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Mullerian Inhibiting Substance (MIS), a biological modifier that
causes regression of Mullerian ducts in male embryos, is effective
as a single agent in vitro and in vivo against human and mouse
ovarian cancer cell lines expressing MIS type II receptor; however,
little is known about how recombinant human MIS (rhMIS), now
being scaled for preclinical trials, could be used in combination
with cytotoxic or targeted chemotherapeutic agents. Mouse serous
and endometrioid ovarian carcinoma cell lines were tested in vitro
against rhMIS alone and with doxorubicin, paclitaxel, or cisplatin
as agents in clinical use. Because MIS releases FK506 binding
protein (FKBP12), which activates the mammalian target of rapamycin (mTOR) downstream of Akt, rhMIS and rapamycin combinations were tested. MIS increases p16 protein levels, and 5ⴕ-Aza2ⴕ-deoxycytidine (AzadC) induces p16 mRNA; therefore, they were
used in combination in vitro and in vivo with a human ovarian
cancer cell line. A paclitaxel-resistant human ovarian cancer cell line
and its parental line both respond to rhMIS in vitro. Additivity,
synergy, or competition was observed with MIS and rapamycin,
AzadC, doxorubicin, cisplatin, and paclitaxel, suggesting that MIS
in combination with selective targeted therapies might achieve
greater activity against ovarian cancer than the use of each
individual agent alone. These assays and statistical analyses could
be useful in selecting rhMIS and chemotherapeutic agent combinations that enhance clinical efficacy and reduce toxicity.
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ullerian Inhibiting Substance (MIS) may have its most important clinical effect as a therapy for MIS type II receptor
(MISRII)-expressing cancers because of its relative lack of toxicity.
For example, granulosa cell tumors can produce serum MIS at
concentrations 1,000-fold higher (1, 2), and normal baby boys can
produce MIS concentrations at least 60-fold higher, than those
found in normal females (3), without apparent adverse outcomes.
It is anticipated that exogenous recombinant human MIS (rhMIS)
will be nontoxic as a single agent and that it can be used effectively
in combination with chemotherapy drugs to lower their toxicity. We
originally hypothesized that cancers of Mullerian origin that expressed MISRII could be targets for MIS treatment (4–9), focusing
first on ovarian cancers because they are derived from an MISsensitive surface or coelomic epithelium (10) and have the worst
prognosis of all female reproductive tumors. Furthermore, ovarian
ascites cells are also accessible ex vivo to examine biomarkers that
may predict their response and mechanisms of biologic effect. The
idea that MIS could be used to treat epithelial ovarian cancer is
predicted by the fact that the histology of the embryonic Mullerian
ducts is recapitulated in the common ovarian adenocarcinomas that
arise from the surface or coelomic epithelium, which in the embryo
invaginates to form the Mullerian duct (11–14).
The discovery that abdominal ascites cells from ⬎50% of
Stage III or IV ovarian cancer patients bound rhMIS, expressed
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MISRII mRNA, and were inhibited by rhMIS when treated in ex
vivo proliferation assays (4), makes it compelling to study MIS as
a potential therapeutic agent. The availability of highly purified
rhMIS (15, 16), which inhibits human carcinoma cell lines of
Mullerian origin in vitro (17) and in vivo in short-term experiments (18), and more recently in long-term (19) experiments,
with no observable toxicity, now makes this feasible. These
long-term experiments were done with transgenic mouse cell
lines that recapitulate human ovarian cancers (5). MOVCAR7
serous cystoadenocarcinoma cells were derived from ascites of
transgenic animals in which the MISRII promoter drives the
expression of T antigen (T-ag), which inactivates the retinoblastoma (Rb) family of proteins (5). The 4306 cell line was derived
from animals in which Kras was constitutively activated and Pten
was inactivated to induce ovarian cancer formation (20).
Because some downstream actions of MIS are now known, and
because MIS can inhibit cell growth and trigger apoptosis in normal
Mullerian epithelium (10) with negligible toxicity, a series of in vitro
studies of MIS were conducted in combination with commonly used
cytotoxic drugs to examine for evidence of synergy, additivity, or
competition. Indeed, recent experience with the biologic bevacizumab (Avastin) demonstrates that biologic agents not active as
single agents can markedly increase response rates when combined
with chemotherapy (21, 22). Therefore, the cytosine analogue
5⬘-Aza-2⬘-deoxycytidine (AzadC; decitabine), an inhibitor of DNA
methyltransferase (23–25) that can induce p16 mRNA expression,
was also used because MIS enhances p16 at the protein level in
OVCAR8 human ovarian cancer cells (10). Rapamycin was studied
because of the role discovered for FK506 binding protein (FKBP12)
in posttranslational regulation of downstream activation by MIS
and other members of the TGF-␤ family (26, 27) and the fact that
rapamycin can act downstream of Pten-regulated Akt via the
mammalian target of rapamycin (mTOR). Paclitaxel, cisplatin, and
doxorubicin, as agents presently in use in the clinical treatment of
ovarian cancer, were tested in proliferation assays in vitro with
rhMIS. Cisplatin and paclitaxel are first-line agents and, because the
development of multidrug resistance is a prominent characteristic
of many ovarian cancers, MIS was tested against human ovarian
cancer (IGROV-1) cells made resistant to paclitaxel. The results of
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Fig. 1. MIS inhibition of OVCAR8 cells in vitro. rhMIS in vitro dose–response plotted as OD in the MTT assay (⫾ SD) (A) and in vivo is augmented by 15 M AzadC
A , additive. MIS and the combined
(B and C, respectively). (B) A two-way factorial ANOVA was done to determine the nature of MIS兾AzadC interaction in vitro. 嘷
treatment were significantly different from the control (*, P ⬍ 0.005 and 0.007, respectively), and the combination was different than MIS alone (**, P ⬍ 2 ⫻10⫺5).
(C) An analysis of the logarithm of graft size ratios (GSRs) (⫾SEM) reveals that the maximal effect with the combined treatment (MIS 10 g per animal per day
and AzadC 0.5 mg兾kg per day) is additive (*, P ⬍ 0.003, nonpaired t test vs. PBS control; n ⫽ 10 animals per group).

these in vitro studies could be useful in directing combinations to be
tested in more costly in vivo studies when clinical-grade MIS is more
readily available.
Previous experiments elucidating downstream signaling pathways by which MIS inhibits cell proliferation will guide the selection
of other therapeutics that have the potential to cause complementary interactions while avoiding potential negative interactions.
Comprehensive studies in our laboratory, and in those of many
others, have shown that MIS downstream signal transduction
pathways include MISRII (28–30), the type I receptors Alk2 (31)
and Alk3 (32), Smads 1兾5兾8 (33–35), cyclin-dependent kinase
inhibitors (4, 9, 10), and cytokine-inducible pathways (36–39),
suggesting mechanisms of action that are potentially different from
those of most cytotoxic drugs.
Biological modifiers such as MIS and chemotherapeutic drugs
can function in rationally selected combinations to achieve better
tumor control at decreased doses of either agent, resulting in
decreased toxicity, reduced morbidity, and most importantly a
wider therapeutic window (36). This will be particularly important
for those agents with a significant toxicity at the clinically efficacious
dose range. Although this possibility can be examined in vivo in
detail when clinical-grade rhMIS is available, at this point in time
in vitro evaluations of the systems biology of such combinations can
identify salutary combinations for use with this prototypical biological modifier for patients whose tumors express MISRII.

were selected for evaluation with or without rhMIS, employing the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. The MIS dose selected (35 nM) produced ⬇50%
inhibition in MOVCAR7 cells (Fig. 2A). The drug doses chosen for
rapamycin (0.02 nM), paclitaxel (4 nM), cisplatin (5 nM), and
doxorubicin (3 nM) (Fig. 2 B–E) for the experiments (see below)
were at or below the IC50 against MOVCAR cells and well below
the doses used in vivo in animal studies (42) or in the clinic. MIS and
drug dose responses were also established for the 4306 cells. The
MIS dose selected (70 nM) produced between 50% and 87%
inhibition against the less-sensitive 4306 cells (Fig. 3A). The drug
doses chosen for rapamycin (0.04 nM), paclitaxel (4 nM), cisplatin
(10 nM), and doxorubicin (3 nM) (Fig. 3 B–E), for the experiments
shown in Fig. 4, were at or below the IC50 against 4306 cells and well
below the doses used in vivo in animal studies or in the clinic. The
experimental design for the combination studies was to select doses
of either MIS or a drug that would produce a partial response, so
that the effect of their combinations could then be assessed.
Because different batches of rhMIS were prepared weekly, rhMIS
IC50 varied somewhat between experiments, as did the response of
the cells to chemotherapeutic agents. However, each experimental
result could be tested for synergy, additivity, or competition, even

A

Results
the human ovarian cancer cell line OVCAR8 is inhibited by rhMIS
in a dose-dependent manner in vitro (Fig. 1A). AzadC at 15 M and
MIS at 20 g兾ml produced an additive effect on growth inhibition
of OVCAR8 cells in vitro (Fig. 1B). These experiments served as a
proof of principle for pilot animal studies. In initial in vivo studies,
AzadC was toxic to nude mice at 1 mg兾kg per day, whereas at 0.5
mg兾kg per day, which is ⬇10-fold lower (40) than the dose currently
used in the clinic, the animals were viable and healthy before being
killed at the end of the 3-week duration of the experiments. The
dose of MIS was chosen as 10 g per animal per day, the lower of
two doses used in previous in vivo studies against OVCAR8 (18).
AzadC alone, and MIS and AzadC in combination, showed a
statistically significant difference from PBS (P ⫽ 0.003; Fig. 1C).
MIS and AzadC appear to be additive in vivo (Fig. 1C), as predicted
by the in vitro experimental data (Fig. 1B).
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D
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Predictors of Synergy or Additivity of MIS with Chemotherapeutic
Agents. Dose–response curves were constructed for MIS and

commonly used chemotherapeutic drugs, each with independent
mechanisms of action. Specifically, rapamycin (an inhibitor of
mTOR downstream in the Akt pathway) (41), paclitaxel (a tubulinbinding agent that inhibits microtubule depolymerization), cisplatin
(DNA alkylation), and doxorubicin (topoisomerase II inhibition)
Pieretti-Vanmarcke et al.

Fig. 2. Dose responses for MOVCAR7 cells. MOVCAR7 cell dose responses to
rhMIS (A), rapamycin (B), paclitaxel (C), cisplatin (D), or doxorubicin (E) were
established in MTT monolayer growth inhibition assays over 5–7 days in culture.
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MIS Acts Additively with AzadC in Vitro and in Vivo. Proliferation of
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Fig. 3. Dose responses for 4306 cells. Dose responses of 4306 cells to rhMIS
(A), rapamycin (B), paclitaxel (C), cisplatin (D), or doxorubicin (E) were established in MTT monolayer growth inhibition assays over 5–7 days in culture.

though the extent of the response to each drug or MIS could vary
in replicate experiments.
RhMIS or rapamycin alone inhibited MOVCAR7 cell growth
(P ⫽ 0.0001 and 0.0003, respectively) compared with controls.
Inhibition induced by the combination of rapamycin and rhMIS in
both cell lines was significantly different from rapamycin (P ⫽ 2 ⫻
10⫺5) or MIS alone (P ⫽ 0.0003). The interaction term (MIS ⫻
rapamycin) indicated that the interaction was significant (P ⬍ 0.05)
in MOVCAR7 cells and P ⫽ 0.008 in 4306 cells), consistent with
synergy, as observed in four experiments (Fig. 4 A and B).
Inhibition by paclitaxel and rhMIS in combination was statistically significant when compared with rhMIS alone (P ⫽ 0.002) or
paclitaxel alone (P ⬍ 0.05) against MOVCAR7 (Fig. 4C). However,
when the paclitaxel data were tested by two-way factorial ANOVA
with the interaction term (MIS ⫻ paclitaxel) in the model, results
indicated that the interaction was not significant for synergy (P ⫽
0.413); therefore, MIS and paclitaxel appear to be additive. This was
true in four separate experiments. In 4306 cells when PBS, MIS
alone, paclitaxel alone, or MIS plus the drug (Fig. 4D) were added,
the interaction was significant for synergy (P ⫽ 0.02). To support
this finding, the paclitaxel-resistant IGROV-1 cells responded
significantly to rhMIS with a range of 40–70% inhibition with 15
g兾ml rhMIS in three separate experiments (P ⬍ 0.05) (Fig. 5), as
was the case for the parental line (P ⬍ 0.05).
Cisplatin or rhMIS, when used alone, caused inhibition; when
used together, the combination in four separate experiments for
either cell line appeared to be additive by two-way factorial
ANOVA (Fig. 4 E and F).
When the PBS buffer control was compared in MOVCAR7 cells
with the combination of rhMIS and doxorubicin, a statistical
significance was again noted (P ⫽ 10⫺10) (Fig. 4G). Importantly, the
combination treatment was significantly different from MIS alone
(P ⫽ 7 ⫻ 10⫺6). With the interaction term (MIS ⫻ doxorubicin) in
this model, the results indicated that the interaction was significant
(P ⫽ 0.023), consistent with synergy in two of three experiments;
additivity was observed in the other experiment. The combination
treatment produced the same level of inhibition as was seen by a
higher dose of either drug alone (see Fig. 3). The combination of
doxorubicin and rhMIS was neither synergistic nor additive against
4306 cells (n ⫽ 3) and therefore may be antagonistic (Fig. 4H). Fig.
4 I and J show the combination experiments with 3 nM cisplatin and
4 nM paclitaxel in MOVCAR7 and 4306 cells, respectively. These
17428 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0607959103

Fig. 4. Representative data for combination treatment of MOVCAR7 and
4306 cells in MTT in vitro assays with MIS and chemotherapeutic drugs (OD ⫾
SEM and percentage inhibition). MIS and the drug concentrations were held
constant at or near their IC50 for each cell line. MIS doses were 35 nM for
MOVCAR7 and 70 nM for 4306; the concentrations of chemotherapeutic drugs
used are given below. (A) MOVCAR7 cells treated with vehicle as a control,
MIS, 0.02 nM rapamycin, or both agents (n ⫽ 3; 7 days). (B) The same treatment
of 4306 cells using 0.04 nM rapamycin (n ⫽ 3; 7 days). Rapamycin and MIS were
synergistic 嘷
S in both cases. (C and D) In MOVCAR cells, MIS and 3 nM paclitaxel
A (n ⫽ 4; 6 days) (C), whereas MIS and 4 nM paclitaxel were
were additive 嘷
synergistic in 4306 cells (n ⫽ 3; 6 days) (D). (E and F) Cisplatin was additive with
MIS in both MOVCAR (E) and 4306 cells (F) at 5 and 10 nM drug, respectively
(n ⫽ 3; 6 days in both cases). (G and H) The combination of doxorubicin (3 nM)
and MIS is synergistic in MOVCAR cells (G), but the same concentration of
C with MIS in 4306 cells (H) (n ⫽ 3; 6 days). Significant
drugs is competitive 嘷
inhibition relative to controls is indicated by an asterisk. MIS alone was
significantly different from combination treatment in all cases (**), except for
MIS and cisplatin in 4306 cells. (I and J) In combination experiments with 3 nM
cisplatin (CIS) and 4 nM paclitaxel (PAC), these drugs were found to act
synergistically in MOVCAR cells (I) but not in 4306 cells (J). One experiment
showed that the effect was additive and two showed that the interaction was
competitive. Two-way factorial ANOVA was done to determine the nature of
the MIS兾drug interactions.

drugs acted synergistically in MOVCAR cells, but in 4306 cells the
effects were additive in one experiment and competitive in the other
two experiments, each done in triplicate.
Discussion
Although ovarian cancer is highly responsive to platinum-based
therapy after initial cytoreductive surgery, there is a substantial risk
of recurrence, which is often accompanied by the emergence of
drug-resistant disease. Additional therapeutic agents and rational
combination treatments are needed to prolong remissions, improve
long-term outcomes, and reduce toxicity, thus improving the quality
of life. We have found that the biological modifier MIS is effective
against animal models recapitulating human ovarian cancer, with
no apparent adverse affects when administered as a single agent for
long courses (19) at concentrations below those normally observed
in infant boys (3). Because MIS is now being prepared for clinical
Pieretti-Vanmarcke et al.

use, it is important to know whether it can be administrated in
combinations that allow lower doses of paclitaxel, cisplatin, doxorubicin, AzadC, or rapamycin, to reduce the overall toxicity of these
agents, and whether ovarian cancers resistant to standard therapies
remain responsive to MIS. These studies provide a straightforward
in vitro method to which statistics can be applied to predict which
drug combinations can be used to advantage with the nontoxic MIS.
Given the fact that tumors may have any of several genetic
alterations, providing multiple options to escape growth control, it
is imperative to attack several molecular pathways simultaneously
to increase tumor inhibition or to use two or more agents in
combination to decrease the toxicity of an otherwise useful agent.
Our extensive studies of the downstream signaling pathways of MIS,
combined with the knowledge, albeit partial, of the mechanism of
action of the effective chemotherapeutic agents now in clinical use,
have made possible a more rational choice of therapies that could
be used in combination with MIS. Furthermore, it is possible to
predict whether the treatment modalities will act synergistically or
additively, or, conversely and more importantly, whether competitive action on the same pathway generates antagonism that could
preclude simultaneous use.
We would anticipate that combination therapies would be additive if the use of two substances in combination produces a total
effect equal to the sum of the individual effects and could occur if
two drugs act on the same pathway. Synergy implies that the effect
of the interaction of two drugs is greater than the sum of their
individual effects and might occur if the drugs act via different
pathways. For example, drugs that lower apoptotic thresholds may
be additive or synergistic with cytotoxic agents that typically block
survival pathways. Either outcome may allow a lower dose of a
cytotoxic agent that has a high toxicity profile to be used in
combination with a nontoxic biological modifier such as MIS. How
to approach an understandable reluctance to lower the effective
doses of chemotherapeutic agents when used in combination with
a biological modifier such as antiangiogenic drugs or MIS to reduce
toxicity will have to be addressed, probably initially with patients
who respond well to cancer drugs but exhibit toxicity at therapeutic
levels.
Agents could be antagonistic if both affect the same growthinhibitory pathway in opposite ways, and such combinations should
be avoided. If the mechanisms of a drug’s action are not fully
understood, prior combination testing and use of the statistical
interpretation, as done in these studies, could predict whether the
Pieretti-Vanmarcke et al.
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Fig. 5. MIS inhibits paclitaxel-resistant cells in vitro. IGROV-1 cells made
resistant to paclitaxel were tested in three separate experiments for their
responsiveness to MIS. The stippled bar shows the average of three experiments. MIS also inhibited the parental IGROV-1 cell line in these monolayer cell
assays (hatched bar). On each trial, 105 nM (15 g兾ml) MIS significantly
inhibited proliferation relative to controls (open bar). *, P ⬍ 0.01 vs. PBS
control (n ⫽ 10).

combination would be additive, synergistic, or competitive. Similar
studies of cytotoxic agents and a biologically targeted agent have
been reported in preclinical studies for the her-2-neu binding agent
trastuzumab (Herceptin) with taxanes which, in combination, demonstrate synergy (43), thus predicting an augmented clinical
response and survival advantage that were confirmed in the
clinic (44).
MIS is a new therapeutic agent whose production is being scaled
up for clinical use against ovarian cancer. The present studies were
undertaken to determine the agents with which MIS could be used
most efficaciously. For example, MIS exerts its effect in the
embryonic urogenital ridge by activating MISRII, Alk2 and Alk3,
and the Smad 1兾5兾8 differentiation and growth inhibitory pathway
(35). In addition, MIS up-regulates pocket proteins p130 and p107
in human ovarian (10) and endometrial cancer cell lines (9). These
proteins inhibit proliferation and兾or up-regulate cell cycle inhibitors in human ovarian and cervical carcinoma cell lines to cause cell
cycle arrest. Our laboratory has reported that MIS caused G1 arrest
during inhibition of OVCAR8 cells by up-regulating Ink4兾p16 at
the protein level (10, 45). Because AzadC, as a demethylating agent,
up-regulates p16 gene transcription, it was anticipated that the
combination of MIS and AzadC would be additive, which proved
to be the case both in vitro and in vivo. Because AzadC has a high
toxicity profile in patients, the clinical strategy might be to use
AzadC in as low a dose as possible to enhance the antiproliferative
effect of MIS. The recommended clinical dose for AzadC is 4
mg兾kg, and the dose used in the animal experiment was 8-fold
lower, at 0.5 mg兾kg. Enhancement of p16 protein by MIS, and
mRNA by AzadC, in ex vivo testing of a tumor specimen could
identify a patient as a candidate for MIS and AzadC combination
therapy.
Paclitaxel is a tubulin-binding agent that inhibits microtubule
depolymerization, which can result in failure to transit mitosis or to
traffic intracellular cytoplasmic proteins and organelles. Additive
effects of this agent or doxorubicin with MIS may be due to a
lowering of the apoptotic threshold through removal or alteration
of antiapoptotic signals within the cells. Curiously, direct transfection of p16 in some model systems has generated resistance to
paclitaxel and cisplatin, presumably due to G1 arrest, thus protecting cells from entering the S phase or M phase (required for
maximal paclitaxel-associated toxicity). This result suggests that
mechanisms of decreased proliferation seen with the paclitaxel and
rhMIS combination are likely p16-independent.
Similarly, we would anticipate a synergistic effect with doxorubicin, which blocks cell proliferation by DNA intercalation, and
increased DNA strand breaks due to inactivation of topoisomerase
II function on a cell line such as MOVCAR7 in which MIS causes
cell cycle arrest (19). It is also conceivable that prolonged cell cycle
arrest might provide time to repair DNA strand breaks and thus
reduce the toxicity of doxorubicin. The response of these cells in
vitro to MIS with doxorubicin or paclitaxel is sufficiently encouraging to pursue in vivo combination studies, particularly because the
combination protocol produces the same or greater inhibitory
effect as a maximal effective dose of either MIS or drug alone. A
wider dose range of cisplatin, MIS, and the combination should be
examined in vitro prior to in vivo studies, to confirm the effects
observed in our studies.
Rapamycin, in contrast, binds to and blocks the release of the
FK506兾rapamycin protein (FRAP) or mTOR from its complex
with FKBP12 (41), which is released from type I receptor upon
activation of MISRII by the MIS ligand (26, 27, 46). Hence, the
sequestered mTOR is unavailable for activation by Akt. Therefore,
one could predict that MIS and rapamycin would act synergistically,
MIS to induce cell cycle arrest and rapamycin to inhibit regulators
downstream from mTOR such as eukaryotic initiation factor 4E
(eIF4E) and S6Kinase by PI3 kinase兾Akt (47, 48). Further, we
would anticipate, and did observe, a synergistic effect by combining

MIS and rapamycin therapies in a cell line such as 4306 in which
Pten is inactivated.
In ovarian cancer, the combination of paclitaxel with a platinum
agent now defines the standard of care. The large majority of
women with advanced disease characterized by peritoneal seeding
and metastases will respond to aggressive surgical resection followed by these agents but will not be cured with this therapy (49).
Maintenance therapy with paclitaxel after primary chemotherapy
with paclitaxel and platinum has demonstrated improved progression-free survival but at the cost of significant neurotoxicity, which
has limited the prolonged use of this agent. The experiments done
in combination show that the drug effects are additive, thus
consideration should be given to lowering the more toxic paclitaxel
doses in this setting. A beneficial effect of MIS on motor neurons
was recently observed (46), making it possible that MIS may also
have advantages in ameliorating the neurotoxicity seen with taxanes
that limits their use in maintenance therapy. Combination therapy
with MIS may permit dose reduction of taxanes, whereas MIS may
have a direct effect on motor neurons similar to that observed with
glial-derived neurotrophic factor (GDNF), a well known neuroprotective agent (46). The present experiments also indicate that
MIS may be effective in the face of Taxol-resistant tumors. Synergy
with doxorubicin may be clinically useful in that women with
platinum-resistant tumors typically receive liposomal doxorubicin.
Although this drug is effective, survival in this group is ⬇1 year (50).
Current clinical trials are exploring the potential efficacy of
bevacizumab in the maintenance setting; however, concerns about
hypertension, bleeding, and thrombosis raise questions about the
therapeutic benefit of this strategy. Use of biologic agents such as
MIS in maintenance, either alone or in combination with lower
dose taxanes, on the other hand, may provide alternative strategies
for improving overall clinical outcome with more favorable toxicity
profiles. In the future, we envision that combination therapies
including agents such as MIS will be pretested on patients’ tumor
cells to individualize treatment plans for each patient. Such a
systems biology兾bioinformatics approach will become the standard
for choosing therapies for ovarian cancer, as it has in breast cancer.
Two other non-Mullerian organs, human breast and prostate,
and their tumors, express MISRII and respond to MIS in growth
inhibition assays (36, 37, 39, 51). Because MIS suppresses testosterone production (52–54), it might provide tumoricidial activity
through dual mechanisms, namely direct growth inhibition and an
indirect effect by lowering testosterone. Thus, prostate and breast
cancer may be other target tumors for MIS, which expands the
original target population of ovarian cancer to 212,920 new breast
and 234,460 new prostate cancer patients per year in the United
States (American Cancer Society; www.cancer.org). This larger
target population also makes development of MIS as an anticancer
therapeutic even more compelling because of the recent findings
that MIS was effective against the progenitor cell population in
transgenic mouse ovarian cancer cell lines (55) presumably responsible for tumor recurrence (56).
Materials and Methods
MIS Purification and Bioassay. MIS was purified in our laboratory

by either immunoaffinity (57) or carbohydrate affinity, followed
by anion exchange chromatography as detailed previously in ref.
16. The MIS bioactivity of each preparation was assayed in an
MIS-specific organ culture for its ability to cause Mullerian duct
regression (58).
Cell Lines. OVCAR8 cells were derived from ovarian cancer
ascites cells from a cisplatin-resistant patient by Thomas Hamilton, Fox Chase Cancer Center (59). OVCAR8 expresses
MISRII by Western analysis (8). The mouse ovarian cancer cell
line MOVCAR7, which recapitulates human serous adenocarcinoma, was developed by D.C.C. (5) from ovarian ascites cells
from transgenic animals in which the MISRII promoter drives
17430 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0607959103

the SV40 large T-ag to inactivate p53 and Rb. The 4306 cell line
was developed by D.M.D. from conditional LSL-K-rasG12D兾⫹;
PtenloxP兾loxP mice in which the ovarian surface epithelium
was infected with adeno-Cre. The tumors produced by these
mice mimic human endometrioid ovarian carcinoma (20). The
MOVCAR7 and 4306 cell lines were maintained in DMEM
supplemented with 4% female bovine calf serum兾1⫻ ITS (insulin-transferrin-selenium A)兾1% penicillin/streptomycin兾2 nM
glutamine. Cells were grown at 37°C in a humidified chamber in
5% CO2 in air. Cultures were passed at 80% confluency 1:4 and
not carried for more than 20 passages for OVCAR8 cells, 30–40
passages for MOVCAR7 cells, or 30 passages for 4306 cells. Both
transgenic cell lines express the MISRII by Northern and
Western analysis (ref. 19 and unpublished data). The human
ovarian cancer cell line IGROV-1, originated from a human
ovarian carcinoma (60); the daughter line, IGROV-1TR, was
generated through a multimonth passage in incrementally increasing doses of paclitaxel to a final concentration of 0.01 M,
yielding a cell line that was 10-fold resistant to paclitaxel
compared with the parental line.
Viable clones from the paclitaxel-exposed IGROV-1TR were
maintained in DMEM with 10% female bovine calf serum兾1%
penicillin/streptomycin兾1% L-glutamine兾0.01 M paclitaxel. The
IGROV-1TR cells were treated with MIS and tested for growth
inhibition in the MTT assay, as was the parental paclitaxel-sensitive
IGROV-1 cell line.
MTT Growth Inhibition Assay. Cells were harvested at 80% confluency and plated in 96-well plates at 1,000 cells per well in 200 l of
media per well. At 24 h after plating, 10 wells were treated at the
desired dose of rhMIS, chemotherapeutic drug, a combination of
rhMIS and drug, or appropriate control vehicle. At day 3, 5, and 7,
depending on the growth rate of the controls, the MTT assay was
used to quantify viable cells. Absorbance at 550 nm was measured
in an ELISA plate reader (EL312e microplate reader; BioTek
Instruments, Winooski, VT). The magnitude of absorbance is
proportional to the number of viable cells in a given well. Each
experiment was repeated at least three times. Statistical analyses of
MIS effects were performed as described below.
The IC50s for MIS and the cytotoxic agents paclitaxel, cisplatin,
doxorubicin, AzadC, and rapamycin were established for the cell
lines. Each chemotherapeutic agent was then used at doses below
the IC50 to test each agent in combination with MIS.
Cell responses to MIS and兾or cytotoxic drugs varied quantitatively but not qualitatively from one experiment to another due to
variations in MIS bioactivity from preparation to preparation and
to the behavior of cells in culture. Data presented are representative
of multiple replicate experiments.

In Vivo Studies of rhMIS with AzadC. In vivo studies were done

using a nude mouse model in which OVCAR8 cells were
implanted beneath the renal capsule. Animals were treated
with PBS, MIS, AzadC, or MIS and AzadC. In this model (17,
61, 62), ⬇250,000 cells in a 1-mm fragment of a fibrin兾
thrombin clot are placed under the kidney capsule. The clots
were measured at the time of implantation and at the time of
killing 3 weeks later, and each change in volume was calculated
as a log of graft size ratios compared with the original volume.
Thereby, each tumor is compared with itself, and the graft size
ratios of the groups are compared.
Statistical Analysis. For comparison of two sets of data having

parametric characteristics (e.g., MIS treatment vs. no treatment),
univariate two-tailed t tests were used. MIS, drug, and combinations
were compared with vehicle as a control; each drug alone was then
compared with treatment with the combination. In addition, twoway factorial ANOVA was used to test for an interaction between
rhMIS and the drug being tested (where the interaction term in the
Pieretti-Vanmarcke et al.
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model is MIS ⫻ doxorubicin, for example). If an interaction was
found (P ⱕ 0.05) and the growth inhibition was greater than for
either treatment alone, the interaction was deemed synergistic (63).
If an interaction was found (P ⱕ 0.05) and the inhibition was less
than for either treatment alone, the interaction was deemed antagonistic or competitive (63). If no interaction was found (P ⱖ
0.05), but the effect was greater than for either treatment alone,
then the effect of the combined treatment was considered additive.

