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The receptor tyrosine kinase ErbB2 is overexpressed in up to a third of breast cancers, allowing targeted therapy with
ErbB2-directed humanized antibodies such as Trastuzumab. Concurrent targeting of ErbB2 stability with HSP90 inhibitors
is synergistic with Trastuzumab, suggesting that pharmacological agents that can inhibit HSP90 as well as signaling
pathways activated by ErbB2 could be useful against ErbB2-overexpressing breast cancers. The triterpene natural product
Celastrol inhibits HSP90 and several pathways relevant to ErbB2-dependent oncogenesis including the NFkB pathway and
the proteasome, and has shown promising activity in other cancer models. Here, we demonstrate that Celastrol exhibits
in vitro antitumor activity against a panel of human breast cancer cell lines with selectivity towards those overexpressing
ErbB2. Celastrol strongly synergized with ErbB2-targeted therapeutics Trastuzumab and Lapatinib, producing higher
cytotoxicity with substantially lower doses of Celastrol. Celastrol significantly retarded the rate of growth of ErbB2-
overexpressing human breast cancer cells in a mouse xenograft model with only minor systemic toxicity. Mechanistically,
Celastrol not only induced the expected ubiquitinylation and degradation of ErbB2 and other HSP90 client proteins, but
it also increased the levels of reactive oxygen species (ROS). Our studies show that the Michael Acceptor functionality in
Celastrolisimportant for its ability to destabilize ErbB2 and exert its bioactivity against ErbB2-overexpressing breast cancer
cells. These studies suggest the potential use of Michael acceptor-containing molecules as novel therapeutic modalities
against ErbB2-driven breast cancer by targeting multiple biological attributes of the driver oncogene.
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Introduction

ErbB2 (Her2/Neu), one of the four Epidermal Growth Factor
Receptor family members, is overexpressed in a number of human
malignancies; ErbB2-overexpression is found in nearly a third of
all breast cancers."* ErtbB2-overexpressing breast cancers represent
a distinct molecular subtype with an especially poor outcome,**
necessitating newer forms of therapy. Expression of ErbB2 on the
cell surface, together with its essential role in driving oncogene-
sis, has led to its successful targeting with humanized anti-ErbB2

M) 1256 However, de

antibodies such as Trastuzumab (Herceptin®
novo as well as acquired resistance to Trastuzumab is a serious
issue.’® Some identified resistance factors, including PI3-kinase
pathway activation due to PTEN inactivation and upregulation
of RTKSs such as Insulin-like growth factor receptor I, EGER or
ErbB3 have suggested combinations of targeted therapies.>”*!°
However, agents that can target biological attributes of ErbB2 or
can target essential oncogenic signaling pathways downstream
of ErbB2 represent alternate approaches to enhance the effects
of ErbB2 targeted therapeutics to eventually reduce or overcome
resistance.

Heat shock protein 90 (HSP90) is essential for stability of
ErbB2 as well of a number of signaling proteins such as p-Akt,
c-Raf-1, ¢-Src and Hif-1a that are components of ErbB2-driven
signaling.'* Indeed, we have recently shown that a combina-
tion of Trastuzumab and an HSP90 inhibitor 17-allylaminode-
methoxy geldanamycin (17-AAG) synergistically and selectively
induces growth arrest and cytotoxicity in ErbB2-overexpressing
breast cancer cells.”® These findings are of potential clinical sig-
nificance since 17-AAG and other HSP90 inhibitors are now
undergoing phase II clinical evaluation in various cancers,
including ErbB2-driven breast cancer.'!® While selective HSP90
inhibitors hold significant promise, recent reports also indicate
the ability of 17-AAG to transiently activate c-Src signaling and
promote bone metastasis.”” Therefore new agents that modulate
HSP90 function but possess additional anticancer effects could
substantially aid in designing combinatorial therapeutics against
ErbB2-overexpressing cancers.

Recent studies in prostate cancer cells showed that the
Chinese herbal product Celastrol induces a gene expression sig-
nature that overlaps with the HSP90 inhibitor-induced gene
expression signature; furthermore, Celastrol induced the degra-
dation of HSPI0 client protein androgen receptor.’® Celastrol is
a triterpene with promising anticancer activity in several cancer
models, including prostate cancer, pancreatic cancer, leukemia
and melanoma.”** A recent study using a rat mammary carci-
nosarcoma model (W256 cells) reported that Celastrol not only
suppressed tumor cell growth but also inhibited cell migration
in vitro; in vivo, Celastrol suppressed trabecular bone loss and
reduced osteolytic lesions in tumor-bearing rats.** The additional
ability of Celastrol to inhibit bone metastasis,’* as opposed to a
potential pro-metastatic effect of 17-AAG," suggests a therapeu-
tic advantage for Celastrol over 17-AAG as an HSP90 inhibitor.

In addition to targeting the proteasome and HSP90, Celastrol
has been shown to inhibit NFkB activation by modifying a reac-
tive cysteine on IkB kinase o> Since NFkB signaling has been
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implicated in providing resistance to apoptosis by upregulating
anti-apoptotic factors as well as by regulating bone metasta-
sis and osteoclatogenesis, the ability of Celastrol to inhibit the
NFkB pathway significantly adds to its therapeutic value. The
ability of Celastrol to react with free thiol groups via its ‘Michael
Acceptor’ (o, B-unsaturated ketone) functionality appears to be

important for its biological activity.*®

One potential consequence
of thiol reactivity is the induction of oxidative stress by altering
the cellular redox balance, which could elevate the levels of reac-
tive oxygen species (ROS). Recent data suggest that elevation of
ROS in cancer cells, which already have higher basal ROS as
compared to normal cells, may preferentially trigger cell death by
further elevating the level of oxidative stress.”” The HSP90 and
proteasome inhibitory properties of Celastrol may further facili-
tate ROS induction by eliciting an unfolded protein response
(UPR) and endoplasmic reticulum (ER) stress.?® Thus, Celastrol
represents a relatively unique pharmacophore that targets HSP90
as well as other functional pathways of relevance to ErbB2-driven
oncogenesis.'”*? Here, we show that Celastrol exhibits relatively
selective anticancer activity towards ErbB2-overexpressing breast
cancer cells that is dependent on its Michael acceptor functional-
ity, and that Celastrol is strongly synergistic with ErbB2-targeted
therapeutic agent Trastuzumab.

Results

Celastrol exhibits potent in vitro and in vivo antitumor activ-
ity against ErbB2-overexpressing breast cancer cells. We
first evaluated the cytotoxicity of Celastrol towards a panel of
ErbB2-overexpressing breast cancer cell lines including SKBr-
3, BT-474, 21MT-1 and JIMT-1 (a Trastuzumab-resistant cell
line?). ErbB2-low breast cancer cell line MCF-7 and immortal-
ized but non-tumorigenic mammary epithelial cell line MCEF-
10A were also used for comparison. Cytotoxicity profiles (Fig. 1
and associated Table) clearly showed a higher level of killing of
ErbB2-overexperssing cell lines SKBr-3, BT-474, 21MT-1 and
JIMT-1 by Celastrol (3- to 12-fold lower IC values) as com-
pared to ErbB2-low MCF-7 and MCEF-10A lines. In view of this
selectivity, we examined the efficacy of Celastrol against ErbB2-
overexpressing BT-474 cell line in a NOD-SCID xenograft
model. Mice bearing implanted tumors were treated with 2 or 4
mg/kg Celastrol based on doses reported in prostate and pancre-
atic cancer models.!”?? As Celastrol administration on alternate
days induced about 20% loss in body weight (see Fig. 2A), the
mice were subsequently given Celastrol every third day. At both
doses (2 and 4 mg/Kg), Celastrol significantly retarded the rate
of tumor growth (Fig. 2B) with only modest weight loss (-7% for
2 mg/kg; ~12% for 4 mg/kg versus ~3% for the vehicle control
group; Fig. 2A). While tumors in vehicle-treated mice grew an
average of 25-fold (vs. initial tumor volume), Celastrol-treated
mice showed only a ~6-fold or ~4.5-fold increase in tumor vol-
ume at 2 or 4 mg/kg Celastrol, respectively. Notably, while four
out of ten mice in the group treated at 4 mg/kg Celastrol died (at
days 40, 46, 61 and 70), no deaths were observed in the 2 mg/
kg treatment group, indicating substantial effectiveness with low
toxicity.
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Synergistic killing of ErbB2-overexpressing tumor cells
by a combination of celastrol with trastuzumab or lapatinib.
Given the higher Celastrol-induced cytotoxicity towards ErbB2-
overexpressing tumor cell lines, we reasoned that a combination
of Celastrol with ErbB2-targeted agents may be additive or syn-
ergistic. Thus, we assessed the dose-response of Celastrol alone or
in combination with Trastuzumab (Fig. 3A and B) or the dual
EGFR/ErbB2 kinase inhibitor Lapatinib™ (Fig. 3C and D)
on the viability of ErbB2-overexpressing breast cancer cell line
SKBr-3 (Fig. 3A-D). A dramatic reduction in the IC, value of
Celastrol (~48-fold; from 130 nM for single drug versus 2.7 nM
when combined with 1 pwg/ml Trastuzumab) clearly indicated a
strong synergy with Trastuzumab (Fig. 3A and B). Analyses of
Celastrol effects in combination with Lapatinib utilized two dis-
tinct formats: (1) increasing concentrations of drugs combined at
a fixed 10:1 ratio of Celastrol to Lapatinib; and (2) variable con-
centrations of Lapatinib with a fixed (50 nM) but sub-optimal
concentration of Celastrol. The first experimental format (Fig.
3C and D) showed that inclusion of Celastrol reduced the IC of
Lapatinib on SKBr-3 cells from 25 nM to 3.5 nM (a 7-fold reduc-
tion). The second experimental format confirmed the synergistic
interaction (Sup. Fig. 1A and B): the IC value for Lapatinib in
the presence of 50 nM Celastrol was 0.74 nM as opposed to 25
nM when treated as a single drug (a 34-fold reduction). Analysis
using the Chou-Talalay method also confirmed the synergistic
drug interactions (Fig. 3B and D). The synergism was selective
for ErbB2-overexpressing cells as similar analyses with ErbB2-
low MCF-7 cell line did not show synergism (Sup. Fig. 2).

Since Celastrol and 17-AAG both target HSP90 but Celastrol
targets additional biological targets”***! some synergism might
be expected between these agents. Indeed, treatment of SKBr-3
cells with varying concentrations of Celastrol and 17-AAG (at a
fixed ratio of 20:1) showed that IC, for Celastrol in combina-
tion with 17-AAG was 78 nM compared to 130 nM when tested
alone (~1.7-fold reduction) (Sup. Fig. 3); Chou-Talalay analysis
supported this mild synergism, as reported eatlier in a prostate
cancer model.”® These studies suggest a promising therapeutic
potential of Celastrol especially when used in combination with
ErbB2-targeted agents where it should be feasible to use relatively
low doses that do not produce significant toxicity.

Celastrol induces the ubiquitinylation and lysosomal degra-
dation of ErbB2. As Celastrol reportedly modulates HSP90 func-
tion."#2232 We examined if Celastrol, similar to HSP90 inhibitor
17-AAG,"*** induces the degradation of ErbB2. Similar to the
effect of 17-AAG, treatment of ErbB2-overexpressing breast can-
cer cell lines SKBr-3 and 21MT-1 with Celastrol induced a dose-
and time-dependent depletion of ErbB2 protein (Fig. 4A and B)
as well as other HSP90 client proteins c-Raf and phospho-AKT
(Fig. 4C). Since a combination of Celastrol and Trastuzumab
synergistically inhibited the growth of ErbB2-overexpressing
breast cancer cells (Fig. 3A and B), we wished to assess if more
effective ErbB2 degradation by the combination can partly
account for the synergistic effects. However, we did not find
substantial differences in the extent of ErbB2 degradation upon
treatment with Celastrol plus Trastuzumab as compared to sin-
gle drug treatment (Fig. 4D), unlike our published results with
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Figure 1. Sensitivity of various breast cancer cell lines towards Celastrol.
The sensitivity of a panel of breast cancer cell lines overexpressing
ErbB2 (SKBr-3, BT-474, 21MT-1 and JIMT-1) to Celastrol were evaluated
using MTT assay a described in the methods section. For comparison,
ErbB2-low expressing cell lines MCF-7 and MCF-10A were also included.
The viable cells at the end of treatment were assessed using the MTT
dye assay and data represented as % of vehicle control. Shown here are
the dose-response curves (mean of three independent experiments
run in duplicates) for killing of breast cancer cells with Celastrol. The
calculated IC, values are tabulated below.

17-AAG plus Trastuzumab combination.”® As 17-AAG has been
reported to induce a reduction in the levels of phospho-ErbB2
(p-ErbB2) prior to actual depletion of ErbB2 protein,” we
examined the effects of Celastrol (17-AAG was included for
comparison) on p-ErbB2 versus total ErbB2 levels using ErbB2-
overexpressing 21MT-1 cells. Consistent with reported findings,”
17-AAG induced a rapid (as early as 5 min) reduction in p-ErbB2
levels (Fig. 4E). Interestingly, Celastrol treatment also led to a
decrease in p-ErbB2 levels before any noticeable reduction in total
ErbB2 protein levels. However, the effect of Celastrol on p-ErbB2
was slower compared to that of 17-AAG, yet more sustained.

Consistent with HSP90 inhibitor-induced ErbB2 degrada-
tion being preceded by ubiquitinylation,'#**% we observed that
Celastrol treatment of 2IMT-1 cells induced the ubiquitinylation
of ErbB2 (Fig. 4F). Accumulation of ubiquitinylated ErbB2 in
Celastrol-treated cells even in absence of Lactacystin is consistent
with the reported proteasome inhibitory activity of Celastrol;"
however, unlike Lactacystin, the reported proteasome inhibitory
activity of Celastrol appears to be insufficient to block 17-AAG-
indued degradation of ErbB2 (Fig. 4G).

Using Confocal Immunofluorescence Microscopy (CIM), we
established that Celastrol induces the depletion of ErbB2 from
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Figure 2. Celastrol retards growth of ErB2-overexpressing breast can-
cers in xenograft models: NOD-SCID mice with BT-474 tumor xenografts
(n=10 per treatment group) were treated with vehicle control or the
indicated doses of Celastrol, as detailed in the experimental section.
The change in body weight is shown in (A), whereas (B) compares the
increase in tumor volume (relative to the initial tumor volume before
drug treatment +SE) with and without drug treatment. Statistical dif-
ferences were estimated using Student’s t-test (two-tailed; two-sample
equal variance).

the cell surface and that the internalized ErbB2 (stained in green)
colocalizes (regions with yellow staining) with late endosomal/
lysosomal marker LAMP-1 (stained in red) (Fig. 5), similar to
lysosomal localization of ErbB2 upon 17-AAG treatment."? Next,
we assessed whether the Michael acceptor group in Celastrol is
functionally important in ErbB2 degradation. Pre-treatment of
Celastrol with DTT (before adding in cell cultures) or conver-
sion to Dihydrocelastrol (chemical reduction of a,3-unsaturated
ketone group to a ‘Michael adduct’) abrogated the ability of
Celastrol to induce ErbB2 degradation (Fig. 6A; compare lanes
4 & 8). As anticipated, pretreatment of 17-AAG with DTT
had no effect on its ability to induce ErbB2 degradation (Fig.
6A; compare lanes 12 & 16). These results indicate that o,B-
unsaturated ketone functionality of Celastrol is important for
its HSP90 inhibitory activity. Similar to its effects on Celastrol-
induced ErbB2 degradation, DTT pretreatment of Celastrol
markedly reduced its effect on ErbB2 ubiquitinylation (Fig. 6B;
compare lane 3 with 7 and lane 4 with 8). The lower levels of
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ErbB2 in lanes 3 and 7 likely reflect partial Celastrol-induced
ErbB2 degradation.

Celastrol induces G, cell cycle arrest and apoptosis. Given
the importance of the Michael acceptor functionality in
Celastrol-induced ErbB2 ubiquitinylation and degradation, we
also assessed its importance in Celastrol-induced cytotoxicity.
Similar to 17-AAG,*3¢ treatment of 21MT1 cells with Celastrol
(I pM) induced a pronounced G, cell cycle arrest (Fig. 7A).
Higher concentrations (2 wM) induced a significant degree
of apoptosis as seen by an increase in the proportion of cells
in the sub-G, fraction (Fig. 7B), cells positive for Annexin V
staining (Fig. 7C) and the level of PARP cleavage (Fig. 7D).
Abrogation of the ‘Michael acceptor’ functionality (Celastrol vs.
Dihydrocelastrol) markedly reduced the ability of Celastrol to
induce apoptosis (Fig. 7C).

To further assess the importance of the Michael acceptor in
the bioactivity of Celastrol, we assessed the ability of Celastrol
to induce vacuolation, an apparent result of Celatsrol-induced
ER-stress and unfolded protein response (UPR).” Celastrol
treatment (4 wM) of SKBr3 (Sup. Fig. 4) or 2IMT1 (Fig. 8A)
cells for 4 h resulted in the formation of large vacuoles; pre-treat-
ment of Celastrol with DTT led to a substantial reduction in
their appearance. Similar results were seen with Dihydrocelastrol
(Fig. 8A). Reduction in the proportion of cells with rounded
morphology (dying cells) also indicated a delay in the induc-
tion of cell death with Dihydrocelastrol vs. Celastrol (Fig. 8A
and Sup. Fig. 5), confirming results using Annexin-V staining
(Fig. 7C). Analysis of samples used in Figure 8A confirmed
that Dihydrocelastrol also did not induce ErbB2 degradation
(Fig. 8B). Finally, an MTT assay confirmed the reduced anti-
proliferative activity of Dihydrocelastrol compared to Celastrol
against SKBr-3 and BT-474 cells (Fig. 8C and D). Collectively,
these results indicate that the anticancer activity of Celastrol
towards ErbB2-overexpressing breast cancer cells is dependent
on it Michael acceptor functionality.

Role of oxidative stress and reactive oxygen species (ROS)
generation in the bioactivity of celastrol. Cancer cells are under
high oxidative stress and generate higher levels of ROS; how-
ever, upregulation of redox buffering mechanisms allows them
to grow despite elevated ROS levels.”® Given the importance of
the Michael acceptor functionality for the biological activity of
Celastrol, and the propensity of this group to covalently react
with cellular free thiols (on reduced Glutathione and redox-
balancing enzymes),”® we asked if higher Celastrol sensitivity of
ErbB2-overexpressing breast cancer cell lines reflects elevation of
ROS levels; in this regard, Celastrol might function by further
increasing the already elevated oxidative stress levels beyond a
threshold that is compatible with cell viability, as has been pro-
posed recently.”” Consistent with this scenario, ErbB2 overexpres-
sion is known to increase ROS levels via the activation of Racl/
NADPH oxidase, PI3K/AKT and other pathways.””* Indeed,
overexpression of exogenous ErbB2 in ErbB2-low BT20 or MCEF-
10A (Fig. 9A and B) cell lines increased the basal ROS levels.
Furthermore, analysis of ROS levels in the panel of cell lines
used to assess the cytotoxicity of Celastrol (Fig. 1 and associated

table), indicated higher levels of basal ROS (Fig. 9C) in cell lines
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Figure 3. Celastrol in combination with ErbB2-targeted drugs, Trastuzumab and Lapatinib, synergistically induces cytotoxicity ErbB2-overexpressing
breast cancer cells: SKBr-3 cells were treated with Celastrol as a single drug or in combination with Trastuzumab or Lapatinib as described in the meth-
ods section. The viable cells at the end of treatment were assessed using the MTT dye assay and data represented as % of vehicle control. Shown here
is the comparison of cytotoxicity of single drug treatments or combination with Trastuzumab (A) or Lapatinib (C), showing efficacy of combinatorial
treatment over single drugs. (A) The IC, for Celastrol alone was 0.13 £ 0.02 wM; whereas it was 0.0027 + 0.001 pM when combined with Trastuzumab at
1 pg/ml. The % cell viability for SKBr-3 treated with Trastuzumab alone at this concentration was 51.4 + 7.7. (C) The IC_; for Lapatinib was 25.5 + 2.1 nM
as a single drug versus 3.5 + 1.6 nM when combined with Celastrol. Also shown are Chou-Talalay analyses for Celastrol plus Trastuzumab (B) or Celas-
trol plus Lapatinib (D) combination. Combination index (Cl) <1 indicates synergy; Cl ~ 1 indicates additive effects; Cl >1 indicates antagonism.
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Figure 4. Celastrol induces the ubiquitinylation and degradation of ErbB2 and other HSP90 client proteins: (A) ErbB2-overexpressing breast cancer cell
lines 21MT-1 and SKBr-3 were treated with 17-AAG or Celastrol at the indicated concentrations for 8 h. Shown here is the decrease in ErbB2-levels after
treatment. GAPDH was used as a loading control. (B) 21MT-1 cells were treated with the 17-AAG (0.1 wM) or Celastrol (3 uM) for indicated the indicated
time periods. Shown here is the comparison of the kinetics of Celastrol-induced ErbB2 degradation in 21MT-1 cells with that induced by 17-AAG, at the
indicated concentrations. (C) 21MT-1 cells were treated with the indicated concentrations of Celastrol for 8 h. The effect of Celastrol on other HSP90
client proteins is shown here. (D) SKBr-3 cells were treated with the indicated concentrations of Celastrol (as a single drug) or in combination with
Trastuzumab at 1 pg/ml for 48 h. Equal amount of protein from cell lysates were analyzed for changes in ErbB2 levels. Hsc70 was used as a loading
control. (E) 21MT-1 cells were treated with 17-AAG or Celastrol at the indicated concentrations for the time periods shown. Cell lysates were analyzed
for total ErbB2 and p-ErbB2 levels. Hsc70 is shown as a loading control. (F) 21MT-1 cells were treated (as indicated) with Lactacystin (Lct) or Celastrol
(Cel) or Lct plus Cel, for a total of 4 h. Cell lysates in RIPA buffer were used for anti-ErbB2 immuno-precipitation and sequentially immunoblotted for Ub
and ErbB2. (G) 21MT-1 cells were pre-treated for 1 h with Lactacystin or Celastrol, at the indicated concentrations followed by treatment with 17-AAG
for an additional 3 h. Cell lysates were analyzed by immunoblotting for ErbB2 and Hsc70 (loading control).

with higher sensitivity to Celastrol. Notably, Celastrol treatment  assessed whether anti-oxidants can protect EtbB2-overexpressing

of SKBr-3 cells further increased the ROS levels (Fig. 9D).

To assess the relative contribution of ROS modulation versus
inhibition of other targets in the biological activity of Celastrol, we

breast cancer cells from cytotoxic effects of Celastrol. Treatment
of SKBr-3 cells with Celastrol (4 wM) in the presence of a 500-
fold molar excess of known anti-oxidants, including N-acetyl
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cysteine (NAC) or Trolox® (a water soluble derivative
of Vitamin E) delayed the induction of cell death by
Celastrol although these agents did not abrogate the
eventual cytotoxicity, as assessed by cell morphology
and confirmed by Annexin V assay (Fig. 10 and Suppl.
Fig. 6), suggesting that multiple activities (against
HSP90, proteasome and NFkB pathway and others)
of Celastrol contribute to its overall cytotoxic activity.

Discussion

Targeted therapy of ErbB2-overexpressing breast
cancers with Trastuzumab represents a significant
advance; however, de novo as well as acquired resis-
tance to Trastuzumab necessitate additional thera-
peutic approaches that can work in concert with
ErbB2-targeted agents. Agents that target multiple
signaling nodes and/or cellular pathways selectively
driven by overexpressed ErbB2 are particularly com-
pelling as their combination with ErbB2-targeted
agents can lead to synergistic therapeu-

Celastrol (3 uM)

12h

Figure 5. Celastrol induces lysosomal degradation of ErbB2: 21MT-1 cells, grown on
coverslips were treated with the indicated concentrations of Celastrol for the indi-
cated time periods. The coverslips, after treatment, were immunostained for ErbB2
and LAMP-1. ErbB2 staining is in green and LAMP-1 in red; colocalized regions are
seen as yellow.
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induce a gene expression profile over-
lapping with that of 17-AAG' and its
ability to activate the heat shock fac-
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Figure 6. The role of Michael acceptor moiety in Celastrol towards its activity to destabilize ErbB2:
(A) 21MT-1 cells were treated with Celastrol (4 pM) or 17-AAG (1 uM) (from a 100x stock that was left
untreated or pre-treated with DTT) for the indicated time points. Cell lysates were analyzed by im-
munoblotting for ErbB2 and B-actin (used as a loading control). (B) 21MT-1 cells were incubated (as
indicated) for 3 h with Celastrol (with or without pre-treatment with DTT) in absence or presence of
Lactacystin (cells pre-treated for 1 h). Anti-ErbB2 immunoprecipitates were sequentially immunob-
lotted for Ub and ErbB2.

it induced the ubiquitinylation and degradation of ErbB2
(Figs. 4F and 6B) via lysosomal targeting (Fig. 5) reminiscent of
17-AAG effects. Celastrol also induced rapid depletion of other
HSP90 client proteins (Fig. 4C) and depleted phospho-ErbB2
prior to ErbB2 degradation (Fig. 4E), as also seen with 17-AAG.»
It is notable however that the mechanism(s) by which Celastrol

influences ErbB2 activity and stability differs from that of other
HSP90 inhibitors such as 17-AAG. Celastrol activity appears
to be critically dependent on its Michael acceptor functionality
(Figs. 6 and 8) consistent with findings that heat shock factor
activation by Celastrol involves its ability to interact with thi-

ols.? Unlike 17-AAG which competes with ATP for binding and
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Figure 7. Celastrol induces G,-arrest and apoptosis in ErbB2-overexpressing breast cancer cells: 21MT-1 cells were treated with the indicated concen-
trations of Celastrol for 24 h. Samples were prepared in triplicate wells. Following treatment, the samples were subjected to cell cycle analysis using
FACS, as described in materials and methods. (A) Representative cell cycle profiles of DMSO-treated or Celastrol-treated 21MT-1 cells are shown and

a table is presented detailing the % (+SD) of cells in various phases of cell cycle. (B) Comparison of % apoptotic cells in sub-G, fraction analyzed from
cell cycle analysis plots; (C) 21MT-1 cells were treated with 2 M Celastrol or Dihydrocelastrol for 24 or 48 h and analyzed for apoptosis by Annexin-V
staining using FACS. Propidium lodide (PI) was included to identify dead versus dying population of cells. Shown here is the % Annexin-V positive/PI
negative population (apoptotic cells); (D) 21MT-1 cells were treated at the indicated concentrations of Celastrol and for the indicated time periods. Cell
lysates were analyzed for intact and cleaved PARP by immunoblotting. Hsc70 is shown as a loading control.
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Figure 8. The requirement of ‘Michael acceptor’ functionality in the bioactivity of Celastrol: (A) Effect of reduction of the «,3-unsaturated carbonyl
group by sodium borohydride on Celastrol- or Dihydrocelastrol-induced cell death in SKBr-3 cells. Cells were incubated with DMSO or indicated con-
centrations of Celastrol or Dihydrocelastrol. Photographs were acquired using a bright field microscope with a x20 or x40 objective. (B) Comparison of
Celastrol and Dihydrocelastrol for induction of ErbB2 degradation in 21MT-1 cells. Samples from the experiment shown in (A) were analyzed for ErbB2
degradation using immunoblotting. Hsc70 is shown as a loading control. (C and D) Comparison of the effects of Celastrol and Dihydrocelastrol on
SKBr-3 (C) or BT-474 (D) cell lines as measured in an MTT assay. Cells were treated with the indicated concentrations of Celastrol of Dihydrocelastrol for

inhibits the ATPase activity of HSP90,% Celastrol appears to
inhibit the function of HSP90 by disrupting its interaction with
co-chaperone Cdc37.? The disruption of HSP90-CDC37 inter-
action appears to involve the ability of Celastrol to modify free
thiols and form Michael adducts with CDC37,%* consistent with
our results that Celastrol-induced ErbB2 ubiquitinylation and
degradation as well as its early cytotoxic effects are dependent

www.landesbioscience.com

on Michael acceptor functionality. However, while the HSP90
inhibitory activity of Celastrol is likely to be important, other
activities such as NFkB inhibition,®® are also likely to be
important as these pathways are activated downstream of ErbB2.
The involvement of such pathways, which control the balance
between pro- and anti-apoptotic factors, cell survival and pro-
liferation, may also help explain the relative differences in the

Cancer Biology & Therapy 271



A 3 8
£g] BT-20 » o] BT-20-ErbB2
£s £z igh
0 ©7 Low 33
% 2] High og
Q] k=)
(& : 8 «
- o
100 101 102 103 104 100 101 102 103 04
CMH2DCFA (MFI) CMH2DCFA (MFI)
B 8 g
Si MCF-10A 81 MCF-10A-ErbB2
»n N o N7
E (=] c o
=R g v
S S ) o8
Bl High 3" High
O3] Low O 3]
Low
o . T T o T T T
10 10 10" 10" 10 10" 10% 10> 10%
CMH2DCFA (MFI) CMH2DCFA (MFI)
C7_ D 8
SKBr-3
2 6- 2
S5 8% 17-AAG (100 nM)
37 Ss
o 41 5]
2 31 O g; Cel (4 uM)
2 2. D
e 00N E
ol Ml o M _
3 4
F IR 10° 10 10° 10 10
& ¢ L S CMH2DCFA (MFI)

Figure 9. Correlation between ErbB2 expression and basal ROS levels: Parental BT-20 (A) or MCF-10A (B) cell lines and their ErbB2-overexpressing
derivatives were analyzed for basal ROS levels by loading with 5 uM CM-H2DCFDA followed by flow cytometry. Typically two peaks are seen in the
FACS profile, representing distinct population of cells with low and high ROS. Note an increase in the brighter peak upon ErbB2 overexpression. (C)
Comparison of basal ROS levels among breast cancer cell lines. Cells were grown for 48 h, trypsinized and stained with CM-H,DCFDA. Each cell line was
analyzed in triplicates. The relative ROS levels are expressed as a ratio of cells with high ROS to low ROS, as analyzed from the two peaks (seen in A and
B). (D) Effect of Celastrol or 17-AAG on basal ROS levels in SKBr-3 cell line. Cells treated with Celastrol or 17-AAG at the indicated concentrations for 4 h,
following by analysis of ROS levels using flow cytometry after CM-H,DCFDA loading.

sensitivity of various breast cancer cell lines with comparable
ErbB2 overexpression; for example, SKBr-3 and BT-474 showed
a substantially higher sensitivity to Celastrol (IC, of ~0.13 and
0.16 respectively; Fig. 1) compared to 2IMT-1 and JIMT-1 (IC, |
of ~0.53 and 0.48 respectively; Fig. 1).

Given the ability of the Michael acceptor group to react with
cellular thiols, we also considered the potential role of ROS genera-
tion in the antitumor activity of Celastrol. The ability of Celastrol
to alter cellular redox balance and to increase ROS levels may fur-
ther account for its ErbB2 selectivity. In this context, ErbB2 is
known to increase basal ROS levels by activating PI3K/Akt and
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Racl pathways. 4% Stable overexpression of ErbB2 in ErbB2-low
breast cancer (BT-20) and non-tumorigenic (MCEF-10A) cell lines
indeed increased basal ROS levels (Fig. 9A and B). Furthermore,
Celastrol sensitivity in a panel of EtbB2-overexpressing cell lines
correlated with high levels of basal ROS (Fig. 9C). These findings,
together with the delay in Celastrol-induced cell killing by anti-
oxidants (Fig. 10) are consistent with the idea that elevation of
ROS contributes to cytotoxic activity of Celastrol. However, ROS
induction alone does not appear to mediate Celastrol-induced
cytotoxicity as delayed cell killing could still be observed in the
presence of antioxidants. It is noteworthy that recent studies in a

Volume 11 Issue 2



22 h

48 h

NAC-2mM +
Celastrol-4 uM

y O

= Celastrol C

B ., 120,-Dms0
= =NAC + Celastrol

e
-
(=4
o

=2}
3 3

N
i

% Rounded ¢
s

e

7h 22h 48 h

100-
90- n [
T80 DMSO Celastrol

>70{ =NAC =NAC + Celastrol
E 60 -
d:’ 50
c 401
< 30/
°~ 20
10 -
04

7h 22h 48 h

Figure 10. The anti-oxidant N-acetyl Cysteine delays although it does not abrogate Celastrol-induced cell death. (A) Effect of N-acetyl Cysteine (NAC)
on Celastrol-induced cytotoxicity in SKBr-3 cell line. Cells were treated with the indicated concentrations of Celastrol with or without a 500-fold excess
of NAC. Changes in cell morphology were recorded at the indicated time points under a bright field microscope using a x20 objective. (B) Quantifica-
tion of the cytotoxic effect of Celastrol and protective effect of NAC analyzed by counting rounded cells. Celastrol induced cell death was evaluated by
counting the number of rounded versus flat/attached cells for each treatment condition. The % of cells with rounded morphology (in relation to total
cells counted) is shown. (C) Quantification of the cytotoxic effect of Celastrol and protective effect of NAC analyzed using Annexin-V staining. Cells
were treated with Celastrol or Celastrol plus NAC for the indicated time points and analyzed for Annexin V staining using flow cytometry.

leukemia model showed that a pro-oxidant Fenretinide induced a
relatively transient increase in ROS generation followed by acti-
vation of anti-oxidant mechanisms;* in this regard, Celastrol-
induced rapid ROS generation and delayed ROS-independent
cytotoxicity could represent advantageous traits to exploit with
the use of Celastrol as an anticancer agent.

How ROS induction might contribute to anticancer activity
of Celastrol will need further elucidation. Recent studies have
indicated that higher levels of ROS in tumor cells are counter-
balanced by the induction of anti-oxidant defenses that involve
the titration of ROS as well as counteracting their effects on cell
physiology. However, this adaptation has been suggested as an
“Achilles’ heel” in cancer cells as further elevation in ROS could
tip the balance towards tumor cell killing while lower ROS levels
in normal cells ensure that ROS levels do nor rise to toxic lev-
els and thus allow their survival.”*> Notably, overexpression of

www.landesbioscience.com

Cancer Biology & Therapy

ErbB2 in ErbB2-low cells elevated ROS levels (Fig. 9A and B);
furthermore, PI3K/AKT and Rac pathways which are known to
be triggered by ErbB2 can also elevate ROS levels.**%% Thus,
agents that elevate cellular ROS levels may prove useful to
enhance the effectiveness of ErbB2-targeted therapeutics (such
as Trastuzumab). In this regard, targeting of proteotoxic and oxi-
dative stress pathways has been suggested for selective killing of
cancer cells,"” and proteasome and HSP90 inhibitors can induce
proteotoxic stress.”** Indeed, treatment of SKBr-3 cells with
17-AAG also led to increase in ROS levels (Fig. 9D).

Celastrol, as a single drug, demonstrated potent antitu-
mor activity and high selectivity against ErbB2-overexpressing
breast cancer cells in vitro and in vivo. Our rationale to inves-
tigate the potential synergism of Celastrol with Trastuzumab
was based on its previously demonstrated antitumor activity
in other models,”# and its known ability to target HSP90 for

273



inhibition. Based on our reported studies on the synergistic
effects of 17-AAG plus Trastuzumab combination,” we pre-
dicted that Celastrol in combination with Trastuzumab will also
be synergistic. Indeed, this is the case. However, unlike 17AAG
and Trastuzumab, Celastrol and Trastuzumab combination
did not appear to induce substantially more ErbB2 degradation
(Fig. 4D). Thus, the mechanism of biological synergy between
Celastrol and Trastuzumab is likely to involve downstream fac-
tors. Since Celastrol inhibits HSP90, proteasome and the NFkB
pathway, and can induce ROS, multiple mechanisms may con-
tribute to the observed biological synergy between Celastrol and
Trastuzumab or Lapatinib. The ability of Celastrol to inhibit
the NFkB pathway, which is known to be activated by ErbB2

in breast cancers,?*?

could enhance Trastuzumab activity by
suppressing NFkB-mediated anti-apoptotic signaling since com-
bination of NFkB inhibition with a specific peptide synergized
with Trastuzumab in ErbB2-overexpressing breast cancer mod-
els.”® Inhibition of NFkB pathway by Celastrol may also con-
tribute to synergy between Celastrol and Lapatinib (Fig. 3) as
NFkB pathway has been implicated in resistance to the Lapatinib
and RNAI based suppression of RelA restored Lapatinib sensitiv-
ity.”* Future studies should help test these ideas. Our findings
that Celastrol is strongly synergistic with ErbB2-targeted thera-
peutics, Trastuzumab and Lapatinib (which are both in clinical
use) should help mitigate concerns about the toxicity we observed
with the use of Celastrol as a single agent to treat mice bearing
xenotransplanted ErbB2-overexpressing tumors. While Celastrol
showed potent antitumor activity, some dose-dependent loss of
weight (7 or 12% with 2 mg/Kg and 4 mg/Kg doses) (Fig. 2A)
was noted. This modestly higher level of weight loss in Celastrol-
treated mice as compared to vehicle treatment group, together
with loss of animals in the group treated with the higher dose,
suggests a certain level of toxicity at the doses tested. While the
basis of this toxicity (e.g., reduced food intake vs. other effects)
needs to be explored further, it is important to point out that a
strong antitumor effect was observed even with the lowest dose
tested, which showed no deaths among treated animals and pro-
duced minimal weight loss. More importantly, since we do not
envision the use of Celastrol as a single agent in the clinic but
rather in combination with ErbB2-targeted therapeutic agents,
the synergism with Trastuzumab and Lapatinib seen in our in
vitro studies should allow the use of substantially lower doses of
Celastrol and help avoid any significant toxicity.

In conclusion, our studies show that natural triter-
pene Celastrol, possesses selective activity against ErbB2-
overexpressing breast cancer cells that allows synergistic
combination of Celastrol with ErbB2-targeted therapeutics.
One component of Celastrol activity appears to be related to
its Michael acceptor functionality-dependent ROS generation
suggesting that targeting of ROS levels together with ErbB2-
targeted agents should be investigated.

Materials and Methods
Cell culture. SKBr-3, BT-474, MCF-7, BT-20 and MCF-10A

cell lines (ATCC) and were maintained as previously described."
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The ErbB2-overexpressing breast cancer cell line 2IMT-1 was
established by Band et al.”” JIMT-1cell line was from German
Collection of Microorganisms and Cell Cultures (DSMZ) and
maintained in complete DMEM.

Antibodies and other reagents. The primary antibodies (Ab)
used for this study and the conditions of their use are described
in Supplemental Table 1. Trastuzumab (Herceptin™) was
obtained through Evanston Northwestern Healthcare Pharmacy,
while 17-AAG was purchased either from Biomol International
(Plymouth, PA USA) or from ChemieTek (Indianapolis, IN).
Lapatinib for this study was also from ChemieTek (Indianapolis,
IN). Celastrol used in our initial studies was provided as a kind
gift by Dr. Richard Silverman (Department of Chemistry,
Northwestern University, Evanston, IL) and subsequently pur-
chased from PayPay (mm) Technologies, (Guangdong, China).
Dihydrocelastrol was prepared using sodium borohydride reduc-
tion as described.”® The purified product was characterized by
NMR spectroscopy. For DT T-pretreatment, Celastrol (400 M)
or 17-AAG (100 M) was pre-treated (or left untreated) with 100-
fold excess of DTT overnight before using as stocks for degrada-
tion experiments. Cremophor EL was obtained from BASF Corp.

Confocal immunofluorescence microscopy (CIM), immu-
noprecipitation (IP) and western blotting (WB). CIM, IPs and
IBs were carried out as described previously.'**¢

Cytotoxicity assays and synergy.
Measurement of cytotoxicity using the MTT assay and the

analysis of drug
experimental design to assess pharmacological interactions has
been previously described.”® Single drug treatments included a
serial 2-fold dilution of Celastrol (4 to 0.008 wM), 17-AAG (200
to 0.19 nM), Trastuzumab (5-0.01 pg/ml) or Lapatinib (400 to
0.7 nM). Drug combinations included serial dilutions at fixed
ratios: 20:1 for Celastrol plus 17-AAG and 10:1 for Celastrol plus
Lapatinib. Trastuzumab plus Celastrol combination included
variable Celastrol (4 to 0.008 wM) and fixed Trastuzumab (1 g/
ml) concentrations. Controls included untreated and DMSO-
treated cells.

Tumor xenograft models. Four to six week old female NOD-
SCID mice (Charles River laboratories) received sub-cutane-
ous 17B-estradiol pellet (0.72 mg/day; Innovative Research
of America, Sarasota, Fl), 2 weeks prior to injection of 5 x 10°
BT-474 cells resuspended in 4% Matrigel (BD biosciences). Once
tumors reached a size of ~30-100 mm?® (4—6 mm in dimension)
(day 34 after cell implantation), the animals were randomized
into groups of 10 for treatment with: (a) Vehicle; (b) Celastrol-2
mg/kg and (c) Celastrol-4 mg/kg. Stocks of Celastrol (10 mg/
ml in a Cremophor formulation-20% Cremophor EL, 30% pro-
pylene glycol, 50% ethanol) were diluted 1:12.5 in saline for
injections. Control vehicle was prepared by similarly diluting the
solvent into saline. Mice received Celastrol or vehicle injections
every other day during the first week and every three days there-
after. Tumor volumes were calculated as: V2 larger diameter x
(smaller diameter)?.”” Mice were monitored for toxicity everyday
and followed until the tumor volume reached 1,000 mm?. After
completion of the studies animals were euthanized using CO,.
All procedures were performed according to Institutional Animal
Care and Use Committee guidelines.
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ROS measurements. ROS levels were analyzed using 5-
(and-6)-chloromethyl-2'-7'-dichlorodihydrofluorescein diacetate
acetyl ester (CM-H,DCFDA) (Invitrogen) according to the
manufacturer’s protocol and analyzed by flow cytometry after
gating on live cells (based on forward and side scatter).

Cell cycle analysis and apoptosis assays. Cell cycle distribu-
tion using FACS analysis of propidium iodide (PI)-stained cells
and assessment of apoptotic cell population in sub-G, fraction
used standard protocols. Apoptosis was also assessed by binding
of Alexafluor™-488 conjugated Annexin-V (Invitrogen) done
according to the manufacturer’s instructions and by monitoring
PARP cleavage by western blotting.
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