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A B S T R A C T

Src homology-2 domain-containing phosphatase 2 (SHP2) and fibroblast growth factor receptor 2 (FGFR2) are 
oncoproteins. Despite the tremendous progress achieved with SHP2 allosteric inhibitors, the efficacy of single- 
agent SHP2 inhibitor treatments has been shown to be suboptimal, based on recent clinical trial results. A 
previous study demonstrated the synergistic effect of the allosteric SHP2 inhibitor SHP099 and the FGFR in
hibitor BGJ398, suggesting a potential combined targeted therapeutic option for cancer. In this study, we 
discovered a potent SHP2 and FGFR2 dual inhibitor, LC-SF-14, using a linked pharmacophore strategy and 
structural optimization. The active compound LC-SF-14 exhibited high inhibitory potency against both targets 
(71.6 nM and 8.9 nM, respectively) with a high degree of selectivity, as verified by kinase kinome and protein 
tyrosine phosphatase (PTP) enzyme profiling. LC-SF-14 effectively prevented the phosphorylation of FGFR2 and 
downstream signaling, resulting in tumor regression in vivo. These results indicate that the bifunctional molecule 
LC-SF-14, the first PTP- and receptor tyrosine kinase (RTK)-targeted dual inhibitor, is a promising lead for the 
treatment of cancers bearing SHP2 and FGFR oncogenic drivers.

1. Introduction

Levels of protein tyrosine phosphorylation are maintained by the 
opposing actions of receptor tyrosine kinases (RTKs) and protein tyro
sine phosphatases (PTPs), which modify the addition or removal of 
phosphate groups to or from proteins. The PTPN11 gene encodes the 
protein Src homology-2 domain phosphatase 2 (SHP2), which partici
pates in a variety of signaling pathways, including the RAS-RAF-ERK 
pathway [1]. Almost all RTKs trigger the RAS signaling pathway 
through the activation of SHP2 [2]. This key protein is a unique 
proto-oncogene within the PTP family, and abnormal SHP2 activation 
has been linked to certain cancers [3–6]. Thus, SHP2 is an optimal target 
for cancer therapeutics [7].

SHP2 is comprised of two Src homology-2 (SH2) domains and a PTP 

domain. Under resting conditions, SHP2 remains in an autoinhibited 
state where the N-SH2 domain blocks the catalytic site of the PTP 
domain, thereby blocking the substrate from binding and suppressing 
SHP2 activity [8]. However, the development of selective SHP2 ortho
static inhibitors is challenging due to the highly conserved catalytic site 
among the PTP family [9–13]. The year 2016 was a turning point in 
SHP2-based drug discovery when the first “tunnel” allosteric site SHP2 
inhibitor SHP099 was discovered [14]. Since then, a series of SHP2 
allosteric inhibitors, namely TNO155 [12], RMC-4630 [15], and 
JAB-3312 [16,17], have entered clinical trials for the treatment of 
cancer.

Despite the tremendous progress achieved in SHP2 allosteric in
hibitors, single-agent SHP2 inhibitor treatments have shown limited 
benefit in patients [18]. In 2021, Novartis revealed data from a 
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dose-finding study of TNO155 in adult patients with advanced solid 
tumors (NCT03114319). The trial included 118 patients, with only 20 % 
reaching stable disease (SD) and a median SD duration of 4.9 months. In 
the same year, Novartis terminated the single-agent clinical trial of 
TNO155 [19]. Although clinical trials of SHP2 inhibitor monotherapies 
have been suspended, SHP2 inhibitor-based combination therapies have 
shown promising results. Studies on SHP2 inhibitors in combination 
with other inhibitors, including EGFR inhibitors, KRAS G12C inhibitors, 
CDK4/6 inhibitors, anti-PD-1 antibodies, and BRAF inhibitors, are 
ongoing (NCT03114319, NCT04330664, NCT04000529, 
NCT04294160) [20–22]. Notably, the SHP2 inhibitor JAB-3312 com
bined with the KRAS G12C inhibitor was the first to enter phase 3 
clinical trials for the treatment of advanced non-small cell lung cancer 
with KRAS mutation (NCT06416410) [16].

The fibroblast growth factor receptor (FGFR1-4) family is an 
important RTK subfamily involved in regulating numerous physiological 
processes [23,24]. Upon ligand binding, two direct substrates of FGFR, 
FRS2α, and PLCγ, activate multiple cascade pathways, including the 
SHP2-MAPK-, PI3K-, and STAT-dependent signaling pathways. Dysre
gulation of FGFR signaling caused by amplification, point mutations, or 

gene fusions results in oncogenesis and tumor progression [24–27]. 
FGFR1-4 amplification is frequently detected in patients with advanced 
solid tumors [28]. Specifically, the overall survival of gastric cancer 
patients is closely associated with the overexpression of FGFR2 [29–31]. 
Selective FGFR inhibitors, such as infigratinib (BGJ398), pemigatinib, 
and erdafitinib, have been developed [32–36]. Pemigatinib has been 
approved by the US Food and Drug Administration (FDA) for the 
treatment of patients with FGFR2 rearrangements [37].

Recent studies have shown that combination therapy targeting SHP2 
and FGFR has a synergistic effect in FGFR-driven cancer [38,39]. In 
these studies, the inhibition of SHP2 with SHP099 led to the suppression 
of leukemogenesis in models of stem cell leukemia/lymphoma syn
drome (SCLL), and the combined targeting of SHP2 and FGFR indicates a 
better treatment regimen. Despite promising preclinical results, con
cerns remain regarding combination chemotherapy involving the two 
inhibitor systems. Currently, developing a single molecule able to spe
cifically and simultaneously interact with multiple targets is gaining key 
consideration in contemporary drug discovery paradigms [40]. In recent 
years, dual-target inhibitors have emerged, which are able to improve 
the antitumor effect and avoid resistance by synergistically targeting the 

Fig. 1. SHP2 and FGFR inhibitors. (A) Schematic illustration of SHP2 domains containing N-SH2, C-SH2, and protein tyrosine phosphatase (PTP) domains. (B) 
Reported SHP2 allosteric inhibitors. (C) A schematic graph showing the architecture of FGFR domains. (D) Reported FGFR inhibitors. (E) Synergistic effect of FGFR 
inhibitor infigratinib and SHP2 inhibitor SHP099 in KATOIII cells. The figures were generated using SynergyFinder (https://synergyfinder.org).
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two targets. Designing multi-target drugs has obvious clinical advan
tages compared with combination drug therapy. With the reduction of 
treatment complexity, it can reduce drug side effects, pharmacokinetic 
complexity, and drug-drug interactions, and improve patient compli
ance [41]. In addition, the regulation of multiple biological targets may 
enhance the therapeutic effect through synergistic effects [40,42]. A few 
SHP2-related bifunctional molecules are designed with improved 
anti-cancer activity, including SHP2/HDAC and SHP2/CDK4 dual in
hibitors [19,43,44].

Herein, we provide the first evidence of the feasibility of rationally 
designing a dual inhibitor against both PTP and RTK that is highly se
lective for its intended targets, SHP2 and FGFR. A structure-based drug 
design strategy was used to identify potent SHP2/FGFR dual inhibitors. 
Pivotal structure-activity relationship (SAR) studies have led to the 
development of LC-SF-14, a promising lead for cancer treatment.

2. Results

2.1. Rational design strategy for SHP2 and FGFR dual inhibitors

Firstly, we investigated the synergistic effect of the dual inhibition of 
FGFR and SHP2 via synergy matrix analysis. KATOIII cell lines were 
cotreated with gradients concentrations of FGFR inhibitor infigratinib 
and SHP2 inhibitor SHP099. HSA synergy score >0 designates a syn
ergistic effect. As shown in Fig. 1E, cotreatment with infigratinib and 
SHP099 showed pronounced synergistic effects in inhibiting KATOIII 
cell proliferation (HSA synergy score = 22.018). This result indicated co- 
targeting SHP2 and FGFR may offer a promising therapeutic option.

Next, a structure-based drug design strategy was used to develop 
dual inhibitors capable of targeting both SHP2 and FGFR by analyzing 
the known structural features of SHP099 and BGJ398 (infigratinib) 
bound to SHP2 and FGFR1, respectively. Based on the co-crystal struc
ture of the SHP2-SHP099 (PDB: 5EHR) complex, both the left-side 
piperidinamine motif and the right-side 2,3-dichlorophenyl motif in 
SHP099 point towards the solvent (Fig. 2A). We preferentially focused 
on the right dichlorophenyl region as the potential tethering site for 
bifunctional molecule design as the amino aromatic region is well 
tolerated with various substituents and the polar interactions of the 
piperidinamine motif with SHP2 are essential [44,45]. On the other 
hand, we leveraged the binding mode of BGJ398 in the FGFR kinase 
domain, which indicated that the piperazine group was exposed to the 

solvent region; therefore, it could be utilized as a suitable linker teth
ering site bifunctional molecule such as proteolysis-targeting chimeric 
(PROTAC) as described in our recent study (Fig. 2B) [46]. Accordingly, 
we designed and synthesized dual inhibitors of SHP2 and FGFR for the 
first time via a fused pharmacophore strategy and evaluated these 
compounds in vitro and in vivo.

2.2. Enzyme inhibitory activity screening and SAR study

To test our hypothesis, compound 1 was synthesized by merging the 
FGFR inhibitor BGJ398 and SHP2 inhibitor SHP099 to assess its enzy
matic activities. 3-amino-2-chlorobenzenethiol hydrochloride and 3- 
bromo-6-chloropyrazin-2-amine were subjected to a Cu(I)-catalyzed 
cross-coupling reaction to produce the SHP2-binding part (Scheme 1). 
The FGFR binding motif was obtained through an SNAr reaction with 
4,6-dichloropyropyridine and tert-butyl 4-(4-aminophenyl)piperazine- 
1-carboxylate (Scheme 2). Finally, the synthesis of compound 1 was 
achieved by connecting the SHP2-binding part with the FGFR-binding 
part using methyl 3-chloro-3-oxopropanoate as a linker (Scheme 2).

To guide the SAR studies, in vitro enzymatic assays for SHP2 and 
FGFR were developed [14,46]. As shown in Table 1, although low SHP2 
inhibitory activity was observed, with a half-maximal inhibitory con
centration (IC50) of 1549 nM, compound 1 exhibited high inhibition 
potency against the purified FGFR2 kinase domain, with an IC50 value of 
42.2 nM, thus providing a good lead for further optimization.

Previous studies have shown that the length and properties of the 
linker affect the activity of bifunctional molecules. We envisioned that 
linker length optimization could improve SHP2 inhibitory activity. 
Thus, compounds 2 (LC-SF-14) and 3 with different alkyl linkers were 
designed and synthesized to improve dual-target inhibition capability, 
especially for SHP2. To our delight, compound 2 exhibited improved 
inhibition potency against SHP2 and FGFR2 with IC50 values of 71.6 and 
8.9 nM, respectively. LC-SF-14 was ~21-fold and 5-fold more potent 
than lead compound 1 against SHP2 and FGFR2, respectively. Surpris
ingly, further attempts to increase the alkyl linker length (compound 3) 
lowered the SHP2 binding affinity, with an IC50 value of 614 nM. These 
results demonstrate that linker length can have a considerable influence 
on the efficacy of bifunctional molecules. The various linkers of LC-SF- 
14 may lead to different conformations of the binary complexes, thus 
serving as key factors contributing to SHP2 and FGFR inhibition.

We further modified the structure of compound 2 in order to explore 

Fig. 2. Rationale of the SHP2 and FGFR dual inhibitors. (A) Structure of the SHP099-SHP2 and BGJ398 (infigratinib)-FGFR1 co-crystal complexes. (B) Design 
strategy for SHP2 and FGFR dual inhibitors.

L. Zheng et al.                                                                                                                                                                                                                                   European Journal of Medicinal Chemistry 294 (2025) 117745 

3 



the SAR. we designed compounds 4–6, which differ from compounds 
1–3 by the absence of a piperazine group, in order to explore the effect of 
the piperazine group in the linker chain on activity (Scheme 2). The 
results indicated that the binding affinity of compounds 4–6 to SHP2 
tunnel site is considerably diminished following the elimination of the 
piperazine ring, although compound 4 continues to exhibit a degree of 
inhibitory effect on FGFR2. Furthermore, to further explore the linker, 
we replaced the aryl piperazine group in compound 1 with different 
alkyl linkers yielding compounds 7 and 8. It was observed that the two 
compounds exhibited a complete loss of inhibitory efficacy against both 
SHP2 and FGFR upon the removal of the piperazine moiety and the 
benzene ring (Table 1). This suggests that these structural moieties are 
crucial for the compounds’ bioactivity against both targets.

Finally, we studied the effect of a longer flexible linker on activity 
and synthesized compounds 9 and 10 (Scheme 3). However, these two 
compounds did not exhibit improved FGFR and SHP2 inhibitory activ
ities in vivo. Together, these results suggest that the aryl piperazine 
fragments may play a critical role in maintaining the activity of the 
FGFR/SHP2 dual inhibitors. The promising enzymatic data for the active 
compound LC-SF-14 validated that our design strategy for SHP2/FGFR 
bifunctional molecules was feasible, and LC-SF-14 was subjected to 
further investigations.

2.3. LC-SF-14 is a potent dual inhibitor of SHP2 and FGFR2

Owing to its bifunctional properties, LC-SF-14 is considered able to 
simultaneously interact with FGFR kinase and its downstream adaptor 
protein SHP2 among RTK signaling, thereby blocking SHP2 docking to 
the long tail of FRS2α (Fig. 3A–B). Compound LC-SF-14 showed a low 
IC50 value against full-length SHP2 The dose-response 6,8-difluoro-4- 
methylumbelliferyl phosphate (DiFMUP) biochemical assay for LC-SF- 
14 is shown in Fig. 3C. To verify the allosteric binding site of LC-SF- 
14, compound LC-SF-14 was chosen for further in vitro studies. A trun
cated SHP2 protein (SHP2PTP) and a tunnel site binding-deficient mutant 
(SHP2T253M/Q257L) were constructed and purified for the DiFMUP 
biochemical assay as previous described [47]. The SHP2PTP mutant 
caused SH2 domain reorganization and a missing tunnel site, while the 
SHP2T253M/Q257L mutant was designed to disrupt the interaction be
tween LC-SF-14 and the SHP2 tunnel site. As shown in Fig. 3D–F, both 
mutations completely abolished the SHP2 inhibitory activity of 
LC-SF-14, suggesting that LC-SF-14 inhibits the catalytic activity of 
SHP2 via direct binding to its tunnel allosteric site and stabilizes the 
enzyme in the inactive conformation.

Infigratinib, the parental FGFR binding component of LC-SF-14, is a 
pan-FGFR inhibitor. Thus, we next investigated the target selectivity of 
LC-SF-14 among the four conserved FGFR subfamily member including 
FGFR1-4. Compared to FGFR2, LC-SF-14 showed moderate selectivity 

Scheme 1. Synthesis of Target Compounds 19a-19c:Reagents and conditions: (a) tert-butylthiol, Cs2CO3, DMF, 120 ◦C, 36 h; (b) conc. HCl, 80 ◦C, 6 h; (c) K3PO4, CuI, 
1,4-dioxane, 1,10-phenanthroline, 90 ◦C, 20 h; (d) DIPEA, DMSO, 100 ◦C, 6 h; (e) DIPEA, DCM, 0 ◦C-rt, 1 h; (f) LiOH–H2O, THF, Methanol, H2O, 0 ◦C-rt, 3 h.

Scheme 2. Synthesis of Target Compounds 1–8: Reagents and conditions: (a) DIPEA, IPA, DMF, 40 ◦C, 18 h; (b) methylamine, 1-Butanol, DIPEA, 120 ◦C, 12 h; (c) 
DIPEA, toluene, 80 ◦C, 16 h; (d) TFA, DCM, rt, 2 h, (e) 19a-c, HATU, DIPEA, DMF, rt, 2 h; (f) 19b, HATU, DIPEA, DMF, rt, 2 h; (g) TFA, DCM, rt, 2 h.
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for FGFR1 (~3.6-fold) and FGFR3 (~5.1-fold) in biochemical assays 
(Fig. 3G–I). Remarkably, LC-SF-14 demonstrated >1000-fold selectivity 
for FGFR4 (Fig. 3J). The kinase domain of FGFR4 is structurally diver
gent from that of FGFR1-3. Previous studies have indicated that FGFR4 
inhibition is related to adverse effects in the clinic; thus, these data 
indicated the increased overall safety profile of LC-SF-14 [48]. The high 
potency of LC-SF-14 against FGFR2 revealed a biochemical profile 
distinctly different from that of the lead compound infigratinib. The 
unique FGFR2 selectivity of LC-SF-14 may originate from the fact that 
after the SHP099 fragment is linked, it affects the interaction between 
infigratinib and other isoforms (FGFR1/3/4).

To investigate whether compound LC-SF-14 exhibits dual-binding 
capability to FGFR kinase and its downstream adaptor protein SHP2, 
we employed a biolayer interferometry (BLI)-based ternary complex 
formation assay. In this established protocol, biotinylated FGFR2 kinase 

domain (FGFR2KD) was immobilized onto streptavidin-coated sensor 
tips. The functionalized sensors were first incubated with LC-SF-14- 
containing buffer to allow compound binding, followed by exposure to 
full-length SHP2 solution to assess ternary complex formation. As 
illustrated in Fig. 3K, LC-SF-14 demonstrated direct binding to FGFR2KD, 
forming a binary FGFR2KD-LC-SF-14 complex. Remarkably, this binary 
complex exhibited specific binding affinity for SHP2, resulting in the 
formation of a tertiary FGFR2-LC-SF-14-SHP2 complex. Control exper
iments conducted in the absence of LC-SF-14 revealed no detectable 
direct interaction between FGFR2 and SHP2 (Fig. 3L). These findings 
strongly suggest that LC-SF-14 possesses the molecular capacity to 
simultaneously engage both FGFR kinase and its downstream effector 
SHP2, potentially enabling dual-target modulation in cellular systems. 
Based on these promising biochemical results, LC-SF-14 was selected for 
the treatment of FGFR2-driven cancer in vivo.

2.4. LC-SF-14 inhibits FGFR2-FRS2α-SHP2-MAPK signaling and 
suppresses the proliferation of gastric cancer cells

Next, we assessed the functional consequences of LC-SF-14-mediated 
dual SHP2 and FGFR inhibition in FGFR2-driven cancer cells. As the 
proliferation of KATOIII cells were strongly driven by FGFR2-FRS2α- 
SHP2 signaling, we examined the anti-proliferative effects of LC-SF-14. 
The anti-proliferative IC50 of LC-SF-14 was 9.2 nM after 72 h of incu
bation (Fig. 4A). In contrast, SHP099 and infigratinib exhibited 179- and 
2-fold lower potencies, respectively, as demonstrated by the KATO III 
proliferation assay, with IC50 values of 1650 and 18.6 nM, respectively.

We next evaluated the effect of LC-SF-14 on FGFR-SHP2 signalling in 
KATOIII and SNU16 cells. Levels of pFGFR, pERK, and pP90RSK in cells 
were evaluated after 12 h of incubation with infigratinib, SHP099 or LC- 
SF-14 at 20 nM. As shown in Fig. 4B–C, FGFR phosphorylation was 
significantly suppressed upon infigratinib and LC-SF-14 treatment. 
These results indicated that LC-SF-14 retained its inhibition potency 
against FGFR. Further, we verified the inhibitory activities of different 
compounds on the phosphorylation level of SHP2 downstream protein 
pERK and pP90RSK (Fig. 4B–C). The results showed that LC-SF-14 
exhibited stronger downstream protein phosphorylation inhibition 
than infigratinib and SHP099. These results suggest that dual inhibition 
of FGFR and SHP2 can more effectively inhibit the FGFR2 downstream 
signalling. In addition, the immunofluorescence results showed that LC- 
SF-14 exhibited a stronger inhibitory effect against ERK phosphorylation 
than the two parental compounds (Fig. 4D). We also examined the gene 
expression of dual specificity phosphatase 6 (DUSP6), a phosphatase and 
negative regulator of ERK [20]. Compared to treatment with infigratinib 
or SHP099 alone, dual inhibitor LC-SF-14 treatment led to greater sup
pression of DUSP6 expression (Fig. 4E). The toxicity of LC-SF-14 to 
HEK293T cells was further evaluated. The result indicated that LC-SF-14 
showed no significant inhibitory activity HEK293T with low FGFR2 
expression (Fig. S1). Taken together, this cellular evidence indicates the 
advantages of co-targeting SHP2 and FGFR2.

2.5. Binding mode of the SHP2-FGFR2 dual inhibitor

To explore the target binding mode of the newly discovered SHP2/ 
FGFR2 dual inhibitor, LC-SF-14 was docked to the tunnel allosteric 
binding site of SHP2 and the kinase domain of FGFR2. As shown in 
Fig. 5A, the SHP2 binding part of the bifunctional molecule LC-SF-14 
was bound to the tunnel site created through the interface of the PTP 
and two SH2 domains. LC-SF-14 forms key hydrogen bonds with Glu- 
249 and Glu-250 from the PTP domain of SHP2 and Phe-113 from the 
N-SH2 and C-SH2 linkers. Compared with the parent compound 
SHP099, the introduction of a carbonyl group in the linker of LC-SF-14 
formed extra hydrogen bonds with Arg-111 from the linker of the two 
SH2 domains. The FGFR binding region of LC-SF-14 occupies the kinase 
domain in a manner similar to that of infigratinib. In particular, LC-SF- 
14 formed two key hydrogen bonds in the backbone hinge region of 

Table 1 
In vitro SHP2 and FGFR inhibitory activities of target compounds 

Compds Linker Kinase inhibition (IC50 nM)

SHP2 FGFR2

1 1549 42.2

2 (LC-SF-14) 71.6 8.9

3 614.0 124.4

4 246.1 49.3

5 310.8 131.2

6 145.8 110.2

7 1008 300.8

8 749.3 827.6

9 4199 473.2

10 2690 313.5

SHP099 72.37 >10000

Infigratinib >10000 4.5
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FGFR2 (Fig. 5B). The substitution at the 4-position fits into the hydro
phobic pocket of the kinase, whereas the linker and SHP2 binding part 
faces outward to the solvent area of FGFR. Collectively, the putative 
docking results revealed a favorable binding mode for the SHP2/FGFR2 
dual inhibitor LC-SF-14 and demonstrated its potent inhibitory activity 
against both SHP2 and FGFR2.

2.6. Selectivity study of LC-SF-14 against PTPs and kinases

Because of the highly conserved RTK and PTP catalytic domains, it is 
challenging to discover selective inhibitors [49]. To investigate the se
lective profile of compound LC-SF-14, inhibitory activities were 
screened among a panel of kinases and mammalian PTPs. LC-SF-14 was 
tested against a panel of 80 kinases at 1 μM (Fig. 5C and Table S1). This 
kinome screening result showed compound LC-SF-14 had a potent 
inhibitory effect on FGFR2 (inhibition rate = 99.7 %) and had no 
obvious off-targets among all the other tested kinases (inhibition rate 
<30 %).

On the other hand, to investigate the selectivity of compound LC-SF- 
14 among PTPs, a panel of 7 representative different types of PTP en
zymes were expressed and purified, including a receptor type PTP 
(PTPRA), two non-receptor PTPs (PTPN1 and PTPN12), a VH1-like PTP 
(PRL2), and a class II PTP (LMW-PTP). As shown in Fig. 5D, LC-SF-14 
showed no significant inhibitory activity against other PTPs. A high 
level of target selectivity of LC-SF-14 was achieved owing to the unique 
allosteric site of SHP2 among all PTP families.

2.7. Evaluation of LC-SF-14 in vivo

Based on the high selectivity and potency of LC-SF-14, we next 
assessed the efficacy of LC-SF-14 in vivo. We evaluated the pharmaco
kinetic properties (PK) of LC-SF-14 in rats (Table S2). The results indi
cated that the bifunctional molecule LC-SF-14 displayed unfavorable PK 
properties with low oral bioavailability (F = 2.6 %), which may be due 
to its relatively high molecular weight and lipophilicity. Thus, the in vivo 
antitumor efficacy of LC-SF-14 was evaluated by intraperitoneal injec
tion (i.p.).

The FGFR2-overexpressed gastric cancer cell line SNU-16 (FGFR2- 
amplified) was used to assess the in vivo activity of LC-SF-14. Nude mice 

with subcutaneous SNU-16 xenografts were intraperitoneally injected 
with LC-SF-14 at doses of 10 and 20 mg/kg daily. The administration of 
LC-SF-14 achieved 41.06 % and 85.62 % growth inhibition, respectively 
(Fig. 6A–C). No body weight loss was observed in mice receiving low or 
high doses of LC-SF-14 (Fig. 6D).

To further investigate the efficacy of the dual inhibitor LC-SF-14 on 
FGFR2-SHP2-MAPK signaling in vivo, tumor tissues were analyzed by 
western blotting. LC-SF-14 administration resulted in significant inhi
bition against FGFR2 A-loop tyrosine as well as downstream PLCγ and 
Erk phosphorylation after 10 mg/kg dose daily treatment compared to 
the vehicle group (Fig. 6E). Notably, mice which received a 20 mg/kg 
dose of LC-SF-14 had markedly decreased phosphorylation levels of 
FGFR2, PLCγ, and ERK1/2 in tumor tissue, which was also indicated by 
the Ki-67 staining results (Fig. 6F). Thus, LC-SF-14 is an efficient SHP2/ 
FGFR2 dual inhibitor in vivo and a novel agent for FGFR2-driven gastric 
cancer treatment.

3. Discussion

The modulation of SHP2 activity is a promising strategy for treating 
RTK-related cancers. Since 2016, several SHP2 potent allosteric in
hibitors have been developed for the treatment of solid tumors. Despite 
favorable preclinical results, the clinical performance of SHP2 inhibitors 
as monotherapy paradigms remains suboptimal [19]. Recently, SHP2 
inhibitor-based combination therapies have emerged. The synergistic 
combination of SHP2 inhibitors with kinase inhibitors or antibodies 
shows significant benefits in enhancing therapeutic efficacy and over
coming resistance. An increasing number of clinical trials are investi
gating the outcomes of allosteric SHP2 inhibitors combined with 
inhibitors of EGFR, KRAS, CDK, MEK, and BRAF.

Compared with combination therapy using multiple drugs, dual- 
target inhibitors have shown advantages such as lower tissue toxicity 
and lower dosage requirements [50]. Based on the synergistic effect of 
the SHP2 inhibitor, SHP099, in combination therapy, significant evi
dence indicates the development of bifunctional molecules co-targeting 
SHP2 and FGFR may offer a promising therapeutic option for the 
treatment of FGFR-driven cancer.

In this study, we designed and synthesized a series of dual inhibitors 
of SHP2 and FGFR2 using a pharmacophore fusion strategy. Through 

Scheme 3. Synthesis of Target Compounds 9 and 10: Reagents and conditions: (a) TCFH, NMI, THF, MeCN, 6 h, rt; (b) NaOH, MeOH, THF, H2O, rt, 8 h; (c) 25b, 
HATU, DIPEA, DMF, rt, 2 h; (d) TFA, DCM, rt, 2 h; (e) piperidine, MeCN, rt, 2 h; (f) 11-bromoundecanoic acid, K2CO3, KI, DMF, 60 ◦C, 12 h.
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structural optimization and SAR studies, we obtained compound LC-SF- 
14, a dual inhibitor of SHP2/FGFR2, which showed the most effective 
and balanced inhibitory activity. Our study demonstrates that linker 
length and composition work together to determine the potency of 
SHP2/FGFR2 dual inhibitors. Subsequent studies have shown that the 
rationally designed SHP2/FGFR2 dual inhibitor, LC-SF-14, shows high 
selectivity for RTKs and PTPs. The mechanism study further shows that 
the compound LC-SF-14 inhibits the growth of FGFR2-driven tumors by 
co-inhibiting FGFR2 and SHP2 and downregulating the expression of p- 
ERK and p-P90RSK. It also showed superior anti-proliferative activity 
against FGFR2-driven gastric cancer cell lines compared to the two 

parental inhibitors. To the best of our knowledge, this is the first report 
of a bifunctional molecule that co-targets RTK and PTP. However, LC-SF- 
14 exhibited relatively poor oral bioavailability in the plasma PK pa
rameters of mice. Therefore, studies on the structural optimization of 
these derivatives are currently underway to achieve better plasma 
pharmacokinetic properties. In addition, the superior antiproliferative 
activity of LC-SF-14 has prompted us to further explore the efficacy of 
LC-SF-14 against other FGFR2-driven cancer types.

Fig. 3. Discovery of LC-SF-14 as a potent dual inhibitor of SHP2 and FGFR2. (A) Chemical structure of bifunctional LC-SF-14. (B) Schematic graph showing that 
LC-SF-14 simultaneously interacts with the FGFR kinase domain and the allosteric site of the downstream protein, SHP2. (C–E) Dose-response DiFMUP assays for LC- 
SF-14 with SHP2WT (C), SHP2PTP (D), and SHP2T253M/Q257L (E). (F) Sites with the T253 M/Q257L double mutation in the SHP2 tunnel site. N-SH2, C-SH2, and PTP 
domains are indicated in blue, green, and yellow, respectively. (G–J) Biochemical kinase inhibitory activity of LC-SF-14 against FGFR1− 4. (K–L) Ternary complex (K) 
and binary complex (L) BLI assay illustrating immobilized FGFR2KD throughout noted the binding and wash steps (FGFR2KD: 1.10 μg ml− 1, SHP2: 1.10 μg ml− 1).
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4. Experimental section

4.1. Chemistry

The synthetic procedure and analytical data are as follows: Reagents 
and solvents were obtained from commercial suppliers and used without 
additional purification. The progress of all the reactions was routinely 
monitored using thin-layer chromatography (TLC) on silica gel GF254. 
The chromatographic column used for separation and purification 
contained 200–300 mesh silica gel powder supplied by Qingdao Ocean 
Corporation. The 1H and 13C NMR spectra were acquired on a Bruker 
400 MHz spectrometer using DMSO‑d6 as the solvent. The 1H NMR 
spectra were reported in parts per million (ppm) relative to tetrame
thylsilane (TMS), whereas the 13C NMR spectra were reported in ppm 
with 1H decoupling. In the presented spectral data, the format (δ) of 
chemical shift (multiplicity, J values in Hz, integration) was used, with 
abbreviations such as s (singlet), brs (broad singlet), d (doublet), t 
(triplet), q (quartet), and m (multiple). For electrospray ionization (ESI) 
mass spectrometry (MS), a Waters Alliance (e2695) equipped with a Q 
Da and PDA detector (2998) was used. High-resolution mass spec
trometry (HRMS) was performed using an Agilent G6520 quadrupole 
time-of-flight mass spectrometer in the electrospray mode. The purity of 
all synthetic compounds was determined by HPLC analysis and found to 
be >95 %.

The synthetic approaches for the preparation of compounds 19a-19c 
are outlined in Schemes 1. The synthesis of 12 began with an SNAr re
action utilizing 2-chloro-3-fluoroaniline (11) and tert-butylthiol, facili
tated by a base. Subsequently, the tert-butyl group was eliminated from 
compound 12 through a deprotection process using concentrated 

hydrochloric acid, resulting in intermediate 13. The Cu(I)-catalyzed 
cross-coupling reaction between intermediate 13 and 3-bromo-6-chlor
opyrazin-2-amine (14) produced 15. Compound 15 was then sub
jected to a reaction with tert-butyl (4-methylpiperidin-4-yl)carbamate in 
the presence of DIPEA as a base in DMSO at 100 ◦C for 6 h, yielding the 
key intermediate 16. This intermediate further reacted with methyl 3- 
chloro-3-oxovalerate derivatives (17a-17c), which differed in carbon 
chain length. The final step involved hydrolysis of the methyl ester 
group to obtain the desired intermediates 19a-19c.

Target compounds 1–8 were synthesized by the reaction of in
termediates 24a-24d with 4,6-dichloropyropyridine, as depicted in 
Schemes 2. For example, the combination of aromatic amines 21 and 22 
with 4,6-dichloropyrimidine and methylamine, respectively, yielded 
intermediates 24a and 24b. These intermediates were then reacted with 
isocyanate, followed by treatment with TFA, to produce the desired 
intermediates 25a and 25b. Following this, intermediates 19a-19c were 
combined with 25a and 25b and subjected to TFA treatment, resulting 
in the formation of target compounds 1–6. Alternatively, the SNAr re
action of aliphatic amines 23a and 23b with 4,6-dichloropyrimidine led 
to the formation of intermediates 24c and 24d. These intermediates 
underwent reaction with isocyanate and subsequent TFA treatment to 
yield intermediates 25c and 25d. Finally, the reaction of intermediate 
19b with 25c and 25d, followed by TFA treatment, led to the synthesis 
of the target compounds 7 and 8.

As illustrated in Scheme 3, the preparation of compound 9 involved a 
series of chemical reactions. Initially, intermediates 16 and 16-(benzy
loxy)-16-oxohexadecanoic acid (26) underwent amide condensation 
with TCFH and NMI as the coupling reagents. This step was achieved by 
adding NaOH to yield the intermediate 28. Subsequently, intermediate 

Fig. 4. LC-SF-14 inhibits the proliferation and FGFR2 signaling in cells. (A) Proliferation assay of LC-SF-14, infigratinib, or SHP099 on KATOIII cancer cells. 
(B–C) Levels of pFGFR, pERK, and pP90RSK in KATOIII (B) and SNU16 (C) cells after 12 h of incubation with infigratinib, SHP099 or LC-SF-14 at 20 nM (Experiments 
were performed in biological triplicates with similar results). (D) KATOIII cells treated with compound LC-SF-14, infigratinib, or SHP099 were stained with DAPI and 
p-ERK antibodies. (E) DUSP6 mRNA expression in KATOIII cells treated with indicated compounds for 12 h.
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28 was combined with intermediate 25b, which had been previously 
treated with TFA. This final reaction sequence resulted in the formation 
of target compound 9.

The preparation of compound 10 is illustrated in Scheme 3. A key 
step involves the amide condensation of 16 with 12-(4-(((9H-fluoren-9- 
yl)methoxy)carbonyl)piperazin-1-yl)acetic acid (29), facilitated by 
TCFH and NMI as coupling agents. This reaction was followed by 
removal of the Fmoc protecting group, resulting in the formation of 
intermediate 31. Subsequently, intermediate 31 underwent nucleophilic 
substitution with 11-bromoundecanoic acid, leading to the formation of 
intermediate 32. The final step involved amide condensation between 
intermediate 32 and compound 25b, followed by the removal of the Boc 
protecting group. These reactions culminated in the synthesis of com
pound 10.

3-(tert-Butylthio)-2-chloroaniline (12).
To a solution of tert-butylthiol (23.5 mL, 18.7 g, 206.1 mmol, 3.0 

equiv) and 2-chloro-3-fluoroaniline (10.0 g, 68.7 mmol, 1 equiv) in 
anhydrous DMF (80 mL), cesium carbonate (56.0 g, 171.8 mmol, 2.5 
equiv) was added at rt. The reaction mixture was then heated to 120 ◦C 
and stirred for 36 h under a nitrogen atmosphere. After cooling, the 
reaction solution was extracted with NH4Cl (100 ml) and EtOAc (60 mL 
× 3). The combined organic layers were washed with saline water and 
dried using Na2SO4. Removal of the volatiles under reduced pressure 
followed by flash chromatography purification resulted in an 89 % yield 
of compound 13, which can be directly used for the next reaction.

3-Amino-2-chlorobenzenethiol Hydrochloride (13).
A concentrated hydrochloric acid solution (170 mL) was used to 

suspend 3-(tert-Butylthio)-2-chloroaniline (19.5 g, 90.4 mmol). The 
mixture was then heated and stirred at 80 ◦C for 6 h. After cooling, 
volatile compounds were eliminated by applying reduced pressure, and 
the white solid was washed with a mixed solution (30 mL, hydrochloric 
acid: n-hexane = 1:2) to give 3-amino-2-chlorophenylthiol hydrochlo
ride (13.8 g, 73 %), which was then directly employed in the subsequent 
stage.

3-((3-Amino-2-chlorophenyl)thio)-6-chloropyrazin-2-amine (15).
K3PO4 (29.74 g, 140.1 mmol, 2.6 equiv), CuI (2.05 g, 10.8 mmol, 0.2 

equiv), and 1,10-phenanthroline (3.89 g, 21.6 mmol, 0.4 equiv) were 
added to the dioxane (200 ml) solution of 3-bromo-6-chloropyrazin-2- 
amine (11.15 g, 53.9 mmol, 1 equiv) and 3-amino-2-chlorobenzenethiol 
hydrochloride (13.8 g, 70.05 mmol, 1.3 equiv). After degassing three 
times, stir the mixture at 90 ◦C in dry N2 for 16 h. The reaction mixture 
was cooled to rt, dilute with EtOAc, and filtered through the Celite. 
Afterward, the solvent was removed under reduced pressure and puri
fied by flash chromatography (n-hexane: EtOAc = 4:1) with a yield of 70 
% to obtain 3-((3-Amino-2-chlorophenyl)thio)-6-chloropyrazin-2-amine 
as a yellow solid.

tert-Butyl (1-(6-amino-5-((3-amino-2-chlorophenyl)thio)pyrazin-2- 
yl)-4-methylpiperidin-4-yl (16).

A solution of compound 15 (10 g, 35.1 mmol, 1.0 equiv) and tert- 
butyl (4-methylpiperidin-4-yl) carbamate (13.1 mg, 61 mmol, 2.0 equiv) 

Fig. 5. LC-SF-14 selectivity target SHP2 and FGFR. (A) Predicted binding mode of compound LC-SF-14 with SHP2 tunnel site. (B) Predicted binding mode of LC- 
SF-14 with FGFR kinase domain. (C) Kinase selectivity profile of LC-SF-14 against 80 kinases assayed at the concentration of 1 μM. (D) Inhibitory activities of 
compound LC-SF-14 against representative mammalian PTPs from different subfamilies at 1 μM.
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in DMSO (200 ml) was treated with DIPEA (30.5 ml, 175.5 mmol, 5.0 
equiv). The resulting mixture was then heated at 100 ◦C for 6 h. After 
allowing the mixture to cool down to rt, it was poured into cold water 
containing saturated aqueous NH4Cl (6.95 mol/l, 50 ml) and extracted 
with 100 ml of EtOAc three times. The combined organic layer was 
washed with water and saturated salt water, dried with Na2SO4, and 
subsequently evaporated under vacuum. The resulting residue was pu
rified using flash chromatography (n-hexane: EtOAc = 4:1), obtaining 
compound 16 as a white solid with an 84 % yield.

Methyl 3-((3-((3-Amino-5-(4-((tert-butoxycarbonyl)amino)-4-meth
ylpiperidin-1-yl)pyrazin-2-yl)thio)-2-chlorophenyl)amino)-3-oxopropa
noate (18a).

A solution containing tert-butyl (1- (6-amino-5- ((3-amino-2-chlor
ophenyl) thio) pyrazine-2-yl) -4-methylpiperidine-4-yl) 16 (317 mg, 
0.682 mmol, 1 equiv) and DIPEA (592.6 μl, 3.14 mmol, 5 equiv) in DCM 
(5 ml) was cooled to 0 ◦C. Methyl 3-chloro-3-oxopropionate (109.7 μl, 
1.02 mmol, 1.5 equiv) was added dropwise and the mixture was stirred 
for 1 h. The reaction mixture was then warmed to rt and stirred for an 
additional 2 h before being poured into a solution of aq. NaHCO3 (50 
ml). After extraction with DCM (20 ml × 3), the combined organic layer 
was washed with saline, dried with Na2SO4, and evaporated under 
vacuum. The resulting residue was purified using flash chromatography 
(n-hexane: EtOAc = 4:1) to yield 18a as a white solid with a 72 % yield.

3-((3-((3-Amino-5-(4-((tert-butoxycarbonyl)amino)-4-methylpiper
idin- 1-yl)pyrazin-2-yl)thio)-2-chlorophenyl)amino)-3-oxopropanoic 
Acid (19a).

We added 80.5 mg (1.96 mmol, 4 equiv) of lithium hydroxide 
monohydrate to a solution of 18a (277 mg, 0.49 mmol, 4 equiv) in a 
mixture of THF/MeOH/H2O (3:2:1) at 0 ◦C and stirred it for 1 h. Then, 

the reaction mixture was heated to room temperature and stirred for 2 h. 
After quenching with a solution of 1.14 mol/l NH4Cl to achieve pH~3, 
we extracted the resulting mixture with 20 ml of EtOAc three times. The 
organic layer was washed with saline, dried using anhydrous Na2SO4, 
and concentrated under reduced pressure. The obtained residue was 
further purified using flash chromatography (MeOH/DCM = 1:30), 
resulting in a yield of 85 % and obtaining compound 19a as a white 
yellow solid.

tert-Butyl 4-(4-((6-(Methylamino)pyrimidin-4-yl)amino)phenyl) 
piperazine-1-carboxylate (24a).

IPA (8 ml) was mixed with DIPEA (3.2 ml, 18.42 mol, 3 equiv) and 
4,6-Dichloropyrimidine (1 g, 6.76 mmol, 1.1 equiv). tert-Butyl 4-(4- 
aminophenyl)piperazine-1-carboxylate (1.7 g, 6.14 mmol, 1 equiv) 
dissolved in 7 ml of IPA was then added dropwise and further stirred at 
40 ◦C for 16 h. The crude product, a white solid (1.92 g), was obtained 
by evaporating an appropriate amount of solvent and filtering, without 
needing any additional purification. In a separate reaction, DIPEA (2.8 
ml, 15 mmol, 3 equiv) and methylamine (30 %wt 5 ml, 30 mmol, 6 
equiv) were added to a 1-butanol solution of tert-Butyl 4-(4-((6-chlor
opyrimidin-4-yl)amino)phenyl)piperazine-1-carboxylate (1.92 g, 5 
mmol, 1 equiv). The mixture was heated in a pressure tubing at 120 ◦C 
for 12 h. After cooling and evaporating the solvent, the product 24a was 
obtained with a yield of 98 %.

tert-butyl (4-((6-(methylamino)pyrimidin-4-yl)amino)phenyl)carba
mate (24b)

The preparation method of this compound is similar to that of 
compound 24a, and the product was obtained with a yield of 87 %.

tert-butyl (2-((6-(methylamino)pyrimidin-4-yl)amino)ethyl)carba
mate (24c)

Fig. 6. Evaluation of LC-SF-14 in vivo. (A) Antitumor efficacy of LC-SF-14 in a SNU-16 xenograft model. Six SNU-16 tumor-bearing BALB/c nude mice were treated 
with vehicle or LC-SF-14 at 10 and 20 mg/kg/day. Tumor sizes were recorded every 2–3 days. (B) Tumor images of each group after LC-SF-14 (10 mg/kg), LC-SF-14 
(20 mg/kg), or vehicle treatment. (C) Tumor weights in each group after treatment with vehicle or different dose of LC-SF-14. (E) Western blot analysis of tumor 
tissue lysates for the phosphorylation levels of FGFR, PLCγ, and Erk. (F) Representative images of immunohistochemical staining for Ki-67 in tumor tissues.
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The preparation method of this compound is similar to that of 
compound 24a, and the product was obtained with a yield of 83 %.

tert-butyl (4-((6-(methylamino)pyrimidin-4-yl)amino)butyl)carba
mate (24d)

The preparation method of this compound is similar to that of 
compound 24a, and the product was obtained with a yield of 67 %.

3-(2,6-Dichloro-3,5-dimethoxyphenyl)-1-methyl-1-(6-((4-(piper
azin-1-yl)phenyl)amino)pyrimidin-4-yl)urea (25a).

Triethylamine was added slowly to THF (40 ml) containing 2,6- 
Dichloro-3,5-dimethoxyaniline (888 mg, 4 mmol, 2 equiv) and tri
phosgene (593.4 g, 2 mmol, 1 equiv) at a temperature of − 10 ◦C, under 
nitrogen protection. The temperature of the reaction gradually increased 
to rt, resulting in the formation of a white precipitate. The reaction was 
allowed to proceed for 1 h. The crude isocyanate obtained after heating 
to 80 ◦C and refluxing for 1 h was resuspended in toluene. To a mixture 
of toluene (60 ml) containing the isocyanates, tert-butyl 4-(4-((6- 
(methylamino)pyrimidin-4-yl)amino)phenyl)piperazine-1-carboxylate 
(1.54 g, 4 mmol, 2 equiv) and DIPEA (1.4 ml, 8 mmol, 4 equiv) were 
added, and the mixture was reacted at 80 ◦C for 18 h. The crude product 
was purified by flash chromatography (using DCM/MeOH in a ratio of 
30:1) to yield a white solid (800 mg). tert-Butyl 4-(4-((6-(3-(2,6- 
dichloro-3,5-dimethoxyphenyl)-1,3-dimethylureido)pyrimidin-4-yl) 
amino)phenyl)piperazine-1-carboxylate (800 mg) was dissolved in a 
mixture of DCM/TFA (1:1, 10 ml) and stirred at rt for 2 h. The solvent 
was then evaporated, and the residue was dissolved in THF and stirred 
with saturated aqueous NaHCO3 solution (1.54 mol/l) for 30 min. The 
resulting brown precipitate was filtered, washed with water, and dried 
to obtain 25a as a yellow solid with a yield of 65 %.

1-(6-((4-aminophenyl)amino)pyrimidin-4-yl)-3-(2,6-dichloro-3,5- 
dimethoxyphenyl)-1-methylurea (25b)

The preparation method of this compound is similar to that of 
compound 25a, and the product was obtained with a yield of 54 %.

1-(6-((2-aminoethyl)amino)pyrimidin-4-yl)-3-(2,6-dichloro-3,5- 
dimethoxyphenyl)-1-methylurea (25c)

The preparation method of this compound is similar to that of 
compound 25a, and the product was obtained with a yield of 61 %.

1-(6-((3-aminopropyl)amino)pyrimidin-4-yl)-3-(2,6-dichloro-3,5- 
dimethoxyphenyl)-1-methylurea (25d)

The preparation method of this compound is similar to that of 
compound 25a, and the product was obtained with a yield of 46 %.

N-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-3-(4-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)piperazin-1- 
yl)-3-oxopropanamide (1)

A solution of 25a (69.76 mg, 0.131 mmol, 1 equiv) was introduced to 
a solution containing 19a (72.2 mg, 0.131 mmol,1 equiv) in DIPEA (114 
l, 0.655 mmol, 5 equiv) and DMF (2 ml). Following that, HATU (54.80 
mg, 0.144 mmol, 1.1 equiv) was added and the reaction mixture was 
stirred at rt for 1 h. Afterward, the mixture was poured into cold water 
(10 ml) and extracted with EtOAc (5 ml × 3). The combined organic 
layer was washed with water and salt water, dried with Na2SO4, and 
then evaporated under vacuum. The resulting residue was dissolved in 
DCM (3 ml) and treated with TFA (1 ml) at 0 ◦C. The final product was 
purified using flash chromatography (DCM/MeOH = 10:1) to obtain the 
compound 1 a yield of 43 %. 1H NMR (400 MHz, DMSO‑d6) δ 12.10 (s, 
1H), 10.21 (s, 1H), 9.58 (s, 1H), 8.41 (s, 1H), 7.66 (d, J = 4.4 Hz, 2H), 
7.47 (d, J = 8.4 Hz, 2H), 7.18 (t, J = 8.1 Hz, 1H), 7.03–6.94 (m, 2H), 
6.90 (s, 1H), 6.51–6.40 (m, 2H), 6.19 (s, 2H), 3.94 (s, 6H), 3.87–3.81 (m, 
2H), 3.66 (q, J = 5.3, 4.8 Hz, 4H), 3.48 (dt, J = 13.1, 5.8 Hz, 2H), 3.32 (s, 
3H), 3.12 (dt, J = 25.9, 5.1 Hz, 4H), 2.51–2.46 (m, 4H), 1.64 (d, J = 6.6 
Hz, 4H), 1.28 (s, 3H). 13C NMR (101 MHz, DMSO) δ 166.37, 162.15, 
159.62, 156.32, 154.69, 154.09, 153.33, 147.30, 137.99, 136.15, 
135.00, 127.60, 122.62, 122.34, 121.65, 120.78, 117.01, 113.49, 
113.04, 97.04, 57.17, 50.63, 49.64, 49.26, 46.09, 45.84, 41.81, 41.62, 
40.55, 40.34, 40.13, 39.92, 39.71, 39.50, 39.30, 36.30, 32.17, 25.64, 
11.78. ESI-HRMS: m/z 964.2759 [M +H] + (calcd for C43H48Cl3N13O5S, 

964.2760).
N-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 

thio)-2-chlorophenyl)-4-(4-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)piperazin-1- 
yl)-4-oxobutanamide (2)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 53 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.05 (s, 1H), 9.54 (d, J = 23.1 Hz, 2H), 
8.39 (s, 1H), 7.63 (s, 1H), 7.45 (d, J = 8.6 Hz, 2H), 7.33 (t, J = 8.0 Hz, 
1H), 7.15–7.12 (m, 1H), 6.97–6.94 (m, 2H), 6.90 (s, 2H), 6.45–6.40 (m, 
2H), 6.23 (s, 1H), 3.94 (s, 6H), 3.71 (dd, J = 13.4, 5.6 Hz, 4H), 3.57 (d, J 
= 3.9 Hz, 4H), 3.30 (s, 3H), 3.13–3.10 (m, 2H), 3.04 (d, J = 5.3 Hz, 2H), 
2.91–2.86 (m, 2H), 2.68 (t, J = 3.6 Hz, 2H), 1.85 (s, 2H), 1.53 (d, J = 6.0 
Hz, 4H), 1.19 (s, 3H). 13C NMR (101 MHz, DMSO) δ 176.18, 169.83, 
168.96, 161.75, 159.23, 156.17, 155.96, 155.88, 154.28, 153.78, 
153.70, 152.91, 147.01, 138.74, 136.00, 134.59, 131.57, 127.81, 
126.99, 121.95, 120.65, 120.36, 116.57, 112.87, 112.65, 111.98, 96.67, 
56.75, 49.28, 49.09, 48.92, 41.12, 36.87, 31.76, 28.71, 27.67, 26.84. 
ESI-HRMS: m/z 978.2909 [M +H] + (calcd for C44H50Cl3N13O5S, 
978.2917).

N-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-5-(4-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)piperazin-1- 
yl)-5-oxopentanamide (3)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 47 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.05 (s, 1H), 9.53 (d, J = 22.5 Hz, 2H), 
8.40 (s, 1H), 7.64 (s, 1H), 7.45 (d, J = 8.6 Hz, 2H), 7.43–7.39 (m, 1H), 
7.16 (t, J = 8.0 Hz, 1H), 6.99–6.88 (m, 4H), 6.46–6.41 (m, 2H), 6.14 (s, 
1H), 3.94 (s, 6H), 3.76–3.68 (m, 4H), 3.54 (dd, J = 14.2, 9.1 Hz, 4H), 
3.31 (s, 3H), 3.10 (d, J = 5.4 Hz, 2H), 3.06 (d, J = 5.2 Hz, 2H), 2.47–2.41 
(m, 4H), 1.88 (s, 1H), 1.84 (t, J = 7.5 Hz, 2H), 1.54 (t, J = 5.7 Hz, 3H), 
1.23 (s, 2H), 1.20 (s, 3H). 13C NMR (101 MHz, DMSO) δ 170.31, 162.95, 
158.97, 155.90, 154.28, 153.70, 152.92, 135.91, 134.59, 121.94, 
120.38, 116.58, 112.99, 112.65, 97.96, 56.76, 49.17, 48.93, 44.95, 
40.92, 36.78, 31.76, 31.59, 21.85, 20.90, 20.86. ESI-HRMS: m/z 
992.3068 [M +H] + (calcd for C45H52Cl3N13O5S, 992.3073).

N1-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-N3-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)malonamide 
(4)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 63 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.00 (s, 1H), 10.26 (s, 1H), 10.09 (s, 1H), 
9.69 (s, 1H), 8.45 (s, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.64 (s, 1H), 7.58 (s, 
4H), 7.19 (t, J = 8.0 Hz, 1H), 6.91 (s, 1H), 6.51 (s, 1H), 6.43 (dd, J = 7.9, 
1.4 Hz, 1H), 6.14 (s, 2H), 5.76 (s, 1H), 3.94 (s, 6H), 3.76–3.70 (m, 2H), 
3.62 (s, 2H), 3.57 (d, J = 6.6 Hz, 2H), 1.55 (t, J = 5.6 Hz, 4H), 1.23 (s, 
2H), 1.20 (s, 3H). 13C NMR (101 MHz, DMSO) δ 165.73, 165.67, 161.57, 
159.32, 155.98, 155.89, 154.30, 153.70, 152.92, 137.61, 135.65, 
135.37, 134.57, 133.88, 127.25, 121.84, 120.78, 120.38, 119.99, 
113.01, 112.68, 96.70, 90.64, 56.77, 54.98, 49.75, 44.62, 36.37, 31.82, 
29.10, 25.88. ESI-HRMS: m/z 895.2184 [M +H] + (calcd for 
C39H41Cl3N12O5 S, 895.2182).

N1-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-N4-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)succinimide 
(5)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 28 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.04 (s, 1H), 10.01 (s, 1H), 9.65 (d, J =
13.2 Hz, 2H), 8.44 (d, J = 0.8 Hz, 1H), 7.64 (s, 1H), 7.57 (t, J = 7.7 Hz, 
4H), 7.49–7.44 (m, 1H), 7.16 (t, J = 8.0 Hz, 1H), 6.90 (s, 1H), 6.50 (s, 
1H), 6.43 (dd, J = 8.0, 1.5 Hz, 1H), 6.12 (s, 2H), 3.94 (s, 6H), 3.71–3.66 
(m, 2H), 3.63 (d, J = 5.6 Hz, 2H), 3.58 (d, J = 5.3 Hz, 2H), 3.33 (s, 3H), 
2.74 (d, J = 9.3 Hz, 2H), 2.66 (d, J = 6.7 Hz, 2H), 1.52 (t, J = 5.7 Hz, 
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4H), 1.18 (s, 3H). 13C NMR (101 MHz, DMSO) δ 170.87, 169.99, 161.59, 
159.27, 155.89, 154.27, 153.71, 152.89, 137.57, 135.91, 134.65, 
134.56, 127.01, 122.37, 120.83, 120.36, 119.54, 112.81, 112.66, 96.98, 
56.75, 48.58, 40.14, 39.93, 39.73, 39.52, 39.31, 39.10, 38.89, 37.40, 
31.78, 31.36, 31.20, 30.92, 30.72, 28.70, 27.87. ESI-HRMS: m/z 
909.2342 [M +H] + (calcd for C40H43Cl3N12O5S, 909.2338).

N1-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-N5-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)glutaramide 
(6)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 25 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.02 (s, 1H), 9.93 (s, 1H), 9.62 (d, J =
31.1 Hz, 2H), 8.44 (s, 1H), 7.63 (s, 1H), 7.56 (q, J = 9.1 Hz, 4H), 7.44 
(dd, J = 8.0, 1.5 Hz, 1H), 7.17 (t, J = 8.0 Hz, 1H), 6.90 (s, 1H), 6.50 (s, 
1H), 6.45 (dd, J = 8.0, 1.5 Hz, 1H), 6.10 (s, 2H), 3.94 (s, 6H), 3.71 (dt, J 
= 13.5, 4.9 Hz, 2H), 3.55 (td, J = 8.3, 3.9 Hz, 2H), 3.33 (s, 3H), 3.28 (s, 
2H), 2.46 (t, J = 7.2 Hz, 2H), 2.39 (t, J = 7.4 Hz, 2H), 1.93 (q, J = 7.3 Hz, 
2H), 1.44 (q, J = 5.0 Hz, 4H), 1.10 (s, 3H). 13C NMR (101 MHz, DMSO) δ 
171.24, 170.53, 161.60, 159.29, 155.92, 154.29, 153.77, 152.91, 
137.65, 135.89, 134.70, 134.57, 127.00, 124.04, 123.36, 122.63, 
120.82, 120.39, 119.68, 112.68, 112.49, 97.76, 90.16, 56.76, 47.35, 
40.39, 40.20, 40.15, 39.99, 39.94, 39.78, 39.73, 39.57, 39.52, 39.36, 
39.31, 39.10, 38.89, 38.52, 35.50, 35.02, 31.79, 29.96, 27.99, 21.14. 
ESI-HRMS: m/z 923.2507 [M +H] + (calcd for C41H46Cl3N12O5S, 
923.2495).

N1-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-N4-(2-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)ethyl)succinimide (7)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 33 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.23 (s, 1H), 9.60 (s, 1H), 8.30 (s, 1H), 
8.06 (s, 4H), 7.67 (s, 1H), 7.63 (s, 1H), 7.46 (dd, J = 8.1, 1.5 Hz, 1H), 
7.15 (t, J = 8.0 Hz, 1H), 6.89 (s, 1H), 6.43 (dd, J = 8.0, 1.5 Hz, 1H), 6.20 
(s, 2H), 3.94 (s, 9H), 3.28 (ddd, J = 25.2, 16.4, 6.0 Hz, 8H), 2.64 (t, J =
7.0 Hz, 2H), 2.42 (t, J = 7.3 Hz, 2H), 1.73 (t, J = 6.1 Hz, 4H), 1.38 (s, 
3H). 13C NMR (101 MHz, DMSO) δ 172.06, 170.99, 163.48, 158.57, 
158.23, 155.85, 154.29, 153.60, 152.95, 137.35, 135.97, 134.62, 
127.02, 122.53, 120.36, 113.73, 112.60, 96.61, 56.75, 52.06, 34.17, 
31.81, 30.51, 22.01. ESI-HRMS: m/z 861.2347 [M +H] + (calcd for 
C36H43Cl3N12O5S, 861.2338).

N1-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-N4-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)butyl)succinimide (8)

The preparation method of this compound is similar to that of 
compound 1, and the product was obtained with a yield of 42 %. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.34 (s, 1H), 9.60 (s, 1H), 8.27 (s, 1H), 
7.96 (q, J = 7.4, 5.7 Hz, 1H), 7.62 (s, 2H), 7.43 (t, J = 6.4 Hz, 1H), 7.14 
(td, J = 8.0, 3.2 Hz, 1H), 6.89 (s, 1H), 6.42 (dd, J = 7.9, 1.5 Hz, 1H), 6.18 
(s, 1H), 6.08 (s, 2H), 3.93 (s, 6H), 3.76–3.70 (m, 2H), 3.52 (t, J = 4.8 Hz, 
2H), 3.26 (s, 4H), 3.17 (s, 1H), 3.10–3.05 (m, 2H), 2.89 (s, 2H), 2.82 (s, 
1H), 2.68 (dd, J = 4.4, 2.7 Hz, 2H), 2.62 (d, J = 2.6 Hz, 2H), 2.40 (t, J =
7.3 Hz, 2H), 2.34 (p, J = 1.5 Hz, 1H), 1.47–1.43 (m, 4H), 1.09 (s, 3H). 
13C NMR (101 MHz, DMSO) δ 172.12, 171.09, 163.73, 158.97, 158.66, 
158.35, 158.04, 155.99, 154.36, 153.85, 153.05, 142.61, 138.08, 
136.02, 134.75, 127.07, 121.82, 118.84, 115.87, 112.89, 112.63, 79.37, 
56.83, 56.18, 48.34, 47.78, 38.35, 38.25, 30.61, 26.75. ESI-HRMS: m/z 
889.2654 [M +H] + (calcd for C36H43Cl3N12O5S, 889.2651).

16-((3-((3-Amino-5-(4-((tert-butoxycarbonyl)amino)-4-methyl
piperidin-1-yl)pyrazin-2-yl)thio)-2-chlorophenyl)amino)-16-oxohex
adecanoic Acid (28).

TCFH (432.23 mg, 1.54 mmol, 1.3 equiv) was added to MeCN/THF 
(1: 1, 7 ml) at room temperature, along with 16 (550 mg, 1.185 mmol, 1 
equiv),16-(benzyloxy)-16-oxohexadecanoic acid (535.04 mg, 1.422 
mmol, 1.2 equiv), and NMI (340.51 mg, 4.15 mmol, 3.5 equiv), and 
stirred for 3 h. Afterward, the resulting mixture was poured into cold 

water (210 ml) and extracted with EtOAc (20 ml × 3). The combined 
organic layer was washed with water and saline solution, dried with 
Na2SO4, and evaporated under vacuum to obtain crude 27, which was 
directly used in the next step. The crude 27 was dissolved in MeOH/ 
THF/H2O (2:1:1,8 ml), and NaOH was added. The mixture was stirred at 
room temperature for 8 h. The pH was adjusted to 6 and then diluted 
with EtOAc (30 ml) and water (30 ml). The combined organic layer was 
washed with water and saline solution, dried with Na2SO4, and evapo
rated under vacuum. The resulting residue was purified by flash chro
matography (DCM/MeOH = 30:1), yielding 28 as a white solid with a 
yield of 26 %.

N1-(3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin-2-yl) 
thio)-2-chlorophenyl)-N16-(4-((6-(3-(2,6-dichloro-3,5-dimethox
yphenyl)-1-methylureido)pyrimidin-4-yl)amino)phenyl)hex
adecanediamide (9)

A solution of 25a (100 mg,0.216 mmol,1 equiv) was combined with 
a solution of 16-((3-((3-Amino-5-(4-((tert-butoxycarbonyl)amino)-4- 
methylpiperidin-1-yl)pyrazin-2-yl)thio)-2-chlorophenyl)amino)-16- 
oxohexadecanoic Acid (158.49 mg, 0.216 mmol, 1 equiv) in DIPEA 
(139.58 μl,1.08 mmol,5 equiv) and DMF (3 ml). HATU (90 mg, 0.23 
mmol, 1.1 equiv) was subsequently added, and the mixture was stirred 
at rt for 1 h. The resulting mixture was then added to cold water (80 ml) 
and extracted with EtOAc (20 ml × 3). The combined organic layer was 
washed with water and salt water, dried with Na2SO4, and evaporated 
under a vacuum. The resulting residue was dissolved in DCM (3 ml), and 
TFA (1 ml) was added at 0 ◦C. The compound was further purified using 
flash chromatography (DCM/MeOH = 10:1) to yield compound 9 with 
17 % yield. 1H NMR (400 MHz, DMSO‑d6) δ 12.02 (s, 1H), 9.84 (s, 1H), 
9.63 (s, 1H), 9.49 (s, 1H), 8.43 (s, 1H), 7.64 (s, 1H), 7.59–7.49 (m, 4H), 
7.40 (d, J = 7.9 Hz, 1H), 7.15 (t, J = 8.0 Hz, 1H), 6.91 (s, 1H), 6.48 (s, 
1H), 6.43 (d, J = 8.0 Hz, 1H), 6.13 (s, 2H), 3.94 (s, 6H), 3.79–3.72 (m, 
2H), 3.53 (s, 2H), 3.32 (s, 3H), 2.39–2.33 (m, 2H), 2.27 (t, J = 7.4 Hz, 
2H), 1.57 (q, J = 6.7, 5.6 Hz, 8H), 1.27 (d, J = 12.5 Hz, 25H). 13C NMR 
(101 MHz, DMSO) δ 172.20, 171.28, 161.05, 158.69, 156.26, 154.31, 
153.11, 138.15, 136.49, 134.68, 127.05, 120.80, 119.65, 112.68, 56.78, 
36.79, 36.40, 36.29, 36.08, 31.81, 31.58, 29.13, 28.90, 28.78, 28.67, 
25.27. ESI-HRMS: m/z 1077.4220 [M +H] + (calcd for 
C52H64Cl3N12O5S, 1077.4216).

tert-Butyl (1-(6-Amino-5-((2-chloro-3-(2-(piperazin-1-yl)- acetamido) 
phenyl)thio)pyrazin-2-yl)-4-methylpiperidin-4-yl)-carbamate (31). TCFH 
(214.87 mg, 0.766 mmol, 1.3 equiv) was added to a mixture of MeCN/ 
THF (1:1, 6 ml) containing 16 (247 mg, 0.532 mmol, 1 equiv), 2-(4-(((9H- 
fluoren-9-yl)methoxy)carbonyl)piperazin-1-yl)acetic acid (246 mg, 
0.672 mmol, 1.1 equiv), and NMI (174.86 mg, 2.13 mmol, 3.5 equiv) at rt. 
The mixture was stirred for 6 h. Then, the reaction mixture was mixed 
with cold water (30 ml) and the resulting solution was extracted with 
EtOAc (30 ml). The combined organic layer was washed with water and 
salt water, and dried with Na2SO4. The solvent was evaporated under 
vacuum, resulting in crude 30, which was directly used in the next step. 
The crude 30 was dissolved in piperidine (2 ml) and MeCN (10 ml), and 
stirred at rt for 2 h. The solvent was then diluted with EtOAc (30 ml) and 
water (50 ml). The combined organic layer was washed with water and 
salt water, and dried with Na2SO4. The solvent was evaporated under a 
vacuum. The residue was purified using flash chromatography (DCM/ 
MeOH = 30:1) to obtain 31 (144 mg, 48 % yield) as a white solid.

11-(4-(2-((3-((3-Amino-5-(4-((tert-butoxycarbonyl)amino)-4methyl
piperidin-1-yl)pyrazin-2-yl)thio)-2-chlorophenyl)amino)-2oxoethyl) 
piperazin-1-yl)undecanoic Acid (32).

K2CO3 (3.0 equiv) and KI (1.2 equiv) were introduced to a solution 
containing the intermediate compound 31 (118 mg, 0.2 mmol) and 11- 
bromoundecanoic acid (1.2 equiv), all dissolved in DMF (5.0 mL). The 
reaction mixture was agitated for a duration of 12 h at a temperature of 
60 ◦C. Subsequently, the reaction was diluted with the addition of EtOAc 
(30 mL) and water (30 mL). The layers were separated and washed with 
water, followed by drying over anhydrous Na2SO4 to remove residual 
moisture. The solution was filtered to remove the drying agent, and the 
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filtrate was subjected to concentration under reduced pressure. The 
resulting residue was subjected by pre-HPLC to yield the desired product 
32 as a white solid, with an obtained mass of 71 mg and a yield of 46 %.

11-(4-(2-((3-((3-amino-5-(4-amino-4-methylpiperidin-1-yl)pyrazin- 
2-yl)thio)-2-chlorophenyl)amino)-2-oxoethyl)piperazin-1-yl)-N-(4-((6- 
(3-(2,6-dichloro-3,5-dimethoxyphenyl)-1-methylureido)pyrimidin-4-yl) 
amino)phenyl)undecanamide (10)

A solution of 11-(4-(2-((3-((3-Amino-5-(4-((tert-butoxycarbonyl) 
amino)-4-methylpiperidin-1-yl)pyrazin-2-yl)thio)-2-chlorophenyl) 
amino)-2-oxoethyl)piperazin-1-yl)undecanoic Acid (37 mg,0.0478 
mmol, 1 equiv) in DIPEA (41,5 μl, 0.239 mmol, 5 equiv) and DMF (2 ml) 
was treated with 25a (22.07 mg, 0.0478 mmol, 1 equiv). HATU (20 mg, 
0.0517 mmol, 1.1 equiv) was then added, and the reaction mixture was 
stirred at room temperature for 1 h. The resulting mixture was poured 
into 60 ml of cold water and extracted with 20 ml of EtOAc. The com
bined organic layer was washed with water and saline solution, dried 
with Na2SO4, and evaporated under vacuum. The residue was dissolved 
in 3 ml of DCM and treated with 1 ml of TFA at 0 ◦C. Finally, compound 
10 was obtained with a yield of 27 % by purifying the mixture through 
flash chromatography using DCM/MeOH as the solvent in a ratio of 
10:1.1H NMR (400 MHz, DMSO‑d6) δ 12.03 (s, 1H), 10.00 (s, 1H), 9.87 
(s, 1H), 9.66 (s, 1H), 8.43 (s, 1H), 8.04 (dd, J = 8.3, 1.5 Hz, 1H), 7.61 (s, 
1H), 7.58–7.51 (m, 4H), 7.19 (t, J = 8.1 Hz, 1H), 6.90 (s, 1H), 6.50 (s, 
1H), 6.39 (dd, J = 8.0, 1.5 Hz, 1H), 6.08 (s, 2H), 3.94 (s, 6H), 3.73 (dd, J 
= 11.7, 6.6 Hz, 2H), 3.52 (dd, J = 8.9, 4.2 Hz, 2H), 3.32 (s, 2H), 3.16 (s, 
3H), 2.67 (dt, J = 3.6, 1.8 Hz, 1H), 2.33 (dt, J = 3.6, 1.8 Hz, 1H), 
2.30–2.24 (m, 5H), 1.60–1.56 (m, 2H), 1.42 (dt, J = 8.3, 4.6 Hz, 7H), 
1.25 (d, J = 11.4 Hz, 18H), 1.08 (s, 3H). 13C NMR (101 MHz, DMSO) δ 
171.09, 168.60, 158.36, 158.06, 157.75, 155.93, 154.32, 153.85, 
152.94, 137.68, 135.19, 121.84, 120.39, 119.65, 118.86, 115.88, 
112.67, 112.13, 79.28, 57.91, 56.79, 53.15, 52.92, 47.14, 40.20, 40.14, 
39.99, 39.94, 39.78, 39.73, 39.57, 39.52, 39.36, 39.31, 39.10, 38.89, 
36.40, 31.81, 30.37, 29.09, 29.05, 29.03, 28.88, 28.77, 27.03, 26.41, 
25.27, 24.60. ESI-HRMS: m/z 1119.4447 [M +H] + (calcd for 
C53H70Cl3N14O5S, 1119.4434).

4.2. Protein expression

FGFR2 Kinase domain (P458-E768) was cloned to pET28a, with a 
cleavable N-terminal 8xHis tag. Kinase was co-expression with YopH in 
the E. coli. The protein was purified using His FF, HiTrap Q and Superdex 
75 colums. The N-terminal His tag was cleaved by TEV protease after 1st 
round purification, and the protein was purified via 2nd affinity chro
matography. The PTPN11 gene encodes the full-length SHP2 was cloned 
into the pET30 vector and expressed in BL21 (DE3) E. coli cells. The cell 
lysis purified by Ni-NTA gravity column, HiTrap Q anion-exchange 
column and followed by size-exclusion chromatography. The purified 
SHP2 proteins were fast frozen and stored at − 80 ◦C until further use.

4.3. Cell culture

The KATO III and SNU16 gastric cancer cell lines were kindly pro
vided by the Cell Bank of the Chinese Academy of Sciences. KATO III and 
SNU16 cells were cultured in RPMI-1640 (BC-M-017) supplemented 
with 10 % FBS (Cat. BC-SE-FBS07, Bio-Channel) and 1 % penicillin/ 
streptomycin (Cat. BL505A; Biosharp), and cells were cultured at 37 ◦C 
with 5 % CO2.

4.4. Western blot assay

Cells were lysed to obtain proteins, followed by a centrifugation 
process at 12,000 rpm for a span of 10 min at 4 ◦C. The supernatant was 
carefully separated and the protein concentration of each sample was 
determined using the Rapid Gold BCA Protein Assay (Cat. A55861, 
ThermoFisher). The protein levels of all samples were regulated to 
ensure uniformity. Proteins were denatured using heat at a temperature 

of 100 ◦C for a duration of 10 min upon mixture with 5x protein loading 
buffer. The prepared samples were then segregated on SDS-PAGE and 
transferred to polyvinylidene difluoride (PVDF) membranes. These 
membranes underwent incubation at 4 ◦C overnight with primary 
antibody, diluted in a 5 % BSA-buffered TBST. The attached antibodies 
were visualized using a SuperPico ECL Chemiluminescence Kit (Cat. 
P10300A; Vazyme Biotech), and subsequent images were captured using 
the Vilber Fusion FX system.

The following primary antibodies were used: anti-phosphorylated 
fibroblast growth factor receptor (p-FGFR; Tyr653/654) (1:1000; cat. 
#3476), anti-FGFR2 (1:1000, Cat. #11835), anti-PLCγ1 antibody 
(1:1000, Cat. #5690). These were purchased from Cell Signaling Tech
nology. The anti-p-ERK1/2(Thr202/Tyr204) (1:2000, Cat. ET1610-13), 
anti-ERK1/2 (1:2000, Cat. ET1601-29), and anti-GAPDH (1:2000, Cat. 
ET1601-4) antibodies were purchased from Huabio. The anti-p-PLCγ1 
(Tyr783) antibody (1:1000, Cat# AF3210) and HRP-conjugated goat 
anti-rabbit IgG secondary antibodies (1:100000, Cat. No. HA1001) were 
purchased from Affinity Biosciences.

4.5. DiFMUP assay

Classical phosphatase substrate DiFMUP (Cat. D6567, Thermo Fisher 
Scientific) was used to evaluate SHP2 enzyme activity using a fluores
cence assay. A fluorescence assay was performed in a 384-well plate 
(cat. #781086, Griener). The compounds were diluted with dimethyl 
sulfoxide to a concentration of 10 mM. Three variants of protein, SHP2- 
FL, SHP2-PTP, and SHP2T253M/Q257L, all at 0.5 nM, were mixed with 5 μL 
of the test compounds in varied proportions along with an added 0.5 μM 
of pIRS-1 peptide. This particular peptide was procured from China
Peptides Company based in Shanghai, possessing a purity level 
exceeding 97 %. After a co-incubation period of 0.5 h, DiFMUP was 
added to initiate the reaction, which was then left at room temperature 
for 30 min. The reaction was halted by introducing the reaction stop 
reagent bpV(Phen). The measurement data were captured using a plate 
reader (SpectraMax iD5, Molecular Devices) at excitation and emission 
wavelengths of 340 and 450 nm, respectively.

4.6. BLI assay

For the binding assay of the formation of the ternary complex, we 
used the Octet Red 96 system (ForteBio). Biotinylated FGFR2 proteins 
were diluted to 1.10 μg ml− 1 in Octet buffer (25 mM HEPES pH 8.0, 150 
mM NaCl, 0.02 % Tween-20 and 0.02 % BSA). Sample were loaded onto 
Super streptavidin biosensors (ForteBio, 18–5057) for 160 s, washed in 
the Octet buffer for 300 s, quenched with 6.25 μM d-biotin for 100 s, and 
washed in the Octet buffer for 300 s. Washed biosensor were dipped in 
10 μM LC-SF-14 for 150 s, and then washed in the Octet buffer for 300s. 
Finally, generated binary complexes were immersed in the SHP2 protein 
(1.10 μg ml− 1) for 300 s, and then washed for 300s.

4.7. Kinome selectivity profiling

The kinase selectivity of LC-SF-14 on the 80 kinases panel was 
evaluated using HTRF or ADP-Glo assays conducted by ICE Bioscience 
Inc., Beijing. In both assays, 100 × of the compound to be tested was 
transferred to a 384-well plate using ECHO, followed by the addition of 
2 × kinase and metal solution, centrifugation at 1000 rpm for 1 min, and 
incubation at 25 ◦C for 10 min 2 × substrate and ATP solution prepared 
in kinase buffer was added to a 384-well plate, followed by centrifuga
tion at 1000 rpm for 1 min and incubation at 25 ◦C for 60 min. For the 
HTRF assay, the kinase detection reagent contained XL665 and an 
antibody. The fluorescence signals at 620 nm (cryptate) and 665 nm 
(XL665) were recorded using a microplate reader. In the ADP-Glo assay, 
luminescence signals of the ADP-Glo reagent were recorded using a 
microplate reader. The readout value of the reaction control (1 % 
DMSO) was set at 0 % inhibition, and the readout value of background 
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(10 μM positive control) was set at 100 % inhibition; then the percent 
inhibition of each test solution was calculated. 

% Inhibition was calculated as follows:                                                

% Inhibition=
{

1 −
Datacompound − Datapositive

Datavehicle − Datapositive

}

× 100 

Datacompound: The average ratio for the positive controls (10 μM)
Datavehicle: The average ratio for the vehicle controls (1 % DMSO)

4.8. Cell viability assay

Cell viability was evaluated using a Cell Counting Kit-8 (CCK-8) kit 
(Cat. K1018; APExBIO). Cells were seeded on 96-well plates (6.0 × 103 

cells/well). Once they reached 70–80 % confluence, the cells were 
treated with DMSO or the indicated drugs. After 24 h, cells were added 
to CCK-8 solution and incubated for 1 h. The absorbance was measured 
at 450 nm using a SpectraMax iD5 microplate reader.

4.9. Immunofluorescence

KATO III cells treated with 100 nM BGJ398 or LC-SF-14 were fixed 
with 2 % formaldehyde in PBS for 2 min and blocked with 5 % w/v BSA 
in PBS for 1 h. Cells were incubated with anti-p-ERK antibody (Cat. 
#R1310-10, Huabio) overnight. The cells were washed thrice with PBS 
and incubated with an Alexa Fluor 488-conjugated secondary antibody 
(Cat. #A0423; Beyotime Biotechnology) for 1 h, and stained with DAPI 
(4′,6diamidino-2-phenylindole, Cat. #C1002, Beyotime Biotechnology) 
for 10 min. Cells were observed by fluorescence microscopy using an 
EVOS M7000 imaging system (Thermo Fisher).

4.10. Animals

For profiling pharmacokinetic properties, LC-SF-14 was mixed in a 
solvent composed of 10 % N-methylpyrrolidone, 70 % saline, and 20 % 
PEG-400, and the pH was adjusted to 7. Male Sprague-Dawley rats were 
subjected to two different routes of administration of the LC-SF-14 so
lution. Intravenous injection was administered at a dose of 2 mg/kg, 
whereas oral administration was administered at a dose of 20 mg/kg. 
Following treatment, blood samples were drawn from each rat at 1, 2, 3, 
4, 6, 8, 12, and 24 h (p.o.), or at 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h (i. 
v.). The samples were centrifuged, and the plasma supernatant was 
obtained and subjected to LC− MS/MS analysis (Triple Quad 6500+; 
SCIEX).

For the xenograft model, male BALB/c nude mice (20− 22 g) were 
divided into six distinct groups: vehicle, 10 mg/kg LC-SF-14, and 20 mg/ 
kg LC-SF-14. Subsequently, a suspension of 5 × 106/mL SNU-16 cells 
was subcutaneously injected into the right flank of nude mice, eventu
ally culminating in an average tumor volume of 50–100 mm3. Each 
compound or vehicle was prepared as a solution containing 10 % N- 
methylpyrrolidone, 70 % saline, and 20 % PEG-400 for intragastric 
delivery. Control mice were orally administered equivalent volumes of 
vehicle. To monitor xenograft progression, the body weight and tumor 
volume of the subjects were measured daily. The tumor volume was 
quantified by precisely measuring the width (w) and length (l). 
Following the completion of the treatment course, tumor specimens 
were extracted after a 4 h post-treatment period for further analysis.

4.11. Statistics and reproducibility

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