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Chalcone-based small-molecule inhibitors
attenuate malignant phenotype
via targeting deubiquitinating enzymes
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The ubiquitin-proteasome system (UPS) is usurped by many if not all cancers to regulate their survival, proliferation,
invasion, angiogenesis and metastasis. Bioflavonoids curcumin and chalcones exhibit anti-neoplastic selectivity through
inhibition of the 26S proteasome-activity within the UPS. Here, we provide evidence for a novel mechanism of action
of chalcone-based derivatives AM146, RA-9 and RA-14, which exert anticancer activity by targeting deubiquitinating
enzymes (DUB) without affecting 20S proteasome catalytic-core activity. The presence of the «,B-unsaturated carbonyl
group susceptible to nucleophilic attack from the sulfhydryl of cysteines in the active sites of DUB determines the capacity
of novel small-molecules to act as cell-permeable, partly selective DUB inhibitors and induce rapid accumulation of
polyubiquitinated proteins and deplete the pool of free ubiquitin. These chalcone derivatives directly suppress activity
of DUB UCH-L1, UCH-L3, USP2, USP5 and USP8, which are known to regulate the turnover and stability of key regulators
of cell survival and proliferation. Inhibition of DUB-activity mediated by these compounds downregulates cell cycle
promoters, e.g., cyclin D1 and upregulates tumor suppressors p53, p27P" and p16™“A. These changes are associated
with arrest in S-G,/M, abrogated anchorage-dependent growth and onset of apoptosis in breast, ovarian and cervical
cancer cells without noticeable alterations in primary human cells. Altogether, this work provides evidence of antitumor
activity of novel chalcone-based derivatives mediated by their DUB-targeting capacity; supports the development
of pharmaceuticals to directly target DUB as a most efficient strategy compared with proteasome inhibition and also

provides a clear rationale for the clinical evaluation of these novel small-molecule DUB inhibitors.

Introduction

The usurping of the ubiquitin-proteasome pathway is a central
feature of malignancy. Deubiquitinating enzymes (DUB) are
crucial in regulating a variety of cellular pathways, including cell
growth and proliferation, apoptosis, protein quality control, DNA
repair and transcription and thus are the key molecular deter-
minants of the aberrant cancer proteome.'” The human genome
encodes over 100 putative DUB divided into five subclasses, of
which the USP (ubiquitin-specific proteases) and UCH (ubiqui-
tin C-terminal hydrolases) are the best characterized.? Evolving
from our early understanding as enzymes that merely process
ubiquitin precursors and scavenge ubiquitin from proteasome
targeted substrates, recent studies have revealed that DUB are
dynamic enzymes that partner with various interacting proteins
to facilitate substrate selection and activity, ubiquitin chain edit-
ing and DUB activity."? Additionally, published data suggest that
besides participation in ubiquitination/de-ubiquitination, some

*Correspondence to: Olga A. Issaenko; Email: issaenko@msn.com
Submitted: 01/31/12; Revised: 03/13/12; Accepted: 03/27/12
http://dx.doi.org/10.4161/cc.20174

1804

Cell Cycle

DUB can regulate gene expression by acting on the regulators of
transcription or on chromatin structure.? Defects associated with
DUB have been implicated in a number of human pathologies,
including infectious diseases, neuropathological disorders and,
most notably, in cancer.’” Accordingly, DUB, being key molecu-
lar determinants of the aberrant cancer proteome, were proposed
as a bona fide molecular target for therapeutic interventions
offering low predicted cytotoxicity as compared with proteasome
inhibitors. Currently, there are no DUB inhibitors that have been
used clinically.®?

The most recent efforts employing high-throughput screening
and fluorescence polarization assays have led to identification of
HBX 41108, a USP7-specific inhibitor,'*!" as well as HBX 90397
and HBX 90659,'° small-molecule inhibitors of USP8, and also
USP2 and UCH-L3 inhibitors.!”? However, specific biological data
are either not available or elusive, and data on neoplastic selec-
tivity of most of these compounds are also unavailable. Peptide-
based potent, irreversible inhibitors of DUB, such as ubiquitin
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Table 1.1C_  values for chalcone-based derivatives

Cell line 1o 1M
AM146 RA-9 RA-14

Hela 1.83 2.37 2.03
SiHa 3.47 2.75 1.71
CaSki 3.73 1.64 1.55
TOV21G1 2.36 2.28 1.18
SKOV-3 4.21 4.56 317
ES-2 3.33 3.21 187
MDA MB 231 10.71 11.18 8.48
MDA MB 435 12.49 9.99 544
MDA MB 468 11.18 12.49 7.86

Cell viability was measured using WST-1 reagent as described in Material
and Methods. To calculate IC, values, data used to plot dose-effect
curves (Fig. 1) were transformed and analyzed using nonlinear fit (log
(inhibitor) vs. normalized response) using GraphPad Prism 5.04.

aldehyde (Ubal) and UbVS, have been previously described in
references 13 and 14. However, their therapeutic potential is lim-
ited by their high-molecular weight and limited cell permeability.

First naturally derived small-molecule inhibitors of cellular
DUB (cyclopentenone PNGs) identified using ubiquitin-PEST
and z-LRGG-AMC as substrates were initially shown to inhibit
ubiquitin isopeptidase activity in cells (IC,;: 30 pM) and cause
cellular accumulation of ubiquitinated proteins and cell death.”
However, any selective inhibition on the various isopeptidases
remains un-described. Based on a key molecular determinant con-
ferring DUB inhibitory activity, an a,3-unsaturated ketone with
a sterically accessible B-carbon, additional inhibitors have been
described, e.g., dibenzylideneacetone (DBA, IC,: 20-40 pM),
curcumin (IC,: 80-100 wM) and shikoccin (IC,: 15 pM).*
Molecular analysis of WP1130, a partly selective DUB inhibitor,
revealed some structural and chemical similarities to curcumin
and DBA," and the presence of the a,B-unsaturated carbonyl
group determined its capacity to directly inhibit DUB activity of
USP9x, USP5, USP14 and UCH37, which are known to regulate
survival protein stability and 26S proteasome function.

We have recently described in reference 18 the synthesis of
the library of the chalcone-based derivatives of the proteasome
inhibitor AM114 [3,5-bis(4-boronic acid benzylidene)-1-meth-
ylpiperidin-4-one].”” For some of these compounds, e.g., RA-1,
we reported their anti-proliferative and apoptotic effects medi-
ated by the inhibition of the 26S proteasome activity."® For oth-
ers, like RA-9, RA-14 and AM146, the mechanism of action
remained unclear. Here, we hypothesized that the presence of
an a,B-unsaturated carbonyl group susceptible to nucleophilic
attack from sulfhydryl groups determines the capacity of these
small-molecule inhibitors to interact with the active site cyste-
ine of DUB in a manner similar to curcumin, shikoccin, DBA!®
and cyclopentenone PNGs.” Based on our findings, we report
that chalcone derivatives, AM146, RA-9 and RA-14 act as cell-
permeable DUB inhibitors, inducing a rapid and marked accu-
mulation of poly-ubiquitinated proteins, reducing the pool of free
ubiquitin monomers and resulting in the abrogated expression
of cell cycle regulators, cell cycle checkpoint arrest and tumor
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cell apoptosis. These activities were distinct when compared with
other compounds that affect protein ubiquitination, such as bort-
ezomib, and were not observed with RA-4 incubation, used as a
negative control, suggesting the divergent mechanisms and tar-

gets for AM146, RA-9 and RA-14.
Results

Growth-inhibitory properties of AM146, RA-9 and RA-14
are coupled to rapid protein ubiquitination but do not require
208 proteasome activity. In breast, ovarian and cervical cancer
cells, malignant transformation is associated with the enhanced
cellular stress and pathologic redirection of the ubiquitin-medi-
ated protein degradation. Our initial studies showed that three
chalcone derivatives, AM146, RA-9 and RA-14, alter viability
of breast, ovarian and cervical cancer cells in a dose-dependent
manner (Fig. 1). Based on the analysis of cell viability, breast
cancer cells compared with ovarian and cervical cancer cell lines
were less susceptible to the anti-proliferative activity of AM146
and RA-14 (Table 1). Direct comparison of these compounds
with proteasome inhibitor bortezomib (PS341) or structurally
similar RA-4'® revealed distinctions in the apoptotic onset and
activity of these compounds (Fig. 2A). Analysis of colony for-
mation of breast, ovarian and cervical cancer cells treated with
AM146, RA-9 or RA-14 revealed the capacity of these small-
molecule inhibitors to suppress anchorage-dependent growth in
a dose-dependent manner (not shown, IC, < 100 nM), com-
pletely abrogating colony formation at concentration 0.3 pM
(Fig. 2B).

Because a prolonged and dose-dependent treatment with chal-
cone derivatives dramatically and selectively impeded cancer cell
viability and clonogenic expansion, we sought to determine the
early events underlying the capacity of these compounds to alter
cancer cell growth, and thus negatively regulate the malignant
phenotype, and its cellular mechanisms. Accordingly, we exam-
ined the cell cycle dynamics using FACS analysis of propidium
iodide stained cells. As an early event (12 h treatment), all of the
compounds impeded cell cycle progression, causing an arrest in
S phase (RA9 and RA-14, p < 0.05) and G,-M (AM146, RA-9
and RA-14, p < 0.05) (Fig. 2C). In addition, chalcone deriva-
tives triggered an onset of early apoptosis as determined by the
increase in sub-G, population of cells with fragmented DNA con-
tent (p < 0.05, Fig. 2D). These findings indicate that chalcone
derivatives inhibit cancer cell growth by simultaneous blocking
S-G,/M progression and induction of apoptosis.

We next sought to investigate the cellular activities that may
underlie the anti-proliferative/pro-apoptotic activity of these
compounds. Because these compounds were originally designed'®
to improve the activity of previously reported chalcone-based
proteasome inhibitor AM114,"” this prompted a detailed analysis
of the effect of AM146, RA-9 and RA-14 on protein ubiquiti-
nation as a measure of impaired proteolysis. Analysis of whole-
cell extracts from inhibitor-treated HeLa (Fig. 3A, top part) and
TOV21Gl1 (Fig. 3A, bottom part) cells showed a marked rapid
and time-dependent accumulation of ubiqutinated proteins. We
further observed a dose-dependent accumulation of ubiquitinated
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Figure 1. Chalcone derivatives suppress cell viability in breast, ovarian and cervical cancers. Cells were treated with indicated doses of chalcone
derivatives for 48 h, and cell viability was measured using WST-1 reagent as described in Material and Methods. Sigmoidal dose-response curves were
plotted using GraphPad Prism 5.04.

proteins in cells treated with AM146 (Fig. 3B), RA-9 or RA-14
(not shown) with predominance of high molecular weight con-
jugates. Importantly, unlike AM146, RA-9, RA-14 and bortezo-
mib, RA-4 treatment did not increase the level of ubiquitinated
proteins in HeLa cells, which correlated with the lack of growth-
inhibitory properties of RA-4 (Fig. 2A). Remarkably, analysis of
whole-cell extracts from HelLa cells treated with AM146 showed
a marked decrease in expression of ubiquitin monomers, similar
to RA-9 and RA-14 treatment. This, however, was not observed
in PS341- or RA-4-treated samples, which served as negative con-
trols (Fig. 3C). The depletion in the pool of monomeric ubiqui-
tin was dose-dependent (Fig. 3B) and was observed in cancer cell
lines of different origin (Fig. 3D). It is noteworthy that we also
observed a decrease in the pool of ubiquitin dimers and uncon-
jugated/free polyubiquitin chains (Ubg4-6) (Fig. 3C and D).
These findings indicate the distinct molecular targets within
the ubiquitin-proteasome system mediating anti-proliferative/
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pro-apoptotic properties of AM-146, RA-9, RA-14 and bortezo-
mib and their structurally relevant RA-4 compound.

We have previously established that the accumulation of cel-
lular poly-ubiquitinated proteins, reflecting the efficiency of pro-
teolysis, depends on proteasome activity per se and the activity
of DUB acting upstream and/or downstream (associated with
the 19S subunit) of the proteasome.?” To gain insight into the
ability of chalcone derivatives to directly inhibit specific cata-
lytic subunits within the 20S proteasome, we measured residual
luminescent activity in AM146, RA-9 or RA-14 pre-exposed 20S
purified proteasome (Fig. 4A). The profile of proteasome inhibi-
tion shows characteristic suppression of chymotrypsin-like (chy-
motryptic), trypsin-like (tryptic) and peptidylglutamyl peptide
hydrolyzing-like (caspase) activities by bortezomib. In contrast,
chalcone derivatives did not suppress any of the 20S proteasomal
activities. This result suggests that, unlike bortezomib, tested
compounds do not directly inhibit the 20S proteasomal activity
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Figure 2. AM146, RA-9 and RA-14 abrogate cell cycle progression and colony formation and trigger apoptosis. (A) Cell viability. HeLa cells were treated
with 10 nM bortezomib (PS341), 5 uM AM146, 5 .M RA-9, 5 M RA-14 or 5 wM RA-4. Cell viability was measured at indicated periods using WST-1 re-

were fixed and stained. (C and D) FACS analysis. HeLa cells were plated at 2 x 10° in 6-well clusters. Twelve hours later, cells were treated with 10 nM
PS341, 10 wM AM146, 10 uM RA-9 or 10 M RA-14 for 24 h. Cells were then collected, stained with propidium iodide and analyzed for DNA content.
(C) Progression through S or G,/M cell cycle checkpoints. Results are plotted as % of cells in S/G,/M +standard error. *Indicates p < 0.05. (D) Apoptosis

as % of DMSO control + standard error. *Indicates p < 0.05. (B) Anchorage-
grown with or without 0.3 uM of AM146, RA-9 or RA-14. After 10 d, cells

FACS analysis. Columns reflect % of cells with hypo-diploid DNA content +

and indicates the distinct mechanism underlying their capacity
to alter proteolysis.

To exclude proteasome inhibitory activity in living cells, we
performed a cellular assay for proteasome inhibition to verify that
tested compounds have no 26S proteasome-targeting ability. To
directly assay intact 26S proteasome activity in living cells, we
used the ubiquitin-luciferase bioluminescence imaging reporter
(Ub-FL) engineered for a robust, high-throughput screening for
proteasome activity within cells.?>** The Ub-FL and the control
FL (CMV-Luc) expression vectors were transiently transfected
into HeLa cervical cancer cells, treated as indicated, and the
luminescence was recorded (Fig. 4B). Two proteasome inhibi-
tors, bortezomib and MG132, displayed robust stabilization of
the firefly luciferase as compared with vector control (p < 0.02
and 0.01, correspondingly), indicating suppression of proteasome
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activity. The same effect was observed for RA-9 and RA-14
(p < 0.05 and 0.03, correspondingly), whereas AM146 failed to
stabilize the firefly luciferase, similar to non-cell permeable DUB
inhibitor ubiquitin aldehyde (Ubal) used as a negative control.
Thus, these data indicate the differential effect of RA-9, RA-14
and AM146 on the 26S proteasome activity.

We and others have previously shown that proteasome activ-
ity in the cells can be modulated by deubiquitinating enzymes
(DUB) functioning as positive or negative regulators of 26S
proteasome activity. DUB-positive regulators of proteolysis like
Doa4 (tre-2)® and Ubpl14 (IsoT)? subfamilies protect the inhibi-
tion of the 26S proteasome by free polyubiquitin chains. DUB-
negative regulators of proteolysis, e.g., Uch2p (UCH37), act
upstream of the proteasome by trimming ubiquitin from ubiqui-
tinated substrates, thereby preventing their degradation.*® Thus,
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Figure 3. Chalcone derivatives induce accumulation of poly-ubiqutinated proteins in breast, ovarian and cervical cancer cell lines. Western blot
analysis. Samples were probed with anti-ubiquitin antibody. Actin is shown as a loading control. (A) HeLa (top part) or TOV21G1 (bottom part) cells
were treated with 10 nM bortezomib (PS341), 5 wM AM146, 5 M RA-9, 5 .M RA-14 or 5 .M RA-4 for the indicated time periods. Protein samples were
resolved with: top part, 12% SDS-gel; bottom part, 4-20% gradient SDS-gel (B). Breast cancer MDA MB 231 and MDA MB 468 cells and melanoma can-
cer MDA MB 435 cells (historically misidentified as breast cancer) were treated with 10 nM PS341 or indicated concentrations of AM146 for 6 h. Samples
were resolved using 4-20% gradient SDS-gel. (C) Hela cells were treated as in (A), and samples were resolved as in (B) to visualize ubiquitin monomers
and unanchored ubiquitin chains (Ubq 2-6). (D) Indicated ovarian, breast and cervical cancer cells were treated with 5 wM RA-9 for 6 h, and samples
were resolved as in (B).

we proposed that tested chalcone derivatives might act differen-
tially, e.g., AM146 might predominantly inhibit DUB-negative
regulators of proteasomal activity. To confirm this hypothesis, we
transiently transfected HeLa cells with Ub-FL and the control
CMV-Luc expression vectors and treated transfected cells with
a combination of suboptimal doses of bortezomib and AM146
(Fig. 4C). Combination treatment displayed high synergy in
stabilization of the Ub-FL (80% increase compared with each
compound alone, p < 0.03). These findings indicate that AM146
might target DUB acting upstream of the proteasome.

1808 Cell

AM146, RA-9 and RA-14 inhibit deubiqutinating enzymes
(DUB) and alter expression of DUB-regulated oncogenes and
tumor suppressors. We and others provided ample evidence
documenting the dramatic effect of cellular DUB inhibition on
the level of poly-ubiquitinated proteins without impairing the
proteasome activity, per se.’>"7?%% As described eatlier, chalcone
derivatives contain an a,(-unsaturated carbonyl group, a feature
shared with other known DUB inhibitors, like curcumin, shi-
koccin, DBA' and WP1130." Because the a,-unsaturated car-
bonyl group is thought to be a molecular determinant conferring
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Figure 4 (See previous page). AM146, RA-9 and RA-14 do not inhibit 20S proteasome activity but differentially modulate 26S proteasome activity in
living cells. (A) 20S purified human proteasome were incubated with or without compound at indicated concentrations for one hour. Proteasome-Glo
assay was performed and three activities of proteasome, chymotrypsin-like, trypsin-like and caspase-like, were measured as described in Material
and Methods. Background luminescence values (DMSO + cell culture medium) were subtracted and data plotted as relative luminescence unit (RLU).
PS341 is shown as a positive control. Averages are based on the mean number for two independent experiments + standard error. All experiments
were done in triplicate. (B and C) Stabilization of ubiquitin-luciferase bioluminescent reporter (Ub-FL). (B) Transiently transfected firefly luciferase
(CMV-Luc) and Ub-FL HelLa cells were either mock-treated or treated with proteasome inhibitors bortezomib (PS341) or MG-132, non-cell-permeable
DUB inhibitor ubiquitin aldehyde (Ubal) or inhibitors AM146, or RA-9 or KVI-14 at the indicated concentrations for 8 h. Luciferase activity in cell lysates
was quantified, background values were subtracted (relative luminescence units, RLU), data expressed as % of mock and the ratio of stabilized Ub-FL
to baseline levels of CMV-Luc is shown on graph. Error bars are standard errors (SE) for three independent experiments. *Indicates p < 0.05. (C) Tran-
siently transfected CMV-Luc and Ub-FL HeLa cells were either mock-treated or treated with bortezomib, AM146, or a combination at the indicated
concentrations for 8 h. Luciferase activity on cell lysate was quantified in relative luminescence units (RLU) and expressed as percent of control. Error

bars are standard errors (SE) for three independent experiments. *Indicates p < 0.05.

DUB-targeting capacity, this prompted us to assess the ability of
tested compounds to inhibit DUB.

To directly evaluate the effect of AM146, RA-9 and RA-14
on DUB activity in treated HeLa cells, mock- and inhibitor-
treated lysates were assayed using DUB-Glo assay (Fig. 5A).
Treatment with AM146, RA-9, RA-14 and DBA significantly
reduced DUB activity. Exposure to AM146 and RA-14 treat-
ment resulted in 30% and 36% inhibition, correspondingly, as
compared with vehicle control samples, and RA-9-treatment
led to 59% suppression. We further sought to explore whether
specific DUB are directly targeted by chalcone derivatives.
Therefore, we performed the in vitro DUB-GLO protease
assay using purified human enzymes. All of the compounds
significantly inhibited UCH-L1, UCH-L3 or USP8 (Fig. 5B).
Chalcone derivatives failed to suppress activity of Ataxin-3,
A20CD, BAPI, Otubain 1 or USP7/HAUSP (USP7 and BAP1
are shown in Fig. 5B). We also determined that AM146, RA-9
and RA-14 suppress UCH-L3 activity in a dose-dependent
manner and are more potent than known DUB inhibitor DBA
used as a positive control (Fig. 5C). Together, these results sug-
gest that AM146, RA-9 and RA-14 may be partly selective DUB
inhibitors.

The next question we asked is whether AM146, RA-9 and
RA-14 might selectively target other major cellular DUB, which
are known to regulate turnover and stability of key regulators
of cell survival and proliferation. Accordingly, we investigated
the capacity of chalcone derivatives to inhibit the activity of
two USP: Isopeptidase T (USP5) and USP2. We have previ-
ously shown that yeast Ubp14, homolog of human USP5, plays a
major role in maintaining the levels of unanchored polyubiquitin
chains.?® Loss of USP5 stabilizes p53 due to the accumulation
of free polyubiquitin chains, which compete with ubiquitinated
p53.%¢%7 First, we confirmed the capacity of chalcone derivatives
to suppress activity of purified USP5 (Fig. 6A). DBA and some
other small-molecule DUB inhibitors, were first identified based
on their capacity to inhibit isopeptidases using ubiquitin-PEST
and z-LRGG-AMC as substrates.”'¢ Accordingly, we performed
PEST-cleavage experiment with purified USP5 to evaluate the
capacity of novel inhibitors to alleviate the cleavage of Ub-PEST
and to confirm cell-based DUB-Glo assay findings. All of the
tested compounds inhibited Ub-PEST cleavage in a dose-depen-
dent manner. Similar suppression of Ub-PEST cleavage was
achieved with 1.25 WM of chalcone derivatives compared with 5
wM DBA (Fig. 6B). Further, in accord with published evidences,
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we observed accumulation of p53 in treated cells. Notably, while
AM146 stabilized wild-type p53, it failed to stabilize mutant
form p53 expressed in MDA MB468 cells (Fig. 6C). Published
evidence indicates that USP2 (cyclin D1-specific DUB) knock-
down destabilizes cyclin D1 and induces G,/S arrest in the
human cancer cell lines, where cell growth is dependent on cyclin
DI expression.”® We confirmed the capacity of chalcone deriva-
tives to suppress activity of purified USP2 (Fig. 6D). We further
observed that treatment with AM 146 downregulated cyclin D1
level (Fig. 6E). We also documented increased levels of tumor
suppressors p16"™4, p275! and p21 in cells treated with AM146
(Fig. 6F). Similar results on expression of cell cycle regulators
were obtained in ovarian and cervical cancers for both RA-9 and
RA-14 (not shown). Although the exact trigger for apoptosis due
to DUB inhibition is not fully understood, all of tested com-
pounds disrupt DUB functions, downregulate the positive cell
cycle regulator cyclin D1 and upregulate the level of pro-apop-
totic proteins, e.g., p27"®!, p16""“* and p53 in a dose-dependent
manner. Because these events precede an onset of apoptosis, this
might represent a potential mechanism for the pro-apoptotic
effect of chalcone-based DUB inhibitors. Also, as others and we
have shown, DUB disruption alters monoubiquitin/polyubiqui-
tin dynamics, which could affect essential processes that rely on
ubiquitin modification for function.’>°

AM146, RA-9 and RA-14 act as non-reversible cellular DUB
inhibitors. Ubiquitin aldehyde (Ubal) and UbVS, peptide-based
inhibitors, have been previously described to irreversibly inhibit
DUB activity."*'* To test whether AM146, RA-9 and RA-14 cel-
lular DUB inhibitory activity is reversible, we performed “recov-
ery” experiments in primary human mammary epithelial cells
HMEC and in the MDA MB 231 and MDA MB 468 breast can-
cer cell lines. Our results indicate that overall survival of breast
cancer cells treated with 2.5-5 pwM AM146 further declines 24 h
after removal of compounds (p < 0.01, Fig. 7A). This result sug-
gests that DUB inhibition leads to irreversible cellular damage.
Importantly, as shown on Figure 7B, primary human cells did
not display a decrease in viability, indicating nonmalignant cells
are less susceptible to DUB inhibitory activity. We further con-
firmed these findings by analyzing cell cycle dynamics in non-
malignant and cancer cells (Fig. 7C). Treatment with chalcone
inhibitors triggered an onset of G,/M checkpoint arrest in tumor
cells, while in primary cells, perturbation in cell cycle profile
was associated with slight increase in G, and decrease in S phase.
The data presented in Figure 7B indicate this perturbation in
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Figure 5. Chalcone derivatives, AM146, RA-9

and RA-15, suppress activity of deubiqutinating
enzymes (DUB). (A) Cellular DUB activity. 0.6 x 10°
Hela cells were incubated with 25 nM PS341, 10
wM AM146, 10 .M RA-9, 10 uM RA-14 or 10 pM
DBA for 24 h. DUB activity in whole-cell extracts
was performed as described in Material and
Methods using DUB-Glo™ Protease Assay reagent.
Background luminescence values (DMSO + cell
culture medium) were subtracted and data plot-
ted as relative luminescence unit (RLU) and are
based on two independent experiments + stan-
dard error. *Indicates p < 0.05. All experiments
were done in triplicate. (B) Activity of purified
human enzymes in vitro. The activity of 500 nM
UCH-L1, 50 nM UCH-L3, 200 nM BAP1, 100 nM
USP7 or 50 nM USP8 was measured with/without
10 .M AM146, 10 wM RA-9 or 10 wM RA-14 using
DUB-Glo™ Protease Assay reagent as described in
Material and Methods. Background luminescence
values (DMSO + enzyme buffer) were subtracted
and data plotted as % of untreated control
(DMSO+ enzyme) + standard error. *Indicates

p < 0.05. Two independent experiments were
done in duplicate. (C) Activity of 50 nM UCH-L3
treated with indicated concentrations of AM-146,
RA-9 and RA-14 was measured as in (B). Known
DUB inhibitors, ubiquitin aldehyde (ubal) and
dibenzylideneacetone (DBA) were used as a posi-
tive control. Background luminescence values
(DMSO + enzyme buffer) were subtracted and
data plotted as % of untreated control (DMSO +
enzyme) + standard error. *Indicates p < 0.05.
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cell cycle profile upon treatment of primary cells with AM146
does not translate into the reduced proliferation/viability, prob-
ably due to their overall low proliferative activity compared with
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cancer cell lines. These findings reinforce the
proposition that DUB are suitable molecular
target for anticancer drug development and
indicate that inhibition of cellular DUB func-
tion by chalcone derivatives offers certain neo-
plastic selectivity.

Altogether, our findings demonstrate that
suppression of DUB activity by novel chal-
cone-based small-molecule inhibitors results
in specific activation of negative cell cycle
signaling in cancer cells and decreases their
viability, thereby disrupting the malignant
phenotype.

Discussion

The usurping of the ubiquitin-proteasome
pathway governing cell survival, proliferation
and metabolism at the posttranslational level
is a central feature of malignancy. Various
naturally derived compounds with anti-oxi-
dative properties, including flavonoid family
members curcumin®? and chalcones,*® exert

anticancer activity by regulating survival, pro-

liferation, invasion, angiogenesis and metastasis of tumor cells
through selective targeting of the ubiquitin-proteasome system
(UPS).**3 Published evidence suggests that the presence of an
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o,B-unsaturated carbonyl group, the key molecular determi- 20S proteasome proteolytic activities and the cellular deubiq-
nant conferring UPS- and DUB inhibitory activity, within the uitinating enzymes, leading to increased accumulation of ubiq-
curcumin molecule is responsible for its selective anti-neoplastic  uitinated proteins and decreased levels of free ubiquitin (IC:
activity. This is associated with its capacity to reduce both the 80-100 wM).!¢3!-34
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Figure 7 (See previous page). Targeting cellular DUB by chalcone derivative small-molecule inhibitors irreversibly suppresses cancer but not normal
cell growth. (A) Cell viability. Primary human mammary epithelial HMEC and breast cancer MDA MB231 or MDA MB468 cells were treated with indi-
cated concentrations of AM146 for 48 h and cell viability was measured using WST-1 reagent as described in Material and Methods (“48-hrs-treated”
curve). After the measurement, cells were washed and fresh cell medium was added to cultures for 24 h. Cell viability of “recovered” cells was recorded
(“48-hrs-treated and 24-hrs-recovered” curve). Data points represent O.D. values as % of DMSO control + standard error. *Indicates p < 0.05. (B) Primary
HMEC or cancer cells were treated with 5 .M AM146 for 48 h and cell viability was measured using WST-1 reagent as described in Material and Meth-
ods. (C) Primary HMEC and breast cancer MDA MB 231 cells were treated with 5 M AM146 for 12 h. Cells were collected, fixed, stained with propidium
iodide and analyzed for DNA content by FACS analysis. Proliferating cells in different cell cycle phases were gated. Results are plotted as % of cells in

In this study, we describe partly selective DUB inhibitory
activity of chalcone-based derivatives, AM146, RA-9 and RA-14,
small molecules of “AM” and “RA” series of compounds featuring
the a,B-unsaturated carbonyl group that can presumably interact
with the sulfhydryl of cysteines found in the active sites of DUB
through a Michael addition reaction.'*? All of these three com-
pounds induce rapid and marked accumulation of polyubiqui-
tinated proteins, which is associated with anti-proliferative and
proapoptotic effect in a variety of cancer cell lines, including
breast, ovarian and cervical cancers (IC,: 1.5-12.5 pM).

We provide the evidence that AM146, RA-9 and RA-14
directly suppress activities of major cellular DUB, such as UCH-
L1, UCH-L3, USP2, USP5 and USP8 (Figs. 5 and 6), but do not
inhibit Ataxin-3, A20CD, BAP1, Otubain 1, USP7/HAUSP or
USP14 (Fig. 5). Our findings demonstrate that, among inhibi-
tors tested, AM146 inhibits broader DUB spectrum and offers
higher selectivity for neoplastic cells without significant damage
to cell cycle transit or viability of primary cells when used in a
range of 0.1-12 wM (Figs. 1, 2 and 7 and Table 1). These events
are associated with cellular effects, which are widely accepted as
attributable to inhibition of multiple DUB activity: (1) increased
accumulation of polyubiquitinated proteins (Fig. 3A, B and D);
(2) distinct pattern of polyubiquitinated proteins distribution
with accumulation of higher molecular weight conjugates as
compared with proteasome inhibition (Fig. 3B); (3) depleted
pool of ubiquitin monomers (Fig. 3B-D); (4) an overall decrease
in individual DUB activities (Figs. 5 and 6); (5) altered expres-
sion/activity of DUB-regulated short-lived regulatory proteins,
including oncoproteins and tumor suppressors (Fig. 6). Of
note, several of the DUB targeted by AM146, RA-9 and RA-14
have been previously shown to regulate the stability and turn-
over of key cell cycle regulators/pro-oncogenes and proapoptotic
proteins. For example, downregulation of USP2 was shown to
inhibit tumor cell growth by promoting cyclin D1 degradation,
suggesting that silencing of specific DUB in tumor cells may be a
safe and effective therapy in oncogene-addicted or drug-resistant
cells. In accord with these studies, we found that all tested DUB
inhibitors are effective in downregulating USP2 (Fig. 6D) and
decreasing the expression of cyclin D1 (Fig. 6E). These altera-
tions were closely associated with blockage of cell cycle transit in
cancer cells (Figs. 2 and 7).

Inhibiting DUB, which are known to stabilize p53, has been
recently proposed as a rational therapeutic strategy to activate p53
and promote p53-dependent apoptosis in tumors expressing wild-
type p53.” In vitro, we demonstrated that AM146 and RA-14
effectively suppress activity of purified USP5 (Fig. 6A and B).
Following suppression of cellular USP5, known to regulate p53
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stability,”®? we observed stabilization of p53 (Fig. 6C), which
correlated with the induction of apoptosis. While all of tested
compounds failed to stabilize mutant p53 harbored by the MDA
MB468 breast cancer cells (Fig. 6C), they were able to trigger
cell cycle arrest and apoptosis independent of p53 stabilization
(Fig. 2). This reinforces the proposition that these agents are of
considerable interest, because the majority of anticancer drugs
have poor efficacy in cells bearing mutant p53.” Recently, USP7/
HAUSP, was reported to serve as a critical component of the p53-
Mdm?2 pathway, acting as a specific deubiquitinase for both p53
and Mdm?2 and inducing profound stabilization of p53 due to
enhanced degradation of Mdm2."¥ However, chalcone-based
derivatives used in this study did not suppress the USP7/HAUSP
activity (Fig. 5B). This confirms that tested inhibitors selectively
target p53 stability via USP5-mediated mechanisms.

Most recently, USP17 and USP19 were reported to stabilize
Skp2 and KPCl, correspondingly two known ubiquitin ligases
for p27%# 3837 Knockdown of these USP leads to perturbation in
cell cycle progression and accumulation of p27¥¥!. Accordingly,
inhibition of USP17 and USP19 activity might be a valid mecha-
nism explaining the effect of AM146, RA-9 and RA-14 on stabi-
lization of p27%%*! and their anti-proliferative activity. Many other
targeted DUB and their cognate substrates in the anti-prolifera-
tive and apoptotic activity of AM146, RA-9 and RA-14 remain
unknown. We were not able to confirm the complete inhibition
DUB activity by AM146, RA-9 and RA-14 within the range of
doses tested. However, this partial DUB inhibitory effect was
sufficient to irreversibly cause cell cycle arrest in cancer cells, sup-
press their anchorage-dependent growth and trigger apoptosis
(Figs. 2 and 7). These findings indicate that even relatively mod-
est downregulation of DUB activity might be efficient in curbing
the neoplastic growth.

Alrogether, this current work provides evidence of antitumor
activity of chalcone-based derivatives, AM146, RA-9 and RA-14,
based on their ability to inhibit cellular DUB and supports the
development of pharmaceuticals to directly target DUB as most
efficient strategy compared with proteasome inhibition; our find-
ings also provide a clear rationale for the clinical evaluation of
these small-molecule DUB inhibitors.

Materials and Methods

Cell lines, cell culture, compounds and treatment. Ovarian
(ES-2, TOV21G1 and SKOV-3) and cervical (Hela, SiHa
and CaSki) cell lines were from ATCC. Breast cancer cell lines,
MDA MB 231 and MDA MB468, were generous gift from Dr.
Polunovsky, University of Minnesota. The MDA MB435 cell line
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was provided by Dr. Sachdev, University of Minnesota. Human
primary mammary epithelial cells, HMEC, were purchased from
Lonza, Inc. Cancer cell lines were maintained in DMEM growth
medium [Dulbecco’s modified Eagle’s high glucose (4.5 g/l)
medium, Cambrex] supplemented with 10% FBS and antibiotic-
antimycotic (Gibco). HMEC and HMEC/hTERT cells were
grown in Clonetics® MEGM® mammary epithelial Cell Growth
Medium, supplemented by growth factors (MEGM bullet kit,
Lonza, Inc.).

AM146, RA-9 and RA-14 were synthesized by Dr. Ravi
Anchoori, John Hopkins University."®” Ubiquitin aldehyde
(Ubal) was obtained from Boston Biochem, bortezomib (PS341)
was obtained from Selleck Chemicals.

WST-1 assay. For the analysis of cell growth, 2 x 10° cells were
plated in 96-well plates in 50 pl cell culture volume. Twenty-four
hours later 50 pl of medium with/without compounds was added
to cells to the final concentration indicated. Cells were allowed to
grow for the additional indicated period of time after which 10 pl
of WST-1 reagent was added to each well. Four hours later, opti-
cal density (OD) was measured at 450 nm wavelength. For the
analysis, background values (DMSO + medium) were subtracted.

Inhibition of the proteasome proteolytic activitie. To mea-
sure the three proteolytic activities associated with the pro-
teasome, 50 pl of 1 nM (0.7 pg/ml) 20S Human proteasome
(cat. #E-360, Boston Biochem) were diluted in 10 mM HEPES
(pH 7.6) and incubated with or without inhibitors at indicated
concentrations at room temperature for one hour. Samples
were mixed with 50 pl of Proteasome-Glo 3-substrate system
(Promega, cat. #G8531) and incubated at room temperature for
30 min prior to recording the luminescence with a plate-reading
luminometer GloRunner 6. For the analysis, background lumi-
nescence values (DMSO + buffer) were subtracted and data
points are indicated as relative luminescence units (RLU).

Inhibition of DUB enzymatic activity in living cells. To mea-
sure the inhibition of DUB activity in living cells, 0.6 x 10° HeLa
cells were incubated with 10 M of tested compounds for 24 h.
Cells were lysed in 50 pl of 25 mM HEPES, 5 mM EDTA, 0.1%
CHAPS, 5 mM ATP, pH 7.5. Protein concentrations were deter-
mined with the BCA kit (Pierce) and adjusted to 1 pug/pul with 50
mM HEPES (pH 7.2), 10 mM DTT, 0.5 mM EDTA and 0.1%
Prionex® buffer. 50 .l samples were then mixed with an equal
volume of the DUB-Glo™ Protease Assay reagent (Promega,
cat. #G6261), incubated at room temperature for 30 min and
luminescence was recorded with a plate-reading luminometer
GloRunner 6. For the analysis, background luminescence values
(DMSO + buffer) were subtracted, and data points are indicated
as relative luminescence units (RLU).

Inhibition of purified DUB enzymatic activity. To measure
the ability of tested compounds to directly suppress the activity
of purified human DUB (Boston Biochem), 500 nM UCH-L1,
50 nM UCH-L3, 240 nM USP2, 100 nM USP5 or 50 nM USP8
were pre-incubated in 50 mM HEPES (pH 7.2), 10 mM DTT,
0.5 mM EDTA and 0.1% Prionex® buffer at room temperature
for 15 min. Enzyme samples in the presence or absence of 10 pM
compound were incubated at room temperature for one hour. 50
wl of sample was mixed with 50 .l of the DUB-Glo™ Protease
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Assay reagent (Promega, cat. #G6261), incubated at room tem-
perature for 30 min and luminescence was recorded with a plate-
reading luminometer GloRunner 6. For the analysis, background
luminescence values (DMSO + buffer) were subtracted and data
points are indicated as relative luminescence units (RLU).

Inhibition of Ub-PEST cleavage. We measured the capacity
of tested compounds to suppress isopeptidase enzymatic activ-
ity with Ub-PEST, a full-length ubiquitin molecule with an
18-amino acid C-terminal peptide extension (total mass, 10.5
kDa).'* Ubiquitin isopeptidases specifically cleave the 18-amino
acid peptide extension, releasing full-length ubiquitin (8.5 kDa).
Briefly, 50 pg/ml Ub-PEST was pre-incubated with indicated
concentrations of compounds in a buffer containing 25 mM
HEPES, 5 mM EDTA, 0.1% CHAPS, 5 mM ATP, pH 7.5. After
1 h incubation on ice, purified 100 nM USP5 (Boston Biochem)
was added to each sample. Samples were then incubated for 45
min at 25°C. Under these conditions Ub-PEST hydrolysis occurs
at a linear rate. Twenty-five l samples were then mixed with 20
wl of 2x Laemmli buffer, boiled briefly and resolved by western
blot. The isopeptidase activity was monitored by determining the
amount of product (8.5-kDa ubiquitin) formation.

Western assay and antibodies. For all experiments, 2 x 10°
cells were plated in 6-well plates in complete media. Twenty-
four hours later, cells were treated with/without indicated con-
centrations of compounds for the indicated period of time. Cells
were collected by trypsinization and resuspended in lysis buffer
(50 mM Tris-Cl, 250 mM NaCl, 5 mM EDTA, 0.2% NP-40,
50 mM NaF) supplemented with protease inhibitor cockrail
“Complete Mini” (Roche). Cells were lysed on ice for 20 min,
disrupted by motor pestle (Fisher), centrifuged at 12,000 g for
10 min, and the concentration of proteins in supernatants was
measured using the BCA Protein assay kit (Pierce). 5 pug of total
soluble proteins was resolved by 4-20% SDS-electrophoresis
and transferred to the PVDF membrane (Millipore). Blots were
blocked in 0.1% Tween-20 in PBS with 10% non-fat dry milk
and incubated with primary antibody according to manufactur-
er’s instructions. Ubiquitin antibody were from Millipore, actin
antibody were from Sigma and anti-p53, p27, p16 and cyclin D1
antibodies were from BD PharMingen. Membranes were then
incubated with corresponding HRP-conjugated secondary anti-
body and signal was detected by ECL (Amersham). Samples
from at least two independent experiments were analyzed with
each primary antibody.

Anchorage-dependent colony formation. 1,000 cells were
seeded into 6-well clusters. Cultures were continued for 10 d
in the presence or absence of 0.3 wM compounds, fixed with
4% formaldehyde and stained with Coomassie Blue.

Flow cytometry. For quantification of DNA content, cul-
tured cells were detached with trypsin, washed with PBS, fixed
with ice-cold 70% ethanol and resuspended in propidium iodide
(PI) staining mixture as previously described in reference 40.
The percentage of cells with sub-G, and S + G,/M DNA con-
tent was determined on a FACSCalibur flow cytometer (Becton
Dickinson) with the CellQuest program.

Statistics. Statistical analyses were performed using a Student
t-test (Microsoft Office Excel data analysis pack). A p-value < 0.05
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was considered significant. Results were tabulated as the mean +
standard error of 2-3 separate experiments. In each experiment,
all conditions were examined in triplicate. To calculate IC, val-
ues, data were transformed and analyzed using nonlinear fit [log
(inhibitor) vs. normalized response] using GraphPad Prism 5.04.
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