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Abstract
Purpose—Carfilzomib is a selective, irreversible inhibitor of the chymotrypsin-like activity of
the proteasome and is undergoing clinical evaluation in myeloma. ONX 0912 (oprozomib) is an
orally bioavailable derivative. The activities of carfilzomib and ONX 0912 against solid tumor
malignancies are less well understood. We investigated the impact and mechanisms of action of
carfilzomib and ONX 0912 in preclinical models of head and neck squamous cell carcinoma
(HNSCC).

Experimental Design—The effects of carfilzomib and ONX 0912 on HNSCC cell survival and
xenograft tumor growth were evaluated. The impact and mechanisms of both agents on apoptosis
and autophagy induction were also investigated. The contribution of the unfolded protein response
(UPR) to autophagy induction and the role of autophagy in attenuating HNSCC cell death was
determined.

Results—Carfilzomib and ONX 0912 potently induced apoptosis in HNSCC cell lines via
upregulation of proapoptotic Bik. Upregulation of Mcl-1 by these agents served to dampen their
efficacies. Carfilzomib and ONX 0912 also induced autophagy, mediated, in part, by activation of
the UPR pathway involving upregulation of ATF4 transcription factor. Autophagy induction
served a prosurvival role. Oral administration of ONX 0912 inhibited the growth of HNSCC
xenograft tumors in a dose-dependent manner.

Conclusions—These results show that carfilzomib and ONX 0912 are potently active against
HNSCC cells, and the activities of these agents can be enhanced via suppresion of Mcl-1 or
inhibition of autophagy. Oral ONX 0912 exhibits in vivo activity against HNSCC tumors, and
may represent a useful therapeutic agent for this malignancy.
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Introduction
The proteasome plays an important role in regulating cell growth by promoting ubiquitin-
mediated degradation of proteins that regulate cellular proliferation and survival (1).
Pharmacologic inhibition of the proteasome is emerging as a promising anti-cancer strategy.
The 26S constitutive proteasome complex expressed in most cell types contains a 20S
catalytic core with chymotrypsin-like (CT-L), caspase-like (C-L), and trypsin-like (T-L)
activities (2, 3). In vitro and in vivo studies have shown that the CT-L activity is rate
limiting for proteolysis by the proteasome (3-5). Bortezomib is a first-in-class compound
that reversibly inhibits both the CT-L and C-L activities of the proteasome, and has been
approved by the FDA for use in multiple myeloma and mantle cell lymphoma (6-9). Clinical
application of bortezomib is limited by de novo and acquired resistance, as well as adverse
toxicities (7, 8, 10-13). Development of peripheral neuropathy has been estimated at 35-52%
in bortezomib-treated myeloma patients (10, 12, 14, 15), with recent studies suggesting this
may be due to off-target inhibition of cellular serine proteases, including cathepsins A and
G, chymase, dipeptidyl peptidase II, and HtrA2/Omi (16).

Carfilzomib, a next-generation irreversible proteasome inhibitor, is a tetrapeptide
epoxyketone compound that displays a high degree of selectivity for the CT-L activity of the
proteasome (17, 18). Carfilzomib is well-tolerated in both mice and humans (18, 19), and
displays antitumor activity against lymphoma, myeloma, and Waldenstrom’s
Macroglobulinemia (17, 18, 20). Notably, carfilzomib demonstrates activity against
myeloma cells resistant to bortezomib, melphalan, and dexamethasone (17). Synergism of
carfilzomib with dexamethasone or histone deacetylase inhibitors has been reported (17, 21).
In contrast to bortezomib, carfilzomib fails to inhibit the C-L activity of the proteasome, or
other serine protease targets of bortezomib (16). The greater selectivity of carfilzomib may
explain the low rates of peripheral neuropathy observed in early phase clinical trials with
this agent .

Bortezomib and carfilzomib require intravenous or subcutaneous administration. By
contrast, ONX 0912, a recently generated derivative of carfilzomib, is orally bioavailable
(22). Similar to carfilzomib, ONX 0912 promotes cell death in myeloma cells from patients
who relapsed after treatment with bortezomib, dexamethasone, or lenalidomide (23). ONX
0912 antitumor activity has been demonstrated in myeloma and lymphoma xenograft models
(22, 23). The ability to deliver ONX 0912 via oral administration, coupled with activity
against tumor cells resistant to bortezomib or other conventional therapies has heightened
interest in this novel proteasome inhibitor.

While the antitumor activities of carfilzomib and ONX 0912 against a variety of
hematologic malignancies have been reported, considerably less is known about their effects
on solid tumors, including head and neck squamous cell carcinoma (HNSCC). HNSCC is a
common cancer, with 5-year survival rates that have lingered around 50% for the past
several decades (24). Despite FDA approval in 2006, cetuximab treatment benefits only a
small percentage of HNSCC patients (25), and the current therapeutic approaches of
surgery, radiation, and chemotherapy are associated with considerable adverse toxicities,
deficits in speaking and swallowing, and disfigurement. Thus, there is a compelling need to
develop new and effective therapeutic agents and strategies for this malignancy. Bortezomib
has been reported to promote HNSCC cell death both in vitro and in vivo (26-29).
Moreover, the combination of bortezomib with radiation in recurrent HNSCC demonstrated
sustained partial responses in 5 of 18 patients, and temporary responses or disease
stabilization in additional patients (30, 31). In view of the greater selectivities of carfilzomib
and ONX 0912, and the oral bioavailability of ONX 0912, we sought to determine the
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activities and mechanisms of action of these compounds against HNSCC in vitro and in
vivo.

We report that carfilzomib and ONX 0912 potently promote cell death in 8 different
HNSCC cell lines. Induction of cell death was associated with activation of apoptosis
signaling, as assessed by caspase activation and Annexin V staining. Treatment with either
agent resulted in upregulation of proapoptotic Bik, as well as antiapoptotic Mcl-1.
Prevention of Bik or Mcl-1 upregulation by siRNAs revealed that Bik mediates, while Mcl-1
attenuates, carfilzomib- and ONX 0912-induced HNSCC cell death. Both agents also
induced autophagy, associated with upregulation of Beclin-1, Atg5/12 conjugate, and LC3-
II, and formation of autophagasomes. Complete autophagic flux was demonstrated in studies
incorporating inhibitors of lysosomal proteases. Importantly, inhibition of autophagy
enhanced proteasome inhibitor-induced cell death. Autophagy induction was preceded by
activation of the unfolded protein response, resulting in elevated levels of phospho-PERK,
phospho-eIF2α, and ATF4 transcription factor. Carfilzomib- and ONX 0912-induced
autophagy was partially dependent on ATF4. Lastly, oral administration of ONX 0912 was
found to significantly inhibit the growth of HNSCC xenograft tumors. These findings
provide the basis for clinical testing of carfilzomib and ONX 0912 in HNSCC, and suggest
that the impact of these agents may be enhanced by combining with inhibitors of Mcl-1 or
autophagy.

Materials and Methods
Cells and Reagents

The human HNSCC cell lines UMSCC-22A, UMSCC-22B, 1483, UMSCC-1, and Cal33
(32) were grown at 37oC in DMEM containing 10% heat-inactivated FBS (HyClone
Laboratories), 100 units/mL penicillin, and 100 μg/mL streptomycin (Invitrogen).
UMSCC-22A cells stably expressing GFP-LC3 (33) were maintained in medium containing
500 μg/mL G418 (Mediatech). All cell lines were genotypically validated using the
AmpFlSTR® Profiler Plus™ kit from PE Biosystems, according to the manufacturer’s
instructions. E64d, pepstatin A, leupeptin, and chloroquine were from Sigma.

Cell viability and apoptosis assays
Cell viabilities were assessed by trypan blue exclusion assays. Briefly, cells were seeded in
triplicate at 2.0-2.5 × 104 cells/well in 48-well plates, allowed to grow overnight, then
treated for 48 hours with carfilzomib or ONX 0912. Control cells were treated with 0.1%
DMSO, the drug diluent. Following treatment, floating cells were combined with trypsinized
cells and viabilities were determined by counting a minimum of 300 cells per data point.
IC50 values were determined using GraphPad PRISM software (GraphPad Software, Inc.).
Apoptosis was quantified by performing Annexin V/propidium iodide staining (BD
BioScience, Inc.), followed by two-color flow cytometric analysis using an Epics Coulter
XL flow cytometer (Beckman Coulter).

Immunoblotting
Immunoblotting utilized antibodies directed against Bcl-XL (cat. #sc-8392), Mcl-1 (sc-819),
Bik (sc-10770), Bax (sc-493), Beclin-1 (sc-11427), total PERK (sc-13073), ATF4 (sc-200)
(Santa Cruz Biotechnology, Inc.), Bcl-2 (M0887)(Dako Corp.), Bim (AAP-330) and
caspase-3 (AAP-113)(Assay Designs), Bak (3814), PARP (9542) and phospho-eIF2α (3597;
Ser51)(Cell Signaling Technology), LC3 (NB100-2220) and Atg5/12 (NB110-53818)
(Novus Biologicals, Inc.), total eIF2α (606702) and phospho-PERK (649402; Ser713)
(BioLegend), and β-actin (A5441)(Sigma).
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siRNA transfection
Cells were seeded at 6.5 × 105 cells/plate in 60 mm dishes and grown overnight. The
medium was then replaced with DMEM lacking serum and antibiotics. Annealed siRNAs
were diluted to 100 nmol/L in Opti-Mem (Gibco Life Technologies), then transfected into
cells using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. After
6 hours, the medium was replaced with fresh DMEM containing 10% FBS and antibiotics,
and incubation continued for an additional 18 hours before treatment with the proteasome
inhibitors. Nonspecific siRNA was from Ambion, as were siRNAs for Mcl-1 (5′-
CCAGUAUACUUCUUAGAAATT-3′), Bik (5′-GGGAUGUUCUUAGAAGUUUTT-3′),
and ATF4 (5′-GCCUAGGUCUCUUAGAUGATT-3′).

Detection and quantification of GFP-LC3 puncta
UMSCC-22A cells stably expressing GFP-LC3 (33) were seeded at 6.5 × 104 cells/well on
microscope cover slips in 24-well plates and grown overnight. Following treatment, cells
were fixed in 4% paraformaldehyde, rinsed twice with cold PBS, and briefly dried. The
fixed cells were stained with Hoechst 33258 (Sigma), then rinsed 3 times with PBS. After
drying, the cells were sealed with mounting medium. Images detecting GFP-LC3 punctate
dots were captured using a confocal Olympus Flueview 1000 microscope. For each
treatment condition, the average number of GFP-LC3 puncta per cell was determined by
counting five random fields, with a minimum of 25 cells/field. The graphed data represents
the mean number of puncta/cell from 3 independent experiments.

In vivo inhibition CT-L activities and tumor growth
All animal studies were approved by the University of Pittsburgh Institutional Animal Care
and Use Committee. Athymic nude mice were inoculated subcutaneously in the flank with
the HNSCC cell line Cal33 (0.5 × 106 cells). Mice bearing tumors between 3-5 mm in
diameter were randomized into 3 groups of 3 mice/group for assessment of in vivo CT-L
activities, or 10 mice/group for tumor growth studies. CT-L activities in normal and tumor
tissues were determined as previously described (18). For tumor growth studies, tumors
were measured twice weekly in 2 perpendicular dimensions using vernier calipers. Animals
were treated via oral gavage with vehicle control (1% carboxymethyl cellulose in 0.2 ml
saline) or ONX 0912 (10 or 30 mg/kg body weight in 0.2 ml).

Statistical analysis
For in vitro studies, the statistical significance of differences between two groups was
determined by one-way ANOVA. For in vivo studies, two-way comparisons between tumor
volumes of mice treated with vehicle or ONX 0912 were carried out using the Kruskal-
Wallis exact test for K-independent samples with StatXact-9 (Cytel Studio, Cambridge MA)
software. P values less than 0.05 were considered statistically significant.

Results
Carfilzomib and ONX 0912 induce apoptosis signaling and cell death in HNSCC cells

To investigate the activities of carfilzomib and ONX 0912 against HNSCC, we employed
eight different cell lines (Table 1). The HNSCC cells were treated for 48 hours with varying
concentrations of carfilzomib or ONX 0912, followed by performance of trypan blue
exclusion assays. The IC50 values presented in Table 1 represent the average of values
obtained in 3 independent experiments (raw data is shown in Supplemental Figs. 1A & 1B).
Carfilzomib exhibited IC50 values ranging from 18.3-70.4 nmol/L in the 8 different cell
lines. ONX 0912 was somewhat less potent, with IC50s ranging from 58.9-185.7 nmol/L.
The roughly 3-fold lower potency of ONX 0912, relative to carfilzomib, was consistent with
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prior demonstration that ONX 0912 is somewhat less potent than carfilzomib at inhibiting
the CT-L activity of the proteasome (22). We then examined the impact of carfilzomib and
ONX 0912 on cellular apoptosis using 4 HNSCC cell lines (UMSCC-1, UMSCC-22B, 1483,
and UMSCC-1) which have been extensively characterized with respect to molecular
mechanisms of proliferation and survival, and responsiveness to molecular targeting agents.
Treatment of HNSCC cells with carfilzomib or ONX 0912 led to the activation of apoptosis
signaling. In the 4 HNSCC cell lines examined, treatment resulted in processing of
caspase-3 to active subunits and cleavage of the caspase substrate poly(ADP-ribose)
polymerase (PARP; Fig. 1A). Flow cytometric detection of Annexin V staining confirmed
the activation of HNSCC cell apoptosis (Fig. 1B).

To further assess the importance of caspase-3 activation, UMSCC-22A and 1483 cells were
treated with carfilzomib or ONX 0912 in the absence or presence of the caspase-3 inhibitor
z-DEVD or the pancaspase inhibitor z-VAD (Supplemental Figs. 2A & 2B). Treatment with
either inhibitor partially inhibited carfilzomib- and ONX 0912-induced apoptosis as
determined by Annexin V staining. Thus, induction of HNSCC apoptosis by these
proteasome inhibitors is at least partially dependent on caspase-3.

Bik mediates and Mcl-1 attenuates carfilzomib- and ONX 0912-induced HNSCC apoptosis
The proteasome regulates the expression levels of multiple proteins involved in cellular
proliferation and survival, including several members of the Bcl-2 protein family. Thus, we
next investigated the impact of carfilzomib and ONX 0912 on the expression of Bcl-2
family members (Fig. 2A). Both upregulation and downregulation of Bcl-2 family members
was observed, with similar trends in all 4 HNSCC cell lines, and similar results with both
agents. Marked downregulation of anti-apoptotic Bcl-2 was observed in the 3 cell lines that
expressed this protein. By contrast, anti-apoptotic Bcl-XL and Mcl-1 were upregulated in all
4 cell lines, with Mcl-1 upregulation being particularly dramatic. With respect to
proapoptotic proteins, strong upregulation of Bik was seen in 2 cell lines and more modest
upregulation was seen in the other 2 lines. Modest upregulation of Bim and Bax was
detected in all 4 lines. The expression of Bak did not appear to be appreciably altered.

In view of the strong upregulation of proapoptotic Bik and antiapoptotic Mcl-1, we sought to
determine the significance of these events for carfilzomib- and ONX 0912-induced HNSCC
apoptosis. Upregulation of Bik and Mcl-1 was prevented by treating UMSCC-22A (Fig.
2B), 1483 (Supplemental Fig. 3A), or UMSCC-1 (Supplemental Fig. 3B) with siRNAs
specific for each. Treatment with Bik siRNA resulted in inhibition of carfilzomib- and ONX
0912-induced apoptosis, when compared with treatment with nonspecific siRNA, as
assessed by Annexin V staining (Fig. 2C and Supplemental Figs. 3A & 3B) or caspase-3
activation (Fig. 2D). By contrast, siRNA-mediated suppression of Mcl-1 upregulation
resulted in enhanced Annexin V staining (Fig. 2C and Supplemental Figs. 3A & 3B) and
caspase-3 activation (Fig. 2D) following carfilzomib or ONX 0912 treatment. Taken
together, these findings indicate that Bik acts to mediate the proapoptotic activities of
carfilzomib and ONX 0912 against HNSCC cells, while upregulated Mcl-1 acts to blunt the
killing activities of the compounds.

Carfilzomib and ONX 0912 induce autophagy in HNSCC cells that acts to promote cell
survival

We next investigated the impact of carfilzomib and ONX 0912 on cellular autophagy in
HNSCC cells. Treatment of HNSCC cells with carfilzomib or ONX 0912 resulted in
upregulation of the autophagy regulatory proteins Beclin-1 and conjugated Atg5-Atg12,
suggestive of autophagy induction (Fig. 3A). Additionally, both agents markedly induced
expression of LC3-II, a processed form of Atg8 (LC3) that is generated during autophagy. In
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cells undergoing complete autophagic flux, LC3-II is known to be subsequently degraded by
lysosomal proteases in autolysosomes (34). To determine whether carfilzomib and ONX
0912 induced a complete autophagic flux in HNSCC cells, we treated cells with either agent
in the absence or presence of the lysosomal protease inhibitors E64d, pepstatin A, and
leupeptin (Fig. 3B). Inhibition of lysosomal proteases led to further increases in LC3-II
levels in carfilzomib- and ONX 0912-treated cells, indicating that these agents promote
complete autophagic flux.

To confirm the induction of autophagy by carfilzomib and ONX 0912, we examined their
effects on autophagasome formation (Fig. 3C). UMSCC-22A cells stably expressing GFP-
LC3 were treated with carfilzomib and ONX 0912, followed by fluorescence visualization
of GFP-LC3-II localization to punctate cytoplasmic dots, an indicator of autophagasome
formation (34). Treatment with carfilzomib and ONX 0912 led to a roughly 10-fold increase
in the average number of puncta/cell, supporting the conclusion of autophagy induction.

Autophagy induction by bortezomib has been shown to promote either cell death or cell
survival, depending on the cell type studied (35-39). To determine whether the autophagy
induction we observed serves a prodeath or a prosurvival role in HNSCC, cells were treated
with carfilzomib in the absence or presence of the autophagy inhibitor chloroquine, followed
by performance of trypan blue exclusion assays (Fig. 3D). Treatment with a subtoxic dose of
chloroquine enhanced cell killing by carfilzomib in all 4 HNSCC cell lines examined. A
similar trend, but reduced magnitude of effect was seen in ONX 0912-treated cells that were
co-treated with chloroquine (Supplemental Fig. 5). These findings indicate that autophagy
induction promotes cell survival and attenuates the killing activity of carfilzomib and ONX
0912 in HNSCC.

Carfilzomib and ONX 0912 activation of the unfolded protein response leads to ATF4-
dependent induction of autophagy

Inhibition of the proteasome leads to cellular accumulation of proteasomal substrate
proteins, including unfolded proteins. The accumulation of unfolded proteins is predicted to
activate the unfolded protein response (UPR), involving phosphorylation/activation of PKR-
like endoplasmic reticulum kinase (PERK), followed by phosphorylation of eIF2α
translation initiation factor and preferential translation of ATF4 transcription factor (40).
Prior studies have suggested a role for ATF4 in autophagy induction (41, 42). As shown in
Figure 4A, treatment with carfilzomib or ONX 0912 led to elevated levels of phospho-
PERK (p-PERK), phospho-eIF2α (p-eIF2α), and ATF4 in 4 HNSCC cell lines, indicating
activation of the UPR.

To determine whether ATF4 upregulation plays a role in carfilzomib- and ONX 0912-
induced autophagy, we first performed a timecourse analysis of ATF4 and LC3-II
expression (Fig. 4B). ATF4 upregulation was first detected at 3 hours in carfilzomib-treated
UMSCC-22A cells, and at 6 hours in cells treated with ONX 0912, with peak expression
occurring 6 or 12 hours after treatment. Upregulation of LC3-II occurred with slower
kinetics, with peak levels observed 48 hours after initiation of treatment. To further assess
the role of ATF4, we inhibited expression using siRNA (Fig. 4C). Suppression of ATF4
expression resulted in diminished induction of LC3-II in carfilzomib- and ONX 0912-treated
UMSCC-22A cells. Highly similar results were seen following knockdown of ATF4 in 1483
(Supplemental Fig. 4A) and UMSCC-1 (Supplemental Fig. 4B) cells. Moreover, a roughly
5-fold reduction in the average number of puncta/cell was observed in carfilzomib- and
ONX 0912-treated UMSCC-22A cells that were simultaneously treated with ATF4 siRNA,
compared with simultaneous treatment with nonspecific siRNA (Fig. 4D). These findings
indicate that upregulation of ATF4 is at least partially responsible for mediating carfilzomib
and ONX 0912 induction of autophagy in HNSCC cells.
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We next determined the impact of ATF4 suppression on carfilzomib- and ONX 0912-
induced apoptosis. Inhibition of ATF4 expression in UMSCC-22A and 1483 cells resulted in
a modest enhancement of apoptosis, as assessed by flow cytometric analysis of Annexin V
staining (Supplemental Figs. 6A & 6B).

ONX 0912 inhibits HNSCC tumor growth in vivo
The antitumor activity of orally administered ONX 0912 was investigated using nude mice
harboring HNSCC xenograft tumors. In initial studies we sought to determine the impact of
ONX 0912 on CT-L activity in the HNSCC tumors. Since ONX 0912 is an irreversible
proteasome inhibitor, repeated treatment would be expected to result in cumulative
proteasome inhibition. Therefore, a single oral administration of vehicle or ONX 0912 (10
or 30 mg/kg) was given to tumor-bearing mice (3/group), followed by harvest of tumors or
normal tissues one hour later (Fig. 5A). In liver tissue, CT-L activity was inhibited by
greater than 50% at both doses of ONX 0912, while in blood and heart greater than 50%
inhibition was only achieved at the 30 mg/kg dose. In the HNSCC tumors, greater than 50%
CT-L inhibition was seen at 30 mg/kg (although only 2 of 3 tumors were evaluable), but not
at the lower dose. These findings indicate that a single oral administration of 30 mg/kg
effectively inhibited CT-L activity in normal and HNSCC tumor tissues.

We next examined the impact of ONX 0912 on HNSCC tumor growth. Mice harboring
HNSCC xenograft tumors (10/group) were treated with vehicle alone or with ONX 0912 (10
or 30 mg/kg), and tumor volumes were determined (Fig. 5B). Treatments were administered
via oral gavage once a day on two consecutive days and repeated weekly for 2 weeks.
Treatment with 10 mg/kg ONX 0912 did not have a significant effect on tumor growth,
relative to treatment with vehicle alone. By contrast, highly significant inhibition of HNSCC
tumor growth was seen with 30 mg/kg ONX 0912 (p = 0.003). These results demonstrate
that consecutive-day treatment with orally administered ONX 0912, using a dose that has
previously been shown to be well tolerated (22), leads to inhibition of HNSCC tumor
growth. In additional in vivo studies, we observed dose-dependent antitumor effects of
carfilzomib (consecutive-day/once per week, intravenous delivery of 3 or 5 mg/kg
carfilzomib; Supplemental Fig. 7).

DISCUSSION
Proteasome inhibition has emerged as a valuable anti-cancer strategy, particularly in
hematologic malignancies. The first-in-class proteasome inhibitor, bortezomib, demonstrates
clinical efficacy against myeloma and mantle cell lymphoma and is undergoing evaluation
in a variety of other hematologic malignancies. Treatment of solid tumors with bortezomib
has met with less success, or has not been extensively investigated. In the case of HNSCC,
preclinical studies have shown that bortezomib potently promotes cell death, accompanied
by inhibition of NF-κB (26, 30), generation of reactive oxygen species (27), activation of
apoptosis and autophagy (27, 28, 33, 43), and suppression of xenograft tumor growth (26).
In recurrent HNSCC patients, bortezomib in combination with radiation exhibited moderate
activity (30, 31). However, a subsequent phase 1 trial involving addition of bortezomib to
cetuximab and radiation in HNSCC was terminated due to unexpected early progression in 5
of 7 patients, and advised against bortezomib/cetuximab combination (44).

The application of bortezomib to the treatment of solid tumors has been limited by a number
of factors. Because the dipeptide boronate structure of bortezomib acts to reversibly inhibit
proteasome activity, prolonged proteasome inhibition requires frequent and extended
treatment. Moreover, a high rate of adverse toxicities, including peripheral neuropathy, is
seen in bortezomib-treated patients. Recent studies indicate that these adverse events are due
to off-target, nonproteasomal effects of bortezomib (16). Bortezomib inhibits both the CT-L
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and C-L activities of the proteasome, and also inhibits the serine proteases chymase,
dipeptidyl peptidase II, HtrA2/Omi, and cathepsins A and G. Inherent and acquired
resistance to bortezomib represents a further limitation to treatment.

Considerable effort is being invested to develop next generation proteasome inhibitors that
can overcome some of the limitations associated with bortezomib. Carfilzomib is a highly
selective inhibitor of the CT-L activity associated with the 20S β5 subunit of the constitutive
proteasome that is found in most cells. Additionally, carfilzomib inhibits the CT-L activity
of the LMP7 subunit of the immunoproteasome that is expressed primarily in hematopoietic
cells (18, 20). Carfilzomib does not exhibit inhibitory activity against the multiple serine
proteases inhibited by bortezomib, and a markedly reduced rate of peripheral neuropathy has
been reported in carfilzomib-treated patients. The epoxyketone moiety of carfilzomib acts to
irreversibly inhibit the proteasome, ensuring prolonged inhibition that requires synthesis of
new proteasome subunits to restore cellular activity (18). ONX 0912 is a recently derived
derivative of carfilzomib that offers the further advantage of being orally bioavailable (22).
Both agents inhibit the growth of lymphoma, myeloma, and Waldenstrom’s
Macroglobulinemia xenograft tumors (17, 18, 20, 22, 23), and are inhibitory against
myeloma cells that are resistant to conventional therapies, including bortezomib (17, 23). A
phase 1 study of carfilzomib has shown that it is well-tolerated with consecutive-day dosing
(19).

We investigated the activities and mechanisms of carfilzomib and ONX 0912 against
HNSCC preclinical models. Both compounds potently promoted cell death in 8 different
HNSCC cell lines. ONX 0912 exhibited slightly reduced potency relative to carfilzomib,
consistent with findings from the first report of this derivative (22). However, since ONX
0912 offers the unique advantage over carfilzomib and bortezomib of being orally
bioavailable, we investigated ONX 0912 antitumor activity in vivo. Marked inhibition of
CT-L activity in HNSCC xenograft tumors and normal tissues was seen following a single
oral administration of ONX 0912. Further, consecutive-day dosing (on a weekly basis) of 30
mg/kg ONX 0912 yielded potent inhibition of tumor growth, supporting the potential utility
of this compound in HNSCC.

Carfilzomib- and ONX 0912-induced cell death was accompanied by activation of apoptosis
signaling, mediated, in part, by upregulation of proapoptotic Bik. Others have reported that
apoptosis induction by carfilzomib, ONX 0912, or other proteasome inhibitors is partially
dependent on activation of jun N-terminal kinase (JNK) enzymes (17, 20, 45, 46). In
HNSCC, we previously reported that bortezomib-induced JNK activation also acts to
promote autophagy (33). The importance of JNK for autophagy induction by carfilzomib
and ONX 0912 remains to be determined. We further showed that carfilzomib and ONX
0912 activated the UPR in HNSCC cells, leading to induction of ATF4. ATF4 was found to
partially mediate autophagy induction by both compounds.

Our studies also revealed two approaches that can be pursued for enhancing the killing
activities of carfilzomib and ONX 0912 against HNSCC cells. Carfilzomib and ONX 0912
were found to upregulate antiapoptotic Mcl-1 and activate prosurvival autophagy.
Suppression of either Mcl-1 or autophagy improved the potencies of carfilzomib and ONX
0912. Thus, combination of carfilzomib or ONX 0912 with inhibitors of Mcl-1 or autophagy
may represent a promising therapeutic strategy.

It should be noted that the 8 HNSCC cell lines used in our study do not harbor human
papilloma virus (HPV). HPV infection represents an emerging risk factor in HNSCC, and is
associated with tumors of the oropharynx and favorable prognosis (47). Notably, in the
phase 1 trial of bortezomib, cetuximab, and radiotherapy in HNSCC patients, early
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termination of the trial occurred when 5 patients with favorable prognosis oropharyngeal
cancer progressed within 1 year (44). By contrast, 2 patients, 1 with oropharyngeal cancer
and 1 with HPV-negative HNSCC did not exhibit progression. Moreover, in vitro studies in
HNSCC and a phase 1 study in lung cancer and HNSCC have suggested a benefit of
combining bortezomib and EGFR inhibitors (29, 48-50). It remains possible that the use of
proteasome inhibitors in HPV-positive HNSCC, where wild-type p53 should be liberated by
proteasome inhibition, may lead to alternative outcomes compared with HPV-negative
HNSCC, where p53 is typically mutated or absent. Further studies will be needed to
examine the impact and mechanisms of carfilzomib and ONX 0912 in HPV-positive
HNSCC models.

In summary, our findings demonstrate that carfilzomib and ONX 0912 potently inhibit the
viability of HNSCC cells in vitro, and that oral administration of ONX 0912 effectively
inhibits growth of HNSCC solid tumors in vivo. Our mechanistic studies provide a
foundation for enhancing the therapeutic efficacies of carfilzomib and ONX 0912 via co-
treatment with inhibitors of antiapoptotic Mcl-1 protein or autophagy.
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Translational Relevance

Application of the reversible proteasome inhibitor bortezomib to solid tumors is hindered
by the need for frequent dosing, development of peripheral neuropathy (PN), and drug
resistance. Carfilzomib, a second in class proteasome inhibitor, is a highly selective,
irreversible inhibitor of the chymotrypsin-like activity of the proteasome, and is
associated with reduced PN. The derivative compound, ONX 0912, offers a further
advantage of being orally bioavailable.

We demonstrate that carfilzomib and ONX 0912 potently kill head and neck squamous
cell carcinoma (HNSCC) cells via upregulation of Bik. Oral administration of ONX 0912
markedly reduced the growth of HNSCC tumors in vivo. Our mechanistic studies reveal
that both compounds also induce antiapoptotic Mcl-1 and prosurvival autophagy.
Suppression of Mcl-1 or autophagy enhanced the killing activities of carfilzomib and
ONX 0912, providing a strategy for further improving the efficacies of these promising
proteasome inhibitors against HNSCC.
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Figure 1.
Carfilzomib and ONX 0912 induce apoptosis signaling in HNSCC cells. A, UMSCC-22A,
UMSCC-22B, 1483 and UMSCC-1 cells were treated for 24 hours with 0.1% DMSO, or
200 nmol/L carfilzomib or ONX 0912, followed by immunoblotting with anti-PARP, anti-
caspase-3, or anti-β-actin. Shown are full-length PARP, cleaved PARP (c-PARP), and the
cleaved, active subunits of caspase-3. Similar results were obtained in 3 independent
experiments. B, UMSCC-22A cells were treated for 48 hours with 0.1% DMSO, or varying
concentrations of carfilzomib or ONX 0912, followed by flow cytometric analysis of
Annexin V/PI staining. Numbers indicate the percentage of Annexin V-positive cells. The
experiment was performed 3 times with similar results.
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Figure 2.
Carfilzomib- and ONX 0912–induced apoptosis is mediated by Bik upregulation, and
antagonized by Mcl-1 upregulation. A, UMSCC-22A, UMSCC-22B, 1483 and UMSCC-1
cells were treated for 24 hours with 0.1% DMSO, or 100 nmol/L carfilzomib or ONX 0912,
followed by immunoblotting for the indicated proteins. In the case of Bik immunoblotting,
cells were treated with 200 nmol/L carfilzomib or ONX 0912 to more clearly demonstrate
Bik upregulation in 1483 and UMSCC-1 cells. Blots shown are representative of 3
independent experiments. B, UMSCC-22A cells were left untreated, or were transfected
with nonspecific siRNA, Bik siRNA or Mcl-1 siRNA. Transfected cells were treated for 24
hours with 0.1% DMSO, or 100 nmol/L carfilzomib or ONX 0912, then subjected to
immunoblotting for Bik, Mcl-1, or β-actin. C, UMSCC-22A cells transfected with
nonspecific, Bik, or Mcl-1 siRNAs were treated for 24 hours with 0.1% DMSO, or 100
nmol/L carfilzomib or ONX 0912, followed by flow cytometric analysis of Annexin V/PI
staining. Numbers indicate the percentage of Annexin V-positive cells. The experiment was
performed 3 times with similar results. D, UMSCC-22A cells were treated as in Panel B,
followed by immunoblotting with anti-PARP, anti-caspase-3, and anti-β-actin. Densitometry
was used to calculate ratios. Similar results were seen in 3 independent experiments.
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Figure 3.
Carfilzomib and ONX 0912 induce prosurvival autophagy in HNSCC cells. A, HNSCC cells
were treated for 24 hours with 100 nmol/L carfilzomib or ONX 0912, or with 0.1% DMSO.
Immunoblots were probed for Beclin-1, Atg5/12 conjugate, LC3-II, or β-actin.
Representative blots from 3 independent experiments are shown. B, to assess complete
autophagic flux, UMSCC-22A cells were treated for 24 hours with 100 nmol/L carfilzomib
or ONX 0912 in the absence or presence of the lysosomal protease inhibitors E64d (10 μg/
ml), pepstatin A (PA; 10 μg/ml), and leupeptin (Leu; 1 μg/ml). Control cells were treated
with DMSO alone, or with E64d/PA/Leu alone. Following treatment, cell lysates were
probed for LC3-II or β-actin. LC3-II/β-actin ratios were determined by densitometry.
Similar results were obtained in 3 independent experiments. C, UMSCC-22A cells stably
expressing GFP-LC3 were treated as in Panel A. The treated cells were fixed in
paraformaldehyde and nuclei stained with Hoechst 33258. The average number of puncta/
cell was determined as described in Materials and Methods. Columns represent the average
number of puncta/cell from 3 independent experiments; error bars represent the standard
error of the means (SEM). D, HNSCC cells were treated with the indicated concentrations of
carfilzomib in the absence or presence of 10 μmol/L chloroquine. After 48 hours, cell
viabilities were determined by trypan blue exclusion assays. Data represent the mean + SEM
from 3 independent experiments.
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Figure 4.
Carfilzomib and ONX 0912 activate the unfolded protein response (UPR), inducing ATF4-
mediated autophagy in HNSCC cells. A, HNSCC cells were treated for 24 hours with 0.1%
DMSO, or 100 nmol/L carfilzomib or ONX 0912. Immunoblotting was used to assess the
levels of p-PERK (Ser713), total PERK, p-eIF2α (Ser51), total eIF2α, ATF-4, and β-actin.
In the case of p-eIF2α and ATF4, immunoblotting was performed after only 6 hours of
treatment. The ratios of immunoblotted proteins to β-actin were determined using β-actin
blots from the corresponding timepoint (6 or 24 hours). Representative blots from 3
independent experiments are shown. B, UMSCC-22A cells were treated for the indicated
times with 100 nmol/L carfilzomib or ONX 0912, followed by immunoblotting for ATF4,
LC3-II, or β-actin. C, UMSCC-22A cells transfected with nonspecific siRNA or ATF4
siRNA were treated as in Panel A, then subjected to immunoblotting for ATF4, LC3-II, or
β-actin. D, UMSCC-22A cells stably expressing GFP-LC3 were transfected with
nonspecific siRNA or ATF4 siRNA, followed by treatment for 24 hours with 100 nmol/L
carfilzomib or ONX 0912. Columns represent the average number of puncta/cell from 3
independent experiments; error bars represent the SEM.
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Figure 5.
Oral administration of ONX 0912 inhibits HNSCC xenograft tumor growth in vivo. A, Nude
mice bearing HNSCC xenograft tumors were randomized into 3 groups (3 mice/group),
followed by a single oral administration of vehicle (1% carboxymethyl cellulose) or ONX
0912 (10 or 30 mg/kg). One hour after treatment, tumors and normal tissues were harvested
and CT-L activities were determined. Error bars represent the SEM. B, HNSCC tumor-
bearing mice were randomized into 3 groups (10 mice/group) on day 0. Treatment with
vehicle or ONX 0912 (10 or 30 mg/kg) was initiated on day 1. Mice were treated once per
day for two consecutive days and the treatment repeated weekly for 2 weeks (arrows
represent treatment days). Mean tumor volumes ± SEM are presented.
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Table 1

IC50 values (nmol/L) of carfilzomib and ONX 0912 against HNSCC cell lines

Carfilzomib ONX 0912

UMSCC-22A 38.7 ± 1.0 98.5 ± 10.3

UMSCC-22B 30.7 ± 9.3 106.5 ± 9.7

1483 50.5 ± 11.9 152.0 ± 20.5

UMSCC-1 34.6 ± 2.6 135.8 ± 15.6

Cal33 49.3 ± 8.9 88.5 ± 1.4

PCI-15A 70.4 ± 22.6 185.7 ± 7.1

PCI-15B 39.5 ± 11.0 105.7 ± 3.4

OSC-19 18.3 ± 4.2 58.9 ± 8.8
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