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Background: Drug resistance caused by G1202R/G1202del mutation in anaplastic lym-
phoma kinase (ALK) represents a great challenge in the clinic. The effect of other
mutation(s) at G1202 on the available tyrosine kinase inhibitors (TKIs) in the clinic
remains unknown.

Case Presentation: A 50-year-old Chinese male non-smoker with lung adenocarcinoma
progressed with spinal metastasis after receiving chest radiation together with Pemetrexed
and Cisplatin as adjuvant chemotherapy. Targeted next generation sequencing (NGS) identi-
fied EML4-ALK gene fusion in the resected left lung tissue. Local radiation followed by
Crizotinib were used in the following treatment and the spinal metastasis was found to
shrink, but the progression free survival (PFS) only lasted for 2 months with the appearance
of brain metastasis. Afterwards, the patient benefited from the therapy of Alectinib with
a PFS of 8 months. Then he progressed with metastases in right lung and pleural, and did not
show response to the chemotherapy with Docetaxel plus Bevacizumab. The targeted sequen-
cing consistently identified EML4-ALK gene fusion in both plasma and pleural effusion (PE),
as well as a novel ALK G1202K mutation (c.3604 3605delGGinsAA). Given the lack of
established or known drug treatment for this novel mutation, we implemented molecular
dynamics (MD) simulation-guided drug sensitivity prediction, which results suggested
Lorlatinib remains potent against G1202K mutant ALK. Therefore, Lorlatinib was used as
the fourth-line therapy, which lead to the considerable efficacy with improved performance
status (PS) score and reduced lung metastases. The structural mechanism underlying
G1202K-induced drug resistance to different ALK-TKIs was also discussed.

Conclusion: Our case suggested the ALK-G1202K mutation may serve as a novel mechan-
ism underlying the resistance to Alectinib, and provide direct evidence to support its
sensitization to Lorlatinib. Our work represented an example of integrating in silico predic-
tions into clinical practice.

Keywords: lung cancer, drug resistance, in silico prediction, binding energy calculation,
Alectinib, Lorlatinib

Background

Since the discovery of anaplastic lymphoma kinase (ALK) fusion oncogenes
(including EML4, KIF5B, KLCI, and TPR) in non-small-cell lung cancer
(NSCLC),' the targeted therapy with tyrosine kinase inhibitors (TKIs) has sig-
nificantly improved the clinical outcomes for these patients. Despite their efficiency,
almost all patients have eventually experienced disease progression owing to the

seemingly inevitable resistance acquired upon drug treatment in the clinic.’°
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The secondary mutations of ALK kinase domain (ALK-
KD) serve as the most common mechanism underlying drug
resistance’® and were likely to increase to 56% after treat-
ments with the second-generation ALK-TKIs, among which
G1202R is the most prevalent one.” Besides, recent study
also suggested ALK-G1202del is able to confer moderate
resistance to Ceritinib, Alectinib, and Brigatinib,'® suggest-
ing the important role of G1202. However, the effect of
other unknown mutation(s) at G1202 on the available
ALK-TKIs remains inconclusive. Here we described a case
with advanced lung adenocarcinoma bearing a novel ALK
secondary mutation G1202K (c.3604 3605delGGinsAA)
who presented resistance to Alectinib but remained sensitive
to the third -generation ALK-TKI Lorlatinib.

Clinical Description

The patient in the present study was a 50-year-old Chinese
male non-smoker, who was diagnosed with stage IIIA
(pTIN2MO) lung adenocarcinoma after the thoracoscopic
radical resection of left lung cancer in September 2017.
The EML4-ALK gene fusion (VAF: 24.2%), together with
CDKN2A p.V28E (VAF: 8%) and TP53 splicing (VAF: 6%),
were detected by next generation sequencing (NGS) using
the surgical tissue specimen in October 2017 (Figure 1, Table
1). During the period between October 2017 and January
2018, he received chest radiation (56 Gy/28 fractions)
together with 4 cycles of Pemetrexed plus Cisplatin.'' In
July 2018, the patient attended the hospital with Lumbar
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pain, and then the metastatic lesions of lumbar 1-3 vertebrae
were found by magnetic resonance imaging (MRI). Local
radiation (40 Gy/20 fractions to the lumbar 1-3 vertebrae)
was administered and from November 2018 the patient
started oral administration of Crizotinib, after that his lumbar
pain was released and tumor was reduced (Figure 1). Two
months later, brain metastatic lesions were found by MRI
without other new metastatic lesions. Afterwards, Alectinib
(600 mg twice a day) was administered as the second-line
therapy from January 2019. Despite no guidance from NGS
before starting Alectinib treatment,
response of brain metastatic lesions was encouragingly

almost complete

observed 2 months later (Figure 1). The progression free
survival (PFS) lasted for 8 months. In September 2019, the
patient presented with chest pain and a cough. The metas-
tases in right lung, pleural were confirmed with computed
tomography (CT),'? including massive right pleural effusion
(PE) (Figure 1). The performance status (PS) score for the
patient was 3, and 2 cycles of Docetaxel plus Bevacizumab
as well as intermittent PE drainage were administered from
September 2019. After 2 months (November 2019), he
showed a progression of disease (PD) in the lung lesions
(Figure 1). In November 2019, we detected the acquired
ALK-G1202K mutation (c.3604 3605delGGinsAA) in both
plasma (VAF: 2.1%) and PE (VAF: 23.4%) of this patient
(Figure 2), as well as the previously identified EML4-ALK
gene fusion (VAF: 5.8% and 22% for plasma and PE),
CDKN2A p.V28E (VAF: 3.9% and 34% for plasma and
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Figure | Timeline summarizing the therapeutic history for a non-small-cell lung cancer patient. MRI scans show lesions of the lumbar 1-3 vertebrae or brain (red arrows).
CT imaging shows multiple right lung, pleural metastasis and massive right pleural effusion (red arrows).
Abbreviations: PR, partial response; PD, progressive disease; DFS, disease-free survival; PFS, progression-free survival; NGS, next-generation sequencing.
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Table |1 Cancer-Related Genetic Variants Detected Across Different Samples by NGS
Date Sample Type Gene Variant Type cDNA Amino Acid VAF
Oct/2017 Tissue ALK Fusion EML4-ALK EML4: exon6~ALK: exon20 24.20%
Oct/2017 Tissue CDKN2A Mutation c.83T>A p.V28E 8.00%
Oct/2017 Tissue TP53 Splicing c.376-2A>G 6.00%
Nov/2019 Plasma ALK Fusion EML4-ALK EML4: exon6~ALK: exon20 5.80%
Nov/2019 Plasma ALK Mutation c.3604_3605delGGinsAA p-G1202K 2.10%
Nov/2019 Plasma CDKN2A Mutation c.83T>A p.V28E 3.90%
Nov/2019 Plasma TP53 Splicing c.376-2A>G 2.20%
Nov/2019 Plasma TP53 Stop_gained c.825T>A p.C275 3.30%
Nov/2019 | Pleural effusion ALK Fusion EML4-ALK EML4: exon6~ALK: exon20 22.00%
Nov/2019 | Pleural effusion ALK Mutation c.3604_3605delGGinsAA p-G1202K 23.40%
Nov/2019 | Pleural effusion CDKN2A Mutation c.83T>A p.V28E 34.00%
Nov/2019 | Pleural effusion TP53 Stop_gained c.825T>A p.C275 48.70%

Abbreviation: VAF, variant allele frequency.

PE), TP53 splicing and stop-gained (VAF: 5.5% and 48.7%
for plasma and PE) (Table 1). To the best of our knowledge,
G1202K represents the novel secondary ALK mutation
(Figure 2). Although its identification was not made at the
time-point of Alectinib PD immediately, we supposed that
G1202K could play an essential role in Alectinib resistance
based on the previous reports on the effect of G1202
mutations.”'® Since there is no established or known drug
that is able to target this novel mutation and reverse G1202K-
induced drug resistance, we designed in silico experiments to
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Plasma 2019-11

predict the effects of ALK-G1202K on the first-, second-,
and third-generation ALK-TKIs (Crizotinib, Alectinib, and
Lorlatinib), which results suggested that Lorlatinib is able to
show activity against the Alectinib-resistant mutant ALK-
G1202K (see below). On this basis, the off-label treatment
with the fourth-line therapy of Lorlatinib for the same patient
was restarted (100mg once daily) from November 2019.
Encouragingly, this patient was observed with a rapid and
dramatic clinical response, exemplified by the fact that he
soon felt symptomatic improvement in chest pain and cough,

Pleural effusion 2019-11

chr2: 29443592-29443632  chr2: 29446896-29446936 chr2: 29443592-29443632

ALK G1202WT

ALK G1202K:
€.3604_3605
delGGinsAA

ALK G1202K:
€.3604_3605
delGGinsAA

intron 19
ALK fusion

intron 19
ALK fusion

intron 19
ALK fusion

23

exon 23 23
ALK G1202 wild-type ALK G1202K ALK G1202K
Figure 2 The identification of ALK-G1202K mutation. EML4: exon6~ALK: Exon20 fusion was detected in the tissue sample (NO: FBI9ANO0069), and no mutation of ALK-
G1202K was found. Both EML4: exon6~ALK: Exon20 fusion and mutation of ALK-GI1202K was detected in pleural effusion (NO: CAI9AB00I5) and plasma (NO:
PAI9AB0014) samples.

Abbreviation: WT, wild type.
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and his PS score also improved to 1. After 4 weeks of the
treatment with Lorlatinib (December 2019), scanning results
demonstrated a dramatic response in his progressive lung
disease (Figure 1). Afterwards, this patient continued to
benefit from the Lorlatinib treatment with a PFS of 4 months.

In silico Experiment of G1202k
Effects on ALK-TKI

We performed in silico modeling and simulation experi-
ments on the complexes of selected drug and ALK pro-
teins. To compare the mutant effects, we also studied other
different variants at the same site, including G1202R and
G1202del. Structurally, G1202 residue is located in the
hinge region (gatekeeper+6 residue) at the opening of
ATP-binding pocket (Figure 3A-I). From our results, it
can be seen the solvent-front mutation G1202K, similar to
G1202R, orients outside of the pocket and forms favorable
charge—charge interaction with surrounding residue
Asp1203 or Glul210 (Figure 3A—F). Importantly, by com-
paring the binding mode of 3 different ALK-TKIs in
context of ALK-G1202K with that of ALK-WT, we
observed significant structural deviation for the second-
generation TKIs Alectinib, with a root-mean-square devia-
tion (RMSD) of 2.791 angstrom (Figure 3B, Table 2),
followed by the first-generation Crizotinib (RMSD: 1.802
angstrom) (Figure 3A, Table 2). In contrast, the third-
generation TKI Lorlatinib, was found occupy the ATP-
binding site of ALK-G1202K most stably (RMSD: 0.601
angstrom) among all these drugs (Figure 3C, Table 2).
Similar results were also observed in the simulations of
G1202R and G1202del (Figure 3D-I). It should also be
noted that the established favorable hydrogen bonds (HBs)
between ALK-WT hinge region and Alectinib, as well as
Crizotinib, were either disrupted or weakened by the
G1202K mutation (Figure 3A and B), which however,
was well maintained in the results of Lorlatinib (Figure
3C), suggesting G1202K mutation is able to destabilize the
binding of Alectinib and Crizotinib, but not Lorlatinib.
Moreover, the results of binding energy calculation were
in agreement with the above structural observations for all
3 mutant types (G1202R/del/K), suggesting their consis-
tent roles in mediating drug resistance against both the 1st-
and 2nd-generations of ALK-TKIs. Taking G1202K as an
example, the most significant difference in calculated
binding energy was observed in Alectinib, increased
from —32.22+4.71 kcal/mol (ALK-WT) to —28.22+3.66
kecal/mol (ALK-G1202K) (Table 2), supporting the role

of G1202K-induced resistance to Alectinib. In contrast,
comparable binding energy was found for Lorlatinib
(ALK-WT: —33.41+3.83 kcal/mol, ALK-G1202K: —34.68
+4.87 kcal/mol), and small increase was found for
Crizotinib (ALK-WT: -32.74+4.61 kcal/mol, ALK-
G1202K: —29.01+4.57 kcal/mol) (Table 2).

Methods

Targeted NGS

Tissue genomic DNA (gDNA) was extracted using
QIAamp DNA FFPE Tissue kit (Qiagen, USA) and
c¢fDNA was purified from plasma and PE with QIAamp
Circulating Nucleic Acid kit (Qiagen, USA). Libraries for
sequencing were prepared following instructions with
KAPA Hyper Prep Kit (KAPA Biosystems) and quantified
using KAPA Library (KAPA
Biosystems). sequenced

Quantification kit
Target-enriched library was
using HiSeq4000 platform (Illumina) with the mean cover-
age depth of 1000X and 3000X for the FFPE and cfDNA

samples, respectively.

Data Processing and Analysis

Reads passed quality control processing were mapped to
the human genome (GRCh37) using BWA (v0.7.12)."
Local realignment and recalibration of base quality scores
was performed with GATK (v3.4-0)."* SNVs and INDELs
were identified using VarScan2 (v2.3.9)"> with the mini-
mum VAF threshold of 1% and annotated with
ANNOVAR, '® followed with manually checking.

In silico Prediction

We computationally constructed the structural model of
G1202 mutant ALK-KD in complex with 3 different
small-molecule ALK-TKIs based on the crystal structure
of ALK-WT in complex with Crizotinib (PDB ID:
2XP2), Alectinib (PDB ID: 3A0X), Lorlatinib (PDB
ID: 4CLI). WT and mutant (G1202K/R/del) ALK-KD
structural models were built and sampled with a focus
on the missing loops in the crystal structure using
Modeller'” The modeled structure of ALK-KD in com-
plex with small-molecule ALK-TKI was fully optimized
with the package of AMBER'® and then was used for
production run in the molecular dynamic (MD) simula-
tion. The binding affinities was estimated with modified
end-point binding free energy calculation methods pre-

. 19,2
viously reported.'?*°
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Figure 3 In silico study of wild-type and G1202-mutant ALK proteins in complex with the first-, second-, third-generation of ALK-TKIs. Comparison of the binding mode of
(A) Crizotinib, (B) Alectinib, (C) Lorlatinib in the context of ALK-G1202K model (pink color) and ALK-WT crystal structure (grey color, PDB ID: 2XP2/3AOX/4CLI).
Comparison of the binding mode of (D) Crizotinib, (E) Alectinib, (F) Lorlatinib in the context of ALK-GI1202R model (pink color) and ALK-WT crystal structure (grey
color, PDB ID: 2XP2/3A0OX/4CLI). Comparison of the binding mode of (G) Crizotinib, (H) Alectinib, (I) Lorlatinib in the context of ALK-G1202del model (pink color) and
ALK-WT crystal structure (grey color, PDB ID: 2XP2/3AOX/4CLI). The small-molecule drugs are depicted in ball-and-stick model, the protein structure and selected
residues are represented in surface/ribbon and stick model, and the hydrogen bonding interactions are shown in orange and cyan lines.

Abbreviation: WT, wild type.

Discussion

Since November 2017, Alectinib has been approved by the
Food and Drug Administration (FDA) for initial treatment
of ALK-positive lung cancer. Although Alectinib has
shown more potent and highly selective, the acquired

drug resistance is still inevitable, which seems worsen as
the expanded use would result in more unrecognized drug-
resistant mutations. Among the known ones, ALK-
G1202R is the most frequent resistance mutation among

patients with ALK-rearranged lung cancer and progression
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Table 2 In silico Prediction Results of Wild-Type and G1202K/R/Del Mutant ALK Proteins in Complex with Different Generations of
ALK-TKlIs

ALK-TKIs Binding Energy (kcal/mol) RMSD Binding Energy RMSD Binding Energy RMSD
(Angstrom) (kcal/mol) (Angstrom) (kcal/mol) (Angstrom)
ALK-WT ALK-GI1202K | GI1202K vs ALK-GI1202R GI202R vs WT | ALK-GI1202del Gl1202del vs WT
WT
Crizotinib (Ist) | —32.74£4.61 | —29.01%4.57 1.802 —27.325.5 2.600 —25.28+5.56 1.438
Alectinib (2nd) | —32.22+4.71 | -28.22+3.66 2.791 —28.96+4.12 1.635 —28.43+4.40 1.411
Lorlatinib (3rd) | —33.41+£3.83 | —34.68+4.87 0.601 —34.041£4.26 1.172 —34.27+4.35 0.680

Abbreviations: RMSD, root-mean-square deviation; WT, wild type; ALK, anaplastic lymphoma kinase.

on the second-generation ALK-TKIs treatment, against
which only Lorlatinib maintains activity.'®?' Recent stu-
dies also suggested that ALK-G1202del is able to confer
Ceritinib,  Alectinib,
Brigatinib.'” All these previous results indicate the impor-

moderate  resistance to and
tant role of the specific residue G1202, which is located at
the opening of ATP site of ALK and thus governs the
process of TKIs binding. In this study, we identified
a novel secondary mutation of ALK-G1202K in a patient
progressed upon Alectinib treatment, which could serve as
a novel mechanism underlying the drug resistance against
Alectinib.

Despite the similar effect across 3 different mutants at
G1202 (G1202R, G1202del, G1202K), varying structural
basis of mechanism can be found in our simulations.
G1202K, much like G1202R, induced the drug resistance
against the Ist- and 2nd-generations of ALK-TKIs by intro-
ducing bulky and charged substitution in the residue. The
favorable charge—charge interaction between G1202K/R
and surrounding residues (e.g., D1203 and E1210) is likely
to stabilize the bulky group of sidechain at the opening of
ATP pocket, which consequently impairs the binding of
Crizotinib and Alectinib, both of which extends to this
solvent front space (Figure 3A-F). In contrast, G1202del
largely changes the conformation of target protein, e.g.,
displaces the first helix right next to the hinge region, as
suggested by the atomic distance of backbone Ca (residue
RMSD: 3.028A) (Figure 3G-I). This movement disturbed
the drug binding of Crizotinib and Alectinib, both of which
are in contact with this specific motif.

In silico simulation and binding free energy calculation
have been widely used to gain insights into the mechanism
of molecular interactions.”> Recent studies have proved
the power of these state-of-the-art calculations in profiling
drug resistant mutations for selected protein kinases as
well as predicting the strategy of drug repurposing for

the specific mutation(s).”> ® Taking advantage of modern
computer, it is possible to perform in silico studies and
make rational predictions for the specific mutation(s)
within 1 or few days.'>*° In our own case, a MD simula-
tion of 5 nanoseconds for a drug-target (e.g., Lorlatinib-
ALKY"?92%y complex model, which simultaneously sam-
ples the drug molecule along with the binding-site residues
in the explicit water environment,?” takes approximately
a day on an eight-core CPU. Therefore, it provides
a powerful tool in precision medicine in the clinic setting,
e.g., in the presence of rare or new mutation(s) against
which no drug or treatment knowledge is available.

Limitations

There are several limitations in the present study. First,
there is lack of sequential and comprehensive molecular
analyses using NGS at every relevant time-point of disease
history such like at disease progression indicating resis-
tance to the specific systemic therapy (e.g., Crizotinib,
Alectinib). Meanwhile, given the limited mutation detect-
ing scope of currently used sequencing panel, it was not
possible to exclude other potential mechanism underlying
the drug resistance observed in the clinic. The progression
of disease shortly after Crizotinib treatment observed in
our case is not in agreement with previous studies.”®*’ For
instances, Solomon et al reported a median PFS of 10.9
months for Crizotinib among 343 advanced ALK-positive
nonsquamous NSCLC patients in a international and mul-
ticenter Phase 3 study (PROFILE 1014).%° Similarly, Liu
et al reported the estimated PFS of 13.0 months (95% CI
9.0-17.0 months) among 104 patients with ALK rearran-
gement NSCLC in a single Chinese cancer center.”® All
these results suggested there could be other resistant muta-
tion/variation(s) against Crizotinib, which however, is
beyond our panel scope. Additionally, given the rare case
of G1202K and lack of established or known drug
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treatment, our current report could provide an example but
not guidance for the clinical intervention, which clearly
demands more extensive investigations. Given the facts
that Lorlatinib is already standard of care for Alectinib-
resistant population and it can be used without examining
resistant mechanism, as well as that herein we only per-
formed in silico prediction for the drugs already used in
the clinic, more extensive and elaborate work is definitely
demanded to support the potential use of computational
methods in the clinical setting, e.g., changing the clinical
scenario.

Conclusion

Collectively, our results suggested ALK-G1202K could
function as a novel acquired Alectinib-resistant mechan-
ism, which however, can be targeted by the third-genera-
tion ALK-TKI Lorlatinib, suggesting a possible solution
against drug resistance in the clinic. Our work also pro-
vides structural insights into the G1202K induced drug
resistance.

Abbreviations

ALK, anaplastic lymphoma kinase; EML4, echinoderm
microtubule associated protein-like 4; TKI, tyrosine kinase
inhibitor; KD, kinase domain; NGS, next generation
sequencing; VAF, variant allele frequency; PFS, progres-
sion free survival; MD, molecular dynamics; PS, perfor-
mance status; MRI, magnetic resonance imaging; CT,
computed tomography; PD, progression of disease;
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