European Journal of Medicinal Chemistry 253 (2023) 115305

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

journal homepage: www.elsevier.com/locate/ejmech

Research paper ' A

Check for

Discovery of a potent and selective allosteric inhibitor targeting the SHP2 [

tunnel site for RTK-driven cancer treatment
Ruixiang Luo ®', Weitao Fu™', Jingjing Shao®“', Lin Ma®", Sujuan Shuai‘, Ying Xu?,
Zheng Jiang®, Zenghui Ye“, Lulu Zheng ¢, Lei Zheng?, Jie Yu 4 Yawen Zhang 4 Lina Yin?,
Linglan Tu®, Xinting Lv*®, Jie Li®*®""", Guang Liang >, Lingfeng Chen®"

2 Affiliated Yongkang First People’s Hospital and School of Pharmacy, Hangzhou Medical College, Hangzhou, Zhejiang, 310012, China
Y Department of Computer-Aided Drug Design, Jiangsu Vcare PharmaTech Co. Ltd., Nanjing, 211800, China

€ School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou, Zhejiang, 325035, China

d Department of Pharmacy, School of Medicine, Zhejiang University City College, Hangzhou, 310015, China

¢ Department of Pharmacy, Tongde Hospital of Zhejiang Province, Hangzhou, Zhejiang, 310000, China

ARTICLE INFO ABSTRACT

Keywords: Src homology 2 domain-containing phosphatase 2 (SHP2) is a cytoplasmic protein tyrosine phosphatase (PTP)
SHP2 that regulates signal transduction of receptor tyrosine kinases (RTKs). Abnormal SHP2 activity is associated with
Receptor tyrosine kinase tumorigenesis and metastasis. Because SHP2 contains multiple allosteric sites, identifying inhibitors at specific
]S“:i:;r:_i:::; virtual screening allosteric binding sites remains challenging. Here, we used structure-based virtual screening to directly search for
L . . the SHP2 “tunnel site” allosteric inhibitor. A novel hit (70) was identified as the SHP2 allosteric inhibitor with an
Structure-activity relationship
ICs0 of 10.2 uM against full-length SHP2. Derivatization of hit compound 70 using molecular modeling-guided
structure-based modification allowed the discovery of an effective and selective SHP2 inhibitor, compound
129, with 122-fold improved potency compared to the hit. Further studies revealed that 129 effectively inhibited
signaling in multiple RTK-driven cancers and RTK inhibitor-resistant cancer cells. Remarkably, 129 was orally
bioavailable (F = 55%) and significantly inhibited tumor growth in haematological malignancy. Taken together,
compound 129 developed in this study may serve as a promising lead or candidate for cancers bearing RTK
oncogenic drivers and SHP2-related diseases.

1. Introduction genetic knockdown or pharmacological inhibition blocks RAS/MAPK

signaling and suppresses RTKs-driven cancer cell proliferation [8].

The SHP2 protein is a well-validated oncogenic protein tyrosine
phosphatase (PTP) [1]. This non-receptor type PTP is universally
expressed and functions as a signal transducer in multiple cancer-related
signaling pathways, including the Ras-Raf-extracellular-signal-regulated
kinase (ERK), Janus kinase (JAK)-signal transducer and activator of
transcription (STAT), and Nuclear factor (NF)-kB cascades [2].
Furthermore, SHP2 participated in programmed cell death protein 1
(PD-1) immune checkpoint signaling and contributes to immune evasion
[3]. Abnormal SHP2 activation has been linked to developmental dis-
eases [4,5] and functions as an oncogenic driver in cancer patients,
including those with solid tumors and hematologic cancers [6,7]. SHP2

Hence, SHP2 is an attractive target for cancer therapeutics.

The SHP2 structure comprises of two SH2 domains and a PTP domain
that governs dephosphorylation activity (Fig. 1A) [9]. In the auto-
inhibited conformation, the N-SH2 region of SHP2 interacts with the
PTP region, thereby blocking the substrate binding [9]. Upon substrate
phosphotyrosine (pTyr) binding, SHP2 enters the activated state by
exposing the catalytic site of the PTP domain [10]. Owing to this unique
feature, both orthostatic and allosteric inhibitors have been identified.
Orthostatic SHP2 inhibitors (e.g., NSC-87877 [11] and NAT6-297775
[6]) directly bind to the active site of the PTP domain and suppress
enzymatic activity. However, potent SHP2 orthostatic inhibitor
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development is challenging owing to the extremely conserved polar
character of the catalytic site [12]. Currently, allosteric inhibitors are
promising regarding use in clinical studies. Therefore, identifying
druggable SHP2 allosteric sites and novel allosteric inhibitors presents a
major direction in SHP2-targeted studies.

Currently, multiple potential allosteric inhibitor binding sites of
SHP2 have been identified, including the tunnel, latch, and groove
binding sites formed between the SH2 and PTP domain interface
(Fig. 1B) [13]. To identify SHP2 allosteric inhibitors, experimental
high-throughput screening (HTS) protocols were previously performed.
For instance, a diverse library of 100,000 molecules was screened using
the 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) biochem-
ical assay in the presence of a pIRS-1 activating peptide. The first
pyrazin-core-based allosteric inhibitor, SHP099, was discovered by HTS,
which inspired the structure-based development of novel SHP2 allo-
steric inhibitors (Fig. 1C) [2]. In the past five years, a series of SHP099
derivatives, namely TNO155 [14], RMC-4630 [8], and JAB-3068 [15]
have entered clinical trials for cancer therapy. These allosteric SHP2
inhibitors are inserted into the central tunnel pocket, where they func-
tion as a ‘molecular glue’ to stabilize the inactive state of SHP2.
Furthermore, a triazolo—-quinazolinone-core-based compound, SHP244
[13], functions as a distinct allosteric inhibitor by occupying the latch
binding site (Fig. 1C).

Despite the development of HTS biochemical assays, several issues
remain regarding the identification of SHP2 allosteric hits. Firstly,
considerable amounts of small molecule compound libraries are
required for experimental screening, which in turn results in high time
consumption and economic costs. Secondly, initial hit compounds
require further profilization against the PTP domain of SHP2 (SHP2-

A NH, B Allosteric site 1:
o L
tunnel
N-SH2
104
o et
C-SH2
e ot 216
g 2
catalytic
PTP * site
E—— 525
593
C
100,000 1.5 million
compound library compound library
SHP2WT SHP2WT
]
SHP2FTP SHPZ
SHP2T253M-'025?L

SHP099
X-ray X-ray
Tunnel site Latch site
inhibitor inhibitor

European Journal of Medicinal Chemistry 253 (2023) 115305

PTP) to deprioritize orthostatic SHP2 inhibitors and enrich the allosteric
site inhibitors. Thirdly, multiple allosteric pockets complicate allosteric
inhibitor identification at specific desired sites. For instance, to screen
non-tunnel site allosteric inhibitors, a special screening paradigm was
developed by Fodor et al. [13]. Three rounds of sequential HTS against
the wild-type SHP2, SHP2-PTP, and SHP2T2>3M/Q257L (tynpel site
blocked mutant) enzymes were conducted sequentially (Fig. 1C). Lastly,
additional X-ray crystallography is typically employed to resolve any
unknown binding modes, considering the occurrence of various poten-
tial allosteric pockets (Fig. 1C).

To effectively identify new SHP2 allosteric inhibitors that specif-
ically target the tunnel site, a multistep structure-based virtual screening
(SBVS) approach was designed and used to predict potential hits directly
targeting the tunnel site of SHP2 (Fig. 1D). Compared with experimental
HTS, SBVS presents several advantages, such as improved economic and
time costs, as well as higher hit rates [16,17]. Here, a new hit compound
70, containing a pyrimidine-5-carboxamide core, was validated as a
novel SHP2 inhibitor that binds to the tunnel site. Molecular
modeling-guided structure optimization combined with a two-round
structure-activity relationship (SAR) analysis of compound 70 revealed
a potent and selective “tunnel site” inhibitor, compound 129. To our best
knowledge, it is the first time to discover allosteric inhibitor of SHP2
tunnel site through direct virtual screening. We further evaluate the
anti-cancer effects of compound 129 both in vitro and in vivo, and
identify compound 129 as a valuable candidate for SHP2-related disease
treatment.

Allosteric site 2: Allosteric site 3:
latch groove

Tunnel site

ChemDiv ~1,600,000 compounds

~100,000 compounds Glide SP docking

~5,000 compounds _Glide XP docking

~500 compounds Structural clustering
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Fig. 1. Structure-based virtual screening (SBVS) for SHP2 tunnel site allosteric inhibitors. (A) Schematic illustration of SHP2 domains containing N-SH2 (blue), C-
SH2 (green), and protein tyrosine phosphatase (PTP) domain (yellow). (B) Three predicted allosteric pockets of the autoinhibited conformation of SHP2 including
tunnel, latch, and groove sites. (C) Screening paradigm of reported allosteric inhibitors discovery yielding SHP099 and SHP244. (D) Schematic workflow of SBVS

used in present study.
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2. Results
2.1. Hit compound 70 is a novel SHP2 allosteric inhibitor

The SBVS workflow used in this project is shown in Fig. 1D. We
started with 1.6 million small-molecule compounds from the ChemDiv
library using our previously reported strategy [18,19]. By filtering Lip-
inski’s rule of five, cascade molecular docking, and structural clustering,
97 potential SHP2 tunnel site allosteric inhibitors were selected and
subjected to DiFMUP biochemical assays (Fig. 2A, structures listed in
Table S1). As shown in Fig. 2B, three initial hits with distinct scaffolds:
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4358-1548 (4, quinolin-4-amine core), M503-0874 (70,
phenylpyrimidine-5-carboxamide core), and S634-1472 (84,
pyrrole-3-carboxamide core), showed inhibitory rates of >60%. The
ICsp values of these three compounds were 13.5, 10.2, and 19.0 pM,
respectively. For the following study, compound 70 was selected for
further study based on the lower ICso and favored pyrimidine core for
SHP2 tunnel site. The dose-response DiFMUP assays for 70 are shown in
Fig. 2C.

To verify the allosteric binding sites of 70, a tunnel site binding-
deficient SHP2 mutant (SHP2T233M/Q257Ly yag constructed, which
significantly abolished the activity of 70 (Fig. 2D), revealing that the
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Fig. 2. Discovery of a hit compound 70 as a novel SHP2 allosteric inhibitor. (A) Drug screening for 97 compounds selected by structure based virtual screening
(SBVS) via 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) assay. Compounds with inhibition rates >60% threshold at 20 pM are highlighted in purple. (B)
Chemical structures and ICsg values of hit compounds 4, 70, and 84. (C-F) Dose-response DiFMUP assays for compound 70 with SHP2WT ), SHp2T253M/Q257L (D),
SHP2-PTP (E), and SHP27%K (F). (G) Western blot of p-ERK from H1975 cells treated with 10 pM compound 70. (H) Molecular dynamics (MD) simulation analysis of
compound 70 bound to the SHP2 tunnel site. Root mean square deviation (RMSD) curves for the SHP2 protein backbone C, atoms during three parallel 600 ns MD
simulations. (I) RMSD curves for 70 heavy atoms during three parallel 600 ns MD simulations. (J) Top 10 predicted key residues for the binding of compound 70 to
SHP2 (Mean =+ standard deviation [SD]). (K) Three-dimensional (3D) representation of the key residues for 70 bound to SHP2. (L) Top 10 residues for 70 bound to

SHP2 in two-dimensional (2D) representation.
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T253 M/Q257L mutation disrupted the direct interaction between 70
and the SHP2 tunnel site. Additionally, 70 showed no inhibition against
truncated SHP2 (SHP2-PTP) or the oncogenic mutant of SHPZE76K; the
latter variant induced SH2 domain reorganization and tunnel site
diminishing (Fig. 2E and F) [20]. These experimental data consistently
confirmed the molecular mechanism of 70 by binding to the SHP2
tunnel site and stabilizing the inactive form of the SHP2. To further
validate the potency of SHP2 inhibition in cells, compound 70 was used
to treat NSCLC cell line (NCI-H1975) with abnormal epidermal growth
factor receptor (EGFR) alterations. As shown in Fig. 2G, treatment with
70 at 10 pM concentration led to a modest reduction in ERK phos-
phorylation. Altogether, compound 70 serves as a novel SHP2 inhibitor
and is a promising starting point for structural optimization.

2.2. Binding mode analysis of compound 70 in the SHP2 tunnel site

To further guide compound 70 structural optimization, the binding
pose of 70 bound to the SHP2 tunnel site extracted from SBVS was
subjected to three parallel 600 ns molecular dynamics (MD) simulations
to explore the dynamic behavior. As shown in Fig. 2H, the RMSDs of the
protein backbone C, atoms of SHP2 tended to converge after approxi-
mately 200 ns of MD simulation with RMSD fluctuations of <2 A. Those
for the heavy atoms of 70 were only after approximately 25 ns of MD
simulations with RMSD fluctuations of <1 A (Fig. 2I). The results indi-
cated that compound 70 could stably bind to the “tunnel” binding site of
SHP2. Additionally, we obtained a series of dynamic structures of SHP2-
70 complexes for the subsequent energetic and structural analysis. To
highlight the residues contributing to the binding of 70 to SHP2, per-
residue decompositions were calculated based on a modified MM/
GBSA method named the variable atomic dielectric-MM/GBSA (VAD-
MM/GBSA) method, as previously reported [21]. By directly assigning
variable dielectric constants to the protein/ligand atoms, the
VAD-MM/GBSA method improved the accuracy of binding affinity cal-
culations compared to the conventional MM/GBSA method [21]. As
shown in Fig. 2J, the predicted top-ranked residues for the binding of 70
to SHP2 were Arglll, Thr253, Glu250, Pro491, Thr219, Lys492,
His114, Glu249, Leu254, and Glul10 (Fig. 2J). Structural analysis of

Table 1
Structure-activity relationship (SAR) study of the A region.
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these key residues indicated that hydrophilic interactions and hydrogen
bonds involving residues His144 and Glu250 dominantly contributed to
70 binding to the SHP2 tunnel site (Fig. 2K-L). With the binding infor-
mation of hit 70 in mind, we decided to maintain the central
pyrimidine-5-carboxamide core and independently evaluate the SAR of
the ethylpiperazin (A region) followed by phenyl (B region) groups.

2.3. SAR study of the A region

SAR study of the ethylpiperazin motif, which occupies the solvent-
exposed polar region within the allosteric pocket formed by residues
His114, Thr218, Glu249, and Glu250. Twenty analogs of compound 70
were purchased from the ChemDiv chemical library or synthesized for in
vitro biochemical assays (Table 1). First, we introduced hydrophobic
substituents on the piperazine ring, such as propyl (98) and isopropyl
(99), which did not affect dephosphorylation activity. This activity was
slightly improved by the introduction of an acetyl group (100). In
contrast, further extension of the acetyl group (101-103) resulted in
lower potency. Similarly, incorporation of phenyl (105), methoxyphenyl
(106), pyridine (107), or cyclohexyl (108) moieties at the same site of
piperazin also abolished potency, suggesting that bulky substitution on
piperazine may not be tolerated at the tunnel site. Transforming the
piperazine motif with other rings, including thiomorpholine (109),
morpholine (110), piperidines (111-114), and pyrrolidine (115),
significantly affects the SHP2 inhibitory activity. Among which, the
incorporation of 4-aminopiperidine (112) and 4-ethoxycarbonyl-piperi-
dine (113) motif improved the SHP2 inhibition activity by 7-and 5-fold,
respectively (112: ICsp = 1.4 pM; 113: IC59 = 2.1 pM). Interestingly, the
replacement of the ethylpiperazin motif with aliphatic chains or benzene
rings significantly decreased the inhibition potency.

2.4. SAR study of the B region

Next, we focused on the N-phenyl ring (Table 2), which occupies the
hydrophobic region of the allosteric binding pocket formed by residues
Thr253, Leu254, and Pro491. Compound 112, with relatively high ac-
tivity, was selected for further modification. First, we explored the effect
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Comp. Ry SHP2 ICs5¢ (pM)

Comp. Ry SHP2 ICsq (pM)
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Table 2
Structure-activity relationship (SAR) study of the B region.
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Comp. Ry SHP2 ICs (1M)
Comp. Ry SHP2 ICsq (M)

Comp. Ry SHP2 ICso (pM)
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of phenyl arrangements on the activity and replaced the phenyl with
naphthalen (118-119), biphenyl (120), and fluoren (121) moieties. SAR
analysis indicated that the phenyl group was favored. We then intro-
duced different substituents on the benzene ring (e.g., 122-128). The
introduction of an electron-donating methoxy group did not further
increase activity (122-124). By comparing the activities of compounds
125-128, we determined that the activity of the compound was slightly
improved in the presence of halogen substitution at the para-position of
the benzene ring (127: ICso = 0.25 pM). Interestingly, when the phenyl
group was replaced with pyridin-3-yl (129), the activity of the com-
pound was greatly improved with ICsq value of 0.083 uM, which shows
similar potency as reported inhibitor SHP099. While further attempts to
reposition the pyridine of 129 or extend the pyridine group (130-131)

resulted in a significant loss in phosphatase inhibition.

2.5. Binding mode analysis of compound 129 in the SHP2 tunnel site

MD simulations were applied to compound 129 bound to SHP2 to
provide clues for the binding molecular mechanism. As shown in Fig. 3A
and B, the RMSD curves of the SHP2 protein backbone C, atoms tended
to converge after approximately 150 ns MD simulations with RMSD
fluctuations within 2 A. Meanwhile, the RMSD curves of 129 heavy
atoms were dynamically stable throughout the MD simulations, with
RMSD fluctuations within 1 A. The MD simulation results indicate that
the binding between 129 and SHP2 was dynamically stable, and the
trajectories were submitted for binding free energy calculations based
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Fig. 3. Molecular dynamic (MD) simulation analysis of compound 129 bound to the SHP2 tunnel site. (A) Root mean square deviation (RMSD) curves for the SHP2
protein backbone C, atoms during three parallel 600 ns MD simulations. (B) RMSD curves for 129 heavy atoms during three parallel 600 ns MD simulations. (C) Top
10 interacting residues for the binding of 129 to SHP2 (Mean + standard deviation [SD]). (D) Three-dimensional (3D) representation of the key residues for
compound 129 bound to SHP2. (E) Two-dimensional (2D) representation of the top 10 residues for compound 129 bound to SHP2. (F) Energy differences between

compound 70 and 129 (AAG = AGyo — AGi29).
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on the VD-MM/GBSA methods. As shown in Fig. 3C, the predicted top-
ranked residues for binding of 129 to SHP2 were Arglll, Thr253,
Glu250, His114, Glu249, Pro491, Thr219, Lys492, Leu254, and Phe113.
Structural analysis indicated that hydrophilic interactions and hydrogen
bonds involving residues Phel13 and Glu250 dominantly contributed to
129 the binding to the SHP2 tunnel site (Fig. 3D and E). Among these
key residues, nine were the same as the key residues for 70 bound to
SHP2. The energetic differences for each corresponding residue between
70 and 129 (AAG = AGyo — AGj29) were calculated to further highlight
the energetic differences between them. The residues with positive
values form stronger interactions with 129 than with 70, whereas the
negative values indicate that the residues form better interactions with
70. Notably, most of SHP2 residues possess similar energetic contribu-
tions to compound 129 and 70. However, only Phel13 formed a much
stronger interaction with compound 129 than with 70 (Fig. 3F). Struc-
tural investigation showed that a hydrogen bond was formed between

European Journal of Medicinal Chemistry 253 (2023) 115305

Phel13 and 129, but not 70 (Fig. 2K-3L and Fig. 3D-4E).

Structural analysis indicated that 129 formed a much stronger
interaction with Phel13 than with the lead compound 70. Interestingly,
compared with compound 112, the introduction of the pyridine ring on
129 (B region) improved the inhibitory activity by 16-fold, but the un-
derlying mechanism has not been solved by molecular simulation
docking. Currently, co-crystallization of SHP2 and compound 129 is
ongoing in our lab to further analyze the contribution of the pyridine
ring to tunnel site binding.

2.6. Active compound 129 inhibits pERK level and proliferation of RTK
driven cancer cells

In a previous study, we found that compound 129 possessed high
inhibitory activity and selectivity for SHP2 in vitro. To further investi-
gate whether compound 129 efficiently inhibited SHP2 at the cellular
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Fig. 4. Compound 129 inhibited pERK levels and receptor tyrosine kinase (RTK)-driven cancer cell proliferation. (A) pERK activity inhibition by increased con-
centration of compound 129 in NCI-H1975 cells assayed by Western blot. (B) p-ERK inhibition potency evaluation by compound 70, 129, osimertinib, and SHP099 at
10 pM in NCI-H1975 cells. (C) H1975 cells treated with compound 70, 129, or osimertinib were stained with DAPI and p-ERK antibodies. (D) Colony formation of
H1975 in the presence of compound 70, 129, or osimertinib. (E-G) p-ERK inhibition potency evaluation by compound 70, 129, RTKi (quizartinib, TAE684, or
infigratinib), and SHP099 at 10 pM in MV-411 (E), NCI-H2228 (F), and KATO III (G) cancer cells.
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level, SHP2-dependent NSCLC cells were treated with increasing con-
centrations of compound 129 (0.01-30 pM). As shown in Fig. 4A,
compound 129 suppressed the phosphorylation of ERK with an ICsy of
0.59 + 0.28 pM in EGFR-driven NCI-H1975 cells. Compared to lead
compound 70, 129 demonstrated greatly improved pERK inhibitory
activity, which was comparable to that of the third-generation EGFR
inhibitor osimertinib (Fig. 4B). The Western blot results were consistent
with the p-ERK immunofluorescence and colony formation assays
(Fig. 4C and D). To further validate the effects of compound 129 on other
RTK-driven cancers, a cell-based study was extended to four additional
SHP2-dependent cell lines with known alterations in oncogenic RTKs,
including MV-411 (FLT3-ITD mutation), NCI-H2228 (EML-ALK fusion),
and KATO III (FGFR2 amplification). As shown in Fig. 4E-G, 129
treatment resulted in significant pERK inhibition, as observed in all the
RTK-driven cell lines, especially in hematopoietic cancer cells. 129
exhibited a pERK inhibitory effect comparable to that of the FLT3 in-
hibitor quizartinib.

2.7. Compound 129 inhibits pERK level in osimertinib-resistant NSCLC
cells

Despite the therapeutic success of RTK inhibitors, acquired resis-
tance remains a major clinical issue in patients. Thus, after verifying the
inhibitory effect of compound 129 on different RTK-dependent tumor
cells, we further explored whether compound 129 could effectively
inhibit pERK signaling in RTKi-resistant cells. Previous studies have
found that patients with NSCLC may develop acquired resistance after a
period of osimeritinib use. The major drug resistance mechanisms
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include the EGFR C797S mutation in the kinase domain (EGFR-depen-
dent) and the bypass activating mutation involving other RTKs (EGFR-
independent) [22,23]. We assumed that NSCLC carrying these two
RTK-related resistance mutations remains SHP2-dependent. To test this
hypothesis, osimertinib-resistant NCI-H1975 cells (NCI-H1975-OR)
were established. Indeed, as shown in Fig. 5A, compound 129 potently
inhibit the pERK signaling in a dose-dependent manner with ICsg of 0.63
+ 0.32 pM, which is close to ICsq level of wild-type H1975 cells (0.59
pM). As predicted, 129 showed much higher pERK inhibitory potency
than osimertinib against H1975-OR, as demonstrated by the immuno-
fluorescence results (Fig. 5B). We also found that compound 129 co-
operates with osimertinib to exert a synergistic effect (Fig. 5B).

2.8. Compound 129 inhibit SHP2 downsream signalling via disrupting
SHP2 related protein association

Previous study indicated that SHP2 is essential to link RTKs and
downstream signalling by forming the RTK-proximal complex (Fig. 6A).
Thus, SHP2 inhibitor compound 129 may be able to disrupt the signal-
osome that is required for RTK activation. To test this hypothesis, we
evaluated whether 129 affect the protein-protein-interaction of SHP2
with the universal scaffold protein of RTKs, GRB2- associated-binding
protein 1 (GAB1) [24], in HEK293T cells. Indeed, through immuno-
precipitation experiments, 129 treatment dismished SHP2’s interaction
with the adaptor protein GAB1, and showed much stronger effect
compared to lead compound (Fig. 6B). Thus, allosteric inhibition of
SHP2 by 129 could interfere with the signalosome formation assembled
at RTKs via disruption of SHP2 associated adaptor proteins interactions.
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Fig. 5. Compound 129 inhibits phosphorylated ERK (pERK) levels in receptor tyrosine kinase (RTK)-resistant NSCLC cells. (A) p-ERK activity inhibition by increasing
the concentration of compound 129 in NCI-H1975-OR cells, assayed by western blotting. (B) H1975 cells treated with osimertinib, 129, or both were stained with

DAPI and p-ERK antibodies.
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Fig. 6. Compound 129 inhibit SHP2 downsream signalling via disrupting SHP2 related protein association. (A) Schematic illustrate of SHP2 function as the universal
transducer of RTKs signalling. (B) The effect of compound 129 on the SHP2-GAB1 association in HEK293T cells. Cells were treated with compound 129 for 1 h (10
pM) and stimulated with 300 ng/ml EGF for 3 min followed by immunoprecipitation of 3 x FLAG-SHP2 by the anti-FLAG beads.

2.9. Selectivity profile of 129 against PTPs and RTKs

Owing to the highly conserved PTPs catalytic domain, it is chal-
lenging to discover selective SHP2 inhibitors among PTPs [25]. To
investigate the specificity of compound 129, the inhibitory activities
were profiled among a panel of mammalian PTPs of different types,
including two classical non-receptor PTPs (PTPN1 and PTPN12), a
classical receptor type PTP (PTPRA), a VH1-like PTP (PRL2), and a class
II PTP named ACP1 (LMW-PTP). As shown in Fig. 7A, 129 showed no
measurable activity against the other tyrosine phosphatases. The high
level of target selectivity of 129 is likely due to the unique tunnel
drug-binding site of SHP2 among the entire PTP family.

The 2,4,5-substituted pyrimidine core is often developed as a kinase
inhibitor, especially as a kinase inhibitor such as Syk and Lyk2 inhibitors
[26,27]. In this study, compound 129 was prioritized for additional
profiling against a panel of 97 kinases (Fig. 7B and Table S3). This
screening result revealed compound 129 had no obvious inhibitory ef-
fect on all the tested human protein kinases at a concentration of 1000
nM, with only a slight inhibitory effect on LKB1 and PIK3C2B (>35%
percent control).

2.10. In vivo pharmacokinetics properties

Compound 129 is a selective SHP2 inhibitor candidate at the mo-
lecular and cellular levels. Therefore, in our next study, we explored the
pharmacokinetic properties of 129 in vivo. Compound 129 was admin-
istered IV/PO at 5 mg/kg to male SD rats in a crossover study design. As
shown in Table 3, compound 129 demonstrated high clearance, a high
volume of distribution (13.9 L/kg), a moderate half-life (T;,2 = 5.31 h),
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as well as good oral bioavailability (F = 55.07 + 7.93%). Previous
pharmacokinetic studies in mice for SHP099 showed good oral exposure
and acceptable bioavailability (F = 46%). These results suggest com-
pound 129 has a higher oral bioavailability than SHP099 and is suitable
for further in vivo anti-tumor evaluation.

2.11. Antitumour efficacy of compound 129 in acute myeloid leukemia
Xxenograft

On the basis of the potent RTK-signalling inhibition effect of com-
pound 129 and its promising pharmacokinetic properties, we next
assessed the efficacy of compound 129 in acute myeloid leukemia (AML)
model in vivo. Anti-leukaemic efficacy was evaluated in a systemic
murine NSG xenograft model inoculated with FLT3-ITD mutated MV-4-
11-luciferase (MV-4-11-Luc) AML cells. Engrafted mice were treated
with vehicle, or compound 129 20 mg/kg dosed daily (Fig. 8A). For
comparison, a parallel group of MV-4-11-bearing mice were treated with
SHP2 inhibitor SHP099 as positive control. Leukemia cells growth were
visualized by bioluminescent imaging. As shown in Fig. 8B and C,
compound 129 treatment caused significant reduction of leukemia
burden in AML model. At day 28, blood, bone marrow, and splenic
tissues of NSG mice were harvested for leukemia cells analysis. The
percentage of MV-4-11-Luc cells was quantified via flow cytometric
analysis of murine peripheral blood evaluated by anti-human CD45
(hCD45). Administration with 20 mg/kg compound 129 resulted in
remarked decreased leukemia burden in mice. Notably, compound 129
treatment near completely eradicated human (h)CD45" leukaemic cells
in blood and spleen (Fig. D). Thus, the pharmacological modulation of
SHP2 by 129 is effective in vivo and offers a candidate therapeutic agent
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Fig. 7. Selectivity profile of compound 129 against protein tyrosine phosphatases (PTPs) and receptor tyrosine kinases (RTKs). (A) Inhibitory activities of compound
129 against representive mammalian PTPs from different subfamily at 10 pM. (B) Selectivity profile of compound 129 against a 97 kinase panel (scanEDGE).
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Table 3
In vivo pharmacokinetic properties of compound 129.
Parameter T2 Tmax Crnax AUC(g-0) Vs CL F
Unit h h ng/mL h*ng/mL mL/kg mL/h/kg %
iv (5 mg/kg) 5.31 £0.51 0.083 + 0.01 854.36 + 129.58 1878.21 + 220.89 13976.69 + 835.88 2685.55 + 299.07 /
po (5 mg/kg) 4.77 + 0.55 217 £1.76 101.30 + 22.33 1038.96 + 155.49 / / 55.07 +7.93
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Fig. 8. Antitumour efficacy of compound 129 in AML xenograft. (A) Experimental scheme for xenograft experiments. Blue dots indicate assessment of human MV-4-
11-Luc by bioluminescent imaging, orange dots indicate days of compound 129, SHP099, or vehicle (20 mg/kg daily) by oral gavage and green dot denotes terminal
analysis on day 28. (B) Representative bioluminescent image of NSG mice that were injected with MV-4-11-Luc cells and treated with either compound 129, SHP099,
or vehicle. (C) Qualification of images in (B), n = 5. (D) Tumour burden in the blood, bone marrow and spleen was analyszed by FACS of hCD45" leukaemic cells at
day 28. Bars represent mean + SD, n = 3-4. Statistical differences between treatment groups were determined using a two-sided Wilcox test with Holm-Bonferroni

correction for multiple comparisons.
or lead compound for the treatment of RTK-dependent cancers.
3. Discussion and conclusions

The cooperation between PTPs and RTKs mediates the balance of
tyrosine phosphorylation levels. PTPs are key regulators of a wide range
of diseases [7,28]. Compared with the rapid development of TKIs, drug
discovery for PTPs remains challenging. SHP2 (PTPN11) is a unique
member of the PTP family and a suitable drug target for cancer therapy
[29-31]. Given its key functional role, the drug development targeting
SHP2 is crucial. Due to the polar surface of the catalytic site, SHP2
orthostatic inhibitor development remains challenging. However, SHP2
allosteric inhibitors are among the small molecules currently entering
clinical research. To date, eight SHP099 derivatives (e.g. TNO155,
RMC-4630, JAB-3068, and RLY-1971) have entered into clinical trials as
mono- or combined therapy for treating different cancers [8,14,15].
Several clinical trials of TNO155 in combination with other inhibitors
such as nazartinib, eabrafenib, ribociclib, trametinib, naporafenib, or

MRTX849 have been undergoing to evaluate the anticancer efficacy. In
addition, RMC-4630 in combination with AMG510 (a KRAS®'%C inhib-
itor) has been advanced into a phase II clinical trial for the patients
carrying the KRAS®12C mutation [32].

Multiple potential allosteric binding sites of SHP2 have been recog-
nized (e.g., tunnels, latches, and grooves) [13]. The first tunnel site
allosteric inhibitor SHP836 was identified by HTS from 100,000-com-
pound libraries, which led to the identification of the improved ana-
logs, SHP099 and TNO155 [14]. The first latch-binding site inhibitor,
SHP244 [13], works as a distinct allosteric inhibitor found in 1.5-million
compound libraries. Indeed, several major issues remain regarding the
identification of SHP2 allosteric inhibitor hits. For instance, a large
number of compound libraries are required, and multiple rounds of
SHP2 enzyme variants are screened to filter undesired inhibitors. In
addition, further co-crystallographic studies are essential to resolve the
allosteric binding sites of inhibitors. Only a few allosteric inhibitors are
currently in the early clinical stage. Thus, the development of a
straightforward screening strategy for the identification of SHP2



R. Luo et al.

allosteric inhibitors and discovery of lead compounds with novel scaf-
folds is of importance to many scientists.

SBVS has the following advantages over experimental HTS: (1)
Improved economical technique to discover hits by screening large
virtual compound libraries through in silico approaches rather than
actual experiments. (2) The speed-enhanced SBVS workflow can
significantly shorten the hit identification cycle. (3) The SBVS can
achieve higher hit rates [16,17]. Here, a multistep SBVS approach was
used to predict potential hits. According to previous studies, tunnel site
inhibitors show greater inhibitory potency than latch sites [13].
Therefore, in this study, we prioritized performing an SBVS at the tunnel
site. Multiple-step filtering led to the identification of compound 70 with
a novel pyrimidine-5-carboxamide core, which was distinct from the
common pyrazin core of SHP099, TNO155, and RMC-4630. Systematic
structure-based optimization of compound 70 and SAR analysis have
resulted in the discovery of a potent inhibitor 129.

Cell-based immunoprecipitation data revealed that compound 129
treatment diminished SHP2’s binding to the downstream scaffolding
protein GAB1. Thus, compound 129 could disrupt the formation of the
signalosome complex that is assembled at RTKs and located at the cell
membrane, thereby interfering with RAS-GTP levels in cells [33,34].
Next, we observed compound 129 efficiently inhibited RAS/MAPK
signaling in multiple RTK-driven cancers. Notably, 129 exhibited pERK
inhibitory effects comparable to those of osimertinib and quizartinib in
EGFR and FLT3 driven cancer cells, respectively. Furthermore, com-
pound 129 exhibited similar pERK ICsq in H1975 and H1975-OR cells,
proving the therapeutic potential of compound 129 in combating the
drug resistance of osimertinib. The two major resistance mechanisms of
osimertinib are the C797S resistance mutation within the kinase domain
and bypass activation of other RTKs, such as FGFR and ALK [22,32,35].
However, RTK-mutated cells still rely on SHP2 for MAPK signal trans-
duction. Furthermore, this also proved that the combined use of the
SHP2 inhibitor 129 with osimertinib displayed synergistic effects and
could maximize tumor signaling inhibition, which might be a new
treatment strategy. Indeed, early clinical trials of the SHP2 inhibitor
TNO155 in combination with the EGFR inhibitor nazartinib are under-
way (phase I, NCT03114319). In vivo, compound 129 exhibited prom-
ising pharmacokinetic properties and significantly inhibited RTK
activated AML cells in vivo.

In summary, using a SBVS method targeting SHP2 “tunnel site”, we
efficiently identified a novel hit compound (70) as the SHP2 allosteric
inhibitor. Structure-based chemical modification from compound 70
derived a new and selective inhibitor compound 129. Active compound
129 serves as a new chemical tool for studying of SHP2 function both in
vitro and in vivo. Our study offers a straightforward method for the
identification of SHP2 allosteric inhibitors, as well as a valuable candi-
date for RTK-drinven disease treatment. In addition to cancer, a rela-
tionship between SHP2 and other inflammatory or immune diseases has
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also been reported [28,36,37]. Therefore, the therapeutic effect of
candidate compound 129 in SHP2-related models, such as type 2 dia-
betes, should be evaluated in the future.

4. Experimental section
4.1. Chemistry

In general, commercial reagents including solvents, and other
chemicals were used without further purification. Reagents were obta-
nied from Sigma-Aldrich, Aladdin, and Energy Chemical. All reactions
were monitored by TLC. The compounds 1-111, and 113-117 were
obtained from the commercial vendors of ChemDiv (Tables S1-2) and
the compounds 112, and 118-131 were synthesized (Scheme 1 and
Table 2). '"H NMR and '3C NMR spectra were determined on a Bruker
500 MHz instrument. Electronspray ionization mass spectra in positive
mode (ESI-MS) results were collected on Waters Alliance (e2695)
equipped with QDa and PDA detector (2998). Chromatographic purifi-
cation was done on Silica Gel 60. The purities of all the synthesized
compounds were >95% determined using the analytical HPLC on Shi-
madzu LC-20AD system equipped with a UV detector (SPD-20A) fitted
with a Diamonsil C18 column (5 pm, 250 mm x 4.6 mm). The HPLC
traces for all the synthesized compounds are shown in Supporting In-
formation. HRMS were performed on an Agilent Technologies 6546-LC/
Q-TOF LC/MS apparatus (ESI-TOF). The HRMS, 'H NMR and '3C NMR
spectra data of the synthesized compounds are shown in Supporting
Information.

Ethyl 4-amino-2-(4-((tert-butoxycarbonyl)amino)-4-methylpiper-
idin-1-yDpyrimidine-5-carboxylate (a3). Pdy(dba); (228.9 mg, 0.25
mmol), PhgP(131.1 mg, 0.5 mmol), Sodium tert-butoxide (1.44 g, 15
mmol), and 1,4-dioxane (10 mL) were added to a 50 mL two-necked
flask. The mixture was sparged with nitrogen and then stirred for
15min. Next, tert-butyl (4-methylpiperidin-4-yl)carbamate (al) (504.1
mg, 2.5 mmol) in 1,4-dioxane (7 mL), and ethyl 4-amino-2-chloropyri-
midine-5-carboxylate (a2, 642.9 mg, 3 mmol) in 1,4-dioxane (7 mL)
were added to the flask by syringe and the flask was capped with flap
plug. The reaction mixture was stirred at 100 °C for 18 h. After cooling to
room temperature, the mixture was diluted with 20 mL EA and washed
with sodium bicarbonate saturated solution. The reaction mixture was
extracted with EA and concentrated under reduced pressure to give a
crude product which was further purified by chromatography on silica
gel to give compound a3 as clear colloidal liquid (701 mg, 74%). 'H
NMR (500 MHz, CDCl53)  8.59 (s, 1H), 7.62 (s, 1H), 5.45 (s, 1H), 4.55 (s,
1H), 4.27-4.13 (m, 4H), 3.43-3.34 (m, 2H), 2.02-1.95 (m, 2H),
1.55-1.46 (m, 2H), 1.40 (s, 9H), 1.33 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H).

ethyl 4-amino-2-(4-amino-4-methylpiperidin-1-yl)pyrimidine-5-
carboxylate (a4). Ethyl 4-amino-2-(4-((tert-butoxycarbonyl)amino)-4-
methylpiperidin-1-yl)pyrimidine-5-carboxylate (a3) (113.8 mg, 0.3
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Scheme 1. Reagent and conditions: (a)Pdy(dba);, PhsP, NaOtBu, dioxane, N, 18 h; (b) TFA, DCM, rt, 2 h; (c) RoNH,, LiHMDS 2 eq, rt, toluene, Nj, 15 h.
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mmol), and DCM (1 mL) were added to a 25 mL two-necked flask. A
solution of 25% TFA in dichloromethane (6 mL) was added dropwise
with syringe at 0 °C. The mixture was stirred at room temperature for 3
h. The mixture was alkalinized to pH 10 with saturated Na;COs solution,
extracted with EA and concentrated under reduced pressure to give a
crude product which was purified by chromatography on silica gel to
give the compound a4 in 82% yield (70 mg). 'H NMR (500 MHz, CDCl3)
§8.62 (s, 1H), 7.65 (brs, 1H), 5.21 (br s, 1H), 4.27 (q, 2H), 4.01 — 3.88
(m, 2H), 3.85 — 3.70 (m, 2H), 1.76 (s, 4H), 1.68 — 1.52 (m, 3H), 1.51 —
1.43 (m, 2H), 1.34 (t, J = 7.1 Hz,3H).

General Procedure for the Synthesis of target compound 112, and
118-131. Exemplified by 4-amino-2-(4-amino-4-methylpiperidin-1-
ybD-N-phenylpyrimidine-5-carboxamide (112). Ethyl 4-amino-2-(4-
amino-4-methylpiperidin-1-yl)pyrimidine-5-carboxylate (a4) (27.9 mg,
0.1 mmol) was dissolved in 1 mL of toluene in a pressure-proof pipe
under nitrogen. Aniline (0.3 mmol) and LiHMDS (0.3 mL, 0.3 mmol)
were added to the mixture sequentially. The reaction mixture was stirred
at room temperature for 15 h. The mixture was quenched with 1 M
NH4Cl solution and filtered through silica gel powder. Then, the reaction
mixture was eluted with ethyl acetate (3 x 1 mL) and concentrated
under reduced pressure to afford the crude product, which was purified
by chromatography on silica gel to give the target product in 95% yield
(31 mg). 'H NMR (500 MHz, DMSO-dg) § 10.06 (s, 1H, NHCO), 8.72 (s,
1H, pyrimidine-H), 7.73-7.67 (m, 2H, Ar-H), 7.34-7.27 (m, 2H, Ar-H),
7.09-7.02 (m, 1H, Ar-H), 4.29-4.20 (m, 2H, piperidine-H), 3.55-3.46
(m, 2H, piperidine-H), 1.83-1.63 (m, 4H, piperidine-H), 1.39 (s, 3H,
—CHs). 3C NMR (101 MHz, DMSO-de) § 166.1, 163.4, 161.0, 158.4,
139.6,128.9,123.6, 121.0, 99.2, 52.6, 40.5, 40.3, 40.0, 39.8, 39.6, 39.4,
39.2, 34.9, 22.7. LC-MS (ESIM): caled for C;7H3NgO = 327.19, found;
[M + H]" = 327.36. HRMS(ESD): caled for Ci7Hz3NgO [M + HIY,
327.1933; found, 327.1932.

4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(naphthalen-1-yl)
pyrimidine-5-carboxamide (118). IH NMR (500 MHz, DMSO-dg) &
10.08 (s, 1H, NHCO), 8.84 (s, 1H, pyrimidine-H), 7.99-7.91 (m, 2H,
Ar-H), 7.83 (dd, J = 6.7, 2.8 Hz, 1H, Ar-H), 7.57-7.49 (m, 4H,Ar-H),
4.07 (dd, J = 13.4, 6.4 Hz, 2H, piperidine-H), 3.73-3.62 (m, 2H,piperi-
dine-H), 1.67-1.52 (m, 4H, piperidine-H), 1.28 (s, 3H, —CH3). 13C NMR
(101 MHz, DMSO-dg) 6 167.0, 163.5, 161.2, 158.4, 134.3, 134.2, 129.9,
128.4,126.5, 126.4, 126.3, 125.9, 124.5, 123.9, 98.6, 50.9, 40.5, 40.3,
40.1, 39.9, 39.7, 39.5, 39.3, 36.4, 25.3, 23.4. LC-MS (ESI™): calcd for
C21Hy5NgO = 377.20, found; [M + H]™ = 377.29. HRMS(ESI): calcd for
Co1Has5NgO [M + H]T, 377.2090; found, 377.2088.

4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(naphthalen-2-yl)
pyrimidine-5-carboxamide (119). H NMR (500 MHz, DMSO-dg) §
10.11 (s, 1H, NHCO), 8.71 (s, 1H, pyrimidine-H), 8.31 (d, J = 2.0 Hz,
1H, Ar-H), 7.89-7.79 (m, 3H,Ar-H), 7.76 (dd, J = 8.9, 2.1 Hz, 1H,
Ar-H), 7.63-7.57 (m, 1H, Ar-H), 7.51-7.44 (m, 1H, Ar-H), 4.13-4.06
(m, 2H, piperidine-H), 3.69-3.60 (m, 2H, piperidine-H), 1.67-1.55 (m,
4H, piperidine-H), 1.30 (s, 3H, —CH3). 13C NMR (101 MHz, DMSO-dg) 5
166.3, 163.4, 161.1, 158.4, 137.3, 133.8, 130.2, 128.4, 127.9, 127.7,
126.7,125.0,121.7,116.9,99.2, 51.9, 40.6, 40.5, 40.4, 40.3, 40.2, 40.1,
39.9, 39.7, 39.5, 39.3, 35.5, 23.7. LC-MS (ESI™): caled for Cz;HasNeO =
377.20, found; [M + H] ™ = 377.29. HRMS(ESI): calcd for Co;HasNgO [M
+ H]", 377.2090; found, 377.2082.

N-([1,1'-biphenyl]-3-yl)-4-amino-2-(4-amino-4-methylpiperidin-
1-yl)pyrimidine-5-carboxamide (120). 1H NMR (500 MHz, DMSO-dg)
69.95 (s, 1H, NHCO), 8.66 (s, 1H, pyrimidine-H), 7.99 (t, J = 2.0 Hz, 1H,
Ar-H), 7.72-7.66 (m, 1H, Ar-H), 7.66-7.61 (m, 2H, Ar-H), 7.48 (t, J =
7.7 Hz, 2H, Ar-H), 7.44-7.32 (m, 3H, Ar-H), 3.86-3.79 (m, 4H,
piperidine-H), 1.47 (t, J = 5.8 Hz, 4H, piperidine-H), 1.16 (s, 3H, -CH3).
13¢ NMR (101 MHz, DMSO-dg) § 166.2, 163.4, 161.1, 158.3, 140.9,
140.6, 140.2, 129.6, 129.4, 128.0, 127.0, 122.0, 119.8, 119.1, 98.8,
49.1, 40.5, 40.4, 40.3, 40.2, 40.1, 39.9, 39.7, 39.5, 39.3, 38.2. LC-MS
(ESI™): caled for CogHyyNeO = 403.22, found; [M + H]™ = 403.36.
HRMS(ESI): caled for Co3Ha7NgO [M + H]T, 403.2246; found, 403.2249.

4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(9H-fluoren-2-yl)
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pyrimidine-5-carboxamide (121). 'H NMR (500 MHz, DMSO-dg) 6 9.96
(s, 1H, NHCO), 8.65 (s, 1H, pyrimidine-H), 7.97 (d, J = 1.9 Hz, 1H,
Ar-H), 7.85-7.80 (m, 2H, Ar-H), 7.64 (dd, J = 8.3, 1.9 Hz, 1H, Ar-H),
7.56 (d, J = 7.5 Hz, 1H, Ar-H), 7.39-7.33 (m, 1H, Ar-H), 7.30-7.23 (m,
1H, Ar-H), 4.06-3.97 (m, 2H, piperidine-H), 3.91 (s, 2H, —CHj-),
3.73-3.65 (m, 2H, piperidine-H), 1.56 (t, J = 5.8 Hz, 4H, piperidine-H),
1.25 (s, 3H, —-CHs). '3C NMR (101 MHz, DMSO-ds) 6 166.1, 163.4,
161.1, 158.2, 143.9, 143.2, 141.5, 138.7, 136.8, 127.2, 126.5, 125.4,
120.3,119.9,119.7,117.7,99.2, 50.9, 40.5, 40.3, 40.1, 39.9, 39.7, 39.5,
39.2, 36.9, 36.4, 25.3, 24.0. LC-MS (ESI"): caled for CosHoyNgO =
415.22, found; [M + H] ™ = 415.22. HRMS(ESI): calcd for Co4Ho7NgO [M
+ H] ", 415.2246; found, 415.2239.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(4-methox-
yphenyl)pyrimidine-5-carboxamide (122). 'H NMR (500 MHz,
DMSO-dg) 5 9.78 (s, 1H, NHCO), 8.61 (s, 1H, pyrimidine-H), 7.58-7.51
(m, 2H, Ar-H), 6.92-6.86 (m, 2H, Ar-H), 4.07-3.99 (m, 2H, piperidine-
H), 3.73 (s, 3H, -OCH3), 3.68-3.60 (m, 2H, piperidine-H), 1.62-1.52 (m,
4H, piperidine-H), 1.26 (s, 3H, -CH3). *C NMR (101 MHz, DMSO-dg) &
165.8,163.4,161.1,158.0, 155.7,132.5, 122.7,114.0, 99.1, 55.6, 51.1,
40.5, 40.3, 40.1, 39.9, 39.7, 39.58, 39.50, 39.2, 36.2, 24.8, 23.7. LC-MS
(ESTM): caled for CigHysNgO2 = 357.20, found; [M + H]T = 357.23.
HRMS(ESI): caled for CigHasNgOs [M + H]T, 357.2039; found,
357.2037.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(3,4-dimethox-
yphenyl)pyrimidine-5-carboxamide (123). IH NMR (500 MHz,
DMSO-dg) 6 9.77 (s, 1H, NHCO), 8.61 (s, 1H, pyrimidine-H), 7.34 (d, J
= 2.4 Hz, 1H, Ar-H), 7.20 (dd, J = 8.7, 2.4 Hz, 1H, Ar-H), 6.90 (d, J =
8.8 Hz, 1H, Ar-H), 4.25 (d, J = 13.1 Hz, 2H, piperidine-H), 3.73 (d, J =
4.3 Hz, 6H,-OCH3),3.50-3.43 (m, 2H, piperidine-H), 1.68 (t, J = 4.9 Hz,
4H, piperidine-H), 1.37 (s, 3H,-CHs). 13C NMR (101 MHz, DMSO-dg) 6
165.7, 163.3, 161.0, 158.0, 148.7, 145.3, 133.0, 112.9, 112.2, 106.2,
99.4, 56.1, 55.8, 52.5, 40.5, 40.3, 40.1, 39.9, 39.7, 39.5, 39.3, 34.9,
22.7. LC-MS (ESI™): caled for C19H27NgO3 = 387.21, found; [M + H] " =
387.29. HRMS(ESI): caled for C19H27NgO3 [M + H]™, 387.2145; found,
387.2137.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N- (2, 6-dimethox-
yphenyl)pyrimidine-5-carboxamide (124). IH NMR (500 MHz,
DMSO-dg) 6 8.99 (s, 1H, NHCO), 8.66 (s, 1H, pyrimidine-H), 7.23 (t, J =
8.4 Hz, 1H, Ar-H), 6.70 (d, J = 8.5 Hz, 2H, Ar-H), 4.24-4.16 (m, 2H,
piperidine-H), 3.73 (s, 6H, -OCH3), 3.60-3.45 (m, 2H, piperidine-H),
1.66 (g, J = 5.1, 4.6 Hz, 4H, piperidine-H), 1.35 (s, 3H, —-CHs). '3C
NMR (101 MHz, DMSO-dg) 6 166.1, 163.5, 161.2, 156.7, 115.0, 104.7,
99.0, 56.1, 52.6, 40.5, 40.3, 40.1, 39.9, 39.7, 39.5, 39.3, 34.9, 22.7. LC-
MS (ESIM): caled for C19Ha7NgO3 = 387.21, found; [M + H]" = 387.29.
HRMS(ESI): caled for CigHayNgOs [M + HIT, 387.2145; found,
387.2133.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(4-nitrophenyl)
pyrimidine-5-carboxamide (125). H NMR (500 MHz, DMSO-dg) &
10.41 (brs, 1H, NHCO), 8.68 (s, 1H, pyrimidine-H), 8.26-8.19 (m, 2H,
Ar-H), 7.99-7.92 (m, 2H, Ar-H), 7.56 (brs, 2H, pyrimidine-NH»),
3.95-3.77 (m, 4H, piperidine-H), 1.50 (t, J = 5.8 Hz, 4H, piperidine-H),
1.19 (s, 3H, —-CHs). '3C NMR (101 MHz, DMSO-ds) § 166.6, 163.4,
161.1, 159.0, 146.3, 142.3, 125.2, 120.0, 98.4, 50.0, 40.5, 40.3, 40.1,
39.9, 39.7, 39.52 39.3, 37.3, 26.9. LC-MS (ESI™): calcd for Cy17H25N703
=372.17, found; [M + H]" = 372.23. HRMS(ESI): calcd for C;7H25N703
[M + H]*, 372.1784; found, 372.1780.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(4-fluorophenyl)
pyrimidine-5-carboxamide (126). 'H NMR (500 MHz, DMSO-dg) §9.91
(s, 1H, NHCO), 8.61 (s, 1H, pyrimidine-H), 7.70-7.62 (m, 2H, Ar-H),
7.51 (brs, 2H, Pyrimidine-NHj), 7.20-7.11 (m, 2H, Ar-H), 3.95-3.86
(m, 2H, piperidine-H), 3.76 (dt, J = 11.7, 5.0 Hz, 2H, piperidine-H), 1.50
(t, J = 5.8 Hz, 4H, piperidine-H), 1.20 (s, 3H, ~CHs). *C NMR (101 MHz,
DMSO-dg) 6 166.0, 163.3, 161.1, 158.2, 157.3, 135.94, 135.91, 122.8,
122.7,115.6,115.4, 98.8, 50.4, 40.5, 40.3, 40.1, 39.9, 39.7, 39.5, 39.3,
37.0, 26.3. LC-MS (ESI™): caled for G17H2FNgO = 345.18, found; [M +
H]' = 345.36. HRMS(ESI): calcd for C17H22FNgO [M + H]™, 345.1839;




R. Luo et al.

found, 345.1837.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(3,4-dichlor-
ophenyl)pyrimidine-5-carboxamide (127). 'H NMR (500 MHz,
DMSO-de) 6 10.05 (s, 1H, NHCO), 8.60 (s, 1H, pyrimidine-H), 8.04 (d, J
= 2.4 Hz, 1H, Ar-H), 7.64 (dd, J = 8.8, 2.4 Hz, 1H, Ar-H), 7.57 (d, J =
8.8 Hz, 1H, Ar-H), 7.50 (brs, 2H, pyrimidine-NH), 3.96-3.88 (m, 2H,
piperidine-H), 3.77-3.68 (m, 2H, piperidine-H), 1.47-1.36 (m, 4H,
piperidine-H), 1.12 (s, 3H, —-CHs). 13C NMR (101 MHz, DMSO-dg) &
166.3, 163.3, 161.1, 158.5, 139.9, 131.1, 130.8, 124.8, 121.7, 120.6,
98.3, 48.9, 40.5, 40.4, 40.3, 40.2, 40.1, 39.9, 39.7, 39.5, 39.3, 38.4,
28.8. LC-MS (ESI™): calcd for Cy7H,1CloNgO = 395.11, found; [M + H]t
= 395.23. HRMS(ESI): calcd for C;7H21CloNgO [M + H]T, 395.1154;
found, 395.1148.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(3,5-dichlor-
ophenyl)pyrimidine-5-carboxamide (128). lH NMR (500 MHz,
DMSO-de) 6 10.59 (s, 1H, NHCO), 8.83 (s, 1H, pyrimidine-H), 7.93 (d, J
= 1.9 Hz, 2H, Ar-H), 7.23 (t, J = 1.9 Hz, 1H, Ar-H), 4.24-4.17 (m, 2H,
piperidine-H), 3.49 (s, 2H, piperidine-H), 1.78-1.62 (m, 4H, piperidine-
H), 1.36 (s, 3H, —-CHs). 3C NMR (101 MHz, DMSO-dg) 6 166.5, 163.3,
161.1, 158.9, 142.3, 134.1, 122.5, 118.7, 98.6, 52.4, 40.5, 40.3, 40.1,
39.9, 39.6, 39.4, 39.2, 35.1, 23.0. LC-MS (ESIM): caled for C17Hg; CloNgO
= 395.11, found; [M + H]' = 395.29. HRMS(ESI): caled for
C17H51ClbNgO [M + H]T, 395.1154; found, 395.1146.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(pyridin-3-yl)py-
rimidine-5-carboxamide (129). 'H NMR (500 MHz, DMSO-dg) 6 10.07
(s, 1H, NHCO), 8.83 (d, J = 2.6 Hz, 1H, pyridine-H), 8.67 (s, 1H,
pyrimidine-H), 8.26 (dd, J = 4.7, 1.5 Hz, 1H, pyridine-H), 8.07 (dt, J =
8.3, 2.1 Hz, 1H, pyridine-H), 7.35 (dd, J = 8.4, 4.7 Hz, 1H, pyridine-H),
3.91-3.76 (m, 4H, piperidine-H), 1.49 (t, J = 5.7 Hz, 4H, piperidine-H),
1.18 (s, 3H, —CH3). 3¢ NMR (101 MHz, DMSO-dg) 6 166.4, 163.3,
161.1, 158.6, 144.5, 142.6, 136.3, 127.9, 123.8, 98.7, 98.7, 52.5, 40.5,
40.3, 40.1, 39.9, 39.7, 39.5, 39.3, 34.9, 22.7. LC-MS (ESI"): calcd for
C16H21N7ONa = 350.18, found; [M + Na]™* = 350.30. HRMS(ESI): calcd
for C16HoN,0 [M + H]T, 328.1886; found, 328.1880.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(pyridin-2-
ylmethyl)pyrimidine-5-carboxamide (130). 'H NMR (500 MHz,
DMSO-d) 6 8.81 (t, J = 6.0 Hz, 1H, NHCO), 8.56 (s, 1H, pyrimidine-H),
8.52-8.47 (m, 1H, pyridine-H), 7.78-7.71 (m, 1H, pyridine-H),
7.32-7.22 (m, 2H, pyridine-H), 4.49 (d, J = 5.9 Hz, 2H, HNCHy),
3.99-3.89 (m, 2H, piperidine-H), 3.72-3.64 (m, 2H, piperidine-H), 1.52
(t,J = 5.8 Hz, 4H, piperidine-H), 1.22 (s, 3H, ~CHs). 13C NMR (101 MHz,
DMSO-dg) 6 167.3, 163.3, 161.1, 159.6, 157.6, 149.2, 137.1, 122.4,
121.2, 98.5, 50.7, 44.5, 40.5, 40.3, 40.3, 40.18, 40.12, 39.9, 39.7, 39.5,
39.2, 36.6, 25.6. LC-MS (ESI™): caled for C17Ha3N7ONa = 364.20, found;
[M + Na]™ = 364.29. HRMS(ESD): caled for Cy7H4N;O [M + HI™,
342.2042; found, 342.2041.
4-amino-2-(4-amino-4-methylpiperidin-1-yl)-N-(pyridin-2-yl)py-
rimidine-5-carboxamide (131). 'H NMR (500 MHz, DMSO-de) & 10.38
(brs, 1H, NHCO), 8.69 (s, 1H, pyrimidine-H), 8.37-8.32 (m, 1H,
pyridine-H), 8.04-7.98 (m, 1H, pyridine-H), 7.82-7.75 (m, 1H,
pyridine-H), 7.58 (s, 2H, pyrimidine-NH>), 7.14-7.08 (m, 1H, pyridine-
H), 4.01-3.92 (m, 2H, piperidine-H), 3.76-3.68 (m, 2H, piperidine-H),
1.61-1.49 (m, 4H, piperidine-H), 1.24 (s, 3H, —-CHs). 3C NMR (101
MHz, DMSO-dg) 6 166.6, 163.5, 161.0, 159.0, 152.7, 148.2, 138.3,
119.7, 115.3, 98.5, 51.7, 40.5, 40.3, 40.1, 39.9, 39.7, 39.5, 39.3, 35.7,
24.0. LC-MS (ESI™): caled for C;¢HoN7ONa = 350.18, found; [M +
Na]t = 350.23. HRMS(ESI): calcd for C;6H2oN70 [M + H] T, 328.1886;
found, 328.1880.

4.2. SBVS of SHP2 tunnel site

The crystal structure of SHP2 used for SBVS was retrieved from the
Protein Data Bank (PDB entry:5EHR) [2]. The cascade docking-based
SBVS was implemented via the Virtual Screening Workflow module in
Schrodinger software, similar to our previously reported model [18,19].
The top-ranked 5000 molecules were clustered according to
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two-dimensional (2D) similarity and the resulting clustered 500 mole-
cules were filtered by binding poses. Finally, 97 potential compounds,
purchased from the ChemDiv database, were submitted for in vitro
validation.

4.3. MD simulations and binding free energy estimations

The optimal docked structures of SHP2 bound to compound 70 and
129 were designated as the initial structures for MD simulations. The
primary procedures were similar to those in our previous study,
including calculation of the compound 70 and 129 partial charges,
alignment of force fields to the proteins and ligands, solvation of the
systems and addition of counter ions, system minimization, heating, and
equilibration [18,19]. Finally, each system was subjected to three par-
allel 600 ns MD simulations in a constant-temperature, con-
stant-pressure ensemble (NPT) (temperature = 300 K, pressure = 1 bar).
The other simulation parameters were set as previously reported [18,
19]. Based on a modified MM/GBSA method named VAD-MM/GBSA, as
previously reported, MD trajectories of compound 70 and 129 from 500
to 600 ns with 1000 snapshots were applied to the binding free energy
estimations and per-residue decomposition [21].

4.4. Protein expression and purification

Bacterial expression constructs of human SHP2 were engineered by
cloning the PTPN11 gene encoding SHP2-FL (Met-1-Leu-525) and
SHP2-PTP (Ala-237-1Ile-529) into pET30. Site-directed mutations were
then introduced using a Q5 mutagenesis kit to obtain SHP2T2>3M/Q257L
and SHP2¥7%% mutants. The constructs were transformed into competent
cells in LB media. SHP2 expression was induced with 1 mM IPTG at
20 °C overnight. Following induction, cell pellets were lysed using a
homogenizer (lysis buffer: 50 mM Tris-HCIl, 150 mM NacCl, and 50 mM
imidazole with 10% glycerol). The collected supernatants were then
loaded to a Ni-NTA column and eluted with 200 and 500 mM imidazole
buffer. Subsequently, the protein was applied to a HiTrap Q anion ex-
change column and a size-exclusion chromatography Superdex 200
column. The same protocols were used for the expression and purifica-
tion of SHP2 mutants. For other PTPs, the catalytic domains of PTPN12,
PTP4A2, PTPRR and full-length LMWPTP were subcloned into pET28a
and purified in our laboratory. Other PTPs (PTP1B and PTPRA) were
obtained from SinoBiological (Beijing, China).

4.5. SHP2 inhibition assay

The dephosphorylation activity of SHP2 was evaluated by the clas-
sical phosphatase substrate DiFMUP (Thermo Fisher, #D22065) in a
fluorescence assay. The DiFMUP phosphatase assay was tested in a 384-
well plate (Griener, #781086). Hit compounds were purchased from
ChemDiv and dissolved in DMSO (10 mM stock). SHP2-FL protein (0.5
nM) was co-incubated with 5 pL of the test compounds at various con-
centrations with 0.5 pM of pIRS-1 peptide added. The pIRS-1 peptide
was synthesized by ChinaPeptides (Shanghai) Ltd. with a purity of
>97%. After co-incubation for 0.5 h, DiFMUP was added to start the
reaction and incubated at r.t. for 30 min. Finally, the reaction stop re-
agent, bpV (Phen), was supplied to quench the reaction. A plate reader
(SpectraMazx iD5, Molecular Devices) was used for measurements, with
excitation and emission wavelengths at 340 and 450 nm, respectively.

4.6. Cell-based study and western blotting

Human HuH-7 (cat. No. SCSP-526), NCI-H1975 (Cat. No. SCSP-597),
NCI-H2228 (Cat. No. SCSP-5001), MV-4-11 (Cat. No. SCSP-5031), and
HEK-293T cells (Cat. No. SCSP-502) were purchased from the Cell Bank
of the Chinese Academy of Sciences. HuH-7 and MV-4-11 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Cat. No. BC-
M-005; Bio-Channel) containing 10% FBS (Cat. No. BC-SE-FBS07; Bio-
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Channel), and penicillin/streptomycin (cat. No. BL505A; Biosharp).
NCI-H1975 and NCI-H2228 cells were cultured in RPMI-1640 (Cat. No.
BC-M-017; Bio-Channel) containing 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin.

For western-blot analysis, protein samples were separated by SDS-
PAGE, transferred to polyvinylidene difluoride (PVDF) membranes in
transfer buffer, and incubated overnight at 4 °C with target antibodies
diluted in 5% BSA in phosphate buffered saline Tween (PBST). Enhanced
chemiluminescence reagents (NcmECL Ultra; Cat. No. P10300A; NCM
Biotech) were used to visualize the antibodies in the Vilber Fusion FX.
The following primary antibodies (antigen, dilution, vendor) were used:
anti-p-ERK (T202/Y204) (1:2000, Cat. No. #4370), anti-ERK (1:1000;
Cat. No. #4695) were purchased from Cell Signaling Technology, anti-
Flag (1:5000, Cat. No. 0912-1), anti-GRB2 (1:1000, Cat. No.
ER31203), anti-GAB1 (1:1000, Cat. No. ET7106-70), anti-p-actin
(1:5000, Cat. No. R1207-1) antibodies, and HRP-conjugated goat anti-
rabbit IgG secondary antibodies (1:100000, Cat. No. HA1001) was
purchased from HUABIO.

For immunofluorescence analysis, cells were fixed with 2% formal-
dehyde in PBS for 2 min, permeabilized with 0.5% Triton X-100 in PBS
for 10 min and blocked with 5% BSA in PBS for 1 h. Fixed cells were
incubated with anti-p-ERK antibody overnight. Following washing
thrice with PBS, the cells were stained with Alexa Fluor 488-conjugated
secondary antibodies (Cat. No. A0423; Beyotime Biotechnology) for 1 h
and DAPI (Cat. No. C1002, Beyotime Biotechnology) for 10 min.

4.7. Clone formation experiment

Clone formation rate was determined using a plate clone formation
assay. In total, approximately 200 cells were seeded to each well in a 6-
well plate. The wells were then treated with DMSO or the test compound
at 37 °C for 14 d, gently washed, and stained with crystal violet.

4.8. Establishment of NCI-H1975-OR cells

Osimertinib-resistant NCI-H1975 cells were established as previous
described [38]. NCI-H1975 cells were treated with 30 nM osimertinib
for three days. The cells were then grown in drug-free medium until they
recovered to a normal growth rate. For the selection cycles, the cells
were exposed to gradually increasing concentrations of osimertinib from
30 to 2000 nM. After approximately six months, the H1975 cells were
resistant to osimertinib.

4.9. Co-immunoprecipitation

HEK-293T cells were transfected with 3X Flag-SHP2 plasmids by
jetPRIME. After transfection, cells were treated with DMSO or the test
compound overnight. Following treatment, the cells were treated with
recombinant hEGF (Cat. No. P5552; Beyotime Biotechnology) at 300
ng/mL for 3 min. The medium was immediately removed, and co-
immunoprecipitation assays were performed using a Flag-tag Protein
IP Assay Kit with agarose gel (Cat. No. P2202, Beyotime Biotechnology)
following the manufacturer’s instructions.

4.10. KINOME profiling

The kinase selectivity profile was tested on Eurofins KINOMEscan
platform (https://www.eurofinsdiscoveryservices.com/). Active com-
pounds were screened at a concentration of 1000 nM against 97 targets
(scanEDGE). Results of the screening are presented as "% Ctrl’, with
lower numbers indicating stronger inhibition.

4.11. Pharmacokinetic parameters

The pharmacokinetic parameters of compound 129 were obtained
from Shanghai Medicilon Inc. (Medicilon.com). Compound 129 was
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dissolved in a vehicle of 5% DMSO, 10% Solutol, and 85% of (10% HP-
®-CD in saline, PH = 9-10). Male Sprague Dawley (SD) rats were
administered compound 129 solution intravenously (i. v.) at 1 mg/kg
and by p.o. at 10 mg/kg. At time points of 0.25,0.5, 1, 2, 4,6, 8,and 24 h
(po) or 0.083, 0.25, 0.5, 1, 2, 4, 8, and 24 h (i.v.) post-treatment, blood
samples from each experimental rat were collected and centrifuged. The
plasma supernatant samples were analyzed using LC-MS/MS
(TQ65004).

4.12. In vivo tumour xenograft experiments

All animal experiments were conducted in accordance to guidelines
approved by the licensing committee of Hangzhou Medical College, P. R.
China. Male NOD-SCID IL2Rgamma (NSG) mice (GemPharmatech,
China), 6-8 weeks old were transplanted with 1 x 10° MV-4-11-Luc cells
via tail vein injections in each mouse. Mice were randomized post
xenograft transplantation into cages of five mice. Mice were randomly
split into two groups and were given intraperitoneal injections of
vehicle, Compound 129 or SHP099 at 20 mg/kg of mice daily. Circu-
lating AML progression was analyzed weekly by bioluminescence im-
aging using Spectrum Imager. Mice were sacrificed at end of the
experiment. Blood, spleen, and bone marrow were isolated as indicated,
cells were separated by tissue homogenization and analyzed by flow
cytometry.

For analysis of mouse xenografts, red blood cells were lysed with RBC
Lysis Buffer at room temperature (Cat. No. 00-4300-54, ThermoFisher),
with remaining cells washed and resuspended in Flow Cytometry
Staining Buffer (Cat. No. 00-4222-57, ThermoFisher). Blood, spleen and
bone marrow cells were stained for 30 min with the following anti-
bodies: human CD45-APC (Cat. No. 555485, BD Bioscience), murine
CD45-PE (Cat. No. 103106, BD Bioscience) and Fixable Viability Dye
eFluor™ 520 (Cat. No. 65-0867-14, ThermoFisher). Cells were washed
and submitted for flow cytometric analysis using BD AccuriTM C6 plus
Flow cytometer (BD Bioscience) and Flowjo software (BD Bioscience).

4.13. Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software). Data are expressed as the mean + standard error
of the mean (SEM). Statistically significant differences between pairs of
groups were determined using one-way analysis of variance (ANOVA),
whereas those between multiple groups were assessed using Dunnett’s
multiple range test. Statistical significance was set at P < 0.05.
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Abbreviations

DiFMUP 6,8-difluoro-4-methylumbelliferyl phosphate

EGFR epidermal growth factor receptor

ERK Ras-Raf-extracellular-signal-regulated kinase
GAB1 GRB2- associated-binding protein 1

HTS high-throughput screening

IPTG isopropyl B-D-1-thiogalactopyranoside

IC50 half maximal inhibitory concentration

LMW-PTP low-molecular-weight PTP

MAPK  mitogen-activated protein kinase
MD molecular dynamic
NPs, PTP protein tyrosine phosphatase
RTK receptor tyrosine kinase
RMSDs root mean square deviations
SAR structure-activity relationship
SBVS structure-based virtual screening
SHP2 Src homology 2 domain-containing phosphatase 2
TKIs tyrosine kinases inhibitors
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