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ABSTRACT
The T-cell lymphoproliferative neoplasms (T-LPN) are characterized by a poor 

clinical outcome. Current therapeutics are mostly non-selective and may induce harmful  
side effects. It has been reported that NOTCH1 activation mutations frequently 
associate T-LPN. Because anti-Notch1 based therapies such as γ-secretase inhibitors 
(GSI) are less efficient and induce considerable side effects, we hypothesized that 
combining low concentrations of GSI and the proteasome inhibitor bortezomib (BTZ) 
may provide an effective and tolerable approach to treat T-LPN. Hence, we analyzed 
the in vitro and in vivo effects of GSI-I and BTZ, alone or in combination, against 
T-LPN. GSI-I and BTZ synergistically decreased cell viability, proliferation, and colony 
formation, and induced apoptosis in T-LPN cell lines. Furthermore, combining GSI-I 
and BTZ decreased the viability of primary T-LPN cells from patients. These effects 
were accompanied by deregulation of Notch1, AKT, ERK, JNK, p38 MAPK, and NF-κB 
survival pathways. Moreover, combination treatment inhibited T-LPN tumor growth 
in nude mice. In all experiments, combining low concentrations of GSI-I and BTZ was 
superior to using a single agent. Our data support that a synergistic antitumor activity 
exists between GSI-I and BTZ, and provide a rationale for successful utilization of 
dual Notch1 and proteasome inhibition to treat T-LPN.

INTRODUCTION

The T-cell lymphoproliferative neoplasms 
(T-LPN) constitute a heterogeneous group of aggressive 
hematopoietic malignancies with limited chemotherapeutic 
options that are frequently incapacitated by side effects, 
chemoresistance, relapse, and poor clinical outcome 
[1, 2]. Despite that intense chemotherapy has marginally 
improved treatment efficacy, only transient responses 
accompanied with deleterious and life-threatening side 
effects have been achieved.

Notch signaling plays crucial roles in normal 
cellular homeostasis; nonetheless, a growing body of 
evidence suggests that it also influences intricate phases 

of tumorigenesis such as cell proliferation, metabolism, 
growth, and survival [3–7]. Notch receptors are essentially 
synthesized as pre-Notch in the endoplasmic reticulum, 
which is then cleaved by Furin-like convertase resulting 
in a heterodimeric receptor with non-covalently associated 
domains that is transported from the Golgi network to 
the plasma membrane [8]. The Notch signaling network 
primarily involves 5 cell membrane-based ligands – Jagged 
1 (JAG1), JAG2, Delta-like ligand 1 (DLL1), DLL3, 
and DLL4 – each of which binds and activates the Notch 
receptors (Notch1–4) of neighboring cells. Ligand binding 
interactions induce enzymatic cleavage of the Notch1 
receptor by metalloproteinase and γ-secretase resulting in 
the release of an intracellular fragment of Notch1 known as 
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Notch1 intracellular domain (NICD), which subsequently 
translocates to the nucleus to activate the transcription 
of downstream target genes [9, 10]. For the transcription 
regulation across different species, the activation of the 
Notch pathway can also be accomplished in a non-canonical 
manner irrespective of ligand-induced cleavage [11–14].

Notch1 has distinct physiologic roles in lineage 
commitment, differentiation, and function of normal 
T lymphocytes, yet it has also been associated with 
survival promoting effects in T-LPN. It has been reported 
that the reciprocal chromosomal translocation t(7;9)
(q34;q34.3), which involves the NOTCH1 and the T-cell 
receptor-β (TCRB) genes, occurs in T lymphoblastic 
leukemia/lymphoma (TLL) [15]. Moreover, approximately 
50% of TLL patients harbor mutations that cause NOTCH1 
constitutive activation [16]. These observations suggest the 
involvement of Notch1 in T-cell oncogenesis. Therefore, 
blockade of Notch1 signaling by the γ-secretase inhibitors 
(GSI) has emerged as a promising therapeutic strategy to 
suppress T-LPN. GSI not only have cytostatic effects but 
also induce apoptosis in T-LPN [16–19]. Alas, phase I 
clinical trials using GSI have reported gastrointestinal 
toxicity in the form of intractable diarrhea and increased 
goblet cell differentiation associated with intestinal 
secretory metaplasia, which threatens the feasibility of this 
approach to treat cancer patients [20, 21].

Recently, proteasome inhibition has been evolving 
as a potential therapeutic approach for a variety of 
cancers including hematological malignancies [22–26]. 
The ubiquitin-proteasome pathway is actively involved 
in intracellular protein turnover, which controls cellular 
homeostasis. Because the majority of cancer cells exhibit 
higher levels of proteasome activity, they are more prone 
to the negative effects of proteasome inhibitors such as 
bortezomib (BTZ, Velcade), a reversible proteasome 
inhibitor that has been approved by the FDA to treat 
subtypes of hematological malignancies including 
plasma cell myeloma and mantle cell lymphoma [24, 27]. 
Nonetheless, dose-limiting toxicity including peripheral 
neuropathy represents a major drawback for the utilization 
of proteasome inhibitors in clinical settings [28].

Because of the limitations that hinder using Notch1 
and proteasome inhibitors as single agents to treat T-LPN, 
we hypothesized that combining low concentrations 
of Notch1 and proteasome inhibitors may prove to be 
a safer and perhaps more superior strategy to suppress 
T-LPN than using higher concentrations of each of these 
inhibitors alone. To achieve our goals, we performed 
comprehensive in vitro and in vivo characterizations 
of the single and combined antitumor effects of the 
γ-secretase inhibitor GSI-I and the proteasome inhibitor 
BTZ in T-LPN. Our data support that these two drugs 
interact in a synergistic fashion to induce cell death and 
inhibit the proliferation of T-LPN, which are associated 
with remarkable perturbations in cell survival regulatory 
proteins. Importantly, the GSI-I and BTZ combined 

regimen successfully reduces T-LPN tumor size in a 
murine xenograft model. Our results suggest that this 
novel strategy could be successfully utilized to treat 
T-LPN patients in the future.

RESULTS

Combined treatment with GSI-I and BTZ 
induces apoptosis and decreases the proliferation 
and anchorage-independent colony formation 
of T-LPN

Compared with a single agent, treatment of T-LPN 
cell lines with a combination of GSI-I and BTZ for 
24 h caused more pronounced apoptosis as illustrated 
by characteristic morphological features including 
cell shrinkage, cytoplasmic vacuolization, and nuclear 
condensation and fragmentation (Fig. 1A). The number 
of apoptotic cells as defined by the morphological criteria 
varied among the different cell lines, with H9 and Jurkat 
cells demonstrating the highest and lowest numbers of 
apoptotic cells, respectively. Moreover, flow cytometric 
analysis using Annexin V-FITC/PI dual staining showed 
that higher percentage of T-LPN cells underwent apoptosis 
in response to the combination treatment than the 
individual drugs (Fig. 1B and 1C). In addition, at 24 h, cell 
proliferation measured by BrdU assay, was significantly 
decreased in response to the combination treatment 
compared to the single agent (Fig. 1D). A clonogenic 
assay was also performed to assess individual and 
combined effects of GSI-I and BTZ on T-LPN anchorage-
independent colony formation. Whereas GSI-I or BTZ 
alone decreased colony numbers, the combined treatment 
caused more reduction in the number of HuT 78 and Jurkat 
cells colonies (Fig. 1E). Images of representative colonies 
from different treatment groups are shown (Fig. 1F).

Combined treatment with GSI-I and BTZ 
induces significant apoptosis and decreases the 
viability of primary T-LPN cells, but not normal 
human T lymphocytes

We studied the effects of treatment with GSI-I and 
BTZ on primary T-LPN cells obtained from 8 patients 
(4 females and 4 males, with a median age of 43.5 years). 
The patients’ specimens included 1 bone marrow aspirate 
and 7 peripheral blood samples. Five patients had TLL 
(median age: 28 years), and 3 had mycosis fungoides/
Sèzary syndrome (MF/SS; median age: 68 years). 
NOTCH1 mutations were detected in 3 of 4 TLL patients. 
Mutation analysis was not performed in the remaining 
patients. Representative photomicrographs are shown after 
treatment with GSI-I or BTZ, alone or in combination 
(Fig. 2A). The apoptotic effects induced by combined 
treatment were more pronounced than the effects caused 
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Figure 1: Combined treatment with GSI-I and BTZ induces apoptosis and decreases the proliferation and anchorage 
independent colony formation of T-LPN cells. A. Giemsa staining shows that treating T-LPN cells with GSI-I or BTZ alone induced 
mild increase in apoptotic cells. Combined treatment by GSI-I and BTZ was much more effective in inducing apoptosis in T-LPN cells. 
Jurkat and H9 cells were the least and most sensitive to the effects of the combined treatment. Morphological features consistent with 
apoptosis included cellular shrinkage, cytoplasm vacuolization, and nuclear condensation and fragmentation (original magnification: ×400). 
B. Examples of flow cytometry dot plots showing that, compared with control untreated T-LPN cells, the Annexin V-positive cells (right 
upper and lower quadrants) are remarkably increased after combined treatment with GSI-I and BTZ than after treatment with a single 
agent. C. Although GSI-I or BTZ caused cell apoptosis when used as single agents, the effects of combined treatment was more robust 
(*: P < 0.0001 compared with control, GSI-I, and BTZ). D. GSI-I or BTZ as a single agent decreased the proliferation of T-LPN cells, with 
MOLT-4 and HuT 78 demonstrating more pronounced effects than Jurkat and H9 cells. However, combined treatment by GSI-I and BTZ 
was much more effective in reducing cellular proliferation than any of the two inhibitors alone (*: P < 0.001 vs. control and P < 0.05 vs. 
GSI-I and BTZ; †: P < 0.0001 vs. control, GSI-I, and BTZ; ‡: P < 0.0001 vs. control and GSI-I and P < 0.001 vs. BTZ). E. Whereas GSI-I 
or BTZ decreased the anchorage-independent colony formation of Jurkat and HuT 78 cells in methylcellulose, their combined effects were 
much more dramatic (*: P < 0.0001 compared with control, GSI-I and BTZ). F. Representative examples of the colonies after treatment 
with different regimens. Results shown in C, D, and E represent the means ± SE of three independent experiments.
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by a single agent. Importantly, apoptosis was not observed 
in normal human T lymphocytes treated with GSI-I and 
BTZ, and used as a control. Moreover, compared with 
single agent treatments, combined treatment with GSI-I 
and BTZ was associated with a more pronounced decrease 
in the viability of primary human T-LPN cells at 24 h, 
and the treatment did not induce notable decrease in 
the viability of normal human T lymphocytes (Fig. 2B). 
Despite that the effects of the combined treatment 
with GSI-I and BTZ on T-LPN cells became more 
pronounced at 48 h, minimal effects were observed in the 
T lymphocytes (Fig. 2C).

Combination of GSI-I and BTZ induces 
synergistic inhibitory effects in T-LPN

Because the inhibitory effects were more 
pronounced when GSI-I and BTZ were simultaneously 
used to treat T-LPN than when a single agent was used 
alone, we set to examine whether the potentiation of the 
effects of combined treatment resulted from synergistic or 
additive interactions between GSI-I and BTZ. The TLL 
cell lines, Jurkat and MOLT-4, and the MF/SS cell lines, 
HuT 78 and H9, were treated with different concentrations 
of GSI-I and/or BTZ for 48 h. Treatment using GSI-I 
or BTZ alone resulted in a concentration-dependent 
decrease in cell viability of T-LPN cells. Nevertheless, 
the combination treatment was superior in decreasing 
T-LPN cell viability compared with single agents. 
For example, 1.25 μM GSI-I or 10 nM BTZ induced 
approximately 40% reduction in HuT 78 cell viability, but 
in combination the same concentrations induced more than 
80% decrease in the viability of HuT 78 cells (Fig. 3A). 
To evaluate whether the combined effects of GSI-I and 
BTZ are synergistic or additive, isobologram analysis was 
performed. The area surrounded by the isoeffect curves is 
referred to as the envelope of additivity (Fig. 3B). When 
the data points of the drug combination fall within the 
envelope, the combined effects are considered additive. 
When the data points fall to the left of the envelope, the 
combined effects are caused by low concentrations of the 
two agents than is predicted, and the combination effect is 
regarded as synergistic. Isobologram analysis showed that 
the majority of the data points are located to the left of 
the envelope, indicating synergistic interactions between 
GSI-I and BTZ.

Combined treatment with GSI-I and BTZ 
induces pronounced alterations in survival 
pathways in T-LPN

To this end, we sought to explore the effects of GSI-I 
and BTZ on molecular pathways that facilitate T-LPN 
survival (Fig. 4). In Jurkat and HuT 78 cells, treatment 
with BTZ alone, but not GSI-I, slightly increased cleaved 

caspase-3 and cleaved PARP levels without noticeable 
effects on their total form levels. In addition, BCL-2 and 
BCL-xL were slightly decreased after treatment with BTZ 
alone. Nonetheless, the combination treatment with GSI-I 
and BTZ enhanced in a robust manner the decrease in 
total caspase 3 and total PARP, and the increase in their 
cleaved forms as well as the decrease in BCL-2 and BCL-
xL. These biochemical changes are in agreement with the 
occurrence of apoptosis.

To evaluate Notch1 activity, we examined the 
expression of full-length Notch1, NICD, and the Notch1 
targets c-Myc and Hes1. Individually, GSI-I or BTZ was 
able to slightly or moderately decrease Notch1 expression. 
In addition, the expression of NICD and Notch1 target 
proteins including c-Myc and Hes1 was also mildly 
downregulated after treatment with GSI-I or BTZ. The 
decrease in these proteins was markedly enhanced after 
using combined treatment with GSI-I and BTZ.

Next, we studied the effects of GSI-I or BTZ 
alone or in combination on AKT and ERK survival 
kinases (Fig. 4). In Jurkat cells, no notable changes 
were observed in pAKT after treatment with GSI-I 
or BTZ alone, whereas in HuT 78 cells each of the 
two agents minimally to moderately decreased the 
expression of pAKT. A marginal decrease in pERK 
was also detected in the two cell lines after treatment 
with GSI-I or BTZ alone. In contrast, the combination 
treatments abrogated the expression of pAKT and pERK 
in Jurkat cells, and substantially decreased their levels 
in Hut 78 cells. No changes were noticed in basal AKT 
and ERK.

Furthermore, NF-κB signaling proteins were 
analyzed after treatment with GSI-I and BTZ (Fig. 4). In 
whole cell lysates, GSI-I or BTZ mildly to moderately 
decreased the expression of pIKKα/β, with no obvious 
change in total IKKα levels. After treatment with the 
combined regimen, the levels of pIKKα/β decreased 
significantly. Whereas nuclear p65 expression remained 
largely unaffected after single agent treatments, combined 
GSI-I and BTZ downregulated p65 nuclear expression. 
Although changes were not noticed in pIκBα in Jurkat 
cells after a single agent treatment, a slight decrease 
in pIκBα expression was found in HuT 78 cells after 
treatment with BTZ. Notably, combined treatment with 
GSI-I and BTZ decreased significantly pIκBα levels 
without affecting the basal levels of IκBα. Treating the 
cells with BTZ was expected to inhibit the degradation 
of IκBα protein, which would lead to an increase in IκBα 
basal levels. Alternatively, in HuT 78 cells, BTZ decreased 
pIκBα, which is the inactivated form of IκBα. This 
decrease resulted in an indirect increase in the basal levels 
of IκBα through the increase in the IκBα-to-pIκBα ratio 
(33% increase based on densitometry studies of the IκBα 
and pIκBα WB bands; densitometry data are not shown). 
Of important note, combining BTZ and GSI-I remarkably 
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Figure 2: Combined treatment with GSI-I and BTZ induces apoptosis and decreases the viability of primary T-LPN, 
but not of normal human T lymphocytes. A. Microscopic analysis of primary T-LPN cells from patients treated ex vivo with GSI-I 
(2.5 μM) alone or combined with BTZ (10 nM) for 24 h and stained with Giemsa showed morphological features of apoptosis to be more 
pronounced after the combination treatment than the single drug treatment. Examples from TLL and MF/SS cases are shown (original 
magnification: ×400). Combination treatment with GSI-I and BTZ also decreased the viability of primary T-LPN cells collected from 
patient samples (N = 8) at B. 24 h (*: P < 0.0001 vs. control and GSI-I and †: P < 0.01 vs. BTZ) and C. 48 h (*: P < 0.0001 vs. control, GSI-I, 
and BTZ). Importantly, the viability of human T lymphocytes was not decreased after the treatment. Data shown represent the means ± SE 
of 8 different samples.
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increased basal IκBα protein (107% increase) relative to 
the substantial decrease in pIκBα levels. Similar effects 
on IκBα basal levels were noted in Jurkat cells when BTZ 
alone or combined with GSI-I was used (the increase in 
IκBα-to-pIκBα ratio was 21% and 74%, respectively).

The effects of GSI-I and BTZ on stress-related 
proteins were also studied (Fig. 4). Individually, each of 
the two drugs did not exert notable effects on pJNK levels, 
but the combined treatment remarkably enhanced JNK 
phosphorylation. In addition, the levels of p-p38 MAPK 
were moderately increased after treatment with GSI-I or 
BTZ alone, but the combined treatment slightly enhanced 
this increase.

Individual contributions of AKT and p38 MAPK 
signaling to the synergistic effects of GSI-I and 
BTZ in T-LPN

To further decipher the individual contributions of 
AKT and p38 MAPK to the synergistic effects of GSI-I 
and BTZ, selective inhibitors were utilized followed by 
analysis of cell viability and protein expression. Treatment 
with the selective AKT inhibitor MK-2206 at 0.05 μM 
for 48 h did not decrease the viability of Jurkat and HuT 
78 cells (Fig. 5A). The decrease in cell viability became 
slightly more pronounced when a concentration of 1.0 μM 

was used. Nonetheless, combining GSI-I and BTZ caused 
marked decrease in the viability of the T-LPN cells. 
Moreover, combining MK-2206, GSI-I, and BTZ further 
decreased T-LPN cellular viability in the two cell lines. 
At the biochemical level, the expression of pAKT was 
moderately reduced in Jurkat and HuT 78 cells treated with 
MK-2206 at a concentration of 1.0 μM for 24 h (Fig. 5B). 
The decrease in pAKT became more pronounced when 
GSI-I and BTZ were simultaneously used to treat the cells. 
Importantly, combining MK-2206 with GSI-I and BTZ 
completely abrogated the expression of pAKT. Total AKT 
levels remained unaffected throughout the experiments.

To characterize the role of p38 MAPK in the 
synergistic effects of GSI-I and BTZ, SB203580, a 
selective inhibitor of p38 MAPK, was used in a similar 
fashion (Fig. 5C). While SB203580 had negligible effects 
on cell viability at 5 and 10 μM concentrations, combined 
treatment with GSI-I and BTZ for 48 h remarkably 
decreased the viability of Jurkat and HuT 78 cells. These 
effects were partially rescued when SB203580 was 
simultaneously used with GSI-I and BTZ. Western blotting 
demonstrated that SB203580 induced a concentration-
dependent decrease in p-p38 MAPK levels, and this 
decrease was reversed when the combination treatment of 
GSI-I with BTZ was used (Fig. 5D). Importantly, when 
SB203580 was additionally used to treat the cells with GSI 

Figure 3: Combining GSI-I and BTZ induces synergistic inhibitory effects in T-LPN. A. Compared with a single drug, 
combined treatment with GSI-I with BTZ, induced significant decrease in the viability of Jurkat, MOLT-4, HuT 78, and H9 cells at 48 h. 
Data represent means ± SE from three independent experiments. B. Isobolographic curves illustrate that majority of the data points are lying 
to the left of the envelope of additivity (light blue area), indicating that combining GSI-I and BTZ induces synergistic effects in T-LPN cells.
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and BTZ, the expression of p-p38 MAPK was decreased. 
Total p38 MAPK levels remained unchanged in response 
to the different treatments.

Combined treatment with GSI-I and BTZ 
suppresses T-LPN xenograft tumor growth in 
nude mice

The therapeutic effects of GSI-I and BTZ on T-LPN 
cells were also evaluated in vivo in a nude mouse model. 

Subcutaneous injection of Jurkat cells into the flanks 
of nude mice resulted in tumors at the site of injection. 
While therapy with either GSI-I or BTZ was able to 
delay tumor growth to some extent, the combination 
regimen induced remarkable regression of the tumor size. 
Representative images from the different mice groups are 
depicted in Fig. 6A, with dissected lymphoma tumors 
shown to illustrate the tumor sizes in the different groups. 
Quantitative measurement of tumor volume indicated that, 
as early as day 9, the effects of the combination treatment 

Figure 4: Combined inhibition with GSI-I and BTZ induces biochemical changes consistent with apoptosis and cell 
death in T-LPN. Western blot analysis showed that treatment of Jurkat and HuT 78 cells simultaneously with GSI-I and BTZ induces 
cleavage of caspase-3 and PARP, and 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. Furthermore, Notch1 and NICD along with the Notch1 
target proteins c-Myc and Hes1 were markedly decreased after the combination treatment in comparison with the single agent treatment. 
Compared with GSI-I or BTZ alone, the expression of pAKT and pERK were significantly downregulated when GSI-I+BTZ were used to 
treat the cells indicating more negative impact of the combination treatment on T-LPN cell survival. Combination strategy also reduced the 
levels of pIKKα/β, pIκBα, and nuclear p65 more than single agents. The levels of pJNK were upregulated after the combined treatment. 
However, only a slight increase in the levels of p-p38 MAPK was noted after treatment with GSI-I and BTZ.
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were more significant compared to the control group 
(Fig. 6B). Importantly, mice treated with combined GSI-I 
and BTZ exhibited tumor sizes that were markedly smaller 
than GSI-I or BTZ alone (Fig. 6B).

Assessment of apoptosis by the TUNEL staining 
was performed in tumor tissues collected at necropsy. 
Compared with the control and single-agent treatments, 
combining GSI-I and BTZ was associated with increased 

numbers of apoptotic cells (Fig. 6C). Representative 
examples of H&E-stained tumors as well as tissues stained 
with TUNEL technique are illustrated in Fig. 6D.

We also used immunohistochemical staining (IHC) 
to probe the xenograft T-LPN tumors with antibodies 
against Notch1, pAKT, and p-p38 MAPK proteins. In the 
control group, the expression of Notch1 was detected with 
a variable degree of intensity in most of the tumor cells. 

Figure 5: AKT and p38 MAPK contribute to the synergistic effects of GSI-I and BTZ in T-LPN. A. Jurkat and HuT 
78 cells treated with MK-2206 at 48 h showed a slight concentration-dependent decrease in their viability. The decrease in cell viability 
was more prominent after combined treatment with GSI-I and BTZ. However, in the presence of MK-2206, GSI and BTZ were able to 
further enhance their inhibitory effects on T-LPN cell viability. B. Western blot analysis showed a concentration-dependent decrease of 
pAKT after treating Jurkat and HuT 78 cells with MK-2206, and this decrease was more pronounced when a combination of GSI-I and BTZ 
were used. However, in the presence of MK-2206, GSI-I and BTZ completely abrogated the expression of pAKT. There were no changes 
in the basal levels of AKT proteins. GAPDH confirms equal protein loading. C. Jurkat and HuT 78 cells treated with SB203580 for 48 
h demonstrated no significant changes in their viability. Although, combination treatment of GSI-I and BTZ drastically reduced cellular 
viability, this decrease was partially rescued in the presence of SB203580, GSI-I, and BTZ combined treatment. D. The expression of p-p38 
MAPK demonstrated a concentration-dependent decrease after treatment with SB203580 alone. In contrast, the expression of p-p38 MAPK 
was remarkably increased after using GSI-I and BTZ to simultaneously treat the T-LPN cells. In the presence of SB203580, GSI-I, and 
BTZ collectively managed to partially rescue the expression of p-p38 MAPK. Changes were not observed in the basal levels of p38 MAPK 
protein. GAPDH was used as the loading controls. Data shown in (A) and (C) represent the means ± SE from three independent experiments 
(*: P < 0.001 vs. GSI-I + BTZ alone in both cells; †: P < 0.001 vs. MK-2206 [1 μM] or SB203580 [10 μM] in Jurkat; ‡: P < 0.0001 vs. 
 MK-2206 [1 μM] or SB203580 [10 μM] in HuT 78).
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The intensity and frequency of the expression of Notch1 
decreased significantly in the mice treated with GSI-I or 
BTZ alone. However, combining GSI-I and BTZ was 
associated with total lack of expression of Notch1 in the 
corresponding tumor tissues (Fig. 6E). pAKT showed 
a pattern of expression similar to Notch1, as it became 
largely absent in T-LPN tissues from mice simultaneously 
treated with GSI-I and BTZ. At the other hand, the 
expression of p-p38 MAPK was not present in tumors 
from control mice. Whereas the expression of p-p38 
MAPK slightly increased after treatment with GSI-I or 
BTZ alone, this expression dramatically increased in mice 
simultaneously treated with the two inhibitors (Fig. 6E).

DISCUSSION

Notch1 signaling has multiple pleiotropic effects 
during embryonic and postnatal development including 
cell fate determination and homeostasis [29–31]. 
Aberrant activation of Notch1 signaling has been linked 
to T-LPN [16, 32–36]. Although Notch1 signaling has 
recently become the focus of significant research, its 
precise role in T-LPN pathogenesis is not completely 
characterized. Our study provides novel evidence to 
support that the γ-secretase inhibitor GSI-I, which blocks 
Notch1 signaling, and the proteasome inhibitor BTZ 
cooperate together to effectively inhibit T-LPN in vitro 

Figure 6: GSI-I and BTZ effectively suppressed T-LPN xenograft tumor growth. A. In nude mice (examples shown) 
challenged with subcutaneous injection of Jurkat cells, GSI-I combined with BTZ significantly inhibited tumor growth. B. Quantitative 
analysis of tumor volume indicates that the combination treatment was superior to treatment with a single drug in suppressing tumor growth. 
For instance, compared with control mice, combined treatment with GSI-I and BTZ significantly limited tumor growth starting from day 
9 after treatment (P < 0.05). In contrast, inhibitory effects were observed at day 11 for BTZ (P < 0.05) and day 13 for GSI-I (P < 0.01). With 
the progress of the experiment at days 11 through day 15, the regression of tumor volumes was more evident after combined treatment with 
GSI-I and BTZ. At day 13, combined treatment was associated with more significant inhibitory effects than treatment with GSI-I alone, 
which became more pronounced at day 15. In addition, at day 15, the combined regimen was more effective than treatment with BTZ alone 
(*: P < 0.05 vs. control; †: P < 0.001 vs. control; ‡: P < 0.0001 vs. control and P < 0.05 vs. GSI-I; ¥: P < 0.0001 vs. control, P < 0.01 vs. 
GSI-I, P < 0.05 vs. BTZ). C. Quantitative analysis of TUNEL staining performed on tumor tissues collected at necropsy shows that there 
was a significant increase in apoptotic cells in tumors tissues from mice treated with GSI-I or BTZ alone compared with tumors collected 
from control mice. Nonetheless, the highest percentage of apoptotic cells were detected in the mice simultaneously treated with GSI-I and 
BTZ, and this percentage was not only significantly higher than control tumors but also than tumors from mice treated with either GSI-I or 
BTZ (*: P < 0.0001 vs. control; †: P < 0.0001 vs. control, GSI-I, and BTZ). Data represent means ± SE.

(Continued )
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and in vivo. Although treatment with GSI-I or BTZ alone 
induced anti-tumorigenic effects in the cell lines and 
primary human T-LPN cells, the effects of combining low 
concentrations of each inhibitor were significantly more 
pronounced. NOTCH1 mutations were identified in 3 of 
the 4 tested patients, all with TLL. Individual response  
of the 4 patients to GSI-I and BTZ was similar, which 
suggests that the response to these inhibitors was  
not related to the NOTCH1 mutation status. However, it 
is important to state that the patient population included 
in our study is very small and the effects of the inhibitors 
were analyzed in vitro using isolated TLL cells. Thus, 
definitive conclusions can not be firmly established.

Isobologram studies showed that GSI-I in 
conjunction with BTZ inhibited the proliferation of 
T-LPN cells in a synergistic fashion. We initially noticed 
remarkable variability in the sensitivities of the different 
cell lines to the effects of GSI-I or BTZ. For instance, 
MOLT-4 cells demonstrated higher susceptibility to the 
effects of GSI-I and BTZ on cell proliferation than the 
other cell lines. Therefore, in order to collect meaningful 

data to generate the isobolographic curves, we opted to 
use a different drug concentration range for each cell line. 
Thereafter, a concentration equivalent to IC30 specific for 
each cell line was used in the in vitro experiments.

Indeed, different cell lines used in this study 
demonstrated notable variability in their response to 
GSI-I and BTZ. Using morphological criteria, the Jurkat 
and H9 cells showed the lowest and highest number of 
apoptotic cells, respectively. Furthermore, MOLT-4 
showed highest number of apoptotic cells using flow 
cytometry and Annexin V staining. Although the exact 
mechanisms underlying this variability are not clear, 
some important factors need to be considered. The 
differences among apoptosis detection methods could 
lead, at least partially, to the variability in the results 
among the different cell lines. In addition, despite the 
fact that these cell lines are classical representative of 
T-LPN, they carry heterogeneous biological traits, which 
stems to the fact that TLL and MF/SS have remarkably 
distinct clinicopathological characteristics. For instance, 
Jurkat and MOLT-4 cell lines are composed of immature 

Figure 6 (Continued ): D. Photomicrographs show representative examples of tumor sections collected from a control, untreated mouse 
stained with H&E (left panel). In addition, representative examples of tumor tissues from the different treatment groups are shown after 
being stained with TUNEL technique. Tumor tissues from the mouse treated with combined GSI-I and BTZ show more apoptotic cells 
compared with mice treated with GSI-I or BTZ alone. Original magnification: ×400. E. IHC stain shows pronounced expression of Notch1 
and pAKT in the lymphoma xenograft tumors from control mice. Single treatments by GSI-I or BTZ slightly decreased the expression 
of Notch1 and pAKT. Importantly, combined treatment with the two inhibitors abrogated the expression of Notch1 and pAKT proteins. 
The expression of p-p38 MAPK was not detected in control lymphoma tumors, whereas treatment with GSI-I or BTZ slightly enhanced 
its expression. Notably, combined treatment with GSI-I and BTZ significantly increased the expression of p-p38 MAPK in the lymphoma 
cells. Original magnification: ×400.
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lymphoid cells (blasts) that were developed from TLL. 
In contrast, the H9 and HuT 78 cell lines represent MF/
SS T-cell lymphoma cells that are immunophenotypically 
mature. Considering the known inherent cell lines 
variability, our findings could resemble the clinical setting 
where different patients demonstrate variable responses 
to targeted therapy. Our results are also consistent with 
previous studies that showed that BTZ and γ-secretase 
inhibitors induce variable responses in different cell lines 
from the same type of cancer [37–39].

Our data support synergistic collaboration between 
GSI-I and BTZ in T-LPN. Although the exact explanations 
for this interesting phenomenon are not completely 
known, a recent study in T-LPN cells including Jurkat and  
MOLT-4 showed that BTZ induced negative 
regulatory effects on Notch1 signaling via repression 
of the transcription of NOTCH1 gene and, as a result, 
downregulation of its effectors [40]. Considering that 
GSI-I induces its inhibitory effects on Notch1 via 
inhibition of the release of NICD, which also leads 
to suppression of NOTCH1-mediated transcriptional 
activation of target genes, combining GSI-I with BTZ will 
most likely enhance their inhibitory effects on Notch1 
signaling. In a similar fashion, GSI-I has also been shown 
to block proteasomal activity with potency comparable 
to BTZ, which could further explain the synergistic 
collaboration between the two inhibitors [41].

A main hurdle for using GSI-I or BTZ as single 
agents was dose-limiting toxicities that caused deleterious 
side effects [20, 21, 28, 42]. The studies investigating 
combining γ-secretase and proteasome inhibitors are 
few, with one recent report demonstrating that combining 
low concentrations of GSI-XII and BTZ potentiates the 
in vitro effects of the single agent [39]. It is important 
to highlight that our study is the first to extensively 
investigate the in vitro and in vivo effects of combining 
low concentrations of GSI-I and BTZ in T-LPN.

Although treatment with GSI-I or BTZ alone 
induced apoptosis in T-LPN cells and decreased their 
proliferation, these effects were more pronounced when 
GSI-I and BTZ were simultaneously utilized to treat the 
cells. Consistent with the occurrence of apoptotic cell 
death, GSI-I or BTZ alone induced PARP and caspase 3 
cleavages, and decreased BCL-2 and BCL-xL levels, and 
these effects increased significantly with the combined 
treatment. In addition to the in vitro evidence, combined 
treatment with GSI-I and BTZ also sensitized T-LPN 
tumor cells to in vivo apoptosis and halted tumor growth in 
nude mice more efficaciously than treatment with a single 
agent.

After treating T-LPN cells by GSI-I or BTZ, 
Notch1 and NICD proteins were slightly decreased. 
Importantly, combined treatment was associated with 
more remarkable decrease in Notch1 and NICD levels. 
Notch1 facilitates direct and indirect targeting of 
genes particularly oncogenes such as MYC [5, 43, 44]. 

The NOTCH1-MYC loop acts as a critical driver of 
cell growth and anabolism in T-LPN [45]. Another 
downstream target of Notch1 is Hes1, which contributes 
to tumor progression [46]. Previous studies showed 
that inhibition of Notch1 via suppression of γ-secretase 
activity reduces c-Myc and Hes1 levels, which was 
associated with decreased tumor cell proliferation [47, 48]. 
Similarly, in our study, treatment of the T-LPN cells with 
GSI-I decreased c-Myc and Hes1 levels, and decreased 
cellular proliferation. Importantly, the effects of GSI-I on 
c-Myc and Hes1 were much more potentiated when it was 
combined with BTZ.

The AKT and ERK pathway play important roles 
in maintaining the survival of T-LPN, at least partially, 
through interactions with Notch1 [49–52]. Our study 
shows that GSI-I alone did not induce any notable effects 
on AKT phosphorylated at Ser473 in Jurkat cells, and 
induced minimal decrease in the phosphorylation levels 
of this serine residue in HuT 78 cells. These results are 
consistent with the recent report that showed that inhibition 
of Notch1 by GSI-IX increased the phosphorylation of 
AKT at Thr308 with no effects on Ser473 [53]. In our study, 
in addition to GSI-I, treating Jurkat and HuT 78 cells with 
BTZ induced a slight decrease in pAKT-Ser473. Combined 
treatment with GSI-I and BTZ potentiated their effects 
and caused marked decrease in pAKT-Ser473. Although 
GSI-I or BTZ alone induced moderate or mild decrease, 
respectively, in pERK-Thr202/Tyr204, the combined effects 
of the two inhibitors were much more pronounced as the 
levels of pERK decreased dramatically after treatment. 
Thus, combined abrogation of pAKT and pERK appears 
to be an important mechanism underlying drug synergy 
between GSI-I and BTZ in T-LPN.

JNK and p38 MAPK are also involved in the 
regulation of apoptosis, cell cycle, differentiation, and stress 
response of cancer cells including T-LPN [54–56]. Recent 
studies suggested that JNK and p38 MAPK have dual roles 
by promoting cancer cell death or survival depending on the 
cell type, nature of the death stimuli, and the contribution of 
other interacting survival molecules [56, 57]. Furthermore, 
it was previously shown in lymphoid and myeloid cells 
that apoptosis and cell death induced by BTZ or AKT 
inhibitors were associated with increased p38 MAPK and 
JNK phosphorylation [56, 58]. These findings are consistent 
with our results demonstrating that T-LPN cell death induced 
by combined treatment with GSI-I and BTZ was associated 
with remarkable increase in pJNK. Furthermore, treatment 
with a single agent increased p-p38 MAPK levels, and 
combining GSI-I and BTZ induced a very slight additional 
increase in p-p38 MAPK levels.

NF-κB is constitutively activated in T-LPN, and the 
functional interactions between Notch1 and NF-κB have 
been extensively studied [59, 60]. Notch1 activation leads 
to the phosphorylation of IκBα and subsequent activation 
of NF-κB, mediated by IκBα kinase signalosome [61]. In 
T-LPN, generally IκBα is readily degraded upon activation 
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of Notch1 signaling [62]. The proteasome inhibitor BTZ 
was expected to antagonize the degradation of IκBα and 
increase its levels. Although, there was no direct increase 
in IκBα basal levels in our study, BTZ indirectly increased 
basal IκBα levels through downregulation of pIκBα, 
which led to increased IκBα-to-pIκBα ratio. Notably, 
this increase was modest, yet it became much more 
pronounced when BTZ was combined with GSI-I, attesting 
the synergistic effects of the two inhibitors. Although we 
cannot entirely explain the lack of a more robust effect of 
BTZ alone on IκBα levels, important factors might have 
led to this unexpected finding including: 1) type of cells; 
Jurkat (leukemic blasts) vs. HuT 78 (malignant mature 
lymphoma cells); 2) concentration of BTZ; and 3) duration 
of treatment by BTZ. Similar to our results, a previously 
published study showed lack of significant changes in 
total IκBα at 24 h after treating Jurkat cells with 10 nM 
BTZ; a concentration similar to the one used in our study. 
Only a slight increment in IκBα was noted at 48 h [63]. 
In contrast to the anticipated BTZ-induced upregulation 
of IκBα, evidence in plasma cell myeloma cell lines and 
primary cells from patients suggests that BTZ could 
also significantly downregulate IκBα expression, which 
subsequently triggers NF-κB activation [64]. Despite 
these effects on IκBα/NF-κB, BTZ was able to effectively 
cause cytotoxicity in the myeloma cells. Collectively, 
these results suggest that BTZ-induced antitumor activity 
may be mediated dependently or independently from the 
NF-κB system. At least from our data, combined targeting 
of Notch1 and proteasome appears to upregulate IκBα 
expression more than targeting the proteasome system 
alone.

Using GSI-I or BTZ as single agents did not 
affect the nuclear levels of expression of p65 subunit of  
NF-κB in T-LPN cells. In contrast, the nuclear expression 
of p65 decreased significantly after the combined 
treatment, which indirectly implies that NF-κB became 
predominantly sequestered within the cytoplasmic 
compartment. Furthermore, pIKKα/β levels were 
dramatically decreased after the combined treatment 
with GSI-I and BTZ than when one inhibitor was used 
alone. This indicates that combining GSI-I and BTZ 
triggers repression of NF-κB activity, which contributed 
to apoptosis and cell death in T-LPN.

To analyze the individual contributions of survival 
pathways to the synergistic effects of GSI-I and BTZ, we 
elected to focus on AKT and p38 MAPK, which supports 
and suppresses the survival of T-LPN, respectively. 
Treatment with the selective AKT inhibitor MK-2206 in 
conjunction with GSI-I and BTZ decreased the viability of 
Jurkat and HuT 78 cells more than the combined treatment 
with GSI-I and BTZ alone. Notably, MK-2206 failed 
to induce effects on the viability of T-LPN cells at low 
concentrations and marginally decreased their viability 
at higher concentrations. These findings suggest that 

combined targeting of Notch1 and proteasome perhaps 
has superior negative impact on T-LPN than targeting 
AKT. At the other hand, selective inhibition of p38 MAPK 
by SB203580 alone, at two different concentrations, did 
not affect the viability of T-LPN cells. In contrast, GSI-I 
and BTZ decreased T-LPN cell viability significantly, yet 
SB203580 was able to partially rescue these cells when 
it was simultaneously used with GSI-I and BTZ. These 
findings suggest that p38 MAPK is most likely enhancing 
the inhibitory effects of GSI-I and BTZ on T-LPN.

We also studied the effects of GSI-I and BTZ, alone 
or in combination, in vivo using nude mice with Jurkat 
cell-driven xenografts. Combining low doses of GSI-I 
(5 mg/kg) and BTZ (60 μg/kg) suppressed the growth of 
Jurkat cell xenografts more efficiently than either drug 
alone. In addition, apoptosis was more evident in Jurkat 
tumors collected from mice treated simultaneously with 
GSI-I and BTZ than mice treated with either drug alone. It 
is important to note that the apoptosis rate observed in the 
Jurkat cell lymphoma tumor xenografts was lower than the 
one detected in vitro in Jurkat cells. It is possible that the in 
vivo inhibitory effects of GSI-I and BTZ were related to 
suppression of lymphoma cells growth via hindering cell 
proliferation than inducing apoptosis. Although the exact 
explanations underlying the discrepancies between in vitro 
and in vivo findings are not totally known, important 
factors need to be taken in consideration including the 
biological differences between cell line suspensions 
that contain a pure population of Jurkat cells and the 
lymphoma tumor xenografts that contain stromal cells, 
which may protect the lymphoma cells from apoptosis. 
Moreover, differences in sensitivities exist between flow 
cytometry, which was used to measure apoptosis in cell 
line suspensions, and the TUNEL assay that was utilized 
to identify apoptotic cells in formalin-fixed and paraffin-
embedded tissue sections.

To further analyze the effects of GSI-I and BTZ, 
Jurkat cell lymphoma xenografts were probed using 
IHC and specific antibodies against Notch1, pAKT, and 
p-p38 MAPK proteins. GSI-I or BTZ alone decreased 
the expression of Notch1 protein, but the effects of 
combined treatment on Notch1 expression was much 
more pronounced. Similarly, the single treatments 
decreased pAKT expression, and combining GSI-I and 
BTZ abrogated this expression. Whereas lymphoma 
tissues from control mice demonstrated lack of expression 
of p-p38 MAPK, GSI-I or BTZ alone slightly increased 
p-p38 MAPK. Importantly, combining GSI-I and BTZ 
enhanced significantly the expression of p-p38 MAPK. 
Despite that the IHC findings in general were consistent 
with the in vitro Western blot data, variability was noted. 
For example, the increase in the expression of p-p38 
MAPK after treating the cells with GSI-I or BTZ alone 
was more pronounced in vitro than the in vivo. Similar to 
the possible explanations for the variability in apoptosis 
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levels addressed above, the variability in the changes in 
survival proteins between in vitro and in vivo experimental 
approaches could be due to the differences in the nature of 
the specimens as well as the protein detection methods.

It is important to highlight that apparent toxicity was 
not observed in the nude mice because of the relatively 
low doses of GSI-I and BTZ that were intermittently 
administered in our model. Indeed, the low doses of 
GSI-I and BTZ used in our study were less than the doses 
currently utilized in clinical trials (https://clinicaltrials 
.gov/ct2/show/NCT00878189) that enroll T-LPN patients 
[65, 66].

Taken together, combined targeting of Notch1 
and proteasome by GSI-I and BTZ, respectively, causes 
synergistic tumor suppression of T-LPN. The combined 
effects of GSI-I and BTZ are significantly more 
pronounced than the isolated effects of GSI-I or BTZ. 
Importantly, the findings observed in vitro were consistent 
with those observed in vivo, which supports the efficacy of 
this approach and provides legitimate rationale for clinical 
utilization to treat T-LPN patients.

MATERIALS AND METHODS

Cell lines and reagents

TLL (Jurkat and MOLT-4) and MF/SS (HuT 78, 
and H9) cell lines were purchased from American Type 
Culture Collection (Bethesda, MD). Normal human 
peripheral blood CD3+ pan-T lymphocytes were purchased 
from StemCell Technologies (Vancouver, BC, Canada; 
Catalog number: PB009–1F). Cells were maintained in 
RPMI-1640 medium (HyClone; Thermo Fisher Scientific, 
Waltham, MA), supplemented with 10% heat-inactivated 
fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 
100 μg/mL streptomycin in a humidified atmosphere of 
95% air and 5% CO2 at 37°C. The γ-secretase inhibitor 
GSI-I (Z-Leu-Leu-Nle-CHO) was purchased from Merck 
Calbiochem (San Diego, CA). The proteasome inhibitor 
BTZ, the AKT inhibitor MK-2206, and the p-p38 MAPK 
inhibitor SB203580 were obtained from Selleckchem 
(Houston, TX). A concentration-response curve was 
generated for each cell line as shown in Fig. 3, then, a 
concentration equivalent to IC30 specific for each cell line 
was used in the in vitro experiments.

Cell viability by MTS assay

Changes in cell viability were measured as 
previously described [67, 68]. Cells were treated with 
GSI-I and BTZ alone or in combination, and with 
or without AKT/p38 MAPK inhibitors at different 
concentrations in 96-well plates. In the case of 
inhibitors, cells were pre-treated over night with specific 
inhibitors before adding drugs. After 48 h, 20 μL of 
the MTS reagent (Promega, Madison, WI) was added 

into each well. Samples were incubated at 37°C for 
1–4 h and the absorbance was measured at 490 nm by 
spectrophotometry.

Cell proliferation by BrdU assay

Cell proliferation was measured by using the BrdU 
cell proliferation kit (X1327K1, Exalpha Biologicals, 
Shirley, MD) as previously described [67, 68]. After 
treatment for 24 h, cells were plated at a concentration 
of 2 × 105 cells/mL in 96 well plates. Twenty-μL of BrdU 
(diluted 1:500) was added and incubated overnight. The 
Fixing Solution was then added and plates subjected 
to washing. Thereafter, 100 μL/well of anti-BrdU 
monoclonal antibody were added, followed by 100 μL/
well peroxidase goat anti-mouse IgG conjugate (diluted 
1:2000). The plates were again washed, and 100 μL/well 
of TMB substrate were added. Stop solution (50 μL) was 
added and plates were read in an ELISA plate reader 
(450/595 nm).

Anchorage-independent colony formation assay

Cells were plated in a methylcellulose-based 
medium (Methocult H4230, Stemcell Technologies) and 
mixed in RPMI-1640 medium at a ratio of 1:4 (v/v) [67, 
68]. Harvested cells were mixed in a 1:10 (v/v) ratio with 
methylcellulose in 15 mL conical tubes that were then 
inverted gently. Thereafter, the contents were poured 
into 24-well plates, and incubated at 37°C in a 5% CO2 
incubator for 5 days. Then, p-iodonitrotetrazolium violet 
was added and incubated overnight. Colonies were 
visualized using the FluorChem 8800 imaging system 
(Alpha Innotech, San Leandro, CA).

Apoptosis detection

In vitro apoptosis was evaluated using a standard Kit 
(556547, BD Biosciences, San Jose, CA) as previously 
described [67, 68]. Cells were dual-stained with Annexin 
V and PI and the fluorescent intensity was measured by 
flow cytometry (BD FACSCalibur system). Percentage of 
apoptotic cells was quantified using FlowJo software (BD 
Biosciences). In addition, apoptosis was detected using 
morphometric analysis. Briefly, cytospins were prepared 
by centrifugation and stained with Wright-Giemsa stain. 
Thereafter, morphologic features consistent with apoptosis 
were evaluated using light microscopy.

Isobolographic analysis

Based on concentration–response curves obtained 
from the in vitro treatments of cell lines, three isoeffect 
curves were generated by using isobolograms to determine 
the synergistic vs. additive vs. antagonistic effects of 
GSI-I and BTZ [69]. Concentration-dependent effects 
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were calculated using MS-Excel (Microsoft; Redmond, 
WA) for one drug while keeping constant concentrations 
for the other.

Patient samples

Experiments in human samples were performed 
in accordance with the Declaration of Helsinki and 
after approval of the Institutional Review Board. 
Primary samples from 8 T-LPN patients were included 
in this study. Cells were isolated and treated with 
GSI-I or BTZ alone, or in combination. Post-treatment 
effects were analyzed using MTS for cell viability and 
Giemsa stain for morphological changes associated with 
apoptosis.

Antibodies

Antibodies purchased from Santa Cruz 
Biotechnology (Dallas, TX) included caspase-3 (sc-7272), 
BCL-2 (sc-7382), ERK (sc-94), and GAPDH (sc-25778); 
from Cell Signaling Technology (Danvers, MA) were 
cleaved caspase-3 (9661S), cleaved PARP (5625S), PARP 
(9542P), pAKT (Ser473, 4051), AKT (9272), pERK (Thr202/
Tyr204, 4370S), pIKKα/β (Ser176/177, 2078S), IKKα (2682S), 
pIκBα (Ser32/36, 9246S), IκBα (4814S), p65 (6956S), 
Notch1 (3608S), cleaved Notch1 (NICD, 4147S), c-Myc 
(5605S), Hes1 (11988S), pJNK (4668S), JNK (9252), 
p-p38 (Thr180/Tyr182, 4511S), p38 (8690S), and lamin 
B2 (9622); and from Zymed Laboratories (South San 
Francisco, CA) was BCL-xL (18–0217).

Western blotting

Cells were lysed in lysis buffer (25 mM HEPES 
[pH 7.7], 1.5 mM MgCl2, 400 mM NaCl, 2 mM EDTA, 
0.5% Triton X-100, 3 mM DTT, 0.1 mM PMSF), with 
phosphatase inhibitor (20 mM β-GP, 1 mM Na3VO4), and 
protease inhibitor cocktails (10 μg/ml leupeptin, 2 μg/ml 
pepstatin, 50 μg/ml antipain, 1× benzamidine, 2 μg/ml 
aprotinin, 20 μg/ml chymostatin) (Roche; Indianapolis, 
IN) as previously described [67, 68]. Fractionation 
was performed using nuclear/cytosol fractionation 
kit (BioVision, Milpitas, CA). Protein extracts 
(50 μg) were loaded onto 8–12% polyacrylamide gel 
containing SDS, electrophoresed, and transferred to a 
polyvinylidene fluoride membrane. The membranes 
were blocked with 5% non-fat dried milk in Tris-
buffered saline/0.1% Tween-20 and incubated overnight 
at 4°C with the desired primary antibody, followed by 
a matched horseradish peroxidase-linked secondary 
antibody. The immunocomplexes were visualized 
using a chemiluminescence horseradish peroxidase 
kit. GAPDH and lamin B2 antibodies were used as the 
loading controls for whole cell and nuclear proteins, 
respectively.

Murine model

Experiments in mice were approved by the 
Animal Ethical Committee at Nantong University. Nude 
mice (5–6 weeks old; 8 mice in each group; Shanghai 
Laboratory Animal Center, Shanghai, China) were injected 
subcutaneously into the right flank with 4 × 107 Jurkat 
cells. Then, treatments were started at day 21. Control 
mice received PBS, while the other 3 groups received 
GSI-I (i.p.: 5 mg/kg/day over a period of 14 days; two 
cycles; 5 days on and 2 days off), BTZ (i.p.: 60 μg/kg once 
per day for 14 days), or the combination treatment. Tumor 
volumes were measured every 2 days and calculated using 
the formula 0.5 × a × b2 (a: length; b: width). Animals 
were sacrificed after 14 days by CO2 asphyxiation and 
cervical dislocation according to the animal protocol. 
Tumors were fixed in 10% buffered formalin and then 
embedded in paraffin.

Terminal deoxytransferase-dUTP nick-end 
labeling (TUNEL) assay

In situ cellular apoptosis was evaluated by detection 
of fragmented DNA on deparaffinized formalin-fixed 
sections from mice lymphoma xenografts (5.0 μm). 
At least 500 cells in each of three different fields were 
evaluated using light microscopy.

IHC of tumor xenografts from nude mice

IHC was performed on formalin-fixed and paraffin-
embedded xenograft tumor tissue sections prepared using 
standard techniques [67]. Antibodies used were purchased 
from Cell Signaling and included: p-p38 MAPK (4511S; 
1:25), Notch1 (3608S; 1:50) and pAKT (Ser473, 4060; 
1:50). Photomicrographs were taken using a Nikon 
Microphot FXA microscope (Nikon Instruments, Melville, 
NY) and an Olympus DP70 camera (Olympus America, 
Melville, NY).

Statistical analysis

Statistical analyses for the in vitro and in vivo studies 
were performed by one-way ANOVA, and P < 0.05 was 
considered to be statistically significant (GraphPad PRISM 
software; GraphPad Software Inc., San Diego, CA).
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