
Enhanced anti-melanoma efficacy of interferon alfa-2b via
inhibition of Shp2

Hla Win-Piazzaa,*, Valentina Schneebergera,b, Liwei Chena, Daniele Pernazzac, Harshani R.
Lawrencec,d, Said M. Sebtib,c,e, Nicholas J. Lawrencec,e, and Jie Wua,b,c,e,**

aDepartment of Molecular Oncology, H. Lee Moffitt Cancer Center and Research Institute,
Tampa, Florida
bDivision of Cell Biology, Microbiology, and Molecular Biology, University of South Florida,
Tampa, Florida
cDepartment of Drug Discovery, H. Lee Moffitt Cancer Center and Research Institute, Tampa,
Florida
dHigh Throughput Screening and Chemistry Core Facility, H. Lee Moffitt Cancer Center and
Research Institute, Tampa, Florida
eDepartment of Oncologic Sciences, University of South Florida, Tampa, Florida

Abstract
Interferon-α2b (IFN-α2b) is used to treat melanoma but there is a need to improve its efficacy.
IFN-α2b signaling requires STAT1/STAT2 tyrosine phosphorylation and is subject to negative
regulation by phosphatases. In this study, we determined whether inhibition of the protein tyrosine
phosphatase Shp2 could enhance IFN-α2b responses in human melanoma cells. Shp2 knockdown
increased IFN-α2b-stimulated STAT1 Tyr-701 phosphorylation and ISRE-luciferase activity even
though it did not affect STAT2 Tyr-690 phosphorylation in A375 cells. In A375 tumor xenografts,
Shp2 knockdown enhanced the anti-melanoma effect of IFN-α2b. Furthermore, the Shp2 inhibitor
SPI-112Me increased the IFN-α2b-induced STAT1 activation and anti-proliferative response in
A375 and SK-MEL-2 cells. These results demonstrate that inhibition of Shp2 can enhance the
anti-melanoma activity of IFN-α2b.
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1. Introduction
Most patients with metastatic melanoma do not respond to therapy [1]. These patients have a
median survival of 6–9 months. For patients with resectable melanoma but that are at high
risk of relapse after surgery, preventing recurrence of the disease is a strategy to increase the
survival of these patients. Interferon α (IFN-α) is used in adjuvant therapy for high risk
melanoma patients after surgery. Clinical benefits of IFN-α therapy includes increase in the
disease-free survival by ~9 months and the 5-year survival by 8–9% [2,3]. Therefore, the
effects of IFN-α therapy are modest, and much is needed to improve the efficacy of IFN-α.

IFN-α has a direct anti-proliferative effect on melanoma cells and also modulates the
immune response. Compared to immune cells, melanoma cells are less responsive to IFN-α
[4]. IFN-α exerts its effects mainly through the Tyk2/Jak1-STAT1/STAT2 pathway to
activate transcription from the IFN-stimulated response element (ISRE) [5].

Shp2 is a protein tyrosine phosphatase (PTP) [6] that positively regulates the Ras- Erk1/Erk2
(Erk1/2) pathway [7,8]. Gain-of-function Shp2 mutants have been linked to several types of
human cancer, including leukemia [6,9,10] and melanoma [11], whereas the wildtype Shp2
is activated by protein tyrosine kinases and could play a crucial role in tumor growth of
some cancer cells [12]. These findings have stimulated interest in developing Shp2 PTP
inhibitors as novel anti-cancer drugs [13,14].

Shp2 was found to dephosphorylate STAT1 in EGF- and IFN-γ-stimulated A431 cells, but
had no effect on STAT3 and STAT5 [15]. Signaling by IFN-α in melanoma involves not
only STAT1 but also STAT2. It remains to be analyzed if Shp2 affects STAT2 tyrosine
phosphorylation and if Shp2 inhibition is sufficient to augment the IFN-α responses in
melanoma. In a previous study [16], it was shown that sodium stibogluconate synergizes
with IFN-α in inhibiting proliferation of several cultured cancer cell lines and has anti-tumor
activity against WM9 melanoma cells in a xenograft assay. Sodium stibogluconate was
reported as a Shp1 PTP inhibitor that also inhibits Shp2 and PTP1B with ~10-fold less
potency [17]. It is predicted that sodium stibogluconate may also cross inhibit other PTPs.
Thus, it is not clear if Shp2 inhibition contributes or is sufficient to exert an enhanced anti-
melanoma effect in combination with IFN-α. In this study, we assessed the effects of Shp2
inhibition on IFN-α2b responses in human melanoma cells. Our data show that suppression
of Shp2 enhances the anti-tumor activity of IFN-α2b in A375 tumor xenografts grown in
immune deficient mice.

2. Materials and Methods
2.1. Cells and reagents

A375 cells were cultured in DMEM/5% fetal bovine serum (FBS) at 37 °C and 5% CO2.
Cells were infected with lentiviruses containing doxycycline (dox)-inducible Shp2 shRNAs
R0946 and R1049 [12]. Puromycin-resistant cell colonies were isolated and screened by
Shp2 immunoblotting to select A375/R0946 and A375/R1049 cells that displayed dox-
inducible Shp2 knockdown. Authentication of A375 human melanoma cells by short tandem
repeat (STR) profiling using the AmpF/STR Identifier method was performed through a
commercial service (Biosynthesis, Lewisville, TX). The STR DNA profile of A375 cells
used in our study matches that of the A375 cell line in the American Type Culture
Collection (Manassas, VA). SK-MEL-2 cells were obtained from the laboratory of Dr.
Srikumar Chellappan [18] and cultured in the same conditions as A375 cells.

IFN-α2b (INTRON A) was from Schering-Plough (Kenilworth, NJ). SPI-112Me was
synthesized as reported [19]. Antibodies to Shp2, STAT1, STAT2, Erk1 and Erk2 (Erk1/2),
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phospho-Erk1/2 (pErk1/2), and β-actin were from Santa Cruz Biotechnology (Santa Cruz,
CA). STAT1-pY701 (pSTAT1) and pSTAT2 antibodies were from Cell Signaling
Technology (Danvers, MA).

2.2. Immunoblotting
Cells and tumor tissues were lysed with lysis buffer (50 mM Tis-HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM NaF, 5 mM Na4P2O7, 1 mM dithiothreitol, 1
mM Na3VO4, 100 µg/ml of phenylmethylsulfonyl fluoride, 2 µg/ml leupeptin, 2 µg/ml
aprotinin, and 1% Triton X-100). Cleared cell lysates were obtained by centrifugation at 4
°C with a microfuge. Equal amounts of cell lysate protein were analyzed by immunoblotting
similar to that described previously [8,12,19].

2.3. Luciferase reporter assay
Cells were plated in 12-well plates (2 × 105 cells/well) for 24 h and transfected with 1.5 µg/
ml pISRE-Luc (Clontech, Mountain View, CA) and 0.2 µg/ml β-gal plasmids using the
LipofectAMINE 2000 reagent (Invitrogen). After incubation for 6 h, the medium was
replaced with fresh DMEM/5%FBS and cultured overnight. For Shp2 knockdown, cells
were used 4 days after dox-induction. For SPI-112Me treatment, cells were pretreated with
SPI-112Me (12 µM) for 2 h. IFN-α2b treatment was at 1,000 IU/ml for 5 h. Luciferase and
β-galactosidase activities were determined as described previously [19]. The luciferase
activity was normalized with β-galactosidase activity as an internal control for transfection
efficiency.

2.4. Cell proliferation assay
Cell proliferation were measured similar to that described previously [19,20]. Essentially,
cells (1,000 cells/well) were plated in clear-bottom, black 96-well plates and incubated with
dox, IFN-α2b, and/or SPI-112Me as specified in the figure legends. Relative viable cell
number was determined using the Celltiter-Glo reagent (Promega, Madison, WI).

2.5. Tumor growth assay
NCr nu/nu mice (female, ~5 weeks old) were obtained from Charles River (Wilmington,
MA). Each mouse received subcutaneous (s.c.) injections of 1 × 106 cells in 0.1 ml, one on
each flank. Tumor sizes were measured with a caliper. Tumor volume was calculated using
the formula: 0.5 × length × width2. Mice bearing tumors of similar sizes were selected for
experiments (6 mice with a total of 12 tumors/group). Dox induction was achieved by
replacing the regular diet (irradiated Teklad global rodent diet #2918, Harlan, Tampa, FL)
with dox diet (200 mg/kg doxycycline, Bio-Serv, Frenchtown, NJ). IFN-α2b (4 × 104 IU in
200 µl) was given daily by s.c. injection. Some of the tumors were collected post-mortem
for analysis.

2.6. Statistical analysis
Statistical analyses were performed using t-test with 95% confidence intervals. A difference
in means with p ≤ 0.05 was considered statistically significant.

3. Results
3.1. Shp2 knockdown enhances IFN-α2b-stimulated STAT1 activation and inhibits Erk
activation in A375 melanoma cells

A375 cells display a modest response to IFN-α [4], suggesting that the IFN-α-stimulated
Jak-STAT pathway in these cells is not defective but may be subject to negative regulation.
Using pTRIPZ-based lentiviruses that contain two different dox-inducible Shp2 shRNAs
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R0926 and R1049 [20], we established stable A375-derived cell lines A375/R0946 and
A375/R1049. Incubation of cells with dox (1–3 µg/ml) reduced the Shp2 protein by 68% in
A375/R0946 cells and 42% in A375/R1049 cells (Fig. 1A). pSTAT1 was not detectable
prior to IFN stimulation in these cells and was induced by IFN-α2b (1,000 IU/ml) (Fig. 1A).
Shp2 knockdown alone did not induce pSTAT1. When stimulated with IFN-α2b, Shp2
knockdown cells consistently exhibited higher levels of pSTAT1 compared to their isogenic
cells (Fig. 1A). In comparison, Shp2 knockdown did not affect IFN-α2b-induced STAT2
tyrosine phosphorylation (Fig. 1B).

A375 cells have a high basal level of active Erk1/2 (Fig. 1C), possibly due to BRAF V600E
mutation. IFN-α2b (1,000 IU/ml) did not consistently activate Erk1/2 in these cells.
Nevertheless, Shp2 knockdown reduced the pErk1/2 level in both unstimulated and IFN-
α2b-stimulated cells (Fig. 1C). Thus, Shp2 knockdown inhibits Erk1/2 activation in A375
cells.

To determine if the increased STAT1 tyrosine phosphorylation resulted in higher IFN-α2b-
stimulated ISRE-directed transcription activity, the ISRE luciferase report activity was
measured. IFN-α2b activated the ISRE-Luc activity by 3.5- and 2.9-fold in A375/R0946 and
A375/R1049 cells, respectively (Fig. 2A). When Shp2 was knocked down in these cells, the
IFN-α2b-induced ISRE-Luc activity was further increased significantly to 5.1- and 4.3-fold,
respectively.

IFN-α2b treatment or Shp2 knockdown by dox induction resulted in modest but statistically
significant inhibition of A375/R0946 and A375/R1049 cell proliferation (Fig. 2B). It was
reported that dox could affect adhesion and migration of melanoma cell lines B16F10,
WM35, and WM451 [21]. We therefore tested whether dox could affect proliferation and
morphology of A375 cells under our experimental conditions. Our results showed that dox
alone did not affect cell proliferation or morphology of the parental A375 cells that do not
contain a dox-inducible Shp2 shRNA (Supplementary Fig. 1). Thus, the growth inhibiting
effect of dox on A375/R046 and A375/R1049 is mediated the dox-induced Shp2 shRNAs.
Enhanced anti-proliferative response was detected in Shp2 knockdown cells treated with
IFN-α2b. The combined anti-proliferative effect of Shp2 knockdown and IFN-α2b was
synergistic based on the Bliss definition [19].

Very weak apoptotic markers (active caspase 3, cleaved PARP) were detected in A375 cells
with induced Shp2 shRNAs or treated with IFN-α2b (1,000 IU/ml) under our cell culture
conditions (DMEM/5% FBS). We have not consistently observed a dramatic increase in
apoptosis markers by combination of Shp2 shRNAs and IFN-α2b under these cell culture
conditions. Therefore, the observed inhibitory effect of combined Shp2 knockdown and
IFN-α2b in cell culture is mainly anti-proliferative.

3.2. SPI-112Me increases IFN-α2b-induced STAT1 tyrosine phosphorylation and growth
inhibition

SPI-112Me is a cell permeable pro-drug of the Shp2 inhibitor SPI-112 [19,22]. To test if
SPI-112Me could augment the IFN-α response, A375 cells were pre-treated with SPI-112Me
or the vehicle and then stimulated with IFN-α2b. In the absence of SPI-112Me, the relative
intensities of pSTAT1 signal in the IFN-α2b-stimulated cells were in the range of 1.0–1.9
(Fig. 3A). SPI-112Me by itself did not affect pSTAT1 level. However, SPI-112Me enhanced
the IFN-α2b-stimulated pSTAT1, such that the relative intensities of IFN-α2b-stimulated
pSTAT1 signal were in the range of 1.1–3.3 in cells treated SPI-112Me (Fig. 3A). Similar to
Shp2 knockdown by shRNAs, SPI-112Me treatment reduced the pErk1/2 level, which is
indicative of Shp2 inhibition (Fig. 3B). In the ISRE-Luc reporter assay, SPI-112Me treated
cells had significantly higher IFN-α2b-stimulated ISRE luciferase activity (Fig. 3C). In cell
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proliferation assay, combined IFN-α2b and SPI-112Me treatment resulted in a synergistic
increase in growth inhibition (Fig. 3D). These results suggest that SPI-112Me could increase
the IFN-α2b-induced STAT1 and anti-proliferation activities in A375 melanoma cells.

To determine whether the effects of the Shp2 inhibitor also occur in other melanoma cells,
we treated SK-MEL-2 cells with SPI-112Me and IFN-α2b. As shown in Fig. 4A, enhanced
IFN-induced STAT1 tyrosine phosphorylation was observed in SK-MEL-2 cells pre-treated
with SPI-112Me. In the cell proliferation assay, the combined IFN-α2b and SPI-112Me
treatment again caused a synergistic increase in growth inhibition (Fig. 4B).

3.3. Shp2 inhibition enhances the anti-tumor efficacy of IFN-α2b in human melanoma
xenografts in immune deficient mice

To assess whether Shp2 inhibition could suppress A375 melanoma tumor growth or enhance
the anti-tumor effect of IFN-α2b, we first tested the effect of Shp2 knockdown on A375/
R0946 tumor growth. A375/R0946 cells were inoculated s.c. into nude mice. Mice bearing
small tumors of similar size were selected and treated with either: a) dox by feeding with
dox diet to induce Shp2 shRNA expression, b) s.c injection of IFN-α2b (4 × 104 IU/day), c)
the combination of dox diet and IFN-α2b, or d) untreated (Fig. 5A). Knockdown of Shp2 by
dox induction did not reduce A375/R0946 tumor growth. IFN-α2b treated mice had smaller
tumors but the difference in the average tumor volumes at the endpoint between untreated
mice and IFN-α2b-treated mice were not statistically significant (p = 0.364). In contrast, the
combination of dox and IFN-α2b treatments markedly suppressed A375/R0946 tumor
growth (p = 0.001 at the end point).

To determine if the enhanced anti-melanoma effect also occurs with a different Shp2
shRNA, A375/R1049 tumor growth assay was performed (Fig. 5B). Similar to A375/R0946
tumors, dox induction had little effect on A375 tumor growth even though Shp2 was
knockdown in the tumors of mice fed with the dox diet (Fig. 5C). IFN-α2b treatment alone
did not significantly reduced tumor growth (p = 0.490). Combination of dox induction and
IFN-α2b treatment again significantly suppressed A375/R1049 tumor growth (p = 0.025 at
the end point).

In this experiment, mice in the IFN-treated and the dox plus IFN-treated groups were given
a final IFN-α2b injection 2 h before euthanasia. Tumor samples were collected post mortem
and analyzed by immunoblotting (Fig. 5C). pSTAT1 was detected in tumor samples from
IFN-α2b-treated mice. The pSTAT1 level was further increased in two of three tumor
samples from dox plus IFN-treated mice while lower levels of pErk1/2 was present in these
tissues.

4. Discussion
Poor response to IFN-α limits the clinical benefits of IFN-α2b therapy in melanoma patients.
Given that IFN-α signaling is mediated by STAT1/STAT2 tyrosine phosphorylation, it is
subject to negative regulation by PTPs. Inhibition of specific PTPs that negatively regulate
the Jak-STAT pathway is a potential approach to enhance IFN-α-induced responses in
melanoma. Using molecular biology approach, we provide evidence here that Shp2
inhibition can enhance the anti-tumor activity of IFN-α2b in melanoma. These results
establish Shp2 as a critical negative regulator of the anti-tumor effect of IFN-α in melanoma.

IFN-α2b induces tyrosine phosphorylation of both STAT1 Tyr-701 and STAT2 Tyr-690 in
A375 melanoma cells (Fig. 1). Our data show that Shp2 only affects IFN-α2b-induced
STAT1 Tyr-701 phosphorylation in these cells. This observation is similar to that observed
in EGF-stimulated A431 cells, which showed specificity of Shp2 towards STAT1 among
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STAT1, STAT3, and STAT5 [15]. Nevertheless, although Shp2 inhibition did not affect
IFN-α2b-induced STAT2 tyrosine phosphorylation, it was sufficient to enhance the anti-
tumor activity of IFN-α2b. This observation suggests that STAT1 tyrosine phosphorylation
is a limiting factor of the IFN-α2b responses in A375 melanoma.

Although Shp2 knockdown reduced pErk1/2 level and had some effect on A375 cell growth
in vitro, Shp2 knockdown did not inhibit A375 tumor growth in vivo. It is possible that
multiple genetic lesions in these melanoma cells have rendered these cells less dependent on
the Shp2-Erk1/2 pathway for tumor growth in vivo. This implies that inhibition of Shp2
alone is not sufficient to yield clinical benefit in melanoma. Importantly, our data show that
Shp2 inhibition can increase the anti-tumor effect of IFN-α2b in melanoma. Thus, Shp2
inhibition will be best used in the setting of combination with IFN-α2b to enhance the IFN-
α2b response in melanoma.

Developing PTP inhibitors as novel anti-cancer drugs is an emerging field [13,14,23].
Enhanced IFN-α2b-induced STAT1 activation and anti-proliferative activity were observed
with the Shp2 inhibitor SPI-112Me in A375 and SK-MEL-2 cells in cell cultures. However,
SPI-112Me has aqueous solubility issue that requires further improvement before it can be
tested in vivo. Thus, our promising results with SPI-112Me in vitro await the development
of suitable drug formulations and further optimization of this and other Shp2 inhibitors to
improve their bioavailability and pharmacokinetic properties for in vivo evaluation in animal
models. Meanwhile, our validation of Shp2 as a molecular target for enhancing the anti-
melanoma activity of IFN-α2b should stimulate the development of Shp2 inhibitors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Shp2 knockdown enhances IFN-α2b-induced STAT1 Tyr-701 phosphorylation. A375/
R0946 and A375/R1049 cells were cultured with or without dox for 6 days and stimulated
with IFN (1,000 IU/ml) for the indicated times. Cell lysates were analyzed by
immunoblotting to assess phosphorylation of STAT1 Tyr-701 (A), STAT2 Tyr-690 (B), and
the activating, dual phosphorylation sites of Erk1/2 (C).
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Fig. 2.
Shp2 knockdown enhances IFN-α2b-induced ISRE-Luc reporter activity and growth
inhibition. (A) ISRE-Luc reporter activity was measured as described in Materials and
Methods. (B) Cells were cultured in 96-wells in medium with or without dox (3 µg/ml) and
IFN-α2b (1,000 IU/ml) as indicated. Relative viable cell numbers were measured on Day 6.
Data were from three independent experiments (n = 15). The mean ± SD are shown. *, p <
0.05. #, p <0.05 between the control (-Dox, -IFN) and the treated cells.
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Fig. 3.
SPI-112Me enhances IFN-α2b-activated STAT1 activation, inhibits Erk1/2, and increases
the IFN-α2b-induced cell growth inhibition activity. A375 cells were pre-treated with 12 µM
(A) or the indicated concentrations (B) of SPI-112Me or mock-treated with the vehicle
overnight and then stimulated with IFN-α2b (1,000 IU/ml) for the indicated time. Cell
lysates were analyzed by immunoblotting with the indicated antibodies (A, B). (C) ISRE-
Luc reporter activity was determined as described in the Materials and Methods. (D) Cells
were cultured in 96-well plates, treated with IFN-α2b (1,000 IU/ml), SPI-112Me (6 µM) or
the vehicle. Relative cell numbers were measured on Day 6. Data were from two
independent experiments (n=6). *, p < 0.05.
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Fig. 4.
SPI-112Me enhances IFN-α2b responses in SK-MEL-2 cells. (A) SK-MEL-2 cells were
treated with SPI-112Me and/or IFN-α2b and cell lysates were analyzed by immunoblotting
with the indicated antibodies. (B) SK-MEL-2 cell proliferation was assayed in 96-well plate
cultures. Experiments were performed similar to that described in Fig. 3.
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Fig. 5.
Effects of Shp2 knockdown on A375 melanoma tumor growth. (A, B) Cells (1 × 106 cells/
each) were injected s.c. on both flanks of each mouse on Day 0 (2 sites/mouse). Tumor sizes
were measured on the indicated days. Each group has six mice bearing 12 tumors of similar
sizes at the start of dox induction on Day 6 (A375/R0946 tumors) or Day 10 (A375/R1049
tumors) as indicated by the arrow. Arrowhead indicates the starting date of IFN-α2b
treatment (Day 9 and 14, respectively as shown in the graphs). Mice were euthanized at the
end points (Day 27 or Day 28 as shown in the graphs). Mean ± SEM are shown. *, p < 0.05.
(C) Immunoblotting analysis of A375/R1049 tumor samples.
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