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a b s t r a c t

Shp2 protein tyrosine phosphate (PTP) is a novel target for anticancer drug discovery. We identified est-
ramustine phosphate as a Shp2 PTP inhibitor from the National Cancer Institute Approved Oncology Drug
set. A focused structure–activity relationship study indicated that the 17-phosphate group is required for
the Shp2 PTP inhibitor activity of estramustine phosphate. A search for estramustine phosphate analogs
led to identification of two triterpenoids, enoxolone, and celastrol, having Shp2 PTP inhibitor activity.
With the previously reported PTP1B inhibitor trodusquemine, our study reveals steroids and triterpe-
noids with negatively charged phosphate, carboxylate, or sulfonate groups as novel pharmacophores of
selective PTP inhibitors.

� 2010 Elsevier Ltd. All rights reserved.
Protein tyrosine phosphorylation is a major signaling mecha-
nism that controls cellular activities pertinent to cancer initiation
and progression. Protein tyrosine phosphorylation is coordinately
regulated by protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs). While many PTKs have well-demonstrated
roles in human cancer and are validated targets of anticancer
drugs, increasing evidence also shows that a number of PTPs, such
as Shp2, PTP1B, Cdc25, and PRL-3, have oncogenic or cancer-pro-
moting functions.1,2 This has stimulated significant interest in
developing PTP inhibitors as a new class of targeted therapy
agents.2–4

Shp2 is a non-receptor PTP encoded by the PTPN11 gene.5

Shp2 is a positive regulator of growth factor-stimulated Src
and Ras-Erk1/2 mitogen-activated protein (MAP) kinase path-
ways. Gain-of-function PTPN11 mutations that encode constitu-
tively active Shp2 PTP are associated with leukemias.6 In
particular, PTPN11 is the most frequently mutated gene in juve-
nile myelomonocytic leukemia (JMML), associating with �35% of
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JMML cases.7 Leukemia-associated PTPN11 mutants have been
established as oncogenes.6,8 Although Shp2 mutants are detected
infrequently in solid tumors, the wildtype Shp2 is activated fre-
quently in cancer cells by growth factor receptor oncogenes such
as epidermal growth factor receptor (EGFR) and ErbB2 and is re-
quired for malignant phenotypes caused by these oncogenes.9,10

These findings point to Shp2 PTP as a target for novel anticancer
drug discovery.2,9,11–13 Moreover, Shp2 also limited STAT1 activa-
tion by interferon c in response to viral infection.14,15 Inhibition
of Shp2, therefore, has the potential of increasing antiviral activ-
ity of interferon c. We recently reviewed the development of
Shp2 inhibitors.2 Other compounds have since been reported
with lM activity including those in a paper that describes an
inhibitor-Shp2 co-crystal structure.16 However, there is still a
need for improved inhibitors combining good potency, cell per-
meability, and in vivo activity.

In a continuing effort to identify new Shp2 PTP inhibitors, we
screened a small molecule library comprising the National Can-
cer Institute (NCI) Approved Oncology Drug set (89 compounds)
and the NIH Clinical Collection (450 compounds). After further
evaluation of initial hits, estramustine phosphate (Fig. 1) was
verified as a Shp2 PTP inhibitor. Estramustine phosphate is a
chemotherapy agent used to treat prostate cancer. As shown in
Figure 2A and Table 1, estramustine phosphate inhibited the
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Figure 1. Chemical structures of compounds reported in this Letter.
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Shp2 PTP activity with an IC50 of 17.1 ± 9.2 lM. In an enzyme ki-
netic assay using 6,8-difluoro-4-methylumbelliferyl phosphate
(DiFMUP, Invitrogen) as the substrate (see Supplementary data),
inhibition by estramustine phosphate was best fitted with a
mixed inhibition kinetics (Kis: 22.8 lM, Kii: 10.8 lM, Fig. 2B).
Surface plasmon resonance (SPR) binding assay illustrated a
1:1 stoichiometric binding kinetics of estramustine phosphate
to Shp2 with a kinetic constant (KD) of 8.4 lM and the associa-
tion and dissociation rate constants of ka = 2.2 � 103/Ms and
kd = 0.020/s (Fig. 2C).

To explore the structural components of estramustine phos-
phate necessary for Shp2 inhibition, we analyzed the Shp2
inhibitory activity of estramustine, estradiol phosphate, estra-
diol, and NSC233064 (Fig. 1). Whereas estramustine, estradiol,
and NSC23306417 did not inhibit the Shp2 PTP activity at the
highest concentration tested (300 lM), estradiol phosphate
inhibited the Shp2 PTP activity with a potency (IC50:
19.9 ± 10 lM) similar to that of estramustine phosphate (Table
1). These data indicated that the 17-phosphate group of estram-
ustine phosphate is necessary for the Shp2 PTP inhibitor activity
while the nitrogen mustard group is dispensable. Consistent
with these experimental data, computer docking of estramustine
phosphate to the Shp2 PTP domain (PDB: 3B7O that has an
accessible catalytic site) suggested that the aryl phosphate
group could insert deep into the catalytic pocket of Shp2 and
form three hydrogen bonds with the backbone and side chain
of Arg-465 and one hydrogen bond with the side chain of
Asn-510 in the catalytic pocket (Fig. 3). On the other hand,
the nitrogen mustard group points to the open space in the cat-
alytic pocket (Fig. 3)

We searched for available analogs of estramustine phosphate,
specifically looking for steroids or triterpenoids containing a
negatively charged phosphate, carboxylate, or sulfonate group.
The aminosterol squalamine18,19 as well as triterpenoids enoxo-
lone (glycyrrhetic acid)20 and celastrol21 (Fig. 1) fit these crite-
ria. Interestingly, trodusquemine (MSI-1436), a derivative of
squalamine with one additional animopropyl unit (Fig. 1), has
been reported as a PTP1B inhibitor (IC50: 1 lM).22 Pure squal-
amine or trodusquemine were not available to us for testing
of their potencies against the Shp2 PTP. However, an ethanol
extract of the squalamine-enriched shark liver product Squala-
max (Nu-gen Nutrition) consistently displayed Shp2 PTP inhibi-
tor activity. Enoxolone and celastrol inhibited Shp2 with IC50 of
9.6 ± 3.2 lM and 3.3 ± 0.6 lM, respectively. Maitenin (Fig. 1), a
celastrol analog lacking the carboxylate group, was 18-fold
less potent than celastrol in Shp2 inhibition (Table 1), suggest-
ing that the carboxylate group contributes to the inhibitor
activity.



Figure 2. Inhibition and binding of estramustine phosphate to Shp2. (A) IC50 curve of Shp2 PTP inhibition by estramustine phosphate (EMP). (B) Inhibitor kinetics analysis of
EMP on the Shp2 PTP. (C) Surface plasmon resonance assay of EMP binding to Shp2. A representative sensorgram and the associated curve fit are shown.

Table 2
Selectivity of Shp2 inhibitors

Compound IC50 (lM)

Shp2 Shp1 PTP1B HePTP

Estramustine
phosphate

17.1 ± 9.2 40.4 ± 14.0 62.4 ± 7.3 152.7 ± 63.2

Estradiol phosphate 19.9 ± 10.3 >300 >300 >300
Enoxolone 9.6 ± 3.2 65.4 ± 28.3 45.8 ± 37.1 >300
Celastrol 3.3 ± 0.6 27.8 ± 1.7 13.2 ± 1.5 75.7 ± 8.9

Table 1
Shp2 PTP inhibitory activity of estramustine phosphate
analogs

Compound IC50 (lM)

Estramustine phosphate 17.10 ± 9.21
Estramustine >300
Estradiol phosphate 19.9 ± 10.3
Estradiol >300
NSC233064 >300
Enoxolone 9.6 ± 3.2
Celastrol 3.3 ± 0.6
Maitenin 61.6 ± 24.2
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To determine if estramustine phosphate, estradiol phosphate,
enoxolone, and celastrol selectively inhibit the Shp2 PTP activity
or if they also inhibit other PTPs, we measured the activity of
these compounds on three other PTPs, Shp1, PTP1B, and HePTP.
The results are presented in Table 2. All four compounds had
various degrees of selectivity against Shp1, PTP1B, and HePTP.
Comparing with Shp2 (PDB: 3B7O), the Shp1 PTP catalytic pock-
et in the crystal structure (PDB: 1GWZ) appears to be more shal-
low (Fig. 3B and C), which may explain why Shp1 is less
sensitive to these compounds. HePTP had the least sensitivity
to all four compounds. Comparison of the surface electrostatic
potential between Shp2, Shp1, PTP1B, and HePTP PTP do-
mains23,24 showed that the HePTP has a surface charge distribu-
tion quite different from that of Shp2, Shp1, and PTP1B. Whereas
Shp2, Shp1, and PTP1B have positively-charged surfaces, this is
not the case in HePTP.23 This divergence in the surface charge
distribution may contribute to the resistance of HePTP to the
phosphate and carboxylate inhibitors analyzed in this study.
These data indicate that these compounds do not non-specifi-
cally inhibit PTPs.

Triterpenoids constitute a large number of natural products,25,26

including those with carboxyl groups as well as various esters27

that in principle can be hydrolyzed in vivo to the free aryl carbox-
ylic acid.11 Many of these triterpernoids are biologically active
compounds that include anticancer and antiviral activities.26 How-
ever, their mechanisms of action are largely undefined. Our study
reveals the previously unknown activity of enoxolone and celastrol
as selective PTP inhibitors. Moreover, our findings also point to a
rich natural source for discovery of lead compounds of novel PTP
inhibitors.



Figure 3. Docking of estramustine phosphate (EMP) to Shp2 and Shp1. EMP was
docked into the catalytic site of Shp2 and Shp1 using GLIDE 5.6. (A) Stick
representation of the lowest energy binding pose of EMP in Shp2. Potential
hydrogen bonds are indicated as dashed-yellow lines showing interactions between
the phosphate moiety and residues R465 (three bonds) and Q510 (one bond). (B)
Water accessible surface showing the binding pocket. The binding pose of EMP fits
into the deep pocket where the phosphate moiety can interact with the positive
electrostatics of the region. (C) Water accessible surface of Shp1 with electrostatics.
As with (B) the binding pose of EMP in Shp1 is shown. This pocket is much
shallower and that may contribute to EMP’s inferior inhibition of Shp1 compared to
Shp2.
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