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ABSTRACT: Cervical cancer is the sixth most common
cancer in women worldwide and the leading cause of women’s
death in developing countries. Nearly all cervical cancers are
associated with infection of the human papillomavirus (HPV).
This sexually transmitted pathogen disrupts the cell cycle via
two oncoproteins: E6 and E7. Cells respond to E7-mediated
degradation of pRB by upregulating the p53 tumor suppressor
pathway. However, E6 thwarts this response by binding to the
cellular E6-Associating Protein (E6AP) and targeting p53 for
degradation. These two virus-facilitated processes pave the way
for cellular transformation. Prophylactic HPV vaccines are
available, but individuals already infected with HPV lack drug-
based therapeutic options. To fill this void, we sought to identify small molecule inhibitors of the E6−E6AP interaction. We
designed an ELISA-based high throughput assay to rapidly screen compound libraries, and hits were confirmed in several
orthogonal biochemical and cell-based assays. Over 88,000 compounds were screened; 30 had in vitro potencies in the mid-
nanomolar to mid-micromolar range and were classified as validated hits. Seven of these hits inhibited p53 degradation in cell
lines with HPV-integrated genomes. Two compounds of similar scaffold successfully blocked p53 degradation and inhibited cell
proliferation in cells stably transfected with E6. Together, these studies suggest that small molecules can successfully block E6-
dependent p53 degradation and restore p53 activity. The compounds identified here constitute attractive starting points for
further medicinal chemistry efforts and development into beneficial therapeutics.

More than 130 different types of mucosal and cutaneous
human papillomaviruses (HPVs) have been identified.1

The alpha genus of mucosal HPVs is composed of both low risk
(e.g., HPV6, 11) and high risk (e.g., HPV16, 18) forms.2 While
low risk HPVs cause benign cellular proliferations, high risk
HPVs are associated predominantly with cervical cancer,2,3 one
of the leading causes of women’s deaths in developing countries
and the sixth most common cancer in women worldwide.4

HPV infection has also been implicated in having a causative
role in about 20% of head and neck cancers5 and is thought to
be responsible for the majority of anal and vaginal cancers6 as
well as approximately 35% of penile cancers.7

The E6 and E7 proteins from high risk HPVs mediate the
oncogenic properties of the virus, in large part, by perturbing
the cell cycle regulatory functions of the p53 and Retino-
blastoma (pRB) tumor suppressor proteins, respectively. HPV
E7 has also been suggested to mediate the degradation of pRb.8

In healthy cells, pRb cooperates with E2F/DP transcription
factors to coordinate the transcription of S phase genes,9 while
HPV E7 binds to pRb to perturb the progression into S
phase.10 In response to deregulated entrance into S phase, p53

is normally modified post-translationally and stabilized, causing
cells to undergo cell cycle arrest or apoptosis.11 However, HPV
E6 forms a complex with the cellular E3 ligase E6-Associating
Protein (E6AP) and targets p53 for degradation via the
ubiquitin-proteasome pathway.12,13

In addition to their pRb and p53 inhibitor activities, the E6
and E7 proteins from high-risk HPVs perturb normal cell
function in other ways. For example, the C terminal PDZ
binding motif of HPV E6 targets the cytoplasmic membrane
proteins hDLG, Scribble, MUPP1, and MAG1-3 for degrada-
tion.14−17 E6 can also bind four-way DNA Holliday junctions
and can inhibit p300/CBP acetylation to disrupt p53-
dependent gene activation.18,19

The HPV vaccines Gardasil (Merck) and Cervarix
(GlaxoSmithKline) offer preventative care for millions of
uninfected young adults.20 However, these vaccines are costly
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and were not designed to therapeutically treat those who are
already infected with HPV. While the overall 5-year cure rate
for cervical cancer is approximately 90%, it is considerably
worse for cases where the cancer has spread to other organs
(down to 15% according to the American Cancer Society).
Since HPV-containing tumors have low levels of nonmutated
p53 that is unable to function due to degradation, several
therapeutic strategies have focused on p53 stabilization through
blocking of E6 function, either with RNAi or antisense
oligodeoxynucleotides.21,22 Such studies have resulted in
increased p53 levels and inhibition of tumor growth in both
tissue culture and animal models. Spurred by this success, the
development of inhibitors to the E6−E6AP interaction, a
prerequisite to p53 degradation,23 presents an opportunity to
stabilize p53 levels and bring about cell cycle arrest or apoptosis
in infected cells. Several specific inhibitors of the E6−E6AP
interaction have been developed including the Pitx2a protein
inhibitor,24 intrabodies,25 and alpha helical peptides;26,27

however, all show modest activity.
E6 is a small, monomeric protein of 19 kDa,28 and since the

region of E6AP that is necessary and sufficient for E6 binding is
a 20 amino acid α helix,29−31 this suggests that it is feasible to
inhibit this interaction with a small molecule compound. Ten
small molecule inhibitors were also identified after pharmaco-
phore development and limited in silico screening;32 however,
only one compound proved to be active in cells and only at
high-micromolar concentrations. A more recently reported
follow-up in silico screen from this earlier study produced a
family of flavonoid compounds with IC50 values in the mid- to
low-micromolar range in vitro. Two of these compounds
(luteolin and CAF024) showed an increase in p53 and
p21Cip1/Waf1 protein and decreased viability of HPV-positive
cell lines.33

Given that the pharmacophore-based screening campaign
described above resulted in E6 inhibitors with favorable
properties, albeit low potency, we carried out a solution screen
for inhibitors of the E6−E6AP interaction to obtain more novel
and potent small molecule inhibitors. Toward this end, we
developed a high throughput solution assay to screen for small
molecule inhibitors of the E6−E6AP interaction. Through the
screening of ∼88,000 diverse compounds, we identified seven
inhibitors with IC50 values in the low-micromolar to mid-
nanomolar range that were able to specifically block p53
degradation in HPV-derived tumor cell lines and two of the
seven inhibitors of similar scaffold that specifically inhibited cell
proliferation in cells stably transfected with E6. These HPV E6
inhibitors provide a framework for developing HPV inhibitors
with possible therapeutic applications.

■ RESULTS AND DISCUSSION
Development of a High Throughput Screen and

Inhibitor Identification. A high throughput screen (HTS)
for small molecule inhibitors of the E6−E6AP interaction was
designed around a modified sandwich enzyme-linked immuno-
sorbance assay (ELISA) (Figure 1). Full length HPV16 E6 was
fused C terminally to glutathione-S-transferase (GST). To
improve E6 solubility and decrease aggregation, all non-
conserved, surface-exposed cysteine residues of the HPV16
E6 sequence were substituted to the analogous residues found
in HPV1A E6, and the result is referred to as E6M. A similarly
mutated E6 protein containing analogous cysteine to serine
mutations in the context of the full length protein was shown to
properly fold and to display in vitro and in vivo p53 degradation

properties that were comparable to those of wild-type E6.28,34

To confirm the integrity of E6M, we performed in vitro
pulldowns with E6M and E6AP versus other proteins to
demonstrate that E6M pulled down E6AP but not other
proteins (Supplementary Figure S1).
Residues 363−440 of E6AP (isoform II), which contain the

LQELLGE motif necessary for E6 binding,30 were fused N
terminally to the maltose binding protein (MBP). Following
binding of 30 nM E6M-GST to glutathione-coated wells, MBP-
E6AP was added to the wells at a concentration of 6 μM (the
reported Kd of the E6−E6AP interaction35) in the presence of a
small molecule or a DMSO control. The extent of binding
between the two proteins was assessed by incubation with the
anti-MBP-HRP antibody and chemiluminescence.
The robustness of our assay was substantiated with Z′

factors36 of 0.784 (positive control: E6M-GST + MBP-E6AP;
negative control: GST + MBP-E6AP) and 0.624 (positive
control: E6M-GST + MBP-E6AP; negative control: E6M-GST
+ MBP) in 96-well format; miniaturization to a 384-well format
and automation optimization resulted in Z′ factors consistently
above 0.60 (Supplementary Figure S2).
Three different chemically diverse compound libraries were

screened: Spectrum (Microsource; 2000 compounds), Hit-
Finder (Maybridge; 14,000 compounds), and the Orthogonally
Pooled Screening libraries (OPS, Lankenau Institute for
Medical Research; 72,000 compounds), resulting in ∼88,000
total compounds. The initial screening resulted in the selection
of 201 potential inhibitors of the E6−E6AP interaction (a
0.23% primary hit rate) that were further investigated in follow-
up studies. All assigned hits were cherry picked and retested at
the screening concentration in the ELISA assay. Following
retesting, the number of potential inhibitors dropped to 54,
producing a confirmed hit rate from the entire screen of 0.061%
(Table 1).

Identification of Compounds That Reduce Associa-
tion of E6 with E6AP in Vitro. We ranked the potency of the

Figure 1. Scheme for the high throughput screening assay. The ELISA
assay to detect compound inhibition (compound not shown) is
represented schematically along with the fusion constructs used for
screening.
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inhibitors by determining the compound concentration that
reduced association between E6M-GST and MBP-E6AP by
50% (IC50 value). For each of the inhibitors tested, fresh
powders were ordered directly from commercial suppliers, and
42 of the 54 compounds had IC50 values of 30 μM or less, with
more than half of the inhibitors having IC50 values in the low-
to mid-nanomolar range (Table 2, Supplementary Table 1).
The IC50 curves from the ELISA-based assay of six of the
compounds, to be discussed in more detail below, are shown in
Figure 2a. To eliminate any artifacts from the ELISA-based
format, these six inhibitors were retested by performing
pulldowns on amylose beads onto which MBP-E6AP was
immobilized. After incubation with inhibitor, the ability of

E6M-GST to bind to E6AP was assessed by Western blot
(Figure 2b). Each inhibitor was able to reduce association
between E6M-GST to E6AP in this format, confirming that the
inhibitors reduce this interaction in vitro.
To ensure that these 42 compounds were specifically acting

on the E6−E6AP interaction before moving forward, a parallel
screen using the same assay format for inhibitors against HPV
E7’s ability to reduce pRb/E2F complex formation did not
identify any of these compounds as hits (data not shown). Five
of these compounds caused E6M precipitation and so were
eliminated from further screening. We demonstrated that
compound 9, a previously reported E6/E6AP binding
inhibitor,32 had a dose−response inhibition of E6−E6AP
binding using our ELISA assay (Supplementary Figure S3),
albeit with a 10-fold lower IC50 value (1.59 μM) compared to
the value reported by Baleja et al. (17 μM). We believe this
difference is likely due to the lower protein concentrations used
in our assay as compared to those used by Baleja et al. These
combined data support the premise that the compounds that
we identified in our high-throughput screen specifically reduce
the level of E6−E6AP interaction.

Effects of Compounds on E6 Stability. To determine if
the remaining 37 compounds interact directly with E6, a
fluorescent E6 thermal stability assay was employed to monitor
protein unfolding in the presence of a given inhibitor. Full
length, untagged E6M was incubated at increasing temperatures
(20−80 °C) with either DMSO control or with compound
dissolved in DMSO and the reporter dye, SYPRO orange. The
control reaction with DMSO showed that E6M was mildly
unstable from 20 °C to approximately 37 °C (as indicated by

Table 1. Screening Summary

library name
library size (no.
of compounds) hitsa

primary
screenb

secondary
assaysc

Spectrum 2,000 7 4 4
Maybridge HitFinder 14,400 56* 13 12
OPS 72,000 138* 37 14
totals 88,400 201 54 30

aCompounds that showed a signal 3 standard deviations from the
mean were considered hits. Asterisks show which libraries included
ambiguous and orphan hits to the original hit number. bPrimary screen
hits are the number of potential inhibitors as confirmed in the ELISA
assay at the original screen concentration following cherry picking
from their original stock solutions kept frozen. cSecondary assays hits
are compounds that, following purchase of powders, passed all
secondary assays for inhibition (thermostability and HPV-mediated in
vitro p53 degradation).

Table 2. Secondary Assay Results Summary for Six Representative Inhibitor Compounds

aThe ELISA IC50 values were determined by performing the assay in duplicate for each compound, followed by normalization of data and
subsequent data fitting in GraphPad with the aid of log(inhibitor) vs response (variable slope) plots and nonlinear regression fit. bThe degradation of
p53, as determined by the in vitro experiments with both HPV 16 and HPV 18 E6, is reported as an approximate IC50 over a concentration range.
cThe thermal stability result is as described in the text.
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the decrease in fluorescence signal), after which the protein
melted in a standard sigmoidal fashion (Figure 3A). Overall,
two different types of curves were observed from this assay with
added compound. Fourteen compounds resulted in E6M
melting curves that were indistinguishable from the protein
melting curves without added compound (Figure 3B,
Supplementary Table 1). Unchanged melting curves could
indicate that these compounds were binding E6M but not
significantly stabilizing its structure or that the compound
mediated its function in other ways, most likely by binding to
E6AP. Eighteen compounds showed significant stabilization of
E6M in the region of 20−37 °C (as indicated by the sigmoidal

fluorescence signal in the temperature range of 20−60 °C),
which suggested that these compounds were binding to E6M
(Figure 3C, Table 2, Supplementary Table 1). Five compounds
resulted in flat melting curves that were difficult to interpret
(data not shown) and ultimately were eliminated from potential
hits following subsequent in vitro p53 degradation studies.

Identification of Compounds That Reduce HPV16 E6-
Mediated p53 Degradation in Vitro and in Cells. To
establish if the E6 inhibitors could inhibit the ability of E6 to
mediate p53 degradation, we assayed the same 37 compounds
in a p53 degradation assay. Full length, wild-type HPV16 E6
and full length, wild-type human p53 were translated in

Figure 2. Reduction of E6−E6AP complex formation by small molecule inhibitors. (a) ELISA-based assay IC50 curves for the association of E6 with
E6AP in the presence of compound. Calculated IC50 values indicating the concentration of compound needed to reduce binding by 50% are
reported. (b) Pull-down-based assay Western blot results for the same compound in an orthogonal solution assay. The degree of GST-E6 association
with MBP-E6AP at each compound concentration was assessed by Western blot.

Figure 3. Effect of inhibitors on E6 thermal stability. Replicate data (blue and red) for fluorescence at 580 nm (SYPRO Orange bound to protein) vs
temperature for each compound are shown as plots. (a) E6M alone illustrating inherent protein instability as indicated by the initial decrease and
fluctuation of the fluorescence signal with increasing temperature over the range of 20−60 °C. (b) E6M with CD11403, representative of a
compound that does not significantly stabilize E6M, as there is a modest initial decrease in fluorescence signal (compared to A) with a small but
significant increase in fluorescence signal from 20 to 60 °C. (c) E6M with gossypetin, representative of a compound that stabilizes E6M (and
presumably directly binds to the protein) as the fluorescence signal is stable between 20 and 37 °C and increases linearly between 37 and 60 °C to
give an overall sigmoidal fluorescence signal. This type of thermal denaturation pattern is generally observed for the thermal unfolding of stable
proteins.
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separate reactions using the TNT T7 Coupling Reticulocyte
System. The reactions were mixed together with compound
and excess lysate containing E6AP and the machinery for
ubiquitin-mediated degradation. The amount of p53 present in
each sample was determined by a Western blot against the N
terminus of human p53.
These studies revealed that seven compounds had no effect

on p53 degradation in the cell-free system. Of the 30
compounds that did modulate p53 degradation (six are
shown in Figure 4A), they increased p53 levels by about 2-
fold relative to p53 levels in the absence of compound over a
range of concentrations from mid-nanomolar to high-micro-
molar (Table 2, Supplementary Table 1, Figure 4A).
These 30 compounds were then tested for their ability to

inhibit p53 degradation in HPV-positive cells. Two different
HPV-positive, tumor-derived cell lines were used: SiHa
(HPV16 integrated) and HeLa (HPV18 integrated).38 Forty-
eight hours after the addition of compound, cells were lysed
and the level of p53 in each sample was assessed by Western
blot using an anti-p53 antibody. Four compounds (DSHS
00884, RH02007, A22, and gossypetin) showed a significant
increase in p53 levels in both cell lines over a compound
concentration range of 1−10 μM, whereas E17 and C14 more
modestly protected against p53 degradation in both cell lines
(Figure 5A and B). The increases in p53 levels upon increasing

compound concentration appear to be more substantial in
HeLa cells compared to SiHa cells, and we attribute this to the
inherently lower steady-state level of p53 protein in HeLa
cells.39 Notably, these results suggest that our compounds are
effective not only against HPV16 E6 but also against HPV18 E6
in reducing E6-mediated p53 degradation, further supporting
the potential clinical utility of these findings.
To determine if the compounds’ effects on p53 were due to

nonspecific cell stress, HCT116 cells (colon cancer cells
bearing wild-type p53) were treated with these six compounds
at the identical concentrations, and p53 levels were assessed by
Western blotting following 48 h of treatment. Ethidium
bromide was used as a positive control compound to show
that endogenous p53 in these cells could respond appropriately
to DNA damage. All compounds failed to increase p53 levels in
this cell line; in contrast, ethidium bromide effectively stabilized
p53 (Figure 5C). These results show that these compounds
increased p53 expression by an E6-dependent mechanism.
The remaining six compounds (DSHS00884, A22, RH02007,

gossypetin, C14, and E17) were then retested with the MTS
assay in HCT116 cells to confirm their lack of cytotoxic effects.
Staurosporine, a nonspecific kinase inhibitor, was used as a
positive control.40 DSHS00884, A22, RH02007, and gossypetin
were not toxic at all concentrations tested (1.6−25 μM), and
C14 and E17 were not toxic at 12.5 μM or lower. None of these

Figure 4. Effect of compounds on p53 degradation in vitro using reticulocyte lysate. Representative Western blots of p53 degradation reactions
treated with increasing concentrations of compound are shown with positive (E6 + p53 + DMSO) and negative (p53 + blank reaction + DMSO)
controls and either (a) HPV 16 E6 added, (b) HPV 18 E6 added, or (c) in the absence of HPV E6.
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compounds exhibited significant toxicity in HCT116 cells at
concentrations as high as 25 μM (Supplementary Figure S4).
On the basis of these results, we conclude that these six
compounds stabilize p53 levels in HPV-positive cells by
blocking E6-mediated p53 degradation.
E6 Inhibitors Protect against p53 Degradation by E6

from HPV16 and HPV18. Since the six compounds exhibited
some inhibitory activity in HeLa cells, which contain HPV18
E6, we tested whether these compounds could reduce p53
degradation in the cell-free system in the presence of HPV18
E6. As before, full length, wild-type HPV18 E6 and full length,
wild-type human p53 were translated using the TNT T7
Coupling Reticulocyte System. As shown with HPV16 E6, the
E6 inhibitors protected against p53 degradation by HPV18 E6
as well, and to a similar extent (Figure 4B). To ensure that the
compounds were not resulting in increased p53 levels by some
other means, such as an increase of p53 expression, the levels of
p53 were determined in the absence of HPV E6. We found that
the compounds alone did not affect p53 levels, leading to the
conclusion that the six compounds reduce the ability of HPV16
E6, as well as HPV18 E6, from degrading p53 in a dose
dependent manner (Figure 4C). Interestingly, the compounds
were effective in the cell-free system at higher concentrations
than in cells and in the ELISA assay. We attribute this to the
fact that the levels of E6 and p53 are higher in our cell-free
system, thereby requiring more compound to achieve the same
effect.
Selected E6 Inhibitors Protect against p53 Degrada-

tion and Inhibit Cell Proliferation in Cells Stably

Transfected with E6. While HPV expresses several viral
proteins in an infected cell, only the continual expression of E6
and E7 are necessary for cellular transformation.41 E6 has
several functions, but its role in p53 degradation is thought to
be critical for cellular transformation. Actively disabling the
cell’s p53 defense mechanism ensures host survival and
propagation of deleterious mutations. We wanted to test the
ability of these compounds to reactivate p53 function in an E6-
expressing cell line where the p53 pathway was otherwise
functional. For this purpose, we employed PA-1 cells (human
ovarian teratocarcinoma), which have an otherwise functional
p53 pathway and are stably transfected with HPV16 E6 (PA-1/
E642). We used the compounds A22, RH02007, DSHS00884,
gossypetin and a related compound, baicalein, for these studies
(Supplementary Table 2).
PA-1 parental cells, PA-1/E6, and HCT116 cells were treated

with gossypetin, baicalein, and puromycin for 24 h or A22,
RH02007 and DSHS00884 for 72 h. Resazurin was then added
to a final concentration of 5 μM, incubated for 1 h, and
fluorescence emission of the resulting resofurin was read at 590
nm, where fluorescence of resofurin was a surrogate for cell
viability. Puromycin was equally cytotoxic in all three cell lines,
but only PA-1/E6 cells were sensitive to gossypetin and the
related compound baicalein (Figure 6A). Cells began to visibly
darken and shrink by 6 h post treatment with these two
compounds and greater than 50% were nonviable at 24 h.
Notably, neither PA-1 nor HCT116 cells responded in this
manner to compound treatment. In contrast, the structurally
unrelated E6 inhibitors, A22, RH02007 and DSHS00884, did

Figure 5. Effect of E6 inhibitors on p53 degradation in SiHa (HPV16-positive), HeLa (HPV16-positive), and HCT116 (HPV-negative) cells. p53
Western blots of cells treated with increasing concentrations of compound or DMSO control for 48 h in (a) HeLa, (b) SiHa, and (c) HCT116 cells.
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not induce specific PA-1/E6 cell death. We noted that, in
general, higher concentrations of these two compounds were
required to kill the PA-1/E6 cells. We reasoned that this may be
due to the higher levels of E6 in these cells as a result of the
stable transfection as opposed to the normal, low levels induced
by viral expression. As such, the compound concentrations
tested in this assay may not have been sufficiently high for A22,
RH02007 or DSHS00884. This conclusion is further supported
by the ELISA assay IC50 values obtained for these compounds.
Gossypetin and baicalein are more potent, as indicated by their
sub-micromolar IC50 values, while both RH02007 and
DSHS00884 are weaker effectors, with IC50 values of 1.41
and 10 μM, respectively. Interestingly, A22 has a sub-
micromolar IC50 that is similar to gossypetin and baicalen,
but it failed to inhibit PA-1/E6 cell proliferation. This suggests
that there is something unique about the related structural
scaffold of gossypetin and baicalen that allow them to be
effective E6 inhibitors in cells.
To further confirm that gossypetin and baicalein are working

specifically to block E6-mediated p53 degradation, we treated
all three cell lines with compound, then lysed the remaining
cells and blotted for p53 levels. As expected, p53 levels were
unchanged in PA-1 and HCT116 cells, but these compounds
induced a concentration dependent increase on p53 levels in
PA-1/E6 cells (Figure 6B).
Conclusions. The purpose of this high throughput screen

was to identify novel and potent inhibitors of the E6−E6AP
interaction with the downstream effect of protecting against

p53 degradation in HPV-infected systems. We identified 30
compounds that are able to reduce E6 binding to E6AP and
subsequently block p53 degradation in a cell-free system. The
activity of these compounds in HeLa and SiHa cells relied on
their ability to traverse the plasma membrane of both cell types
and to not become degraded over the time course of the
experiment. Seven compounds demonstrated protection against
p53 degradation in both SiHa and HeLa cell lines, although two
of these (C14 and E17) had a modest effect. Significantly, these
compounds did not increase p53 levels in the absence of E6, as
shown in HCT 116 cells and in our cell-free system. This
suggests that these compounds specifically block E6-mediated
degradation and do not increase p53 levels by some other
mechanism. Two flavonoid compounds, gossypetin and
baicalein, were specifically able to inhibit cell proliferation of
E6-expressing PA-1 cells, but not parental PA-1 cells or in other
cancer cells lacking E6.
We did not observe an inhibition of cell proliferation by

gossypetin and baicalein in HeLa and SiHa cells (data not
shown), likely because the growth arrest and apoptotic
pathways are largely disabled in these cell lines through other
genetic alterations, in part because of the extensive time in
which these cell lines have been in culture.43,44 In support of
this premise, a failure of HeLa cells to stabilize p53 and induce
p53-mediated growth arrest/apoptosis has been seen by
others.45 Interesting, the recently reported pharmocaphore-
based in silico screen for inhibitors of the E6−E6AP interaction
also reported the identification of a family of flavonoid

Figure 6. Effect of E6 Inhibitors on cells stabling expressing HPV16E6. (a) HCT116, PA-1, and PA-1/E6 cells were treated with different
concentrations of compound and tested for viability. Puromycin (10 mg mL−1), gossypetin, and baicalein were tested after 24 h; RH02007 and
DSHS00884 were tested after 72 h. (b) The same cells as in panel a were treated with the same concentrations of compounds, but cells were lysed
and blotted for p53 levels.
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compounds as E6 inhibitors both in vitro and in E6-expressing
cells33 albeit with lower potency than gossypetin and baicalein.
Although the remaining 23 compounds did not show positive

results in cells, the cell-based liabilities of these compounds
could be addressed through additional medicinal chemistry
efforts. It is also likely that some of the inhibitors identified in
the ELISA assay work through binding to E6AP, consistent
with the observation that some of these compounds do not
affect the thermostability of E6 (Figure 3).
The results described here also provide useful structure−

activity relationship (SAR) information. For example, gossype-
tin, brazilin and baicalein share a chromenone scaffold and give
similar results in all secondary assays. Together with recent
identification of flavonoid compounds as E6 inhibitors33

suggests that this scaffold may be a particularly promising
lead for further E6 inhibitor development. Another related pair
of compounds is HTS13545 and HTS10308, which differ only
in an amino for carbonyl substitution at the 2 position of the
pyridine ring. Both compounds have very similar potencies, but
HTS13545 stabilized E6M in the thermostability assay while
HTS 10308 did not. This difference might be due to the ability
of the amine group of HTS13545 to donate two additional
hydrogen bonds to E6 thus leading to greater stabilization of
the complex.
While E6 binds p53, the other oncogenic protein of HPV,

E7, targets pRB to prematurely release E2F and bring about
pRB degradation. Both pathways must be inhibited in order for
HPV to replicate. Studies have shown that continual expression
of these two genes is necessary to maintain malignancy, while
suppression of both genes results in cellular death.46

Furthermore, others have reported that knocking down both
E6 and E7 simultaneously can be more effective at inducing
apoptosis in HeLa cells than knocking down E6 alone.47 To our
knowledge, the E6 inhibitors reported here are the most potent
HPV-E6 inhibitors reported to date and represent several
different potential scaffolds that might be further developed
into molecular probes or therapeutic agents that might be used
in combination with other agents that block pRB binding to
E7.48 Such combination studies could experimentally evaluate
their utility as synergistic agents in a therapeutic setting to
block HPV transformation in HPV-infected cells.

■ METHODS
Expression and Purification of Recombinant Proteins. All

E6M and E6AP fusion proteins were expressed recombinantly in
bacteria and purified to homogeneity using affinity chromatography via
the respective tags. Free E6M was produced by cleaving the 6xHis-
SUMO-E6M fusion protein with SUMO protease and removing the
SUMO fusion partner with Ni-NTA resin.
ELISA Assay. E6M-GST was added to each well in a 384-well

glutathione-coated plate, incubated with shaking, and washed with
buffer. MBP-E6AP was then added to each well followed by DMSO/
compound. After incubation with shaking, all wells were washed with
buffer, anti-MBP-HRP was added, plates were incubated and washed
with buffer, and then ELISA Pico chemiluminescence substrate was
added for analysis with a plate reader. GST or MBP only were used for
negative controls.
High Throughput Screening and Data Processing. Spectrum,

HitFinder, and OPS library compounds were screened at final
concentrations of 6−10 μM. The percent E6−E6AP binding was
calculated from raw luminescent values for each test compound, and
compounds that displayed 3 standard deviation units (∼50%
inhibition) from the average of E6−E6AP binding in the presence
of DMSO were assigned as active. Software was used to deconvolute
the orthogonally compressed data for both HitFinder and OPS37 and

to group the compounds into the four categories of actives,
ambiguous, orphan, and inactive.

E6 Thermal Stability Assay. Reactions contained E6M, SYPRO
orange, and compound in buffer. Thermal melt curves were obtained
by heating the protein from 20 to 80 °C and monitoring fluorescence
using a Real Time PCR System. Control reactions contained protein
or compound only.

In Vitro Pull-Down Assays. For the pulldown assays with or
without inhibitor, E6M and MBP-E6AP were incubated with amylose
resin (in the absence or presence of the indicated concentrations of
compound), the resin was washed with buffer, and proteins were
resolved on SDS-PAGE gel followed by Western analyses to determine
extent of protein binding. Negative controls were performed with tag
alone plus the partner protein or DMSO.

In Vitro p53 Degradation Assay. For in vitro translation, full
length, wild-type human p53 and wild-type human papillomavirus type
16 or 18 E6 was cloned into expression vectors, and each protein was
translated in separate reactions using the TNT T7 coupled rabbit
reticulocyte lysate systems. For p53 degradation assays, the translation
reactions were combined in the absence or presence of the respective
compound at the indicated concentrations or a DMSO control.
Following incubation, reactions were analyzed on SDS-PAGE followed
by p53 Western blotting.

p53 Level Assay/Western Blots/Resazurin. On day 1, SiHa,
HeLa, HCT116, PA-1, or PA-1/E6 cells were plated with media into a
6-well, clear tissue culture plate. On day 2, 2 μL of DMSO/compound
was added to each well, and cells were incubated for the indicated
amount of time. For the p53 level assays, cells were washed twice with
buffer and then harvested with radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitors. Protein sample
concentrations were normalized with the bicinchoninic acid (BCA)
protein assay, and samples were run on SDS-PAGE gel and transferred
to a PVDF membrane for Western analysis.

For resazurin assay, 5 μM final concentration of resazurin was added
and incubated for 1 h. Fluorescence was read at 590 nm.
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