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PROTEASOME INHIBITORS AS
OVOPROTECTIVE AGENTS TO SHIELD THE
OVARY FROM CHEMOTHERAPY TOXICITY

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/775,127 filed on Mar. 8, 2013,
herein incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
HD055894 awarded by the National Institutes of Health. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Chemotherapy-induced primary ovarian insufficiency is an
imminent health concern. Progressing female cancer survi-
vorship demands new approaches to prevent unintended che-
motherapy-induced primary ovarian insufficiency (POI) and
subsequent early menopause. Premature menopause
increases a woman’s risk for complications due to estrogen
depletion including osteoporosis, mental health disorders,
and cardiovascular disease. By the year 2020, it is estimated
that 1 in 500 adult women will be survivors of childhood
cancer, over 8% of whom will experience POI.

The only available prophylactic fertility preservation
therapy for prepubertal cancer patients who become cancer
survivors requires surgically removing and freezing ovarian
tissue prior to gonadotoxic cancer treatment for future re-
transplantation. While the transplanted tissue provides fertil-
ity and natural hormonal cycling for a limited time, the pro-
cedure is expensive, invasive, considered experimental, and
carries the risk of reintroducing the original cancer [1-5].

POI occurs more frequently in adult cancer patients, with
up to 40% of breast cancer survivors suffering from the dis-
order [6-8]. Fertility preservation options for reproductively-
mature female cancer patients include oocyte and embryo
cryopreservation, but the requisite hormone treatments are
contraindicated for patients with estrogen-responsive tumors,
may delay cancer treatment, and do not preserve endocrine
function. Oocyte and embryo cryopreservation are expensive
procedures, have a modest success rate, expose the patient to
considerable medical risks, and do not preserve overall endo-
crine health (normal hormonal regulation) nor prevent pre-
mature menopause.

Doxorubicin (DXR) Ovarian Toxicity.

DXR is an anthracyline used to treat roughly 50% of all
cancer cases [9-11], and is associated with POI. Cancer thera-
pies that typically utilize DXR generally have higher survival
rates than others, but there are no clinical therapeutics to
prevent DXR-induced POI; it is therefore these future survi-
vors who will benefit from the drug-based ovarian shield
proposed here. DXR can cause cell death via two distinct
mechanisms; (1) intercalating into DNA and thus preventing
resealing of topoisomerase Il (topoll)-dependent double-
strand DNA (dsDNA) breaks, and (2) inducing oxidative
stress [ 12-18]. Topoll-dependent dsDNA damage appears to
be the mechanism of DXR insult in ovarian cells [19] and
requires drug transport into the cell nucleus where intercala-
tion occurs.

Previous studies have shown DXR treatment induces a
bi-temporal response in the mouse ovary with follicular apo-
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2

ptosis by 12 hours (hrs) post-injection [20, 21], followed by a
return to 50% pre-DXR ovulation rate at 1 month post-DXR
[21], and long-term follicular depletion [22, 23]. Oocytes
exposed to DXR in vitro can undergo oxidative stress [20,
24-29] and exhibit chromosome condensation [30, 31].

To generate an in vivo model for testing putative ovopro-
tective agents, we previously characterized temporal and spa-
tial accumulation of DXR in the mouse ovary, DXR-induced
DNA damage, and consequent apoptosis [32]. These data
demonstrate that DXR insult in the ovary is complex, involv-
ing responses that are cell- and follicle-type specific. DXR
accumulates first in stromal cells, quantifiable by confocal
microscopy at 2 hrs post-injection, then continuously shifts
distribution to accumulate in follicles. Direct DXR-induced
DNA damage prior to apoptosis was quantified using the
neutral comet assay (NCA) in ovarian cells isolated from
DXR-treated mice. This sensitive, single-cell electrophoretic
assay reveals DNA damage in stromal/theca cells earlier than
granulosa cells (2 hrs vs. 4 hrs post-injection, respectively).

As the first site of DXR-induced DNA damage, protecting
stromal cells from chemotherapy insult may be critical to
shielding the ovary as a whole. Stromal cells provide struc-
tural support for the ovary and determine the extracellular
matrix composition, which in turn influences follicular matu-
ration. Granulosa cells appear more sensitive to DXR-in-
duced DNA damage, however, with an approximate 2-fold
increase over control compared to a maximal 50% increase in
stromal cells. It is therefore equally important to shield the
granulosa cells, which maintain follicular health and nourish
the oocyte, from chemotherapy.

Oocytes did not exhibit a significant increase in DNA dam-
age over control until 10-12 hrs post-injection, a compara-
tively late sequel to granulosa cell damage occurring only
after significant TUNEL signal in the granulosa cells indi-
cates late-stage apoptosis and failing follicles. By 8 hrs post-
DXR, antral follicles exhibit a 100% apoptotic index, and by
12 hours, secondary follicles plateau at 40% and primary
follicles reach a 12% apoptotic index. These data suggest
oocytes are either late targets of DXR or fail subsequent to
follicular deterioration. Apoptotic events in primordial fol-
licles (PFs) are not detected until 48 hrs post-DXR, despite
significant DXR accumulation. The PFs are the follicle popu-
lation which constitute the ovarian reserve and thus determine
long-term fertility. PFs do sustain DXR-induced DNA dam-
age, —as indicated by the appearance of phosphorylated
vH2AX foci, the earliest cellular marker of dsDNA breaks, 48
hrs post-DXR. The complex ovarian response to DXR indi-
cates that a successful ovarian protective agent needs to pro-
tect each ovarian cell type, as well as follicles at multiple
stages.

Proteasome Inhibitors as Putative Ovoprotective Agents.

Though permeant to the cell plasma membrane, DXR is
co-translocated across the nuclear membrane with the pro-
teasome [33, 34], providing a potential mechanism to inter-
cept nuclear DXR accumulation. The proteasome itself is
responsible for over 90% of cellular protein turnover [35]. To
regulate nuclear protein turnover, the assembled, active pro-
teasome complex is translocated from the cytosol to the
nucleus based in part on nuclear localization signals [36]. The
proteasome is not structured like traditional transporters nor
is the physiologic function drug transport, but the proteasome
does mediate DXR nuclear accumulation [33, 37, 38]. Inhibi-
tors including MG-132 and bortezomib (Bort), an aldehyde
and boronate peptide, respectively, bind the proteasome
active site with high affinity and specificity. Both MG-132
and Bort prevent DXR nuclear accumulation in 1.1210 cells
by competing with DXR for binding to the proteasome active
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site [33]. MG-132 also prevents DXR-induced DNA damage
in cardiac-derived H9C2 cells [39].

Well-tolerated in normal tissue, Bort is already approved
for clinical use in anti-cancer therapies. Bort sensitizes
myelomas and lung cancers to traditional chemotherapy, and
is being tested to treat a variety of other cancers [40-107]. The
toxicity in cancer cells is due to their requirement for rapid
NF-kB turnover mediated by the proteasome to facilitate
DNA transcription and rapid cell division [108-110].

Proteasome Inhibitor-mediated Ovoprotective Shielding
Across Chemotherapy Drug Classes.

A further challenge facing the field of oncofertility is to
avoid a scenario in which patients require an ovoprotective
agent to correspond to each drug in their chemotherapy cock-
tail. The first member of the platinum-containing anti-cancer
drugs, cisplatin is another common chemotherapy agent asso-
ciated with high risk for POI [111]. Platinum drugs bind DNA
and induce crosslinking which ultimately leads to apoptosis.
Cisplatin is used in combination with DXR to treat hepato-
blastoma (childhood liver cancer), neuroblastomas, osteosa-
rcomas, Ewing and soft tissue sarcomas, endometrial cancer,
and some triple negative breast cancers. In the rodent ovary, a
single dose of cisplatin causes primordial follicle and oocyte
destruction, decreases pregnancy rates and pups per litter in
mice, and decreases circulating and follicular levels of anti-
mullerian hormone (AMH) in rats [112-116]. Circulating
AMH levels correlate with ovarian reserve such that a
decrease in AMH is an indicator of POI. Also toxic to other
organs, cisplatin causes nephrotoxicity by inducing depletion
of the antiapoptotic protein, Mcl-1, and subsequent mito-
chondrial release of AIF [117]. Bort shields the kidney from
cisplatin toxicity by preserving Mcl-1 levels [117]. Mcl-1
playsa critical role in follicle turnover as well [118-122]. This
suggests Bort may also effectively shield the ovary from the
platinum drug, albeit via a different mechanism than DXR
shielding: preventing cisplatin-induced Mcl-1 depletion.

There is a critical need to develop a drug-based ovarian
shield given routinely at the time of chemotherapy treatment
to preserve both fertility and ovarian estrogen in female can-
cer patients regardless of age and cancer type. The long-term
health consequences of early menopause in cancer survivors
are expensive, and can include fertility treatment (IVF), as
well as life-long treatment for osteoporosis, heart disease, and
mental disorders as a result of estrogen depletion. Drug-based
chemoprotection has the potential to overcome current
obstacles in oncofertility by preserving ovarian endocrine
function in a cost-effective, easily administered, non-invasive
manner and avoiding health complications associated with
premature menopause.

SUMMARY OF THE INVENTION

In general, the present invention provides a method of
reducing damage to the organ systems of a subject receiving
chemotherapy. One exemplary organ that can be protected by
the method is ovary. The method comprises the step of admin-
istering to the subject an amount of a proteasome inhibitor
effective to reduce damage to the subject’s ovary within a
therapeutic time window prior to administration of a chemo-
therapeutic agent.

In one embodiment, the therapeutic time window is in the
range of about 30 minutes to about 2 hours. Preferably, the
time window is about 30 minutes, 45 minutes, one hour, 1.5
hours and two hours. More preferably, the time window is
about one hour.

In one embodiment, the proteasome inhibitor is adminis-
tered at a dose in the range of 3% to 99% of the dose of the
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proteasome inhibitor typically used in a chemotherapy regi-
men. Preferably, the dose is 33% of'the dose typically used in
a chemotherapy regimen.

In one embodiment, the proteasome inhibitor is adminis-
tered in a dose in the range of about 0.04 mg/m? to about 1.0
mg/m?>. Preferably, the dose is about 0.43 mg/m?.

In one embodiment, the proteasome inhibitor is selected
from the group consisting of bortezomib, carfilzomib, mari-
zomib, CEP-18770, MLN-9708. ONX-0912, MG-132,
PR-171, peptide vinyl sulfone, peptide 2-keto-1,3,4-oxadia-
zole, NPI-0052, TMC-95A, CVT-650, 2-aminobezylstatine
derivative, trimethol-L-phenylalanine tripeptide, thiostrep-
ton, MG-162, and mixtures thereof. Preferably, the protea-
some inhibitor is bortezomib or MG-132.

Inone embodiment, the chemotherapeutic agent is selected
from the group consisting of anthracyclines, platinum drugs,
intercalating chemotherapeutic agents, topoisomerase poi-
sons, cyclophosphamide drugs, and mixtures thereof.

In one related embodiment, the anthracycline is selected
from the group consisting of Daunorubicin (Daunomycin),
Daunorubicin  (liposomal), Doxorubicin (Adriamycin),
Doxorubicin (liposomal i.e. Doxil), Epirubicin, Idarubicin,
Valrubicin, Mitoxantrone, and mixtures thereof. Preferably,
the anthracycline is Doxorubicin.

In one related embodiment, the platinum drug is selected
from the group consisting of Cisplatin, Carboplatin, Oxalipl-
atin, and mixtures thereof.

In one related embodiment, the intercalating chemothera-
peutic agent is selected from the group consisting of dactino-
mycin, erlotinib, and mixtures thereof.

In one related embodiment, the topoisomerase poison is
selected from the group consisting of etoposide (VP-16),
teniposide, doxorubicin, daunorubicin, mitoxantrone, amsa-
crine, ellipticines, aurintricarboxylic acid, HU-331, irinote-
can, topotecan, camptothecin, lamellarin D, and mixtures
thereof.

In another related embodiment, the cyclophosphamide
drug is selected from cyclophosphamide, alkylating chemo-
therapeutic agents, ifostamide, melphalan, budulfan, uracil
mustard, chlorambucil, and mixtures thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
in color. Copies of this patent or patent application publica-
tion with color drawings will be provided by the Office upon
request and payment of the necessary fee.

FIG. 1. Bort pretreatment attenuates DXR-induced DNA
damage in mouse granulosa and stroma cells after in vivo
treatment. Ovaries were harvested 12 hrs post-DXR injection
and dsDNA breaks measured in single cell preparations. A)
summary data of granulosa cell DNA damage B) summary
data of stromal cell DNA damage. *p<0.05, n=4 mice.

FIG. 2. Bort pretreatment attenuates DXR-induced DNA
damage in mouse stroma cells 4 hrs after in vivo treatment.
Ovaries were harvested 4 hrs post-DXR injection and dsDNA
breaks measured in single cell preparations. Summary data of
stromal cell DNA damage. *p<0.05, n=4 mice.

FIG. 3. Bort pretreatment attenuates DXR-induced DNA
damage in mouse granulosa cells 24 hrs after in vivo treat-
ment. Ovaries were harvested 24 hrs post-DXR injection and
dsDNA breaks measured in single cell preparations. Sum-
mary data of granulosa cell DNA damage. *p<0.05, n=4
mice.

FIG. 4. Bort attenuates yH2AX phosphorylation in
response to DXR in the mouse ovary. Western blot of ovarian
lysates isolated 6 hrs post-DXR injection+/-1 hr Bort pre-
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treatment is probed with antibodies recognizing [-actin and
phosphorylated YH2AX as indicated.

FIG. 5. Bort attenuates DXR-induced apoptosis in the
mouse ovary. 4 week-old female CD-1 mice were injected i.p.
with control saline+0.05% DMSO or 0.143 mg/kg Bort 1 hr
prior to injection with 20 mg/kg DXR or saline. Ovaries were
harvested from treated mice 12 hrs post-DXR injection, fixed,
and processed for the TUNEL assay. Apoptotic index mea-
sures the fraction of cells dying via apoptosis in each group.
*p<0.05 one-way ANOVA n=4 mice.

FIG. 6. Proteasome inhibitors Bortezomib and MG-132
both limited DXR-induced dsDNA breaks in KK-15 cells.
(A) Pretreating KK-15 cells for 1 h with the indicated Bort-
ezomib doses prevented dsDNA breaks caused by 3 hr, 50 nM
DXR treatment, as measured by the NCA. (B) Pretreating
KK-15 cells for 1 h with the indicated MG-132 doses simi-
larly prevented DXR-induced dsDNA breaks. Bar graphs
summarize comet moment data. Bortezomib (n=3,
*#4p<0.001), MG-132, (n=4, ***p<0.001) ANOVA with
Bonferroni means comparison.

FIG. 7. Summary graphs describe linear accumulation of
DXR in the cytosol (A), but non-linear accumulation in the
nucleus (B). The fl. intensity units of these samples between
wavelengths emission 597 and 601 were averaged to give the
peak fl. signal for each treatment group and normalized to the
3 uM DXR treatment. Standard errors were pooled.

FIG. 8. Bort pretreatment prevents DXR-induced dsDNA
breaks in ovarian cells. Summary data quantity dsDNA dam-
age as the comet moment utilizing the comet assay. Trend
lines included for visualization. Panels summarize DNA
damage in granulosa cells (A.) and stromal cells (B.) as time
post-DXR injection plotted against comet moment. DXR vs.
Bort-DXR comet moment was significantly different at all
time points for granulosa cells (A) and stromal cells (B),
p<0.05, one-way ANOVA. (C.) Bar graph summarizes DNA
damage in oocytes 24 hrs post-DXR injection. n=3 animals/
group/time point/replicate, 4 replicates total. *p<0.05, one-
way ANOVA.

FIG. 9. Western blots with corresponding quantification
reveal DXR-induced changes in YH2AX and pAKT phospho-
rylation, PTEN expression, and pro-Caspase-3. A. Blot
probed with anti-phospho YH2AX antibodies reveal an
increase in the corresponding 17 kDa band in ovarian lysates
harvested 6 hrs post-DXR injection exclusively in DXR-
treated mice. *p<0.05, one-way ANOVA, Tukey means com-
parison. B. Blot probed with anti-PTEN antibodies revealed a
decrease in the density of the corresponding 60 kDa band in
ovarian lysates harvested 6 hrs post-DXR injection exclu-
sively in DXR-treated mice. C. Blot probed with anti-phos-
pho-AKT]1 antibodies revealed a decrease in the intensity of
the corresponding 60 kDa band in ovarian lysates harvested
24 hrs post-DXR injection exclusively in DXR-treated mice.
D. Blot probed with anti-Caspase 3 reveal a decrease in the
intensity of the band corresponding to pro-Caspase 3, 24 hrs
post-DXR injection exclusively in DXR-treated mice. All
blots show (-actin as the loading control. N=3 blots/quanti-
fication.

FIG. 10. Bort pretreatment prevented DXR-induced apop-
tosis in mouse ovarian follicles. A. Micrographs of mouse
ovaries stained with TUNEL (green) or PI (red, nuclei),
bar=40 um). Representative images from 3 different mice are
shown for each treatment condition. Insets are digital magni-
fication. B. Bar graph quantifies the apoptotic index per fol-
licle class calculated as fraction apoptotic/total follicles for
each class. *p<0.05, one-way ANOVA, Bonferroni means
comparison.
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FIG. 11. Bort pretreatment prevented DXR accumulation
in the mouse ovary. A. Micrographs of mouse ovarian sec-
tions obtained by spectral confocal imaging (ex. 488 nm, em.
given in panel B). Images are overlays of all collected emis-
sion wavelengths. Bar=40 pm. For print, images were
adjusted equally to a threshold of 140 in Photoshop with no
other image enhancements. B. Graph plots mean fluorescence
intensity+/-SEM quantified from raw DXR fluorescence in
ovarian sections representing the top, middle, and bottom
third of the ovary. Emission profiles at 550-560 nm (cold
finger) were not collected by the microscope to prevent direct
detection of the excitation laser at that wavelength. Confocal
parameters were identical from one sample to the next. DXR
points are statistically significant from ctl and Bort-DXR with
p<0.05, one-way ANOVA, Bonferroni means comparison.

FIG. 12. DXR treatment decreased pup birth weight by
17% compared to controls. Bortezomib pretreatment restored
pup weights to within 6% of control, statistically significantly
greater than DXR-only birth weight.

FIG. 13. DXR treatment dropped litter size to 50% of
control. While the Bort-DXR treated mice also exhibited an
initial decrease in litter size (8 pups in round 1), the litter size
continuously increased over time with each mating round, to
approach control levels by the end of the trial (12 pups, round
6).

DESCRIPTION OF THE INVENTION

The present inventors have surprisingly uncovered that
proteasome inhibitors could bind the proteasome, blocking
the chemotherapeutic agent transport into the nucleus of cells.
Based on this discovery, the inventors envision that protea-
some inhibitors may substantially reduce and even prevent
ovarian damage caused by chemotherapeutic agents, thereby
preserving ovarian function and protecting both the oocytes
and supporting ovarian granulosa, theca, and stromal cells of
a subject, regardless of the age of the subject and the type of
cancer.

In general, the present invention provides a method for
reducing damage to the ovary of a subject receiving chemo-
therapy. The method comprises the step of administering to
the subject an effective amount of a proteasome inhibitor
within a therapeutic time window prior to administration of a
chemotherapeutic agent.

One of the most important advantages of the present inven-
tion is that it can reduce the chemotherapy damage to ovary,
including all ovarian cells. Because the supporting cells of the
ovary regulate the hormone environment critical to maintain-
ing oocyte health as well as systemic hormone balance
throughout the body, protecting all ovarian cells is critical to
ovarian health, endocrine function, and overall fertility.
While current cryopreservation technologies save oocytes,
they do not preserve endocrine function of the ovary and
therefore do not prevent premature menopause in female
cancer survivors. Thus, the present invention not only can
protect oocyte, but also can preserve endocrine function, pre-
venting or delaying chemotherapy-induced primary ovarian
insufficiency and subsequent menopause.

By “ovary”, we mean an ovum-producing reproductive
organ. The definition also includes ovarian follicles, which is
the basic units of female reproductive biology. At the cellular
level, the ovary contains all the cells of the ovary or any cells
presented or found in the ovary. In one embodiment, the ovary
includes the oocyte, hormone-producing cells, granulosa
cells, theca, and stromal cells, as well as the cells of the
internal and external theca layers and all associated vascula-
ture.
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By “reducing damage” or “reduction of damage”, we mean
a process which is capable of reducing, mitigating, and/or
delaying chemotherapy-associated toxicities, so that the
degree of safety of a subject’s overall chemotherapeutic treat-
ment is increased and adverse physiological responses to
chemotherapeutic intervention is reduced. It may also reduce,
prevent, mitigate, and/or delay the addition of, or the augmen-
tation of medically-unacceptable adverse effects that may
otherwise limit or interfere with the safety and utility of
chemotherapy. The term “reducing damage” also means fully
or at least partially preserving or recovering endocrine func-
tion, estrogen levels, anti-mullerian hormone (AMH) levels,
and/or fertility in women exposed to chemotherapy, or reduc-
ing the risk of estrogen depletion and/or decreased fertility as
the result of chemotherapy, such as the risk of temporary or
permanent stop of egg production, temporary or permanent
depletion/loss of estrogen production, temporary or perma-
nent AMH depletion, the risk of miscarriage, the risk of
premature birth, the risk of low birth weight or other prob-
lems.

“Damage” includes but is not limited to, direct DNA dam-
age, oxidative stress, cellular demise (apoptosis/necrosis),
reduced hormone production, and overall follicular depletion
and decreased fertility caused by the adverse impact associ-
ated with chemotherapy.

In one embodiment, the reduction of the damage includes
a process of preventing toxicities caused by the chemothera-
peutic agent.

There are also some other benefits associated with the
reduction of the damage. The action of proteasome inhibitors
should similarly protect all other healthy organ systems in the
body because the proteasome inhibitor is highly conserved
across cells and organs, particularly those comprised of
slowly- or non-dividing cells. Therefore proteasome inhibitor
administration should improve patient tolerance of the che-
motherapeutic agent. For example, the reduction may allow
physicians to administer increased dose levels of chemothera-
peutic agents; allow administration of chemotherapeutic
agents more frequently, i.e., with shorter time intervals
between treatment or actual treatment time; allow increases in
the number of chemotherapy treatments by the prevention of
cumulative toxicities; and/or allow reduced numbers of
instances of dose modifications, treatment interruptions or
delays, or discontinued treatments.

In one preferred embodiment, the reduction is a process of
reducing, preventing, mitigating, and/or delaying chemo-
therapy-associated toxicities that have adverse effects on hor-
mone-producing ovarian cells and oocytes, so that the risk to
offspring is reduced and/or early menopause and the loss of
fertility is prevented, minimized and/or delayed. The reduc-
tion may also reduce a risk of genetic defects in the oocyte
and/or exposure of the embryo to chemotherapeutic agents.

By “proteasome inhibitors”, we mean any substance which
directly or indirectly inhibits the proteasome or the activity
thereof. Exemplary proteasome inhibitors for use in the
present invention include, without limitation, bortezomib,
carfilzomib, marizomib, CEP-18770, MLN-9708. ONX-
0912, MG-132, PR-171, peptide vinyl sulfone, peptide
2-keto-1,3,4-oxadiazole, NPI-0052, TMC-95A, CVT-650,
2-aminobezylstatine derivative, trimethol-L-phenylalanine
tripeptide, thiostrepton, MG-162, and mixtures thereof.

In some embodiments, the proteasome inhibitor is bort-
ezomib. Bortezomib can be obtained by any methods known
in the art. For example, it is currently available in the clinic
under the trade name VELCADE® (Millennium Pharmaceu-
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ticals) and is sold by a number of laboratory chemical sup-
pliers under Bortezomib or PS-341, the original chemical
name.

In some embodiments, the proteasome inhibitor is
MG-132. MG-132 can be obtained by any methods known in
the art. For example, it is currently available by laboratory
chemical suppliers as a non-clinical grade drug.

The effective amount of a proteasome inhibitor to be
administered for the purpose of this invention is important.
By “effective amount”, we mean an amount of a proteasome
inhibitor sufficient to result in protection of gonads, follicles
and/or oocytes against a damage caused by chemotherapeutic
agents. The protection may be in the form of preventing
damage or reducing the degree of damage. For proteasome
inhibitors other than Bortezomib, it is anticipated the effec-
tive ovoprotective dose will be the dose that provides similar
proteasome inhibition as that achieved by the specified Bort-
ezomib dose range.

In some embodiments, the chemotherapeutic agent causes
transient or permanent cessation of ovulation (e.g., amenor-
rhea), and administration of an effective amount of a protea-
some inhibitor restores at least some of the ovulation.

In some embodiments, the chemotherapeutic agent
increases the amount of oocytes having genetic defects, and
administration of an effective amount of a proteasome inhibi-
tor prevents or at least partially reverses the increase in
oocytes with genetic defects.

In some embodiments, the chemotherapeutic agent causes
damage to the gonads, follicles and/or oocytes, and adminis-
tration of an effective amount of a proteasome inhibitor pre-
vents or at least reduces this damage.

Obviously, the specific “effective amount of a proteasome
inhibitor” will vary with such factors as the proteasome
inhibitor, the formulations employed and delivered, the con-
dition of the subject, the type of cancer being treated, the
duration of the treatment, the nature of concurrent therapy,
route of delivery, etc.

Preferably, the effective amount of a proteasome inhibitor
in accordance with the present invention is in the range 0f3%
to 99% of the dose of the proteasome inhibitor typically used
in a chemotherapy regimen. For example, the effective
amount of a proteasome inhibitor is about 3%, 10%, 20%,
33%, 40%, 50%, 60%, 70%, 80%, or 99% of the dose of the
proteasome inhibitor typically used in a chemotherapy regi-
men (the standard chemotherapy dose). More preferably, the
effective amount of a proteasome inhibitor is about 33% of
the dose typically used in a chemotherapy.

The standard chemotherapy dose of proteasome inhibitors
typically used in chemotherapy is well-established in practice
or may be determined by any method known in the art. For
example, depending on the particular inhibitor used, the dose
can be in the range of about 0.1 mg/m? to about 3 mg/m?. One
specific example of the standard chemotherapy dose is about
1.3 mg/m>.

Accordingly, in some embodiments, the effective amount
of a proteasome inhibitor in accordance with the present
invention is in the range of about 0.04 mg/m> to about 1.0
mg/m>. Preferably, the effective amount of a proteasome
inhibitor is about 0.04, 0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4,
0.45,0.5,0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.9,0.95,and 1.0
mg/m*. More preferably, the effective amount of a protea-
some inhibitor is about 0.43 mg/m?, which is 33% of a typi-
cally used chemotherapy dose of 1.3 mg/m?>.

The term “about” as used herein means greater or lesser
than the value or range of values stated by 5 of the stated
values, but is not intended to limit any value or range of values
to only this broader definition. For instance, a dose value of
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about 33% means a dose between 27% and 39%. Each value
or range of values preceded by the term “about” is also
intended to encompass the embodiment of the stated absolute
value or range of values.

By “chemotherapy” and “chemotherapeutic”, we mean a
treatment or a serial treatments with a chemical agent capable
of causing damage (e.g., cell death and/or DNA mutation) to
proliferating cells, typically cancer cells. The chemotherapy
may be a treatment for a malignant disease or disorder (e.g.,
cancer), but chemotherapy for other conditions (e.g., autoim-
mune diseases, or conditions that require bone marrow abla-
tion) is also included.

Preferably, “chemotherapy” and “chemotherapeutic” refer
to treatment with chemotherapeutic agents that cause damage
to gonadal tissue (e.g., gonads and/or follicles) and/or
oocytes, either as an adverse side effect or per se.

Chemotherapeutic agents in accordance with the present
invention include, but not limited to, anthracyclines, platinum
drugs, intercalating chemotherapeutic agents, topoisomerase
poisons, cyclophosphamide drugs, and mixtures thereof. All
these chemotherapeutic agents can be obtained by any
method known in the art. For example, they may be commer-
cially available.

In some embodiments, the chemotherapeutic agent is an
anthracycline. Exemplary anthracyclines include, without
limitation, Daunorubicin (Daunomycin), Daunorubicin (li-
posomal), Doxorubicin (Adriamycin), Doxorubicin (liposo-
mal i.e. Doxil), Epirubicin, Idarubicin, Valrubicin, Mitox-
antrone, and mixtures thereof.  Preferably, the
chemotherapeutic agent is Doxorubicin

In some embodiments, the chemotherapeutic agent is a
platinum drug. Exemplary platinum drugs include, without
limitation, Cisplatin, Carboplatin, Oxaliplatin, and mixtures
thereof.

In some embodiments, the chemotherapeutic agent is an
intercalating chemotherapeutic agent. Exemplary intercalat-
ing chemotherapeutic agents include, without limitation, dac-
tinomycin, erlotinib, and mixtures thereof.

In some embodiments, the chemotherapeutic agent is a
topoisomerase poison. Exemplary topoisomerase poisons
include, without limitation, etoposide (VP-16), teniposide,
doxorubicin, daunorubicin, mitoxantrone, amsacrine, ellipti-
cines, aurintricarboxylic acid, HU-331, irinotecan, topote-
can, camptothecin, lamellarin D, and mixtures thereof.

In some embodiment, the chemotherapeutic agent is a
cyclophosphamide drug. Cyclophosphamide belongs to the
class of alkylating chemotherapy. Other members of this class
include, without limitation, ifosfamide, melphalan, budulfan,
uracil mustard, and chlorambucil.

The timing for administering the proteasome inhibitor is
important. The proteasome inhibitor must be administered
within a certain therapeutic time window prior to the admin-
istration of a chemotherapeutic agent. The time window is
effective if it provides at least a period of time for the protea-
some inhibitor to bind the proteasome and slow or even block
the transport of the chemotherapeutic agent into nucleus and/
or mitigate other mechanistic pathways for chemotherapy
injury in the ovary, including specific protein turnover. Of
course, the specific time window may vary, depending upon
the chemotherapeutic agent and/or the proteasome inhibitor,
the amount of the agent and/or the inhibitor being delivered,
the formulations being employed and delivered, the route of
delivery, the condition of the subject receiving the agent, the
type of the cancer being treated, the duration of the treatment,
the nature of concurrent therapy, etc. On the other hand, in a
clinic setting, one would prefer the treatment to be conducted
in an efficient manner for obvious practical reasons. For
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example, after receiving a proteasome treatment, one may
prefer to wait for about 30 minutes to about 2 hours before he
or she receives a chemotherapeutic treatment.

Thus, in some preferred embodiments, the time window
between the administrations of a proteasome and a chemo-
therapeutic agent is between about 30 minutes to two hours.
In some embodiments, the time window can be about 30
minutes, 45 minutes, one hour, 1.5 hours, or two hours. More
preferably, the time window is about 30 minutes or one hour.

The administration of a proteasome inhibitor can be carried
out by any protocols known in the art. The administration may
vary depending on doses, dosage forms, formulations, com-
positions and/or administration devices involved. The form of
the proteasome inhibitor may also contain a pharmaceuti-
cally-acceptable carrier thereof, and/or an analog thereof. For
example, the proteasome inhibitor may be administered in
forms for oral administration (for example by means of tab-
lets, troches, lozenges, sublingual absorption, and the like),
injection (for example: subcutaneous administration, intrad-
ermal administration, subdermal administration, intramuscu-
lar administration, depot administration, intravenous admin-
istration or intra-arterial administration, intra-cavitary
administration (e.g., administration into the intrapleural or
intraperitoneal space), and any other forms known in the art.

It should be understood that the present invention has been
described above with respect to its preferred embodiments.
Other forms of this concept are also intended to be within the
scope of the claims.

EXAMPLES
Example 1

This Example is a preliminary test of whether clinically-
approved bortezomib (Bort) protects the ovary from doxoru-
bicin (DXR) insult. The neutral comet assay was used to
measure acute DXR-induced double-strand DNA breaks in
an in vivo mouse model as previously described [32]. 4-week-
old adolescent female CD1 mice were pre-treated with intra-
peritoneal (i.p.) injection of 0.143 mg/kg Bort 1 hr prior to 20
mg/kg DXR.

FIG. 1 shows that Bort attenuates DXR-induced DNA
damage 12 hrs post-DXR in both granulosa and stromal cells.
Similar Bort-mediated protection was observed 4 and 24 hrs
post-injection (FIGS. 2 and 3, respectively). Further charac-
terization of DXR-induced time-dependent DNA damage
revealed that Bort pre-treatment prevented DXR-induced
double strand DNA breaks in granulosa, stromal cells, and
oocytes over the entire 24 hour acute insult period (FIG. 8).

Bort pretreatment also attenuated DXR-induced yH2A.X
phosphorylation (activation), the earliest cellular response to
dsDNA breaks. DXR increased yYH2A.X phosphorylation, as
demonstrated by an increase in intensity of the corresponding
17 kDa band on Western blots; this response was attenuated
with Bort pretreatment (FIGS. 4 and 9).

To determine whether Bort pretreatment prevents DXR-
induced follicular apoptosis, ovaries were harvested from
mice treated with control, DXR, or Bort+DXR, 12 hrs after
chemotherapy administration. Ovaries were fixed and stained
using the TUNEL assay [32]. Follicles were scored as apop-
totic if they contained =4 TUNEL-positive granulosa cells
[123]. While Bort did not prevent antral follicle apoptosis,
pretreatment with the proteasome inhibitor significantly
attenuated TUNEL signal in secondary follicles (FIGS. 5 and
10). Bort also appeared to decrease apoptosis in primary
follicles, but the experiment will have to be repeated at longer
time points, when higher percentages of primary follicles
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exhibit DXR-induced apoptosis to ascertain statistical sig-
nificance. These data indicate Bort attenuates DXR-induced
follicular demise in vivo.

To determine whether other catalytic proteasome inhibi-
tors can also prevent DXR insult, we tested the hypothesis
that a structurally unrelated proteasome inhibitor, MG-132,
prevents DXR-induced DNA damage inimmortalized KK-15
granulosa cells, a viable model for both DXR insult and
protection [19]. KK-15 cells were pretreated with either Bort
or MG-132, boronate and aldehyde inhibitors, respectively,
for 1 hr prior to DXR. Both inhibitors prevented DNA damage
induced by 50 nM DXR, the LD, for KK-15 cells (FIG. 6).
These data demonstrate that structurally distinct catalytic
proteasome inhibitors can similarly prevent DXR insult, con-
sistent with a model in which the protection mechanism is
competitive binding to the proteasome active site.

Quantifying the dose-dependence of DXR accumulation
reveals facilitated transport into the nucleus in KK-15 cells, as
expected for proteasome-mediated nuclear accumulation.
DXR accumulation in cytosolic and nuclear cellular fractions
was quantified based on DXR’s autofluorescence from cells
treated with varying concentrations of DXR. Briefly, cytoso-
lic and nuclear fractions were treated with DNAse I to release
bound DXR from the DNA [124]. The data in FIG. 7 demon-
strate total DXR accumulation in the cytosol follows a linear
fit (A, example from n=3), consistent with lipid-based diffu-
sion. Nuclear accumulation, in contrast, is non-linear (B) and
fits an exponential function, suggesting facilitated transport.
These data are consistent with studies demonstrating protea-
some-mediated translocation of DXR across the nuclear
membrane [33, 37, 38].

Example 2

References cited in this Example are listed in the section of
References as “References cited in the Example 2.”

Methods

Chemicals. Bort was obtained from Simga, Complete pro-
tease inhibitors from Roche, DXR from the UW-Madison
Chemo Pharmacy, and all other chemicals from Fisher.

Lysate Preparation and Western Blots. Ovaries were
homogenized, protein quantified, and WBs were conducted
previously described [9]. Blots were probed with rabbit anti-
YH2AFX antibody (Abcam, 1:500), and mouse anti-f actin
(Sigma, 1:10,000), rabbit anti-phospho AKT1 (Cell Signal-
ing 1:1000), rabbit anti-PTEN (Cell Signaling 1:1000), and
rabbit anti-Caspase 3 (Cell Signaling 1:1000. WBs were
scanned and analyzed using the 5 LiCor Odyssey System
(UW-Small Molecule Screening Facility) [9].

Mice. This study was conducted in accordance with the
Guide for the Care and Use of Laboratory Animals and the
Animal Welfare Act. Procedures were approved by the Medi-
cal School Animal Care and Use Committee of the University
of Wisconsin (UW)-Madison. Animals were purchased
through (Charles Rivers) and housed in the UW Animal Care
Facility, accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, and provided a
standard care with free access to food and water. Four-week
old female CD1 mice were treated with 0.143 mg/kg Bort or
vehicle control, followed by 20 mg/kg DXR (twice the human
equivalent dose) or saline via intraperitoneal injection (200
ul total volume/injection) 1 hour later. Three mice were
injected per time point, 2, 4, 6, 12, and 24 hours, as indicated.
Mice were euthanized with CO2 per approved protocol, and
ovaries were processed as previously described [13].

Neutral Comet Assay. Ovaries were processed to provide
enriched populations of granulosa cells/oocytes, and stromal/
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thecal cells that were utilized in the neutral comet assay [9,
13]. At least 100 granulosa and stromal cells and 50 oocytes
were imaged from blinded slides per time point per mouse (3
mice/replicate) [9, 13]. The comet moment to quantify DNA
damage was scored using CometScore software. Data were
normalized to control for each experiment to allow pooling
across experiments.

Fluorescence Microscopy. Images were collected using a
Nikon A1 laser scanning microscope with a motorized stage
to image the entire section at 400x magnification. Each spec-
tral image was taken at the Z plane providing maximal signal
in the section utilizing identical laser settings with the spec-
tral scan head, exciting at 488 nm and collecting emissions
from 520 nm through 720 nm at 10 nm intervals [13]. Images
presented are overlays of all emissions, thereby including all
signal over the DXR emission range. Total DXR fluorescence
was measured in each section image using Nikon Elements,
quantifying fluorescent intensity at each emission wave-
length.

TUNEL Staining. Apoptosis was detected utilizing Apo-
pTag Plus Fluorescein In Situ Apoptosis Detection Kit as
previously described [13]. Nuclei were counterstained with
0.5 ug/mL Propidium lodide. Apoptotic index was deter-
mined only counting follicles containing a visible oocyte;
follicle types were differentiated by standard morphology
and size ranges. Primary, secondary, and antral follicles were
considered positive if they had =4 TUNEL-positive granulosa
cells [23].

Statistics. Graphs and ANOVA analyses were generated
using Originl.ab. All one-way ANOVAs were conducted
including means comparisons as indicated, set at p<0.05.

Results and Discussion

We tested the hypothesis that Bort pretreatment prevents
DXR-induced DNA damage utilizing the neutral comet assay
to quantify dsDNA damage in all ovarian cell types over a
24-hr post-injection period. Four week-old adolescent mice
were pretreated with 0.143 mg/kg Bort or vehicle control via
i.p. injection 1 hour prior to 20 mg/kg DXR i.p. injection. The
Bort dose corresponded to V5 the lowest human equivalent
doseutilized in chemo regimens (0.43 mg/m2 vs. 1.3 mg/m2),
while the DXR dose was double the standard human equiva-
lent dose to allow direct imaging of DXR fluorescence in
subsequent experiments.

Quantifying dsDNA breaks as the comet moment in indi-
vidual cells revealed that Bort prevented time-dependent
DXR-induced DNA damage in granulosa and stromal/thecal
cell-enriched populations in ovaries from treated mice 2
through 24 hrs post-injection (FIGS. 8a and 84, respectively).
Where the comet moment rose linearly to 250% control val-
ues following DXR treatment over time, Bort pretreatment
maintained values within 10% of control in granulosa cells
from Bort-DXR-treated mice (FIG. 8a). Similarly, DXR
increased the comet moment in stromal cells to 150% control
values, whereas Bort pretreatment maintained DNA damage
within 16% of control (FIG. 85). Not only was the initial onset
of DNA damage blocked, but there was no delayed DNA
damage response in the Bort-pretreated animals. DXR is rap-
idly cleared from the blood stream (within 15-30 minutes),
and the lack of DNA damage over a 24-hr period suggests
protection throughout the DXR clearance timeframe. These
data indicate pretreatment with Bort provides protection
across the entire acute DXR insult phase, rather than simply
delaying DNA insult in the ovary. FIG. 8¢ demonstrates Bort
also completely blocked DNA damage induced by DXR in
oocytes at 24 hrs post-injection, manifest as a lack of increase
in comet moment. Oocytes were not examined for DNA dam-
age at earlier time points as our previous publication demon-
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strated oocytes do not exhibit DXR-induced DNA damage
until at least 10 hrs post-injection. The comet assay therefore
revealed Bort completely prevented DXR-induced DNA
damage in all ovarian cell types over an acute 24-hr time
period.

To determine whether Bort prevents the cellular response
to DXR insult, Western blots (WBs) of ovarian lysates were
probed for cell response markers at 6 and 24 hrs post-injec-
tion. Confirming the lack of DNA damage, Bort pretreatment
attenuated DXR-induced yYH2A X phosphorylation (activa-
tion), the earliest cellular response to dsDNA breaks. DXR
increased YH2A.X phosphorylation, demonstrated by an
increase in intensity of the corresponding 17 kDa band on
WBs of ovarian lysates harvested 6 hrs post-injection probed
with anti-phospho-yH2A X antibodies (FIG. 94a). The phos-
pho-yH2A X response was lacking in Bort-DXR and Bort-
treated mice, demonstrating Bort prevented the earliest cel-
Iular response to DNA damage in the presence of DXR. Bort
pretreatment appeared to similarly attenuate changes in
PTEN and phoshpo-AKT expression induced by DXR. At 6
hrs post-injection, DXR treatment appeared to decrease
PTEN protein expression levels, but with Bort pretreatment,
PTEN protein reduction was eliminated (WBs, FIG. 95). By
24 hrs post-injection, DXR also appeared to decrease phos-
phorylated (activated) AKT1 (pAKT1) levels in ovarian
lysates (FIG. 9¢), a loss which was similarly prevented by
Bort pretreatment (FIG. 9¢), consistent with cellular protec-
tion. Previous studies have shown DXR treatment results in
activation of (cleavage) Caspase 3 in mouse ovaries [12].
Consistent with those data, we found a small decrease in the
density of bands corresponding to full-length Caspase 3 fol-
lowing DXR treatment that was prevented by Bort (FIG. 94).
Though a cleaved Caspase 3 band was detected in DxR
samples of some trials, it was not consistently dense enough
for reliable quantification. Bort treatment alone did not sig-
nificantly alter any of the proteins analyzed, suggesting that
the drug is well-tolerated in ovarian tissue. Taken together,
these data indicate Bort prevents DXR-induced changes in
cellular survival pathways, consistent with ovarian protec-
tion.

To ascertain whether Bort pretreatment prevents DXR-
induced follicular apoptosis, ovaries were harvested from
mice treated with control vehicle, Bort, DXR, or Bort+DXR,
12 hrs after chemo administration. Under stringent scoring
criteria labeling an entire follicle as apoptotic if it contained
=4 TUNEL-positive granulosa cells [23], as Bort pretreat-
ment resulted in a small decrease in the antral follicle apop-
totic index compared to DXR alone, and significantly reduced
the DXR-induced doubling of apoptotic-positive secondary
follicles to levels not different from control (FIG. 10). Bort
also decreased apoptosis in primary follicles indicating Bort
attenuated DXR-induced follicular demise in vivo, preserv-
ing the growing preantral follicles key for subsequent fertility.

Previous studies by Kiyomona et al [17] demonstrate that
DXR directly binds the proteasome; both binding and DXR
nuclear transport and accumulation in vitro are blocked by
proteasome inhibitors. To test the hypothesis that the mecha-
nism by which Bort prevents DXR-induced DNA damage is
reducing DXR accumulation in ovarian tissue, we quantified
DXR in the ovary utilizing the drug’s autofluorescence [13].
Spectral images of ovarian sections (FIG. 114, spectral emis-
sion composites) demonstrated Bort pretreatment dropped
DXR fluorescence to baseline levels (FIG. 115, quantifica-
tion). These data are consistent with a model in which Bort
competition for proteasome binding prevents DXR entry to
and accumulation within the cell nucleus. Further micros-
copy studies at higher magnification would facilitate analysis
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at the single cell level to distinguish nuclear from cytosolic
DXR accumulation, but these data demonstrate a Bort-medi-
ated lack of DXR fluorescence across the heterogeneous
ovary, including all follicle types and stromal tissue.

This study demonstrates the clinically-approved anti-can-
cer proteasome inhibitor, Bort, is a promising candidate as an
in vivo prophylactic to prevent anthracycline toxicity to the
normal ovary. Future studies will test the efficacy of Bort in
protecting the ovary from other chemo agents. The adolescent
mice utilized in this study model a patient population for
whom oncofertility treatments are limited. Pharma shields
like Bort that prevent all markers of chemo-induced damage
when given immediately prior to each chemo dose, should be
effective regardless of patient age and cancer type, and thus
have the potential to fill a gap in current oncofertility practices
and compliment cryopreservation-based fertility technolo-
gies.

Adding to other fertoprotective agents under development
including FTY720 and imatinib [24, 25], proteasome inhibi-
tors represent ideal ovoprotective agents as the drugs were
originally developed as anti-cancer agents and enhance,
rather than interfere with, anti-tumor efficacy of traditional
chemo agents [19]. Below the lowest human equivalent dose
used in chemo regimens (heq 1.3 mg/m2), the Bort dose
tested here (0.43 mg/m?2) should be well-tolerated in patients.
The ability to kill cancer cells while protecting normal tissue
cells seems contradictory, but is based on the same therapeu-
tic window concept that allows chemo to kill cancer without
destroying the patient from which the original cancer arose.
New generation proteasome inhibitors that increase anti-can-
cer potency and decrease the systemic side effects may pro-
vide further improvement over Bort as ovoprotective agents.

Bort blocked DXR-induced dsDNA breaks in all ovarian
cell types, including oocytes, over the entire 24-hr acute
injury period, but there was a small rise in comet moment in
stromal cells from Bort-DXR mice at 2 hrs, followed by a
drop back to baseline. Whether this represents transient DNA
damage that is repaired, or a population of stromal cells that
sustain damage, undergo necrosis, and hence are not detected
at later time points can be assessed in future studies. Stromal
cells isolated from DXR-treated mouse at 24 hrs in one of the
three replicates showed an apparent decrease in comet
moment, resulting in a drop of the mean. This was not
observed in the large number of mice used in our initial
characterization of acute DXR insult to the mouse ovary [13].
As previous work has demonstrated significant necrotic dete-
rioration of stromal tissue by 12-24 hours post-DXR, it is
most likely the apparent decrease in damage is loss of affected
cells.

PTEN and AKT1 protein expression levels change in coor-
dination following DXR treatment in a variety of cancer cells.
In particular, AKT1 phosphorylation is linked to cell survival,
and pAKT]1 levels decrease in DXR-sensitive tumors follow-
ing chemo treatment. In the present study, DXR treatment
appeared to decrease levels of phosphorylated AKT1, consis-
tent with decreased cell survival and the observed increase in
TUNEL-positive cells. Bort pretreatment restored AKT1
phosphorylation to control levels, consistent with enhanced
cell survival compared to DXR treatment alone, confirming
effective ovarian protection. Quantifying DXR fluorescence
revealed a lack of chemo accumulation in ovaries from mice
pretreated with Bort.

Long-term fertility and fecundity assessment in mouse and
nonhuman primate models can define Bort’s development as
an ovoprotective agent by determining whether acute protec-
tion translates to long-term preservation of ovarian and endo-
crine health. The efficacy of pairing Bort pretreatment with
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each DXR dose can also be determined in a traditional chemo
schedule. The preservation of preantral follicles in the pres-
ence of Bort suggests that the prophylactic treatment can
enable durable fertility and hormone function following DXR
treatment.

To determine whether Bortezomib pretreatment increases
female fertility, adolescent female (4 week old) CD-1 mice
were injected with 10 mg/kg Doxorubicin with or without 1
hour pretreatment with 0.143 mg/kg Bortezomib. Both drugs
were administered via i.p. injection. Female mice were then
mated with proven fertile males starting at 8 weeks of age.
Females were mated continuously with males, separated only
for pup delivery, then re-mated immediately with rotated
males. Pregnancy and litters were followed until females
reached 8 months of age or became infertile.

DXR treatment decreased pup birth weight by 17% com-
pared to controls (Stats, FIG. 12). Bortezomib pretreatment
restored pup weights to within 6% of control, statistically
significantly greater than DXR-only birth weight. These data
indicate that Bortezomib pretreatment improves the general
health of pups from female mice treated with DXR.

Following litter size over mating round revealed that DXR
dropped litter size to 50% of control (DXR: 5-8 pups/litter;
ctl: 12-14 pups/litter FIG. 13). While the Bort-DXR treated
mice also exhibited an initial decrease in litter size (8 pups in
round 1), the litter size continuously increased over time with
each mating round, to approach control levels by the end of
the trial (12 pups, round 6, FIG. 13). These data are consistent
with an initial loss of late antral follicles, followed by a
replacement of mature follicles from Bort-protected pre-an-
tral follicle pools (primordial, primary, and secondary fol-
licles). Taken with the acute protection provided by Bort-
ezomib, the in vivo breeding trials demonstrate the
proteasome inhibitor sufficiently shields the ovary from DXR
insult in such a way as to improve pup birth weight and litter
size following DXR insult.

This study demonstrates Bort is a promising drug to serve
as a prophylactic ovoprotective agent prior to DXR treatment
and provides a model to develop additional drug-based
approaches to preserve female reproductive health by pre-
venting acute chemo insult. Drug-based chemoprotection has
the potential to overcome current obstacles in oncofertility by
preserving ovarian endocrine function regardless of repro-
ductive maturity and cancer type. Cost-effective and easily
administered in a non-invasive manner, such ovoprotective
agents may thus prevent long-term health complications cur-
rently associated with chemo-induced premature menopause.
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We claim:

1. A method of reducing damage to the ovary of a subject
receiving chemotherapy, comprising the step of

(a) administering to the subject an amount of a proteasome

inhibitor effective to reduce damage to the subject’s
ovary within a therapeutic time window prior to admin-
istration of a chemotherapeutic agent.

2. The method of claim 1, wherein the time window is in the
range of about 30 minutes to about 2 hours.

3. The method of claim 2, wherein the time window is
about 30 minutes.

4. The method of claim 2,
about 45 minutes.

5. The method of claim 2,
about one hour.

6. The method of claim 2,
about 1.5 hours.

7. The method of claim 2,
about two hours.

8. The method of claim 1, wherein the proteasome inhibitor
is administered at a dose in the range 0f3% to 99% of the dose
of'the proteasome inhibitor typically used in a chemotherapy
regimen.

9. The method of claim 8, wherein the dose is 33% of the
dose typically used in a chemotherapy regimen.

10. The method of claim 1, wherein the dose is in the range
of about 0.04 mg/m? to about 1 mg/m?>.

11. The method of claim 10, wherein the dose is about 0.43
mg/m?.

12. The method of claim 1, wherein the proteasome inhibi-
tor is selected from the group consisting of bortezomib, car-
filzomib, marizomib, CEP-18770, MLLN-9708. ONX-0912,
MG-132, PR-171, peptide vinyl sulfone, peptide 2-keto-1,3,
4-oxadiazole, NPI-0052, TMC-95A, CVT-650, 2-ami-
nobezylstatine derivative, trimethol-L-phenylalanine tripep-
tide, thiostrepton, MG-162, and mixtures thereof.

13. The method of claim 12, wherein the proteasome
inhibitor is bortezomib.

14. The method of claim 12, wherein the proteasome
inhibitor is MG-132.

15. The method of claim 1, wherein the chemotherapeutic
agent is selected from the group consisting of anthracyclines,
platinum drugs, intercalating chemotherapeutic agents,
topoisomerase poisons, cyclophosphamide drugs, and mix-
tures thereof.

16. The method of claim 15, wherein the anthracycline is
selected from the group consisting of Daunorubicin (Dauno-
mycin), Daunorubicin (liposomal), Doxorubicin (Adriamy-
cin), Doxorubicin (liposomal i.e. Doxil), Epirubicin, Idaru-
bicin, Valrubicin, Mitoxantrone, and mixtures thereof.

17. The method of claim 16, wherein the anthracycline is
Doxorubicin.

18. The method of claim 15, wherein the platinum drug is
selected from the group consisting of Cisplatin, Carboplatin,
Oxaliplatin, and mixtures thereof.

19. The method of claim 15, wherein the intercalating
chemotherapeutic agent is selected from the group consisting
of dactinomycin, erlotinib, and mixtures thereof.

wherein the time window is

wherein the time window is

wherein the time window is

wherein the time window is
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20. The method of claim 15, wherein the topoisomerase
poison is selected from the group consisting of etoposide
(VP-16), teniposide, doxorubicin, daunorubicin, mitox-
antrone, amsacrine, ellipticines, aurintricarboxylic acid,
HU-331, irinotecan, topotecan, camptothecin, lamellarin D,
and mixtures thereof.

21. The method of claim 15, wherein the cyclophospha-
mide drug is selected from cyclophosphamide, alkylating
chemotherapeutic agents, ifostamide, melphalan, budulfan,
uracil mustard, chlorambucil, and mixtures thereof.
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