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SUMMARY

The retinoblastoma protein pRb is essential for regulating many cellular activities through its
binding and inhibition of E2F transcription activators, and pRb inactivation leads to many cancers.
pRD activity can be perturbed by viral oncoproteins including human papillomavirus (HPV) that
share an LXCXE motif. Since there are no treatments for existing HPV infection leading to nearly
all cervical cancers and other cancers to a lesser extent, we screened for compounds that inhibit
the ability of HPV-E7 to disrupt pRb/E2F complexes. This lead to the identification of
thiadiazolidinedione compounds that bind to pRb with mid-high nanomolar dissociation constants,
are competitive with the binding of viral oncoproteins containing an LXCxE motif and are
selectively cytotoxic in HPV positive cells alone and in mice. These inhibitors provide a
promising scaffold for the development of therapies to treat HPV-mediated pathologies.

INTRODUCTION

The retinoblastoma protein (pRb) was the first protein identified whose mutational
inactivation was associated with cancer, a childhood cancer of the eye (Schubert et al.,
1994). pRb is now known to have altered activity in many other cancers including
osteosarcomas, lung carcinomas and bladder carcinomas (Cordon-Cardo et al., 1997; Hensel
et al., 1990; Kitchin and Ellsworth, 1974). pRb is also a target for inactivation by the viral
oncoproteins Ela, E7 and T-antigen from adenovirus, human papillomavirus (HPV), and
simian virus 40, respectively (Felsani et al., 2006). The normal function of pRb is to regulate
the cell cycle, apoptosis and differentiation through its direct binding to and inhibition of the
E2F family of transcription factors (Harbour and Dean, 2000; Stevaux and Dyson, 2002).
When phosphorylated, pRb releases E2F proteins to transcribe genes necessary for the
progression into the S-phase of the cell cycle, as well as for DNA replication (Harbour and

© 2012 Elsevier Ltd. All rights reserved.

"Correspondence should be addressed to Ronen Marmorstein, marmor@wistar.org, (215) 898-5006.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Feraetal.

Page 2

Dean, 2000; Harbour et al., 1999; Stevaux and Dyson, 2002). The viral oncoproteins act by
binding to hypophosphorylated pRb, disrupting pRb/E2F complexes and thereby leading to
dysregulated entry into S-phase of the cell cycle and neoplasia (Ganguly and Parihar, 2009;
Munger et al., 2001). HPV-E7 has also been implicated in the degradation of pRb (Boyer et
al., 1996; Giarre et al., 2001; Gonzalez et al., 2001).

Each of the viral oncoproteins that inhibit pRb function employ a conserved LxCxE
sequence for high affinity pRb binding although they each use other protein regions to
contribute to the displacement of pRb/E2F complexes through distinct mechanisms (Felsani
et al., 2006; Liu and Marmorstein, 2006). The A and B cyclin fold domains of pRb form the
“pocket” region, which forms a groove that makes high affinity contacts to the
transactivation domain of E2F (Xiao et al., 2003). The LxCxE motif from viral oncoproteins
contribute to disruption of the pRb/E2F complexes by binding to the pRb B domain (Lee et
al., 1998). While the A/B pocket of pRb is important for its biological activity, the C-
terminal domain is also important for the formation of pRb-E2F complexes and is the target
of other regions of the viral oncoproteins. The C-terminal domain of pRb has been shown to
make contacts with the marked-box region of E2F, although with a lower affinity (Rubin et
al., 2005). This domain of pRb is also subject to cell-cycle dependent posttranslational
modifications, such as phosphorylation and acetylation, as well as the recruitment of cyclins/
cyclin-dependent kinases (Adams et al., 1999).

Of the viruses that target pRb function, HPV has received considerable attention due to its
role in human cancer. In particular, HPV is known to be the causative agent of a number of
epithelial cancers, most notably cervical cancer, a leading cause of death for women
worldwide (McLaughlin-Drubin and Munger, 2009). HPV infection has also been
implicated to have a causative role in about 20% of head and neck cancers as well as several
other cancers (Dufour et al., 2011; Sudhoff et al., 2011). There are over 200 HPV genotypes
that have been recognized, and they fall under two general forms based on the pathology of
the lesions that they cause, low-risk and high-risk, which cause benign tumors and which
have the propensity to cause cancer, respectively (Burd, 2003). Two prophylactic vaccines
are currently available, Gardasil and Cervarix, which help prevent against infection by the
low risk HPV types 6 and 11 and high risk HPV types 16 and 18 (Harper, 2009). While
these vaccines target HPV types that cause more than 90% of genital warts and cervical
cancer, therapeutic treatments are still needed for those who have already been exposed to
the virus.

Towards the development of HPV therapeutics a group of related small molecule
compounds have been identified through high throughput screening that can disrupt the
HPV E1-E2 interaction and prevent viral replication (White et al., 2011; Yoakim et al.,
2003) and optimized to obtain compounds with low nanomolar I1Csq values (Goudreau et al.,
2007; Wang et al., 2004). Several inhibitors that target the HPV-EG6 interaction with EGAP
that is required for p53 degradation have also been developed including the Pitx2a protein
inhibitor (Wei, 2005), intrabodies(Griffin et al., 2006) and alpha helical peptides (Butz et al.,
2000; Liu et al., 2004), however all show modest activity. Ten small molecules inhibitors
were also identified by Baleja et al. after pharmacophore development and limited /in silico
screening (Baleja et al., 2006), however only one compound proved to be active in cells and
only at high concentrations.

Although these studies have not progressed to clinical trials, it demonstrates that it is
possible to target HPV protein-protein interactions effectively with small molecules. HPV-
E7 is a particularly attractive protein target since it is one of the cancer-causing oncoproteins
from this virus and it has no human ortholog. To date, there are no known small molecule
inhibitors that target HPV-E7.
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Here we describe a high-throughput solution screen of about 88,000 compounds resulting in
the identification and characterization of a family of small molecule thiadiazolidinedione
compounds that we show inhibit the ability of HPV-E7 to disrupt pRb/E2F complexes. We
also show that these inhibitors bind directly to pRb with dissociation constants in the mid-
high nanomolar range, are competitive for pRb binding to other viral oncoproteins
containing an LXCXE motif, and are selectively cytotoxic to cells transformed with high-risk
forms of HPV alone and in mice. These inhibitors provide new tools to probe mechanisms
involved in HPV transformed cells and may provide a promising chemical scaffold to
develop novel therapies to treat HPV-mediated pathologies.

Identification of HPV-E7 inhibitors using a high-throughput solution screen

Approximately 88,000 compounds from several diverse small molecule libraries (Table 1)
were screened to search for inhibitors that prevent E7-mediated displacement of E2F from
pRb. The protein constructs that were employed include: 6xHis-HPV16-E7¢cRo-3 (residues
17-98) harboring conserved regions 2 and 3 and the LXCXE motif of HPV-E7 (Figure 1A),
GST-pRbapc (residues 376-928) harboring the A/B pocket domain and C-terminal region
of pRb and untagged E2F\g_Ta (residues 243-437) containing the marked-box and
transactivation domains of E2F that make pRb contact. 6xHis-HPV16-E7¢cRro.3 Was
modified to improve its solubility and reduce its tendency to aggregate by substituting two
nonconserved cysteine residues in its CR3 domain to the corresponding residues found in
low-risk HPV1A-E7 (Figure 1A). This mutated form of E7 was confirmed to be properly
folded according to its elution profile on gel filtration (data not shown), and it exhibited the
ability to bind specifically to pRb and dissociate pRb/E2F complexes, as expected (Figure
S1). Furthermore, this E7 mutant was expected to bind pRb with comparable affinity to
wild-type E7 since the mutated residues were not located in regions that were shown to
mediate pRb binding. The assay used for screening employed an enzyme-linked
immunosorbance assay (ELISA) as illustrated in Figure S2A. A GST-pRbagc/ E2FmB-TA
complex was bound to a glutathione-coated 384-well micraotiter plate and incubated with
6xHis-HPV16-E7cRo-3 in the presence of 1% DMSO (negative control) or 10 uM of
compound dissolved in DMSO. Compounds that inhibit HPVV-E7-mediated disruption of
pRb/E2F complexes maintain E2F bound to the plate through pRb. Therefore, following
plate washing, the amount of E2F remaining bound to the plate, as quantified by a bioassay,
is correlated to the potency of the compound in inhibiting HPV-E7-mediated disruption of
pRb/E2F complexes.

The initial screen resulted in the identification of 364 small molecule HPV-E7 inhibitors.
Using liquid stock from the libraries used for screening, we re-tested the activity and
potency of all 364 candidate inhibitors in the primary screening assay. These re-test
experiments confirmed activity for 120 of the 364 with ICgq values of 15.6 uM or lower.
The remaining 244 compounds either did not show reproducible inhibition, or were not
sufficiently potent and were discarded from further analyses (Table 1). The 120 confirmed
actives were then tested in secondary assays as described below to identify those with
selective pharmacological activity in cells. A summary of the process for the identification
of confirmed screening hits is shown in Figure S2B. Additional information for interpreting
and repeating the screen is provided in Table S1.

A family of thiadiazolidinedione compounds are selective for HPV 16-transformed cells

To reduce the number of compounds from the primary screen for further characterization,
the 120 confirmed hits with 1C5q values < 16pM from the primary screen were assessed for
their ability to be cytotoxic or to inhibit proliferation of cervical cancer cells either
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transformed with HPV16 (SiHa) or not (C-33A) (Yee et al., 1985). The metabolic viability
of cells was measured using an MTS assay (3-(4,5-dimethylthiazol-2-yI)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). Compounds were tested at a
concentration range of 25uM to 100nM. Staurosporine, a non-specific kinase inhibitor, was
used as a positive control because it was expected to be toxic in all cells (Ruegg and
Burgess, 1989). The 120 confirmed hits were incubated with cells for 48 hours prior to the
addition of MTS reagent. The absorbance at 490nm was determined within 3 hours of
incubation with MTS reagent. Out of the 120 compounds tested, 25 were either selectively
cytotoxic or selectively prevented proliferation of SiHa cells (HPV 16 positive) and not
C-33A (HPV negative) cells at concentrations at or below 6M (data not shown).

Of the 25 compounds that were selectively cytotoxic or prevented proliferation of SiHa
cells, seven shared a similar thiadiazolidinedione ring scaffold attached to a phenyl ring with
various substitution patterns attached (Table 2) and had ICsg values in the ELISA assay that
ranged between 0.34 — 7.6 uM (Figure 1B and Table 2). The remaining compounds were
eliminated from further studies due to a variety of reasons including poor reproducibility in
activity, significant impurities, and/or structural features suggestive of reactivity,
aggregation or other non-specific mechanisms (Table S2). Consequently, our studies
focused on characterizing the mechanism of inhibition for the seven thiadiazolidinedione
compounds listed in Table 2. The purity and integrity of these seven compounds, ordered as
powders, was confirmed by LC/MS studies and 1H NMR of a representative compound
(Table S3).

Some structure-activity relationship (SAR) information can be extracted for the seven
thiadiazolidinedione compounds. In most of the compounds, there is a phenyl group with
various substituents attached at the G2 position (Table 2). Interestingly, compound 478419
has a phenyl group at the G1 position instead of G2. Given that the compounds are pseudo
symmetric, it is possible that the phenyl group at the G1 position of compound 478419 may
compensate for the phenyl group at the G2 position of the other compounds. This suggests
that there may be at least two orientations for the thiadiazolidinedione compounds that allow
the phenyl ring to occupy the same binding pocket of its protein target and inhibit HPV-E7.
A number of other structural analogs were also tested for inhibition in the ELISA assay
(Table S4). These analogs had the sulfur in the heterocycle ring changed to either a carbon,
or oxygen, and showed no activity (Table 2). This data suggests that the S heterocycle is
necessary for activity, possibly because the larger sulfur atom distorts the ring in such a way
to facilitate hydrogen bonding by the oxygens to its protein target or that the S heterocycle
has some reactivity that supports activity that the C or O analogs do not.

The HPV-E7 inhibitors function to disrupt HPV-E7 interaction with pRb

Since HPV-E7 interacts with both pRb and E2F for disruption of the pRb/E2F complex, we
sought to confirm that the seven active compounds inhibited HPV-E7 activity by directly
disrupting HPV-E7 interactions with pRb (Liu et al., 2006; Munger et al., 2001). For these
experiments, we modified the ELISA assay to measure the amount of 6xHis-HPV16-
E7cR2-3 remaining bound to pRb. We found that an increase in compound concentration led
to a displacement of 6xHis-HPV16-E7cRo.3 from GST-pRbagc, suggesting that the
compounds prevent the interaction between these two proteins (Figure 1C). To eliminate
potential artifacts from this assay format, we tested the ability of the HPV-E7 inhibitors to
disrupt HPV-E7/pRb interaction by performing pull-downs on Ni-NTA beads using His-
pRbagc and GST-tagged full length 16E7 (GST-16E7¢( ) (Figure 1D). Consistent with the
ELISA assay, the pull-down assay shows that an increase in compound concentration leads
to a displacement of GST-E7F from His-pRbagc. The ICsq values for the amount of
respective compound required for 6xHis-HPV16-E7cRro.3 displacement from GST-pRbagc,
as determined by the ELISA assay, were within ten-fold of the corresponding 1Csq values of
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E2F displacement from GST-pRbagc in the presence of 6xHis-HPV16-E7¢cRy-3 (Table 2).
These data are consistent with the observation that preventing HPV-E7 binding to pRb
inhibits its ability to displace E2F from pRb (Liu et al., 2006; Munger et al., 2001).

The HPV-E7 inhibitors function by binding to pRb through the LxCxE binding motif of viral
oncoproteins

Since HPV-E7 mediates high affinity pRb binding through the association of its LXCXE
motif in its CR2 domain to the B domain of pRb, we hypothesized that the HPV-E7
inhibitors might bind to either the LXCXE motif of HPV-E7 or the B-domain of pRb. To
distinguish between these possibilities, we assayed the ability of the thiadiazolidinedione
compounds to inhibit the ability of other LXCXE containing viral oncoproteins from
disrupting E2F/pRb complexes: HPV-E7 from a low risk HPV form (type 1A) and
Adenovirus E1A proteins. E1A was used as a control because it does not dimerize in
solution, unlike E7, and has also been shown to displace E2F via a different mechanism
(Felsani et al., 2006). For these studies, we modified our ELISA assay to measure disruption
of E2F/pRb complexes by substituting 6xHis-HPV1AE7cRo.3, and 6xHis-AdSE1ACR1-3. AS
illustrated in Figure 2A and Table 2, the thiadiazolidinedione compounds show similar
levels of inhibition as they did in the presence of 6xHis-HPV16E7cro.3. The ability of the
compounds to prevent an interaction between either 6xHis-HPV1AE7cR,.3 or 6xHis-
Ad5E1ACR1.3 With GST-pRbagc Was also demonstrated (Figure 2B). The ICsq values from
these experiments ranged from 0.2-11.2uM, comparable to the 1Csq values for compound
inhibition of HPV-16E7 mediated inhibition of E2F/pRb complexes (Table 2). These data
suggest that the thiadiazolidinedione inhibitors disrupt the interaction between the pRb B
domain and the LXCxE motif of the viral oncoproteins.

Because the LXCxE motif from the viral oncoproteins is likely to be extended and flexible
when not in complex with partner proteins, we postulated that the small molecule
thiadiazolidinedione inhibitors interact with the structured pRb B domain (Lee et al., 1998).
To test this hypothesis, we assayed the ability of the HPV-E7 inhibitors to bind directly to a
truncated pRb protein construct containing the A and B domains of the pRb pocket (pRbag)
using isothermal titration calorimetry (ITC). The resulting integrated heat-flow spikes
confirmed direct binding of inhibitors to pRb with 1:1 stoichiometry and affinities in the
sub-micromolar range (Figure 2C and Figure S3A). The dissociation constants obtained
range from 100 — 800 nM and are provided in Table 2. The reported Kp for the LXCXE E7
peptide binding to pRb is approximately 110nM (Lee et al., 1998) and is comparable to the
Kp values obtained for pRb binding to the inhibitors. To confirm that inhibitor binding is
reversible, one of the pRb/inhibitor complexes (pRb with compound 478166) was dialyzed
overnight and ITC was repeated. As before, a binding curve was obtained yielding a similar
dissociation constant and stoichiometry, indicating that the inhibitor was still able to interact
with pRb in a reversible fashion (Figure S3B). To eliminate the possibility of non-specific
binding of the thiadiazolidinediones, ITC was carried out with compound 478166 and
6xHis-HPV16-E7cRo.3 (Figure S3C). The observed heats reveals negligible binding, further
demonstrating that the compounds are not binding to pRb non-specifically.

To determine if the inhibitors are competitive with HPV-E7 for pRb binding or work
through an allosteric mechanism, we employed the ELISA assay to measure the ability of
HPV-E7 to displace the compound from pRb as a function of inhibitor concentration. As
shown in Figure 2D, the binding curves of 6xHis-HPV16-E7cRro.3 to GST-pRbagc in the
presence of varying concentrations of inhibitor, above and below the dissociation constant of
pRb for inhibitor, shows a dependence on the concentration of inhibitor used, where
increasing inhibitor concentration is correlated with a rightward shift (higher apparent value)
in the K values for HPV-E7 binding to pRb. This data suggests that inhibitor and HPV16-
E7 bind competitively to pRb. Taking this result together with the observation that these
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inhibitors are also able to disrupt pRb complexes with HPVV1A-E7 and Ad5-Ela (Figure 2A)
suggests that these thiadiazolidinedione inhibitors also bind pRb competitively with other
LxCXxE containing oncoproteins.

HPV-E7 inhibitors selectively cause apoptosis in HPV-transformed cells

Since the seven thiadiazolidinediones listed in Table 2 were cytotoxic or prevented
proliferation of SiHa cells due to their role in inactivating pRb, which is mutated in C-33A
cells, they were tested in additional cell lines: TC-1, a mouse epithelial line co-transformed
with HPV 16 E6/E7 and c-Ha-Ras, Hela, a human cell line transformed with HPV 18 and
HCT116, a human HPV negative colorectal carcinoma cell line containing an intact
retinoblastoma gene (DeFilippis et al., 2003; Scheffner et al., 1991; Yee et al., 1985). The
levels of cell viability after incubation with compound were determined using the MTS
assay as previously described. This time, a concentration range of 100 pM to 3 uM of
compound was tested so that the cellular ICsq values could be extracted for these seven
compounds, and for the ten inactive analogs. As shown in Figure 3, the thiadiazolidinedione
compounds had the greatest effect on SiHa cells, followed by TC-1 cells, and to a smaller
extent, HeLa cells. The smallest effect was seen in HCT 116 and C-33A cells. While the
inhibitors were cytotoxic in all cell lines at 100 pM, they were selectively cytotoxic in HPV-
positive cells at the lower compound concentrations. In general, the ICsq values of the
thiadiazolidinedione compounds in SiHa cells varied from between 6.25 pM and 12.5 pM to
between 25 pM and 50 pM. The IC5q values in TC-1 and HeLa cells were slightly higher
and varied from between 12.5 pM and 25 uM to between 50 pM and 100 uM. The ICsq
values in HCT 116 and C-33A cells were all greater than 25 uM. Importantly, the inactive
analogs did not demonstrate any effect in any of the cell lines tested (a representative
example is shown in Figure 3). Taken together, this data suggests that the seven
thiadiazolidinedione HPV-E7inhibitors identified in the primary HTS are either selectively
cytotoxic or selectively prevent proliferation of HPV transformed cervical cancer cell lines,
with a greater effect in cell lines transformed with HPV 16.

Given that the thiadiazolidinedione inhibitors bind to pRb, a critical regulator of the cell
cycle, we asked whether they perturb the cell cycle to prevent proliferation or whether they
induce apoptosis in cells transformed with HPV. To carry out these studies, we employed
SiHa cells (transformed with HPV 16) since the inhibitors were most effective in this cell
line. Cells were treated with either DMSO or 10 uM of two representative
thiadiazolidinediones: compounds 478166 and 478168, an inactive analog (compound
44234), or 2 uM of staurosporine, for 48 hours. DNA content was determined by propidium
iodine staining and analysis by flow cytometry. In agreement with our biochemical results
and the MTS cell viability assay, compounds 478166, 478168, and staurosporine most
drastically affected SiHa cells whereas the inactive analog had no effect (Figure 4 and
Figure S4). The thiadiazolidinedione inhibitors caused an increase of apoptotic SiHa cells
(6.5% and 15.2% of cells were apoptotic when treated with the thiadiazolidinediones
478166 and 478168, respectively, compared to ~1% apoptotic cells that were treated with
DMSO or the inactive analog) as did the non-specific kinase inhibitor staurosporine (34.3%
of cells were apoptotic) (Figure 4). These results are consistent with the MTS data and /in
vitro data, together supporting the interpretation that the thiadiazolidinedione inhibitors
antagonize the ability of HPV-E7 to maintain the viability of the HPV transformed cells.
These results are also consistent with work by others that E7 knockdown can lead to
apoptosis in HPV-positive cells (Jiang and Milner, 2002; Sima et al., 2008).

A representative compound can reduce tumor size in vivo

Since the thiadiazolidinedione inhibitors exhibited apoptotic activity in cells, we wanted to
determine whether or not they would demonstrate anti-tumor activity in vivo. A
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transplantable tumor model was employed in which TC-1 cells were injected subcutaneously
into NOD-SCID mice. After five days, treatment was initiated with compound 478166 (n=6)
or vehicle only (DMSO) (n=6) by intraperitoneal injection and repeated daily for a total of
14 days. The tumors were measured once every two days. At the conclusion of treatment, a
significant reduction in tumor volumes was observed for mice treated with compound
compared to vehicle only (Figure 5). After 14 days, the average tumor volume of mice
treated with DMSO was 3950mms3, whereas the average tumor volume of mice treated with
drug was 2270mm3 (p < 0.02). Taken together with our results from the cell-based
experiments, it appears that the thiadiazolidinedione inhibitor can reduce tumor volume 7n
vivo, with no deleterious effects observed otherwise on animal health.

DISCUSSION

We have described the identification and characterization of structurally similar
thiadiazolidinedione compounds that inhibit the interaction between the LXCXE motif of
viral oncoproteins and pRb in a competitive manner with sub-micromolar dissociation
constants. The identification of these inhibitors is an important finding given that there are
no known inhibitors that specifically block the interaction of pRb with viral oncoproteins.
Interestingly, other small molecule compounds that show structural similarity to these
thiadiazolidinediones have been implicated in possible treatments against neurodegenerative
disorders by targeting glycogen synthase kinase-3 (GSK-3) or the peroxisome proliferator-
activated receptor y (PPARYy) (Luna-Medina et al., 2005; Luna-Medina et al., 2007;
Martinex, 2006; Martinez et al., 2005; Martinez et al., 2002; Rosa et al., 2008). The fact that
these inhibitors appear to prevent oncoproteins from binding to the LXCXE binding site on
pRb suggests that these types of inhibitors provide another route for therapeutics not only
against cervical cancer, but also for other diseases caused by viral oncoproteins containing
the LXCXE motif.

The B domain of the pRb pocket domain harboring the LXCXE binding site is also the site of
interaction with cellular proteins, such as histone deacetylases, cyclin D1, chromatin
remodeling enzyme BRG1, and other proteins (Dahiya et al., 2000; Rosa et al., 2008; Singh
et al., 2005). However, our studies in cells and in mice show that these inhibitors are not
overtly cytotoxic in HPV-negative cells, suggesting that the HPV-E7 inhibitors do not
perturb these endogenous interactions, at least to the same extent. The tumors formed by
TC-1 cells in mice showed a significant reduction in volume when treated with
thiadiazolidinedione 478166, without any noticeable effects on their normal cells, as
indicated by a lack of change in animal behavior, implying a potential therapeutic for
HPV16-related neoplasms. Furthermore, the cell-based studies reveal that the HPV-E7
inhibitors are more toxic in SiHa cells than HeL a cells. Taken together with our /n vitro data
showing that the compounds bind competitively with E7 to pRb, this suggests that the
compounds are either more effective at disrupting the interaction between pRb and HPV16
E7 than pRb and HPV18 E7 or that the levels of E7 and or pRb are different enough in these
cell lines to result in different toxicities. It is also possible that HeLa cell viability is not
completely dependent on the HPV-E7 oncoprotein due to additional genetic and epigenetic
changes in the tumor genome. Others have shown that the levels of pRb do in fact differ
across cervical cancer cell lines, and that there is a difference in the level of pRb
phosphorylation, with a greater level of hypophosphorylated pRb in SiHa cells (Scheffner et
al., 1991). This observation is consistent with the level of toxicity that we observe in the
MTS assay and by cell-cycle analysis, which suggests that the thiadiazolidinedione
inhibitors may bind more avidly to hypophosphorylated pRb to prevent the interaction with
E7. Furthermore, the increase in apoptosis in SiHa cells upon treatment with the
thiadiazolidinedione inhibitors suggests that the inhibitors are antagonizing the ability of E7
to maintain the viability of the HPV-positive cell lines.
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While there are reports that E7 has the ability to degrade pRb (Boyer et al., 1996; Giarre et
al., 2001; Gonzalez et al., 2001), there are other reports that sSiRNA or shRNA against E7
results in a de-phosphorylation of pRb, and not an increase in overall pRb levels (Jiang and
Milner, 2002; Sima et al., 2008). The de-phosphorylation of pRb by E7 was demonstrated in
SiHa and CaSki cells, both of which are transformed with HPV 16. It is possible that the
effect on pRb is cell-line dependent, as the former studies (Boyer et al., 1996; Giarre et al.,
2001; Gonzalez et al., 2001) were done using different cell lines. We probed for pRb in
SiHa, HelLa, TC-1, and HCT 116 cells that were incubated for 48 hours with concentrations
of compound 478166 as high as 25 pM and did not see any change in the levels of pRb or in
its phosphorylation state (data not shown). pRb was also probed in the mouse tumors that
were treated with compound versus those that were not, and again no change in pRb levels
or in its phosphorylation state could be observed (data not shown). It is possible that these
compounds work differently from the siRNA and shRNA experiments in that they do not
cause a detectable change in the levels of pRb or its phosphorylation state in these cell lines.

Our results from ITC confirm that the thiadiazolidinedione inhibitors bind directly to pRb
with submicromolar affinity providing a route for structure-based-drug design of more
potent and selective HPV inhibitors. The crystal structure of the pocket domain of pRb has
been determined and may prove useful for co-crystallization of these small molecules with
pRbag (Balog et al.). Co-crystallization studies of these small molecules with pRbag may
provide further insight to their mode of interaction and guide further optimization. Since
HPV mediates cell transformation through the action of two viral oncoproteins, E6 and E7,
where EG6 targets the p53 tumor suppressor for degradation, it might be particularly
advantageous to combine these thiadiazolidinedione inhibitors with inhibitors that prevent
E6-mediated p53 degradation to develop a particularly effective therapeutic strategy to treat
HPV-mediated pathologies.

SIGNIFICANCE

The retinoblastoma protein, pRb, is an important regulator of cells and can cause neoplastic
lesions when inactivated by mutations or by viral oncoproteins. Its inactivation by viral
oncoproteins makes it a desirable drug target. In this study, we have identified the first class
of small molecule inhibitors that competitively inhibit the interaction of LXCXE motif
containing viral oncoproteins with pRb. We show, /n vitro, that these thiadiazolidinedione
inhibitors bind to pRb and prevent one of the main transforming abilities of these
oncoproteins: the premature disruption of the inhibitory pRb/E2F complex. We also employ
cell-based and animal studies to demonstrate that these inhibitors exhibit selective
cytotoxicity in HPV positive cells. Little or no effect was seen in cancer cells not
transformed with HPV. Our /n vitro, cell-based-studies, and /7 vivo results in mice indicate
that these thiadiazolidinedione inhibitors may provide a therapeutic strategy for cancers
caused by viruses such as HPV.

EXPERIMENTAL PROCEDURES

Expression and purification of proteins

The DNA encoding HPV16-E7¢cRo-3 (residues 17-98), HPV1A-E7cRro-3 (residues 16-93)
and Ad5-E1AcR1-3 (residues 36-189) were cloned into the pRSET vector, containing an N-
terminal 6x-histidine tag. HPV-E7 and Ad5-E1A were expressed in £. coli BL21(DE3) cells
overnight at 25 °C and 18 °C, respectively. Cells were lysed by sonication in a buffer
containing 20mM Tris, 7.5, 500mM NaCl, 35mM imidazole, 10uM Zn(OAc),, 10mM BME
and 1x PMSF. The cell lysate was centrifuged at 18,000 RPM and the resulting supernatant
was loaded onto a Ni-NTA column pre-equilibrated with 20mM Tris, 7.5, 500mM NacCl,
35mM imidazole, 10uM Zn(OAc),, and 10mM BME. The column was washed and the
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bound protein was eluted using an imidazole gradient from 35mM to 250mM. The proteins
were further purified using size exclusion chromatography on a superdex 200 analytical
column (GE Healthcare Life Sciences) in a buffer containing 20mM Tris, 7.5, 150mM NacCl,
and 10mM BME.

DNA encoding pRbagc (residues 376-928) was cloned into the pFAST-Bac vector,
containing an N-terminal GST tag. Protein was expressed in Sf9 cells for 48 hours before
harvesting. The protein was purified as described by the manufacturer (Novagen). The
plasmid pGex6P-1-E2F1, encoding the marked-box and transactivation domain of E2F1
(residues 243-437) with an N-terminal GST tag, was provided by Dr. Steven Gamblin
(MRC, Mill Hill, UK). GST- E2F1pg.Ta Was expressed in £. coli BL21(DE3) CodonPlus
RIL cells (Novagen) for 5-6 hours at 30°C and purified as described elsewhere (Liu et al.,
2006). The GST tag was removed using PreScission Protease (GE Healthcare Life Sciences)
as described elsewhere to yield an untagged E2F1p g1 for assay purposes (Liu et al.,
2006).

For pull-down studies, GST-tagged full-length HPV-E7 was cloned into the pGEX-4T-1
vector, expressed in £. coli BL21(DE3) cells, and purified as described by the manufacturer
(Novagen). 6xHis-pRbapc (residues 376-928) was cloned into the pRSET vector, expressed
and purified as described above for the 6xHis-tagged proteins, except that Zn(OAc), was
excluded from the buffers.

For isothermal titration calorimetry studies, untagged pRbag (372-787 with the linker from
590-635 removed) was prepared as described elsewhere (Xiao et al., 2003).

Compound libraries

2000 compounds comprising the Spectrum Collection from MicroSource Discovery Systems
(Gaylordsville, CT), Inc were tested at a final concentration of 8.3uM. A library of 14,400
chemically diverse compounds from Maybridge HitFinder (Cambridge, UK) were tested at a
final concentration of 12.5uM. A third set of compounds, comprising 71,539 small
molecules, from the orthogonally pooled screening (OPS) libraries, provided by the
Lankenau Chemical Genomics Center (Wynnewood, PA) were tested at a final
concentration 6.25uM to 12.5uM. The HitFinder and OPS libraries were orthogonally
compressed to contain 5 or 10 compounds per well, respectively.

ELISA assays

ICsq values for inhibition of E2F displacement from pRb by E7 + inhibitors were measured
using the same ELISA-based assay as described for the high-throughput screen
(supplemental methods), except that the assay was performed manually in 96-well format
with all volumes doubled. All compounds were solubilized to 50mM in DMSO and diluted
for use in the ELISA-based assay at a final DMSO concentration of less than 5%. The
concentrations of the compounds in the ICsg experiment spanned the range of enzyme
activity from no inhibition to complete inhibition. To test ELA-pRb and E7-pRb binding, the
assay was modified so that GST-pRbagc alone was added to HPV-E7¢R,.3 + compound/
DMSO, or Ad5-E1AcR1-3 + compound/DMSO. Mouse monoclonal anti-His antibody
(Fisher) (1:10,000) and mouse monoclonal Ad5-E1A antibody (Abcam) (1:10,000) were
used to detect how much His-E7cRro-3 and E1AcR1-3 remained bound to GST-pRbagc on
the plate, respectively. All other steps remained unchanged. To test the mode of inhibition
by the inhibitors, each compound was first incubated with pRb for 30-60 min. Different
concentrations of HPV- E7¢Ro.-3, ranging from 50uM down to 0.05uM were added to the
GST-pRbagc + compound mixture and allowed to incubate for 30-60 min. The reaction
mixture was then transferred to a glutathione-coated plate, and shaken for 15-20 min.
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Mouse monoclonal anti-His antibody (Fisher) (1:10,000) was used to detect how much
HPV-E7cRo.3 remained bound to GST-pRbagc on the plate. Three independent 1Csq
measurements were performed for each compound and the average and standard deviation
values are reported. All data was imported into the GraphPad Software (Prism) for ICgq or
Kp determination. To calculate the ICgg or Kp values, the dose-response curves were fit to
one-site (Hill slope = 1) sigmoidal-dose-response curves. The error bars were obtained from
the standard errors generated by the GraphPad software.

Pull-Down assays

10ug His-tagged protein pRbagc was incubated with 10ul Ni-NTA beads (Fisher) in a
buffer containing 20mM Tris, 7.5, 150mM NaCl, 35mM Imidazole and 0.05% Tween20 for
15 min. Then, inhibitor and an equimolar amount of GST-HPV16-E7¢ to pRb were added
and allowed to incubate at 4° C for 1 hr with gentle agitation. The beads were then washed
three times with 1mL buffer (20mM Tris, 7.5, 150mM NaCl, 35mM Imidazole and 0.05%
Tween20) and subjected to SDS-page analysis. The samples were transferred to PVDF
membrane to be visualized by western blotting. Anti-GST mouse monoclonal antibodies
(1:2000) (Calbiochem) and anti-His mouse monoclonal antibodies (1:5000) (Fisher) were
used. Bands were visualized by chemiluminescence (Pierce) and exposure to film (Kodak).

Isothermal titration calorimetry

Cell culture

ITC was done using a MicroCal VP-ITC isothermal titration calorimeter (MicroCal, Inc).
Proteins were dialyzed against a buffer containing 20mM Hepes, 7.5, 150mM sodium
chloride and 0.1mM Tris carboxy ethyl phosphene prior to analysis. 8—-12JL injections of
750-15001uM compound (final DMSO concentration of 1.5 %) were titrated into 50-150uM
pRbag (containing the same percentage of DMSO) pre-equilibrated to 22 °C. After
subtraction of dilution heats, calorimetric data were analyzed with the MicroCal ORIGIN
V5.0 (MicroCal Software, Northampton, MA). Error values obtained from the MicroCal
ORIGIN V5.0 software were averaged and reported.

C-33A and SiHa cell lines were purchased from ATCC and grown in 1x minimal eagle’s
media (MEM, Cellgro) supplemented with 10% fetal bovine serum (Hyclone), 10ug/ml
penicillin-streptomycin (Cellgro), 2mM L-glutamine (Cellgro), 1mM sodium pyruvate
(Cellgro), and 100uM non-essential amino acids (Gibco). HeLa, and HCT116 cell lines were
generous gifts from the laboratories of Susan Janicki, and Meenhard Herlyn, respectively,
and maintained in the same way.

MTS cell proliferation assay

Cultured cell lines were seeded in 384-well, clear, tissue culture plates (NUNC) at 10,000,
1,000, 1,000, 1000, and 2,000 cells/well for C-33A, SiHa, HeLa, TC-1, or HCT116 cells,
respectively. The next day, compound dissolved in a final DMSO concentration of 0.5% was
added to each well and incubated for 48 hr. Cell viability was then monitored by addition of
8uL of MTS reagent (Promega) and measurement at A4gg using an Envision multilabel plate
reader within 3 hr of MTS addition.

Flow cytometry

Cultured cell lines were seeded in 60mm tissue culture dishes (Falcon) at 1x10° cells/well.
The next day, 10uM compound or DMSO were added and incubated for 48 hr. Cells were
then trypsinized, washed with 1.0 mL phosphate-buffered saline (PBS), and fixed in 80%
ethanol. Fixed cells were spun at 500g for 5 min, and washed with PBS. Cells were stained
with 250uL propidium iodide (PI), which was prepared by adding 100uL 2mg/ml PI (Sigma)
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and 10 pg RNase A (Sigma) into 10mL PBS. Cells were then analyzed at the Wistar Institute
Flow Cytometry Core Facility.

Mouse Studies

A tumor model was constructed by innoculating 2.0 x 10° TC-1 cells into the right flank of
12 NOD SCID female mice (Jackson Laboratory, Bar Harbor, ME). Treatment was started 5
days post-injection, as tumors became palpable. The mice were treated once a day for 14
days, with intraperitoneal injections of DMSO (0.1%) or compound 478166 at doses of
10mg/kg. Tumor sizes were measured every two days with calipers and tumor volume, V,
(in mm3) was calculated using “V = Ixw? x 1t/6.” At the end of the experiment, all mice
were sacrificed and the weights of the detached tumors were measured. The experiments
were performed twice with similar results. Statistical analysis was done using the paired
Student's ¢test. Errors were obtained by calculating the standard deviations from all the mice
in each set. All animal experiments were approved by the Wistar Institutional Animal Care
and Use Committee and performed in accordance with relevant institutional and national
guidelines.

HIGHLIGHTS

e Thiadiazolidinedione inhibitors prevent E7-mediated E2F displacement from
pRb

e The inhibitors prevent the interaction between pRb and viral oncoproteins

e The inhibitors bind to the LXCXE binding site of pRb with mid-high nanomolar
dissociation constants

e The inhibitors are selectively cytotoxic to HPV transformed cells alone and in
mice

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CR1 — CR2

HPV 1A E7 MVGEMPALKDLVLQLEPS---VLDLDLYCYEEVPPDDIEE---ELVSPQ--
HPV 16 E7 MHGDTPTLHEYMLDLQP----- ETTDLYCYEQLNDSSEEEDEIDGPAGQ-A
HPV 18 E7 MHGPKATLQDIVLHLEPQN--EIPVDLLCHEQLSDSEEENDEIDGVNHQHL

CRS3

HPV 1A E7 QP------—- YAVVASC-AY-CEKLVRLTVLADHSAIRQLEELLLRSLNIVCPLCTLQRQ
HPV 16 E7 EPDRAH---YNIVTFC-CK-CDSTLRLCVQSTHVDIRTLEDLLMGTLGIVCPICSQKP-
HPV 18 E7 PARRAEPQRHTMLCMC-CK-CEARIELVVESSADDLRAFQQLFLNTLSFVCPWCASQQ-
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Figure 1. Characterization of small molecule HPV-E7 inhibitors

(A) Sequence alignment of E7 from HPV 1A, HPV 16, and HPV 18 used in the
experiments. The two residues in red in HPV 16 E7 were mutated to the corresponding
residues in HPV 1A E7 for use in the biochemical experiments. (B) 1Csq curves for
disruption of pRb/E2F complexes by E7 in the presence of a family of thiadiazolidinedione
compounds. 1Cxgq curves were generated using the ELISA-based assay described in the
Methods. Ten-fold dilutions of inhibitor, starting at 100uM were added to a mixture
containing GST-pRbapc/E2FMp-TA and 6xHis-HPV16-E7¢R2.3. The amount of E2Fpp.TA
remaining was determined by adding a primary antibody specific for E2F1. (C) ICgq curves
for inhibitor disruption of HPV-E7/pRb complexes. ICgq curves were generated using the
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ELISA assay with ten-fold dilutions of inhibitor, starting at 100uM were added to a mixture
containing GST-pRbagc and 6xHis-HPV16E7cRr2.3. The amount of E7 remaining was
determined by adding a primary anti-His antibody. (D) Effect of inhibitors on HPV-E7/pRb
pulldown. Different concentrations of inhibitor (compound 478166 is shown) were added
and the amount of GST-E7g_ remaining bound to pRb was probed by using an anti-GST
antibody (bottom panel). The top panel shows the loading control of His-pRbagc in each
lane. See also Figure S1.
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Figure 2. In vitro characterization of thiadiazolidinedione inhibitors against viral oncoproteins
(A) Ability of inhibitors to prevent LXCXE containing viral oncoproteins from disrupting
E2F/pRb complexes. Ten-fold dilutions of inhibitor (compound 478166 is shown) were
added to GST-pRbagc/6xHis-HPV1AE7cRo.3 or GST-pRbagc/6XHis-AdSEL1ACR-3. (B)
Ability of inhibitors to disrupt complexes between pRb and LXCXE containing viral
oncoproteins. Compound 478166 was used for the experiment shown. (C) Binding of
inhibitors to pRb as measured by isothermal titration calorimetry. The curve fit for pRb
binding to compound 478081 reveals 1:1 binding with a Kp of 165nM, and dH of -1237 cal/
mol. (D) HPV-E7 binding to pRb in the presence of increasing concentrations of inhibitor.
The ELISA-based assay was used to determine the mechanism of binding of the small
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molecules to pRb. Five-fold dilutions of inhibitor were added to pRb and the amount of E7
that was able to bind to pRb was determined. The calculated apparent Kp values for pRB-E7
in the presence of 0.025, 0.25, 0.5 and 5.0 uM of inhibitor 478165 (Kp for pRb of 104 nM)
were 140 + 22, 313 £ 21, 304 £ 76 and 764 + 72 nM, respectively. See also Figure S3.
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Figure 3. Cellular toxicity of thiadiazolidinedione compounds

Four different cervical cancer cells lines: SiHa, TC-1, HeLa and C-33A and one non-
cervical cancer cell line, HCT116, were employed for these studies. 2-fold compound
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dilutions starting at 100 pM down to 3.125 uM for the thiadiazolidinediones and starting at 2
UM to 4 nM for staurosporine were incubated for 48 hours with cells before the addition of
MTS reagent. After 1-2 hours of incubation with reagent, the absorbance at 490 nm was
determined. The percent growth was determined by dividing by the growth in the presence
of DMSO control. See also Table S2.

Chem Biol. Author manuscript; available in PMC 2013 April 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Feraetal. Page 20
= Q
é\Q ©
Q
o & O oy
| & & Y
o® QS 2% w W
GO/G1 | 729 31.3 S57.7 | 49.2 71.8
G2IM | 159 21.2 21.1 20.0 16.3
g ] S 10.7 13.8 15.4 15.8 11.3
o Apop | 1.1 | 343 | 65 | 152 | 09
Ll
0 1024

Lin PI

Figure 4. Effects on the cell cycle and apoptosis by the thiadiazolidinediones 478166 and 478168,

an inactive analog, and staurosporine

To determine any effect on cell cycle or apoptosis, SiHa cells were treated with DMSO or
10 uM of compounds 478166, 478168, 44234, or 2 uM staurosporine for 48 hours. After 48
hours, cells were harvested, stained with propidium iodide, and DNA content was analyzed
by flow cytometry. The percent of cells in GO/G1, G2/M, S, or apoptotic were determined

by the areas under the curves represented by B, C, D, and E, respectively.
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Figure 5. The anti tumor effect of thiadiazolidinedione compound 478166 in vivo

A tumor model was constructed by innoculating 2.0 x 10° TC-1 cells into the right flank of
12 NOD SCID female mice. Treatment was started 5 days post-injection; the mice were
treated once a day for 14 days, with IP injections of DMSO or compound 478166 at doses of
10mg/kg. Tumor sizes were measured every two days.
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Chemical libraries employed and hits obtained for HPV-E7 inhibitor solution screen.

Table 1

Hit ELISA ICg
Library # Compounds | # Cherry Picks | Percentage <15.6uM
Spectrum 2,000 11 0.55% 3
Maybridge HitFinder 14,400 32 0.22% 13
OPS, set 9 7,952 50 0.63% 16
OPS, sets 3-6, 10, 12-14 63,587 271 0.43% 88
Total 87,939 364 0.41% 120

See also Figure S2.
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