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A B S T R A C T

Single agent treatment of the γ-secretase inhibitor (GSI-I) or proteasome inhibitor in anaplastic lymphoma kinase
positive anaplastic large cell lymphoma (ALK+ ALCL) shows limited response and considerable toxicity. Here,
we examined the effects of the combination of low dose GSI-I and the proteasome inhibitor bortezomib (BTZ) in
ALK+ ALCL cells in vivo and in vitro. We found that ALK+ ALCL cells treated with the BTZ and GSI-I combi-
nation treatment showed elevated apoptosis, consistent with increased caspase activation, compared with BTZ or
GSI-I alone. The combination treatment also inhibited AKT and extracellular signal-related kinase pathways, as
well as stress-related cascades, including the c-jun N-terminal kinase and stress-activated kinases. Moreover,
combined treatment in a murine xenograft model resulted in increased apoptosis in tumor tissues and reduced
tumor growth. Our results reveal the synergistic anti-tumor effects of low dose inhibitors against γ-secretase and
the proteasome and suggest the potential application of the tolerable BTZ/GSI-I combined agents in treating ALK
+ ALCL in future clinical treatment.

1. Introduction

Anaplastic large cell lymphoma (ALCL) is an aggressive subtype of
non-Hodgkin's lymphoma (NHL) that is derived from CD4+ T cells [1].
Systemic ALCL is classified into two subtypes based on the presence or
absence of chromosomal translocations of the anaplastic lymphoma
kinase (ALK) gene at the 2p23 locus [2,3]. The t (2;5) (p23;q35)
translocation in ALCL encodes for the nucleophosmin-ALK (NPM-ALK)
fusion protein [4], which interacts with survival pathways to promote
cell proliferation, anti-apoptosis and tumor formation [5,6]. Although
many patients with ALCL can obtain complete remission with conven-
tional chemotherapy, relapse still frequently occurs and these patients
eventually show poor clinical outcome [7,8]. Recent studies on the
pathogenesis of malignant T-cell tumors have identified several me-
chanisms, including abnormal regulation of cellular apoptosis and
proliferation and the dysregulation of a variety of signaling pathways,
including extracellular signal-regulating kinase 1/2 (ERK1/2) [9,10],
nuclear factor (NF)-κB [11,12], AKT/mTOR [9,13], p38 mitogen-acti-
vated protein kinase (p38 MAPK) [14], and c-jun N-terminal kinase
(JNK/c-Jun) [15]. The identification of new regimens for the treatment
of ALK+ ALCL is critical to improve patient outcome, especially non-

chemotherapeutic regimens that specifically target these pathways.
Studies have demonstrated that irregular activation of the Notch1

pathway is involved in driving tumorigenesis of various cancers.
Notch1 signaling regulates cell proliferation and differentiation, and
aberrant Notch1 signaling plays a critical role in cancer progression
[16]. The γ-secretase is complex protease that contains several trans-
membrane domains, a catalytic subunit and accessory subunits [17].
Several studies showed that γ-secretase can activate Notch receptors,
and thus the development of γ-secretase inhibitors (GSIs) has attracted
increasing interest [18]. Indeed, some reports demonstrated that GSIs
can prevent activation of the Notch1 signaling pathway [19]. GSIs have
been used to block the progression of Alzheimer's disease [20], and
Notch1 inhibition by GSIs can be effective in cancers such as hepato-
cellular carcinoma, gastric cancer, neuroblastoma and others [21].
Moreover, GSIs have shown efficacy against diffuse large B cell lym-
phoma and mantle cell lymphoma [22]. In NHL, including ALK+ ALCL,
GSIs can inhibit proliferation in vitro and induce apoptosis, accom-
panied with downregulation of cyclin D1, Bcl-xL and XIAP [23].
However, GSIs can cause toxic side effects, including inflammation and
gastrointestinal issues [24].

Inhibitors against the proteasome, a component of the ubiquitin-
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proteasome pathway that degrades cellular proteins, provide a new
strategy for targeting the 26S proteasome [25]. Proteasome inhibitors
can exhibit potent anti-cancer effects against different tumor cells and
were shown to induce apoptosis in pancreatic, renal, prostate and
squamous cell carcinomas in vivo and in vitro [26]. Bortezomib (BTZ) is
a proteasome inhibitor that can regulate canonical as well as non-ca-
nonical NF-κB signaling [27]. Another anti-tumor mechanism of BTZ
may be associated with the upregulation of NOXA [28]. In addition to
BTZ regulation of NF-κB and NOXA, BTZ has a variety of targets in
malignant cells, such as caspase-8 and caspase-9 [29]. cFLIP can block
the activation of caspase-8 to inhibit apoptosis [30]. However, BTZ is
associated with various systemic toxicities in patients, including vo-
miting, nausea, diarrhea and constipation, as well as peripheral neu-
ropathy and other effects [31].

Previous studies have shown that a combination of proteasome in-
hibitor and histone deacetylase exhibits synergistic effects against ma-
lignant tumors, including multiple myeloma, chronic lymphocytic leu-
kemia and mantle cell lymphoma [32–34]. Other studies showed anti-
cancer effects with the combination of GSIs with other agents [35].
Several reports have shown a synergetic anti-cancer effect from BTZ in
combination with other chemotherapeutic agents, suggesting a pro-
mising role for BTZ in combined therapy regimens [36]. However, no
studies have examined the potential therapeutic effects of the combi-
nation of BTZ and GSIs in ALK+ ALCL. Because of the limitations using
γ-secretase or proteasome inhibitors as single agents in treating ALK+
ALCL, we hypothesized that combining both inhibitors may be a su-
perior and safer strategy to treat ALK+ ALCL than each agent alone. In
this study, we examined the effects of the combination of BTZ with GSI-
I in ALK+ ALCL in vivo and in vitro and explored the therapeutic me-
chanism.

2. Materials and methods

2.1. Cell lines and reagents

This study included four ALK+ ALCL cell lines: Karpas 299, SR-786,
DEL and SU-DHL-1 (DSMZ, Braunschweig, Germany). Cells were
maintained in RPMI-1640 medium (Gibco, USA), supplemented with
20% heat-inactivated fetal bovine serum (FBS, Sigma Aldrich, St. Louis,
MO, USA) and maintained at 37 °C with 5% CO2. GSI-I was purchased
from Sigma (USA) and the proteasome inhibitor BTZ was obtained from
Selleckchem (Houston, TX, USA).

2.2. BTZ and GSI-I treatments

We examined the effects of the combination of low dose, inhibiting
the cellular proliferation of 20–30%, GSI-I and BTZ based on our iso-
bologram studies to ensure drug availability and fewer side effects in
ALK+ ALCL cells in vivo and in vitro. Karpas 299, SR-786, DEL and SU-
DHL-1 cells were treated with GSI-I at 2.0 μmoL, 1.5 μmoL, 2.5 μmoL,
2.0 μmoL with or without BTZ 5.0 nmoL.

2.3. Cell viability assay

Cell viability was analyzed using the MTS Kit (G3580; Promega,
USA) according to the manufacturer's protocol. Four treatment groups
were established for each cell line: control group, GSI-I group, BTZ
group and GSI-I + BTZ group. Cells were seeded into 96-well plates at a
concentration of 1×106 cells/well and incubated in the presence of
GSI-I 2.0 μmoL, 1.5 μmoL, 2.5 μmoL, 2.0 μmoL and/or with BTZ
5.0 nmoL at 37 °C for 48 h. The MTS reagent was added and cells were
incubated at 37 °C for 4 h, followed by detection of the absorbance
value (OD) at 490 nm using a microplate reader to evaluate the cell
growth inhibition rate.

2.4. Isobolographic analysis

Based on concentration-response curves obtained from the in vitro
treatments of cell lines, three isoeffect curves were generated using
isobolograms to determine the effects (synergistic vs. additive vs. an-
tagonistic) of the combination of BTZ and GSI-I. Concentration-depen-
dent effects were calculated by MS-Excel (Microsoft; Redmond, WA,
USA) for one drug while keeping constant concentrations for the other.

2.5. Cell proliferation assay

Cell proliferation was measured by using the BrdU cell proliferation
kit (X1327K1, Exalpha Biologicals, Shirley, MD, USA) according to the
manufacturer's protocol. After treatment with GSI-I and/or BTZ for 24 h
and 48 h, cells were plated at a concentration of 2×106 cells/mL in 96-
well plates. Twenty microliters of BrdU (diluted 1:500) was added and
cells were incubated overnight. The Fixing Solution was then added and
plates were washed. Anti-BrdU monoclonal antibody was added
(100 μL/well), followed by peroxidase goat anti-mouse Ig-G conjugate
(diluted 1:2000; 100 μL/well). The plates were washed, and TMB sub-
strate (100 μL/well) was added. Stop solution (50 μL) was added and
plates were read in an ELISA plate reader (450/595 nm).

2.6. Apoptosis assay

Apoptosis was examined using a flow cytometry kit (556547, BD
Biosciences, CA, USA) after treatment for 24 h, according to the man-
ufacturer's instructions. Cells were dual-stained with Annexin V and PI
and then examined by flow cytometry (BD FACSCalibur system).
Percentages of apoptotic cells were quantified using FlowJo software
(BD Biosciences).

2.7. Anchorage-independent colony formation assay

Cells were plated in a methylcellulose-based medium (Methocult
H4230, Stemcell Technologies) and mixed with RPMI-1640 medium at
a ratio of 1:4 (v/v) after treatment for 24 h and 48 h. Cells were then
harvested and mixed with methylcellulose in a 1:20 (v/v) ratio in 15mL
conical tubes. The contents were poured into 12-well plates, and plates
were incubated at 37 °C in a 5% CO2 incubator for 7 days. Colonies were
visualized using the FluorChem 8800 imaging system (Alpha Innotech,
San Leandro, CA, USA).

2.8. Antibodies

The following antibodies were used in this study: cleaved PARP
(5625S), cleaved caspase-3(9661S), p-AKT(Ser473, 4051), PARP
(9542P), cleaved Notch1(NICD, 4147S), Notch1(3608S), p-ERK
(4370S), mTOR(7C10), p-mTOR(sRE2448), JNK(56G8), p-JNK(81E11),
c-Jun(60A8), p-c-Jun(Ser73), caspase-8(1C12), cleaved caspase-
8(18C8) and β-actin(8H10D10) (from Cell Signaling Technology, USA);
Bcl-2 (sc-7382), ERK (sc-94), and caspase-3 (sc-7272) (from Santa Cruz
Biotechnology, TX, USA); Bcl-xL(18-0217) (Zymed Laboratories, CA,
USA); and cFLIP(ab8421) (Abcam, UK).

2.9. Western blotting

Protein samples (50 μg/well) from total cell lysates were electro-
phoresed on 10% SDS/PAGE and transferred to membranes.
Membranes were blocked with 5% non-fat milk (100mL 0.1% Tween
20/PBS with 5 g nonfat milk). Membranes were then incubated with
specific primary antibodies at 4 °C overnight, followed by incubation
with secondary antibodies. β-actin antibody served as the loading
control. The immunocomplexes were visualized using an enhanced
chemiluminescence detection system. Band density was quantified by
the ImageJ analysis system (Wayne Rasband; National Institutes of

Q. Dang, et al. Cellular Signalling 59 (2019) 76–84

77



Health, USA). All of the primary antibodies were used at dilution
1:1000; the secondary antibodies were used at 1:5000 dilution.

2.10. Animal model

The experimental protocols were approved by the Animal Ethical
Committee at Nantong University. SCID/beige mice (5- to 6-week-old
females; Shanghai Laboratory Animal Center, Shanghai, China) were
injected subcutaneously with 5× 106 SR-786 cells in the right
shoulder. When the tumors reached 50mm3, the mice were randomly
divided into four groups (n=5 per group): the control group (in-
traperitoneal, i.p., injection of PBS), GSI-I group (i.p.: 5 mg/kg/d over
14 days; two cycles, 5 days on and 2 days off), BTZ group (i.p.: 60 μg/kg
once per day for 14 days) and GSI-I + BTZ combination group. We
monitored tumor growth and measured the tumor volumes every 2 days
using the formula a2× b×0.5, in which a: width and b: length.
Animals were sacrificed by cervical dislocation; we performed body
necropsy and fixed the tumors in 10% buffered formalin or snap-froze
tumors in liquid nitrogen. The weight of the experimental mice was
about 20 g. During the experiment, the mice showed no significant
change in body weight, indicating that they could tolerate the treat-
ments.

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

Apoptosis in the tumor tissues from mice xenografts was evaluated
using the TUNEL assay. In situ cellular apoptosis was determined by
detecting DNA fragments in formalin-fixed sections (5.0 μm) from mice
lymphoma xenografts.

2.12. Statistical analysis

We conducted statistical analyses by one-way ANOVA, and multiple
comparison between the groups was performed using Bonferroni by
SPSS 21.0. Two-way ANOVA with post-hoc analysis by Sidak's multiple
comparisons test was applied to mouse tumor growth. Data are ex-
pressed as means ± SE using GraphPad Prism software 8.0.1 (CA,
USA). P < .05 was considered statistically significant.

3. Results

3.1. Combination of BTZ and GSI-I induces synergistic inhibitory effects in
ALK+ ALCL cells

To investigate the effects of combined treatment of BTZ and GSI-I,
we first treated four ALK+ ALCL cell lines, Karpas 299, SR-786, DEL
and SU-DHL-1, with different concentrations of BTZ and/or GSI-I for
48 h. Treatment with only BTZ or GSI-I resulted in a concentration-
dependent decrease in cell viability of all four ALK+ ALCL cell lines
(Fig. 1A, B). Notably, the combination therapy was more potent in in-
hibiting ALK+ ALCL cell viability compared with the single agent
treatment. Single treatment of either 10.0 nM BTZ or 3.5 μM GSI-I in-
duced an approximately 60% reduction in DEL cell viability, while the
combination treatment resulted in a 90% decrease in DEL cell viability
(Fig. 1C).

We next performed isobologram analysis to evaluate whether the
combination treatment of BTZ and GSI-I showed synergistic or additive
effects. Plotting isoeffect curves for the drugs produces an overlapping
area defined as the additive envelope (Fig. 1D). When the data points of
the drug combination fall within the envelope, the effect of the com-
bination drug treatment is regarded as additive; when the data points
fall to the left of the envelope, the effect of the combination drug
treatment is considered synergistic. Isobologram analysis revealed that
most of the data points were located to the left of the envelope, in-
dicating a synergistic effect of BTZ and GSI-I.

3.2. Combination of BTZ and GSI-I decreases proliferation and induces
apoptosis of ALK+ ALCL cell lines

We next examined the biological effects of γ-secretase or protea-
some inhibitors, alone and together, by treating the ALK+ ALCL cell
lines with different concentrations of BTZ and/or GSI-I for 24 h or 48 h.
We first evaluated cell proliferation using BrdU assay (Fig. 2A). Pro-
liferation was inhibited after 24 h of co-exposure, which was enhanced
with the increasing co-exposure time. For example, GSI-I alone induced
a 5–10% and 10–20% reduction in cell proliferation while BTZ induced
a 10–40% and 30–60% reduction in cell proliferation at 24 h and 48 h,
respectively. However, the combination treatment achieved a 40–70%
and 60–90% inhibition of proliferation at 24 h and 48 h of treatment.

We also examined the influence of BTZ and/or GSI-I on apoptosis
using Annexin V-FITC/PI dual staining and flow cytometric analysis.
We detected significantly increased apoptosis in response to the com-
bined treatment compared with individual treatments. After 24 h, the
percentage of apoptotic cells (both early and late apoptosis) in response
to the combination treatment was 20.88% in Karpas 299 cells, 22.05%
in SR-786 cells, 25.57% in DEL cells and 31.65% in SU-DHL-1 cells,
which were significantly higher apoptotic rates than in cells treated
with BTZ alone (11.10%, 11.07%, 8.81% and 15.72%, respectively) or
GSI-I alone (11.94%, 9.76%, 9.87% and 13.22%, respectively) (Fig. 2B,
C).

We also performed clonogenic assays to analyze effects of BTZ and/
or GSI-I on ALK+ ALCL cell colony formation (Fig. 2D, E). While BTZ or
GSI-I alone resulted in decreased colony numbers, the combined
treatment caused a more dramatic reduction in the number of Karpas
299 and DEL cell colonies. Furthermore, after 24 h of the combined
treatment of BTZ and GSI-I, the number of colonies was about 40–50,
while only 15–20 colonies were observed after 48 h of treatment.

3.3. Combination of BTZ and GSI-I regulates signaling pathways in ALK+
ALCL cell lines

We next investigated the effect of BTZ and/or GSI-I on molecular
pathways associated with apoptosis in Karpas 299 and DEL cells
(Fig. 3A). Treatment with BTZ or GSI-I slightly increased cleaved cas-
pase-3, cleaved caspase-8 and cleaved PARP levels, as well as decreased
Bcl-2 and Bcl-xL which is consistent with the induction of apoptosis,
with no significant influence on the total protein levels. However, the
combination of BTZ and GSI-I led to a slight reduction in total caspase-3
and PARP. In Karpas 299 cells, BTZ and/or GSI-I decreased cFLIP ex-
pression, while BTZ had no significant effects on the expression of cFLIP
in DEL cells. These molecular changes are consistent with the flow
cytometry results showing increased apoptosis in response to the
combination treatment.

We also examined the effect of BTZ and/or GSI-I on the AKT/mTOR
and ERK pathways (Fig. 3B). Single treatment with BTZ or GSI-I caused
a slight decrease in p-ERK levels, as well as a notable reduction in p-
AKT and p-mTOR levels. However, the combined treatment sig-
nificantly decreased the levels of p-ERK, p-AKT and p-mTOR in both
cell lines compared with the single treatments. No changes were de-
tected in total ERK, AKT and mTOR protein levels.

To analyze the impact of BTZ and/or GSI-I on Notch1 signaling, we
examined the expressions of cleaved Notch1, Notch1 and the Notch1
targets Hes-1 and c-Myc (Fig. 3C). BTZ or GSI-I alone reduced cleaved
Notch1 and Notch1 expression. Moreover, the expressions of c-Myc and
Hes-1 were slightly decreased after treatment with GSI-I or BTZ.
However, we observed stronger downregulation of cleaved Notch1,
Notch1 and the Notch1 targets in response to the combined treatment
with BTZ and GSI-I compared with either single treatment alone.

Finally, we evaluated the influence of BTZ and/or GSI-I on JNK/c-
Jun pathway proteins (Fig. 3D). Either BTZ or GSI-I increased p-JNK, p-
c-Jun and p-p38 levels. However, the combination treatment strongly
increased p-JNK, p-c-Jun and p-p38 expression compared with either
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Fig. 1. Combination of BTZ+GSI-I vs. BTZ and GSI-I induces synergistic inhibitory effects in ALK+ ALCL cells. (A, B). Karpas 299, SR-786, DEL and SU-DHL-1 cells
were treated with the indicated concentrations of GSI-I and BTZ for 48 h. Data represent means± SE of three independent experiments. (C). Compared with a single
agent, combined treatment with BTZ+GSI-I vs. BTZ and GSI-I led to significant reduction in viability of Karpas 299, SR-786, DEL, and SU-DHL-1. (D). Isobolographic
curves demonstrate that most of the data points are lying to the left of the envelope of additivity (yellow area), illustrating that combining BTZ+GSI-I vs. BTZ and
GSI-I induces synergistic effects in ALK+ ALCL cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Combination of BTZ and GSI-I decreases proliferation and induces apoptosis of ALK+ ALCL cells lines. Karpas 299, SR-786, DEL and SU-DHL-1 were treated
with GSI-I 2.0 μmoL, 1.5 μmoL, 2.5 μmoL, 2.0 μmoL and/or with BTZ 5.0 nmoL. (A). Proliferation rate of cells is shown by BrdU after 24 and 48 h. (B). Apoptotic rate
is studied using Annexin V-FITC/PI dual staining and flow cytometric analysis after 24 h. Representative flow cytometry data are shown. Accordingly, the per-
centages of late apoptotic cells (right upper panel) and earlier apoptotic cells (right lower panel), are significantly increase in combined treatment. (C). Quantification
of the results from B (right upper and lower quadrants). (D). Representative examples of colonies from the Karpas 299 and DEL cell lines with and without treatment
with BTZ and/or GSI-I for 24 or 48 h. (E). Whereas BTZ or GSI-I decreased the colony formation of Karpas 299 and DEL cells in methylcellulose, their combined
effects were much more dramatic. Representative examples of the colonies after treatment with different regimens. (Data represent means± SE of three independent
experiments. ⁑:P < .01, †:P < .001, BTZ+GSI-I vs. BTZ and GSI-I).

Q. Dang, et al. Cellular Signalling 59 (2019) 76–84

79



Fig. 3. Combination of BTZ and GSI-I regulates signaling pathways in ALK+ ALCL cell lines. Karpas 299 and DEL were treated with GSI-I 2.0 μmoL, 2.5 μmoL and/or
with BTZ 5.0 nmoL for 48 h. The interference efficiencies of BTZ and/or GSI-I were measured by western blot analysis. β-actin was used as a control for protein
loading and integrity. (A). Treatment of Karpas 299 and DEL cells with BTZ+GSI-I vs. BTZ and GSI-I activates the cleavage of caspase-3, caspase-8 and PARP, as well
as decreases Bcl-2 and Bcl-xL, which is consistent with the occurrence of apoptosis. The effects of the combined treatment were more pronounced than the effects of a
single agent. (B). p-AKT, p-mTOR and p-ERK were markedly decreased after the combination treatment compared with the single agent. (C). Treatment with
BTZ+GSI-I vs. BTZ and GSI-I decreased cleaved-Notch1, c-Myc and Hes-1 immensely. (D). The levels of p-JNK, p-c-Jun and p-p38 was upregulated after treated with
BTZ and/or GSI-I. (Data represent means± SE of three independent experiments. *:P < .05, ⁑:P < .01, †:P < .001, BTZ+GSI-I vs. BTZ and GSI-I).
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single treatment alone. No changes in JNK, c-Jun and p38 levels were
observed in Karpas 299 cells in response to any treatment and no
changes in c-Jun and p38 were observed in DEL cells. We did observe
increased JNK in DEL cells with BTZ and/or GSI-I, which was consistent
with the results of Zhang et al. [37].

3.4. Combination of BTZ and GSI-I suppresses ALK+ ALCL xenograft
tumor growth in mice

We next evaluated the potential therapeutic effect of the BTZ and
GSI-I combination treatment on ALK+ ALCL cells in a mouse model in
vivo. SR-786 cells were subcutaneously injected in the right shoulder of
SCID/beige mice, resulting in the formation of tumors. Mice were

treated with either single agent alone or the combination treatment.
The BTZ and GSI-I combination inhibited tumor growth more notably
than the individual agents (Fig. 4A). While the single BTZ or GSI-I
treatment significantly inhibited growth by day 11 compared with
controls, the combined treatment group showed significant inhibition
of tumor growth on day 9 (Fig. 4B). By day 15, we observed smaller
tumor sizes in the mice treated with the BTZ and GSI-I combination
than those treated with BTZ or GSI-I alone. Kaplan-Meier survival
curves indicated that mice treated with combined treatments had su-
perior overall survival compared with mice treated with BTZ or GSI-I
(Fig. 4C). TUNEL staining in tumor tissues revealed a larger number of
apoptotic cells in the tumors treated with the combination therapy
compared with tumors from the control and individual treatment

Fig. 3. (continued)
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groups (Fig. 4D). During the experiment, the mice in all groups showed
no significant change in body weight, indicating that they could tol-
erate the experimental treatment.

4. Discussion

Our study reveals the effect of the combination treatment of GSI-I
with BTZ on ALK+ ALCL both in vivo and in vitro. We examined the
effects of the combination of low dose BTZ and GSI-I based on iso-
bologram studies ensuring drug availability and fewer side effects in
ALK+ ALCL cells in vivo and in vitro. Our results indicated that the
combination treatment of BTZ and GSI-I inhibited cell proliferation and
promoted apoptosis in ALK+ ALCL cell lines more potently than the
single treatments alone.

Our understanding of the biological function of apoptosis has
evolved from its role as mechanism for “programmed cell death” to
acting as a barrier against malignancy [38]. Studies have demonstrated
that the apoptosis programmed cell death pathway serves as me-
chanism to block cancer development [39], and the mechanisms of
apoptosis and the strategies used by cancer cells to evade apoptosis
have been intensively explored over the last decade. Apoptosis is in-
duced through the activation of a cascade of normal latent proteases,
including effector caspases (caspase-8 and caspase-9). Currently, the
intrinsic apoptotic process is considered to be the main defense for the
pathogenesis of cancer [38]. Consistent with the induction of apoptosis
by the combination treatment, we observed increased production of
cleaved PARP, cleaved caspase-3, and cleaved caspase-8 production,
which is consistent with the results of Chen et al. [40]. We also ob-
served that BTZ and GSI-I reduced levels of Bcl-2, Bcl-xL and cFLIP. The
anti-cancer activities of BTZ and GSI-I were further confirmed in the
mouse model. Mice treated with the combination of BTZ and GSI-I

demonstrated significant tumor regression compared with mono-
therapy or untreated controls.

Our findings indicated that multiple molecular mechanisms may be
contributing to the synergistic effect between BTZ and GSI-I in ALK+
ALCL cells. Cytoprotective pathways, including ERK, Notch and AKT/
mTOR, confer a survival advantage on ALK+ ALCL, not only rendering
these tumors resistant to conventional cytotoxic drugs, but also pro-
tecting cells from apoptosis [5]. The Notch signaling pathway is a key
pathway that regulates cell differentiation, proliferation and survival
and plays a critical role in several developmental processes, such as
neurogenesis, angiogenesis and hematopoiesis [41]. The multiple
abilities of the Notch signaling pathway to inhibit or induce differ-
entiation, to drive or arrest proliferation and to promote survival or
induce apoptosis in a cell-specific way enables the Notch signaling
pathway to promote or prevent tumor formation in a variety of cells
[42]. Notch receptors are divided into four types, and abnormal Notch1
activation is associated with ALCL [43]. Moreover, the Notch1 pathway
interacts with a number of oncogenic signaling pathways. Notch1 ac-
tivates the PI3K/AKT signaling pathway [44,45], while AKT upregu-
lates Notch1 via vascular endothelial growth factor [46]. The AKT
signaling pathway and its interaction with Notch1 interaction maintain
the survival of T lymphoproliferative tumors [47]. Notch1 also phos-
phorylates ERK1/2 and promotes tumor cell proliferation, and the ERK
signaling pathway also promotes the Notch1 signaling pathway
[48,49]. GSI-I modulates Notch1-mediated induction of target genes
through blocking proteolytic activation of Notch1 [50].

In addition to inactivation of Notch, we found that the combination
of BTZ and GSI-I downregulated ERK phosphorylation in ALK+ ALCL
cells, and we speculate this may occur through the inhibition of up-
stream regulators of the ERK pathway. These findings emphasize the
functional complementation of the two drugs in the inhibition of ERK

Fig. 4. Combination of BTZ and GSI-I suppresses ALK+ ALCL xenograft tumor growth in mice. (A). Mice were subcutaneously injected with SR-786 cells and then
treated with BTZ, GSI-I or the combination treatment as described in Methods. Representative images of mice and tumors on day 14 are shown. (B). Quantitative
analysis of tumor volume indicates that the combination treatment was superior to treatment with a single drug in suppressing tumor growth. For example, combined
treatment with GSI-I and BTZ significantly inhibited tumor growth starting from day 9 after treatment compared with controls. Single GSI-I or BTZ treatment showed
significant inhibitory effects compared with controls at day 11 (P < .05). Compared with the single treatment, the combination of GSI-I and BTZ inhibited tumor
growth. (C). Kaplan–Meier analysis demonstrated that mice with the combined treatment had a significantly better prognosis than those with single treatment or the
control. (P < .05, log-rank test). (D, E). Representative images of TUNEL staining in tumor tissues from the different treatment groups. (Data represent means± SE
of three independent experiments. *:P < .05, ⁑:P < .01, †:P < .001, BTZ+GSI-I vs. BTZ and GSI-I).
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signaling. Recent studies have revealed the intersection between reg-
ulatory circuits that control apoptosis, autophagy and cell homeostasis.
For example, signaling pathways involving PI3-kinase, mTOR kinases
and AKT are stimulated by survival signals to hinder apoptosis; PI3K
signaling is downregulated in the absence of survival signals, leading to
apoptosis [51–53]. Notably, a cross-talk between the ERK and AKT
cascades has also been recently described [54]. We found that the
combination of BTZ and GSI-I could reduce AKT signaling; the level of
phosphorylated AKT was reduced by the BTZ and GSI-I combination,
suggesting a role in AKT signaling to downregulate the threshold of
apoptosis. Recently, the relationship between ERK and AKT cascades
was reported [55]. Therefore, downregulation of both the AKT/mTOR
and ERK signaling pathways may be more fatal than interruption of
either pathway alone in ALK + ALCL.

The c-Jun transcription factor plays an important role in the pro-
gression of many hematological diseases [56,57]. A previous study
showed that BTZ upregulated the expression of p-JNK, a critical up-
stream messenger of c-Jun [58]. BTZ-mediated induction of apoptosis
in leukemia cells has also been linked to JNK and p38 MAPK activation
[59]. Our results showed that the combination of BTZ with GSI-I led to
a significant increase in p-JNK and p-c-Jun, consistent with their ac-
tivity as inhibitors of cell apoptosis, and these increases were marked
compared with single treatments alone. Together these results indicate
the synergic effect of the combination treatment on stress-related ALK
+ ALCL apoptosis cascades.

In conclusion, our study provides novel evidence that GSI-I in
combination with BTZ synergistically inhibited ALK+ALCL cells in vitro
and ALK+ALCL tumor growth in vivo. These findings may provide a
new strategy for the clinical treatment of ALK+ALCL.
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