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Introduction:

The overall purpose of this 3 year study is to test the hypothesis that alterations of cyclin E in
ovarian cancer cells contributes to the oncogenesis of ovarian tumors and negatively impacts
outcome in patients with Stage I-111 ovarian cancer. We have accomplished all the aims of the
study and our findings were recently published in the journal Clinical Cancer Research. Below

is a detailed description of this study.

Over expression of the cyclin E protein has been linked to shortening of G1 phase of the
cell cycle,* decreased requirement for growth factors,” enhanced cell proliferation, induction
of chromosomal instability®* and polyploidy.® These processes contribute towards the
oncogenic potential of cyclin E. Most importantly, cyclin E protein levels have been shown to
correlate with amore aggressive tumor phenotype and adverse prognosis in a number of
malignancies including breast, ovarian, gastric, non-small cell and adrenocortical carcinomas as
well as non-Hodgkin’ s lymphoma.©®*

The maor form of deregulation of cyclin E isat the level of protein. In examining cyclin
E deregulation in breast cancer, we have previoudly published that irrespective of whether or not
the gene is amplified (which occurs only in 10% of al breast cancer cases), the proteinis
independently deregulated. In fact, we have shown that in both normal and tumor cells, at the
level of RNA, cyclin E is present as multiple splice variants, however these splice variants do not
give rise to protein products.™® Therefore, it appears that primary process that contributes to
deregulation of cyclin E is through post-trandational proteolytic cleavage of the full length

protein by elastase which results in generation of the low molecular weight (LMW) forms.™”
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In ovarian cancer, cyclin E gene amplification has been described in 12-21% of ovarian
tumors” ®with RNA over expression reported in as many as 30% of cases”*®* and up to 70%
of tumors are reported to show over expression at the protein level.”®# Of note, all the studies
of cyclin E protein expression have relied on immunohistochemical techniques that may not be
as sendtive as western blot analysis for the overexpression and detection of the LMW of this cell
cycle regulator.*? Cyclin E expression and itslink to patient outcomes in ovarian carcinoma has
been investigated in a handful of studies.® 2" The majority of these reports show that cyclin
E is an important mediator of survival in ovarian cancer.®**#-2 None of the studies on cyclin E
in ovarian cancer have evaluated the impact of cyclin E associated kinase activity on clinical
endpoints. Thisis particularly significant since protein expression may not necessarily trandate
into function, especialy in proteins whose function is to cataytically activate a process, in this
case the G1 to Strangition.

Additionally, in contrast to the prognostic studies of cyclin E in cancer, there is scant
information as to itsrole as a predictor of response to systemic therapy. In breast cancer the
presence of deregulated cyclin E has been shown to be a predictor of resistance to anti-estrogen
therapy primarily as aresult of resistance to inhibition by p21 and p27.® Additionally, we have
previoudy reported that over expression of the deregulated, LMW isoforms of cyclin Einanin
vitro ovarian cancer cell line model provides these cells with a proliferative advantage and
resistance to inhibition by p21 and 27.2 Cyclin E overexpression in this ovarian cancer model
system also increased senditivity to cisplatin treatment. We therefore hypothesized that cyclin E
over expression, by abrogating the G1 checkpoint and increasing the proliferative fraction would
make tumor cells more susceptible to S phase targeted therapies such as cisplatin. 1n addition,

since the biologic functions of cyclin E is effected in part through its associated kinase activity,
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we further hypothesized that cyclin E over expression and thus, enhanced associated kinase
activity, would also predict for response to platinum based therapy. We tested this hypothesis
clinically in a cohort of 75 patients with advanced ovarian carcinoma who underwent optimal
surgical debulking followed by platinum based chemotherapy. Since the major form of
deregulation of cyclin E isat thelevel of protein, we measured cyclin E protein levels as the

variable of interest to compare to our clinical endpoints.

In the last year of the proposed grant we have completed the last aim/task of this grant
application and have also published our work. [Cyclin E-associated kinase activity predicts
response to platinum-based chemotherapy. Bedrosian I, Lee C, Tucker SL, PallaSL, LuK,
Keyomars K. Clin Cancer Res. 2007 Aug 15;13(16):4800-6.]

Reaults

Association Between Cyclin E and Clinical, Histologic and Molecular Variables

A representative panel of tumor samples and their expression of cyclin E, p27 and p21 by
western blot analysis are shown in Figure 1. Overexpression of cyclin E seen in the majority of
tumors (84%) correlated to the appearance of the LMW forms of the protein and also appeared to
correspond to higher expression of p27 (Figure 2). p21 levels were undetectable in nearly all

ovarian tumorsin this study and therefore no further analysis with this variable was performed.

Cyclin E expression levels as measured by densitometry ranged from 2.2 x10* to 2.7x10° units
with amedian value of 5.0 x10°. Cyclin E levels were independent of age, tumor stage and

histology (Table 1). Increasing cyclin E levels did however correlate significantly with
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increasing p27 levels (p=0.04)

although with arelatively low

correlation co-efficient for this

association of 0.24 (Figure 2). These

dataarein contrast with previous
reports showing an inverse correlation
between cyclin E over expression and
p27 levels.® %2 Therefore, the low
correlation coefficient observed in our
study suggests that the prognostic
relevance of cyclin E overexpression
may be independent of p27.

Determination of Cyclin E Associated

Sufficient sample was available from 74 of the 75 patients for cyclin E associated kinase

evauation. Cyclin E immmunoprecipitates from each tumor sample were assessed for cyclin E

associated kinase activity using Histone H1 as substrate. Relative kinase activity for each

sample was calculated as a percent of reference control sample. In order to ensure
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reproducibility of the assay, 11 samples
were repeated at least twice. These
samples were repeated on different days at
least 1 week apart. The results of 10 of
these samples are shown in Figure 3. As
can be seen, cyclin E associated kinase
activity, represented by phosphorylation
of the Histone H1 substrate, is similar across replicate samples despite being performed on
different days. Sample means and standard deviation were also calculated for each replicate

sample and the co-efficient of variation was computed. The average co-efficient of variation was

9.9% indicating high reproducibility. These data supports the robustness of the cyclin E
associated kinase assay and indicate that the results obtained are reliable measures of the cyclin
E associated kinase activity of tumor samples.

Association Between Cyclin E Expression and its Associated Kinase Activity
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We next examined the correlation between cyclin E expression level and its associated kinase
activity in the 74 patients for whom both data points had been obtained. As described above,
relative cyclin E kinase activity for each
sample was calculated as a function of the
control specimen tested on each gel. We
found no statistically significant
correlation between cyclin E protein level
in the tumor samples and relative cyclin E
associated kinase activity (p=0.58) (Table
1, Figure 4). This result demonstrates the
complexity of kinase activity which
depends not only on the protein level of
cyclin E, but also on the levels of its kinase binding partner, cdk2, expression of the natural
inhibitors, p21 and p27 (Figure 5) as well as other kinase binding partners, some known (such as
cdk1) and others unknown to date. Thus, examining just the level of cyclin E protein may
provide an incompl ete assessment of the function of this protein.
Response to Chemotherapy
Clinical dataon all 75 patients was available to determine response to platinum based
chemotherapy. Using the GOG criteria (see methods), 21 patients were identified as non-
responders and 54 were responders, including 16 patients who never recurred during the follow-
up period; median follow-up for al patients was 28 months, range 1-125 months. All patients
classified as responders had a minimum of 6 months of follow-up after completion of primary

therapy. We investigated the association of clinical variables, aswell as expression levels of
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cyclin E and p27, and cyclin E associated kinase

activity to clinical response outcomes. In univariate analyses, the only predictor of response was
the cyclin E associated kinase activity of the tumor sample (normalized to cyclin E [kinase/cyclin
E ratio] as described in methods), with low normalized kinase activity predicting for alesser
likelihood of response (Table 2) (Figure 6). Neither cyclin E protein levels nor p27 expression
levels were found to be predictive of response. All the variables assessed by univariate analysis
were next tested in amultivariate logistic regresson model. Again, the only factor that
significantly predicted response to platinum based chemotherapy was the cyclin E associated
kinase activity. Thisresult underscores the importance of evaluating cyclin E associated kinase

activity as avariable independent of protein level expression.

Freedom from Recurrence and Overall Survival

We next used the Cox proportiona hazardsratio to investigate the association between clinical
and molecular factors and freedom from recurrence (FFR). For continuous variablesin this
anaysis (age, cyclin E levels, p27 levels and ratio of cyclin E associated kinase/cyclin E protein
level), the median value was utilized to divide patients into subgroups for comparison. As seen in
Table 3, only cyclin E protein levels were significant predictors for FFR with a hazard ratio of

2.0 (95%CI[1.2, 3.4]), p=0.01). Stage IV disease approached significance with a p value of 0.06.
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Interestingly, cyclin E associated kinase activity did not predict for FFR (p=0.25). Age, histology

(serous vs non-serous), and p27 expression level also had no impact on FFR.

Overall survival datais shownin Table 4. The only variable that predicted for overall survival
was Stage |V disease (HR 5.9, 95% ClI [2.3, 15.2], p<0.01). Neither cyclin E nor cyclin E
associated kinase activity was predictive of overall survival. Thisis not unexpected given the
fewer eventsin this analysis which limits statistical power. In addition, the heterogeneity of
salvage therapies instituted after relapse also likely makes it difficult to directly test the relevance

of cyclin E on disease biology and survival.

Discussion

Therole of cyclin E in oncogenesis and its function asa clinical prognostic indicator in cancer
patients has been the focus of many reportsin recent years. Our increasing understanding of the
biology of deregulated cyclin E has highlighted the diverse functions of this protein, independent
of itsrolein regulating the G1/S checkpoint and independent of its primary kinase partner, cdk2.
By investigating the roles of cyclin E protein and its associated kinase activity in predicting

clinical outcomes such as response to therapy, our data provides the first clinical evidence of the
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diversity of cyclin E'srole in the oncogenic process and provides important translational support

for cyclin E functions independent of its associated kinase activity.

Based on our preclinical models,® we had anticipated that cyclin E levels would be predictive of
higher levels of cyclin E associated kinase activity and would also identify patients with higher
propensity to respond to S-phase targeted therapy such as cisplatinum and carboplatinum. We
were therefore surprised to find that cyclin E protein levels did not correlate with cyclin E
associated kinase activity and had no predictive vaue on response parameters. Rather, the direct
measure of cyclin E associated kinase activity, which islikely a measure of higher proliferative
activity, was the only predictive marker of platinum sensitivity. This decoupling of cyclin E
protein level from that of its associated kinase activity impliesthat cyclin E has additional

functions, independent of its associated kinase activity.

There are few reports of cyclin E activities that are specifically separate from its partnership with
cyclin dependent kinases. A suggestion that cyclin E may have important biological roles that
are independent of its ability to bind and activate cdk2 comes from studies where cdk2 has been
shown to be dispensable for tumor formation in p27 null animals, but cyclin E deficient cells are
relatively resistant to oncogenic transformation.®® More direct evidence comes from recent data
that cyclin E has a centrosomal localization signal that is independent of its kinase function.®
Whether additional roles of deregulated cyclin E such as induction of chromosomal instability®
and activation of DNA damage checkpoints® are independent of cyclin E associated kinase

activity are unknown and subject to further testing.
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Our finding in this study that cyclin E and p27 levels rise concordantly isin contrast with other
reports.? 22" |t has been suggested in these studies that it is high cyclin E levelsin conjunction
with low p27 levels that is the primary predictor of poor clinical outcome in patients with cyclin
E overexpressing tumors. The discrepancy between our data and other reportsis difficult to
reconcile. The most likely reasons are differences in assay systems. First our use of western blot
assays likely increases the sensitivity of detection of these proteins. Second, we did not
determine cut points or assign high/low groupings when comparing the association between
these 2 markers, instead choosing to compare them as continuous variables, which isamore

accurate representation of true differences than arbitrary cut off points.

Consistent with other reports, our study shows that cyclin E protein levels were predictive of
patient outcomes measured in our series as afunction of FFR. We chose to utilize primarily the
FFR endpoint for the following reasons:. i) more events were available for FFR therefore
providing more statistical power for the analysis. Sixty patients had experienced recurrencesin
the follow-up period, with only 32 of these patients having died, and ii) the FFR endpoint does
not reflect the effects of any salvage therapy instituted after relapse and hence provides a more
direct evaluation of cyclin E over expression on tumor biology and behavior. However, we also
report on the novel finding that cyclin E associated kinase activity had no prognostic relevance.
Our data therefore imply a compartmentalization of cyclin E’s oncogenic functions, with kinase
activity likely reflecting the proliferative advantage conferred to the tumor cell and determining
response to chemotherapy, and kinase independent activity promoting additional biologic
processes that impact survival outcomes. These kinase independent activities of cyclin E remain

unknown at present but may include cyclin E’ srole in mediating oncogenic stress and genomic



P.I. Khandan Keyomarsi, Ph.D.
page 14

instability. Our observation on the separate roles of cyclin E and cyclin E associated kinase
activity also explains why cyclin E protein expression has not consistently correlated with
measures of proliferation such aski-67. We would anticipate that such a correlation would be
better assessed by investigating the association between proliferation and cyclin E associated

kinase activity.

As agentstargeting cyclin dependent kinases undergo clinical trials, the results from our study
highlight that cyclin levels may not be an appropriate surrogate for cyclin associated kinase
activity. For instance, cyclin E activity is dependent on multiple factorsin addition to the level of
cyclin E expression, including expression of cdk2, p21 and p27. It is the sum of these
components that determines the ultimate activity of the cyclin E-cdk complex which mediates
the trangition across the restriction point into S-phase. Our data therefore suggests that therapies
that target the cyclin dependent kinase activity may need to select patients on the basis of kinase
function rather than expression of the target protein. An additional implication of our findingsis
that even successful targeting of cyclin dependent kinase pathways may not ater the ultimate

clinical outcome (disease recurrence) of patients with ovarian cancer.

Our study utilized tissue collected from patients as part of a prospective protocol for tissue
banking at our institution. Although patients enrolled are prospectively identified, enrollment
and tissue acquisition is predicated on a number of factors. First, patients have to acquiesce to
enrollment and tumor collection. The second is the determination by the pathologist that a
portion of the tumor can be banked without compromising pathologic evaluation. Therefore,

even in a prospective collection process, patient and pathologist influences may bias the
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collection process and potentially the results obtained. It isdifficult to speculate how such biases
may impact the results reported. Therefore, validation of our findings using samples from other

banked sources will be important.

In summary, our study makes the novel observation that cyclin E protein and cyclin E associated
kinase activity have distinct roles on clinical outcome measuresin ovarian cancer patients. This
data adds to our understanding of the complexity of cyclin E deregulation on the oncogenic
process and suggests that cyclin E has functions independent of its associated kinase activity that
are determinants of survival. A better understanding of these kinase independent activities
mediated by cyclin E deregulation is critical to be able to meaningfully target cyclin E and thus
impact the long term prognosis of patients with cyclin E overexpressing tumors.
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Conclusions

As presented in detail in this report-we have addressed all the tasks in this grant and our

manuscript was published in Clinical Cancer Research, referenced here.

Cyclin E-associated kinase activity predicts response to platinum-based chemotherapy.
Bedrosian I, Lee C, Tucker SL, PallaSL, Lu K, Keyomars K. Clin Cancer Res. 2007 Aug
15;13(16):4800-6.
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