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Figure 3: MAPK signaling pathways are mediated by combination treatment of carfilzomib and vorinostat. Cells
were treated with carfilzomib (MOLT-4 6 nM, HuT 78 8 nM) or/and vorinostat (MOLT-4 0.4 uM, HuT 78 0.4 uM) for 48 h, then the
expression of phospho (p)-AKT, AKT, p-JNK, JNK, p-ERK1/2, ERK1/2, p-p38MAPK and p38MAPK were monitored by western blot.
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Figure 4: Combination treatment of carfilzomib and vorinostat induced ROS generation and induced apoptosis by the
combination treatment is blocked by the ROS inhibitor. (A) MOLT-4 cells were pre-incubated with or without 10 mM NAC for
3 h and then treated with carfilzomib (6 nM) or/and vorinostat (0.4 uM) for 24 h, then the level of ROS was detected by flow cytometry using
DCFH-DA. (B) MOLT-4 cells were treated with carfilzomib (6 nM) and vorinostat (0.4 M), then the level of ROS was detected at various
intervals by flow cytometry using DCFH-DA. (C) Cells were pre-incubated with or without 10 mM NAC for 3 h and then treated with
carfilzomib (MOLT-4 6 nM, HuT 78 8 nM) and vorinostat (MOLT-4 0.4 puM, HuT 78 0.4 uM) for 48 h, then cell apoptosis was monitored
by Annexin V/PI staining. Columns represent the average percent of Annexin V positive cells from three independent experiments, which
are shown as the mean + SD. CFZ, carfilzomib; VOR, vorinostat. * represent p < 0.05; **represent p < 0.01; ***represent p < 0.001.
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carfilzomib and vorinostat activated p38MAPK and JNK.
Further, pharmacologic or genetic JNK or p38MAPK
inhibition significantly blocked carfilzomib/vorinostat-
induced lethality, indicating that JNK and p38MAPK
play a functional role in cell apoptosis. We also observed
that ERK1/2 was activated in MOLT-4 and HuT 78 cells
exposed to carfilzomib and vorinostat. Activation of
ERK1/2 has been shown to be a mediator of antiapoptotic
and prosurvival actions in numerous cancer model systems
[5]. Previous studies reported that coadministration of the
MEK inhibitor sensitizes tumor cells and human tumor
xenograft models to HDACTIs, suggesting that ERK1/2
inhibition is a requirement for optimal HDACI effects
[46—48]. In our study, combination treatment not only
failed to result in lowered levels of p-ERK1/2 in either cell
line tested, but also carfilzomib alone modestly activated
ERK1/2 levels and this effect was enhanced by vorinostat,
indicating that inhibition of the ERK1/2 pathway is not an
absolute requirement for the action of HDACISs. It has been
observed that prolonged activation of Raf/MEK/MAPK
pathway can exert a pro-apoptotic effect in a manner that
depended upon the cellular context [49]. Dasmahapatra
et al.[32,33] found, however, that phosphorylation level of
ERK1/2 is high in DLBCL cell lines treated by combination
of carfilzomib with vorinostat, but phosphorylation level of
ERK1/2 is low in Mantle cell lines treated by combination
of carfilzomib with vorinostat. Although both are B

lymphoma cells, the activation of ERK1/2 was different
between the two cell types under identical conditions,
suggesting that the involvement of ERK1/2 is even cancer
subtype dependent. We further targeted ERK1/2 but failed
to attenuate carfilzomib/vorinostat lethality, suggesting that
although ERK1/2 pathway is a target of these drugs, it is
not required to mediate their apoptosis effects.

It has been described that the activation of MAPK
signaling pathway was at least in part through oxidative
stress caused by increased ROS [40]. In keeping with those
findings, NAC inhibits the activation of p38 and JNK.
Interestingly, genetic p38MAPK inhibition diminished
carfilzomib/vorinostat-mediated ROS generation. How-
ever, genetic JNK inhibition didn’t exert similar effect.
Furthermore, overexpression of p38MAPK significantly
increased carfilzomib/vorinostat-mediated ROS generation.
Thus, we propose that an amplification loop exists between
ROS and p38MAPK pathway. The activation of p38MAPK
pathway serves to amplify oxidative injury caused by
increased ROS and, by extension, the apoptotic response.

Several lines of evidence show that combination of
carfilzomib with vorinostat preferentially targets transformed
cells versus normal hematopoietic cells [32, 33]. Our
findings demonstrate that the combination of carfilzomib
with vorinostat induced pronounced apoptosis toward
both cultured and primary T-cell leukemia/lymphoma cells
but exhibited minimal toxicity in normal hematopoietic

Figure 7: The combination of carfilzomib with vorinostat inhibits tumor growth in a human xenograft model. (A) Nude
mice (4-6 weeks old) were injected subcutaneously with 5 x 10° MOLT-4 cells into the right flank. After tumors were visible, the mice
received indicated doses carfilzomib with or without vorinostat as described in “Animal studies”. Tumor volume was measured every other
day with calipers and calculated using the formula 0.5 x a % b? in millimeters. Results represent the Mean + SD. (B) The body weight of
mice after treatment was measured twice every week. Results represent the Mean = SD. (C) Sections from tumor samples per group were
stained with FITC-dUTP as described in materials and methods (x200). (D) Tumor samples were homogenized and lysed. The extracted
proteins were probed with western blot for p-p38MAPK, p-JNK and PARP proteins. Each lane was loaded with 30 pg of protein. The

[-actin was used as an internal control.
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cells. These findings reinforce the notion that this regimen
displays minimal toxicity toward normal hematopoietic cells
and selectively target transformed cells.

We examined the in vivo effect of carfilzomib
and vorinostat in a human xenograft model. Our finding
suggested that 2.0 mg/kg carfilzomib by itself modestly
inhibited tumor growth, whereas 40 mg/kg vorinostat
by itself had little effect on tumor growth. However,
combination of 2.0 mg/kg carfilzomib with 40 mg/
kg vorinostat markedly inhibited tumor growth in the
xenograft model. These results may have particular
significance in view of the generally poor chemo-
responsiveness of T-cell leukemia/lymphoma. Of note,
no apparent toxicity was observed in any treatment
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group. Consistent with the mechanism observed in vitro,
enhanced p38MAPK and JNK phosphorylation and
increased cleavage of PARP were observed in tumor
samples obtained from mice treated with carfilzomib
and/or vorinostat in vivo. Collectively, our data show
that carfilzomib and vorinostat induce apoptosis in
T-cell leukemia/lymphoma cells in a highly cooperative
manner, and can do so in bortezomib-resistant cells as
well as primary tumor cells. We also demonstrate that
ROS activates p38MAPK and JNK signaling pathways,
further showing an amplification loop between ROS and
p38MAPK. Activation of both of these pathways plays
a significant role in the functional interaction between
carfilzomib and vorinostat (Figure 9). Finally, the ability of
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Figure 8: Combination treatment of carfilzomib and vorinostat induces cell apoptosis in human primary T-cell
leukemia/lymphoma cells. Primary T-cell leukemia/lymphoma cells (A), normal T lymphocytes from human peripheral blood (B),
CD34" cells from peripheral stem cells collection products (C) or human cord blood (D) were treated with indicated concentration of
carfilzomib and vorinostat for 48 h, then cell apoptosis was monitored by Annexin V/PI staining.
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Figure 9: A schematic diagram showing the molecular mechanisms of apoptosis induction by carfilzomib and vorinostat

in T-cell leukemia/lymphoma cells.
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carfilzomib/vorinostat to inhibit T-cell leukemia/lymphoma
cells growth in an in vivo xenograft model supports further
consideration of second-generation proteasome inhibitors
and HDACIs use in T-cell leukemia/lymphoma cancers.

MATERIALS AND METHODS

Cells

T-cell leukemia (MOLT-4) and lymphoma (HuT 78)
cell lines were purchased from the Cell Resource
Center of Shanghai Institute for Biological Sciences
(Shanghai, China). Bortezomib-resistant MOLT-4 and
HuT 78 were obtained by selecting sensitive cells in the
presence of nanomolar levels of bortezomib. All cell
lines were cultured in RPMI-1640 media (Invitrogen,
Frederick, MD), supplemented with 10% fetal bovine
serum (FBS), 1% penicillin (100 units/ml), and 1%
streptomycin (100 pg/ml). Cells were maintained at 37°C
in an atmosphere of 5% CO, and 95% air. After informed
consent in accordance with the Helsinki Declaration,
patient leukemia cells were isolated from the bone marrow
of three T-cell leukemia patients and lymphoma cells
were obtained from the lymphoma node of one T-cell
lymphoma patients. Normal T-lymphocytes were isolated
from human peripheral blood using a Pan T Cell Isolation
Kit II (Miltenyi Biotec Inc., CA, USA). CD34" cells
were isolated from human peripheral stem cell collection
products or human cord blood using CD34 Progenitor
Cell Isolation Kit (Miltenyi Biotec Inc., CA, USA). These
studies have been approved by the institutional review
board of Shanghai Tenth People’s Hospital.

Reagents

Carfilzomib was purchased from Onyx Pharma-
ceuticals (South San Francisco, CA, USA). Vorinostat was
from Merck & Co., Inc (Rahway, NJ, USA). Bortezomib
was from Millennium Pharmaceuticals (Cambridge, MA).
N-acetyl-L-cysteine (NAC) was from Sigma-Aldrich (St
Louis, MO). The JNK inhibitor SP600125 and p38MAPK
inhibitor SB203580 were from Selleckchem (Houston,
Tx). The ERK1/2 inhibitor U0126 was from Cell Signaling
Technology (Beverly, MA). All other agents except NAC
were formulated in dimethyl sulfoxide. NAC was dissolved
in double-distilled HO (ddH,0). The mitochondrial
membrane potential assay kit with JC-1 and reactive
oxygen species assay kit were from Beyotime Institute of
Biotechnology (Haimen, China). The Cell Counting Kit-8
(CCK-8) was from Dojindo (Mashikimachi, Japan). The
Annexin V/propidium iodide (PI) staining kit was from BD
Pharmingen (Franklin Lakes, NJ).

Cell viability and apoptosis assay

Cell viability was monitored by CCK-8.
Alternatively, cell apoptosis was assessed by a flow

cytometer with Annexin V/PI staining kit. Annexin V
positive cells were considered apoptotic cells. Results of
CCK-8 and Annexin V/PI assays were consistent.

Cell cycle analysis

Cells were suspended with ice-cold PBS, fixed in 70%
ethanol at —20°C for 18 h, after which, cells were washed
with PBS and stained for 15 min at 37°C with 500 pL of
50 pg/mL propidium iodide (containing 50 pg/mL RNase)
(BD Pharmingen) followed by flow cytometric analysis.

Western blot analysis

Cells were seeded in a 6-well plate at a density of
2 x 10°%/ml. Cell lysates were prepared from whole cell
pellets. Equal amounts of proteins (30 pg per lane) were
separated on 10% or 15% SDS-PAGE, transferred to
nitrocellulose membrane, blocked for 1 h with 5% milk or
5% BSA, and probed with primary antibodies overnight
at 4°C. Primary antibodies against various proteins were
as follows: anti-phospho (p)-AKT, anti-AKT, anti-(p)-
JNK, anti-JNK, anti-(p)-ERK1/2, anti-ERK1/2, anti-
(p)-p38MAPK, anti-p38MAPK, anti-caspase-8, anti-
caspase-9, anti-caspase-3, anti-PARP, and anti-B-actin
antibodies. All antibodies were from Cell Signaling
Technology (Beverly, MA). Membranes were washed three
times for 10 min each with Tween 20-PBS and incubated
for 1 h with Fluorescence-conjugated goat anti-mouse or
anti-rabbit IgG secondary antibodies. Membranes were
washed with Tween 20-PBS three times for 10 min each
and developed using the Odyssey two-color infrared laser
imaging system (LI-COR Bioscience, Lincoln, NE). The
signal generated by B-actin was used as an internal control.

Gene silencing

p38MAPK and JNK targeting oligonucleotide
sequences were as follows: p38MAPK shRNA-1, 5'- CAAG
GTCTCTGGAGGAATTCA -3’; p38MAPK shRNA-2,
5-GCACCATGAAGATCAAGATTT -3’; INK shRNA-1,
5'- GAGTCGGTTAGTCATTGATAG -3’; INK shRNA-2,
5'- GTGTCTTCAATGTCAACAGAT -3'; and the shRNA
control sequence, 5- CCTAAGGTTAAGTCGCCCTCG -3'.
These sequences were chemically synthesized, used for the
cloning of shRNA-encoding sequences, and inserted into
a lentiviral vector pLKO.1. 48 h after co-transfection with
psPAX2 packaging plasmid and pMD2.G envelope plasmid
into HEK-293T cells using Lipofectamine 2000 (Invitrogen,
USA), the media containing lentiviral particles was harvested
and used for infection of MOLT-4 cells in presence of
8 ug/ml polybrene (Sigma-Aldrich, St. Louis, MO, USA).

p38MAPK overexpression by plasmid transfection

The cDNA sequence of p38MAPK was obtained from
GenBank (NM_001315.2). It was subcloned into pcDNA3.1
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and confirmed by sequencing. An empty construct
pcDNA3.1 was used as a control. Cell transfections were
performed using Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer’s instruction.

Assessment of ROS generation

Cells were pretreated with or without NAC at
37°C for 15 min, then treated with various drugs for the
indicated intervals to detect changes in the levels of ROS.
Cells were washed with PBS and incubated with 10 uM
2', 7'-dichlorodihydrofluorescein diacetate (DCFH-DA) at
37°C for 20 min and fluorescent intensity was assessed
using a flow cytometer (BD, Franklin Lakes, NJ).

Analysis of mitochondrial membrane potential

The loss of mitochondrial membrane potential
was monitored by flow cytometry using mitochondrial
membrane potential assay kit with JC-1. Cells were
washed with PBS and stained with JC-1 dye according to
the manufacturer’s instructions.

Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay

Cell apoptosis in vivo was examined by a terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay as the manufacturer’s protocol
(Promega, USA). Tumor samples per group were analyzed
after the 21 days of treatment.

Animal studies

Nude mice (4—6 weeks old) were obtained from the
Shanghai Laboratory Animal Center (Shanghai, China)
and injected subcutaneously with 5 x 10° MOLT-4 cells
into the right flank (day 0). After tumors were visible,
the mice received intravenous carfilzomib (2.0 mg/kg)
on days 1, 2, 8, 9, 15 and 16, intraperitoneal vorinostat
(40 mg/kg) on day 1, 2, 3, 8,9, 10, 15, 16 and 17 or the
combination treatment, respectively (5 mice per group).
Tumor volumes were monitored every other day with
calipers and calculated using the formula 0.5 x a x b? in
millimeters, where ‘a’ is the long diameter of the tumor
and ‘b’ is the short diameter of the tumor. Mice body
weights were measured periodically as an indicator of
toxicity. At the twenty-first day, all mice were sacrificed
individually by cervical dislocation. All animal studies
have been approved by the institutional review board of
Shanghai Tenth People’s Hospital.

Statistical analysis

Data analysis was conducted with SPSS 20.0 software.
All data were represented as mean + standard deviation
(SD). Comparisons among groups were performed using

one-way analysis of variance (ANOVA) with the Student-
Newman-Keuls post hoc test. A p-value less than 0.05 was
considered to be statistically significant. All experiments
were performed in three or more separate experiments.
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