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a b s t r a c t

Src homology 2 domain-containing phosphatase 2 (SHP2) is a pivotal regulator linking receptor tyrosine
kinase (RTK) signaling. Abnormal SHP2 activity has been associated with tumorigenesis and metastasis.
Although some SHP2-targeting modulators have entered clinical trials, U.S. Food and Drug Administraction
(FDA)-approved SHP2 targeting drugs are still not available. Herein, we describe cooperative biochemical
inhibition experiments that facilitate the identification of both catalytic and allosteric SHP2 inhibitors
using an in-house natural product (NP) library. Based on this screening methodology, structurally diverse
sets of NPs were characterized, among which dihydrotanshinone I (DHT) potently inhibited the wild-type
SHP2 protein tyrosine phosphatase (PTP) domain and gain-of-function SHP2 variants. Trichostatin A (TSA)
bound to the “tunnel” binding site, acting as an allosteric inhibitor. This study illustrates an optimized
screening methodology and tactics to identify novel SHP2 modulators from NPs and provides a foundation
for further NP-based drug development for the treatment of RTK-driven cancer.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Src homology 2 domain-containing phosphatase 2 (SHP2) (also
known as PTPN11) is the first reported oncogenic protein tyrosine
phosphatase (PTP) [1]. SHP2 is ubiquitously expressed in cells and
functions as a signal adaptor for receptor tyrosine kinases (RTKs).
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SHP2 regulates oncogenic signaling by activating the mitogen-
activated protein kinases (MAPKs), phosphoinositide 3-kinase
(PI3K), and signal transducer and activator of transcription (STAT)
cascades [2]. In addition, SHP2 contributes to immune evasion by
participating in programmed cell death 1/programmed death ligand
1 (PD-1/PD-L1) signaling [3]. Gain-of-function mutations in SHP2
have been detected in severe diseases, such as LEOPARD and
Noonan syndrome. The aberrant activation of SHP2 is prevalent in
various cancer types, including leukemia and solid tumors [4]. Thus,
SHP2 is an attractive therapeutic molecule for various diseases.

SHP2 belongs to the non-receptor PTP family and consists of a
single PTP catalytic region, two SH2 structural domains, and a short
C-tail (CT) comprising two tyrosine phosphorylation residues [5]
(Figs.1A and B). In its resting state, the N-SH2moiety of SHP2 blocks
the PTP catalytic site and restricts substrate entry into the catalytic
pocket [5] (Fig. 1B). After the pTyr-containing substrate docks to N-
SH2, the autoinhibited SHP2 is transformed into an activated
conformation that exposes the catalytic site by disrupting the SH2-
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Fig. 1. Representative inhibitors targeting the allosteric sites and catalytic active site. (A) Schematic illustration of Src homology region 2-containing protein tyrosine phosphatase 2
(SHP2). (B) Crystal structure of the autoinhibited state SHP2 (Protein Data Bank (PDB) ID: 2SHP). The inhibitor binding site is highlighted with a circle. (C) Chemical structures of
representative identified SHP2-targeted molecules. WPD: tryptophan (W), proline (P), and aspartate (D); PTP: protein tyrosine phosphatase.
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PTPassociation [6]. Owing to the unique structure of SHP2, two types
of small-molecule inhibitors have been reported (Figs. 1B and C).

Traditional SHP2 inhibitors interact specifically with the PTP
domain and block its enzymatic activity, such as NSC-87877 [7],
PHPS1 [8], and NAT6-297775 [9]. Most SHP2 allosteric inhibitors
enter the tunnel drug-binding site created by the boundary be-
tween the SH2 and PTP domains, thereby stabilizing the inactive
state of the enzyme. However, to date, no compounds have entered
clinical trials [4]. SHP099 is an allosteric site inhibitor discovered by
Novartis, which boosted the discovery of SHP2-targeted allosteric
inhibitors [2]. To date, numerous SHP099-derived inhibitors,
including TNO155 [10], JAB-3068 [11], RLY-1971 (GDC-1971) [12],
and PF-07284892 (ARRY-558) [13] have advanced into different
phases of clinical trials for cancer treatment. Despite tremendous
progress achieved with SHP2 allosteric inhibitors, several SHP2
inhibitor treatments have shown limited benefits in patients [14].
In 2021, Novartis terminated a clinical trial of TNO155 because of its
insufficient efficacy in the treatment of solid tumors (Trial No.:
NCT03114319). Therefore, the discovery of novel SHP2 inhibitors
with different molecular structures is clinically significant.

Natural products (NPs), along with their derivatives, have pro-
vided abundant candidates for the identification of novel chemical
structures with a wide range of therapeutic activities and a great
variety of scaffolds that can be lead compounds for modification or
even direct use [15,16]. Thus, understanding the biological and
molecular mechanisms of NPs has led to the identification of novel
drugs for treating human diseases. NPs are a promising source of
PTP inhibitors [17]. Many potent protein tyrosine phosphatase 1B
(PTP1B) inhibitors have been developed from natural sources and
have shownpotential in the management of type 2 diabetes [18,19].
Few studies have also reported NPs or their derivatives as potential
inhibitors of SHP2, including celastrol [20], tautomycetin [21], and
cryptotanshinone [22]. However, the structure-activity relationship
(SAR) or underlying inhibition mechanism of these NPs remains
unclear. This study aimed to identify novel SHP2 inhibitors in NPs
by establishing a new cross-validation drug screening paradigm
based on the protocols reported by several other groups [2,23,24],
leading to the identification of novel lead compounds and molec-
ular skeletons for further drug development (Fig. 2).
2

2. Materials and methods

2.1. Protein expression and purification

Two human SHP2 constructs were created by cloning the
PTPN11 gene, which encodes the truncated forms A237-I529
(designated SHP2-PTP) and M1-L525 (designated SHP2-FL), into
the pET30 vector by Beijing Tsingke Biotech Co., Ltd. (Beijing,
China). The constructs were framed in-frame with a 6� His-tag to
facilitate protein purification. Using these plasmids as templates,
site-directed mutagenesis was performed to generate a series of
mutants, including SHP2E76K, SHP2D61V, SHP2T253M, SHP2-PTPR465A,
and SHP2-PTPQ510A. The resulting constructs were introduced into
BL21 (DE3) Escherichia coli (E. coli) cells. The bacterial cultures were
grown to an optical density at 600 nm (OD600) between 0.8 and 1.0,
and SHP2 expression was induced overnight at 18 �C with 0.5e1
mM isopropyl-beta-D-thiogalactopyranoside (IPTG).

The cells were harvested and added to buffer consisting of 50
mM Tris-HCl (pH 8.5), 50 mM NaCl, 50 mM imidazole, and 5%e10%
glycerol. The cells were then lysed and filtered. The supernatant
was further diluted in lysis buffer. The mixture was loaded onto a 5
mL Ni-NTA gravity column (#88221; Thermo Fisher Scientific Inc.,
Fair Lawn, NJ, USA) and eluted with 200 mM imidazole. The eluted
proteinwas diluted with 50 mMNaCl in 25 mM Tris-HCl buffer and
applied to a HiTrap Q anion-exchange column (#17515601; GE
Healthcare, Chicago, IL, USA). SHP2 bound to the columnwas eluted
using a linear NaCl gradient (0e0.5 M) over 15 column volumes of
the same buffer. Fractions containing SHP2 were purified using
size-exclusion chromatography (Superdex 200; GE Healthcare) in
25 mM Tris-HCl (pH 8.5) and 150 mM NaCl buffer. The purified
phosphatase proteins were then flash-frozen in liquid nitrogen and
stored at �80 �C until further use. This procedure was also applied
to purify the SHP2 mutants.

For other PTPs, complementary DNA (cDNA) fragments encod-
ing residues M1eG305 of the human PTPN12 catalytic domain and
full-length human low molecular weight protein tyrosine phos-
phatase (LMWPTP) (M1eH158) were amplified using polymerase
chain reaction (PCR) and subsequently subcloned into the pET28a
vector. Protein expression and purification were performed



Fig. 2. Workflow of the complementary cross-validation drug screening paradigm. For the first-round screening, the assay was conducted using full length Src homology region 2-
containing protein tyrosine phosphatase 2 (SHP2-FL); for second-round validation assay, active site inhibitors were validated using protein tyrosine phosphatase (PTP) domain of
SHP2 protein. The allosteric inhibitors were tested against the site-mutated protein SHP2T253M. Subsequently, hit compounds were further cross-validated via bio-layer interfer-
ometry (BLI) assay, molecular simulation, and site-directed mutagenesis studies. NPs: natural products; DiFMUP: 6,8-difluoro-4-methylumbellyferyl phosphate; DiFMU: 6,8-
difluoro-7-hydroxy-4-methylcoumarin.
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following the same protocol used for SHP2. Other PTPs, including
PTP1B, PTP receptor type A (PTPRA), and PTP non-receptor type 6
(PTPN6), were purchased from Sino Biological (Shanghai, China).

2.2. SHP2 inhibition assay

The enzymatic activity of SHP2 was assessed using 6,8-difluoro-
4-methylumbellyferyl phosphate (DiFMUP) (#D22065; Thermo
Fisher Scientific Inc.), a surrogate tyrosine phosphatase substrate,
using a fluorescence-based assay. Reactions were carried out at 20
�C in a 384-well plate (#781086; Greiner Bio-One, Monroe, NC,
USA). The reaction buffer consisted of 60 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 75 mM NaCl, 75
mM KCl, 1 mM ethylenediamine tetraacetic acid (EDTA), 0.05%
Tween-20, and 5 mM dithiothreitol.

Test NP libraries were collected from TargetMol Chemicals Inc.
(Boston, MA, USA) and resuspended in dimethyl sulfoxide (DMSO)
at a stock concentration of 10 mM. SHP2 enzyme and the test NPs
were incubated in the presence of 0.5 mMof phosphorylated insulin
receptor substrate 1 (p-IRS-1) peptide (sequence: LN(pY)
IDLDLV(dPEG8)LST(pY)ASINFQ) synthesized by ChinaPeptides
(Shanghai, China). After a 0.5 h-incubation at 25 �C, DiFMUP (10
mM) was added to the reaction, which was incubated at room
temperature for another 0.5 h. Finally, the reaction was quenched
by adding 50 mM solution of bpV(Phen) (#SML0889; Milli-
poreSigma, Darmstadt, Germany). Measurements were performed
using a SpectraMax iD5 (Molecular Devices, LLC, San Jose, CA, USA)
instrument with excitation and emission wavelengths of 340 and
450 nm, respectively. The allosteric compound TNO155 was used as
a control for full length SHP2 (SHP2-FL) activity. Initial hits were
selected that had an inhibition rate over 60% at a concentration of
20 mM. Initial hits were further cross-validated using an SHP2-PTP
inhibition assay to confirm the binding sites of hit compounds.

2.3. Bio-layer interferometry (BLI) assay

Purified SHP2 was incubated with NHS-PEG12-Biotin in a 1:1.5
molar ratio for 1 h at room temperature. The biotin-labeled protein
samples were loaded onto a gel column (#G-MM-IGT; Genemore,
Suzhou, China) for purification. The biotinylated proteinwas bound
to the super streptavidin (SSA) sensors. The kinetics of SHP2
binding to compounds weremeasured by immersing the sensors in
a 96-well plate with various concentrations of compounds for 300
s, followed by dissociation in the same buffer devoid of SHP2 for an
additional 300 s. The equilibrium dissociation constant (KD) was
determined using the Fort�eBio Octet 96 system (Sartorius Group,
G€ottingen, Germany).
3

2.4. Molecular modeling of the complex of trichostatin A (TSA)
bound to SHP2

The initial binding sites between SHP2 and TSA were predicted
using the Glide module of the Schr€odinger package [25]. Grids for
the “tunnel” and “latch” binding sites were generated using the
module of Receptor Grid Generation. The Glide module was then
employed to predict the potential binding positions between SHP2
and TSA. The most favorable binding poses of TSA at the “tunnel”
and “latch” sites were subjected to molecular dynamics (MD)
simulations. Three parallel 500 ns MD simulations were performed
following procedures similar to those reported in previous studies
[26,27]. The root mean square deviations (RMSDs) of SHP2 and TSA
were calculated using the CPPTRAJ module in the Amber 18 pack-
age [28]. For per-residue decomposition, MD simulation trajec-
tories from 400 to 500 ns were analyzed using 1000 snapshots
each, based on the molecular mechanics/generalized born surface
area (MM/GBSA) method, as previously described [29].

2.5. Cell culture and Western blotting

NCI-H1975 cells were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS) (ExCell Bio, Taicang, China). Cell samples were lysed in
radioimmunoprecipitation assay buffer (RIPA) buffer containing
phosphatase and protease inhibitors. Protein samples were sepa-
rated, transferred, and incubated overnight at 4 �C with target
antibodies diluted in 5% bovine serum albumin (BSA). Antibodies
were visualized using enhanced chemiluminescence reagents
(NCM Biotech, Newport, RI, USA) on a Fusion FX system (Vilber,
Coll�egien, France). Antibodies against phosphorylated extracellular
signal-regulated kinase 1/2 (p-ERK1/2) (#4370), b-actin (#3700),
and ERK (#4695) were purchased from Cell Signaling Technology
(Danvers, MA, USA).

2.6. Colony formation assay and cell proliferation assay

NCI-H1975 cells were plated in six-well plates (approximately
103 cells per well) in 1 mL of RPMI-1640 medium supplemented
with 10% FBS and allowed to adhere overnight. For drug treatment,
NPs or TNO155 were added at the specified concentrations the
following day, and the medium and compounds were refreshed
every 3e4 days. Once the untreated cells reached confluence, col-
onies were fixed with formaldehyde, stained with 0.2% crystal vi-
olet (Sangon Biotech, Shanghai, China), and scanned. For the cell
proliferation assay, NCI-H1975 cells (approximately 1.5 � 103 cells
per well) were seeded in 96-well plates and treated with NPs or
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TNO155 at concentrations ranging from 0 to 50 mM. On day 3, Cell
Counting Kit-8 (CCK-8) reagent (Zoman Biotechnology, Beijing,
China) was used. Optical density was measured using a SpectraMax
iD5 microplate reader (Molecular Devices, LLC). Untreated wells
were used for background correction.

2.7. Cell apoptosis assay

NCI-H1975 cells (1 � 105 cells per well) were seeded in 12-well
plates and cultured in RPMI-1640 medium containing 10% FBS.
After 24 h, the cells were treated with 10 mM dihydrotanshinone I
(DHT), 10 mM TSA, or 10 mM TNO155. After 24 h of incubation at 37
�C in a 5% CO2 atmosphere, the cells were collected, washed with
phosphate-buffered saline (PBS), and resuspended in 150 mL of 1�
binding buffer. The samples were then stained with 5 mL of annexin
V and 10 mL of propidium iodide (PI) (70-AP107-100; Share-bio
Biotechnology, Shanghai, China) at room temperature in the dark
for 5 min. Flow cytometric analysis was performed within 1 h using
a BD FACSCelesta (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA).

2.8. Xenograft studies

A suspension (5 � 106/mL H1975 cells) was subcutaneously
injected into the right flank of five-week-old female BALB/c nude
mice. When the average tumor volume reached 50e100 mm3, the
mice were randomly assigned to one of three groups. Compounds
were formulated in 0.5% sodium carboxymethyl cellulose (CMC-Na)
and administered intragastrically at a dose of 20mg/kg/day. Control
mice received an equal volume of 0.5% CMC-Na orally. Body weight
and tumor volume were monitored every two days. At the indi-
cated time points, tissue sections were prepared and stained with
appropriate antibodies.

2.9. Statistics and reproducibility

Quantitative data are expressed as the mean ± standard devia-
tion (SD). Statistical analyses were performed using GraphPad
Prism 7.0. A two-sided Student's t-test was used to compare the
means between two groups.

3. Results

3.1. Strategy for screening SHP2 inhibitor

An in-house NP library of approximately 1000 molecules was
screened using the substrate DiFMUP and a phosphorylated sub-
strate (p-IRS1) as the activator of phosphatase. Full-length SHP2,
termed SHP2-FL, was used to identify NPs with enzyme inhibitory
potency (at both the active and allosteric sites). Subsequently,
catalytic site inhibitors were confirmed by additional screening
using SHP2-PTP (truncated form). To further validate the allosteric
binding mechanism, the candidate NPs were tested for their
biochemical activity against the site-mutated protein SHP2T253M.
Finally, we employed multiple approaches, including a BLI
screening, binding mode simulation, and amino acid mutagenesis,
to explore the direct interaction of the active compounds with
SHP2 (Fig. 2). This complementary cross-validation protocol led to
the identification of SHP2-targeting molecules that bind to the
catalytic and allosteric sites.

3.2. Protein purification and enzyme assays of SHP2

His-tagged SHP2-FL (M1-L525) and SHP2-PTP (A237-I529)
were subsequently purified using HisTrap HP affinity purification,
4

HiTrap Q ion exchange, and HiLoad Superdex200 size-exclusion
chromatography. Chromatography and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) results showed the
homogeneity of the final purified sample (Figs. 3A and B). The
DiFMUP fluorescence assay was used to evaluate the enzymatic
activity of the two purified proteins following our previously re-
ported methods [2]. As expected, the results of the enzyme titra-
tion experiments showed that SHP2-FL has much weaker catalytic
activity than SHP2-PTP, demonstrating that the purified SHP2-FL is
tightly regulated and adopts an auto-inhibited conformation (Fig.
3C).

SHP2 is allosterically stimulated by the binding of 2P-IRS-1 to
the SH2 domains, which in turn induces the release of the auto-
inhibitory conformation, leading to activation of the PTP domain
and subsequent preparation of the substrate recognition site for the
catalytic reaction. To test this unique characteristic, increasing
concentrations of synthetic activating peptide were incubated with
SHP2-FL. The dephosphorylating activity of the full-length enzyme
gradually increased to a level similar to that of the PTP domain (Fig.
3D). The half maximal effective concentration (EC50) value of the
2P-IRS-1 activator for SHP2-FL was 0.354 ± 0.119 mM. Steady-state
analysis was performed to evaluate the catalytic kinetics of the
surrogate substrate DiFMUP (0e2 mM) toward SHP2-PTP and
SHP2-FL in the absence or saturation of the IRS-1 peptide (Fig. 3E).
The Michaelis-Menten kinetic parameters shown in Table S1
revealed that fully activated SHP2-FL showed similar KM value
than that of SHP2-PTP (Fig. 3E).

3.3. High-throughput screening (HTS) and discovery of SHP2
modulators from NPs

Based on the results of the fluorescence assay with linear
enzyme and substrate amount (Figs. 3CeE), 0.5 nM SHP2-FL and 10
mMof DiFMUPwere chosen for HTS. The reaction timewas set at 0.5
h. To achieve approximate SHP2 protein activation, the concen-
tration of phosphorylated peptide activator was set at 0.5 mM,
which was close to the EC50 value. The fluorescence signal was read
once the substrate was added to eliminate interference from the
initial fluorescence of the tested compounds. With the assay con-
ditions set up, a recently reported SHP2 inhibitor from Novartis,
TNO155 [10], was used as a condition test to further verify the
established SHP2-FL inhibition assay. Consistent with the data re-
ported, TNO155 effectively blocked SHP2-FL activity with a half-
maximal inhibitory concentration (IC50) value of 34.0 ± 5.4 nM
(Fig. 3F).

Using the established assay conditions, we screened and prior-
itized novel SHP2 inhibitors from our in-house NP library of 976
NPs (Fig. 4A). Based on the SHP2-FL screening, top 40 initial hits
that had an inhibition rate of over 60% (at a concentration of 20 mM)
were selected. Next, we determined the inhibitory mechanism of
active NPs. These initial hits were cross-validated using an SHP2-
PTP inhibition assay. NPs that effectively inhibited the catalytic
domain were identified as PTP site inhibitors, whereas initial hits
with no inhibitory activity toward SHP2-PTP were considered po-
tential allosteric inhibitors. Retesting fresh powders with SHP2-FL
and SHP2-PTP revealed 15 confirmed hits with different scaffolds.
Representative structures of active SHP2 inhibitors are shown in
Fig. 4B. Most of NPs exhibited good activity against SHP2-PTP and
SHP2-FL (IC50 < 20 mM), among which tanshinon I displayed the
strongest inhibitory activity toward PTP domain with IC50 value of
3.3 ± 1.2 mM. Interestingly, compound TSA only showed a moderate
inhibition activity against SHP2-FL but completely lost activity to-
ward PTP domain, thus acting as a novel allosteric SHP2 inhibitor.

Unlike synthetic compounds, NPs generally have highmolecular
weights and large chemical scaffolds. In addition, the reported



Fig. 4. Discovery of Src homology region 2-containing protein tyrosine phosphatase 2 (SHP2) inhibitor from natural products (NPs). (A) First round of screening was performed with
a 976-molecule NP library. The line denotes the 60% inhibition rate. The blue and red colored circles denote validated active site and allosteric inhibitors, respectively. Compounds
tanshinone I and trichostatin A (TSA) are labeled. (B) Chemical structures and a half-maximal inhibitory concentration (IC50) values of screening hits. Data is presented as
mean ± standard deviation (SD). IC50 values from three experiments on full length SHP2 (SHP2-FL) and SHP2-protein tyrosine phosphatase (PTP) are shown.

Fig. 3. Src homology region 2-containing protein tyrosine phosphatase 2 (SHP2) protein preparation and biochemical activity characterization. (A, B) Representative size-exclusion
chromatography of full length SHP2 (SHP2-FL) (M1-L525) (A) and SHP2-protein tyrosine phosphatase (PTP) (A237-I529) (B) proteins. The purities of recombinant human SHP2-FL
and SHP2-PTP were evaluated using Coomassie blue stain. The numbers in the x-axes of Figs. 3A and B indicate represent the fraction numbers collected during the protein
purification process. (C) Enzyme dephosphorylation activity study between full-length and PTP domain of SHP2. (D) Enzymatic activity of enzymes in the presence of 10 mM
substrate 6,8-difluoro-4-methylumbellyferyl phosphate (DiFMUP) with the concentration of the synthetic phosphorylated insulin receptor substrate 1 (p-IRS-1) ranging from 0.02
to 10 mM. (E) Enzyme kinetic study of substrate dephosphorylation by enzymes (0.5 nM) at basal or complete activated state. (F) Inhibition effect of TNO155 against SHP2-FL and PTP
domain.
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allosteric site of SHP2 is significantly smaller than the catalytic site,
making NPs more favorable for the PTP domain than allosteric site.
Indeed, from the SHP2-FL and SHP2-PTP screening results, the
corresponding hit rate was 1.4% (14/976) for SHP-PTP, whereas only
one NP was confirmed as an allosteric inhibitor (0.10% hit rate).
Based on the primary data from the enzyme assay and the diversity
of the structural skeletons with different inhibitory mechanisms,
tanshinone derivatives and TSA were selected for further study.

3.4. Tanshinone derivatives act as SHP2-PTP inhibitors

Tanshinone derivatives are key bioactive ingredients of the
Chinese medicinal herb Salvia miltiorrhiza Bunge, which is broadly
applied in heart diseases and is the first U.S. Food and Drug
Administraction (FDA)-approved traditional Chinese medicine in
phases II and III clinical trials [30]. Although a series of molecular
mechanisms underlying its anticancer and cardioprotective activ-
ities have been reported, its direct targets remain unknown [30,31].
A previous study by Liu et al. [22] revealed that the tanshinone
derivative cryptotanshinone inhibits SHP2with an IC50 of 22.50 mM.
However, the SAR and underlying binding mode of cryptotan-
shinone remain unclear. These preclinical and clinical studies led us
to further investigate the activity of tanshinone derivatives. To
explore the preliminary SAR of tanshinones, tanshinone I, tan-
shinone IIA, DHT, and cryptotanshinone were evaluated for their
Fig. 5. Tanshinone derivatives as inhibitors against Src homology region 2-containing pro
structures of tanshinones. Half maximal inhibitory concentration (IC50) of tanshinones again
length SHP2 (SHP2-FL) or SHP2-PTP. (C) Binding mode of SHP2-PTP and DHT performed in d
was used to analyze DHT to SHP2-PTP (D), SHP2-PTPR465A (E), and SHP2-PTPQ510A (F). CT: C

6

SHP2-PTP inhibitory activities (Fig. 5A). Interestingly, compounds
with reduced furan ring double bonds (DHT and cryptotanshinone)
weremore favorable for SHP2 inhibition than tanshinones I and IIA.
In addition, substitution of the furan ring (sulfonic sodium)
significantly decreased SHP2 inhibition activity. Generally, tan-
shinone I derivatives fused with benzene in ring A are favored over
tanshinone IIA derivatives for maintaining enzymatic inhibition
activity. The most active compound, DHT, exhibited a well-defined
dose-dependent inhibition and suppressed SHP2-PTP dephos-
phorylation with low IC50 values (1.06 ± 0.21 mM), which was 13-
fold lower than that of tanshinone IIA (Fig. 5A). DHT showed
comparable inhibitory activity against SHP2-FL, indicating that it
interfered with the catalytic function of SHP2 (Fig. 5B).

3.5. Study on DHT and SHP2-binding sites

To obtain more biochemical evidence to verify the binding site
of DHT, molecular docking analysis was conducted, which revealed
that DHT located on the SHP2 catalytic cleft blocked the substrate
from binding. Specifically, the structural analysis suggested that
residuesW423 from theWPD loop, R465 from the P-loop, and Q510
from the Q loop formed critical hydrogen bonds with the carboxyl
group of the DHT core (Fig. 5C). The furan and benzene ring A
moieties formed favorable hydrophobic contacts with the pTyr
loop, further stabilizing the occupation of the PTP domain. The
tein tyrosine phosphatase 2 (SHP2)-protein tyrosine phosphatase (PTP). (A) Chemical
st SHP2-PTP are shown. (B) Inhibition effect of dihydrotanshinone I (DHT) against full
ocking studies targeting its catalytic domain. (DeF) Bio-layer interferometry (BLI) assay
terminus; NT: N terminus.
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DiFMUP screening results demonstrated that DHT exhibited 4.7-
fold higher inhibitory potency against SHP2 than cryptotan-
shinone. Structural analysis suggested that the aromatic ring A
moiety in DHT may engage in enhanced molecular interactions
with pTyr and P-loops within the SHP2 catalytic domain through
hydrophobic contacts. Next, we performed a BLI experiment to
analyze the KD of DHT in the PTP domain in vitro. As shown in Fig.
5D, DHT bound to the PTP domain in a dose-dependent manner (KD
¼ 396.7 mM). To verify the residues interacting with DHT, two re-
combinant mutants, SHP2-PTPR465A and SHP2-PTPQ510A, were
constructed and used in further assays. As shown in Figs. 5E and F,
both SHP2-PTPR465A and SHP2-PTPQ510A mutants significantly
abolished the direct interaction between DHT and SHP2-PTP in vi-
tro. These experimental data helped elucidate the binding mecha-
nism of SHP2-DHT.
3.6. Identification of TSA as an allosteric inhibitor of SHP2

Simultaneously, we investigated lead compounds that could
utilize the natural autoinhibition mechanism of SHP2 and stabilize
it in an inactive state. In a verification experiment using 15 initial
Fig. 6. Identification of trichostatin A (TSA) as a Src homology region 2-containing protein ty
TSA on the dephosphorylation activity of the full length SHP2 (SHP2-FL) (orange line) or cat
deviations (RMSDs) of the protein backbone Ca atoms of SHP2 tended to converge after
approximately 150e270 ns of MD simulations. (F) Predicted crucial residues mediated SHP2
had a significantly compromised activity against SHP2T253M mutants. PTP: protein tyrosine
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hits, we discovered a potential allosteric SHP2 inhibitor, TSA (Fig.
6A). TSA acts as an antifungal antibiotic and inhibitor of histone
deacetylase [32]. Recently, there have been reports of the potent
inhibition of TSA against sirtuin 6 protein [33]. As shown in Fig. 4A,
TSA can inhibit SHP2-FL activity to 68.8% at 20 mM. Furthermore, it
dose-dependently inhibited SHP2-FL activity, with an IC50 of 15.7 ±
2.2 mM. However, TSA treatment did not affect the enzymatic ac-
tivity of SHP2-PTP (Fig. 6B).

Based on these in vitro results, we investigated the allosteric
binding sites of TSA. To date, two verified allosteric sites of SHP2
have been reported, termed allosteric “tunnel” and “latch” [25] (Fig.
6C). First, we predicted the binding poses of TSA within the “tun-
nel” and “latch” sites using molecular docking, followed by 500 ns
MD simulations. Interestingly, our modeling results showed that
TSA quickly dissociated from the “latch” binding site of SHP2 and
appeared to bind to the “tunnel” binding sites (Video). Therefore,
the MD simulation trajectories of TSA bound to “tunnel” binding
site of SHP2 were further analyzed. The RMSDs of SHP2 backbone
Ca atoms tended to converge after approximately 100 ns of simu-
lations (Fig. 6D). The RMSDs of the TSA heavy atoms converged
after approximately 150e270 ns in the MD simulations (Fig. 6E).
rosine phosphatase 2 (SHP2) allosteric site inhibitor. (A) Structures of TSA. (B) Effect of
alytic domain (black line). (C) Tunnel and latch sites of SHP2. (D) The root mean square
approximately 100 ns of MD simulations. (E) The RMSDs of TSA heavy atoms after
-TSA interaction. (G) Molecular modeling of TSA bound to the SHP2 tunnel site. (H) TSA
phosphatase; IC50: half-maximal inhibitory concentration; Traj: trajectory.



Fig. 7. Active natural products (NPs) against Src homology region 2-containing protein tyrosine phosphatase 2 (SHP2) oncogenic mutations. (A) Sites of E76K and D61V activating
alterations of SHP2 mapped on its SH2-protein tyrosine phosphatase (PTP) interface (Protein Data Bank (PDB) ID: 2SHP). The E76K and D61V mutations are shown in red. (BeD)
SHP2E76K and SHP2D61V inhibition by TNO155 (B), trichostatin A (TSA) (C), and dihydrotanshinone I (DHT) (D) with various compound concentrations. IC50: half maximal inhibitory
concentration.

Table 1
Selectivity profiling of dihydrotanshinone I (DHT) and trichostatin A (TSA) in selected phosphatase enzyme panel.

Phosphatase Species Class Sequence of recombinant protein IC50 (mM)

DHT TSA

PTPN1 (PTP1B) Human Classic non-receptor PTPs (class I) M1-N321 9.3 ± 0.94 >100
PTPN6 (SHP1) Human Classic non-receptor PTPs (class I) M1-K591 2.5 ± 0.3 >100
PTPN12 (PTP-PEST) Human Classic non-receptor PTPs (class I) M1-G305 32.1 ± 3.8 >100
PTPRA (RPTPa) Human Classic receptor PTPs (class I) A174-K793 50.4 ± 5.3 >100
LMWPTP (ACP1) Human Class II M1-H158 >100 >100

IC50: half-maximal inhibitory concentration; PTPN1: protein tyrosine phosphatase (PTP) non-receptor type 1; PTP1B: protein tyrosine phosphatase 1B; SHP1: Src homology
region 2-containing protein tyrosine phosphatase 1; PEST: PTP containing a PEST motif (rich in Pro, Glu, Ser, and Thr); PTPRA: protein tyrosine phosphatase receptor type A;
RPTPa: receptor-like PTP alpha; LMWPTP: low molecular weight PTP; ACP1: acid phosphatase locus 1.
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Those results indicate the TSA possibly bound to “tunnel” site of
SHP2. The dynamic co-structures of the SHP2/TSA binary com-
plexes were then subjected to per-residue decomposition using the
MM/GBSA method. Residues Thr253, His116, Glu249, Thr219,
Glu250, Leu254, Pro491, Arg111, Thr108, and Thr218were predicted
to be critical for SHP2-TSA interaction (Fig. 6F). Structural analysis
revealed that residues Thr108 and Glu249 played significant roles
in the interactions by forming critical hydrogen bonds with TSA
(Fig. 6G).

In search of more biochemical evidence of “tunnel” site inter-
action, an engineered SHP2T253M protein with mutation in the
allosteric pocket was used in the following study, which prevented
inhibitors from binding to the “tunnel” site (Fig. S1A). SHP2T253M

retained its autoinhibitory features and catalytic activity in the p-
IRS-1 titration assay. However, TSA showed 100-fold less potency
against SHP2T253M cells than the wild-type enzyme (Figs. 6H and
S1B). Notably, Thr253 was predicted to contribute the most to the
binding of TSA to SHP2 (Fig. 6F). Additionally, the engineered
SHP2T253M mutation eliminated the efficacy of TNO155, further
confirming the allosteric mechanisms of TNO155 and TSA (Fig. S1C).
Therefore, we provide a newmechanism for the antitumor effect of
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TSA, which functions as a “glue” to make the closed form of SHP2
more stabilized. Although the inhibitory ability of TSA is moderate,
further structural modifications may lead to the discovery of more
potent allosteric small molecule inhibitors. While TSA is a previ-
ously reported HDAC inhibitor, our findings suggest its potential as
a foundation for developing dual-target SHP2/HDAC inhibitors.

3.7. Preliminary selectivity of DHT and TSA against PTPs

Similar to the kinase domain of RTKs, the catalytic domain of
PTPs is relatively conserved. Therefore, it is challenging to discover
highly selective SHP2 inhibitors. To determine the functional spec-
ificities of DHT and TSA, their inhibitory activities were evaluated
against a panel of selected PTPs: PTPRA (receptor type), PTPN1 and
PTPN12 (non-receptor type), and LMWPTP (class II PTP). DHT
inhibited the PTP (PTPN1, PTPN12, and PTPRA)-catalyzed hydrolysis
of DiFMUP with an IC50 of 9.3 ± 0.94, 32.1 ± 3.8, and 50.4 ± 5.3 mM,
respectively, which was approximately 8-fold to 47-fold less active
than SHP2. The IC50 of DHTagainst LMW-PTPwasmore than 100 mM
(Table 1). As the catalytic region of SHP2 is almost identical to that of
SHP1 (PTPN6) [34], DHT showed high inhibitory activity against



Fig. 8. Active natural products (NPs) inhibited Src homology region 2-containing protein tyrosine phosphatase 2 (SHP2)-mediated signaling in H1975 cells. (A) Anti-proliferation
effects of dihydrotanshinone I (DHT) and trichostatin A (TSA) were decreased in SHP2 small interfering RNA (siRNA) treated H1975 cells. (B) Colony formation of H1975 after DHT,
TSA, and TNO155 treatment. Colony formation was measured 10 days after compound treatment. (C) Apoptosis analysis of H1975 cells after treating with 10 mM DHT, TSA, or
TNO155 for 24 h. (D) Analyses of phosphorylated extracellular signal-regulated kinase (p-ERK), ERK, and b-actin from H1975 cells supplemented with 10 mM DHT, TSA, and TNO155.
(E) 40 ,6-Diamidino-2-phenylindole (DAPI) and p-ERK stainings for H1975 cells treated with DMSO or 10 mMDHT, TSA, or TNO155. PI: propidium iodide; PE-A: R-phycoerythrin; APC:
allophycocyanin.
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Fig. 9. Evaluation of dihydrotanshinone I (DHT) in epidermal growth factor receptor (EGFR)-driven cancer in vivo. (A) Antitumor efficacy evaluation of DHT and TNO155 in the
H1975 xenograft mouse model. (B) Representative images of tumors in each group after vehicle, DHT, or TNO155 treatment. (C) Tumor weights in each group after treatment with
DHT and TNO155. (D) Ki-67 staining in tumor tissues. (E) Measurement of phosphorylated extracellular signal-regulated kinase (p-ERK) levels in tumor lysates via Western blot
(left) and the corresponding statistical analysis (right). DAPI: 40 ,6-diamidino-2-phenylindole.
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SHP1, with an IC50 of 2.5 ± 0.3 mM. A previous study demonstrated
that DHT derivatives potently inhibit SHP1 because of the high
homology of the catalytic sites between SHP2 and SHP1 [22].
Nevertheless, DHT is still valuable for the treatment of SHP2-related
diseases because SHP2 is ubiquitously expressed, whereas SHP1 is
normally expressed only in hematopoietic cells. In contrast, TSA
showed no detectable inhibitory activity against any of the three
types of PTPs, likely because of the particularity of the SHP2 tunnel
site among the PTPs. These preliminary data show that DHTand TSA
have a certain selectivity for the PTP family, but the selectivity for
the entire PTP family needs further verification.
3.8. Active NPs against SHP2 oncogenic mutations

Activating mutations in SHP2 cause solid tumors and hemato-
logical cancers and occur frequently in Noonan syndrome [10].
Herein, we investigated the effects of oncogenic mutations on the
inhibitory effects of TNO155 and active NPs using biochemical as-
says. The two most frequently occurring SHP2 variants bearing
oncogenic mutations (E76K and D61V) were previously found to
induce domain reorganization and expose catalytic sites (Fig. 7A).
Site-directed mutagenesis was used to create the constructs
SHP2E76K and SHP2D61V, which were expressed and purified in a
manner similar to that of SHP2-FL (Fig. S2A). Indeed, a large in-
crease in the catalytic activity of the substrate was observed
without p-IRS-1, confirming the changes in the autoinhibition
conformation (Fig. S2B).

To further investigate how these gain-of-function mutations
affected the inhibition of SHP2 phosphatase by the active com-
pounds, we titrated TNO155, TSA, and DHT against SHP2 and
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measured the dephosphorylation activity of different enzymes. In
the basal state, the E76K and D61V mutations reduced the activity
of TNO155 in vitro. The potency decreased by more than 60-fold in
the SHP2E76K and SHP2D61V mutants compared to that in SHP2-FL
(Fig. 7B). The allosteric inhibitor TSA showed a similar trend in
response to the SHP2 cancer mutants (Fig. 7C). In contrast, both
activating enzymes were strongly inhibited by DHT, with IC50

values of 1.61 ± 0.26 to 1.34 ± 0.36 mM, respectively (Fig. 7D). Based
on the structural basis and binding modes, the efficacy of allosteric
inhibition by TSA is antagonized by the E76K and D61V gain-of-
mutations. In contrast, the SHP2 PTP domain inhibitor, DHT,
which interacts with the catalytic site, has potential implications
for SHP2 oncoproteins that are resistant to allosteric inhibitors. The
simultaneous occupation of both active and allosteric sites by DHT
alongwith TNO155 is feasible in cases of SHP2 oncogenic mutation-
induced cancer or Noonan syndrome.
3.9. Evaluation of SHP2 inhibitors in RTK-driven non-small cell lung
cancer (NSCLC)

Earlier studies have shown that most RTK-driven cancer cells
depend on SHP2 catalytic activity of for proliferation. It has been
established that SHP2 inhibitors reduce the viability of malig-
nancies driven by RTK by inhibiting MAPK signaling [2]. To validate
the anticancer potency and mechanism of action of these SHP2
inhibitors, DHT and TSAwere used to treat RTK-driven cancers. The
NCI-H1975 cell line was used in the following study because of its
distinct epidermal growth factor receptor (EGFR) alterations and
proliferation of this NSCLC cell, which has been reported to rely on
SHP2. As shown in Figs. 8A and B, treatment with DHT and TSA
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resulted in a significant suppression of proliferation and colony
formation in NCI-H1975 cells. To validate that the mechanism of
antiproliferation effects of DHT and TSA, we also tested the active
compounds in SHP2 knockdown H1975 cells (Fig. S3). As shown in
Fig. 8A, SHP2 was the primary target, as evidenced by the signifi-
cantly lower sensitivity of SHP2-depleted H1975 cells to DHT and
TSA. Consistently, the two active compounds dramatically
increased apoptotic cell death in NCI-H1975 cells (Fig. 8C).

Next, we evaluated the effects of DHTand TSA on SHP2 signaling
using the phosphorylation levels of ERK as a readout. As shown in
Fig. 8D, untreated cancer cells retained considerable levels of ERK
phosphorylation. In contrast, there was a significant decrease in
ERK phosphorylation after treatment with DHT and TSA. In addi-
tion, treatment with both compounds weakened the immunoflu-
orescence signal of p-ERK, demonstrating that the active
compounds efficiently inhibited the MAPK signaling pathway via
SHP2 blockage (Fig. 8E).

The in vivo efficacy of DHT in the NCI-H1975 xenograft model
was subsequently evaluated based on its potent antiproliferative
activity in NCI-H1975 cells. The mice were administered DHT or
TNO155 via oral gavage at a daily dose of 20 mg/kg. DHT admin-
istration resulted in significant tumor growth suppression after a
20-day treatment compared to that in the vehicle group (Figs.
9A�C). No body weight loss was observed over the full treatment
course, indicating that DHT was well tolerated (Fig. S4). Moreover,
DHT treatment resulted in a marked decrease in MAPK phosphor-
ylation and cancer cell proliferation activity with reduced Ki-67
staining positive areas in tumor tissue compared to the vehicle
group (Figs. 9D and E). Thus, DHT is a potential therapeutic agent
for the treatment of RTK-dependent malignancies.

4. Discussion

Phosphorylation of tyrosine residues is mediated by a balance
via the cooperation of RTKs and PTPs. Therefore, PTPs are recog-
nized as crucial regulators. The PTP superfamily currently has over
100 members that are being explored as therapeutic drug targets
for various diseases, including tumors, autoimmunity, and meta-
bolic and cardiovascular diseases. To date, approximately 30 drugs
approved by the FDA target tyrosine kinases; however, PTP-
targeted drug development remains challenging. PTPN11 is a
unique member of the PTP family that participates in various
signaling pathways, including PI3K, MAPK, and PD-L1 signaling.
SHP2 is a promising target for cancer and other developmental
diseases [35,36]. Despite 20 years of investigation on the funda-
mental role of SHP2 in oncogenic and developmental diseases, only
a few allosteric inhibitors or degraders [37] have advanced into the
early clinical stage. Given its clinical importance and current drug
development paradigm, the development of novel inhibitors or
degraders of SHP2 for cancer therapy is urgently needed.

In this study, 15 NPs were validated as hit compounds from the
NP library with approximately 1000 compounds. Among these
active NPs, tanshinone derivatives have been validated as catalytic-
site inhibitors of SHP2. Further preliminary SAR analysis led to the
identification of DHT as an SHP2 inhibitor with improved activity
among a series of analogs. We next applied DiFMUP and BLI assays
in conjunction with molecular simulation and site-directed muta-
tion studies to confirm that DHT functions by binding to the active
site of SHP2. Site-directed mutagenesis experiments supported the
docking studies and provided a structural rationale for DHT-SHP2
binding. SHP2 inhibition by DHT significantly inhibited the prolif-
eration of EGFR-driven cancer cells. In addition, DHT showed 8e47-
fold selectivity for PTP1B, PTPN12, PTPRA, and LMWPTP from
different classes of PTPs. Further medicinal chemistry studies on
DHTare necessary to establish more defined SAR data and optimize
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it to a lower IC50 value and better SHP2 selectivity. Our study
provides a potential drug target for tanshinone analogs for pre-
clinical and clinical studies.

In addition to NPs inhibiting the SHP2 PTP domain, another
interesting small-molecule compound, TSA, was identified as an
inhibitor that stabilized the inactive conformation. Similar to
TNO155, activating mutations weakened the inhibitory effects of
TSA on SHP2. Using MD analysis, we studied the molecular mech-
anism of TSA by inserting it into the same allosteric tunnel site as
that of TNO155. The tunnel site-blocked SHP2 variant (SHP2T253M)
significantly diminished TSA activity. Although TSA exhibited a
relatively high IC50 of 15.7 mM, it exhibited good selectivity over
other PTPs due to the unique allosteric site in SHP2. The cocrys-
tallization of TSA and SHP2-FL should be investigated to uncover
the underlying molecular basis.

Mutations, such as E76K and D61V, commonly occur in patients
with Noonan syndrome [38]. A recent study revealed that SHP2
variants can recruit normal SHP2 to phase-separated condensates,
thereby stimulating downstream signaling [39]. As the drug-
binding pocket of SHP2 is only available in its auto-inhibited
state, the currently reported allosteric inhibitors are ineffective
against these SHP2 oncogenic gain-of-function mutations [40]. It is
interesting that DHT robustly inhibits both the activating forms of
SHP2with a much lower IC50 than TNO155. Therefore, we speculate
that DHT can be used in combination with allosteric inhibitors for
mutant SHP2-related diseases through the simultaneous inhibition
of both active and allosteric sites. As DHT exhibits a modest anti-
tumor effect in vivo, further structural modifications of DHT are
necessary to improve its potency or pharmacokinetic properties.

5. Conclusion

In summary, we developed an HTS assay strategy for screening
NPs and identified lead compounds with structurally diverse scaf-
folds. Biochemical and cell-based results provide evidence of the
bindingmodes, and targeting SHP2 is a feasible strategy for treating
cancers with RTK overexpression. These active compounds serve as
new probes for studying the function of SHP2 in tumorigenesis and
immune checkpoint modulation and development. Further struc-
tural modifications, discovery of SHP2 selective inhibitors, and
investigation of these SHP2-binding NPs in other SHP2-related in-
flammatory diseases, such as colitis and diabetes, should be
performed.
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