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ty and Ins
A B S T R A C T

The RAS/mitogen-activated protein kinase (MAPK) pathway disorder induced by themissensemutations
in the tyrosine-protein phosphatase non-receptor type 11 (PTPN11) gene which resulted in the non-
receptor protein tyrosine phosphatase SHP2 dysfunction has been reported in many lung cancer cases.
Moreover, the Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2 (SHP2) mutation
or deletion triggers multiple signaling pathway dysfunctions including RAS/MAPK, RAS/extracellular-
signal-regulated kinase (ERK), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), Janus kinase/
signal transducers and activators of transcription (JAK/STAT) and Hippo/yes-associated protein (YAP)
which affect the expression of growth factors, cytokines and hormones. In recent years, the developing of
the small molecule SHP2 inhibitors received a lot of attention. In this review, we summarize the recent
years’ progresses of the SHP2 inhibitors development for the lung cancer treatment.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

According to statistics, about 80%–85% of lung cancers are non-
small cell lung cancer (NSCLC). Squamous cell carcinoma,
adenocarcinoma and large cell carcinoma are the main subtypes
of NSCLC. The small cell lung cancer (SCLC) accounts for 10%–15% of
the diagnosed lung cancer cases in clinic [1]. Unfortunately, the
SCLC metastasizes faster than NSCLC. Studies showed the Src
homology region 2 (SH2)-containing protein tyrosine phosphatase
2 (SHP2)mutations occur frequently in different types of leukemia,
only 2% mutation in lung cancers behind colon and endometrial
cancers [2–4]. However, the immunohistochemical analysis on the
lung tumor biopsy samples obtained from clinic showed 58% of
which are SHP2 mutants positive [5]. Obviously SHP2 mutations
account for a high proportion in lung cancer. Studies also showed
that the activation of the SHP2 cancelled drug resist in the Ki-ras2
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Kirsten rat sarcomaviral oncogene homolog (KRAS)-mutant NSCLC
cells [6]. In addition, the E76K mutant SHP2 induces lung
tumorigenesis is confirmed in transgenic mice while saving the
expression of the functional SHP2 suppresses the NSCLC progress-
ing in the same transgenic mice model [7].

The phosphatases play critical roles in modulating the proteins’
biological functions. Specifically, the phosphatases correspond to
protein kinases, forming a “two-way switch” in which phosphory-
lation and dephosphorylation dynamically regulates the target
protein activity [8,9]. Since the enzymes participate in gene
transcription and protein translation are also controlled by this
“two-way switch” system, the phosphatases-kinases system
decides the basic biological functions like cell proliferation and
metabolism [10,11]. Non-receptor protein tyrosine phosphatases
(NRPTPs) exhibit striking structural diversity, which enables
binding to specific proteins or recognizing specific subcellular
nyoude@126.com (J. Shi).
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Fig. 1. SHP2 associated signaling pathway in this review.
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locations [12]. SHP2 is a member of NRPTPs family encoded by the
tyrosine-protein phosphatase non-receptor type 11 (PTPN11) [13].
The SHP2 is involved in multiple cell signaling transduction
pathways including promoting the activation of RAS/mitogen-
activated protein kinase (MAPK), RAS/extracellular-signal-regulat-
ed kinase (ERK), phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT), Janus kinase/signal transducers and activators of
transcription (JAK/STAT) and Hippo/yes-associated protein (YAP)
pathways. Besides, SHP2 also modulates the expression of growth
factors, cytokines and hormones [14–16]. In the SHP2-deficient
bone marrow macrophages, the induction of macrophage colony-
stimulating factor (M-CSF), a secreted cytokine which causes
hematopoietic stem cells to differentiate into macrophages or
other related cell type enhanced the PI3K/AKT activation.
Inhibition of SHP2 upregulates JAK/STAT dephosphorylation and
is related with Hippo pathway which are known as tumor
suppressors, negatively control YAP function in Pca cell line
(prostate cancer cell) [17–19]. Otherwise, SHP2 in epidermal
growth factor receptor (EGFR) mutant lung cancer enables active
YAP/TAZ through RAS/MAPK signaling axis [20]. The recent studies
demonstrated that SHP2has a wide range of network cascading
effects. Specifically, evidences showed that SHP2 modulates cell
death pathway programmed death protein 1/programmed death
ligand 1 (PD-1/PD-L1) and acts as a B/T lymphocyte attenuator
(BTLA) which attenuates the immune evasion. The above findings
indicate SHP2 maybe a potential new target for cancer treatment
[21,22]. The Fig. 1 summarizes the currently known SHP2 signaling
pathways.

The crystal structures of SHP2 from Michael J. Eck group
showed that SHP2 contains two tandem SH2 domains, one is a
catalytic protein tyrosine phosphatase (PTP) domain, where
N-terminal SH2 domain binds intramolecularly to PTP site, and
the other is a C-terminal tail with two tyrosyl phosphorylation
sites [23]. These two SH2 domains regulated catalytic activity and
directly block the phosphatase active site. The C-terminal domain
is connected to adjacent domains through the peptide backbone. In
particular, the N-SH2 domain is a conformational switch, it either
binds and inhibits the phosphatase, or it binds phosphoproteins
and activates the enzyme, but the C-terminal SH2 domain
contributes binding energy and specificity, no direct effect on
activation [24].

The development of SHP2 inhibitors has started since 2006year
[25]. Currently, there are several SHP2 inhibitors, including JAB-
3068 and TNO155, are under phase I or phase II clinical trials for
treating the non-small cell lung cancer and the head and neck
cancer in adult patients [26,27]. Previous studies showed that
many SHP2 inhibitors exhibited inhibitory effects in various
cancers [28]. Interestingly, the recent preclinical studies reported
three SHP2 inhibitors, SHP099, SHP836 and SHP043, which
inhibited the lung cancer cells proliferation through suppressing
the efficacious related cell signaling pathways in vitro and in vivo.
These data about allosteric inhibitors of SHP2 indicate that the
inactivation of SHP2’s biological function could be a potential
therapeutic approach for lung cancer treatment [29–32]. In this
review, we summarize the recent preclinical and clinical SHP2
inhibitors studies related to the lung cancer treatment.

2. The preclinical screening of the SHP2 inhibitors

2.1. SHP2/ERK inhibitor: SHP099

The extracellular-signal-regulated kinase consists of ERK1 and
ERK2 which play critical roles in transmitting the signals from the
surface receptors to the nucleus. It has been confirmed that the
ERKs also participate in the induction of cellular proliferation and
differentiation [33]. Therefore, modulating the signaling pathways
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that affect ERKs biological function couldmodulate the target cells’
proliferation. Interestingly, previous studies showed the SHP2
mutation affects the RAS/ERK signaling in human cancers
including colon cancer, lung cancer and leukemia [34]. The further
investigations on the ERK signaling pathway revealed that SHP2 is
on the upper stream of ERK. Besides, the ERK phosphorylation is
correlated with the gaining of oncogenic functions [35]. SHP2
inhibitor in the colon cancer cell lines or lung cancer cells blocked
ERK1/2 phosphorylation and decreased RAS activation [36]. As a
cascade reaction, the change of RAS function also triggers the
activation of MAPK/RAS pathway [37].

6-(4-Amino-4-methyl-1-piperidinyl)-3-(2,3-dichlorophenyl)-
2-pyrazinamine (SHP099) is a potent SHP2 inhibitor which
chemical structure is shown in Fig. 2A. The polar and ionic
functional groups in SHP099 are exposed, which increased its
selectivity and oral bioavailability significantly [38]. It exhibits
inactive SHP2 protein with half maximal inhibitory concentration
(IC50) is 0.07mmol/L and antitumor activity in xenograft models
with phospho-ERK (p-ERK) IC50 = 0.25mmol/L [30]. Pascal D.
Fortin’s group obtained the crystal structure of SHP099–SHP2
complex which showed SHP099 bound to the interface of
N-terminal, C-terminal and the PTP domains on the SHP2
(Fig. 2A) [31,39].

PD-1 is frequently up-regulated in tumor cells to inhibit the
activity of T-cells and prevent autoimmunity [40]. Studies showed
SHP099 magnified the anti-tumor immunity via increasing the
proportion of CD8+, interferon gamma (IFN-g)+ T cells and elevated
cytotoxic T-cell related genes. Interestingly, a synergic effect
between the SHP099 and anti-PD1 antibody in treating the CT-26
colon cancer has been observed in a mice model [21,41]. However,
there’s lack of the report of whether such synergic effect exists in
the lung cancer treatment.

2.2. SHP2 E76K inhibitor: #220-324

After searching the currently known SHP2 inhibitors in the
CADD database, we found the compound #220-324 (Fig. 3)
exhibits the highest selectivity among the other SHP2 inhibitors.
Specifically, the IC50 value of #220-324 in inhibiting SHP2 is
14mmol/L. The docking structure of the #220-324/SHP2 complex
from Cheng’s group revealed that the #220-324 directly binds to
the SHP2 catalytic site through hydrophobic contact [42]. Besides,
in hematopoietic cells, the #220-324 showed 3 fold more
selectivity for SHP2 than SHP1 and TC-PTP which demonstrated
that #220-324 is a highly selective SHP2 inhibitor [42].
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Previous studies showed that SHP2 E76Kmutation has found in
lung cancer [43]. To further explore the #220-324’s inhibitory
effects on SHP2, SHP2 E76K and the mechanisms which conducted
in vitro experiments using the purified SHP2 protein tyrosine
phosphatase (PTP) domain, wild-type (WT) full-length SHP2 and
the full length SHP2 E76K mutant protein. In vitro results showed
#220-324 exhibited a dose-dependent inhibitory effect on SHP2
mutant with an IC50 value of 23.81mmol/L, which is 1.5 fold higher
than SHP2 PTP domain. Nevertheless, #220-324 exhibited an
inhibitory effect on the SHP2 E76K is 3 fold lower than full-length
WT SHP2. In sum, #220-324 exhibits better inhibitory effect on
SHP2 E76K than on WT or SHP2 PTP domain.

Besides in vitro protein inhibition, #220-324 showed extraor-
dinary inhibitory effects on the SHP2 E76K juvenile myelomono-
cytic leukemia (JMML) cells with an IC50 value of 7.24mmol/L.
Furthermore, the IC50 value of #220-324 on the primary cells
obtained from the clinical patients (including both WT and SHP2
PTP11 E76K) is 3.09mmol/L. Strikingly, the exposure of the JMML
cells from healthy donors to #220-324 under 100mmol/L showed
no significant inhibition. This result reveals that #220-324 could
be a promising targeted agent for lung cancer developing to
hematologic malignancy. In addition, SHP2 mutated lung cancer
cells weremore sensitive to SHP2 inhibitor as well as contrast with
WT PTP11 cells [44].

Although the small molecule inhibitor #220-324 showed
bioavailability in cancer cells, its affinity to SHP2 is low as the
[(Fig._2)TD$FIG]

Fig. 2. (A) The chemical structure of SHP099 is in the left; Right is X-ray
crystallography structure of SHP099 with SHP2 (PDB 5EHR); (B) Left is chemical
structure of II-B08; right is co-crystal structure SHP2 with II-B08 (PDB 3O5X); (C)
Chemical structure of TNO155 and crystal structure of SHP2 in complex with
TNO155 (PDB 7JVM). All crystal structure drawings were made using PyMol
(https://pymol.org/2/).

1647
IC50 values obtained in the in vitro experiments above 20mmol/L.
Such a result demonstrates #220-324 is unsuitable for preclinical
or clinical trials. More studies are needed for further optimizing of
this compound to synthesize better SHP2 inhibitor with sensitive
affinity and effective result for solid tumor therapy.

2.3. SHP2/MAPK inhibitor: compound 23

Allosteric SHP2 inhibitor compound 23, chemical name is 1-(4-
(6-bromonaphthalen-2-yl) thiazol-2-yl)-4-methylpiperidin-4-
amine (Fig. 3). It is similar to SHP099, binds to the closed
conformation of SHP2 on the locks interface of the N-terminal, C-
terminal SHP2 and phosphatase domain [45].

The synthesis of compound 23 based on the structure of
compound 9 (II-B08, Fig. 2B). Because the hydrogen bonds are vital
for the interaction, the phenyl of the compound 9 was changed
with several common aryl groups, particularly replaced with
biphenyl or naphthyl form. The compound 23 exhibited inhibitory
effects on SHP2 E76A with an IC50 value of 0.7mmol/L. But
compound 23 showed no inhibitory effect on SHP2 PTP under in
vitro condition. The structure–activity relationship study on
selectivity profiling identifies that compound 23 exhibited a 48
fold higher selectivity for SHP2 over the homologous SHP2 and
exhibited more than 30 fold preference for the SHP2 PTP over
other PTPs [46].

Studies showed compound 23 exposures in the large cell lung
cancer cell (NCI-H661) of SHP2N58Smutationwith an IC50 value of
1.2mmol/L. Besides, the downregulation of the phosphorylation of
ERK/AKT pathway has also been observed in the same cell line. In
the H1975 human NSCLC cell line with SHP2 T90M mutation,
compound 23 exposure diminished the RAS expression, which
[(Fig._3)TD$FIG]

Fig. 3. Small molecule inhibitors of SHP2 in this review.
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demonstrated that compound 23 suppressed the MAPK signaling
pathway. Moreover, compound 23 treated SF268 cell line
(neuroblastoma cell line) showed that SHP2 is physically
associated with the oncoprotein YAP and the tyrosine phosphory-
lation of YAP is regulated by the catalytic function of SHP2 PTP.
Indeed, compound 23 effects on A549 cells (adenocarcinomic
human alveolar basal epithelial cells) with KRAS mutation
showed YAP phosphorylation is stimulated [47].

The pharmacokinetics results showed that compound 23has
good oral absorption, [10mg/kg, po area under the plasma
concentration time curve (AUC): 9860nmolh/L) and 67% F
bioavailability with a half-life of 13.3 h. Subcutaneous transplan-
tation of MV4-11 cells into immunodeficient mice established a
xenograft mice model that treated with 10 or 30mg/kg of
compound 23 one day could induce tumor growth, and tumor
volume was decreased. This result of the mice model explained
compound 23 served well anti-tumor effect in vivo [47].

In sum, the current studies demonstrated that compound 23
inhibits various lung cancer cell lines including large lung cell
carcinoma cancer cell line and drug-resistant NSCLC cell lines.
Further studies revealed that compound 23 blocks RAS/MAPK and
ERK/AKT activation in the cancer cells. However, compound 23 is
unstable in vivo. Further investigations on compound 23 are
needed to better understand its effects under in vivo conditions for
further optimization.

2.4. SHP2/GRB2-associated-binding protein 1 (Gab-1) inhibitor:
fumosorinone

Most SHP2 inhibitors are gained from selective chemical
synthesis, while a few SHP2 inhibitors have been extracted from
microorganisms, especially from insect pathogenic fungi. There-
fore, insect pathogenic fungi have been served as emerging
resources of small molecule PTP inhibitors. The compound
fumosorinone (Fumos) is identified from an insect pathogenic
fungi in a recent study [48]. Studies showed that Fumos inhibited
the expression of PTP1B, increased glucose uptake, stimulated
insulin signaling pathway and induced insulin resistance in type 2
diabetes [49]. Luo’s group study showed Fumos displayed the high
selective inhibition on SHP2 over other human PTPs [25]. The
chemical structure of Fumos is shown in Fig. 3.

Fumos is essentially a pyrrolidine alkaloid (Fig. 3), which
inactivates the PTP activity of SHP2 with an IC50 value of
6.31mmol/L under in vitro conditions. Interestingly, the IC50 value
of Fumos on the full-length WT SHP2 is 26.52mmol/L, which
demonstrates the PTP domains of SHP2 are the target site of Fumos.
The computer docking and structural analysis of Fumos–SHP2
complex showed that there are four hydrogens formed via Fumos
binds with Gly464, Arg465, Ala461 and Ser460 on the PTP domain
of SHP2, as well as two hydrophobic joints to Cys459 and Arg465 in
the PTP loop. Besides, Fumos also enable to form a hydrogen bond
with Gly427 in the WPD loop and with Tyr279 in phosphotyrosine
in the recognition loop. These results of computer docking suggest
that Fumos is an SHP2 specific inhibitor. Combined with the
analysis of Lineweaver-Burk result illustrates Fumos decreased the
maximum reaction rate (Vmax) without affecting the Michaelis
constant (Km). All the above results demonstrate Fumos is a
noncompetitive SHP2 inhibitor that follows the Michaelis-Menten
equation [25].

In HeLa and HEK293T cell lines, the ERK1/2 phosphorylation is
significantly decreased in the presence of Fumos with epidermal
growth factor (EGF) simulation. Similarly, the study about SHP2
and RAS showed SHP2 plays a role upstream of RAS, the PTP
activity of SHP2 required for RAS fully activated. Fumos inhibits
RAS activation both in HeLa and HEK293T cells line [25]. Base on
the results mentioned above, we came with the conclusion that
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SHP2 functions in the upstream of RAS in the RAS/MAPK kinase
signaling pathway.

The Gab family of docking proteins (Gab1 and Gab2) is
phosphorylated in response to the binding of various cytokines
and growth factors to the receptors on the cell surface. Gab1
mediates the generation of branched tubules and plays a key role in
cell growth response, transformation and apoptosis. Gab2 is
scaffolding protein which acts downstream of several membrane
receptors including cytokine, antigen, hormone, cell matrix and
growth factor receptors to regulate multiple signaling pathways
[50,51]. Gab1 or Gab2 binds to SHP2 activates RAS/ERK in EGF-
stimulated cells [52]. The Luo’s group’s study showed the
treatment of Fumos in HEK293T and MDA-MB-231 increased the
tyrosine-phosphorylation of Gab1 and Fumos inhibited the
invasion of tumor cells with a dose-dependent manner in HeLa
and MDA-MB-231 cells. Surprisingly, no obvious toxicity effects
were observed in the experiment. It is worth mentioning that
because Fumos does not affect ERK1/2 [25]. It can be used as an
alternative option for SHP2 related lung cancer patients.

2.5. SHP2/RAS inhibitor: RMC-4550

The chemical structure of inhibitor RMC-4550 is shown in Fig. 3.
Focused on multiparameter optimization using SBDD for enhanc-
ing physicochemical properties, cell potency, selectivity and rodent
oral bioavailability, RMC-4550 was synthesized in 5 linear (6 total)
steps from the readily accessible or commercially available
intermediates [53]. Now it is seen as another potent, selective
and orally bioavailable allosteric inhibitor.

The IC50 of RMC-4550 on full-length SHP2 enzyme is 1.55
nmol/L with no inhibition on the catalytic domain. Such result
indicates the RMC-4550 is highly selective for full-length SHP2 and
exhibits high quality, drug-like preclinical profile. Studies showed
that the RMC-4550 inhibited Calu-1 (IC50 = 7nmol/L) and PC9
(IC50 = 39nmol/L). Further mechanism studies revealed that RMC-
4550 decreased the ERK phosphorylation in the two cell lines.
Strikingly, RMC-4550 inhibited NCI-H358 (KRAS G12C/+) and MIA
PaCa-2 (pancreas, KRAS G12C/G12C) through down regulating
the RAS–guanosine triphosphate (GTP) and p-ERK levels in the
two cell lines. Studies also showed the RMC-4550 activates
caspase 3/7 in NCl-H358 cells (NSCL cell line) [54,55].

RMC-4550 inhibits NCl-H1838 proliferation through down-
regulating the RAS-GTP level and suppressing ERK phosphoryla-
tion. In the EGFR-driven KYSE-520 human esophageal cancer
xenograft model, RMC-4550 displayed a dose-dependent efficacy
which is consistent with target modulation, assessed by p-ERK
inhibition in tumors. RMC-4550 is well tolerated at doses that
achieved maximal and sustained efficacy in KYSE-520 human
esophageal cancer xenograft model. In summary, RMC-4550
exemplifies a novel class of potent allosteric inhibitors of SHP2
with an excellent drug-like property profile [55].

2.6. SHP2/ERK1/2/AKT inhibitors: II-B08 and 11a-1

II-B08 (compound 9) inhibitor (Fig. 2B) is constructed from
Salicylic Acid-based Combinatorial library. The key synthesized
step is the salicylic acid core 1 formed by eight steps with
Sonogashira coupling and an electrophilic cyclization. As shown
in Scheme 1, precursor compound 2 was the esterification of
4-aminosalicylic acid with dimethyl sulfate product after isolated
in 86% yield, compound 3 was made from compound 2 combined
with paraformaldehyde andNaCNBH3 andwith iodine gavemethyl
4-(dimethylamino)-2-hydroxy-5-iodobenzoate 4 to form com-
pound 5, then compound 6 was synthesized by electrophilic
cyclization of compound 5. The major compound 7 was exposed
through compound 6with trimethylsilyacetylenewhich is another
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Scheme 1. Synthesis of compound 9.
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Pd(0)-catalyzed Sonogahira coupling. At last, TBAF and KOH were
used to remove the protective groups in compound 7 sequentially
to afford the salicylic acid core 1 [56]. The crystal structure of SHP2
in complex with II-B08 showed the inhibitor binds to SHP2 active-
site pocket and forms extensive interactions with residues in the
phosphor-tyrosine (pTyr) recognition loop, P-loop and WPD loop,
the phenolic oxygenatom O1 makes a hydrogen bond with the
amide R465 in the P-loop (Fig. 2A) [57–60].

II-B08 inactivates SHP2 with an IC50 value of 5.5mmol/L. The
kinetic analysis indicated that II-B08 is a reversible and non-
competitive inhibitor for SHP2 in vitro. The crystallographic
analysis of II-B08/SHP2 complex reveals that the salicylic acid
core occupies the PTP domain (a salicylic acid-based small
molecule inhibitor for SHP2). In HEK293T cells, II-B08 strongly
inhibits the sustained phase of ERK1/2 activation after EGF
stimulation. The same effect was observed in the NIH3T3 cell.
What is more, the studies using the hematopoietic progenitors
from JMML patients indicated that II-B08 decreased the granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) stimulated
hypersensitivity induced by SHP2 mutants, especially in SHP2/
E76K and SHP2/D61Y hematopoietic progenitors.

A structure-guided and fragment-based library was used to
obtained hydroxyindole carboxylic acid-based SHP2 inhibitor
11a-1. The II-B08 and 11a-1 structures were used as references
to guide the synthesis of 11a-1 (Fig. 3). The compound 11a-1
exhibited the lowest IC50 value of 0.2mmol/L against SHP2.What is
more, studies showed the 11a-1 exhibited over 5 fold selectivity for
SHP2 compare with a large panel of other mammalian PTPs,
including protein-tyrosine phosphatase 1B (PTP1B), T-cell protein
tyrosine phosphatase (PTPN2) and PTPH1 (PTPN3). As we
mentioned earlier, II-B08 binds to SHP2 active site, while 11a-1
binds deeply into the active site with recognition of pTyr cleft,
occupies largely active pocket and adjacent α-phenyl ring forms
strong p-p tacking with Y279 in the pTyr recognition loop [59,61].

The inhibition activity of 11a-1was confirmed in several cancer
cell lines including NSCLC cell H1975 and breast cancer cell SKBR3.
The 11a-1 inhibited H1975 proliferation with a dose-dependent
manner (IC50 = 0.17mmol/L). Further studies revealed the 11a-1
inactivated the SHP2 function, therefore significantly reduced the
ERK1/2. Meanwhile, 11a-1 upregulated the paxillin (Py118)
phosphorylation. The same results were observed in the SKBR3
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cell. Besides,11a-1 was found more potent in inhibiting oncogenic
KITD814 bearing cells compared to II-B08 in various cancers
including gastrointestinal stromal tumors, acute myelogenous
leukemia and systemic mastocytosis. What is more, 11a-1
suppresses the activation of AKT and ERK1/2 in melanoma and
non-small cell lung cancer cell lines. Collectively, all the 11a-1
studies demonstrated that it is highly potent in inhibiting the
proliferation of H1975, SKBR3 and oncogenic KITD814V bearing
myeloid cells via deactivating SHP2 function. The 11a-1 has great
potential to be applied in the clinic to treat non-small cell lung
cancer or pulmonary metastatic cancer in future [61–64].

2.7. SHP2 inhibitor: cryptotanshinone

Cryptotanshinone was identified through computer-aided drug
design (CADD) screening using SHP2 enzymatic assays. Besides, the
cryptotanshinone has been applied in treating the cardiovascular
diseases in Asian countries. It is one of the components of a
traditional medicinal herbal plant Salvia miltiorrhiza Bunge (Dan
shen) (Fig. 3) [27,65]. Previous studies showed the cryptotan-
shinone inhibited the SHP2 catalyzed hydrolysis (PTP domain)
under in vitro condition with the IC50 value of 22.5mmol/L. Such a
value is 1.76 fold more sensitive for SHP2 over its homologous
proteins SHP1 and PTP1B. Also, the cryptotanshinone suppressed
the full-length WT SHP2 with IC50 value of 45.18mmol/L and the
SHP2 E76K mutant with IC50 value of 23.9mmol/L. The above
results plus the computer docking result indicated that the
cryptotanshinone binds to the two carbonyl oxygen atoms with
Lys364 and Lys366 at the SHP2 catalytic site. These results
demonstrated that the cryptotanshinone binds to the N-SHP2
forming a closed conformation which deactivates SHP2 activity
[66].

Previous studies illustrated that the SHP2 induces IL3 stimu-
lated cell proliferation through activating ERK, AKTand JAK2which
is confirmed by the finding that the bone marrow cells from JMML
patients or mouse with SHP2 mutation are sensitive to IL-3 and
GM-CSF. Therefore, cryptotanshinone exhibited significant inhibi-
tory effect in Ba/F3 cells with an IC50 value of 17.22mmol/L. The
cryptotanshinone exposure significantly decreases the phosphor-
ylation levels of ERK, AKT, JAK2 and STAT5. The IL-3 treatment also
significantly decrease the tyrosine phosphorylation of Gab2 in the
Ba/F3 cells (pro-B cell line). The cryptotanshinone significantly
inhibited the proliferation of HeLa cells with dose dependence.
Cryptotanshinone also showed inhibitory effects in PTPN11E76K/+

mutant mouse embryonic fibroblasts (MEKs), human lymphoma
cell U937 harboring SHP2G60R mutant and H661 with SHP2N58S
mutant via a dose-dependent manner [66,67].

In summary, the cryptotanshinone inhibits SHP2 catalytic
activity through downregulating RAS/ERK, PI3K/AKT and JAK2/
STAT5 pathways. Since the SHP2 depleted cells presented much
less sensitivity to cryptotanshinone indicates that cryptotanshi-
nonemay as alternative targets. A robust apoptosis-inducing effect
on cryptotanshinone treated U937 cells and G1-S arrest on H661
cells suggest that cryptotanshinone treatment may be a potential
alternative therapy for the PTPN11 mutant patients suffering from
lung cancer with bone marrow metastasis [68,69].

3. Patent inhibitor

3.1. NSC-87877 and NSC-117199

8-Hydroxy-7-(6-sulfonaphthalen-2-yl)-diazenyl-quinoline-5-
sulfonic acid (NSC-87877) was constructed through virtual
screening of the NCl Diversity Set chemical library combine with
experiments (Fig. 3). The continuous optimization and restructur-
ing ensured the NSC-87877, which contains naphthalene-sulfonic
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acid and quinolinesulfonic acid as a potent inhibitor of SHP2 target
with an IC50 value of 0.318mmol/L. It showed approximately 5 and
24-fold selectivity for SHP2 over its homologous proteins PTP1B
and HePTP respectively. The docking result suggested that NSC-
87877 bound to the catalytic domain of SHP2 and the a ring
sulfonic acid conjoin the side chain NH3 group of Lys280 and the
side chain NH2 group of Asn281 through hydrogen bonds, the B
ring sulfonic acid group bound with the backbone NH group of
Arg465 [70–72].

Studies showed the NSC-87877 reduced the basal SHP2 PTP
activity in the HEK293 cell with EGF stimulation. Besides, the
further studies revealed that the NSC-87877 decreased EGF
induced ERK1/2 activation in a dose-dependent manner and it
also inhibits ERK 1/2 activation through forming an NSC-87877–
Gab1–SHP2 complex. However, HEK293 cells treated with NSC-
87877 associated Gab1–SHP2 showed no inhibition on the Gab1
tyrosine phosphorylation. A possible explanation is NSC-87877
off-targets the SHP2 activation pathway. Interestingly, NSC-87877
inhibits the EGF stimulated SHP2 PTP, RAS and ERK1/2 activation in
the human breast carcinoma cell MDA-MB-468 expressing SHP2
and SHP1.The time-course experiments results showed no
inhibitory effects on the tested cells until 2–3h post adding
NSC-87877, indicating itmightwent through an activationprocess.
Further investigation is needed to better understand the mecha-
nisms of NSC-87877 in cancer cell lines [72,73].

The NSC-117199 chemical name is 3-[2-(2-nitrophenyl) hydra-
zinyl]-2-oxoindole-5-sulfonic acid. It binds to the catalytic site of
SHP2 same as NSC-87877 binds. The NSC-117199 structure (with
the isatin core)was shown in Fig. 3. The other role of NSC-117199 is
similar to NSC-87877 [74–77].

3.2. The SHP2 analogs: SPI-112 and SPI-112Me

NSC-11799 was a leader compound to synthesis SPI-112 form
SHP2 inhibitor. Its chemical name is (Z)-3-(2-(5-(N-(4-fluoroben-
zyl)sulfamoyl)-2-oxoindolin-3-ylidene) hydrazinyl) benzoic acid
(Fig. 3). To improve the poor cell-permeability of NSC-11799, a
methyl ester bound to SPI-112 composed SPI-112Me (Fig. 3). It can
be hydrolyzed to SPI-112 upon entry into cells. The SPI effectively
inhibited SHP2 PTP with an IC50 value of 1.0mmol/L, methyl ester
prodrug SPI-112Me inhibit SHP2 PTPs. The computer docking
analysis indicated that the SPI-112 binds to the Gly464 and Arg465
of the P-loop in the catalytic pocket of SPH2 through hydrogen
bonds. Further studies showed that the SPI-112Me inhibits ERK1/2
activation through forming a Gab1-SHP2 chimaera [71,78].

SHP2 is activated in MDA-MB-468 breast cancer cells via EGF
stimulation. The SPI-112Me preincubation reduced the EGF
stimulated SHP2 PTP activity in MDA-MB-468 cell. However, no
effects were observed when treat with SPI-112 in the same way.
Seeing the study showed cytokine-dependent TF-1 myeloid cells
into cytokine independence by upregulate B-cell lymphoma extra-
large (Bcl-xL) through the ERK1/2 pathway, SPI-112Me decreased
the expression of p-ERK1/2 and Bcl-xL in TF-1/SHP2 E76K cells
with dose dependent. Furthermore, SPI-112Me enhances the IFN-g
induced STAT1 tyrosine phosphorylation in HT-29 cells. Besides,
IFN-g and SPI-112 showed a synergic effect in inhibiting HT29 cells
proliferation [71,79].

4. Clinical trial

4.1. SHP2 inhibitor: TNO155

The TNO155 inhibits SHP2 with an IC50 value of 0.011mmol/L,
which is 100 fold greater potency than SHP099 in vitro. It inhibits
the SHP2 mediated MAPK signaling pathway and the cancer cells
expressing SHP2 [80]. The César Serrano García group’s results
1650
showed that the combination of TNO155 and PD1 activates the
RAS–RAF–ERK signaling pathway showed excellent results. The
TNO155 oral bioavailability in mouse and rat is 78% and 86%,
respectively [81].

The crystal structure of TNO155 with SHP2 revealed extended
amine directly jointed with residues E110, S109 and F113. The
pyrazineaniline interacts with E250 in a hydrogen bond, while
R111 participates in the superposition interaction with the cation
pi of the chloropyridine ring, and pre-organized by hydrogen
bonding through pyrazine N [82]. The co-crystal structure is shown
in Fig. 2C.

TNO155 is currently in phase I clinical trials and is tested alone
or combination with EGF816 (nazartinib) in advanced EGFR
mutant NSCLC, KRAS G12-mutant NSCLC, esophageal squamous
cell cancer (SCC), head/neck SCC andmelanoma patients. However,
in the phase I/II trials ofMRTX849 (KRAS G12C inhibitor) combined
with TNO155 in patients with advanced solid tumors and KRAS
G12Cmutation is still recruiting volunteers. On the other hand, the
phase Ib study of TNO155 in combination with spartalizumab or
ribociclib in the selected malignancies will be administered until
the subjects’ experiences unacceptable toxicity, progressive
disease, and/or has treatment discontinued at the discretion of
the investigator or the subject, or due to the withdrawal of consent
[83–85].

4.2. SHP2 inhibitor: JAB-3068

JAB-3068 is a small molecule inhibitor of SHP2 developed by
Jacobio Pharmaceuticals for NSCLC, head and neck cancer,
esophageal cancer and other metastatic solid tumors. It has
entered into phase II 1/2a clinical trials and recruited 120
participants of age 18 years old or older with advanced solid
tumors. Phase I clinical trials were conducted in the United States
but phase II clinical trials are all in China. Specifically, the JAB-
3068 is administered to the patients orally in the morning,
following a fast of approximately 6 h before on pharmacokinetics
collection. Patients will continue to fast for approximately 2 h
after the administration of JAB-3068. On non-PK days patients
will fast about 2 h before JAB-3068 and continue to fast for
approximately 2 h afterwards. This phase of clinical research is
expected to be completed in September 2020 [28,86,87].

JAB-3068 binds to and suppresses SHP2, therefore interferes
the MAPK signaling pathway and inhibits the proliferation of the
tumor cells expressing SHP2. Since SHP2 also regulates PD-1
mediated signal transduction and anti-PD-1 has a significant
effect, the recognition of the role of SHP2 inhibitors-JAB-3068
combined with immune checkpoint inhibitors in cancer immu-
notherapy may improve the treatment of cancer patients [88,89].

4.3. SHP2 inhibitor: BBP-398

BBP-398 formerly known as IACS-15509, it is currently the
latest SHP2 inhibitor and has entered clinical trials in phase I stage.
The subjects are mainly from advanced or metastatic KRASG12C
mutant non-small cell lung patients, KRASG12C mutant solid
tumor other than NSCLC, solid tumor with other MAPK pathway
alterations (excluding BRAF V600X) and EGFR-mutant NSCLC [90].
Unfortunately, like JAB-3068, its chemical structure has not yet
been fully announced, their structures will be made public soon.
The emergence of these clinical trial drugs provides more options
for the treatment of SHP2 related diseases (Table 1).

5. Perspective

The recent progresses of SHP2 inhibitor studies are exciting.
Most studies indicated that the lower concentration and effective



Table 1
Clinical trials SHP2 inhibitors used in this review.

Drug Target Sponsor Disease Phase Identifier

JAB-3068 SHP2 Jacobio
Pharmaceuticals Co.,
Ltd.

Non-small cell lung cancer, head/neck cancer, esophageal
cancer and other metastatic solid tumors

Phase I NCT03565003
Phase II

TNO155/EGF816 (nazartinib) SHP2 Novartis
Pharmaceuticals

Advanced EGFRmutant non-small cell lung cancer (NSCLC),
KRAS G12-mutant NSCLC, esophageal squamous cell cancer
(SCC), head/neck SCC and melanoma

Phase I NCT03114319

TNO155/MRTX849 SHP2 Mirati Therapeutics Inc. Advanced cancer, metastatic cancer and malignant
neoplastic disease

Phase I NCT04330664
Phase II

TNO155/Spartalizumab/ribociclib SHP2 Novartis
Pharmaceuticals

Non-small cell lung carcinoma, head/neck SCC, esophageal
SCC, gastrointestinal stromal tumors and colorectal cancer

Phase I NCT04000529

BBP-398 SHP2 Navire Pharma Inc. Advanced solid tumors Phase I NCT04528836
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treatment of lung cancer cells with minimal cytotoxicity to
improve the remission and survival rate of patients is urgently
needed. The inhibitor #220-324, cryptotanshinone, II-B08 or SPI
are not optimal drugs for clinical application because their high
IC50 values indicate their high cytotoxicity. Small molecule
inhibitor SHP099 and RMC-4550 are expected to become candi-
date drugs but the in vivo studies are needed to understand their
mechanisms. Thus, following the clinical trials, targeting the SHP2
alone or in combination with immunosuppression or other
chemotherapy drugs is a new strategy. In patients with NSCLC
or other subtypes of lung cancer, the dose-expansion of JAB-3068
study is designed to evaluate its antitumor activity is going through
clinical Phase II trials.

At present, most SHP2 inhibitors are in the preclinical study
stage. Further studies on these SHP2 inhibitors are required to
reduce their cytotoxicity and improve the SHP2 selectivity. The
SHP2 dual-target drugs have potential to be developed as an
alternative option of lung cancer treatment. The inhibition of
SHP2-KRAS targets might have curative effects in the treatment of
double-mutated lung cancer. Furthermore, various drug design
methods were used in SHP2 drug discovery, as exemplified
fragment based drug design was applied in Ⅱ-B08, RMC-4550 and
#220-324 were synthesized by SBDD and CADD screening.
Significantly, the application of these innovative solutions, such
as quantum chemistry, and virtual target profiling could accelerate
drug development; meanwhile the new techniques photodynamic
immunotherapy combined with small molecule inhibitors is a
trend in the treatment of lung cancer and other malignant tumors
[91,92].
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