
iScience

Article

ll
OPEN ACCESS
AXL and SHC1 confer crizotinib resistance in
patient-derived xenograft model of ALK-driven
lung cancer
SCID Beige Mice

Crizotinb Resistant Mice

Alectinib

Asp3026

crizotinb

crizotinb

After Two Weeks

crizotinb

phosphoscan

Crizotinb Resistant Mice tumor growth inhibited

cell proliferation inhibitedNCI-H3122 cells

siSHC1

IP (P-Tyr-100 mAb)

crizotinb

AXL-inhibitor

Bemcentinib

+

+

Yerong Hu,

Yangzhao Zhou,

Wenliang Liu, ...,

Xinmin Zhou, Yu Li,

Ling Tan

yulihunan@126.com (Y.L.)

dr.tanling@csu.edu.cn (L.T.)

Highlights
The first large-scale

phosphoproteomic

profiling on crizotinib-

resistant PDX mice

100 proteins of

phosphorylation status

were changed in crizotinib-

resistant mice

Phosphorylation of AXL

and SHC1 was highly

increased in crizotinib-

resistant mice

The combining of AXL

inhibitor or siSHC1 with

crizotinib enhanced

crizotinib effect

Hu et al., iScience 27, 110846
September 20, 2024 ª 2024
The Author(s). Published by
Elsevier Inc.

https://doi.org/10.1016/

j.isci.2024.110846

mailto:yulihunan@126.com
mailto:dr.tanling@csu.edu.cn
https://doi.org/10.1016/j.isci.2024.110846
https://doi.org/10.1016/j.isci.2024.110846
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110846&domain=pdf


iScience

Article

AXL and SHC1 confer crizotinib resistance
in patient-derived xenograft model
of ALK-driven lung cancer

Yerong Hu,1 Yangzhao Zhou,1 Wenliang Liu,2 Mingjiu Chen,2 Yimei Hao,3 Guojun Qu,4 Zhenkun Xia,2

Xinmin Zhou,1 Yu Li,4,5,6,* and Ling Tan1,6,7,*

SUMMARY

Anaplastic lymphoma kinase (ALK) inhibitor crizotinib has dramatic effect in non-small cell lung cancer pa-
tients with ALK rearrangement. However, most patients eventually develop resistance. To discover ther-
apeutic targets to overcome crizotinib resistance (CR), we generated patient-derived xenograft CR mice
and subjected them to phosphorylation profiling, together with CR mice treated with ASP3026 or alecti-
nib. We identified 100 proteins with different phosphorylation status in CRmice. Among them, AXL phos-
phorylation was increased in CR mice, which could not be reversed by ASP3026 or alectinib. Importantly,
the combined treatment of crizotinib and AXL inhibitor in CR mice significantly inhibited tumor growth,
compared to crizotinib alone. We also found that SHC1 phosphorylation was increased in CR mice and
SHC1 knockdown sensitized ALK-driven cells to crizotinib. Our study provides a new view of signaling
pathways leading to CR, suggesting AXL and SHC1 as potential targets for combination therapy to over-
come CR.

INTRODUCTION

Lung cancer is a leading cause of cancer-related death worldwide, and non-small cell lung cancer (NSCLC) accounts for approximately 85% of

all new lung cancer cases. The identification of ALK rearrangement in NSCLC patients has sparked the development of ALK inhibitors for the

treatment of ALK-rearranged NSCLC.1 Crizotinib, the first-generation of ALK inhibitor, has been approved by the US Food and Drug

Administration (FDA) to treat ALK-driven NSCLC patients.2,3 However, most patients inevitably acquired drug resistance. Around 30% of cri-

zotinib-resistant NSCLC patients develop secondary resistance-relatedmutations in the tyrosine kinase domain of ALK.4,5 Therefore, the sec-

ond-generation ALK inhibitors, ceritinib, alectinib, and brigatinib, have been developed to overcome crizotinib resistance.6 Alectinib showed

substantial efficacy against crizotinib-resistant ALK secondarymutations including the gatekeeper L1196M in vitro and in vivo; however, it was

less effective against the G1202Rmutant.7–9 A third-generation ALK inhibitor, lorlatinib, is developed and effective against all known clinically

acquired ALKmutations, including the highly resistant G1202Rmutant.10,11 Besides the aforementioned inhibitors, there are other ALK inhib-

itors that are under development.One example is ASP3026, a novel ALK inhibitor with antitumor activity against various solid tumors including

NSCLC. ASP3026 has inhibitory effects on multiple kinases such as ALK, ROS1, and SRC which differ from the kinase inhibition profile of cri-

zotinib.12,13 Recently, phase 1 studies both in the US and in Japan showed that NSCLC patients bearing ALK rearrangement might benefit

from ASP3026, with a tolerable safety profile.14

There is limited understanding of how acquired resistance develops. The possible mechanisms of resistance to crizotinib include (1) ALK

signaling-dependent activation, such as ALK secondarymutations, and copy-number amplification, themost common point mutations being

L1196M and G1269A15–18, and (2) activation of alternative survival signaling pathways or bypass pathways, including epidermal growth factor

receptor (EGFR),19–21 HER2,22 KRAS,23 SRC,24,25 and c-Met26 activations. Other mechanisms such as epithelial-mesenchymal transition (EMT)

have also been implicated in crizotinib resistance.27,28 Recently, ALK signaling-independent AXL overexpression was shown to be involved in

the acquired resistance to first- and second-generation ALK inhibitors in anNSCLC cell line harboring EML4-ALK.29 However, the exactmech-

anism of crizotinib resistance is still unknown in a large proportion of patients.
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Previous studies have shown that the responses of patient-derived xenograft (PDX) mouse models to tyrosine kinase inhibitors (TKIs)

closely approximate the clinical outcomes observed in the donors who were treated with similar TKIs.24 In this study, we generated a PDX

mouse model of crizotinib resistance, as well as a crizotinib-resistant NSCLC cell line, and used phosphoproteomics to profile the up-regu-

lated phosphorylated proteins in crizotinib-resistant PDX mice to search for the new molecules involved in the development of crizotinib

resistance.

RESULTS
Establishment of crizotinib-resistant PDX mouse model

To investigate the mechanisms underlying crizotinib resistance, we established the crizotinib-resistant PDX mouse model with human ALK-

rearranged lung cancer tissues. A total of 630 NSCLC tissue samples collected from the Second Xiangya Hospital were screened by western

blotting and multiple reverse-transcription PCR (RT-PCR) for ALK overexpression, and 20 of them were positive for ALK rearrangement (Fig-

ure 1A; Table S2). cDNAs synthesized from 20 positive samples for ALK rearrangement were subjected to sequencing analysis, and 3 EML4-

ALK variants were identified (Figure 1B; Table S2). Among them, EML4-ALK variant 3 was reported to be the most frequent ALK variant asso-

ciated with drug resistance.30 Therefore, tumor tissues from patient T5 (carrying EML4-ALK variant 3) were implanted subcutaneously into 3

severe combined immunodeficiency (SCID) Beige mice (P1). Only one mouse had developed tumors. Tumor tissues from this mouse were

then cut into 1–2 mm fragments and implanted into new hosts for next passages (P2–P5, Figure S1). mRNAs extracted from tumor tissues

of patient T5 and PDXmice were subjected to RT-PCR. The transcript rearrangement of EML4 exon 6 to ALK exon 20 (variant 3) was identified

in both the patient’s tumor and PDX tumor tissues (Figures 1B and 1C). Furthermore, the histological characteristics of the patient’s tumor

were highly similar to those of the PDX tumors (Figure 1D).

P4–P5 PDX mice were treated with crizotinib following the protocol in the STAR Methods. The last circles of these treatments shown in

Figure 2A displayed a slow growth rate and indicated acquired resistance had been achieved. To further evaluate the effects of different

ALK inhibitors on crizotinib-resistant tumors, these crizotinib-resistant PDX mice were treated with crizotinib (100 mg/kg/day), alectinib

(60 mg/kg/day), or ASP3026 (100 mg/kg/day) for almost 2 weeks. Xenograft crizotinib-resistant tumors grew from 580.9 G 268.9 mm3 to

Figure 1. ALK protein expression and the type of EML4-ALK variant in tumor tissues from NSCLC patients and PDX mice

(A) Western blot analysis of protein lysates from tumor tissues of representative NSCLC patients using antibody against ALK and GAPDH was used as a loading

control. Positions of EML4-ALK variants are indicated.

(B) Sequencing analysis of EML4-ALK variants in tumor tissues from representative NSCLC patients. ALK fragments were amplified using primer pairs listed in

Table S1. The sequence characteristics of different EML4-ALK variants are indicated by arrows, which mark the starting point of exon 20 of ALK (V1: EML4-

ALK variant 1, V2: EML4-ALK variant 2, V3: EML4-ALK variant 3).

(C) RT-PCR analysis of EML4-ALK (variant 3) expression in tumor tissues from the PDXmice (P1–P5) and donor patient (T5, P0). The PCR primers used to amplify the

EML4 and ALK cDNA are listed in Table S1. Amplification of GAPDH was used as a qualitative control of the cDNA samples.

(D) Immunohistochemical staining of tumor tissues from the patient (T5, P0) and PDX mice (P1–P5) with ALK antibody (ALK (D5F3) XP Rabbit mAb). The ALK

protein was stained in red.
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1,204.3G 404.2 mm3 in the crizotinib group (Figure 2B) but shrank from 1,020.1G 460 mm3 to 382.2G 352 mm3 in the alectinib group (Fig-

ure 2C) and from 1,000.7 G 523.3 mm3 to 274.3 G 6.7 mm3 in the ASP3026 group (Figure 2D).

Proteomic study on crizotinib-resistance tumors

Immunoblotting of tumors from PDXmice harboring EML4-ALK variant 3 under different conditions with a phosphotyrosine-specific antibody

(P-Tyr-100) showed heterogeneous reactivity especially in the molecular weight range characteristic of receptor tyrosine kinases (Figure 3A).

Compared to the control and crizotinib-sensitive mice, tyrosine phosphorylation was significantly increased in tumor tissues from crizotinib-

resistant mice, and the increase was reversed by alectinib or ASP3026, suggesting their effectiveness of overcoming crizotinib resistance.

To identify signaling pathways involved in crizotinib resistance, we carried out the PhosphoScan profiling of tyrosine phosphorylation in

crizotinib-resistant PDX tumors, crizotinib-sensitive tumors, and control tumors,31 as well as tumors from crizotinib-resistant PDXmice treated

with alectinib or ASP3026 by liquid chromatography-tandemmass spectrometry (LC-MS/MS). PhosphoScan identified 113 tyrosine phosphor-

ylation sites in 100 proteins. Spectral counts for all phosphotyrosine sites identified in PhosphoScan are listed in Table S3. Consistent with the

immunoblotting results (Figure 3A), we observed elevated tyrosine phosphorylation of many receptor tyrosine kinases (RTKs) in crizotinib-

resistant PDX mice, including ALK, AXL, discoidin domain receptor 1 (DDR1), ephrin receptor kinase A (EphA), EGFR, and Her2.

We next analyzed the distribution of protein tyrosine phosphorylation in PDX tumors based upon protein function classification. As shown

in Figure 3B, the main protein classes involved in crizotinib resistance were adhesion or extracellular matrix proteins, adaptor, and scaffold

proteins.

The partial verification of LC-MS/MS results by immunoblotting is shown in Figure 3C. In the control PDX mice tumors, ALK phosphory-

lation and expression level were decreased upon crizotinib treatment, while, in crizotinib-resistant PDXmice tumors, although crizotinib treat-

ment showed no effect on ALK phosphorylation and ALK expression level, alectinib or ASP3026 treatment resulted in the decreased ALK

phosphorylation and ALK expression. It seemed that ASP3026 had stronger effect than alectinib in terms of ALK phosphorylation inhibition.

Consistent with the PhosphoScan results, we also found that the phosphorylation of SHC1 and SRC was also increased in crizotinib-resistant

tumors and then decreased upon alectinib or ASP3026 treatment, with the stronger effect of ASP3026. On the other hand, the expression of

AXL was significantly increased in crizotinib-resistant tumors, and this increase could not be reversed by alectinib or ASP3026 treatment.

Considering that AXL mediated TKI resistance,29 this result indicates that an AXL-dependent pathway could compromise the effectiveness

of new generation of ALK inhibitors.

Figure 2. The effects of different ALK inhibitors on tumor growth in crizotinib-resistant PDX mice

(A) The tumor growth curve of the last round of crizotinib treatment (100 mg/kg/day) in 14 crizotinib-resistant PDX mice. Tumor sizes were measured every

other day.

(B) The tumor growth curves of crizotinib-resistant PDX mice further treated with crizotinib (100 mg/kg/day) and crizotinib-sensitive PDX mice treated with

crizotinib or vehicle (N = 4). Tumor volumes were measured every other day.

(C) The tumor growth curves of crizotinib-resistant PDX mice when treated with alectinib (60 mg/kg/day) and crizotinib-sensitive PDX mice when treated with

alectinib and vehicle (N = 4).

(D) The tumor growth curves of crizotinib-resistant PDX mice when treated with ASP3026 (100 mg/kg/day) and crizotinib-sensitive PDX mice when treated with

ASP3026 and vehicle (N = 4).
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New ALK inhibitors affect different signaling pathways leading to crizotinib resistance

PhosphoScan identified extensive tyrosine phosphorylation sites that changeddownstreamof ALK in crizotinib-resistant PDX tumors (Table S4).

As shown in Figure 4A and Table S4, phosphorylation levels of 100 proteins changed by more than 2.5-folds in crizotinib-resistant xenograft

tumors. Among them, the phosphorylation of 49 proteins was reversed by ASP3026 and 23 proteins by alectinib (Figure 4A). Phosphorylation

of a set of 20 proteins was decreased by both ASP3026 and alectinib (Figure 4B). This core set of proteins included SRC and Her2, which are

known to be involved in the development of crizotinib resistance. Previously unrecognized proteins involved in crizotinib resistance such asCUB

domain-containing protein 1 (CDCP1), Ephrin type-A receptor 2 and 3 (EphA2, 3), pyruvate kinase 2 (PKM2), and protein kinase C delta (PKCD)

were also identified. On the other hand, ASP3026 and alectinib had different effects on the phosphorylation of 32 proteins (Figure 4A; Table S4),

suggesting that they could overcome crizotinib resistance through different signaling pathways. As expected, ALK phosphorylation was

increased in crizotinib-resistant tumors (Figure 4C; Table S4). Interestingly, we found the ASP3026 had stronger effect than alectinib to inhibit

SHC1 phosphorylation of SHC1, a known downstream substrate of ALK, in crizotinib-resistant PDX tumors (Figure 4C; Table S4). Besides, the

phosphorylation levels of other RTKs, such as AXL, DDR1, Her2, EphA2, and EphA3, were also increased in crizotinib-resistant PDX tumors.

While alectinib andASP3026 had no effect onAXL andDDR1phosphorylation in crizotinib-resistant PDX tumors (Figure 4C; Table S4), the phos-

phorylation of Her2, EphA2, and EphA3 was decreased by alectinib and ASP3026 treatments (Figures 4B and 4C; Table S4), suggesting both

alectinib and ASP3026 could overcome crizotinib resistance through Her2-, EphA2-, and EphA3-mediated pathways.

Figure 3. PhosphoScan profiling of tumor tissues from crizotinib-resistant PDX mouse model

(A) Immunoblotting with P-Tyr-100 of crizotinib-resistant PDX tumor tissues treated with the indicated inhibitors and crizotinib-sensitive PDX tumor tissues

treated with crizotinib or vehicle (#1 and #2 represent tumor tissues from two different mice in the same group; CS, crizotinib-sensitive; CR, crizotinib-

resistant; Con, control; Criz, crizotinib; Ale, alectinib; ASP, ASP3026).

(B) PhosphoScan analysis of the proteins whose phosphorylation levels were increased by more than 2.5-folds (Table S3) in crizotinib-resistant PDX tumors

compared to crizotinib-sensitive PDX tumors by protein type (N = 2).

(C) Confirmation of MS/MS results by immunoblotting with indicated antibodies. b-actin was used as the loading control (#1and #2 represent tumor tissues from

two different mice in the same group; CS, crizotinib-sensitive; CR, crizotinib-resistant; Con, control; Criz, crizotinib; Ale, alectinib; ASP, ASP3026).

ll
OPEN ACCESS

4 iScience 27, 110846, September 20, 2024

iScience
Article



Figure 4. The cellular signaling networks involved in crizotinib resistance (N = 2)

(A) Venn diagram of 100 proteins whose phosphorylation levels were increased by more than 2.5-folds in crizotinib-resistant PDX tumors compared to crizotinib-

sensitive PDX tumors. The numbers of proteins whose phosphorylation were reversed by alectinib or ASP3026 are shown.

(B) 20 proteins whose phosphorylation in crizotinib-resistant tumors were reversedby both ASP3026 and alectinib (CS, crizotinib-sensitive; CR, crizotinib-resistant;

Ale, alectinib; ASP, ASP3026).

(C) Top 30 proteins whose increased phosphorylation in crizotinib-resistant tumors were affected by ASP3026 or alectinib (CS, crizotinib-sensitive; CR, crizotinib-

resistant; Ale, alectinib; ASP, ASP3026).
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AXL inhibition reversed crizotinib resistance in NCI-H3122-CR23 cells

As shown in Figures 3C and 4C, both AXL expression level and its phosphorylation were increased in crizotinib-resistant tumors, sug-

gesting that AXL upregulation could be involved in crizotinib resistance. To further evaluate the effects of AXL on crizotinib resistance,

we established a crizotinib-resistant NCI-H3122-CR23 cell line with an ALK kinase domain mutation F1174C (Figures 5A–5C) by

combining both high exposure and stepwise methods as described in the STAR Methods. As shown in Figure 5A, IC50 values of cri-

zotinib were 0.37 mmol/L for NCI-H3122 cells and 1.82 mmol/L for NCI-H3122-CR23 cells. We next examined the effect of the AXL in-

hibitor bemcentinib on the NCI-H3122-CR23 cells. As shown in Figure 5E, when NCI-H3122-CR23 cells were treated with crizotinib

and bemcentinib together, it enhanced the inhibitory effect of crizotinib on the proliferation of NCI-H3122-CR23 cells in a concentra-

tion-dependent manner. Consistently, the protein expression level of AXL in NCI-H3122-CR23 cells was decreased after bemcentinib

treatment in a concentration-dependent manner (Figure 5D).

AXL inhibition enhances crizotinib sensitivity in PDX mice

We then tested the effect of AXL inhibitor bemcentinib on the crizotinib-resistant PDX mouse model. As shown in Figure 5F,

after 25 days of treatment, the tumor volume increased 7.12 G 1.76-folds in control, 4.05 G 1.05-folds in crizotinib, 5.37 G 1.54-folds

in bemcentinib, and 2.12 G 0.63-fold in combined treatment. The synergistic index of the combined treatment of crizotinib and bem-

centinib was 1.22 (see the STAR Methods for the calculation), indicating that there was a synergistic effect when crizotinib 25 mg/kg/day

and bemcentinib 50 mg/kg/day were used in combination (Figure 5F). Immunoblotting analysis showed that AXL expression level

increased when using crizotinib alone, while, when bemcentinib and crizotinib were combined, AXL expression level decreased

(Figure 5G).

Knockdown of SHC1 sensitizes NCI-H3122 cells to crizotinib

Previous studies have shown that ALK provided a direct docking site for SH2 domain-containing transforming protein (SHC1) and that recruit-

ment and phosphorylation of SHC1 activated the Ras/extracellular signal-regulated kinase (ERK) pathway and promoted tumorigenesis.32,33

Consistent with these observations, we found hyperphosphorylation of SHC1 in the crizotinib-resistant PDX tumors bearing ALK phosphor-

ylation (Figure 4C).

To investigatewhether SHC1 could be involved in crizotinib resistance, wemeasured crizotinib sensitivity in EML4-ALK-driven cell lineNCI-

H3122 transfected with SHC1 small interfering RNA (siRNA) directed against SHC1. When NCI-H3122 cells were treated with crizotinib, the

phosphorylation of ALK and SHC1 phosphorylation was decreased (Figure 5H), which was consistent with the results from PDX tumors. How-

ever, unlike crizotinib treatment in PDX tumors (Figure 3C), crizotinib treatment in NCI-H3122 cells did not affect the expression level of ALK

(Figure 5H), which might be explained by the difference between PDX tumor tissues and cancer cell lines, or the duration of crizotinib treat-

ment (144 h for PDX tumors vs. 4 h for NCI-H3122 cells).We then examined the effect of siSHC1 on the crizotinib-inhibited proliferation of NCI-

H3122 cells. As shown in Figures 5I–5K, although SHC1 knockdown did not affect cell viability (not shown and Figure 5K, column 1 and 5), it

significantly enhanced the inhibitory effect of crizotinib on the proliferation of NCI-H3122 cells (Figure 5K).This suggests that destabilization of

SHC1 could sensitize ALK-positive cancer cells to crizotinib treatment.

Figure 5. The effects of bemcentinib and siSHC1 on NCI-3122 cells and crizotinib-resistant PDX tumors

(A) Cell viability assays of NCI-H3122 and NCI-H3122-CR23 cells treated with crizotinib (Criz) for 72 h. The data are presented as mean G SD from three

independent experiments.

(B) Immunoblotting with P-Tyr-100 of NCI-H3122 and NCI-H3122-CR23 cells treated with 1 mmol/L crizotinib for 4 h. Tubulin was used as the loading control.

(C) Sequencing analysis of EML4-ALK showing a kinase domain heterozygous mutation F1174C in NCI-H3122-CR23. TTC in exon 23 of the ALK kinase region is

replaced by TGC.

(D) Immunoblotting of AXL in NCI-H3122-CR23 cells treated with different concentrations of bemcentinib (Bemcen) and NCI-H3122 with Veh (vehicle) for 72 h.

Cell lysates were probed with the indicated antibodies. Tubulin was used as the loading control.

(E) The viability of NCI-H3122-CR23 measured by MTS assay after treatment of bemcentinib (Bemcen) in combination with crizotinib (Criz) for 72 h. Results are

representative of three independent experiments. The data are presented as mean G SD. **p % 0.01. ***p % 0.001.

(F) The inhibition effect by the combined treatment of crizotinib and bemcentinib in the crizotinib-resistant PDX mouse model. Tumor volume fold changes and

TIR (tumor inhibition ratio) were indicated with drugs. TIR was calculated after the 25-day treatment. *p < 0.05. **p < 0.01. ***p % 0.001.

(G) Immunoblotting of AXL and ALK in crizotinib-resistant PDX tumors treated with drugs indicated under the same conditions as in Figure 5F. Tissue lysates

were probed with the indicated antibodies. Tubulin was used as the loading control. Veh, Vehicle; Criz, crizotinib; Criz and Bemcen, crizotinib and

bemcentinib.

(H) Immunoblotting of NCI-H3122 cells treated with 1 mmol/L crizotinib for 4 h. Cell lysates were probed with the indicated antibodies. Veh, vehicle; Criz,

Crizotinib.

(I) SHC1 mRNA levels in NCI-H3122 cells transfected with SHC1 siRNAs (siSHC1) for 72 h. Cells mRNA were amplificated with the primers presented in Table S1.

Cont siRNA, negative control virus vector; #1 and #2 were two different interfering sequences of SHC1 mRNA.

(J) Immunoblotting of NCI-H3122 cells transfected with SHC1 siRNAs (siSHC1) #2 for 72 h; cell lysates were probed with the indicated antibodies.

(K) Cell viability assay of NCI-H3122 cells. NCI-H3122 cells were transfected with SHC1 siRNAs (siSHC1) #2 for 72 h and then treated with the indicated

concentration of crizotinib for 72 h. Control cells were transfected with scrambled siRNA. Results are representative of three independent experiments. The

data are presented as mean G SD. Cont siRNA, negative control virus vector; Criz, crizotinib. **p < 0.01. ****p = 0.000.
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DISCUSSION

In NSCLC patients with oncogenic ALK rearrangements, crizotinib provides substantial therapeutic benefit. However, most patients develop

resistance. Robust, but not durable, response to crizotinib suggests the new therapy to inhibit ALK activity should be at multiple levels. In the

present study, we provide a large-scale profiling of cellular signaling networks involved in crizotinib resistance in a PDX mouse model estab-

lished using tumor samples from patient T5 with EML4-ALK. The histological characteristics and genotypes of PDX tumors were similar to

those of the donor patient’s primary tumor samples, validating the use of PDX tumors to investigate the signaling pathways of crizotinib resis-

tance in NSCLC.

We sought to understand the mechanisms of acquired resistance to crizotinib by inducing resistance in this PDX mouse model harboring

EML4-ALK gene rearrangement through continual crizotinib treatment. ALK mutations were not detected (data not shown) in the crizotinib-

resistant xenograft tumor, suggesting that ALK downstream targets might contributed to acquired crizotinib resistance. A recent study

showed that SRC family kinases were involved in sustaining mitogen-activated protein kinase signaling in lung cancer cells treated with cri-

zotinib and that SRC family kinase inhibitor in combination with crizotinib treatment was effective in inhibiting the growth of crizotinib-resis-

tant lung cancer.25 In addition, BRAFmutations were shown to attenuate the antitumor effects of crizotinib.34 Together, these results suggest

that, under continuous crizotinib treatment, cellular signaling pathways independently contribute to tumor cell proliferation and survival

through a mechanism downstream of ALK, which overrides the effect of crizotinib treatment.

We identified 100 proteins with tyrosine phosphorylation increased more than 2.5-folds once crizotinib resistance was developed. We

mapped an extensive signaling network operating downstream of ALK, with the majority of the substrates functioning in various related

cellular activities. We identifiedmany inputs fromALK to adhesion and extracellular matrix proteins, receptors, adaptors, and scaffolds acting

at the interphase between the cytoskeleton and plasma membrane, suggesting a possible role of cell-cell contact and motility in the devel-

opment of crizotinib resistance. Other prominent targets involved in crizotinib resistance included protein kinases. Among them, EGFR, Her2,

and Src were previously shown to be involved in crizotinib resistance, validating our approach of protein phosphorylation profiling to under-

stand the mechanism of crizotinib resistance.

Among these 100 proteins which could be involved in crizotinib resistance, when the new generation of ALK inhibitors were used, 49 pro-

teins had their phosphorylation inhibited by ASP3026 treatment and 23 by alectinib treatment, suggesting new ALK inhibitor ASP3026 could

have broader effect than alectinib in overcoming crizotinib resistance. Interestingly, the phosphorylation of 20 core proteins was inhibited by

both new ALK inhibitors, including EphA2, EphA3, Her2, PKCD, PKM2, SRC, and Yes, suggesting that these 20 proteins, especially these 7

kinases, could be important in the development of crizotinib resistance.

Although AXL itself is not thought to be a potent tumor driver, its overexpression is known to be involved in drug resistance to cancer

therapy for various types of cancer. Recently, many preclinical and clinical studies using AXL inhibitors are being conducted, especially in

NSCLC.35,36 Since the effect of AXL inhibitor alone is not yet satisfactory, the recent efforts have focused on the combination therapies of

AXL inhibitors and with EGFR TKIs or immunotherapy to overcome drug resistance.35,36 In the present study, we found that AXL expression

level was increased in crizotinib-resistant PDX mice and that the combination of AXL inhibitor with crizotinib reversed crizotinib resistance in

NCI-H3122-CR23 cells and in the crizotinib-resistant PDXmousemodel. Importantly, the upregulation of AXL could not be overcomeby these

second or new generation of ALK inhibitors, alectinib and ASP3026, suggesting a potential AXL-mediated crizotinib resistance could be a

challenge to develop more effective ALK inhibitors in the future.

We also found that selective targeting of the scaffold protein SHC1 could act together with crizotinib to further inhibit oncogenic ALK

signaling. SHC1 knockdown enhanced the inhibitory effect of crizotinib on the proliferation of NCI-H3122 cells, suggesting that targeting

both kinase activity and its downstream signaling may confer additional clinical benefit. To our knowledge, there have been no previous re-

ports demonstrating that SHC1 knockdown sensitizes ALK-positive cancer cells to an ALK inhibitor.

In terms of the development of new ALK inhibitors, we noticed that, among the 100 proteins with phosphorylation status changed on the

progression in crizotinib-resistant PDX tumors, only 52 had their phosphorylations reversed by ASP3026 or alectinib. For almost half of the

proteins, 48 of them, including AXL, it was shown that their phosphorylations were not affected by the treatment of both drugs. Importantly,

some proteins like AXL and DDR1 have been shown to be involved in drug resistance for RTK inhibitors,35,36 but their increased phosphor-

ylation in crizotinib-resistant PDX tumors was not affected by the second or new generation of ALK inhibitors, like alectinib and ASP3026. A

further study will be performed to demonstrate the role of these proteins in the development of crizotinib resistance, which could provide new

targets or new combination therapy to overcome crizotinib resistance. Our study highlights the importance of developingmore effective and

safe treatment by using new ALK inhibitors, either as a single agent or in combination, to overcome crizotinib resistance.

In summary, we provide a large-scale profiling of cellular signaling networks involved in crizotinib resistance in a PDX mouse model, and

our results suggest AXL and SHC1 as the potential targets for combination therapy for NSCLC patients with ALK rearrangement to overcome

crizotinib resistance. However, our PDX mouse model only selected one type of ALK arrangement from a patient, which only represents a

subset of patients with development of crizotinib resistance. The overall cellular signaling network involved in crizotinib resistance would

be more complicated. Nevertheless, our approach provides a new view of crizotinib resistance, revealing many previously unidentified pro-

teins that merit further consideration as targets for combination therapy.

Limitations of the study

In this article, our PDX mouse model only selected one type of ALK arrangement from a patient, which only represents a subset of patients

with development of crizotinib resistance. For PhosphoScan analysis, only 2 tumor tissue samples were mixed and analyzed from each
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treatment condition. Also, due to the lack of site-specific phospho AXL antibody, the phosphorylation status of AXL was not confirmed by

western blotting.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ling Tan (dr.tanling@csu.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

� Themass spectrometry proteomics data have been deposited at the ProteomeXchange Consortium (https://proteomecentral.proteomexchange.org) via
the iProX partner repository and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

� The DNA sequences data have been deposited at China National Center for Bioinformation, which are publicly available as of the date of publication.
Accession numbers are listed in the key resources table.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

ACKNOWLEDGMENTS

This study was supported by a grant from the National Natural Science Foundation of China (81272584).We thank QiuguoWang for technical assistance in manu-
script preparation.

AUTHOR CONTRIBUTIONS

Thework reported in the paper has been performed by the authors, unless clearly specified in the text. Y.H., Y.L., and L.T.: conception, study design, and protocol.
Y.Z., W.L., M.C., Y.H., G.Q., and Z.X.: data collection and assessment. Y.H.: KEGG analysis of proteins from PhosphoScan profiling. Y.H., Y.L., and L.T.: writing. Y.L.
and X.Z.: project oversight and supervision. Y.H., Y.L., L.T., and X.Z.: critical revisions for important intellectual content. All authors read and approved the final
manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE
d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Patient selection
B Cell lines
B Mice

d METHOD DETAILS
B Reagents
B Establishment of crizotinib-resistant PDX mouse model
B Histopathlogical examination
B PhosphoScan analysis of tumor tissues
B Western blot
B Reverse transcription-PCR and DNA sequencing
B Construction of crizotinib-resistant cell line and cell viability assay
B The combined treatment of crizotinib and bemcentinib in crizotinib-resistant PDX mouse model
B siRNA transfection and cell viability assay

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.110846.

Received: November 7, 2023

Revised: April 30, 2024

Accepted: August 27, 2024

Published: August 30, 2024

ll
OPEN ACCESS

iScience 27, 110846, September 20, 2024 9

iScience
Article

mailto:dr.tanling@csu.edu.cn
https://proteomecentral.proteomexchange.org
https://doi.org/10.1016/j.isci.2024.110846


REFERENCES
1. Soda,M., Choi, Y.L., Enomoto,M., Takada, S.,

Yamashita, Y., Ishikawa, S., Fujiwara, S.i.,
Watanabe, H., Kurashina, K., Hatanaka, H.,
et al. (2007). Identification of the transforming
EML4-ALK fusion gene in non-small-cell lung
cancer. Nature 448, 561–566. https://doi.org/
10.1038/nature05945.

2. Shaw, A.T., Kim, D.W., Nakagawa, K., Seto,
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-p-ALK Cell Signaling Technology Cat#3983

Rabbit monoclonal anti-ALK Cell Signaling Technology Cat#3633

Rabbit monoclonal anti-Axl Cell Signaling Technology Cat#8661

Rabbit monoclonal anti-SHC Abcam Cat#ab33770

Rabbit polyclonal anti-p-SHC1 Cell Signaling Technology Cat#2434

Rabbit monoclonal anti-Scr Cell Signaling Technology Cat#2109

Rabbit polyclonal anti-p-Scr Cell Signaling Technology Cat#2101

Mouse monoclonal anti- Phospho-

Tyrosine (p-Tyr-100)

Cell Signaling Technology Cat#9411

Rabbit polyclonal anti-b-Actin Cell Signaling Technology Cat#4967

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat#2118

Rabbit polyclonal anti-b-Tubulin Cell Signaling Technology Cat#2146

Chemicals, peptides, and recombinant proteins

Crizotinib Selleck Chemicals Cat#S1068

ASP3026 Selleck Chemicals Cat#S8054

Bemcentinib Selleck Chemicals Cat#S2841

Alectinb Selleck Chemicals Cat#S5232

Critical commercial assays

CellTiter 96� AQueous One Solution Cell

Proliferation Assay (MTS)

Promega Cat#G3580

RevertAid First Strand cDNA Synthesis Kit ThermoFisher Cat#K1622

Platinum� Multiplex PCR Master Mix ThermoFisher Cat#4464268

RNeasy Mini Kit Qiagen Cat#74104

DNeasy Blood & Tissue Kit Qiagen Cat#69504

Experimental models: Cell lines

NCI-H3122 CoBier Bioscience (Nanjing, Jiangsu, China) RRID:CVCL_5160

Experimental models: Organisms/strains

SCID Beige Mouse: CB17.Cg-

PrkdcscidLystbg-J/Crl

Vital River Laboratory Animal Technology,

Beijing, China

Cat#405

Oligonucleotides

Primers for ALK MEL4 GAPDH SHC1, See

Table S1

This paper N/A

siRNA targeting sequence: SHC1 #2:

TGACCATCAGTACTATAAT

This paper N/A

Deposited data

Mass spectrometry proteomics data ProteomeXchange Consortium:iProX PXD054055

EML4-ALK DNA sequencing data China National Center for Bioinformation

https://www.cncb.ac.cn/

GB0004519

NCI-H3122CR23 DNA sequencing data China National Center for Bioinformation

https://www.cncb.ac.cn/

GB0004523
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient selection

This study was approved by the Institutional Review Board of the Second Xiangya Hospital (Ethical Approval Number 357), and written

informed consent was obtained from all patients prior to participation in the present study. The sample of PDX mouse model was obtained

from a 44-year-old male patient T5 (with EML4–ALK arrangement, Mongoloid) who was diagnosed with stage IV lung adenocarcinoma and

underwent treatment at our hospital.

Cell lines

The NCI-H3122 cell line (RRID:CVCL_5160, harboring EML4-ALK variant 1 E13;A20) was purchased from CoBier Bioscience (Nanjing, Jiangsu,

China), and has been authenticated using STR profiling within the last three years. NCI-H3122 cells were cultured in RPMI-1640 supplemented

with 10% fetal bovine serum (FBS, Gibco) at 37�C in 5% CO2. All experiments were performed with mycoplasma-free NCI-H3122 cells.

Mice

3- to 4-week-old female SCID Beigemice were purchased from Beijing Vital River Laboratory. They weremaintained in the specific pathogen-

free facility at Experimental Animal Center of The Second Xiangya Hospital. The animal use protocol has been reviewed and approved by the

Institutional Animal Care and Use Committee of The Second Xiangya Hospital (Ethical Approval Number 2013101).

METHOD DETAILS

Reagents

Crizotinib, alectinib, ASP3026 and bemcentinib were purchased from Selleck Chemicals (Houston, TX, USA). All antibodies used in this study

were purchased from Cell Signaling Technology (Danvers, MA, USA), except SHC1, which is from Abcam (Cambridge, England, UK).

Establishment of crizotinib-resistant PDX mouse model

The flow chart to establish crizotinib-resistant PDX mouse model is shown in Figure S1. The animal use protocol listed below has been re-

viewed and approved by the Institutional Animal Care and Use Committee of The Second Xiangya Hospital (Ethical Approval Number

2013101). Primary tumor tissues were collected from a 44-year-old male patient (T5). Tissues were cut into 1-2 mm pieces and implanted sub-

cutaneously into both flanks of three 3- to 4-week-old female SCID Beigemice (P1, Vital River Laboratory Animal Technology, Beijing, China).

Remaining tissues were subjected to immunohistochemistry staining, western blot and Sanger sequencing. Tumors from bearing mice were

measured twice weekly with a caliper, and tumor volumes were calculated using the formula: volume = (length 3 width2)/2. When tumors

reached about 1 cm in length, they were then removed from the mice, cut into pieces and reimplanted into new hosts as described above

for next passages (P2, P3, P4 and P5), but P4 and P5 implanted subcutaneously into only a flank. P4-P5 PDX mice after their tumors reached

800mm3 were treated with crizotinib initially 50mg/kg/day and finally 100mg/kg/day orally once per day. Tumor sizes were measured every

other day.When the tumor sizes of the crizotinib-treatedmice shrank from 800mm3 to 100mm3, the drug administration was suspended until

the tumor sizes reached 800mm3 again. After 5-6 circles of these treatments, the tumors in the crizotinib-treatedmice exhibited a slow growth

rate despite crizotinib (100mg/kg/day) treatment for >50 days, indicating acquired resistance had been achieved. In summary, crizotinib

50mg/kg/day was used for 21-30 days, and 100mg/kg/day was used for 239-289 days.

Histopathlogical examination

Tumor samples fromboth the patient and xenograft mice were fixed in 10% buffered formalin within 15min after resection/collection. Tissues

were then subjected to routine hematoxylin & eosin staining and immunohistochemistry staining with anti-ALK antibody (ALK (D5F3�) XP�
Rabbit mAb #3633, Cell Signaling Technology). Histopathological diagnoses were confirmed by a qualified pathologist.

PhosphoScan analysis of tumor tissues

The peptides were prepared from 0.2 grams of frozen mixed tumor tissues (2 samples for each treatment) by homogenization, trypsin diges-

tion, and Sep-pak C18 columnpurification as described in the protocol fromCell Signaling Technology. Peptides containing phosphotyrosine

were isolated by immunoprecipitation with amonoclonal antibody (P-Tyr-100mAb) against phosphotyrosine, concentrated on reverse-phase

micro tips and analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS). Phosphotyrosine peptide profiling by

PhosphoScan was done by Cell Signaling Technology with a global false discovery rate of less than 5% using peptide prophet. 2.5-fold

was considered the threshold for significant change.

Western blot

Frozen tumor tissues were minced in liquid nitrogen and resuspended in cell lysis buffer (#9803, Cell Signaling Technology). Tissues or cells

suspension was then sonicated and cleared by centrifugation. Immunoblotting analysis was carried out according to the manufacturer’s stan-

dard protocol (www.cellsignal.com).
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Reverse transcription-PCR and DNA sequencing

Total RNA was extracted from tumor tissues or cells using RNeasyMini Kit (Qiagen, Hilden, German). For reverse transcription-PCR (RT-PCR),

first-strand cDNA was synthesized from 2mg of total RNA using RevertAid First Strand cDNA Synthesis Kit (#K1622, ThermoFisher, Waltham,

MA, USA). Multiple PCR was done using Platinum� Multiplex PCR Master Mix (# 4464268, ThermoFisher). Primer pairs used to amplify ALK

rearrangement transcripts are listed in Table S1.

For DNA sequencing, DNAwas extracted from cells or 15 mg of tumor tissues using DNeasy Blood & Tissue Kit (#69504, Qiagen) and ALK

fragments were amplified using primer pairs listed in Table S1. DNA sequencing was done by Beijing Genomics Institute (Beijing, China).

Construction of crizotinib-resistant cell line and cell viability assay

NCI-H3122 cells were seeded at 70% confluence in 25-cm flasks in RPMI-1640 (#22400-089, Gibco) supplemented with 10% FBS (#10099-141,

Gibco). Crizotinib was added at a starting concentration of 30 nmol/L, and cells were maintained in fresh drug-containing medium changed

every 72 hours. Cells were passaged once they reached 70% confluence. After every two passages at a given concentration of drug, the con-

centration of crizotinib was increased in half-log intervals until a final concentration of 1mmol/L was achieved. The resulting pool of crizotinib-

resistant cells (designatedNCI-H3122-CR23) wasmaintained in RPMI-1640 supplementedwith 10%FBS and 1mmol/L crizotinib up to 2months

before NCI-H3122-CR23 cells were treated with crizotinib or bemcentinib plus crizotinib. Cell proliferation inhibition was assessed by MTS

assay (#G3580, Promega, Madison,WI, USA). All experimental points were set up in 6 to 12 replicate wells and all experiments were repeated

at least 3 times. The proliferation inhibition rate was calculated as 1-(OD of treatment well / OD of control well) %.All experiments were per-

formed with mycoplasma-free cells.

The combined treatment of crizotinib and bemcentinib in crizotinib-resistant PDX mouse model

Take size 1-2 mmpieces of frozen tumor tissues in liquid nitrogen from P5 of crizotinib-resistant mice, and implanted subcutaneously into one

flanks of twenty 3- to 4-week-old female SCID Beige mice (Vital River Laboratory Animal Technology, Beijing, China). Tumors from bearing

mice were measured twice weekly with a caliper. When tumors reached about 4-8mm in length (after implanted for 34 days), mice were ran-

domized to the following four cohorts (N =5, for each group): vehicle control, crizotinib (25mg/kg/day), bemcentinib (50mg/kg/day) or both

crizotinib (25mg/kg/day) and bemcentinib (50mg/kg/day). During 25 days of the drug treatment, tumor volumes (V) were calculated once a

week by caliper measurements of the width (W) and length (L) of each tumor (V=W23L/2), statistical analysis was performed based on volume

fold change compared to day 0 of initial treatment. The tumor inhibition ratio calculated as 1- (volume fold changes of each group/ volume

fold changes of vehicle group) % after the 25-day treatment period. The Bliss independent model method was used to calculate the syner-

gistic index CI of the combination of two drugs, with the formula CI=EAB/ (EA+EB-EA*EB). EA or EB was the inhibition ratio of drug A or drug

B alone and EABwas the inhibition ratio of drugA and B combination. CI>1 represents a synergistic effect, CI=1 represents an additive effect,

and CI<1 represents an antagonistic effect. Protein extraction and western blot analyses were performed using tumor tissues frommice after

the 25-day treatment period.

siRNA transfection and cell viability assay

NCI-H3122 cells were maintained in RPMI-1640 supplemented with 10% FBS and transfected with SHC1 siRNA (target sequence

TGACCATCAGTACTATAAT) following the manufacture’s protocol (Genechem, Shanghai, China). Control cells were transfected with a

scrambled control siRNA (control sequence TTCTCCGAACGTGTCACGT) from Genechem. At 72 hr after the transfection, crizotinib was

added at the concentrations of 0, 33, 66 and 100 nmol/L, respectively. Viability of cells was measured by MTS assay after crizotinib added

for 72 hr and the proliferation inhibition rate was calculated as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as the mean G standard deviation (SD) of three independent experiments and evaluated with One-Way ANOVA, In-

dependent Sample T test and Univariate Analysis of Variable. P value of < 0.05 was considered to be significant.
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