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Identification of a Novel SHP-2 Protein Tyrosine Phosphatase Inhibitor
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The Src homology 2 (SH2) domain-containing phosphatase 2 (SHP-2) is a nonreceptor protein tyrosine phosphatase
(PTP) involved in extracellular-regulated kinase (ERK) activation. Recent studies have shown that gain-of-function
mutations in SHP-2 are associated with several diseases, including LEOPARD syndrome, Noonan syndrome, and juvenile
myelomonocytic leukemia. In this study, we identified the novel SHP-2 inhibitor 3-(1-benzimidazolylmethyl)-6-p-tolyl-
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (MLS-001). SHP-2 activity was inhibited by MLS-001, whereas other types of
PTPs, namely ACP1, CDC25A, DUSP3, DUSP14, DUSP18, DUSP22, DUSP23, DUSP26, and SSH3, were not.
Furthermore, TCPTP and SHP-1 that are closely related to SHP-2 were not inhibited by the inhibitor. Kinetic studies with
MLS-001 and SHP-2 revealed a competitive inhibition. The SHP-2 expressing cells treated with MLS-001 demonstrated
reduced SHP-2 phosphatase activity, thereby suggesting that MLS-001 effectively passes through cell membranes. In
addition, MLS-001 reduced SHP-2-mediated phosphorylation in the activation loop of ERK in cells. Therefore, MLS-001
could be a lead compound for developing a potent SHP-2 inhibitor.

Most signal transductions in mammalian cells are regulated
by protein phosphorylation and dephosphorylation. These
reversible reactions can turn on or off biological functions,
and therefore, regulate various cellular mechanisms such as
growth, proliferation, and differentiation.! Protein phosphoryl-
ation occurs on serine, threonine, or tyrosine residues of target
proteins by the action of protein kinases. Such phosphorylation
induces conformational change in target molecules and sub-
sequently regulates its activity. Among phosphorylation-medi-
ated signaling pathways, the mitogen-activated protein kinase
(MAPK) pathway is the most well-known signaling pathway
that communicates a signal from the outside of cells to the gene
in the nucleus.? The major step in the inactivation of the MAPK
pathway is dephosphorylation of phosphorylated signaling
proteins by protein phosphatases that are members of the
protein tyrosine phosphatase (PTP) superfamily.’ The PTP
superfamily consists of over 100 enzymes and many studies
have shown that modulation of PTP activities is involved in
regulating diverse cellular biological functions and diseases.*”
Therefore, identification of chemical reagents that regulate
PTP activities is important in therapeutic studies for cancer,
inflammation, and other diseases.

SHP-2, which is encoded by the PTPNII gene, is a non-
receptor PTP that contains 2 SH2 domains.” SHP-2 regulates
cell signaling mediated by growth factors and cytokines, such
as epidermal growth factor (EGF), hepatocyte growth factor,
and interleukin-6. SHP-2 is involved in activation of the Ras-
Raf-Erk1/2 MAP kinase pathway by EGF.® Under unstimu-
lated conditions, SHP-2 is self-inactivated by its N-terminal
SH2 domain.” SHP-2 attaches to the membrane-bound tyro-
sine-phosphorylated docking proteins to become activated.

In growth factor-stimulated and cytokine-stimulated cells,
SHP-2 binds to Grb2-associated binder-1 (Gabl) through
SH2 domains. Gabl and SHP-2 interactions and SHP-2 activity
are important in Erkl/2 activation by EGF.!%!! The Gabl-
bound SHP-2 dephosphorylates Gabl phosphotyrosines that
recruit Ras-GAP.!? SHP-2 is also involved in promoting cell
survival by mediating phosphatidylinositol 3-kinase/Akt acti-
vation by growth factors.!3

Most mutations of SHP-2 result in enhanced activity of
SHP-2 protein and are linked to childhood developmental dis-
orders such as Noonan syndrome,'* juvenile myelomonocytic
leukemia,'> diabetes,'® and several types of human malignan-
cies. Therefore, SHP-2 is an important target for regulating
growth factor signaling pathways and a potential target for
development of novel therapies for SHP-2-associated diseases.
In this study, we identified a novel chemical compound that
specifically inhibits SHP-2 phosphatase activity.

Experimental

Reagents and Antibodies. Anti-ERK and anti-phospho-
ERK (phospho-Thr202 and phospho-Tyr204) antibodies were
purchased from Cell Signaling Technology (Danvers, MA).
Epidermal growth factor (EGF) was purchased from Sigma-
Aldrich (St. Louis, MO). Lipofectamine used for transfection
into HEK 293 cells was purchased from Invitrogen (Grand
Island, NY).

Purification of 6x His-Tagged Phosphatase Proteins.
PTP expression plasmids were constructed in pET28a (+)
(Novagen, Darmstadt, Germany) and transformed into BL21
(DE3)-RIL E. coli. Recombinant proteins were induced with
1 mM isopropyl B-D-thiogalactopyranoside at 37 °C, 30 or 22 °C
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for 3 to 16 h. Cells were harvested and then lysed by sonication
in 50mM Tris-HC1 (pH 8), 300mM NaCl, 1% Tergitol-
type NP-40, 1 mM phenylmethanesulfonyl fluoride (PMSF).
The lysates were clarified at 11000 rpm for 30 min at 4 °C. The
supernatants were applied by gravity flow to a column of Ni—
NTA resin (PEPTRON, Dacejon, Korea). The resin was washed
with 20 mM Tris-HCI (pH 8), 500 mM NacCl, 50 mM imidazole
and eluted with 20 mM Tris-HCI (pH 8), 500 mM NaCl, 200-
300 mM imidazole. The eluted proteins were dialyzed overnight
against 20 mM Tris-HCI (pH 8), 100 mM NaCl, 30% glycerol,
0.5 mM PMSF before storage at —80 °C.

In Vitro Phosphatase Assays and Kinetic Analysis.
Activities of PTPs were measured using the substrate 3-O-
methylfluorescein phosphate (OMFP; Sigma-Aldrich) in a 96-
well microtiter plate assay. MLS-001 and OMFP were solu-
bilized in DMSO. All reactions were performed at a final
concentration of 1% DMSO. The final incubation mixtures
(100 uL) were optimized for enzyme activity and composed
of 30mM Tris-HCI (pH 7), 75mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.33% bovine serum albumin
(BSA), and 100nM of PTP. Reactions were initiated by
addition of 100 uM OMFP and incubated for 30 min at 37 °C.
Fluorescence emission from product was measured with a
multiwell plate reader (Synergy HI; excitation at 485nm;
emission at 535nm). The reaction was linear over the time
period of the experiment and was directly proportional to both
enzyme and substrate concentrations. Half-maximal inhibition
constant (ICso) was defined as the concentration of an inhibitor
that caused a 50% decrease in the PTP activity. Half-maximal
inhibition constants and best curve fit for Lineweaver—Burk
plots were determined by using the curve fitting program Prism
3.0 (GraphPad Software). All experiments were performed in
triplicate and were repeated at least three times.

Inhibition Study. The inhibition constant (Xj) to SHP-2
for the inhibitor was determined through Michaelis—Menten
enzyme analysis by measuring the initial rates at several OMFP
concentrations for each fixed concentration of the inhibitor. The
data were fitted to the following equation to obtain the inhibi-
tion constant of competitive inhibitors. The slopes obtained
were replotted against the inhibitor concentrations. The K
value was obtained from the slopes of these plots.

I/VZ Km(l +[I]/K1)/Vmax[s]+ l/vmax (1)

Synthesis of MLS-001. MLS-001 was synthesized by
means of the synthesis pathways shown in S1 of Supporting
Information.

Effects of MLS-001 on SHP-2 Phosphatase Activity in
Cells. HEK 293 cells were transfected with FLAG-SHP-2
phosphatase expression plasmid. After 48h of transfection,
cells were pretreated with MLS-001 (20 uM) for 3 h. Cells were
washed twice with phosphate buffered saline (PBS) buffer and
lysed in PTP lysis buffer (0.5% NP-40, 0.5% Triton X-100,
150mM NaCl, 20mM Tris-HCI (pH 8.0), 1mM EDTA, 1%
glycerol, I mM PMSF, and 1 ugmL~! aprotinin) for 30 min at
4°C. Cleared cell lysates from centrifugation were mixed with
FLAG M2-agarose (Sigma-Aldrich, St.Louis, MO) and incu-
bated for 1 h at 4 °C using a rotation device. After incubation,
FLAG M2-agarose was washed three times with PTP lysis
buffer and their phosphatase activities were measured.
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Effects of MLS-001 on ERK Phosphorylation Mediated
by SHP-2 in Cells. Transfected HEK 293 cells were treated
with MLS-001 (0 and 5uM) for 3 h. Cells were lysed in lysis
buffer containing SOmM Tris-HC1 (pH 7.5), 150 mM NaCl,
1% NP-40, 0.5% Na-deoxycholate, | mM EDTA, 1 mM PMSF,
1 mM Na3zVOy,, and 1 mM NaF. The samples were separated by
SDS-PAGE, followed by immunoblotting analysis.

Immunoblotting Analysis. Samples were run in SDS-12%
polyacrylamide gels and transferred to a nitrocellulose mem-
brane. The membrane was blocked in 5% nonfat skim milk and
incubated with an appropriate antibody, followed by incubation
with secondary antibody conjugated to horseradish peroxidase.
The immunoreactive bands were visualized using an ECL sys-
tem (Pierce, Rockford, IL).

Results and Discussion

Owing to its role in human diseases such as neurodegen-
eration, cancer, and diabetes,!” SHP-2 is a target for drug
development.'® Among the several potent SHP-2 inhibitors that
have been developed so far,'” NSC-87877 is one of the most
well-known, and inhibits SHP-2 phosphatase activity with
strong potency.?’ However, NSC-87877 lacks inhibition speci-
ficity as it also inhibits other phosphatases.?!"?® Therefore, it
is necessary to discover novel SHP-2-specific inhibitors. In an
effort to identify a novel SHP-2-specific inhibitor, we tested
many organic compounds for SHP-2 inhibition by in vitro
phosphatase assays using OMFP as a substrate. Of them, MLS-
001 (Figure 1) inhibited SHP-2 phosphatase activity in vitro.
An inhibition curve was plotted for SHP-2 and SHP-2 was
inhibited with an ICsy value of 3.54 4+ 0.61 uM (Figure 2A).

The PTP inhibitory activity of MLS-001 was then assessed
against several other PTPs (ACP1, CDC25A, DUSP3,
DUSP14, DUSP18, DUSP22, DUSP23, DUSP26, TCPTP,
SHP-1, and SSH3) that belong to different subclasses of PTPs
using in vitro phosphatase assays. Recombinant human PTPs
were overexpressed in bacteria as 6 x His-tagged proteins and
purified by nickel-chelate column chromatography as previ-
ously described.?” As shown in Table 1 and Figure S2, MLS-
001 did not show any inhibitory effects on other PTPs. Among
those, SHP-1 and TCPTP that are closely related to SHP-2 were
not also inhibited by MLS-001. Therefore, the results suggest
that MLS-001 selectively inhibits SHP-2.

To study the binding mechanism of SHP-2 and MLS-001,
kinetic studies based on the Michaelis—Menten equation were
performed with SHP-2 and MLS-001. Kinetic studies using
SHP-2 and MLS-001 revealed a competitive inhibition, thereby
suggesting that MLS-001 binds to the catalytic cleft of SHP-2
(Figure 2B). The K., value of SHP-2 phosphatase for OMFP
was 179 £43 uM and the Lineweaver-Burk plot shows that
the K; was 5.4 £ 1.6 uM.
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Figure 1. Chemical structure of MLS-001.
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Figure 2. Inhibitory effects of MLS-001 on SHP-2 and

kinetic analysis of SHP-2 inhibition by MLS-001. (A) SHP-
2 (100nM) was incubated with various concentrations of
MLS-001 (0, 5, 10, 15, and 20 uM) at 37°C for 30 min.
Fluorescence emission from the product was measured
using a multiwell plate reader as described in Experimental.
The graph represents the percentage of inhibitory effects
caused by various concentrations of MLS-001. (B) SHP-2
(30nM) was mixed with various concentrations of MLS-
001 (0, 5, 10, 15, and 20 uM) and OMFP (50, 100, 200, and
300 uM). Fluorescence emission from the product was
measured every 5min for 30 min using a multiwell plate
reader as described in Experimental. Lineweaver—Burk
plots of SHP-2 were generated from the reciprocal data.

We next examined whether MLS-001 could inhibit SHP-2
in cells. After HEK 293 cells were transfected with a FLAG-
tagged SHP-2 expression plasmid, the transfected cells were
incubated with or without MLS-001 prior to cell lysis. SHP-2
was immunoprecipitated from the cell lysates using anti-FLAG
M2-agarose, and the SHP-2 phosphatase activity was deter-
mined using OMFP as a substrate (Figure 3A). The results
showed that MLS-001 effectively penetrated the cell membrane
and inhibited SHP-2 activity. However, treatment of cells with
20uM MLS-001 reduced SHP-2 activity by 30%, which
indicates that the inhibitory effect of MLS-001 on SHP-2 in
cells was somewhat lower than that obtained in vitro. One
possible explanation is that the bound MLS-001 dissociates
from SHP-2 during immunoprecipitation. Another possibility is
that MLS-001 may have inefficient cell permeability. It is also
possible that SHP-2 expressed in mammalian cells is less
sensitive to MLS-001 because of protein modification. To rule
out the possibility that mammalian cell-expressed SHP-2 is less

MLS-001 as a Specific SHP-2 Inhibitor

Table 1. Selective Inhibition of PTPs by MLS-001%

PTPs ICs/UM (n = 3)
ACPI >25
CDC25A 25
DUSP3 >25
DUSP14 >25
DUSP18 25
DUSP22 >25
DUSP23 25
DUSP26 25
SSH3 >25
TCPTP >25
SHP-1 25
SHP-2 3.54 +0.61

a) Inhibition of enzyme activity by MLS-001 was measured
using the PTPs: ACP1, CDC25A, DUSP3, DUSP14, DUSPI8,
DUSP22, DUSP23, DUSP26, SSH3, TCPTP, SHP-1, and
SHP-2. Each experiment was performed in triplicate. The
in vitro phosphatase assay was performed as described in
Experimental. Data are presented as mean =+ standard error of
the mean. The ICsy value of SHP-2 determined by this experi-
ment was 3.54 £ 0.61 uM (n = 3) whereas other PTPs were
not significantly inhibited.

sensitive to MLS-001, SHP-2 was immunoprecipitated from
transfected cell lysates and used for in vitro phosphatase assays
in the presence of 10uM MLS-001. In vitro incubation with
MLS-001 reduced the SHP-2 activity by 65%, which was
similar to that of SHP-2 purified from bacteria (Figure 3B).
We further examined whether MLS-001 is able to inhibit SHP-
2-mediated ERK activation in cells. To this end, we mea-
sured the in vivo phosphorylation levels of ERK in HEK 293
cells treated with 5uM of MLS-001 for 3 h. Immunoblotting
analyses of cell lysates using an anti-phospho-ERK antibody
showed that the phosphorylation level of the endogenous ERK
was reduced in the presence of MLS-001 (Figure 3C). Taken
together, these results suggest that MLS-001 effectively passes
through cell membranes and inhibits SHP-2 activity to reduce
SHP-2-mediated ERK phosphorylation.

Conclusion

The results of our study suggest that MLS-001 is a potent
competitive inhibitor of SHP-2. SHP-2 plays important roles in
signaling pathways and its mutation is related to several human
diseases such as Noonan syndrome, juvenile myelomonocytic
leukemia, and several types of human malignancies. Our results
showed that MLS-001 selectively inhibits SHP-2 activity in
a dose-dependent manner. In vitro PTP assays showed that
MLS-001 has strong inhibitory effects on SHP-2, which were
significantly greater than that observed using 12 recombinant
PTPs from different classes. Although significant progress has
been made in the past years, signaling mechanisms are still
not completely understood because of lack of selective SHP-2
inhibitors. Better understanding of the role of SHP-2 may pro-
vide new insights into the pathogenesis of SHP-2 mutation-
associated human diseases. Therefore, MLS-001 could be used
as a therapeutic reagent in various SHP-2-related diseases or as
a lead compound for developing better SHP-2 inhibitors.
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Figure 3. Inhibition of SHP-2 expressed in HEK 293 cells

by MLS-001 in vitro and in vivo. (A) HEK 293 cells were
transfected with 1 ug of the SHP-2 expression plasmid.
After 48 h of transfection, the cells were treated with MLS-
001 (0 or 20uM) for 3 h. The cell lysates were immuno-
precipitated with anti-FLAG M2 agarose beads for 1h at
4 °C. The bound SHP-2 phosphatase activity was measured
using the substrate OMFP (30 uM) for 30 min at 37 °C.
(B) The SHP-2 expression plasmid (1 pg)-transfected
HEK 293 cells were harvested and lysed and the lysates
were immunoprecipitated as described above. The bound
SHP-2 was incubated with MLS-001 (0 or 10 uM) and the
substrate. OMFP (30 uM) for 30min at 37°C. Fluores-
cence emissions from the product were measured using
a multiwell plate reader as described in Experimental.
(C) HEK 293 cells were transfected with 1 g of SHP-2
expression plasmid. After 48 h of transfection, cells were
pretreated with MLS-001 (0 or 5 uM) for 3 h. Cell lysates
were analyzed by immunoblotting with appropriate anti-
bodies as described.
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Supporting Information

Figures show the synthesis of MLS-001 and inhibition assay
data with other PTPs. This material is available free of charge
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