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Abstract

Despite significant clinical and basic science advancements, cancer remains a devastating disease
that affects people of all ages, races, and backgrounds. The pathogenesis of cancer has recently
been described to result from eight biological capabilities or hallmarks and two enabling
characteristics. These eight hallmarks are: deregulation of cellular energetics, avoiding immune
destruction, enabling replicative immortality, inducing angiogenesis, sustaining proliferative
signaling, evading growth suppressors, resisting cell death, and activating invasion and metastasis.
The enabling characteristics are: genome instability and mutation and tumor-promoting
inflammation. Survivin, the fourth most common transcript found in cancer cells, is a protein that
is thought to be involved in the enhanced proliferation, survival, and metastasis and possibly other
key hallmarks of cancer cells. Understanding how this gene is turned on and off is vitally
important for attempt improving cancer management and therapy. Our work has identified a novel
transcriptional regulator of survivin called Yin Yang 1 (YY1), which has been observed to activate
some gene promoters and repress others and is gaining increasing interest as a target of cancer
therapy. Our work shows for the first time that YY1 represses survivin transcription by physically
interacting with the survivin promoter. Furthermore, YY1 appears to contribute to basal survivin
transcriptional activity, indicating that disruption of its binding may in part contribute to survivin
overexpression after cellular stress events including chemotherapy and radiotherapy.
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l. INTRODUCTION

Cancer is one of the most devastating diseases in the world and one that has touched the
lives of nearly every family and individual in the United States. The American Cancer
Society and the National Cancer Institute estimated in 2016 that there would be an estimated
15.5 million individuals living in the United States with a personal history of cancer and the
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projected number of new cases being 1,685,210.1 Cancer is the second most common cause
of death, accounting for approximately one in four deaths in the United States. Furthermore,
595,690 individuals are projected to suffer death as a result of cancer in 2016,2 imposing an
enormous financial burden on the United States. The National Institutes of Health estimated
the overall cost of all cancers in the United States in 2013 at $74.8 billion and approximately
$226.8 billion worldwide: $103.8 billion for direct medical costs and $123 billion for
indirect costs related to premature death and lost productivity.

In an attempt to create an organizing principle for rationalizing the complexities of cancer,
Hanahan and Weinberg have produced seminal work summarizing the hallmarks of cancer.*
These hallmarks include: (1) evasion of programmed cell death, (2) insensitivity to growth-
inhibitory signals, (3) limitless replicative potential, (4) sustained angiogenesis, (5) self-
sufficiency in growth signals, and (6) tissue invasion and metastatic spread. They more
recently proposed two emerging hallmarks, evasion of immune destruction and deregulation
of cellular energetics, and two enabling characteristics, genome instability and mutation and
tumor-promoting inflammation.® Where the eight hallmarks attempt to conceptualize the
diseases that are cancer, the enabling characteristics speak to the tumor microenvironment®
and how those supposed normal cells that exist among the diseased ones contribute to
pathogenesis.

Altered metabolic and redox states associated with stress such as hypoxia and pH
imbalances are often found in the microenvironmental mixture of tumor and nontumor cells.
The inhibitor of apoptosis (IAP) proteins have been shown to provide protection of cancer
cells under these conditions® and to be released from tumor cells into this microenvironment,
where they can be taken up by both tumor and nontumor cells, resulting in a changing
phenotype that has been documented to include enhanced proliferation, invasion, therapeutic
resistance, and immune modulation.6-8

Il. INHIBITOR OF APOPTOSIS SURVIVIN

Survivin controls diverse cellular functions, including the regulation of mitosis, surveillance
checkpoints, suppression of cell death, and the adaptation to unfavorable environments.%-12
Its suppression of cell death activities and the baculovirus IAP repeat (BIR) domain
characterize it as a member of the IAP family of proteins.13 However, its lack of a COOH-
terminal RING finger domain and the caspase recruitment domain4 make it structurally
unique among the mammalian 1APs. The overall multifaceted functionality of survivin is
still being intensely scrutinized, although it appears that protein compartmentalization plays
an important role. Survivin has been shown to localize in the mitochondria, where it
abolishes tumor cell apoptosis and promotes tumorigenesis in immunocompromised
animals.1® It therefore may possess a role in apoptosis similar to the pro-apoptotic Bcl-2
family of proteins. Survivin has also been found in the nucleus and cytosol, where it has
roles in mitosis regulation and apoptosis inhibition, respectively.1® Survivin has been
observed to be expressed in most common human cancers and, although present during
embryonic and fetal development, is undetectable in a variety of adult tissues.1” Its aberrant,
high protein expression in cancer cells and concomitantly low expression in most normal
tissues make survivin an important anticancer target.18
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The accumulated data from the characterization of survivin expression in human cancer
tissues reveals an overwhelming consistent observation that the expression of survivin is
enhanced in various human cancers compared with the adjacent normal tissues. Multiple
therapeutic strategies have been investigated successfully, including the molecular
antagonists such as antisense oligos, RNA inhibition, dominant-negative mutants, survivin-
specific cytolytic T cells, a nonphosphorylatable survivin mutant Thr3*— Ala (T34A), and,
most recently, binding interface mimetics.19-26 The observation that a pool of survivin is
localized extracellularly and is linked to erosive joint disease in a significant fraction of
rheumatoid arthritis patients and that an autoimmune response (survivin-targeting
antibodies) to survivin correlates with protection from joint disease?’:28 provide evidence
that anti-survivin therapy may be possible in other pathologies such as cancer. In addition,
survivin expression favors cell migration, invasion, and metastasis through the association
with upregulated WNT/B-catenin and PI3K/AKT, whereas survivin knockdown or inhibition
results in the loss of metastatic properties.2%-31 Work in our laboratory is currently defining
the role of exosomal survivin in the regulation of the tumor microenvironment.

[ll. SURVIVIN TRANSCRIPTION

Although many different therapeutic approaches have been used, few have been aimed at the
regulation of survivin transcription. This is due, in large part, to the complexity of
mechanisms involved in the epigenetic, transcriptional, and posttranscriptional gene
regulations. It will likely require uncovering of all or most aspects of the machinery involved
in aberrant gene regulation and personalized medical approaches to then treating each
unique cancer.

Survivin transcription is critical in embryogenesis, but is normally turned off in adult life.32
However, survivin can be transcriptionally upregulated in adult life and often results in
disease, particularly cancer. Survivin is the fourth-most frequently overexpressed transcript
in most human cancers33 and the specificity of the survivin promoter for regulation in
cancerous tissue has been demonstrated numerous times. It is currently being investigated as
a means of driving the expression of therapeutic genes34-36 because of its high degree of
specificity to malignant cells, which could decrease off-target expression of a suicide gene or
other forms of gene therapy. Survivin’s robust and specific upregulation in cancer implies
that the transcription factors involved in survivin transcription must be present and
themselves upregulated in cancerous tissue. Table 1 summarizes the role of several key
transcription factors in survivin transcriptional regulation.

IV. ACTIVATORS OF SURVIVIN TRANSCRIPTION

Survivin transcription is induced, in part, by the presence of cellular stress such as that
induced by chemotherapeutic agents, radiotherapy, and aspects of the tumor
microenvironment. One such aspect common to the tumor microenvironment of most solid
tumors is hypoxia and subsequent induction of neovascularization via vascular endothelial
growth factor (VEGF) and hypoxia-inducible factor 1a. (HIF-1a) activation. This has led to
the investigation of a possible relationship between the hypoxia-responsive gene H/F-Ia and
survivin. A study from Wei et al.38 found a strong correlation between HIF-1a and survivin
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expression in immunohistochemically analyzed pancreatic cancer samples. Follow-up
studies found that the use of antisense HIF-1a in pancreatic cancer BxPc-3 cells inhibited
survivin expression and induced apoptosis.3? Peng et al. found an association between
epidermal growth factor (EGF) overexpression and survivin overexpression.* This EGF-
related upregulation was mediated by HIF-1a transcriptional activation of the survivin gene,
even under normoxic conditions. Bai et al. more recently identified a strong relationship
between survivin overexpression and HIF-1a overexpression in cervical cancer.! They
showed HIF-1a-responsive element-independent upregulation of survivin reporter
constructs, specifically in the first 158 bp of the survivin promoter. Indeed, HIF-1a-
mediated upregulation of survivin has now been observed in many cancer types, including
pancreatic,39 prostate,*2 cervical 4! non-small cell lung,*3 laryngeal,** and colorectal4®
cancers. Efforts are under way to evaluate the effectiveness of disruption of HIF-1a
expression as a means to sensitize cells to therapeutic modalities.

It is now known that basal survivin transcription requires specificity protein 1 (Sp1) or
KLF5: Kruppel-like factor 5 (KLF5),46:47 but there are numerous other transcription factors
and coactivators that are thought to drive high levels of survivin transcription (Fig. 1). NF-
kB is one of these transcription factors. It is a complex of proteins that are involved in
inflammation, increased cell proliferation, metastasis, and inhibition of apoptosis. One of the
mechanisms by which it contributes to these phenotypes is by transcriptional activation of
surviving.48-50 Members of the signal transducers and activators of transcription (STAT)

family are also transcription factors capable of binding and activating the survivin promoter.
51

V. DOWNREGULATION OF SURVIVIN TRANSCRIPTION

Several key proteins are also able to downregulate survivin transcription. In addition to
tumor protein 53’s (p53’s) critical involvement in cell cycle checkpoint regulation, it also
prevents the transcription of oncogenes such as survivin. Retinoblastoma (Rb) and E2
transcription factor (E2F) have similar effects on survivin transcription.52 However, these
genes are often silenced, mutated, and/or nonfunctional in patients with cancer. Therefore,
identification of other transcription factors that may negatively regulate survivin is of
importance to cancer therapy. Egr-1, a transcription factor that shares many similarities with
Yin Yang-1 (YY1), has previously been noted to be involved in cell cycle, death, and
differentiation. Much like YY1, Egr-1 can either act as an activator or repressor depending
on the promoter in question and the available coregulators with which it interacts. Egr-1 has
a consensus binding site that shares some overlap with the Sp1 transcription factor.53.54
Interestingly, YY1 can also be repressive or activating depending on a number of factors and
it also shares some overlap with Sp1-binding sites for some of its targets.>® Our work has
shown that the transcription factor YY1 is involved in direct transcriptional repression of
surviving.>® Although HIF-1a may be in part responsible for the increased expression of
survivin in tumor tissue, YY1 may also be induced under stressful conditions to negatively
regulate survivin, suggesting that it is the balance of these transcription factors, and likely
others, that may play an important role in the development of cancer and resistance to its
treatment.>6
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VI. NATURAL AGENT TRANSCRIPTION MODULATORS

Natural agents are gaining increasing interest as a means of disrupting oncogene
transcription, including survivin. YM155, a small-molecule inhibitor of survivin, has
recently been investigated in phase Il clinical trials for a variety of cancers, including diffuse
large B-cell lymphoma,®’ prostate cancer,®® melanoma,>® and non-small cell lung cancer,%°
due to its previously observed ability to induce apoptosis and reduce tumor bulk in various
in vitroand in vivo models.51 This induction of cell death is thought to be due, at least in
part, to its ability to decrease survivin transcription, but the mechanism by which it does this
is still under investigation. Nakamura et al.%2 recently found a role for interleukin enhancer-
binding factor 3 (ILF3/NF110) in this observed inhibition of survivin expression by YM155.
They also found that, in luciferase reporter experiments, ILF3-dependent upregulation of
reporter activity could be attenuated with YM155, suggesting that ILF3/NF110 is a
physiological target of YM155. Current clinical trials show promise for YM155, particularly
as a combination therapy to sensitize tumors to existing therapies. Other natural agents also
show potential for disruption of survivin transcriptional activity. Specificity proteins Sp1,
Sp3, and Sp4 have long been known to be important transcription factors involved in the
overexpression of survivin in human cancer. However, little progress has been made in
exploiting this relationship for gains in therapeutic approaches to cancer. Recently, curcumin
was identified as a natural agent that inhibits the ability of Sp1, Sp3, and Sp4 to activate
survivin transcription.®3 It appears to do so by generating reactive oxygen species that
upregulate repressors of Sp proteins ZBTB10 and ZBTB4 and downregulation of the
microRNAs mir-20a, mir-27a, and mir-17-5p, which are regulators of these Sp repressors.
Interestingly, curcumin is also showing promise as a sensitizing agent to ionizing radiation
in Burkitt’s type lymphoma and non-Hodgkin lymphoma®4:65 and alone in its ability to
reduce expression of multiple IAPs critical to chemoresistance in pancreatic cancer cell
lines.%8 The natural agents resveratrol and quercetin in combination (RQ) have also shown a
similar downregulation of Sp proteins and their targets, including surviving.6” Interestingly,
the investigators cite RQ’s antioxidant capabilities (as opposed to curcumin’s generation of
reactive oxygen species) as the potential reason for this observed repression of Sp proteins
and their transcriptional targets such as survivin. These data further support the need for
continued efforts to develop therapeutic approaches to cancer that include the disruption of
survivin transcriptional activation.

VII. MULTIFUNCTIONAL PROTEIN YY1

YY1 is a65-kDa ubiquitous multifunction transcription factor that is a member of the GLI-
Kruppel family of nuclear proteins.58-70 This family of proteins plays roles in development
and exerts much of its function through cell cycle regulation. YY1 is a relatively unique
transcription factor in that it can act by repressing some genes and activate others by binding
to the specific DNA sequence 5"-CGCCATNTT-3".5971 This phenomenon was noted first
when it was shown that YY1, in the presence of the adenovirus-derived protein called E1A,
represses the AAV P5 promoter.”2 When E1A is not present, YY1 then activates
transcription.’3
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Reports suggest that YY1 is required for cell survival because complete ablation of YY1
results in lethality.”* Furthermore, array data suggest that YY1 has roles in the cell cycle,
cell adhesion, and other markers of disease aggressiveness.”6 As is true for survivin, YY1
is increasingly found to be involved in cell death regulation via NF-xB. Within the serum
amyloid A gene, there is a binding site for NF-xB that was found to overlap with a YY1-
binding motif. Lu et al. showed that when YY1 bound to this NF-xB binding site that NF-
xB binding and transcriptional activity were lost.36 A similar binding site overlap was
observed in a cytomegalovirus promoter.’” This offers some indirect evidence of YY1
involvement in cell death, but more direct evidence is also emerging. Evidence suggests that
YY1 transcriptionally represses Fas, which in turns means that YY1 is a significant factor in
resistance to Fas-induced apoptosis.”® YY1 also appears to have a direct role in resistance to
tumor necrosis factor-related apoptosis inducing ligand (TRAIL). Recent findings show a
direct role for YY1 negatively regulating transcription of death receptor 5 (DR5), meaning
that YY1 is also a resistance factor for TRAIL-induced apoptosis.’®

VIII. YY1 AND HUMAN CANCER

YY1 is gaining increasing interest as a cancer-related transcription factor. The oncogenic
role of YY1 has been reviewed numerous times,89-82 yet many questions remain. Consistent
with its variable role as a transcription factor depending on a multitude of cellular and
molecular conditions, YY1 appears to have a variable role in cancer depending on what type
of cancer is being studied. Intriguingly, YY1’s role in some cancers appears to promote
longer patient survival, whereas in others, it correlates with poorer outcomes and shorter
survival. Table 2 summarizes current findings regarding Y'Y1’s role in various cancer types.
A computational analysis of YY1 expression in numerous datasets that looked at a broad
array of cancer types indicated a relative increase in YY1 expression compared with its
expression in normal tissue. Seligson et al. have shown that YY1 protein levels are higher in
metastatic prostate cancer tissue than in primary tumor. However, they also found a
correlation with lower YY1 protein levels and survival, suggesting that lower YY1 levels
may lend a survival advantage to metastatic cells.83 Further supporting a role for YY1 in
prostate cancer formation, Deng et al. found that, in prostate cancer, YY1 interacts with the
androgen receptor (AR) to promote the transcription of prostate-specific antigen (PSA).84

A similar association of YY1 with disease progression has been noted in intraepithelial
neoplasms and cervical cancer. YY1 expression in high-grade squamous intraepithelial
lesions is higher than in low-grade squamous intraepithelial lesions, a finding also consistent
with the observation that high expression correlates with the presence of Human Papilloma
Virus infection.8

There are also many reports of a direct role for YY1 in cancer’s aberrant cell cycle.
Numerous studies show that YY1 is involved in tumorigenesis via interactions with the
tumor suppressor p53. The general mechanism it appears to do this by is interference of p53-
dependent transcription of its target genes by competing for binding to the ACAT sequence
on the gene promoters.88 In addition, Y'Y1 has been shown to be essential for optimal
interaction of MDM-2 and p53, which is required for MDM-2 ubiquitination of p53.87 The
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importance of this finding cannot be overstated because an estimated 50% of all tumors have
p53-inactivating mutations.88

A review by Mees et al. has eloquently summarized how a variety of transcription factors
play direct roles in each of these hallmarks of cancer in the hopes of furthering a shift in
thinking that embraces targeting of transcription factors in cancer therapy.®” Among the
many transcription factors discussed, several are worth noting in greater detail here given
their relevance to survivin and Y'Y 1. Table 3 summarizes several transcription factors with
specific relevance to survivin and YY1.

IX. THERAPEUTIC POTENTIAL OF YY1 IN CANCER THERAPY

The role of survivin in therapeutic approaches to cancer remains promising because there are
ongoing efforts to target it in new and innovative ways. Although the role of YY1 in cancer
has been known for a while now, efforts to exploit it for therapy are in their relative infancy.
Just as the role of YY1 in cancer biology is controversial, so too is its value in therapeutic
approaches to cancer. In ovarian cancer patients, one group found a positive correlation
between YY1 expression and response to taxane therapy. In this study, YY1 knockdown led
to a significant reduction in cell proliferation and anchorage-independent growth, as well as
increased effectiveness of the drug paclitaxel,®C postulated to be because of positive
regulation of genes involved in microtubule stabilizing activity. TRAIL is a promising ligand
for inducing cell death in clinical applications because it has been shown to induce anti-
tumor activity while sparing nonmalignant tissue.®® TRAIL induces by binding to the death
receptors DR4 or DR5 while subsequently activating caspases. Baritaki et al.?% showed that
siRNA-mediated knockdown of YY1 resulted in increased DR-5 expression and
sensitization to TRAIL-mediated apoptosis. YY1 is capable of binding directly to the DR5
promoter to downregulate its expression.100 Baritaki et al.%9 also showed that treatment of
prostate cancer cells (PC3) with the nitric oxide donor DETANONOate sensitizes cells to
TRAIL-induced cell death by downregulating NF-kB downstream of YY1. The same group
has shown that inhibition of the anti-apoptotic factor BCLy is also involved, but it is
unknown whether this is via the regulation of BCLy, by YY1. This represents another line
of evidence that the interruption of YY1 activity has the potential for sensitization of tumors
to chemotherapy and other treatment modalities. Given the controversy as to YY1’s role in
cancer, this will result in significant challenges in understanding how to approach individual
types of cancer therapy as it relates to the inhibition of Y'Y1. This will require that targeting
of YY1 is highly cancer specific to avoid the dysregulation of YY1 in normal tissue.

X. YY1 AND SURVIVIN: BEYOND TRANSCRIPTIONAL REGULATION

Tumor metastasis is the most common cause of death in cancer patients. There are several
steps described by Hanahan and Weinberg that are required for a malignant cell to fully
metastasize, making it a remarkably complex process.* The first step is invasion, which
involves the loss of cell adhesion molecules. Without the loss of surface adhesion molecules,
it is not possible for a cell to begin migration into neighboring tissue. The second step
involves intravasation of the invading malignant cells into the blood or lymphatic system.
The third step, which only a small percent of intravasated cells are thought to be able to
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accomplish, is extravasation through capillaries at a site distant to the primary tumor. Once
extravasated, cells must then regain adhesion molecules that allow the cell to establish the
ability to survive in the new environment. In carcinomas, the metastatic process is thought to
consist of a number of distinct steps. The complex mechanisms required to accomplish each
of these steps are the subject of intense research.

The epithelial-to-mesenchymal transition (EMT) is a proposed mechanism by which
malignant cells initiate the first step described above: the need for a loss of adhesion
molecules so that invasion can take place. EMT is characterized by a loss of E-cadherin and
B-catenin and a gain in N-cadherin and vimentin expression (reviewed by Huber et al.101),
The transcription factors Twist, Snail, and Slug have been identified as the major regulators
of these adhesion molecules.192-104 Research from our laboratory indicates that survivin is
involved in the invasion step of metastasis.’

Survivin is found to be overexpressed in primary tumors in addition to distant metastatic
cells, but no direct involvement in the mechanism of metastasis has been identified. We have
recently found a novel means by which survivin promotes cell invasion. Extracellular
surviving promotes invasion of HelLa cells through a collagen matrix and antibody depletion
of survivin abrogates this increased cell invasion.” Studies are ongoing to identify
mechanisms behind this observation. Very recently, Yie et al.19% found that patients with
survivin-expressing circulating non-small cell lung cancer cells had a higher instance of
cancer recurrence and increased follow-up lymph node involvement. Other studies have
shown that survivin delineates node-positive from node-negative rectal cancer.1%6 In small-
cell adenocarcinoma of the lung, patients with histological evidence of high survivin
expression had more evidence of venous invasion of malignant cells and, overall, patients
with high survivin expression had decreased survival.197 In squamous cell carcinomas,
survivin expression correlates with high-grade, poorly differentiated tumors and with
increased lymph node metastasis.1%8 A common theme in these studies is the presence of
almost entirely correlative data with little or no mechanistic information.

Among the many target genes of YY1 being discovered, some involved in metastasis are
now being identified. A report in 2005 hypothesized that the cooperation of YY1 and AP-1
may increase the repression of the galactocerebrosidase (GALC) gene. GALC is an enzyme
that is overexpressed on the surface of cancer cells. Suppression of this enzyme leads to an
accumulation of galactocerebroside, which results in a decrease in cellular adhesion and
inhibition of apoptosis, which in turns leads to increased cell proliferation and migration.109
This observation, although it was largely conjecture, was the first evidence that YY1 may be
involved in cancer invasion and metastasis. However, in the search to identify new genes
involved in metastasis suppression, Wang et al.119 discovered that HLJ1, a metastasis
suppressor, is positively regulated by YY1. High levels of YY1 expression correlated with
HLJ1 expression and promoter reporter assays indicated that YY1 was acting directly on the
transcription of HLJ1. Subsequent studies found that a synergistic relationship between YY1
and AP1 to a 5 times higher activation of HLJ1 and much more potent /n vitro cancer cell
invasion.111 Using the osteosarcoma cell line Sa0S-2, de Negris et al.”® found that deletion
of YY1 to a decrease in cell invasion /n vitro and decrease metastasis /n vivo. Deletion of
YY1 also correlated with a decrease in VEGF and angiogenesis. They also identified a host
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of genes involved in cell matility, cell cycle, cell adhesion, angiogenesis, and signal
transduction that exhibited significant changes when YY1 was deleted.”® One report
suggested that YY1 is a regulator of Snail, one of the key transcription factors responsible
for regulation of EMT, a key feature of metastasis.112 In all, these data detail the
complicated nature of YY1’s involvement in cancer metastasis because it appears that, in
some types of cancer, it may serve to inhibit metastasis, whereas in others such as
osteosarcoma, it may promote metastasis and aggressiveness of the disease.

Xl. FUTURE DIRECTIONS

The work from our laboratory illustrates a role for YY1 in survivin transcriptional repression
in the osteosarcoma cell line U20S.56 However, the role of YY1 in the transcription of
survivin in other cancer types has yet to be thoroughly investigated. Our preliminary
evidence indicates a similar repressive role for YY1’s observed repression of survivin in the
pancreatic cancer cell line PANC-1. This work indicates an important role for survivin
expression levels in PANC-1 radioresistance, but it suggested an even larger role for XIAP
(Inhibitor of Apoptosis) in the radioresistance of PANC-1 cells.113 Therefore, future studies
should broaden the investigation of cancer- specific YY1 regulation of survivin transcription
and be expanded to the investigation of transcriptional regulation of 1AP’s such as XIAP. In
addition, we have shown multiple avenues of evidence for the involvement of YY1 in basal
survivin transcription, but future efforts should attempt to identify the role of YY1 in cellular
response to stresses in the form of chemotherapeutics, radiotherapy, or natural agent
exposure. HIF-1a’s role in survivin transcriptional upregulation is now well established, 4041
but the role that YY1 plays in survivin’s downregulation and basal control must still be more
fully and convincingly established. Although YY1 is not clearly established as a stress-
response transcriptional factor per se, several studies have indicated that it is involved in
unfolded protein response and resulting ER stress14 and may even inhibit the function of
p53 in response to genotoxic stress.11

Consistent with the need to better understand YY1’s role in the survivin-mediated cellular
stress response, it is also critical for future studies to measure functional outcomes as a
consequence of survivin transcriptional modulation. Our preliminary evidence indicates that
YY1 overexpression in U20S tet-off cells may be involved in enhanced cellular proliferation
as measured by the Ki-67 assay (unpublished data). However, it is as yet unknown the extent
to which YY1 overexpression is specifically involved in this enhanced proliferation or if
indeed it is mediated by survivin or one of the other numerous transcriptional targets of
YY1. Our reporter data indicate a very robust repression of survivin promoter activity when
YY1 is overexpressed, but much more moderate reduction in protein expression.56 A recent
study showed a role for YY1 in mammary cell proliferation, migration, clonogenicity,
invasion, and tumor formation and identified Y'Y 1-mediated p27 degradation as a likely
mechanism.16 In a similar fashion, future work should elucidate whether YY1 modulates
cellular invasion, migration, proliferation, and other outcomes through its regulation of
survivin and other target genes. These studies will be critical in furthering efforts to establish
new therapeutic approaches based on survivin targeting.
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We have recently described a novel pool of survivin existing in the extracellular space.’
Current studies are exploring ways in which this pool of survivin may contribute to disease
in the normal neighboring cells in the tumor microenvironment and antibody depletion of
this extracellular pool of survivin may prove to be a valid therapeutic approach for solid
tumors. However, at this point, the mechanism for export of survivin is unknown. We are
investigating whether this mechanism requires exosomes to export survivin to the
extracellular.b If YY1 is indeed a modulator of survivin transcription, then it stands to reason
that YY1 overexpression or knockdown may alter the amount of survivin that is exported to
the extracellular space.

XIl. SUMMARY AND CONCLUSION

It is becoming increasingly evident that cancer is a constellation of hundreds, if not
thousands, of different diseases. This is likely why, despite a multitude of significant
advances in our understanding of cancer, current therapies leave much to be desired in terms
of patient health and well-being. The future of cancer therapy will likely require
personalized approaches to individual disease, but this will require as complete an
understanding as is reasonably possible of the underlying factors involved in cancer
development and advancement. The advent of molecular biology has given scientists
powerful tools with which to understand the mechanisms and architecture involved in cell
structure and function and has helped to reveal the true complexity of biological systems. A
key feature of this complexity is redundancy, a concept that has plagued therapeutic
approaches to cancer. Molecular biology has revealed that virtually no cellular process is
without pathway redundancy, including invasion and metastasis, and cancer cells have
perhaps even more redundancy than normal cells that better equips them to evade immune
response and death. Gene expression, such as that of survivin, is affected by redundant
epigenetic, transcriptional, and posttranscriptional regulation factors. To exploit therapy
directed against a target such as surviving effectively, it is important to understand the
complete picture of how the survivin gene works and how the transcription factors such as
YY1, alone or in combination with others, work to facilitate the complexity and redundancy
of cancer.
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FIG. 1.
Many activators and repressors act on survivin’s promoter. Activators: HIF-1a

overexpression has been shown to upregulate survivin expression via reporter assays. Spl or
KLF5 are necessary for basal survivin expression. NF-xB promotes survivin expression at
the transcriptional level. Many STAT family proteins are capable of binding the survivin
promoter. Repressors: p53 transcriptionally suppresses survivin expression. The Rb/E2F
pathway downregulates survivin transcription. Adenomatous polyposis coli (APC)
downregulates survivin via B-catenin/transcription factor 4 (TCF-4) inhibition. YY1’s
binding site overlaps with that of Sp1 and YY1 can either activate or repress survivin
transcription under different circumstances.
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TABLE 1

Summary of key transcriptional regulators of survivin

Mechanism Pathway Key information and current status

Transcription | STAT3 Inhibition of STAT3 signaling activation downregulates survivin expression
Transcription | NF-xB Regulates survivin, but mechanism unclear

Transcription | p53 Transcriptionally downregulates survivin

Transcription

APC/B-catenin/TCF-4

APC downregulates survivin by inhibiting p-catenin/TCF-4

Transcription

HIF-1la

Transcriptionally upregulates survivin

Transcription

Sp1-DNA

Interference of Spl interaction; survivin interaction downregulates survivin

Modified from Zhang et al., 2006.37
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TABLE 2

YY1 expression in human cancers and its clinical relevance

Page 20

model

Tumor type Methods Clinical relevance of YY1 overexpression Reference
Prostate cancer IHC Positive correlation with metastasis and inverse relationship 83
with poor outcome
Ovarian cancer Microarray Positive correlation with long-term survival 89
Ovarian cancer Microarray, IHC, RT-PCR Positive correlation with survival and response to taxanes 90
Cervical neoplasms RT-PCR Positive correlation with disease progression 85
Osteosarcoma RT-PCR, IHC, WB Positive correlation with more malignant phenotype 91
Myeloid Leukemia RT-PCR Positive correlation with t(8;21) 92
Non-Hodgkin Lymphoma | RT-PCR Positive correlation with poor outcome 93
Non-Hodgkin Lymphoma | WB, IHC Positive correlation with more malignant phenotype and 94
poorer outcome
Follicular Lymphoma IHC Positive correlation with length of survival 95
Pancreatic cancer PCR, cell migration, metastasis Positive correlation with invasion and metastasis suppression | 96

Modified from Castellano et al.80
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TABLE 3

Page 21

Transcription factors involvement in the hallmarks of cancer and their relationship to survivin and YY1

Transcription factor/
target

Hallmark of cancer

Rationale

NF-xB

Sufficiency in growth signals

Constitutively active in many cancers. Positively regulates
survivin transcription.

Androgen receptor

Sufficiency in growth signals

YY1 interacts directly with AR and enhances AR interaction
with PSA promoter.

Myc Insensitivity to growth-inhibitory signals YY1 activates c-myc promoter

p53 Evasion of programmed cell death Survivin is downregulated by p53; YY1 downregulates p53
HIF-1a Sustained angiogenesis Positively regulates survivin transcription

Sp-1 Sustained angiogenesis/evasion of programmed Transcriptional activator of surviving; interruption of Sp-1

cell death

binding to survivin promoter induces cell death

Modified from Mees et al.97
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