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Abstract Bortezomib is a proteasome inhibitor that can
synergize with interferon-alpha (IFN-�) to induce apoptosis
in melanoma cells in vitro and inhibit tumor growth in
vivo. We hypothesized that proteasome inhibition may be
an eVective means to sensitize melanoma cells to the
direct eVects of IFN-�. Pre-treatment of human melanoma
cells with bortezomib led to signiWcantly increased tran-
scription of interferon-stimulated genes as determined by
real-time PCR. Flow cytometric and immunoblot analyses
indicated that the enhanced direct actions of IFN-� on
melanoma cells were the result of prolonged phosphoryla-
tion of STAT1 (P-STAT1) on both the Tyrosine701 and
Serine727 residues. In contrast, the enhanced IFN-�-induced
P-STAT1 was not observed in peripheral blood mononu-
clear cells that were pre-treated with bortezomib. These
data suggest that proteasome inhibition represents a

mechanism to enhance the direct eVects of IFN-� on mela-
noma cells thereby complementing its immunostimulatory
properties.
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Introduction

Malignant melanoma is the most deadly form of skin can-
cer, and its incidence is rising faster than that of any other
cancer [1]. The prognosis for patients with metastatic dis-
ease is poor, and current chemotherapeutic and biologic
therapies are only marginally eVective. Melanoma tumors
are genetically heterogeneous and have the ability to pro-
mote immunosuppression in a tumor-bearing host [2].
Therefore, one approach to the treatment of this malignancy
may be to combine targeted anti-tumor compounds with
immunostimulatory agents. Treatment with cytokines such
as interferon-alpha (IFN-�) has been a mainstay of therapy
for patients with malignant melanoma [3]. This cytokine
remains the only FDA-approved agent for the adjuvant
therapy of patients who have undergone complete excision
of their tumor but are at high-risk for recurrence. Recent
evidence suggests that the anti-tumor eVects of IFN-� are
likely a result of its immunostimulatory properties [4–6].
However, many melanoma cell lines have been shown to
exhibit decreased cell proliferation and increased apoptosis
in response to IFN-�, suggesting that a direct eVect on the
tumor could account for a portion of its activity [7–9].

The level of IFN-�-induced signal transduction in mela-
noma cells is highly variable, and in some cases it is
remarkably low despite abundant expression of the Type I
IFN receptor and other key signal transduction intermediates
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[10, 11]. We were therefore interested in developing strate-
gies to enhance the direct anti-tumor actions of IFN-� on
melanoma cells.

Our laboratory has recently demonstrated that the pro-
teasome inhibitor bortezomib can synergize with IFN-� to
induce apoptosis in melanoma cells. This drug combination
also had anti-tumor activity in vivo [12]. These data led us
to hypothesize that proteasome inhibition may be an eVec-
tive means to sensitize melanoma cells to the direct eVects
of IFN-�. In the present report, we demonstrate that
pre-treatment of melanoma cells with bortezomib leads to
prolonged STAT1 phosphorylation and increased transcrip-
tion of interferon-stimulated genes. Conversely, the
enhanced activation of STAT1 in response to IFN-� was
not observed in peripheral blood mononuclear cells
(PBMCs) that were pre-treated with bortezomib. These data
suggest that proteasome inhibition represents a novel way
to enhance the direct eVects of IFN-� on melanoma cells.

Methods

Cell lines

The human A375 melanoma cell line was purchased from
American Type Cell Culture Collection (ATCC, Manassas,
VA, USA). The 18105 MEL human melanoma cell line
was obtained from Dr Soldano Ferrone (Roswell Park
Cancer Institute, BuValo, NY, USA).

Reagents

Recombinant human (hu) IFN-� was purchased from
Schering-Plough, Inc. (Nutley, NJ, USA). Recombinant
huIFN-� was purchased from R & D Systems, Inc. (Minne-
apolis, MN, USA). Bortezomib (Velcade®, PS-341) was
obtained from Millennium Pharmaceuticals Inc, (Cambridge,
MA, USA).

Analysis of apoptosis via annexin V/propidium iodide 
staining

Phosphatidyl serine exposure was assessed in tumor cells
by Xow cytometry using APC-Annexin V and propidium
iodide (PI; BD Pharmingen, San Diego, CA, USA) as pre-
viously described [13]. Each analysis was performed utiliz-
ing at least 10,000 events.

Flow cytometric analysis of STAT1 phosphorylation

Intracellular levels of Tyr701-phosphorylated STAT1
(P-STAT1) in melanoma cell lines was performed as previ-
ously described [11] using alexaXuor488-labeled antibodies

(BD Biosciences, Inc.). Data were expressed as the percent-
age of cells positive for P-STAT1 with appropriate isotype
control antibodies used as negative controls.

Real-time PCR

Real-time reverse transcription-polymerase chain reaction
(RT-PCR) was used to quantitate levels of mRNAs
expressed by known IFN-stimulated genes. Total RNA was
isolated by TRIzol and puriWed using the RNeasy RNA
Isolation Kit (Qiagen, Valencia, CA, USA). Reverse tran-
scription was performed using 2 �g of total RNA and ran-
dom hexamers (Invitrogen) as primers for Wrst-strand
synthesis of cDNA under the following conditions: 70°C
for 2 min, 42°C for 60 min, and 94°C for 5 min. We used
2 �l of the resulting cDNA as a template to measure
the levels of mRNA for ISG-15 and IFIT2 by real-time
RT-PCR with pre-designed primer/probe sets (Assays On
Demand; Applied Biosystems, Foster City, CA, USA) and
2£ Taqman Universal PCR Master Mix (Applied Biosys-
tems). Pre-designed primer/probe sets for human �-actin
(Applied Biosystems) were used as an internal control in
each reaction well. Real-time RT-PCR reactions were per-
formed in triplicate in capped 96-well optical plates. The
following ampliWcation scheme was used: 50°C for 2 min,
95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C
for 1 min. Real-time RT-PCR data were analyzed using
Sequence Detector software, version 1.6 (PE Applied
Biosystems, Foster City, CA, USA).

Immunoblot analysis

Immunoblots were prepared as previously described and
probed with antibodies speciWc for Tyr701- and Ser727-phos-
phorylated STAT1 (Cell Signaling Technology), total
STAT1 (BD Biosciences), or �-actin (Sigma) [11]. Follow-
ing incubation with the appropriate horseradish-peroxidase-
conjugated secondary Ab, immune complexes were
detected using the ECL Plus detection kit (Amersham
Biosciences, Ayesbury, UK).

Statistical analysis

Mixed eVects regression models were used to analyze the
outcomes, including a random eVect for each experiment.
The real-time PCR outcomes (fold change in gene expres-
sion) were log-transformed to meet the necessary model
assumptions of normality and constant variance. P value
adjustments were performed within each set of experiments
via a Bonferroni correction if the number of prescribed
comparisons was small (i.e., <6) and a Tukey–Kramer [14]
adjustment otherwise. P values <0.05 were considered to be
statistically signiWcant.
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Results

Bortezomib sensitizes melanoma cells to IFN-�

Bortezomib and IFN-� have been previously shown to
induce synergistic apoptosis of melanoma cells [12]. These
observations were reproducible in the present study, as a 48-h
treatment of the human A375 and 18105 MEL cell lines
with bortezomib (10 nM) signiWcantly enhanced IFN-�-
induced apoptosis (Fig. 1). We therefore evaluated whether
pre-treatment with bortezomib could sensitize melanoma
cells to the direct actions of IFN-�. Following an 18-h treat-
ment with bortezomib (10–20 nM) or PBS (vehicle), A375
melanoma cells were stimulated with IFN-� for an addi-
tional 4 h and the transcription of IFN-�-responsive genes
was measured by real-time PCR. Proteasome inhibition
resulted in a statistically signiWcant dose-dependent increase
in the expression of the well-characterized IFN-�-responsive
gene IFIT2 (Fig. 2a). Combined treatment of A375 mela-
noma cells with IFN-� and bortezomib at the 10 and 20 nM
doses resulted in a 71% increase (P = 0.0161 vs. IFN-�
alone) and 131% increase (P = 0.0345 vs. 10 nM combina-
tion group) in gene expression respectively, over the IFN-�
alone group. Importantly, this eVect was observed at a time
point prior to the onset of cell death. A similar eVect was
also evident following an 18-h co-treatment with bortezo-
mib and IFN-� (Fig. 2a, P < 0.005 for each combination
group vs. IFN-� alone). The enhanced transcription of IFIT2
and other IFN-�-stimulated genes (ISG-15) was also
achieved using lower doses of bortezomib (5 nM) in both
the A375 and 18105 MEL human melanoma cell lines
(Fig. 2b: ISG-15 P = 0.0178, IFIT2 P = 0.1573; Fig. 2c:
ISG-15 P = 0.0006). Finally, a signiWcant increase in IFN-�
stimulated gene transcription could also be reproduced fol-
lowing a 6-h pre-treatment of A375 cells with bortezomib
(Fig. 2d: ISG-15 P = 0.0003, IFIT2 P = 0.0004). A similar
trend was observed following a 1-h pulse stimulation of
A375 cells with bortezomib, although these data were not

statistically signiWcant and the enhanced responsiveness was
more pronounced following longer durations of pre-treat-
ment (Fig. 2e: ISG-15 P = 0.157, IFIT2 P = 0.472).

Bortezomib sensitizes melanoma cells to IFN-�-induced 
gene regulation

Although IFN-� represents a clinically relevant cytokine
used in adjuvant therapy, melanoma cells also express func-
tional interferon-gamma (IFN-�) receptors. Because IFN-�
is thought to play a role in mediating apoptosis and immune
recognition of tumors [15], we next examined whether bort-
ezomib would also sensitize melanoma cells to IFN-�-
induced gene regulation. Real-time PCR analysis revealed
that pre-treatment of A375 melanoma cells with bortezo-
mib enhanced the transcription of interferon-regulatory fac-
tor-1 (IRF1), an IFN-�-responsive gene that regulates cell
cycle progression and apoptosis [16]. In contrast to data
obtained with IFN-�, pre-treatment of melanoma cells with
lower doses of bortezomib (5 nM) did not lead to a statisti-
cally signiWcant increase in IRF1 expression as compared
to treatment with IFN-� alone (adjusted P = 0.1755). How-
ever, pre-treatment with bortezomib at the 10-nM dose
resulted in a signiWcant increase in IFN-�-induced IRF1
expression as compared to either IFN-� alone (P < 0.0001)
or pre-treatment with 5 nM and subsequent IFN-� stimula-
tion (Fig. 3: P = 0.0024).

Bortezomib does not upregulate the expression level 
of Jak-STAT signal transduction intermediates

We next tested whether enhanced IFN-� stimulated gene
transcription was a result of increased levels of proteins
involved in Jak-STAT signal transduction. Immunoblot
analysis revealed that total levels of non-phosphorylated
STAT1 and STAT2 protein expression were variable
between individual melanoma cell lines. However, treat-
ment with bortezomib did not lead to any diVerence in the

Fig. 1 Bortezomib and IFN-� 
induce apoptosis in melanoma 
cells. The pro-apoptotic eVects 
of IFN-� (104 U/ml), bortezomib 
(10 nM) or both agents 
combined were evaluated in 
human melanoma cell lines 
(18,105 MEL and A375) at 48 h 
post-treatment by annexin 
V/propidium iodide (PI) staining 
and Xow cytometric analysis
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expression of these or other proteins required for IFN-�-
induced Jak-STAT signal transduction including IFNAR,
Jak1 or Tyk2 (Fig. 4a, b).

Bortezomib pre-treatment leads to increased 
phosphorylation of STAT1

To further investigate whether bortezomib might be acting
at the level of STAT1 signal transduction, we measured the

phosphorylation of STAT1 (P-STAT1) at Tyr701 in
response to IFN-� stimulation at various time points
(15 min, 1, 2, 4 h) by Xow cytometry following a 18-h pre-
treatment with bortezomib (10 nM). This dose of bortezo-
mib was previously shown to result in apoptosis of
melanoma cells at a 24-h time point [12]. Results from
these experiments indicated that the duration and level of
IFN-�-induced P-STAT1 was enhanced as a result of
bortezomib pre-treatment in both melanoma cell lines

Fig. 2 Bortezomib enhances IFN-�-induced gene transcription in
melanoma cells. a Real-time PCR was used to analyze the transcript
levels of IFIT2, a known IFN-�-responsive gene in A375 cells
following an 18-h pre-treatment with bortezomib, followed by a 4-h
stimulation with IFN-� (top panel) or an 18-h co-treatment with bort-
ezomib and IFN-� (bottom panel). Data are presented as the mean fold
increase in IFIT2 or ISG-15 vs. PBS-treated cells. Data are normalized
to �-actin (housekeeping gene). Error bars are derived from triplicate
wells. b Real-time PCR analysis of ISG-15 and IFIT2 transcripts
following a 18-h pre-treatment of A375 melanoma cells with lower

doses of bortezomib (5 nM) and subsequent IFN-� stimulation. c Real-
time PCR analysis of ISG-15 transcript following an 18-h pre-
treatment of 18105 MEL melanoma cells with 5 nM bortezomib. d A
6-h pre-treatment of A375 melanoma cells with 5 nM bortezomib
enhanced the transcription of IFIT2 and ISG-15 following IFN-�
stimulation as measured by Real-time PCR. e Fold increase in ISG-15
and IFIT2 transcripts were measured by Real-time PCR following a
1-h pulse stimulation with bortezomib (10 nM), and subsequent 4 h
treatment with IFN-�. Asterisk denotes signiWcant diVerence as
compared to IFN-�-treated cells
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(Fig. 5a, b). These results were conWrmed by immunoblot
analysis which also revealed that proteasome inhibition led
to increased levels of Ser727 phosphorylated STAT1 at the
3-h time point following IFN-� treatment (Fig. 5c). These
data suggest that the enhanced IFN-� stimulated gene
expression in melanoma cells correlates with enhanced
STAT1 phosphorylation events.

Proteasome inhibition does not modulate 
IFN-�-responsiveness of PBMCs

In addition to its direct eVects on the tumor, IFN-� is postu-
lated to mediate many of its anti-tumor actions via stimula-
tion of host immune eVector cells [4–6]. We therefore
tested whether bortezomib could also sensitize PBMCs to
the actions of IFN-�. Importantly, combined treatment of

PBMCs from healthy donors with bortezomib and IFN-�
did not induce cell death as measured by Annexin V/PI
staining (Fig. 6a). In contrast to data obtained in melanoma

Fig. 3 Bortezomib enhances IFN-�-induced gene transcription in mel-
anoma cells. Real-time PCR was used to analyze the transcript levels
of IRF1, a known IFN-�-responsive gene in A375 cells following an
18-h pre-treatment with bortezomib, followed by a 4-h stimulation
with IFN-� (10 ng/ml). Data are presented as the mean fold increase in
IRF1 vs. PBS-treated cells. Data are normalized to �-actin (housekeep-
ing gene). Error bars are derived from triplicate wells. Asterisk
denotes signiWcant diVerence as compared to IFN-�-treated cells

Fig. 4 EVects of bortezomib pre-treatment on protein expression of
Jak-STAT signal transduction intermediates. 18105 MEL and A375
human melanoma cells were pre-treated for 18 h with bortezomib or
PBS (negative control). Expression of STAT1, STAT2, Jak1, Tyk2 or
IFNAR1 were evaluated by immunoblot analysis. Membranes were
probed with anti-�-actin antibodies as a control

Fig. 5 Pre-treatment of melanoma cells with bortezomib leads to
enhanced phosphorylation of STAT1 in response to IFN-�. A375 mel-
anoma cells were pre-treated for 18 h with bortezomib (Bort; 10 nM)
or PBS (Vehicle). Fresh media containing PBS or IFN-� (104 U/ml)
was subsequently added for various time points and phosphorylation of
STAT1 at Tyr701 (P-STAT1) was measured by Xow cytometry.
a Representative histogram of P-STAT1 is shown at the 1-h time point.
b Summary of P-STAT1 staining from n = 2 experiments with similar
results. Data are presented as the percentage of cells staining positive
for P-STAT1. Voltage was set using an isotype control antibody and a
minimum of 10,000 gated events were collected for each condition.
Error bars are derived from two experiments with similar results.
c Phosphorylation of STAT1 at Tyr701 and Ser727 residues were also
measured by immunoblot. Total levels of unphosphorylated STAT1
protein and �-actin were measured to control for equal loading
123
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cells, an 18-h pre-treatment of PBMCs did not enhance
IFN-�-induced P-STAT1 (Fig. 6b).

Discussion

Stimulation of human melanoma cells with IFNs can
induce the expression of numerous genes that regulate
apoptosis [17, 18]. However, IFN-� as a single agent is
largely ineVective at overcoming the numerous cellular
mechanisms that mediate tumor cell resistance to pro-apop-
totic agents. Prior studies by our group have shown that
melanoma cells exhibit a highly variable response to IFN-�
stimulation. In many cell lines and patient-derived mela-
noma cells, the level of IFN-�-induced P-STAT1 was
remarkably low [11]. Although single agent bortezomib
produced disappointing results in the setting of a Phase II
clinical trial of malignant melanoma, we have recently
demonstrated that combined treatment with bortezomib and
IFN-� induces synergistic apoptosis in a number of human
tumor cell lines in a manner that was dependent upon
caspase-8 activation and an interaction between Fas and
FADD [12]. Importantly, proteasome inhibition enhanced
the anti-tumor activity of IFN-� in two separate murine
models of melanoma. In the present report, we further dem-
onstrate that bortezomib can enhance IFN-induced gene
expression in human melanoma cells by prolonging the
duration and level of STAT1 phosphorylation. Conversely
the IFN-responsiveness of PBMCs was not aVected follow-
ing proteasome inhibition. These data suggest that protea-
some inhibition could speciWcally sensitize melanoma cells
to the direct actions of interferons.

The proteasome is responsible for the degradation of
ubiquitinated cellular proteins, including numerous kinases
and transcription factors [19]. Mechanistically, our data

suggest that the enhanced IFN-responsiveness of melanoma
cells occurred as a result of elevated levels of phosphory-
lated STAT1 following proteasome inhibition. These Wnd-
ings are consistent with observations that proteasome
inhibition by bortezomib can lead to reduced turnover of
transcription factors and other cellular proteins. Thus, treat-
ment with bortezomib may have led to an increased cellular
pool of phosphorylated transcription factors that would nor-
mally be subject to degradation in malignant cells. These
results indicated that bortezomib could prime malignant
cells to signal more eYciently in response to cytokine stim-
ulation. One potential limitation of the in vitro studies with
continuous bortezomib is that this design may not directly
reXect the clinical pharmacokinetic proWle of bortezomib
where maximum proteasome inhibition is achieved within
the Wrst hour of administration. However, at the 24-h time
point, proteasome activity is still reduced by 50% [20].
These observations suggest that data obtained following a
6-h (Fig. 2a–c) or even an 18-h (Fig. 2b) pre-treatment may
still be clinically relevant.

The present data suggest that proteasome inhibition may
be a good strategy to augment the direct anti-tumor eVects
of interferons or other cytokines produced by the innate
immune system. Other studies have shown that low doses
bortezomib can upregulate MICA and MICB protein
expression in hepatoma cells and render them more suscep-
tible to natural killer (NK) cell cytotoxicity [21]. In a similar
manner, Vales-Gomez and colleagues have demonstrated
that human Wbroblasts, Jurkat, colon carcinoma and HeLa
cells treated with proteasome inhibitors can become more
susceptible to NK cell-mediated cytotoxicity due to
increased expression of the ULBP2 protein, a ligand for the
NKG2D activating receptor. Finally, bortezomib pre-treat-
ment has been shown to sensitize human bladder and lung
cancer cells to TRAIL-mediated apoptosis [22, 23].

Fig. 6 EVects of bortezomib on IFN-�-induced signal transduction in
PBMCs. a The eVects of IFN-� (104 U/ml), bortezomib (10–20 nM;
B = Bortezomib), or both agents combined were evaluated in PBMCs
from healthy adult donors at 48 h post-treatment by annexin V/propi-
dium iodide staining and Xow cytometric analysis. Data are presented
as the percentage of viable PBMCs. b Phosphorylation of STAT1 at
Tyr701 (P-STAT1) was measured in PBMCs by Xow cytometry follow-
ing a 18-h pre-treatment with bortezomib (10 nM) and a subsequent

15 min pulse-stimulation with IFN-�. Cells were placed in cytokine-
free media and harvested for staining at various time points following
IFN-� stimulation. Data are presented as the percentage of cells stain-
ing positive for P-STAT1. Voltage was set using an isotype control
antibody and a minimum of 10,000 gated events were collected for
each condition. Similar results were obtained upon co-treatment of
PBMCs with bortezomib and IFN-� (data not shown)
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In contrast to the observation of synergistic apoptosis in
melanoma cells by this drug combination, pre-treatment of
PBMCs from healthy donors with bortezomib did not mod-
ulate their cellular response to IFN-�. These data are con-
sistent with previous observations that non-transformed
cells are relatively insensitive to the eVects of proteasome
inhibition. However, these data also suggest that bortezo-
mib is unlikely to further enhance the immunomodulatory
eVects of IFN-� on lymphocytes, which are thought to be
an important component to the anti-tumor activity of this
cytokine [4–6]. Together these data suggest that bortezomib
can be eVectively administered with therapies that modu-
late recognition of tumors by the innate immune system.
We are currently evaluating the safety of this treatment
combination in an investigator-initiated phase I clinical trial
at our institution.
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