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Abstract

The concept of tumor dormancy has been
developed to explain a prolonged interval
between primary therapy and the recurrence of
metastatic disease. The process of dormancy
may be driven or supported by several different
mechanisms including angiogenesis and the
tumor microenvironment, cell cycle arrest,
immune surveillance, and autophagy. One
xenograft model for dormancy in ovarian
cancer emphasizes the importance of an
effective and stable tumor microvasculature. In
another xenograft model of dormancy in
ovarian cancer, autophagy appears to be
important for sustaining dormant cancer cells
under nutrient poor conditions. Autophagy
plays an ambiguous role in cancer
pathophysiology. As a cellular defense
mechanism, loss of autophagy has been
implicated in tumor progression in several
models, but autophagy can also provide a
survival mechanism for dormant cancer cells.
ARHI (DIRAS3) is a maternally imprinted
tumor suppressor gene that is downregulated in
60% of human ovarian cancers associated with
decreased  progression  free  survival.
Re-expression of ARHI blocks proliferation,
inhibits migration, prevents angiogenesis and
induces autophagy and tumor dormancy.
Treatment of mice bearing ARHI-induced
dormant xenografts with chloroquine, a
functional inhibitor of autophagy, delays the
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outgrowth of tumor transplants, consistent with
a role for autophagy in sustaining nutrient
deprived cancer cells. This mechanism may
extend beyond ovarian cancer, as downregula-
tion of ARHI has been found in breast, lung,
prostate, pancreatic, and thyroid cancers. This
review considers the role of multiple mecha-
nisms for dormancy in epithelial ovarian can-
cers that may provide new targets for
eliminating dormant cancer cells.

Introduction

The concept of tumor dormancy has been
developed to  explain the  prolonged
interval — sometimes many years — between
primary therapy and the recurrence of metastatic
disease. This phenomenon was noted as early as
1934 by Willis and has been observed in several
different malignancies including carcinomas of
the breast, ovary and kidney, as well as lympho-
mas and melanomas, where recurrence can be
observed 5-20 years following initial removal of
the primary tumor (Willis 1934). Possible mecha-
nisms that could contribute to tumor dormancy
include: (1) an exit from the cell cycle or cell
cycle arrest; (2) a balance between cell prolifera-
tion and cell death; (3) a prolonged block in effec-
tive angiogenesis, (4) a requirement for additional
mutations or epigenetic events to permit the pro-
gression of metastatic clones, and (5) immune
suppression of cancer cell growth. Dormancy can
occur following primary surgery or radiation ther-
apy, but is now observed most frequently after
systemic chemotherapy or hormonal therapy. By
definition, dormant cancer cells have survived
primary therapy and generally contain a subpopu-
lation of drug resistant tumor initiating cells.

For epithelial cancers that arise from several
different sites, attempts to eliminate dormant
cancer cells with additional maintenance chemo-
therapy have not been effective. This is particu-
larly true for ovarian cancer where maintenance
therapy with paclitaxel (Markman et al. 2009) or
bevacizumab (Perren et al. 2011) can prolong
progression free survival, but not overall survival
or the rate of cure.
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Clinical Biology of Ovarian Cancer

Ovarian cancer is neither a common nor a rare
disease. The lifetime risk for a woman in the
United States is 1 in 70 compared to 1 in 8 for
breast cancer. Among women, approximately 3%
of cancers arise from the ovary and these malig-
nancies account for 6% of cancer deaths (Jemal
et al. 2002). Ovarian cancers have been thought
to develop from epithelial cells that cover the
ovary or that line cysts immediately below the
ovarian surface. Recent studies suggest that a
fraction of high grade serous “ovarian” cancers
actually arise from the fimbriae of the fallopian
tube (Crum et al. 2007). Like breast or lung can-
cer, ovarian cancer can metastasize through blood
or lymph. Most frequently, however, ovarian can-
cer cells metastasize from the ovary or fallopian
tube across the abdominal cavity, producing mul-
tiple tumor nodules on the parietal and visceral
peritoneum. When ovarian cancers are detected
prior to metastasis, more than 90% can be cured
with currently available therapy. When disease
has spread throughout the abdominal cavity or
above the diaphragm, long term survival falls to
less than 30%. Despite promising research, there
is at present no proven strategy for early detec-
tion and less than a quarter are diagnosed while
still limited to the ovaries (Stage I) (Lu et al.
2013; Menon et al. 2009).

Primary treatment of newly diagnosed ovarian
cancer involves “cytoreductive surgery” followed
by combination chemotherapy. Gynecologic
surgeons with special training remove not only the
ovaries, fallopian tubes, uterus and omentum, but
as much metastatic cancer as possible, even when
complete resection is not feasible. Small meta-
static deposits less than 1 cm in diameter are often
left after surgery and chemotherapy is required for
their elimination. Ovarian cancer is chemo-
responsive, but much less chemo-curable.
Treatment with six cycles of carboplatin and
paclitaxel will produce a response in 70% of
patients, but less than 30% remain free from recur-
rent disease. In the majority, disease recurs within
1-3 years, but in some cases recurrence has been
documented 5-10 years following primary ther-
apy. Median survival now extends to 4-5 years
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with optimal and aggressive care, but the fraction
of women cured remains less than 30% and has
not changed over the last two decades.
Recurrence of metastatic disease occurs most
often within the peritoneal cavity. In the past,
“second look™ operations have been performed
after primary surgery and chemotherapy to detect
residual disease. Ovarian cancer cells have been
found in small, poorly vascularized fibrotic nod-
ules on the peritoneal surface. In this setting, dor-
mant ovarian cancer cells are likely to be hypoxic
and nutrient deprived. Survival of dormant can-
cer cells in this setting is likely to depend upon
multiple mechanisms, including autophagy.
Compartmentalization and self-digestion of
long-lived cellular proteins and organelles yield
amino acids and fatty acids that can provide
needed energy under nutrient poor conditions.

Models for Human Ovarian
Cancer Dormancy

Studies with two human ovarian cancer xenograft
models in immunosuppressed mice suggest that
the induction or maintenance of dormancy relates
to a block in the development of stable vascula-
ture. Gilead and colleagues grew spheroids from
human MLS ovarian cancer cells in culture.
Ovarian cancer spheroids were injected subcuta-
neously into genetically immunosuppressed
female CD-1 nu/nu mice. Tumor growth and
angiogenesis were monitored sequentially with
magnetic resonance imaging (MRI). Maturity of
vessels was judged by their response to oxygen
and carbon dioxide which depends upon the
growth of pericytes and stromal cells around the
endothelial cells that line nascent tumor vessels.
In three of ten xenografts, tumors grew promptly
and progressively. In seven of ten xenografts,
small subcutaneous tumor nodules remained
stable from 13 to 54 days before growing progres-
sively, providing a model for tumor dormancy
(Gilead et al. 2004; Gilead and Neeman 1999).
Vessels appeared at the periphery of nodules
within 2 days after injection of spheroids. Both
mature and immature vessels formed, but
underwent up to six cycles of growth and

regression. Emergence from dormancy and
progressive tumor growth correlated with
penetration of new vessels and stroma into the
cancer spheroids. These observations are
compatible with a model where VEGF is produced
by hypoxic ovarian cancer cells, attracting endo-
thelial cells and pericytes. Development of tumor
vessels provides sufficient oxygen to suppress
VEGF expression. In the absence of tumor-
derived VEGF, tumor vessels regress, deceasing
oxygen delivery and inducing VEGF once again.

Our own group had developed the first induc-
ible model for tumor dormancy in ovarian cancer.
ARHI (DIRAS3) is a maternally imprinted tumor
suppressor gene that encodes a 26 kD GTPase
with 50-60% homology to Ras and RAP. ARHI
is downregulated in ovarian cancers as well as
many other tumor types including breast, lung,
prostate, pancreatic and thyroid carcinomas
(Dalai et al. 2007; Huang et al. 2010; Lin et al.
2011; Lu et al. 2001; Wang et al. 2003; Wu et al.
2013; Yu et al. 1999). ARHI expression was
down-regulated in 63% of 407 invasive cancers
and could not be detected in 47%, associated
with decreased progression free survival but not
overall survival (Rosen et al. 2004).

Sublines of SKOv3 and HEY ovarian cancer
cells — designated SKOv3-ARHI and HEY-
ARHI — have been developed that re-express
ARHI at physiologic levels in the presence of
doxycycline. Re-expression of ARHI blocks pro-
liferation, upregulates p21, arrests the cell cycle
in G1, and inhibits motility (Badgwell et al.
2012). Doxycycline-driven, re-expression of
ARHI at physiologic levels eliminates clono-
genic growth of SKOv3-ARHI through autopha-
gic type II cell death (Lu et al. 2008).
Subcutaneous xenografts of the SKOv3-ARHI
ovarian cancer cell line were established in
Balb/c nu/nu mice. Oral administration of doxy-
cycline in drinking water to tumor bearing mice
increased ARHI in xenografts, arrested tumor
growth, blocked angiogenesis and induced
autophagy, but did not kill ovarian cancer cells.
When doxycycline was withdrawn after
6-8 weeks, ARHI levels declined, tumor vascula-
ture was established and SKOv3-ARHI xeno-
grafts grew rapidly and progressively (Fig. 8.1).
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Fig. 8.1 ARHI-induced autophagy results in tumor dor-
mancy in xenografts. (a—d) BalB/c nu/nu mice were injected
with SKOv3 (a), SKOv3-ARHI (b) or SKOv3-NTD (c¢)
cells and provided with or without DOX in their drinking
water. (d) DOX withdrawn after 32 (green triangles) or 42

(blue diamonds) days of treatment shows re-growth of
tumor. (e-i) TEM Images of tumor xenografts indicating
autophagosomes. (j) Inhibition of autophagy blocks tumor
dormancy (Lu et al. 2008)
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Once angiogenesis occurred, re-institution of
doxycycline treatment failed to inhibit xenograft
growth (Lu et al. 2008; In preparation: Establi-
shed angiogenesis will inhibit ARHI (DIRAS3)
induced tumor dormancy), consistent with the
importance of a block in angiogenesis to main-
tain tumor dormancy.

Angiogenesis and the
Tumor Microenvironment
in Ovarian Cancer Dormancy

The process of angiogenesis has been well stud-
ied and has been found to be a vital component of
tumor progression. Without the recruitment and
formation of functional blood vessels to support
tumor growth by providing oxygen and nutrients,
tumors remain in a dormant state. If successful
angiogenesis is inhibited, the tumors remain
avascular and microscopic in size (Gimbrone
et al. 1972; Hart 1999; Holmgren et al. 1995;
O’Reilly et al. 1996). Small tumor size is not,
however, necessarily due to lack of proliferation.
Dormant tumor cells typically exhibit increased
apoptosis to counteract the elevated proliferation,
producing angiogenic dormancy (Holmgren et al.
1995; Naumov et al. 2006). Thus, the tumor
microenvironment is a key component in main-
taining this dormant state. The balance between
proangiogenic factors (e.g., PDGF, VEGF and
FGF) and antiangiogenic factors (e.g., angio-
statin, endostatin, and vasculostatin) regulate the
switch which controls angiogenic dormancy.
Re-expression of ARHI downregulates, but does
not eliminate VEGF expression.

The tumor microenvironment can also con-
tribute to regulating autophagic cell death. In the
SKOv3-ARHI dormancy model, VEGF, IL-8 and
IGF have all been detected in tumor xenografts.
VEGF and IL-8 are expressed by the human
ovarian cancer cells and released into the peritu-
moral space, whereas IGF is produced by the
murine stroma. Addition of these peptide growth
factors and cytokines to SKOv3-ARHI cells
cultured in the presence of doxycycline, recues
ARHI-induced ovarian cancer cells from autoph-
agic death (Lu et al. 2008). Thus, VEGF, IL-8 and
IGF may act as survival factors, regulating and
limiting autophagic damage to cancer cells.
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Survival of dormant cells may require a balance
where sufficient autophagy is maintained to meet
minimal energy requirements, but where autoph-
agy stops short of inducing cell death (Fig. 8.2).

Cell Cycle Arrest in Ovarian
Cancer Dormancy

Cancer dormancy has been attributed to a
balance between cell proliferation and cell death
that limits expansion of the tumor cell
population. Alternatively, dormancy could result
from growth arrest where cancer cells enter and
remain in GO-G1 and do not proliferate
(Aguirre-Ghiso 2007). Non-proliferating cancer
cells can exhibit a low metabolic rate. Computer
simulations have been used to explore whether
balanced proliferation or growth arrest was more
likely to underlie dormancy (Wells et al. 2013).
Growth arrest and quiescence were found to be
more likely to occur in dormant cancer cells. If
growth arrest occurs more frequently, cytotoxic
chemotherapy that targets cycling cells is
unlikely to eliminate dormant cancer cells and
different strategies will be required to achieve
cure. In the two ovarian cancer xenograft models
for tumor dormancy, cell cycle arrest is likely to
play a role. Although cell cycle events were not
studied after injection of MEL spheroids into
nu/nu mice (Gilead et al. 2004), other reports
with large pancreatic cancer cell spheroids
(500-600 uM) indicate that cells proliferate
only in outer cell layers and not at the center of
spheroids (Laurent et al. 2013). Induction of
ARHI in the SKOv3-ARHI model produced
growth arrest in G1 (Lu et al. AACR 2013
Abstract #1680, ARHI induces autophagy and
enhances chemosensitivity to cisplatin in ovar-
ian cancer cell lines and xenografts).

Immunity in Ovarian
Cancer Dormancy

Nu/nu mice are deficient in T and B cell function.
Consequently, studies in xenograft models cannot
assess the influence of antigen specific immunity
on dormancy. Primary autochthonous ovarian
cancers have been induced in immuno-competent
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Fig.8.2 Model of the survival factors
in the tumor microenvironment that
prevent autophagy-induced death of
dormant cancer cells by ARHI
(DIRAS3)
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genetically engineered mice (Mullany and
Richards 2012) and these models may permit
evaluation of the immune response in regulating
dormancy. Although studies of ARHI as a modu-
lator of immune surveillance have not yet been
performed, recent reports suggest that autophagy
can affect both innate and adaptive immunity, as
well as, inflammation though several different
mechanisms. Autophagy has been shown to
increase resistance to CD8* T Ilymphocyte-
mediated lysis of human breast cancer cells
(Akalay et al. 2013). Autophagy is important for
cell-autonomous elimination of intracellular
microbes by modulating activation of
inflammatory cytokines, Toll-like and Nod-like
receptors, antigen presentation, and mature T cell
development and homeostasis (Deretic 2012).
When tumor bearing mice were treated with che-
motherapy, autophagy-competent, but not
autophagy-deficient, cancers attracted dendritic

in culture Cell survival
Tumor cell dormancy

cells and T lymphocytes into the tumor bed to
establish tumor specific immunity. Autophagy
was found to be essential for the release of ATP
from dying cancer cells to attract dendritic cells
and T lymphocytes and to establish immunity
that could enhance the effects of chemotherapy
(Michaud et al. 2011).

Autophagy in Ovarian
Cancer Dormancy

Autophagy is a physiological process that digests
warn organelles and long lived proteins, releasing
amino acids and fatty acids which are catabolized
yielding ATP. During nutrient deprivation, autoph-
agy is induced, providing energy and promoting
cell survival. Excessive autophagy can, however,
result in cell death. The process of autophagy has
been conserved in eukaryotes from yeast to
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Fig.8.3 The process of autophagy has been conserved in eukaryotes. Yeast, plants and mammalian cells all undergo a
similar process of self-digestion of damaged or worn-out organelles

mammals (Fig. 8.3) (Reggiori and Klionsky 2002).
Autophagy is induced by downregulation of mam-
malian target of rapamycin (mTOR) which results
in decreased phosphorylation of ATG13. Inhibition
of mTOR is regulated in mammalian cells by the
tuberous sclerosis complex (TSC1/2) which is
upregulated by inhibition of Class I PI3K or by
activation of AMP kinase. Once autophagy is
induced, an autophagy inhibition complex (AIC) is
assembled to nucleate autophagic vesicles. The
AIC contains Beclinl, UVRAG and Vps34 Class
III PI3K. Prior to induction, Beclinl exists as a
homo-dimer bound to Bcl2. An important step in
regulating autophagy is the dissociation of Beclinl
from Bcl2 and the monomerization of Beclinl.
Prompted by the AIC, double membrane structures
elongate, enclosing warn mitochondria, endoplas-
mic reticulum and long-lived proteins. Autophagic
vesicles are decorated with Atg5 and Atgl2. Atg4,
a cysteine protease, is activated and upregulated,
cleaving microtubule associated protein (MAP)
LC3-1. Cleaved LC3-1 is then lipidated, forming
LC3-2 (LC3-II) that attaches to the developing
autophagosome, displacing Atg5. Mature autopha-
gosomes then dock and fuse with lysosomes form-
ing autophagolysosomes, a step requiring lamp 1,
lamp 2 and Rab7. Autophagolysosomes are acidi-
fied, activating proteases and lipases which digest
proteins and lipids. Chloroquine passes readily into
these structures and raises the pH, functionally
inhibiting autophagy.

ARHI (DIRAS3) enhances autophagy at sev-
eral critical steps. Through inhibition of the
PI3K/Akt signaling pathway, ARHI upregulates

TSC1/2 and inhibits mTOR inducing autophagy.
ARHI acts on several additional targets in the
autophagic process, as knockdown of ARHI
blocks mTOR induced autophagy. Recently, our
laboratory has found that ARHI acts as a critical
switch in the displacement of Bcl-2 from Beclinl
and in dissociating the Beclinl homodimer
(Lu et al. 2014b). ARHI further contributes to
forming the AIC by increasing the association of
Vps34 and ATG14 with Beclinl. Moreover,
ARHI induces the Atg4 cysteine protease that
cleaves LC3-1 (LC3-I), while co-localizing
directly with LC3-II in the membrane of the
developing autophagosome during elongation.
ARHI-mediated downregulation of PI3K/Akt
and Ras/ERK signaling decreases phosphoryla-
tion of FOXO3a and sequesters the transcription
factor in the nucleus, upregulating Atg4 and
MAP-LC3-I required for autophagosome matu-
ration and upregulating Rab7 required for fusion
of the autophagosome with the lysosome (Lu
et al. 2014a). Thus, re-expression of ARHI in
ovarian cancer can contribute to the induction of
autophagy though several different mechanisms
and clinically is expressed in small deposits of
ovarian cancer that persist following primary sur-
gery and chemotherapy, associated with punctate
LC3. This phenotype is consistent with autoph-
agy in resistant, dormant ovarian cancer cells and
is the main mechanism by which ARHI induces
tumor dormancy (Figs. 8.4 and 8.5).

The clinical relevance of these observations
with cell lines and xenografts is supported by
observations with primary and “second look”
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surgical specimens (Lu et al. 2014b). All patients
were in a complete clinical remission at the com-
pletion of adjuvant chemotherapy defined by nor-
mal CA-125 level, normal CT scans of the
abdomen and pelvis, and a normal physical exam.
When immunohistochemical analysis was per-
formed, ARHI staining (>2-3) was observed in
41% of primary cancers and 97% of second-look
cases. LC3 staining (>2-3) was observed in 35%
of primary cancers and 85% of second-look
cases. Punctate ARHI staining was observed in
23% of primary cancers and 84% of second-look
cases, whereas punctate LC3 staining was
observed in 21% of primary cancers and 81% of
second-look cases. Positive staining of both total
and punctate ARHI and LC3 was significantly
higher in second-look than in primary cases
(P<0.0001).

Despite substantial homology to Ras, ARHI
inhibits Ras transformation (Sutton et al. In prep-
aration; The role of DIRAS family tumor sup-
pressors in Ras transformation), blocks growth
and motility of transformed cells while inducing
autophagy and tumor dormancy. At a structural
level, ARHI is distinguished from Ras by a 34
amino acid N-terminal extension that is required
for most functions, including autophagy (Lu et al.
2008; Luo et al. 2003). Re-expression of ARHI at
physiologic levels leads to programmed -cell
death of ovarian cancer cells in culture with, at
most, low levels of apoptosis. This cell death was
preceded by the development of autophagy as
judged by increased catabolism of long-lived
vesicles that are decorated with LC3-II, and visu-
alization of autophagosome formation by elec-
tron microscopy. Re-expression of an N-terminal
deleted construct with a Dox-inducible promoter
did not induce autophagy or suppress tumor
growth. This structure-function correlation also
observed in vivo. Induction of the full length
ARHI at physiological levels in ovarian cancer
xenografts suppressed remained the growth of
dormant ovarian cancer cells for weeks and xeno-
grafts grew promptly when ARHI was down-
reguated. R-expression of the N-terminal deleted
ARHI mutant protein had no effect on xenograft
growth compared when compared to controls that
were not fed doxycycline (Lu et al. 2008).
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Autophagy plays an ambiguous role in cancer
pathophysiology. As a cellular defense mecha-
nism, dysregulated autophagy has been impli-
cated in tumor progression for many disease
sites. Enhanced development of breast cancers
occur in genetically engineered hemizygous
Beclin +/- mice with impaired autophagy,
suggesting that the process of autophagy can
suppress carcinogenesis (Qu et al. 2003; Yue
et al. 2003). In pancreatic cancer, unresolved
inflammation and disrupted regulation of autoph-
agy are common features in the pathogenesis of
pancreatitis and subsequently pancreatic cancer
(Gukovsky et al. 2013). Altered expression of
other autophagy proteins have been observed in
human cancer specimens. In prostate carcinomas,
Atg5 expression was markedly up-regulated in
prostate intraepithelial neoplasms and prostate
cancer cells determined by immunohistochemi-
cal analysis, whereas, but no somatic mutations
of ATGS5 were found (Kim et al. 2011).
Cytoplasmic LC3 punctate staining has been
observed in a variety of human cancers, including
lung adenocarcinomas, breast adenocarcinomas,
hepatocellular carcinoma, testicular seminoma,
and melanoma. These authors observed increased
LC3 punctate staining in the majority of human
cancers compared with normal tissues from cor-
responding organs. Cancers of the same histo-
logical type showed substantial heterogeneity in
the number and intensity of LC3 puncta per cell
(Ladoire et al. 2012).

Conclusion

Thus, autophagy can suppress the induction of
cancer and can cause death of transformed cells,
but can also serve as a survival mechanism contrib-
uting to the survival of dormant cancer cells in
nutrient poor conditions. Context matters.
Manipulation of autophagy in either direction, pos-
itive or negatively, could plausibly be utilized as a
therapeutic approach to eradicate cancer (Ryter
and Choi 2010). Clinically, these strategies have
been employed by using chloroquine and its deriv-
ative, hydroxychloroquine, (inhibitors of lyso-
somal acidification) to enhance chemotherapeutic



108

efficacy in many clinical trials across several dis-
ease sites including prostate, pancreatic, breast and
non-small-cell lung cancers (Choi et al. 2013). For
ovarian cancer, the modulation of autophagy for a
therapeutic effect has recently been observed
where VEGF therapies have been effective in
delaying tumor re-growth, possibly by affecting
dormant cells. The role of ARHI (DIRAS3) in pro-
moting autophagy and tumor dormancy may very
well extend beyond ovarian cancer as downregula-
tion of this imprinted tumor suppressor gene has
been found in breast, lung, prostate, pancreatic and
thyroid cancers (Huang et al. 2010; Lin et al. 2011;
Lu et al. 2001; Wang et al. 2003; Yu et al. 1999).
Overall, a greater understanding of the mecha-
nisms surrounding autophagy and tumor dormancy
as related to cancer pathogenesis will provide
insight to new targets for therapeutic and diagnos-
tic approaches.
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