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Abstract
p97 is an ATPase that works in concert with histone deacetylase 6 (HDAC6), to facilitate the degradation of misfolded
proteins by autophagosomes. p97 has also been implicated in DNA repair and maintaining genomic stability. In this study,
we determined the effect of combined inhibition of p97 and HDAC6 activities in mantle cell lymphoma (MCL) cells. We
report that treatment with p97 inhibitors induces dose-dependent apoptosis in MCL cells. The p97 inhibitor CB-5083
induces ER stress markers GRP78 and CHOP and results in the accumulation of polyubiquitylated proteins. Co-treatment
with CB-5083 and the HDAC6 inhibitor ACY-1215 result in marked downregulation of CDK4, Cyclin D1, and BRCA1
levels without inhibiting autophagic flux. Consequently, treatment with CB-5083 accentuates DNA damage in response to
treatment with ACY-1215 resulting in enhanced accumulation of H2AX-γ and synergistic apoptosis. Furthermore, ATM loss
severely impairs phosphorylation of 53BP1 following co-treatment with CB-5083 and ACY-1215 in response to gamma
irradiation. Finally, co-treatment CB-5083 and ACY-1215 results in reduced tumor volumes and improves survival in
Z138C and Jeko-1 xenografts in NSG mice. These observations suggest that combined inhibition of p97 and HDAC6
abrogates resolution of proteotoxic stress and impairs DNA repair mechanisms in MCL cells.

Introduction

Mantle cell lymphoma (MCL) is a rare but aggressive sub-
type of non-Hodgkin’s lymphoma which is characterized by
constitutive expression of cyclin D1 (CCND1) [1]. Other
recurrent genetic mutations in MCL include mutations in
ATM, p53, and CCND1, as well as the activation of

signaling pathways including that of B-cell receptor (BCR),
phosphoinositide-3 kinase (PI3K), and nuclear factor-kappa
B (NF-κB) [2, 3].

MCL cells are sensitive to agents (such as bortezomib,
pan-HDAC inhibitors, or their combination) that disrupt
protein homeostasis and induce proteotoxic stress [4]. We
therefore reasoned that p97, or valosin-containing protein
(VCP), could be a potential therapeutic target in MCL,
owing to its ability to resolve proteotoxic stress. p97 is a
segregase with ATPase activity that works in concert with
the ubiquitin proteasome system to remodel protein com-
plexes and restore protein homeostasis [5, 6]. In a process
called endoplasmic reticulum-associated degradation
(ERAD), p97 promotes the retrotranslocation of misfolded,
ubiquitylated proteins from the ER and facilitates their
proteasomal degradation [7]. p97 inhibition has emerged as
a novel therapeutic target in cancer cells—especially those
that depend on high protein turnover and/or ER function [8,
9].

p97 serves as a modulator of genome stability by parti-
cipating in DNA replication, transcription, and repair
mechanisms. Double-stranded DNA breaks (DSBs) induce
the ubiquitin ligase RNF8 and RNF168-mediated
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ubiquitylation of the histone H2A (H2AK15). In association
with its cofactor Ufd1-Npl4, p97 recognizes ubiquitylated
H2AK15 and facilitates the recruitment of additional DNA
repair proteins, such as Ku80 and the H4K20me2-binding
protein 53BP1 onto DSBs, which participate in non-
homologous end joining (NHEJ) DNA repair [10, 11].
This process is regulated by DNA-damage-induced phos-
phorylation of 53BP1 by ataxia-telangiectasia mutated
(ATM) and ATR (ATM and Rad3 Related) protein kinases
throughout the interphase [10, 11]. In contrast to NHEJ
pathway, cells in the G2 and S phases of the cell cycle
repair DNA by homologous recombination (HR) pathway
in a process that involves DNA end resection. p97-mediated
release of Ku proteins and 53BP1 from DSBs commits the
cells to HR and promotes the recruitment of HR-associated
repair proteins, such as Rad51 and BRCA1 on DSBs [12,
13].

p97-dependent homeostatic pathways intersect with his-
tone deacetylase 6 (HDAC6) protein in the clearance of
ubiquitylated misfolded proteins. In complex with p97 and
HSP90, HDAC6 regulates reversible deacetylation of the
molecular chaperone HSP90 [14, 15]. Hyperacetylation of
HSP90 in response to treatment with pan-HDAC inhibitors
or HSP90 inhibitors, impairs maturation of a myriad of
HSP90 “client proteins” including BRCA1, CDK4 as well
as HDAC6 [16–18]. Under conditions that induce proteo-
toxic stress, p97 facilitates the extraction of HDAC6 from
polyubiquitylated proteins to restore the formation of the
HSP90-HDAC6 complex [14]. Furthermore, by binding to
and shuttling misfolded, ubiquitylated proteins through its
c-terminus Zinc finger domain, HDAC6 facilitates their
sequestration into cytoprotective aggresomes which are
degraded by the fusion of autophagosomes with lysosomes
[19, 20].

It is presently unclear whether disrupting the functional
cooperativity between HDAC6 and p97 affects MCL-cell
survival. In this study, we report the synergistic activity of
p97 inhibitors with the HDAC6-selective inhibitor, ACY-
1215 in MCL cells. Our studies further explore the inter-
section of p97 and HDAC6 functions in autophagy and
DNA repair in MCL cells [21].

Materials and methods

Cell culture, p97 inhibitors, and antibodies

Human MCL cell lines MO2058, JeKo-1, and Z138C were
cultured as described previously [4]. Rec-1 and JVM-2 cells
were obtained from ATCC. All cells were screened for
cyclin D1 expression and authenticated from University of
Arizona Genetics Core every 6 months. All primary de-

linked de-identified MCL samples were procured after
informed consent through an institutionally approved pro-
tocol (HSC-5929). B cells were isolated from MCL speci-
mens as described previously [22]. p97 inhibitors DBeQ
and NMS-873 were obtained from Selleck chemicals
(Houston, TX), ML240 was obtained from Sigma Aldrich
(St. Louis, MO) and ACY-1215 and CB-5083 were
obtained from MedChem Express (NJ)

Western blot analyses

Western blot analyses were performed using specific anti-
sera or monoclonal antibodies as described previously [4].
Blots were scanned and quantified with Odessey Infrared
Scanning System. List of antibodies and their source is
available in supplementary Figure 1S. All western blots data
were repeated three independent times.

Proteostat staining and confocal
immunofluorescent microscopy

MCL cells were stained with LC3B-II antibodies as
described previously [4]. Proteostat staining was performed
as per manufacturer’s instructions (Enzo LifeSciences, NY)
[23]. The slides were imaged using Carl Zeiss Pascal con-
focal microscope at ×63 magnification. The experiments
were repeated three independent times.

Annexin V-propidium iodide staining and cell cycle
analysis

MCL cell lines were exposed to indicated-concentrations of
drugs for 24–48 h and apoptotic cells were assessed using a
BD Accuri flow cytometer [4]. All experiments were
repeated three times to obtain standard deviation of the
mean values. Synergistic interactions for the combination of
drugs were assessed using the median dose effect of Chou–
Talalay. Combination index (CI) for each drug was obtained
using the commercially available software Calcusyn (Bio-
soft, Ferguson, MO) [4]. Alternatively, cell cycle analysis
was performed as described previously [4].

Transfection and lentiviral knockdown of HDAC6

Z138C cells were transiently transfected by nucleofection
using non-targeted (NT) RNA or siRNA smartpool for p97
(Dharmacon) utilizing the Human B cell transfection kit
(program U-015). Jeko-1 cells were transfected with siRNA
utilizing Xtremegene siRNA transfection kit (Sigma
Aldrich, St. Louis). HDAC6 was knocked down with len-
tiviral Mission shRNA (Sigma Aldrich, St. Louis) in Jeko-1
and Z138C cells.
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In vivo studies with MCL cells xenograft

In vivo studies were carried out in accordance with an
institutional animal care and use committee-approved
protocol (2016-2352). MCL xenografts were generated by
injecting 2.5 million Z138C cells or 3 million Jeko-1 into
the flanks of NOD-SCID-IL2rg-/- (NSG) mice (N= 6 per
group). Mice were randomized based on tumor volumes
(average= 200 mm3). Mice were administered with
vehicle (hydroxyl propyl methyl cellulose), CB-5083 (40

mg/kg p.o., on a 4 days on and 3 days off schedule),
ACY-1215 (40 mg/kg intraperitoneally, on a 5 days on
and 2 days off schedule) or the combination of CB-5083
and ACY1215. All treatments were unblinded. Treatment
was continued for 2 weeks and mice were humanely
sacrificed when the tumor volume reached 2000 mm3.
Survival was plotted on a Kaplan–Meier plot as described
previously [4]. Kaplan–Meier survival curves were per-
formed with Log Rank test. All the tests were two-sided
with significance level of 0.05.

Fig. 1 Treatment with p97
inhibitors induces apoptosis in
MCL cells. a, b Jeko-1,
MO2058, and Z138C cells were
treated with increasing
concentrations of DBeQ,
ML240, NMS-873, and CB-
5083 for 48 h. The percentage of
cells undergoing apoptosis was
determined by Annexin-V-FITC
and propidium iodide staining
followed by flow cytometry. c
MCL cell lines were treated with
the indicated doses of CB-5083
for 6 h and the levels of
polyubiquitylated proteins,
CHOP, and GRP78 were
determined by immunoblot
analysis
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Results

Sensitivity of MCL cells to p97 inhibitors in vitro

In order to determine the effect of p97 inhibition on MCL
cells, we exposed cultured MCL cell lines to a series of p97
inhibitors, such as DBeQ, ML-240, NMS-873, and CB-
5083 [24–27]. Our studies demonstrate that most MCL cell
lines tested are sensitive to p97 inhibitors, with Z138C
being the least sensitive (Fig. 1a, b). We next determined
the effect of p97 on the induction of ER stress in MCL cells.
We observed that p97 inhibition with CB-5083-induced
CHOP (an ER-stress inducible pro-apoptotic transcription
factor) and GRP78 (an ER-resident HSP70 homolog) in
MCL cells (Fig. 1c) [28]. Consistent with the reported
effects of p97 inhibition on cellular protein homeostasis,
treatment with CB-5083 resulted in the accumulation of
polyubiquitylated proteins in MCL cells lines.

Co-treatment with p97 inhibitors with HDAC6
inhibitors induces synergistic apoptosis in MCL cells

In order to define novel therapeutic strategies that
could potentially improve the anti-MCL activity of p97
inhibitors, we tested the effect of the combination of

the HDAC6 selective inhibitor ACY-1215 with CB-5083
treatment in MCL cells. We reasoned that inhibiting p97
function, as well as HDAC6 activity would lead to
the accumulation of ubiquitylated protein
aggregates leading to proteotoxicity-induced cell death
[4, 15]. We observed that while ACY-1215
induces modest apoptosis at low-micromolar concentra-
tions in MCL cell lines, co-treatment with p97 inhibitors
ML240 and CB-5083 with ACY-1215 induces synergistic
apoptosis in cultured MCL cells (Fig. 2a, b and Supple-
mentary Figure 2S). We observed that treatment with
either CB-5083 or ACY-1215 alone results in accumu-
lation of cells in G2-M phase in both Jeko-1 and Z138C
cells and 80% of cells in sub-G1 phase in Z138C cells
(Fig. 2c).

We next determined whether the combination of CB-
5083 and ACY-1215 induces more ER stress than treatment
with either agent alone in MCL cells. As expected, treat-
ment with ACY-1215 induces the acetylation of tubulin (a
bona fide substrate of HDAC6) in Jeko-1, Z138C, and Rec-
1 cells [29] (Fig. 3a), without affecting the levels of p97 at
6 h. Co-treatment with CB-5083 and ACY-125 induces the
expression of GRP78 and CHOP (Fig. 3b) with a modest
increase in polyubiquitylated proteins in MCL cells
(Fig. 3b).

Fig. 2 Co-treatment with CB-5083 and ACY-1215 induces synergistic
apoptosis in MCL cells. a Jeko-1, MO2058, and Z138C MCL cell
lines were exposed to ACY-1215 for 48 h or in b exposed to the

indicated doses of CB-5083 and ACY-1215 for 24 h. The percentage
of apoptotic cells was determined by flow cytometry. CI values of <1.0
represent synergistic interaction of the two drugs
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Effect of co-treatment with CB-5083 and ACY-1215
on the autophagic clearance of misfolded proteins
in MCL cells

A demonstrated effect of p97 inhibition and induction of ER
stress is the activation of autophagy [30]. Unlike the
documented effect of p97 inhibitors on the induction of
LC3B lipidation (LC3B-II), CB-5083 does not result in the
increase in LC3B-II in Jeko-1 and Z138C cells (Fig. 4a)
[24, 25, 31]. Treatment with chloroquine (a lysosome
inhibitor) induces LC3B-II suggesting that autophagy
initiation is not inhibited in both cell lines (Fig. 4a).

We then determined whether CB-5083 and ACY-1215
altered the levels of p62 (an autophagic substrate which is
degraded upon completion of autophagy) [31]. Interest-
ingly, both Jeko-1 and Z138C cells show a decrease in the
levels of p62 following treatment with CB-5083 and the co-
treatment with CB-5083 and ACY-1215 (Fig. 4a). The
potential implications of these observations are discussed
below (see Discussion). Finally, we determined the effect of

treatment with CB-5083 and ACY-1215 on the accumula-
tion of misfolded proteins in MCL cells. We observed that
both CB-5083 and ACY-1215 treatments result in enhanced
fluorescence of Proteostat dye (a marker of enhanced
aggregated protein inclusions) and co-localization of LC3-B
puncta in Jeko-1 compared to control cells. Although
Z138C also show enhanced Proteostat staining, it does not
exhibit punctate LC3-B staining.

siRNA-mediated knockdown of p97 potentiates
ACY-1215 induced DNA damage in MCL Cells

Given that CHOP is an ER-stress-induced transcription
factor that is also upregulated in response to DNA damage,
we tested the effect of p97 knockdown on the induction of
DNA damage in MCL cells [32, 33]. siRNA-mediated
partial knockdown of p97 does not induce the phosphor-
ylation of H2AX (Fig. 5a). However, treatment with ACY-
1215 accentuates the extent of H2AX phosphorylation
following knockdown of p97 compared to NT siRNA

Fig. 3 Treatment with CB-5083 and ACY-1215 induces of ER stress
and alters cell cycle distribution in MCL cells. a, b Jeko-1 and Z138C
cells were exposed to the indicated concentrations of CB-5083 and
ACY-1215 for 6 h and the expression of the indicated ER stress

markers and polyubiquitylated proteins was determined by immuno-
blot analysis. c Jeko-1 and Z138C cells were exposed to indicated
concentrations of CB-5083 and ACY-1215 for 24 h and the cell cycle
distribution was determined by flow cytometry
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controls. This is accompanied by enhanced expression of
cleaved caspase 3 and down regulation of Cyclin D1 levels
in both Jeko-1 and Z138C cells (Fig. 5a). sh-RNA-mediated
knockdown of HDAC6 induces more phosphorylation of
H2AX compared to NT-shRNA in Jeko-1 cells, in response
to treatment with CB-508. Both Jeko-1 and Z138C cells
show enhanced activation of caspase 3 in response to
treatment with CB-5083 following HDAC6 knockdown
(Fig. 5b).

Earlier studies have demonstrated that HDAC6-mediated
deacetylation of HSP90 is essential for the conformational
stability/chaperoning of key HSP90 client proteins includ-
ing those involved in DNA repair, such as BRCA1 and
ATR [15, 16, 34, 35]. We therefore hypothesized that
combined inhibition of p97 and HDAC6 would severely
impair HSP90-dependent chaperoning of DNA repair

proteins in MCL cells [15, 34–36]. Consistent with this
hypothesis, we observed that while treatment with ACY-
1215 results in the partial depletion of HSP90 client pro-
teins BRCA1 and CDK4 but not ATR, co-treatment with
CB-5083 and ACY-1215 leads to their enhanced depletion
(Fig. 5c). This is accompanied by increased cleavage of
caspase 3 and marked downregulation of Cyclin D1.

Effect of co-treatment of CB-5083 and ACY-1215 in
primary MCL cells

We next determined whether co-treatment with CB-5083
and ACY-1215 induced synergistic apoptosis in cultured
MCL cells. We observed that the combination treatment
shows synergistic interaction in primary MCL cells
(Fig. 6a), with CI values for the combination treatments

Fig. 4 Effect of co-treatment with CB-5083 and ACY-1215 on
autophagy and accumulation of misfolded proteins. a Jeko-1 and
Z138C cells were exposed to the indicated concentrations of CB-5083
and ACY-1215 in the presence or absence of the autophagy inhibitor
chloroquine for 6 h and LC3B-II and p62 expression was assessed by

immunoblot analysis. b Jeko-1 and Z138C cells were exposed to CB-
5083 and ACY-1215 for 6 h and the cells were stained with proteostat
stain (red) for an additional 30 min. The cells were then immunos-
tained for LC3B (green) and counterstained with DAPI
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ranging from 0.3 to 0.8. Consistent with the observed
induction of DNA damage in cultured MCL cells, co-
treatment with CB-5083 and ACY-1215 induces the
expression of H2AX-γ in primary MCL cells compared to
treatment with single agent alone (Fig. 6b). Similar results
were observed in primary MCL cells co-treated with ML-
240 and ACY-1215 (Fig. 6c).

Co-treatment with CB-5083 and ACY-1215 impairs
radiation-induced DNA repair mechanisms in MCL
cells

To further explore the effect of both p97 and HDAC6
inhibition on the ability of MCL cells to resolve DSBs, we
subjected MCL cells to 3 Gy ionizing radiation (IR) and
determined the ability of MCL cells to repair damaged
DNA. Exposure of MCL to IR resulted in the appearance of
H2AX-γ foci at 1 h (Supplementary Figure S3), which
resolved during recovery at 6 h in control cells (Fig. 7a).
However, the combination of CB-5083 and ACY-1215

treatment resulted in sustained H2AX-γ foci at the end of 6
h of recovery (Fig. 7b). Furthermore, 53BP1 foci co-
localized with H2AX-γ foci at 1 h (Supplementary Fig-
ure 3SA) but did not readily resolve at 6 h unlike the
H2AX-γ foci, consistent with the delayed kinetics of reso-
lution of 53BP1 foci compared to H2AX-γ foci [37].

Next, we determined the effect of CB-5083 and ACY-
1215 treatments on signaling events upstream of loading of
53BP1 onto DSBs. 53BP1 is phosphorylated by ATM and
ATR kinases and rapidly localizes to sites of DSBs fol-
lowing DNA damage and co-localizes with H2AX-γ foci in
a p97-dependent manner [11, 37–39]. We observed
that while treatment CB-5083 does not inhibit the phos-
phorylation of 53BP1, treatment with ACY-1215
reduces the levels of 53BP1 phosphorylation (Fig. 7c).
We also observed that co-treatment with CB-5083 and
ACY-1215 results in greater inhibition of 53BP1 phos-
phorylation in Z138C cells (and Supplementary Fig-
ure 3SB). The implications of these observation are
discussed below.

Fig. 5 Knockdown of p97 accentuates the accumulation of DSBs in
response to ACY-1215 treatment. a Jeko-1 and Z138C cells were
transfected with non-targeted (NT) RNA or p97 siRNA for 36 h and
then treated with ACY-1215 for an additional 16 h. The cells were
harvested and the expression of the indicated proteins was determined
by western blot analysis. b HDAC6 was knocked down in Jeko-1 and

Z138C cells and treated with CB-5083 for 16 h. The expression of
H2AX-γ and indicated markers was determined by immunoblot ana-
lysis. c Jeko-1 and Z138C cells were exposed to CB-5083 and ACY-
1215 or their combination for 16 h and the resultant cell lysates were
utilized to perform immunoblot analysis
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In vivo effect of CB-5083 treatment on MCL
xenografts

Finally, we tested the activity of CB-5083 and ACY-1215
treatment on Z138C xenografts in NSG mice in vivo. Fol-
lowing injection of 2.5 million Z138C cells into the flanks
of mice (N= 6 per group), we commenced treatment with
CB-5083 and ACY-1215 for 2 weeks when the average
tumor size reached 200 mm3. Treatment with CB-5083 and
ACY-1215 showed significant reduction in tumor volume
by weeks 2 and 3 compared to CB-5083-treated mice
(Fig. 8a). Kaplan–Meier survival analysis showed that mice
receiving the combination of CB-5083 and ACY-1215
showed improved survival (p= 0.04) compared to CB-
5083-treated mice (Fig. 8b). Consistent with the observed
in vitro results, co-treatment with CB-5083 and ACY-1215
treatment also induced the accumulation of H2AX-γ in
tumor cell lysates (Supplementary Figure 4SA), with little
or no change in the expression of markers of ER stress (data

not shown). Jeko-1 xenografts also showed reduced tumor
volumes and improved survival in treatment groups com-
pared to vehicle-treated mice (Supplementary figure 4SB
and Fig. 8c).

Discussion

Targeting cellular protein quality control mechanisms has
emerged as a promising strategy in MCL and multiple
myeloma [8, 40–42]. Efforts to identify targets that work
together with the ubiquitin–proteasome system and facil-
itate protein quality control led to the identification of CB-
5083 as a highly specific p97 ATPase inhibitor with 60-fold
weaker in vitro IC50 for DNA-dependent protein kinase
(DNAPK) [25, 26]. Earlier studies have reported the
synergistic activity of CB-5083 with proteasome inhibitors
in pre-clinical models of multiple myeloma [43]. In this
study, we report the anti-MCL activity of CB-5083 in

Fig. 6 Co-treatment with CB-5083 and ACY-1215 induces synergistic
apoptosis in primary MCL cells. a Primary MCL cells were exposed to
CB-5083 and ACY-125 for 24 h and percent apoptotic cells were
determined. Fa and CI plot is presented. b, c Primary MCL cells were

exposed to the indicated doses of p97 inhibitors and ACY-1215 for 16
h and the expression of Cyclin D1, H2AX-γ, cleaved-caspase 3, and
actin were determined by immunoblot analysis
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combination with ACY-1215 in MCL cells. Z138C cells
show the least sensitivity to treatment with CB-5083, even
though they respond to p97 inhibition by upregulating the
levels of polyubiquitylated proteins and the CHOP. This
suggests that factors other than those that compromise
ERAD play a role in conferring sensitivity to p97 inhibition
in MCL cells.

Unlike other reported p97 inhibitors, we observed that
CB-5083 did not result in a significant increase in the
accumulation of LC3B-II in Z138C and Jeko-1 cells
(Fig. 4a). Additionally, treatment with CB-5083 or co-
treatment with CB-5083 and ACY-1215 resulted in the
degradation of p62 even in the presence of chloroquine. We
therefore conclude that enhanced degradation of p62 could
be attributed to incomplete inhibition of lysosomes in
chloroquine and CB-5083-treated cells. The ubiquitin ligase
Parkin-dependent ubiquitylation and degradation of p62 by
the proteasomes in response to proteotoxic stress could also
contribute to the observed p62 degradation [44, 45]. Further
studies are required to elucidate the non-

autophagolysosomal mechanisms that participate in the
clearance of p62 in MCL cells treated with p97 and HDAC6
inhibitors.

Enhanced expression and stabilization of Cyclin D1 has
been proposed to confer survival advantage to MCL cells
[1, 46]. Consistent with earlier reports, our studies also
suggest that downregulation of Cyclin D1 in MCL cells
results in the enhanced DNA damage and susceptibility to
other anti-cancer agents [47]. Furthermore, the down-
regulation of CDK4 with both CB-5083 and ACY-1215
treatment, could also contribute to the anti-MCL activity of
the combination [48]. The observed effect of ACY-1215
treatment on the depletion of Cyclin D1 could be an indirect
effect of HSP90 inhibition on the activity of glycogen
synthase kinase 3 beta, which phosphorylates and stabilizes
Cyclin D1 [49]. Recent studies also suggest that the CDK-
dependent phosphorylation of p97 promotes Cyclin D1
translocation from the ER and its nuclear localization [50].
This observation further supports our findings that loss of
CDK4-function and/or activity following HDAC6

Fig. 7 Co-treatment with ACY-1215 and CB-5083 impairs the ability
of MCL cells to repair DSBs. a Jeko-1 and Z138C cells were exposed
3 Gy IR and treated with CB-5083, ACY-1215 or the combination of
the two agents and allowed to recover for at 37 °C for 6 h. The cells
were then immunostained for 53BP1 and H2AX-γ. b The fraction of
cells (from an average of 300 cells) with H2AX-γ foci at the end of 6 h

were counted and plotted. Data are representative of three independent
experiments. c Alternatively, MCL cells were exposed to indicated-
doses of CB-5083 and ACY-1215 or their combination and irradiated.
The resultant lysates were immunoblotted for p-53BP1, 53BP1, and β-
actin
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inhibition, in addition to p97 inhibition could culminate in
Cyclin D1 degradation in MCL cells.

Another interesting finding described in this study per-
tains to the potentiation of DNA damaging effects of
HDAC6 inhibitors [51]. Our studies reveal that co-treatment
with CB-5083 and ACY-1215 treatment induces DNA
damage and result in the downregulation of BRCA1 and
total ATR proteins in MCL cells. The differential effect of
ACY-1215 on depletion of BRCA1 in Z138C compared to
Jeko-1 cells suggests that kinetics of degradation of indi-
vidual HSP90 client proteins are governed by additional
factors. Nevertheless, the significant decrease in the levels
of BRCA1 in response to co-treatment with CB-5083 and
ACY-1215 argues that both agents indeed affect BRCA1-
dependent DNA repair [16], by HR, interstrand crosslinks
and alternate NHEJ [52, 53]. Indeed, earlier studies have
demonstrated that siRNA-mediated depletion of p97 results
in significant decrease in the percentage of HR without
affecting NHEJ pathway in osteosarcoma cell lines [13].
Additionally, p53BP1 phosphorylation is most affected in
Z138C cells which are ATM-deleted as compared to other
cell lines which show ATM gain (Jeko-1, Rec1) or possess

wildtype ATM (JVM-2) (Fig. 7c and Supplementary Fig-
ure 3B). These results are consistent irrespective of the p53
status in the cell lines tested as Z138C and JVM-2 cells
possess wild type p53 and Jeko-1 and Rec1 cells harbor p53
mutations. This is consistent with the fact that ATM is
upstream to p53 activation [3].

Collectively, our studies suggest that p97 inhibitors
induce synergistic cell death in MCL cells in combination
with HDAC6 inhibitors by inducing ER stress, depleting
CDK4, CyclinD1, BRCA1, and ATR. These observations
suggest that dysregulation of proteostasis and impaired
DNA repair mechanisms contribute to the synergistic
apoptotic activity of the p97 and HDAC6 inhibitors. These
studies create a strong rationale to test the safety and effi-
cacy of the combination of p97 inhibitors and ACY-1215 in
human MCL.
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