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Abstract
Objective—To compare the in vitro sensitivity/resistance to patupilone versus paclitaxel in uterine
serous papillary carcinoma (USPC) with high versus low HER-2/neu expression.

Methods—Six primary USPC cell lines, half of which overexpress HER-2/neu at a 3+ level, were
evaluated for growth rate and tested for their in vitro sensitivity/resistance to patupilone versus
paclitaxel by MTS assays. Quantitative RT-PCR was used to identify potential mechanisms
underlying the differential sensitivity/resistance to patupilone versus paclitaxel in primary USPC cell
lines.

Results—Cell lines overexpressing HER-2/neu showed higher proliferation when compared to low
HER-2/neu-expressing cell lines. Compared to low-expressing cell lines, high HER-2/neu expressors
were significantly more sensitive to patupilone than to paclitaxel (P < 0.0002). In contrast, there was
no appreciable difference in sensitivity to patupilone versus paclitaxel in primary USPC cell lines
with low HER-2/neu expression. Higher levels of β-tubulin III (TUBB3) and P-glycoprotein
(ABCB1) were detected in USPC cell lines with high versus low HER-2/neu expression (P < 0.05).

Conclusions—USPC overexpressing HER-2/neu display greater in vitro sensitivity to patupilone
and higher levels of the patupilone molecular target TUBB3 when compared to low HER-2/neu
expressors. Due to the adverse prognosis associated with HER-2/neu overexpression in USPC
patients, patupilone may represent a promising novel drug to combine to platinum compounds in this
subset of aggressive endometrial tumors.
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Introduction
Endometrial cancer is the most common female genital tract malignancy in the United States,
with an incidence of 42,160 new cases and 7,780 deaths in 2009 [1]. Uterine serous papillary
carcinoma (USPC) represents the second most common histologic type of endometrial cancer,
constituting up to 10% of all endometrial tumors [2-5]. Due to its propensity for early
intraabdominal and lymphatic spread and its inborn resistance to chemotherapy, USPC is
characterized by a highly aggressive biologic behavior [2-5]. The survival rate is dismal, even
when USPC is only a minor component of the histologically more common endometrioid
adenocarcinoma, and widespread metastasis and high mortality may occur even in those cases
in which tumor is confined to the endometrium or to an endometrial polyp [2-6]. The overall
5-year survival is about 30% for all stages and the recurrence rate after surgery is extremely
high (50% to 80%). A better understanding of the molecular basis of the aggressive biologic
behavior of USPC as well as the development of novel, more specific and more effective
treatment modalities against this variant of endometrial cancer remain a high priority.

Patupilone (epothilone B; EPO906), a macrocyclic polyketide, is a member of the epothilone
class, a group of microtubule-stabilizing agents [7]. Although structurally unrelated to the
taxanes, patupilone binds to a similar, although not identical, pharmacophore on the B-tubulin
subunit of microtubules [7,8]. Data suggest that patupilone binds to this site with higher affinity
than other epothilones or taxanes [9-11] and it is a more potent inducer of tubulin dimerization
and is more effective in stabilizing preformed microtubules than paclitaxel [9-12]. This finding
has been attributed to patupilone’s ability to competitively inhibit the binding of paclitaxel to
microtubules, and in particular, to β-tubulin III [10-12]. Patupilone has been shown to exhibit
a 3- to 20-fold higher in vitro cytotoxic potency than paclitaxel, and to have cytotoxic activity
in a broad range of paclitaxel-sensitive and resistant cells overexpressing the P-glycoprotein
efflux pump [10-12]. Importantly, preclinical data have confirmed that patupilone may retain
activity in patients relapsing from or resistant to a taxane-containing chemotherapy [10-12].

Our group has previously reported HER-2/neu overexpression by IHC and amplification of the
c-erbB2 gene by FISH in a large percentage of patients harboring USPC [13-15]. These
findings, recently confirmed by other groups [16] including the Gynecologic Oncology Group
(GOG) in a cooperative multicentric study [17], have identified HER-2/neu overexpression in
USPC as an independent variable associated with poor outcome, and one that occurs more
frequently in African-American women than in Caucasian women [13-15]. Although HER-2/
neu overexpression has been previously associated with resistance to chemotherapy and poor
survival in multiple human malignancies including breast [18], ovarian [19] and endometrial
carcinoma [20], to our knowledge, no study has evaluated and compared the in vitro chemo-
sensitivity/resistance of this highly aggressive variant of endometrial cancer to microtubular
targeting agents such as paclitaxel and patupilone. To fill this gap in knowledge, in this study
we have carefully analyzed the sensitivity/resistance to patupil one of six primary USPC cell
lines, half of which overexpress HER-2/neu at 3+ levels and showed amplification of the c-
erbB2 oncogene by FISH [21], and compared such response to that of paclitaxel in vitro. We
report the first evidence that primary USPC cell lines overexpressing HER-2/neu display higher
levels of the patupilone molecular target B-Tubulin class III (TUBB3) and greater in vitro
sensitivity to patupilone when compared to low HER-2/neu expressors. Patupilone may
represent a promising novel drug to combine to platinum compounds in patients harboring this
rare but highly aggressive variant of endometrial cancer.
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Materials and Methods
Drugs

Patupilone – provided by Novartis Pharma, Basel, Switzerland – was dissolved in dimethyl
sulfoxide (Sigma-Aldrich, St. Louis, Mo., USA) as a 10-mM stock solution, divided into 5-
μl aliquots, and stored at −20 ° C until use. Paclitaxel was purchased from Bristol-Myers
Squibb, Princeton, N.J., USA. Both drugs were diluted in culture medium immediately before
addition to cell lines.

Establishment and HER-2/neu expression of USPC Cell Lines
Primary USPC tumor cell lines from six patients with invasive USPC were obtained from fresh
tumor biopsies collected at the time of surgery, under approval of the Institutional Review
Board. Tumors were staged according to the International Federation of Gynecologists and
Obstetricians operative staging system. Six primary USPC cell lines (USPC-ARK-1, USPC-
ARK-2, USPC-ARK-3, USPC-ARK-4, USPC-ARK-5, and USPC-ARK-6) were established
after sterile processing of the tumor samples from surgical biopsies as described previously
[21]. Source-patient characteristics of these six USPC cell lines are described in Table 1. The
amplification of the c-erbB2 gene by FISH, expression levels of HER-2/neu receptor by
immunohistochemistry (IHC) and mRNA expression levels by quantitative RT-PCR for these
primary USPC cell lines have been recently reported [21] and are presented in Table 2.

Primary USPC growth rate analysis
The growth rate for each of the USPC cell lines was determined by counting the number of
live cells 24, 48, 72 and 96 hours after plating. In brief, cell lines were cultured in RPMI 1640
(Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (Hyclone, Logan,
Utah). When cultures had grown to approximately 80% confluence, cells were harvested from
the flask using 0.25% Trypsin EDTA (Invitrogen, Carlsbad, CA), then counted on a
hemocytometer chamber and assessed for viability via trypan blue exclusion. Cell density was
adjusted to a concentration of 10,000 cells/mL, then cells were seeded into a 6-well microtiter
plate (Corning Life Sciences, Lowell, MA) at a density of 20,000 cells per well. Three replicate
wells were plated per cell line per time point. Cell plates were incubated at 37°C with 5%
CO2 for 24, 48, 72, and 96 hours, at which time they were removed from the incubator,
harvested from the wells using 0.25% Trypsin EDTA, counted on a hemocytometer chamber
and assessed for viability via trypan blue exclusion .

MTS assay
Cells at log phase of growth were seeded in 96-well culture plates at optimum density and
allowed to attach for 24 h. Media were removed after 24 h and replaced with culture medium
200 μl or the same volume of medium containing various concentrations of patupilone and
paclitaxel (i.e., from 1 nM to 20,000 nM). After 72-hour incubation, 20 μl of CellTiter 96®
AQueous One Solution Reagent containing a tetrazolium compound [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium, inner salt; MTS]
(Promega Corporation, Madison, WI) was added, incubated and removed according to
manufacturer’s instructions. Absorbance was measured by a 96-well VERSA max plate reader
(Molecular Devices, Sunnyvale, CA, USA) at a reference wavelength of 490 nm. Each drug
concentration was obtained in 3 replicate wells, and each experiment was repeated a minimum
of 3 times. Results are displayed as the average ± standard deviation from 3 to 5 independent
experiments.
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P-glycoprotein and B-Tubulin class I and III expression by Real-Time PCR
q-RT-PCR was performed with an ABI Prism 7000 Sequence Analyzer using the
manufacturer’s recommended protocol (Applied Biosystems, Foster City, CA) to evaluate
expression of the P-glycoprotein (ABCB1), B-Tubulin class I (TUBB1) and B-Tubulin class
III (TUBB3) genes in samples from all primary cell lines. Each reaction was run in triplicate.
The comparative threshold cycle (CT) method (PE Applied Biosystems) was used to determine
gene expression in each sample relative to the value observed in the nonmalignant endometrial
epithelial cells, using GAPDH (Assay-on-Demand Hs99999905_m1) RNA as an internal
control. Briefly, five μg of total RNA from each sample was reverse transcribed using
SuperScript III first strand cDNA synthesis (Invitrogen, Carlsbad, CA). Ten μl of reverse
transcribed RNA samples (from 500 μl of total volume) were amplified by using the TaqMan
Universal PCR Master Mix (Applied Biosystems) to produce PCR products specific for
ABCB1, TUBB1 and TUBB3. Primers were obtained from Applied Biosystems: Assay ID:
Hs00184491_m1 (ABCB1), Hs00258236_m1 (TUBB1) and Hs00964962_g1 (TUBB3).

Statistical Analysis
All statistical analysis was conducted using SAS version 9.2 (SAS Institute Inc, Cary, NC).
For each independent MTS experiment of a given drug on a given cell line, the measures of
growth under different dose levels were normalized to the mean of the control group receiving
no drug, so that all data were expressed as a proportion of the control. Normalized data then
were fit via nonlinear regression to a three-parameter logistic response curve against the
base-10 logarithms of dose in nM, and the resulting parameter estimates were used to calculate
the value of the IC50 (in log10 units) for that experiment. The collection of log10(IC50)s thereby
determined were compared within each cell line for the patupilone-versus-paclitaxel difference
using mixed-models ANOVA with drug as the fixed effect and experiment as the random effect.
Drug-group means and differences in log10(IC50) were converted by exponentiation to
geometric means and ratios of IC50 in nM. Additionally, mixed-models ANOVA, with cell
line as a second random effect, was used to examine the impact of HER-2/neu amplification
status on drug differences in log10(IC50)s. For qRT-PCR experiments, the relative expressions
were converted to log2 units to facilitate hypothesis testing on ratios, and analyzed via mixed-
models ANOVA with HER-2/neu amplification status as the fixed effect, and cell line and RT-
PCR replication number as the random effects. Differences in all comparisons were considered
significant at P values < 0.05.

Results
Growth Curve

The doubling time of all 6 primary USPC cell lines was evaluated by counting the number of
live cells 24, 48, 72, and 96 hours after plating as described in the methods section. As shown
in Figure 1, population doubling times for USPC-ARK-1, USPC-ARK-2, USPC-ARK-3 (all
high HER-2/neu expressors), and USPC-ARK-4 (a low HER-2/neu expressor) were similar,
with the USPC cell lines exhibiting doubling times of 22 hours, 21 hrs, 22 hours and 18 hours,
respectively. In contrast, a lower growth rate was detected in USPC-ARK-5 and USPC-ARK-6
cells (both low HER-2/neu expressors), with doubling times of 51 hours and 40 hours,
respectively (Figure 1).

MTS Chemoresponse assay
We compared by MTS assays the effects of patupilone versus paclitaxel single-agent
chemotherapy against 6 primary USPC cell lines expressing different levels of HER-2/neu
using serial dilutions of each anticancer agent in growth medium to create 6 distinct testing
concentrations. A consistent and significant increase in sensitivity to patupilone when
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compared to paclitaxel in the high versus low HER-2/neu expressor USPC cell lines was
consistently noted in multiple experiments (Figure 2). As shown in Figure 3 for each individual
cell line, with no exception, all USPC cell lines with high HER-2/neu expression, regardless
of their sensitivity/resistance to paclitaxel, showed a higher sensitivity to patupilone when
compared to paclitaxel. As a group, the three HER-2/neuamplified lines taken together showed
significantly lower IC50s for patupilone compared to paclitaxel (Figure 3, P=0.0002), whereas
the three unamplified lines taken together did not (P=0.54); moreover, the presence of a
significant (P=0.014) HER-2/neu-by-drug interaction shows that the presence/absence of
HER-2/neu amplification significantly affects the magnitude of the differential response to
patupilone versus paclitaxel (Figure 3). Importantly, the low HER-2/neu expressors, regardless
of their fast or slow doubling times, were found to be similarly responsive to patupilone and
paclitaxel and in no cell line did the difference in sensitivity detected between the two drugs
reach statistical significance (Figure 3). Of interest, although USPC-ARK-1 stood out as the
most highly resistant primary USPC cell line to the exposure to paclitaxel, it remained highly
sensitive to patupilone exposure (Figure 2 and 3).

Molecular targets of sensitivity/resistance to Patupilone and Paclitaxel
To elucidate a potential mechanism for USPC chemosensitivity to patupilone, the expression
of P-glycoprotein (ABCB1), β-tubulin class I (TUBB1), and β-tubulin class III (TUBB3) was
measured and compared by RT-PCR in the high HER-2/neu expressors (USPC-ARK-1, USPC-
ARK-2, USPC-ARK-3) versus the low HER-2/neu expressors (USPC-ARK-4, USPC-ARK-5,
USPC-ARK-6) cell lines. These three probes were chosen because previous studies have shown
major differences in their expression in paclitaxel resistant ovarian cancer cells [22-24].
Experiments were run in triplicate. P-gp (ABCB1) expression was elevated by 44-fold in the
high HER2/neu expressors which was a significant difference compared to the low HER-2/
neu expressors (Figure 4, P < 0.05). Overexpression of HER-2/neu was also correlated with
elevated TUBB3 expression. The difference was significant and equivalent to a 2-fold increase
in TUBB3 expression among high compared to low expressors (Figure 4, P < 0.05). There was
no appreciable difference observed in the expression of TUBB1 (data not shown).

Discussion
Uterine serous carcinoma is a biologically aggressive histologic subtype of endometrial cancer
associated with a disproportionate number of deaths. The clinical response of this aggressive
tumor subtype to combined cisplatinum-based regimens remain low and of short duration
[2-6]. Phase II studies conducted by the Gynecologic Oncology Group (GOG), have shown
that 3 drugs (i.e., carboplatin/cisplatin, doxorubicin and paclitaxel) retain the greatest activity
against endometrial cancer [25-28], however, many patients treated with the most effective
regimen currently available, i.e., paclitaxel/doxorubicin/cisplatin (TAP regimen) still suffer
recurrence [28]. To address the need for the development of additional active chemotherapy
agents, one ongoing area of investigation involves the relationship between activation of an
oncogene like c-erbB2 and resistance to chemotherapy in endometrial cancer patients. Human
epidermal growth factor receptor-2 (HER-2/neu; erbB2) has been described as the most potent
oncoprotein amongst all four HER family members [29]. When overexpressed, it has been
shown to be involved in the mechanism leading to the disruption of normal cellular control
and formation of aggressive tumor cells in multiple human tumors including type II endometrial
cancer. Consistent with this view, a recent study conducted by the GOG reported HER-2/neu
overexpression (either 2+ (moderate) or 3+ (strong)) in 23 of 38 (61%) of the USPC tested
[17]. These results are consistent with the HER-2/neu positivity previously reported by our
own research group [13] and those of Diaz-Montes et al [16]. While there are reports suggesting
that overexpression of the HER-2/neu oncogene in USPC patients may be a marker for intrinsic
multidrug resistance as in other human cancers [18-20], to our knowledge, no studies have
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carefully analyzed and compared the in vitro sensitivity/resistance of primary USPC cell lines
to microtubular-targeting agents such as paclitaxel and patupilone and whether overexpression
of the HER-2/neu gene in these tumors may directly confer higher chemotherapy resistance.

In this study, we found USPC cell lines overexpressing HER-2/neu to have higher proliferation
when compared to low HER-2/neu-expressing cell lines. High HER-2/neu expressors were
found to be significantly more sensitive than low HER-2/neu expressors to patupilone exposure
when compared to paclitaxel in vitro. In contrast, no significant differences in sensitivity to
patupilone versus paclitaxel were detected in USPC cell lines showing low HER-2/neu
expression, regardless of their fast or slow growth rate. Taken together, these results exclude
the possibility that the different sensitivity to patupilone versus paclitaxel is secondary to a
different growth rate in the two groups of USPC cell lines studied, and also suggest that HER-2/
neu overexpression results in an increase in cell proliferation in vitro, potentially leading, as
previously suggested for breast cancer patients overexpressing HER-2/neu [30], to a more rapid
recovery from the cytotoxic effects of chemotherapeutic drugs in vivo.

In agreement with our in vitro results few published reports have demonstrated a clinical
response to epothilones in taxane resistant gynecologic malignancies. A phase II study
conducted by the GOG reported a 14.3% complete or partial response to ixabepilone in patients
with recurrent platinum and taxane-resistant ovarian or primary peritoneal carcinoma [31].
Data published by Smit et al [32] demonstrated that 25% of patients (8 of 32) with refractory/
resistant ovarian cancer, who had received prior paclitaxel therapy, had a complete or partial
reponse after being treated with patupilone every 3 weeks. Finally, a phase II study to determine
the response rate of ixabepilone in patients with persistent or recurrent endometrial cancer who
have progressed despite standard therapy has recently been reported [33]. The overall response
rate was 12%; one patient achieved a complete remission (2%), and five achieved partial
remission (10%). Stable disease for at least 8 weeks was noted in 30 patients (60%).

Multidrug resistance is widely recognized as the principal mechanism by which many cancers
develop resistance to chemotherapeutic agents. One of the best-described contributors of this
chemoresistance is the overexpression of the MDR-1 gene which codes for the transmembrane
efflux pump, P-glycoprotein [34]. This mechanism has been previously attributed to the
development of paclitaxel resistance in many cancers and its expression in tumors has been
described as a potential marker for predicting chemoresistance and overall poor prognosis
[35,36].

The different activity profiles of epothilones and taxanes in solid tumors, however, suggest
another mechanism of action. There is evidence to suggest that overexpression of β–tubulin
III contributes to taxane resistance and that the antitumor activity of epotholines may be related
to its ability to suppress this tubulin subtype. Ferrandina et al [37] investigated the clinical role
of β–tubulin III as a potential predictor of response to neoadjuvant platinum/paclitaxel
treatment in advanced ovarian cancer patients with unresectable disease. They demonstrated
that tumors overexpressing β–tubulin III levels experienced an overall shorter survival
compared to cases with relatively lower β–tubulin III content (median overall survival 25 vs.
46 months, P=0.002). Concomitant with these findings, Umezu et al [38] was able to show
through immunohistochemical staining, that the expression of β–tubulin III was higher in taxol
resistant ovarian cancer cells compared to wild-type. Of 19 patients treated with paclitaxel, 10
patients with high levels of β–tubulin III had no response to chemotherapy compared to 9
patients with low levels of β–tubulin III who had overall response rate of 56% [38]. Taken
together, these findings suggest that therapeutic agents that target β–tubulin III may address
the problem of paclitaxel resistance.
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While the reason for the differences in resistance/sensitivity to the exposure to microtubule-
targeting agents between the high and low HER-2/neu expressors remains poorly understood,
we hypothesized that USPC with high HER-2/neu expression may differ from their low/
negligible HER-2/neu counterparts not only in cell-cycle patterns but also in the expression of
genes that are potential targets for patupilone and paclitaxel. To validate/exclude this
hypothesis, the expression of P-glycoprotein (P-gp/ABCB1), β-tubulin class I (TUBB1), and
β-tubulin class III (TUBB3) were measured and compared by RT-PCR in the different cell
lines.

We are the first to report a significant increase in the expression of P-gp and β-tubulin III in
UPSC cells that overexpress HER-2/neu. Furthermore, analyzing each individual cell line
reveals that the most resistant cell line to paclitaxel, which was also the most sensitive to
patipulone (ARK-1), also exhibited the highest expression of both P-gp and β-tubulin III. These
findings are consistent with those of Mozzetti et al. [24] who also demonstrated increased levels
of P-gp and TUBB3 expression in paclitaxel resistant ovarian cancer cell lines with no
appreciable differences found in the expression of the other β-tubulin isotypes. Interestingly,
they found that when these cells were selected with patupilone, TUBB3 expression diminished
by up to 30-fold suggesting that cells with elevated levels of TUBB3 are more sensitive to
patupilone [24]. Similarly, Kavallaris et al. [23] demonstrated that increased expression of β-
tubulin III and β-tubulin IVa correlated with high resistance to paclitaxel in ovarian cancer
cells. Taken together, these findings combined with our experimental results suggest that the
sensitivity to patupilone must be at least partially mediated by its interaction with β-tubulin
III. Of note, our UPSC cell lines that were low HER-2/neu expressors did not overexpress β-
tubulin III relative to the high HER-2/neu expressors and thus did not show increased sensitivity
to patupilone in comparison to its response to paclitaxel. The role, however, of HER-2/neu
expression in this molecular pathway remains poorly understood.

In summary, USPC cell lines overexpressing HER-2/neu showed higher proliferation when
compared to low HER-2/neu expressing cell lines and demonstrated a significantly higher
sensitivity to patupilone when compared to paclitaxel. While a greater understanding of the
molecular/genetic differences between USPC with high and low HER-2/neu expression will
be necessary before tailoring chemotherapy to improve clinical outcomes, these data strongly
suggest that HER-2/neu positive tumors may be significantly more sensitive to patupilone than
paclitaxel when used alone or in combination with a platinum compound. The future design
and implementation of clinical trials in this regard will ultimately determine the validity of this
novel therapeutic combination in patients harboring USPC.

PRECIS

USPC primary cell lines with high HER-2/neu expression display greater in vitro
chemosensitivity to patupilone versus paclitaxel.
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Figure 1. Growth curves of primary USPC cell lines
High HER-2/neu expressors (USPC-ARK-1, USPC-ARK-2, USPC-ARK-3) versus Low
HER-2/neu expressors (USPC-ARK-4, USPC-ARK-5, USPC-ARK-6).
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Figure 2. Representative dose-response curves following exposure to patupilone versus paclitaxel
of USPC primary cell lines with High versus Low HER-2/neu expression
Survival was assessed by MTS assay as described in the Methods section. Each point on the
cell line graph represents the mean of 3 estimations + SE.
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Figure 3. IC50s of Patupilone and Paclitaxel in six USPC cell lines
Symbols (error bars) denote means (standard deviations) of IC50s. Text to the left of the
symbols denotes the cell line, its paclitaxel/patupilone ratio of IC50s, and the ratio’s P value.
Note that the individual ratios are significant (at P<0.05) for the cell lines that show HER-2/
neu amplification by FISH, but not significant in the cell lines that don’t. As a class, the three
HER-2/neuamplified lines taken together showed significantly lower IC50s for patupilone
compared to paclitaxel (P=0.0002), whereas the three unamplified lines taken together did not
(P=0.54).
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Figure 4. P-glycoprotein (ABCB1) and β-tubulin class III (TUBB3) expression by RT-PCR in high
versus low HER-2/neu expressor cell lines
Upper panel: ABCB1; Lower panel: TUBB3. Symbols (error bars) denote the geometric means
(SDs) of relative expression in USPC-ARK-1 through ARK-6 ordered from left to right-
respectively; symbol shapes and figure brackets denote groupings of cell lines into high and
low HER-2/neu expressor groups as indicated by the legends. In each panel, the text between
expressor groups reports the geometric mean fold change and P value between high and low
expressor groups.
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Table 2

HER-2/neu expression in primary USPC cell lines

Sample RT-PCR°

IHC* FISH^ mRNA Copy Number

Control 1

USPC-ARK-1 3+ 2.5 373

USPC-ARK-2 3+ 5.2 607

USPC-ARK-3 3+ 4.7 677

USPC-ARK-4 0 1.6 7

USPC-ARK-5 0 1.4 13

USPC-ARK-6 1+ 0.9 6

*
IHC, Immunohistochemistry

^
FISH, Fluorescent In-situ Hybridization

°
RT-PCR, Real-time Polymerase Chain Reaction.
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