromised (nu/nu) mice, with two injection sites per mouse (five mice per
group). Vector treated cells produced tumors in 100% (10/10) of sites with larger tumor size,
as compared to Rsf-D1 expressing cells which produced tumors in 10% (1/10) of sites.
Filled circles, injection sites developing tumors; open circles, injection sites without tumors.
Each circle represents an individual injection site.
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