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A B S T R A C T

The study sought to explore novel genetic aberration driving squamous cell lung carcinoma (LUSC). The whole
exome (WES), whole genome (WGS) and target region (TS) sequencings and CRISPR-Cas9 genome editing
techniques were integrated to explore and validate novel targeting candidates from LUSC primary tumors and
corresponding patient-derived xenografts (PDXs). Seven genes (FGFR2, GRM1,PIK3CG, PIK3CA,ZFHX4, CSMD3,
GRM8) with high frequencies of both single nucleotide variants (SNVs) and copy number variants (CNVs), and
two genes (CLDN1 and RIT1) only with CNVs were identified by bioinformatics analysis. The functions of these
candidates were validated through CRISPR-Cas9 system in primary PDX cells. Furthermore, we focused on the
genetic and functional analysis of Metabotropic glutamate receptor 8 (GRM8), whose transcriptional activation
was elucidated to promote the survival of LUSC tumor cell through inhibiting cAMP pathway and activating
MAPK pathway. The SNV identified in GRM8, A112G, activated downstream signaling pathway and induced cell
proliferation, which could be reversed by cAMP stimulator and MEK inhibitor. In conclusion, the components of
GRM8 signaling pathway could serve as potential targets of squamous cell lung cancer carrying GRM8 activating
variants.

1. Introduction

Lung cancer is the leading cause of cancer death worldwide [1].
Squamous cell carcinoma (LUSC) ranking at the second of total lung
cancer incidence [2]. Targeted therapies against some frequently mu-
tated genes, such as EGFR, ALK, MET have proven to bring better
clinical outcomes to adenocarcinoma patients carrying corresponding
mutations. In contrast, little is known for LUSC [3]. Lack of mutation
hotspot and functional validation of mutation might be responsible for
the few driver gene identified in LUSC. Therefore, efforts towards the
identification and validation of driver mutations of LUSC are still

needed, which are essential for the future development of targeted
therapies.

Accumulating evidence demonstrates that high consistency of drug
activities and response rates between PDXs and patients, supporting
PDX as a robust preclinical model for validating the cancer targets and
evaluating the utility and efficacy of anticancer drugs [4]. Although
many studies have applied CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats) system to screen gene targets involved in
the tumor initiation, progression, metastasis and therapeutic resistance
in various cancer cell-lines [5,6], there is still very limited study in
primary PDX tumor cell, which might provide more clinically relevant
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result.
Therefore, we integrated genomic sequencing technique, CRISPR/

Cas9 system and PDX models to identify and validate the potential
driver gene targets. In our study, we first selected 11 groups of high-
quality LUSC PDX tumor and matched primary tumor tissue samples for
WES and WGS analysis. Through predicting the driver functions of
mutated genes using iCAGES tool [7], and analyzing the mutation
frequencies both in our samples and LUSC cohorts of The Cancer
Genome Atlas (TCGA) [8], more than 300 significant genes carrying
SNVs were identified from WES data. And through searching COSMIC
database [9] and previous publications, 143 significant genes carrying
CNVs in at least two cases were identified from WGS data. Then 56
genes carrying highly frequent SNVs or CNVs were verified through
target region captured sequencing (TS) in the LUSC samples for WES
and WGS sequencing, and in additional 70 pairs of matched primary
tumor and control normal samples. The functions of 9 significant can-
didates with relatively high mutation frequencies were assessed in the
primary PDX cells through CRISPR-Cas9 loss-of-function system. Fur-
thermore, we focused on a novel candidate, GRM8, to investigate its
tumor-promoting functions and its activating mutations identified in
LUSC tumor samples. Our study thus provides an integrated approach
to identify and characterize novel driver genes that have been im-
plicated in LUSC.

2. Materials and methods

2.1. Establishment of PDX mouse models from the surgically resected LUSC
tissues

Fresh surgical specimens were cut to about 2mm3 in size and im-
planted into the flank subcutaneous space of non-obese severe com-
bined immune deficient (NOD-SCID) mice (2 or 3 mice/patient spe-
cimen). The time course from the inoculation of surgical specimen until
the harvest of first generation of patient-derived xenograft (PDX)
(1.5 cm in diameter) ranged from 2 to 6 months, with an average of 3
months. Once the tumors reached 1–1.5 cm in diameter as measured
with calipers, the mice were euthanized and tumors were passaged
serially into new NOD-SCID mice for at least three times to establish
stable models. The tumors (labeled as P1 for the first passage in ani-
mals) were divided into 2–3mm3 specimens, and were frozen in liquid
nitrogen for future investigation or implantation to generate more xe-
nografts (P2, P3, etc.). The animal care was in accordance with in-
stitution guidelines.

70 paired frozen tumor tissues from the lung squamous patients who
underwent radical surgery at Peking University Cancer Hospital &
Institute were used for target sequencing in this study. This study was
approved by the Ethics Committee of Peking University Cancer Hospital
(No. 2015KT71), and all participants provided the informed consents to
participate in this research.

2.2. HE staining

Formalin-fixed and paraffin-embedded primary LUSC and PDX
tumor samples were cut into sections and stained with hematoxylin and
eosin (H&E). Histopathology was reviewed by an experienced pathol-
ogist.

2.3. Genomic DNA preparation

The genomic DNA from tissues was prepared using the QIAamp
DNA Mini Kit (Qiagen) following the manufacturer's instructions. The
quantity and quality of DNA were determined by agarose gel electro-
phoresis or Agilent 2100 analyzer. Mass spectrometric fingerprint
genotyping of 21 common SNPs was performed for all the samples
before sequencing to verify that matched primary tumor, control
normal, and P1 and P3 xenograft tumor tissues were derived from the

same patient.

2.4. Whole exome sequencing

Prior to the library construction, 2–3 μg of genomic DNA from each
sample was fragmented using a Covarias sonication system to mean
sizes of B500bp. After fragmentation, libraries were constructed ac-
cording to the Illumina Paired-End protocol. Briefly, the purified, ran-
domly fragmented DNA was treated with a mix of T4 DNA polymerase,
Klenow fragments, T4 polynucleotide kinase and a nucleotide tripho-
sphate mix to repair the ends by blunting and phosphorylation. The
blunted DNA fragments were subsequently 3'-adenylated using the
Klenow fragment (3'–5'exo) and ligated by T4 DNA ligase to BGI-de-
signed PE Index Adaptors that had been synthesized with 5'-methyl-
cytosine in place of cytosine. After each step, the DNA was purified
using the QIAquick PCR Purification Kit (Qiagen). 3 mg genomic DNA
from each sample was fragmented and ligated PE Index Adaptors, then
captured with Nimblegen Human EZ V3 64Mb Kit as described in the
protocol for the Target Enrichment System for an Illumina Paired-End
Sequencing Library.

All the constructed libraries were sequenced on HiSeq X10 platform
using two 100-bp paired-end reads. The sequencing reads containing
adaptor sequence and low-quality reads, which have too many Ns
(> 10%) and low-quality base (> 50% bases with quality< 5) were
removed before sequence alignment.

2.5. Whole genome sequencing

The library construction and sequencing were carried out as de-
scribed in previous report [10]. Briefly, the genomic DNA was frag-
mented by ultrasound on Covaris E220 (Covaris) to DNA fragments
between 50bp∼800bp according to the manufacturer's instructions.
The fragmented DNA was further selected to 100bp∼300bp by AMPure
XP beads (AGENCOURT). The selected DNA fragments were then re-
paired to obtain a blunt end and modified at 3‘end to get a dATP as a
sticky end. The dTTP tailed adapter sequence was ligated to both ends
of the DNA fragments. The ligation product was then amplified for
8cycles and subjected to the following single strand circularization
process. The PCR product was heat-denatured together with a special
molecule which was reverse complemented to one special strand of the
PCR product, and the single strand molecule was ligated using DNA
ligase. The remaining linear molecule was digested with the exonu-
clease, finally obtaining a single strand circular DNA library.

The whole genome sequencing was conducted on the BGISEQ-500
platform using 50bp paired-end reads. There were three steps including
making DNBs, loading DNBs and sequencing. For making DNBs, a 6 ng
single strand circular DNA library was first PCR amplified for 10min in
an 80 μl reaction volume with pure water, buffer and DNB polymerase.
After PCR reaction, 20 μl DNBs stopping buffer was added to terminate
the PCR reaction. Finally, we used the Qubit® ssDNA Assay Kit to
quantify the DNBs on a Qubit® Fluorometer (concentration ≥10 ng/μl).
For loading DNBs, we first added 33 μl DNBs loading buffer to DNBs
product from the last step, and the mixture was placed on the BGIDL-50
(the sample preparation machine). Then we selected the DNBs loading
process (Version: sample load 2.0) to load DNB onto the sequencing
chip, which included 96min' loading time and 30min’ incubation at
room temperature. Finally, for sequencing, we followed to the BGISEQ-
500 protocol. We selected sequence control software Version
1.1.0.10003, sequence process Version 1.0.06 and Zebracall process
Version 0.5.0.13875 for sequencing. Sequencing was initiated after the
sequencing reagents pre-loaded and sequencing chip installed, and this
process was finished in ∼72 h.

2.6. Validation of somatic mutations

Target region captured sequencing (TS) on a set of 56 selected genes
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was used to validate the status of identified SNVs and CNVs. One mi-
crogram of genomic DNA from each sample for validation was used for
hybrid capture and library construction. Libraries were then sequenced
on BGI-Seq500 platform using 100bp paired-end reads sequencing.

2.7. Data analysis and mutation analysis

Paired-ended reads of WES and WGS were filtered by SOAPnuke
[11](N rate> 10%, low quality rate> 50% with quality< 5) and
mapped to the UCSC human reference genome(hg19) by BWA [12]. The
WES and TS data were aligned using BWA-MEM(bwakit-0.7.15). The
WGS data were using BWA-BACKTRACK(bwa-0.6.2). Filtered reads of
PDX were additionally mapped to the UCSC mouse reference genome
(mm10) by BWA-MEM. The identification of human-specific and
common mouse-graft reads were performed respectively based on col-
lecting and comparing the read ids of the human/mouse aliments. Due
to human-mouse reads mapped against the human genome and mouse
genome with different score, the common host-graft reads with lower
quality mapped to mouse were discarded by XenofilteR. Alignments
were then sorted by Picard [13](WES, v2.7.1) or Sambamba [14](WGS,
v 0.6.3), marked duplicates by Clinsek [15](WES, v0.1) or Picard(WGS,
v2.7.1),and base recalibration were performed using GATK [16](v3.4).
After fundamental analysis, somatic SNVs and INDELs were identified
by multiple tools using WES data. 1) Somatic SNVs and INDELs of a
tumor sample (T/P1/P3) were identified data against with the corre-
sponding normal sample by GATK Indelocator(v2.3-9) (default para-
meters, and mutations labeled SOMATIC were retained), MuSE [17]
(v1.0rc) (default parameters, and mutations labeled PASS and SO-
MATIC were retained), MuTect2(as part of the GATK)(-retry 3 -tbc 300
-maxConcurrentRun 200, -sc 100, otherwise default parameters, and
mutations labeled PASS were retained), Platypus [18](v 0.8.1)(–filter-
Duplicates= 1 –nCPU=4, otherwise default parameters, and muta-
tions labeled PASS were retained), SomaticSniper [19](v1.0.5.0) (de-
fault parameters, and mutations with SSQ≥ 25 were retained) and
VarScan2 [20](v2.4.3) (default parameters, and mutations with
SSQ≥ 25 and labeled with PASS were retained) respectively. Somatic
SNVs and INDELs detected by at least two tools were retained. 2) So-
matic SNVs and INDELs of multiple related tumor samples were iden-
tified by multisnv [21](default parameters) and Platypus(v 0.8.1)(–fil-
terDuplicates= 1 –nCPU=4,and otherwise default parameters)
respectively. Somatic SNVs and INDELs detected by both two tools were
retained. In TS data, somatic SNVs and INDELs of a tumor sample (T/
P3) were identified against the corresponding normal sample by Mu-
Tect and Platypus.

Somatic Copy number variations (CNVs) and Structure variations
(SVs) were called by FACETS [22](v0.5.6)(-Q 20 -r 10,0,otherwise de-
fault parameters) and Novobreak [23](v1.1.3, default parameters)
using WGS data, respectively.

2.8. Elimination of mouse-derived reads

First, the adopted strategy was to align all reads to the human
genome(hg19) and mouse genome(mm10) by BWA. Second, the iden-
tification of human-specific and common mouse-graft reads were per-
formed respectively based on collecting and comparing the read IDs of
the human/mouse aliments. Third, due to human-mouse reads mapped
against the human genome and mouse genome with different score, the
common host-graft reads with higher quality mapped to human were
retained. After discarding, the estimated proportion of mouse-specific
reads ranged from about 7.48% to 13.57% approximately, depending
on different PDX samples.

2.9. Mutation allele frequency (MAF) analysis

The MAF was defined as the reads carry the alteration allele divided
by total reads covering the single nucleotide positions. We used Bam-

readcount [24] to generate the metrics of all somatic mutations from
the primary tumor and PDX tumor BAM files in each patient and re-
garded the depth and count of alteration base as total reads and mu-
tated reads number respectively. Furthermore, the MAF of each sample
was corrected based on the tumor purity through PyClone software
[25].

2.10. Prediction of driver genes and KEGG enrichment analysis

In each patient, based on the overlapping somatic mutations in T/
P1/P3, driver gene candidates were predicted by the iCAGES tool with
the default parameters. We regarded the genes labeled with driver by
iCAGES as driver genes. All driver genes of 11 patients were im-
plemented to KEGG pathway enrichment analysis by GSEA [26]. KEGG
pathways with q-value<0.01 and genes in overlap>5 were con-
sidered to be significantly enriched for driver genes. Then, owing to
characterize the functional of the driver genes, cancer-related pathways
were removed.

2.11. Vector construction

The loss-of-function lentiviral vector, Lenti-CMV::SaCas9-2A-
GFP;U6::BsaI-sgRNA was constructed by the Gateway recombination
reaction between the donor vector containing synthetic SaCas9-2A-GFP
and sgRNA expressing elements flanked by attL sequences and the
destination vector containing attR sequences, pLEX_305 (#41390,
Addgene). The sgRNAs were designed using the Benchling tool (https://
benchling.com), and the most efficient sgRNA was chosen and inserted
into the BsaI sites after annealing. The CRISPRa vectors of SAM system
include lenti- dCAS9-VP64_Blast (#61425, Addgene), lenti MS2-P65-
HSF1_Hygro (#61426, Addgene), and lenti sgRNA(MS2) zeo backbone
(#61427, Addgene). The sgRNAs were also designed using Benchling
tool and were inserted into the BsmBI sites after annealing. The vector
to construct SNVs in 293T cells was pSpCas9(BB)-2A-Puro (PX459)
V2.0 (#62988, Addgene). The sgRNAs were also designed using
Benchling tool, and were inserted into the BbsI sites after annealing.
The 127bp oligos used as the templates of SNV construction were
synthesized in IDT. The plasmid over-expressing wild-type GRM8,
pENTER-GRM8 was constructed by cloning the coding sequence (CDS)
of GRM8 into pENTER plasmid using restriction sites of AsisⅠ and MluⅠ.
The plasmid over-expressing mutant GRM8 (A112G) was constructed
by replacing a DNA fragment of wild-type GRM8 with the synthesized
fragment containing corresponding mutation through restriction sites
of AsisⅠ and EcoRⅠ.

2.12. T7E1 assay

The sgRNA efficiencies were tested in 293T cells through T7E1
assay. The 293T cells were transfected with the loss-of-function lenti-
viral vectors carrying sgRNAs using Lipofectamine3000 reagents
(Thermofisher Scientific). After 48 h, genomic DNA was extracted, and
the DNA fragment containing breakpoint was PCR amplified. The PCR
product was digested by T7 endonuclease I (NEB) after annealing and
was presented by agarose gel electrophoresis.

2.13. Packaging lentivirus

The lentiviral vector and packaging plasmids VSVG and psPAX2
(#8454 and #12260, Addgene) were co-transfected into HEK293T cells
through calcium phosphate precipitation. The lentivirus was pelleted by
centrifuging the culture medium at 25000 rpm and 4°C for 2 h, and was
resuspended using 1640 medium and stored in −80 °C.

2.14. Culture and infection of PDX tumor cells

The PDX tissue was cut into 2–3mm pieces and washed for 3 times

P. Zhang et al. Cancer Letters 442 (2019) 53–67

55

https://benchling.com/
https://benchling.com/


with PBS. The tissue was digested by collagenase II and IV for 1–2 h and
filtered through a sterile nylon cell strainer (FALCON). The cells were
cultured in 1640 medium with 10% FBS for 1 week in the plate with
low attachment surface (CORNING) and stored in liquid nitrogen.
Before virus infection, the PDX cells were thawed and cultured for 24 h.
Fifty thousand cells were seeded into 96-well plate with low attachment
surface (CORNING) and were transduced with concentrated lentivirus
and 8 ng/ml Polybrene for 48 h before collected for viability assay.

2.15. Culture and treatment of cell-lines

Human LUSC cell-line EBC-1 and SKMES-1 cells were respectively
cultured in MEM and 1640 medium, supplemented with 10% fetal
bovine serum (FBS), 1% Nonessential Amino Acids (NEAA), 1mM
Sodium Pyruvate (NaP) (Thermofisher Scientific), and 293T cell was
cultured in DMEM medium plus 10% FBS. All of them were cultured in
a humidified atmosphere of 5% CO2 at 37 °C incubator. The cAMP
activator Forskolin and MEK1 inhibitor Selumetinib (Selleck
Chemicals) were dissolved in DMSO and the treating concentrations
mentioned in Results.

2.16. Cell viability, cell proliferation and cytotoxicity assays

The viability of PDX cells infected with lentivirus or treated with
reagents was detected using CellTiter-Glo® 2.0 kit (Promega) according
to the kit instruction. Briefly, fifty thousand cells were seeded in 96-well
plate and treated with specific reagents or infected with virus. After
treatment, the cells were collected by centrifugation. One hundred
microliter CellTiter reagent was added, and the mixture was incubated
at room temperature and under darkness for 10min. Then the lumi-
nescence was recorded. Three replicates were conducted. The pro-
liferation of cell-lines transfected with CRISPRa system or treated with
reagents were assessed using cell counting or CCK-8 Kit (DOJINDO
Laboratories) according to the kit instruction. Briefly, five thousand
cells were seeded in 96-well plate and cultured overnight. After treat-
ment, 10 μl CCK-8 reagent was added and incubated at 37 °C for 2 h.
The absorbance was measured at 450 nm using a spectrophotometer.
Three replicates were conducted. The cytotoxicity assay was conducted
using the lactate dehydrogenase (LDH) release kit (DOJINDO
Laboratories) according to the kit instruction.

2.17. Reverse transcription and quantitative real-time PCR (qPCR)

RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's protocol. 2 μg of total RNA was tran-
scribed with TransScript First-Strand cDNA Synthesis SuperMix (Cat
No. AE301-02, Transgene biotech, Beijing, China). Subsequently, PCR
was performed with GoTaq qPCR Master Mix (Cat No. A6001, Promega
Corporation, Madison, USA). Cycling conditions were as follows:
5 min at 95 °C followed by 45 cycles each consisting of 10 s at 95 °C,
20 s at 60 °C and 30 s at 72 °C. The relative concentration of genes was
normalized to β-actin. Fold change was calculated by the 2-△Ct
method.

2.18. Western blot analysis

Proteins were extracted from cells using RIPA buffer containing
complete protease inhibitor cocktail (Roche). Proteins were separated
by SDS-PAGE gel and transferred to NC membranes. Membranes were
blocked with 5% non-fat milk or 5% BSA followed by incubating with
the primary antibodies against the following antigens: GRM8 (1:500
dilution, Absin Bioscience Inc), phospho-MEK, MEK, phospho-ERK,
ERK, GAPDH (1:1000 dilution; Cell Signaling Technology). Signals
were visualized using chemiluminescence instrument (Millipore). The
blots were quantified and normalized by Image J software.

2.19. Measurement of intracellular cAMP level

Two thousand cells of interest were collected and lysed with 100 μl
lysis buffer. Then the intracellular cAMP level was measured with an
ELISA assay kit (Cell Signaling Technology) according to the manu-
facturer's protocol.

2.20. PKA activity assay

5×106-1×107 cells were collected and resuspended in 0.5 ml of
cold PKA extraction buffer. After centrifuging for 5min at 4 °C and
14000g, the PKA activity in the supernatant was measured with the
substrate in the PepTag Assay Kit (Promega) according to the manu-
facturer's protocol.

2.21. Statistical analysis

All statistical analyses were performed using SPSS 20.0 software and
GraphPad 6.0. The data were presented as the mean ± standard de-
viation (SD). A student's t-test or one-way ANOVA was used to assess
differences of two or more groups of western blot results. Differences in
cell proliferation and cell viability were conducted with two-way
ANOVA. And the statistical significance was presented as followed: *
0.01 < P < 0.05, ** 0.001 < P < 0.01, ***P < 0.001.

3. Results

3.1. Sample description and sequencing statistics

To explore and validate novel therapeutic targets of LUSC, we se-
lected 11 cases with high-quality PDX models for WES and WGS ana-
lysis. Among them, 8 cases had matched primary tumors (T), control
normal samples (N) and passage 1 and 3 of PDX tumor samples (P1 and
P3), while the rest missing passage 1 of PDX tumor samples. The clinical
information of the 11 cases was shown in Table 1. Only one female case
without smoking history was selected. Four patients had been treated
with neoadjuvant chemotherapy prior to surgery, while 5 patients had
developed the lymph node metastasis. The HE staining results of the
tumor tissues for sequencing were shown in Supplemental Fig. 1. The
high histological similarity was observed among the primary tumors
and their corresponding PDX tumors, demonstrating that PDX models
well retained the pathological features of their primary tumors.

The WES analysis was performed on 41 tissue samples of 11 LUSC
cases using HiSeq X10 platform (Illumina), and reached the median fold
coverage of 174× (range 110-363× ). For the PDX tumor samples, the
XenofilteR (Roel Kluin, Oscar Krijgsman et al. unpublished observa-
tions) algorithm was used to separate the sequence reads derived from
the xenograft and mouse and deplete the contaminated mouse reads.
While the WGS analysis was performed on the primary tumor and
control normal samples of the 10 cases with high rates of overlapping

Table 1
The clinical features of squamous cell lung cancer cases for sequencing.

ID Gender Age Smoking Stage Treatment prior to
surgery*

LUSC-006 M 70 Yes IIIA(T2aN2M) Yes
LUSC-012 M 53 Yes IB (T2aN0M0) No
LUSC-013 F 54 No IA (T1bN0M0) No
LUSC-015 M 64 Yes IIA(T2aN1M0) Yes
LUSC-016 M 73 Yes IB (T2bN0M0) No
LUSC-017 M 64 Yes IIA(T2bN0M0) No
LUSC-018 M 61 Yes IIA(T2aN1M0) Yes
LUSC-019 M 70 Yes IB (T2bN0M0) No
LUSC-020 M 65 Yes IIA (T2N0M0) No
LUSC-021 M 62 Yes IIA(T2aN1M0) Yes
LUSC-022 M 65 Yes IIIA(T1bN2M) No
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mutations among T and P samples according to WES analysis, using
BGISEQ-500 platform (BGI). The median fold coverage reached
68.14× (range 55.73-72.1× ).

To verify the mutations detected by WES and WGS, a target region
captured sequencing was performed on a set of 56 selected genes with a
median fold coverage of 1130× (range 480-1863× ) on custom target
regions in the primary (T) and PDX (P3) tumor and control normal
samples of 10 LUSC cases for WES and WGS analysis described above,
and in the primary tumor and control normal samples of additional 70
LUSC cases.

3.2. Homology and heterogeneity of genomic alterations among primary
and PDX tumors

According to WES analysis, the total somatic mutation numbers in
primary (T) and PDX tumor (P1 and P3) samples of each case ranged
from 235 to 2697, from 260 to 2707, and from 250 to 6151 respectively
(Supplemental Table 1). To explore the homology of somatic mutations
among T and P samples, the overlapping mutation number between T
and P1 (O1) or between T and P3 (O3) was calculated and compared
with the total mutation number of T sample (O1/T or O3/T). The values
of O1/T and O3/T respectively ranged from 0.91 to 0.99 and from 0.71
to 0.98 (Fig. 1A, Supplemental Table 1). These high ratios demon-
strated that the majority of somatic mutation in primary tumor retained
in PDX tumors.

Furthermore, five mutation signatures were extracted from the so-
matic mutations of T and P samples according to different patterns of
base substitutions through a published Bayesian NMF algorithm
[27,28]. And the counts and proportions of these five signatures both
remained consistent among most of the primary tumor and corre-
sponding PDX tumor samples (Fig. 1B, upper and lower panels). Among
the five mutation signatures, the signature related to smoking (W3) was
the main signature, which corresponded to the COSMIC_Signature.4,
and was observed in most of the tumor samples for WES analysis
(Fig. 1B and Supplemental Table 2). As an exception, only P3 tumor
sample of LUSC-018 had much more redundant mutations than its
primary tumor sample. And majority of these redundant mutations
were classified into W1 signature corresponding to COSMIC Signature
5, whose aetiology is unknown (Fig. 1B and Supplemental Table 2),
which might result from the random mutagenesis occurring in the
passage of PDX mouse model.

Moreover, four types of non-synonymous somatic mutations were
identified from tumor samples: non-synonymous and nonsense SNVs,
splicing mutation and Indel. The total numbers of non-synonymous
somatic mutations in T, P1 and P3 samples of each case respectively
ranged from 51 to 592, from 44 to 592, and from 44 to 585. And the
proportions of these four mutation types of these three tumor samples
were similar (Fig. 1C). A complete list of non-synonymous mutations of
all the tumor samples was provided in Supplemental Table 3. All these
non-synonymous mutations were also searched in TCGA database, and
28 recurrent mutations were listed in Supplemental Table 4. All the
results shown here indicated that the LUSC PDX models established in
our study faithfully reflected the molecular features of corresponding
primary tumors.

Furthermore, similar as previous reports, the purities identified by
FACETS analysis in the primary tumors (T) are lower than those in the
PDX tumor samples (P1 and P3) (Supplemental Table 5), probably at-
tributed to the relative enrichment of tumor cells in PDX samples. And
the mutant allele frequencies (MAFs) of non-synonymous mutations
identified by WES analysis with or without correction for tumor purities
were presented in Fig. 1D and Supplemental Fig. 2 respectively. The
MAFs without tumor purity correction in P1 and P3 tumors were sig-
nificantly higher than those in primary tumors (Supplemental Fig. 2). In
detail, the average MAFs without purity correction in primary, P1 and
P3 tumors were respectively 0.398 (range 0.032–1.00), 0.595 (range
0.068–1.00), and 0.591 (range 0.099–1.00). And after purity

correction, the average MAFs of primary, P1 and P3 tumors were re-
spectively 0.97 (range 0.222–0.997), 0.976 (range 0.343–1) and 0.974
(range 0.269–1). The MAFs of different tumor samples after corrections
were almost similar.(Fig. 1D). Only the mutations detected in the pri-
mary and PDX tumor samples of LUSC-017 case showed lower MAFs
compared with other tumor samples. The results suggested that ma-
jority of the mutations detected our LUSC tumor samples were clonal
events, and there were possibly more subclonal events in the mutations
detected in LUSC-017 case compared with those in other cases.

3.3. Significant genes and pathways with SNVs identified by WES analysis

Aiming to identify novel targeting candidates, the iCAGES bioin-
formatic tool [7] was utilized to screen the potential driver genes in the
overlapping SNV mutants of T, P1 and P3 samples identified by WES.
Two hundred and ninety nine potential driver genes were identified,
and the median number of driver events per sample was 30, ranging
from 7 to 84. Their mutation frequencies and ranks both in our se-
quencing cohort and in the LUSC cohorts of TCGA database [29] were
shown in Supplemental Table 6. In addition to these potential driver
genes, forty two genes with over 20% SNV frequencies shared by T, P1
and P3 samples were also identified in order to broaden the candidate
selection range. Most of those 42 genes had high mutation frequencies
both in our cohorts and in LUSC cohorts of TCGA database
(Supplemental Table 7). Twelve genes were both identified by the
driver and frequency analysis, including TP53, COL11A1, NOTCH1,
RYR2, KMT2C, GRM1, TBXT, PIK3CG, BRCA2, EBF1, NOXA1 and
MYH2.

Many mutated genes were involved in the signaling pathways re-
sponsible for the initiation or progression of malignancy. The genes
identified by the driver and frequency analysis were combined for
KEGG pathway and were clustered into a batch of critical cancer-related
pathways. The significant pathways containing the highest numbers of
mutated genes included MAPK signaling (25), Focal adhesion (23),
calcium signaling (19) and neuroactive ligand receptor interaction (19)
pathways (Supplemental Fig. 3).

3.4. Significant genes with CNVs and fusion variations identified by WGS
analysis

In order to identify the driver genes with structural variations, the
primary tumor and control normal samples of 10 LUSC cases, except for
LUSC-016, were analyzed by WGS sequencing, which had overlapping
mutation rates higher than 80% among T, P1 and P3 samples according
to WES analysis. The WGS analysis totally identified around 16000
CNVs, and 34 fusion variations with at least one breakpoint in the gene
region (Supplemental Table 8). And these CNVs and structural varia-
tions were at least detected in two cases. The Circos plots demonstrated
the overall status of structural variations in these 10 tumor samples
(Supplemental Fig. 4). Through searching COSMIC database [9] and
previous publications, 172 cancer-related CNV genes were screened
out. One hundred and forty three of those CNV driver genes were de-
tected in our WGS data. The copy numbers (CN) of these genes ranged
from 0.45 to 11.10. These 143 driver genes carrying CNVs were listed in
Supplemental Table 9 with their frequencies and ranks in our sequen-
cing cohort and in the LUSC cohorts of TCGA database.

For the fusion genes identified by WGS analysis, we found the 5′
fragment of tumor suppressor gene, SET Domain Containing 3 (SETD3),
on chromosome 14 was fused to the 5′ fragment of Hedgehog
Acyltransferase (HHAT) on chromosome 1 or to the 3’ fragment of
Anoctamin 1 (ANO1) on chromosome 11 (Supplemental Table 8). These
two fusion events were respectively detected in the primary tumors of
LUSC-06 and LUSC-019, and might break the SET domain of SETD3 and
result in the inhibition of its tumor suppression function [30]. The ac-
tual existence and functions of these fusion genes need further experi-
mental validation.
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3.5. Significant genes verified by target sequencing

A target region captured sequencing (TS) was performed to verify a
set of 56 driver genes with relatively high frequencies of SNVs or CNVs
detected by WES or WGS in the primary (T) and PDX (P3) tumor and
control normal samples of 10 LUSC cases described above, and in the
primary tumor and control normal samples of additional 70 LUSC cases.
According to the summary in Supplemental Table 10, most of the SNVs
detected in the T and P3 samples of 10 LUSC cases by WES were also
detected by TS analysis, with only one missing SNV in P3 of LUSC-018
case. Because of the increased sequencing depth in TS analysis, more
SNVs were detected in all the tumor samples of 10 LUSC cases com-
pared with WES analysis. The SNVs and CNVs detected in target se-
quencing were summarized in Supplemental Tables 11 and 12 respec-
tively. Moreover, the 30 genes with highest frequencies of SNV were
presented in Fig. 2 with their mutation frequencies and mutation types
in 80 tumor samples. And the top 30 CNV genes were shown in Fig. 3

with their variation types in 80 tumor samples. And the numbers of
LUSC cases carrying CNVs of those top 30 genes and corresponding
CNV frequencies were presented in Supplemental Table 13.

Furthermore, seven genes both in the top 30 lists of SNV and CNV
including GRM1,PIK3CG, GRM8, FGFR2, PIK3CA,CSMD3 and ZFHX4,
and two genes only presented in the top 30 CNV list, including CLDN1
and RIT1, were selected as targeting candidates for further validation.
Among these 9 candidates, GRM1, PIK3CG,FGFR2 and PIK3CA had
been reported to promote tumor progression in multiple types of ma-
lignancies [31–36], However, their specific functions in the develop-
ment of squamous cell lung cancer (LUSC) were necessary to verify. The
functions of other 5 genes, GRM8, CSMD3, ZFHX4, CLDN1 and RIT1 in
malignant progression were much less reported and needed further
validation.

Fig. 1. Homology and heterogeneity of genomic alterations among primary and PDX tumors. A. The ratios of the overlapping mutation number between Passage 1
(P1) or Passage 3 (P3) of PDX tumor and primary tumor (T) (O1 or O3) to the total mutation number of primary tumor (O1/T or O3/T). These two ratios were
respectively presented in blue and red colors. B. The counts and proportions of five mutation signatures of primary and corresponding PDX tumor samples remained
similar. Five mutation signatures were extracted according to the patterns of base substitutions (W1-W5), and shown in different colors. The x-axis presented the
sample ID and the y-axis in upper and lower panels respectively illustrated the counts and proportions of mutation signatures. C. The proportions of various non-
synonymous mutation types remained similar among the primary and corresponding PDX tumor samples. The mutation types, including non-synonymous and
nonsense SNV, splicing and Indel variants were displayed in different colors. The vertical axis illustrated the mutation number in different samples, and the x-axis
presented the sample ID. D. The mutation allele frequencies (MAFs) of non-synonymous somatic mutations corrected for tumor purities in primary and PDX tumors
were similar. The MAFs of T, P1 and P3 tumors were presented in different colors. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3.6. Functional validation of targeting candidates

The sgRNAs of SaCas9 targeting the 9 candidates were designed
using Benchling tool, and respectively cloned into the lentiviral vector
expressing SaCas9. The sgRNA efficiencies were confirmed in 293T cells
through T7E1 assay (Fig. 4A). The sequences of sgRNAs and PCR pri-
mers for T7E1 assay were respectively summarized in Supplemental
Table 14 and Supplemental Table 15.

Then the loss of function assays for 9 candidates were conducted in
PDX tumor cells carrying corresponding mutations. In detail, GRM8 was
knocked out in LUSC-019 cells. FGFR2 and ZFHX4 were individually
depleted in LUSC-006 cells. PIK3CG, GRM1 and CSMD3 were respec-
tively knocked out in LUSC-012 cells. PIK3CA, CLDN1 and RIT1 were
individually depleted in LUSC-021 cells.

The results of cell viability (Celltiter) and cytotoxicity (LDH) assays
both showed that the knock-out of GRM8, FGFR2, PIK3CG, GRM1,
PIK3CA, CLDN1 and RIT1 were all able to significantly inhibit the
survival and induce the death of corresponding PDX tumor cells, and
FGFR2 depletion conferred the strongest effects. In contrast, the de-
pletion of ZFHX4 and CSMD3 significantly promoted the survival and
inhibited the death of PDX tumor cells (Fig. 4B, Supplemental Fig. 5).
Therefore, GRM8, FGFR2, PIK3CG, GRM1, PIK3CA, CLDN1 and RIT1
might function to promote the cell survival of squamous cell lung
cancer. ZFHX4 and CSMD3 might play the roles of tumor suppressor in
squamous cell lung cancer.

Metabotropic glutamate receptor 8 (GRM8) had both relatively high
frequencies of SNVs (16%) and amplification (62.5%) in our LUSC co-
hort, compared with other validated oncogenic candidates, including

Fig. 2. Significant genes carrying SNVs and verified by targeting sequencing.
The 30 genes with highest frequencies of SNV genes revealed by target sequencing were listed. The sample IDs were showed on the top. The mutation frequencies
were displayed on the left, and the gene abbreviations were showed on the right. The icons of mutation types were listed at the bottom in different colors. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Significant genes carrying CNVs and verified by targeting sequencing.
The 30 significant genes with highest frequencies of CNVs revealed by target sequencing were listed. The sample IDs were showed at the bottom. The mutation
frequencies displayed in bar graph on the right together with the gene abbreviations. The icons of amplification, normal and deletion were displayed on the top. The
value of log to the base 2 of copy number (CN) divided by 2 (Log2(CN/2)) were presented in gradually darker colors. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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FGFR2 (SNV 8%, Amp 28.75%), PIK3CG (SNV 14%, Amp 66.25%),
GRM1 (SNV 18%, Amp 32.5%), PIK3CA (SNV 15%, Amp 70%), CLDN1
(SNV 0%, Amp 70%) and RIT1 (SNV 0%, Amp 67.5%). Furthermore,
the roles of variations of GRM8 in the progression of LUSC were rarely
reported and necessary to clarify.

3.7. Transcriptional activation of GRM8 promoted the proliferation of
LUSC cells through inhibiting cAMP pathway and activating MAPK pathway

GRM8 is one of the eight members of G-protein coupled receptors
for glutamate family. It can couple to a variety of intracellular second
messenger systems to modulate neuronal functions, such as neuronal
excitability and development. GRM8 was reported to function in med-
iating the reduction of intracellular cAMP concentration through in-
hibiting the adenylate cyclase activity [37]. According to the sequen-
cing data of TCGA LUSC cohort (498 cases), the 211 cases with GRM8
amplification also had significantly higher transcription levels of GRM8
compared with the rest cases (P=0.04). And the transcription level of
GRM8 was reversely correlated with the prognosis of LUSC cases
(P= 0.019) (Supplemental Fig. 6). These results suggested that the
amplification of GRM8 might play a promoting role in LUSC progres-
sion.

To further study the function of GRM8 in LUSC cells, GRM8 was
transcriptionally activated in LUSC cell-lines EBC-1 and SK-MES-1
through the SAM CRISPRa system. In detail, 4 sgRNAs targeting the
promoter region of GRM8 were designed using Benchling tool

(Supplemental Table 14) and were individually cloned into the
CRISPRa vector. Through co-transfection of the three-vector CRISPRa
system respectively expressing sgRNA, mutant SpCas9 (dCas9), and
transcription activating domains VP64, P65 and HSF1, the mRNA levels
of GRM8 were up-regulated. sgRNA3 was found most efficient
(Supplemental Fig. 7). According to the results of CCK8 assay and cell
counting, GRM8 activation significantly enhanced the proliferation of
EBC-1 cells compared with the non-targeting control (Fig. 5A,
Supplemental Fig. 8A). And a concordant phenotype was observed in
SK-MES-1 cell (Supplemental Fig. 9A). And GRM8 activation sig-
nificantly reduced the intracellular cAMP concentration and PKA ac-
tivity in both cell-lines, revealed by ELISA assay for cAMP measurement
and the substrate-phosphorylation assay of PKA (Fig. 5B and C,
Supplemantal Fig. 9B and C). According to previous studies, the acti-
vation of cAMP pathway would block the activation of MAPK pathway,
which was a main intracellular pathway transmitting the proliferation
and survival signals [38]. Consistently, the phosphorylation levels of
MEK and ERK, key components of MAPK pathway, were significantly
enhanced upon GRM8 activation (Fig. 5D, Supplemental Fig. 9D). The
underlying bar plots showed the quantification and statistical results of
western blot. Our results indicated that GRM8 activation inhibited
cAMP pathway, which consequently activated the MAPK pathway.
Furthermore, the treatment of cAMP pathway activator, Forskolin, or
MAPK pathway inhibitor, Selumetinib, could significantly inhibit the
up-regulated phosphorylation of ERK induced by GRM8 activation
(Fig. 5E and F, Supplemental Figs. 9E and 9F). While the results of

Fig. 4. Functional validation of targeting candidates. A. The sgRNAs targeting 9 candidates could all efficiently induce the cleavages at the targeting points. The loss-
of-function lentiviral vectors targeting 9 candidates were respectively transfected in 293T cells, and T7E1 assays were carried out to validate the sgRNA efficiencies.
B. The depletions of 9 candidates in the PDX tumor cells carrying corresponding mutations had different effects on cell viability. The PDX cells were infected with
lentivirus carrying sgRNAs targeting the indicated genes. The virus packaged by non-targeting vector (NT) served as the control. The star symbols indicated the
statistical significance of viability inhibition (***p < 0.001 by unpaired two-tailed t-test).
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CCK8 and LDH assays both showed that the treatments of Forskolin and
Selumetinib could significantly inhibit the GRM8-enhanced prolifera-
tion of EBC-1 cells (Fig. 5G and H, Supplemental Figs. 8B and 8C). And
concordant phenotypes were also observed in SK-MES-1 cells
(Supplemental Figs. 9G and 9H). In summary, the transcriptional acti-
vation of GRM8 promoted the proliferation and survival of LUSC tumor
cells through inhibiting cAMP pathway and activating MAPK pathway.
And the amplification of GRM8 which up-regulated the transcriptional
level of GRM8 might be an activating variant of GRM8 and play a
promoting role in LUSC progression.

3.8. The SNV resulting in the Alanine/Glycine change at the 112th amino
acid (A112G) conferred the activation of GRM8 and induced cell
proliferation

GRM8 had SNV frequencies of 16% in our LUSC cohort and of
7.34% in TCGA LUSC cohort. Two cases in our cohort harbored GRM8
mutations, A112G in LUSC-019 and P425T in LUSC-006 respectively.
The sanger sequencing on the PCR fragments of cDNA samples of pri-
mary tumors from LUSC-019 and LUSC-006 indicated that A112G
mutation was well transcribed in tumor sample (Supplemental Fig. 10),
While P425T mutation could not be detected by sequencing in cDNA
sample, which suggested that P425T might not be well transcribed in
corresponding tumor tissue (Data not shown). Therefore, we focused on
studying the function of A112G mutation of GRM8. We first constructed
A112G mutation in 293T cell with relatively higher constitutive ex-
pression level of GRM8 through CRISPR system and homology-directed
repair mechanism (HDR) [39] (Fig. 6A), and in LUSC cell-lines EBC-1
and SK-MES-1 with relatively lower constitutive expression levels
through exogenously expressing the mutant protein. The sequences of
sgRNA and ssDNA, and the PCR primers for sequencing were listed in
Supplemental Table 16. According to the cell proliferation assay,
A112G robustly induced the proliferation of 293T cell and LUSC cells
compared with the wild-type control (Fig. 6B and E, Supplemental
Fig. 11A). As mentioned above, GRM8 inhibited cAMP/PKA and acti-
vated MAPK signaling pathways, so we detected the PKA kinase ac-
tivities and MEK/ERK phosphorylations in the mutated cells. A112G
significantly suppressed the PKA activities and up-regulated the phos-
phorylations of MEK and ERK in 293T cell and two LUSC cell-lines,
indicating that this mutation conferred activation to GRM8 (Fig. 6C, D,
6F and 6G, Supplemental Figs. 11B and 11C). Therefore, the A112G
mutation might be also an activating variant of GRM8 and play a
promoting role in LUSC progression.

3.9. cAMP activator and MEK inhibitor could become a potential
therapeutic strategy in LUSC tumors carrying GRM8-activating mutations

To determine if the activation of cAMP/PKA and MAPK signal
pathway was responsible for GRM8-activating mutation (A112G) in-
duced proliferation, we assayed the pathway status and the prolifera-
tion of 293T cell and LUSC cell-line EBC-1 in the presence or absence of
cAMP activator and MEK inhibitor. The treatments of cAMP pathway

activator, Forskolin, or MAPK pathway inhibitor, Selumetinib, could
significantly inhibit the phosphorylation of ERK up-regulated in the
cells with A112G mutation of GRM8 (Fig. 7A,C, E and G) and the cell
proliferation induced by corresponding GRM8 mutation (Fig. 7B, D, F
and H). Furthermore, either Forskolin or Selumetinib treatment could
inhibit the survival of PDX tumor cell of LUSC-019 harboring both
amplification and A112G mutation of GRM8. The inhibition effect of
Forskolin was dose-dependent and more significant than that of Selu-
metinib. Combined treatments of Forskolin and Selumetinib showed
additive inhibition effects on PDX tumor cells (Fig. 8A). All the data
indicated that the GRM8 activating variants including amplification
and A112G mutation promoted the cell proliferation through inhibiting
cAMP/PKA pathway and stimulating MAPK pathway (Fig. 8B) and
suggested that targeting the components of GRM8 signaling pathway
including cAMP and MEK could become a potential therapeutic strategy
in LUSC tumors carrying GRM8-activating variants.

4. Discussion

Through the integrated analysis of genomic sequencing and CRISPR-
Cas9 genome editing, a group of potential driver genes carrying con-
sistent somatic mutations among the primary and PDX tumor samples
were identified and validated. Further study elucidated that GRM8
promoted the survival of LUSC tumor cells through inhibiting cAMP
pathway and activating MAPK pathway. The SNV identified in LUSC
tumors, A112G, activated GRM8 and promoted cell proliferation.
Furthermore, cAMP activator and MEK inhibitor could significantly
block the cell proliferation and survival of LUSC tumor cells with GRM8
mutations. Therefore, the GRM8 signaling pathway could potentially
serve as promising therapeutic targets of squamous cell lung cancer
carrying GRM8-activating mutations.

Previous studies had described the successful establishment of PDX
models of lung cancer, and the PDX tumor maintained the histological
and molecular features of primary tumor after a series of passages
[30,40]. According to the WES data, the rates of overlapping mutations
ranged from 0.71 to 0.99. More importantly, the mutation types and
signatures were very similar among the primary and PDX samples.
These results indicate that the molecular features maintained consistent
among the primary and PDX tumors of our sample cohort. And our
LUSC PDX models can be widely applied for the validation of potential
therapeutic targets and strategies.

The candidate selection process was optimized through combining
the driver gene screening and mutation frequency analysis. The iCAGES
tool and COSMIC database were utilized to screen the potential driver
genes from WES and WGS data. Around 300 potential driver genes
carrying SNVs were identified by iCAGES from WES data, while 142
potential driver genes carrying CNVs were identified from WGS data
according to COSMIC database and previous publications. The 42 genes
frequently mutated both in our cohort and TCGA cohorts were also
combined in case of missing novel candidates. Furthermore, 56 genes
carrying highly frequent SNVs and/or CNVs were verified through
target region captured sequencing both in the samples for WES and

Fig. 5. GRM8 activation promoted the proliferation and survival of squamous cell lung cancer. A. GRM8 activation significantly promoted the growth of EBC-1 cells.
The cell growth status was measured by CCK-8 assay for 4 days. The square and triangle respectively indicated the non-targeting control and the GRM8 activated
cells. Proliferation assay are expressed as the mean ± SD of three replicate assay (***, p < 0.001 by two-way ANOVA). B. GRM8 activation decreased the
intracellular cAMP level in EBC-1 cell measured by cAMP ELISA assay(***p < 0.001 by unpaired two-tailed t-test). C. GRM8 activation inhibited the activity of PKA
in EBC-1 cell. The upper panel was the representative gel indicating the substrate phosphorylation status. The lower one showed the fold change of PKA activity
(***p < 0.001 by unpaired two-tailed t-test). D. GRM8 activation upregulated the phosphorylations of MEK and ERK. The phosphorylation status of MEK and ERK
was detected by Western blot. The level of proteins was quantified by using the software ImageJ and analyzed by unpaired two-tailed t-test in underlying graph (***,
p < 0.001). E-F. The treatments of cAMP activator Forskolin and MEK inhibitor Selumetinib inhibited the phosphorylation of ERK. EBC-1 cells with or without
GRM8 activation were respectively treated with 30 μM Forskolin (E) and 2 μM Selumetinib (F) for 2 h before Western blot analysis. The level of proteins was
quantified by using the software ImageJ by one-way ANOVA and unpaired two-tailed t-test in underlying graph (*, 0.01 < p < 0.05, **, 0.001 < p < 0.01, ***,
p < 0.001). G-H. The treatments of Forskolin and Selumetinib both inhibited the proliferation of EBC-1 cells induced by GRM8 activation. EBC-1 cells with or
without GRM8 activation were respectively treated with 200 μM Forskolin (G) and 5 μM Selumetinib (H). And the cell growth status was measured by CCK-8 assay
for 4 days(***p < 0.001 by two-way ANOVA).
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WGS analysis, and in the tumor samples of additional 70 LUSC cases.
Based on the verification of target sequencing, seven genes carrying
both highly frequent SNV and CNV, including GRM1,PIK3CG, GRM8,
FGFR2, PIK3CA,CSMD3 and ZFHX4, and two genes only presented in
the top CNV list, including CLDN1 and RIT1, were selected for further

functional validation.
The correlations among the overall survival times of TCGA LUSC

cohort and the occurrences of non-synonymous mutations of the above
7 candidates (GRM1, PIK3CG, GRM8, FGFR2, PIK3CA,CSMD3 and
ZFHX4) were respectively analyzed through Kaplan-Meier survival

Fig. 6. The A112G mutation of GRM8 induced cell proliferation and regulated c-AMP/PKA and MEK/ERK signaling pathways in 293T cells andEBC-1 cells. A. Sanger
sequencing results of PCR products amplifying the mutation in the Exon1of GRM8 from the 293T cell-line containing corresponding mutation. The black boxes
indicated the position of A112G point mutation. B and E. A112G mutation of GRM8 significantly promoted the proliferation of 293T cells and EBC-1 cells. The growth
status of mutated cells was measured by CCK-8 assay for 4 days. Proliferation assay are expressed as the mean ± SD of three replicate assay (***, p < 0.001 by two-
way ANOVA). C and F. A112G mutations of GRM8 inhibited the activities of PKA (***p < 0.001 by unpaired two-tailed t-test). D and G. GRM8 mutations
upregulated the phosphorylations of MEK and ERK. The phosphorylation status of MEK and ERK was detected by Western blot. The level of proteins was quantified
using the software ImageJ and analyzed by one-way ANOVA and unpaired two-tailed t-test in underlying graph(*, 0.01 < p < 0.05, **, 0.001 < p < 0.01, ***,
p < 0.001).
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Fig. 7. The cAMP activator and MEK inhibitor could inhibit the survival of cells carrying A112G mutation of GRM8. A, C, E, G. The treatments of cAMP activator
Forskolin and MEK inhibitor Selumetinib inhibited the phosphorylation of ERK in GRM8 mutated 293 and EBC-1 cells. The mutated 293T and EBC-1 cells were
respectively treated with 20 μM and 30 μM Forskolin and 10 μM and 2 μM Selumetinib for 2 h before Western blot analysis. The level of protein was quantified using
the software ImageJ and analyzed by one-way ANOVA in underlying graph(*, 0.01 < p < 0.05, **, 0.001 < p < 0.01, ***, p < 0.001). B, D, F, H. The
treatments of Forskolin and Selumetinib both inhibited the proliferation of 293T and EBC-1 cells induced by GRM8 point mutation. The 293T and EBC-1 cells with
A112G mutations of GRM8 were respectively treated with 100 μM and 200 μM Forskolin, and 10 μM and 5 μM Selumetinib. And the cell growth status was measured
by CCK-8 assay for 4 days. (***, p < 0.001 by two-way ANOVA).
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analysis. All the correlations were statistically insignificant (P > 0.05).
Usually a large part of non-synonymous mutations detected in a specific
gene are not biologically functional. Therefore, further functional stu-
dies need be carried out to identify and characterize the specific mu-
tations of the above candidates regulating the progression of LUSC.

Several studies involve the high-throughput screening of cancer
driver genes in vitro and in vivo using CRISPR-Cas9 loss-of-function or
gain-of-function systems. For example, Chen et al. mutagenized a non-
metastatic mouse cancer cell-line using a genome-scale CRISPR library
of loss of function. The mutant cell pool rapidly generated lung me-
tastasis when transplanted into immunocompromised mice. And a small
set of genes inhibiting cancer metastasis were identified by sequencing
the metastatic tumors [41]. However, all of these screening studies aim
at cancer cell-lines, not PDX tumor cells. Since PDX models maintain
the pathological and molecular features of clinical samples, the gene
function study in PDX tumor cells could potentially provide more in-
formation. With 9 candidates successfully validated, our work was the
first functional screening of driver genes in PDX tumor cells using
CRISPR system. Our system can be extensively applied to more muta-
tion candidates for the identification of effective therapeutic targets.

GRM8 belongs to one of the 8 members of G-protein coupled re-
ceptors for glutamate family, and couples to a variety of intracellular
second messenger systems to modulate neuronal functions, such as
neuronal excitability and development [42]. GRM1, another member of
this family, was reported as an oncogene and frequently mutated in
various malignancies [32]. Our study and previous report both showed
that GRM8 had high SNV frequencies in LUSC tumor samples [43]. And
GRM8 was also identified to carry highly frequent amplification in our
LUSC cohort. GRM8 was reported to mediate the reduction of in-
tracellular cAMP concentration through inhibiting the adenylate cy-
clase activity [37]. Recent reports demonstrated that GRM8 inhibited
the viabilities of endometrial cancer, neuroblastoma and glioma cells,
and increased chemo-sensitivity of neuroblastoma and glioma cells
[44–46]. However, the roles of GRM8 and its mutations in the pro-
gression of LUSC still remained unclear.

In this report, we found that in TCGA data GRM8 amplification
significantly correlated with higher transcription level of GRM8
(P= 0.04). And the transcription level of GRM8 was reversely corre-
lated with the prognosis of LUSC cases (P=0.019). The transcriptional
up-regulation and A112G mutation of GRM8 significantly promoted the
proliferation and survival of LUSC tumor cells through inhibiting cAMP

pathway and activating MAPK pathway accordingly. Stimulating cAMP
pathway and blocking MAPK pathway could both inhibit the survival of
PDX tumor cells containing GRM8 amplification and A112G mutation,
and the joint regulation of both pathways could lead to more significant
inhibition effect. Although cAMP and MAPK pathways were considered
as separated signalings, there was crosstalk between these two path-
ways in the regulation of cell proliferation [38]. cAMP signaling could
regulate MAPK signaling in a cell-type specific manner, which depends
on the activation of a GTPase RAP1 by PKA, and on the expression of
BRAF. Once activated, RAP1 could inhibit RAS/RAF1/MEK/ERK sig-
naling through blocking the activation of RAF1 by RAS when the ex-
pression level of BRAF is low. On the contrary, when the expression of
BRAF is up-regulated, RAP1 could activate BRAF and inhibit RAF1 at
the same time, resulting in a net effect of ERK activation. According to
the TCGA RNA-Seq results, the expression of BRAF keeps at relatively
low level in LUSC cell-lines including EBC-1 and SK-MES-1 which were
utilized in our study (Data not shown). Therefore, the inhibition of
cAMP induced by GRM8 could activate MAPK signaling in lung cancer
cells without BRAF activation.

On the other hand, previous reports and our study demonstrated
distinct functions of GRM8 in different types of cancer cells, such as
tumor suppressing roles in endometrial cancer, neuroblastoma and
glioma cells [44–46], and tumor promoting role in LUSC. The cell-type
dependent functions of GRM8 might result from the differential status
of its downstream cAMP/PKA signaling. cAMP/PKA pathway was
commonly considered as a tumor-suppressive signaling, and reported to
induce the apoptosis and inhibit the invasion of cancer cells [47,48].
However, when the downstream key effector of cAMP/PKA signaling,
CREBBP developed loss-of-function mutations, the function of cAMP/
PKA signaling would be dysregulated to promote cancer progression
[49]. Since GRM8 played oncogenic role through inhibiting cAMP
pathway, the loss-of-function mutations of cAMP/PKA signaling in
specific cancer types might transform the role of GRM8 to tumor sup-
pressor. Without question, there might be various factors affecting
GRM8 function. Therefore, further studies need be implemented to
explore the mediators responsible for the transition of opposite roles of
GRM8 in the tumor progression.

As shown in Uniprot database, the activating SNV of GRM8, A112G,
identified in our LUSC cohort, localized at the first extracellular domain
of GRM8 (Amino acid (aa) 34–853), adjacent to the glutamate binding
site at aa156. Based on our report, the overexpression of A112G

Fig. 8. The cAMP activator and MEK inhibitor could inhibit the survival of PDX tumor cells carrying GRM8-activating mutations. A. The combining treatments of
Forskolin and Selumetinib had additive inhibition effects on the viability of PDX tumor cell of LUSC-019 case. The tumor cells were treated with indicated con-
centrations (uM) of reagents for 72 h. The viability assay was conducted using CellTiter kit (***, p < 0.001 by two-way ANOVA). B. GRM8 activation promoted the
proliferation of LUSC cells through inhibiting cAMP pathway and activating MAPK pathway. The black arrow line indicated the activating function, and the red block
line indicated the inhibiting function. The red arrow line upwards and downwards respectively indicated the activation and inactivation status. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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mutated GRM8 could both significantly activate MAPK signaling and
promote the proliferations of LUSC cell-lines, EBC-1 and SK-MES-1.
Moreover, the treatment of mGluR8 specific ligand, (S)-3,4-DCPG had
no effect on the proliferation of EBC-1 cell overexpressing mutant
GRM8, although it could significantly enhance the proliferation of
control EBC-1 cell (Data not shown). These results implied that A112G
mutation might be a constitutively activating mutation. The detailed
mechanism of A112G-induced activation of GRM8 needs further in-
vestigation.

In summary, the integration of genome sequencing and editing on
the primary and PDX tumors identified and validated the tumor-pro-
moting function of GRM8 in LUSC. And the LUSC patients carrying
GRM8 amplification and A112G mutation might become the interven-
tion objectives targeting the components of GRM8 signaling pathway,
including cAMP signaling and MAPK signaling. The mutations of key
members of these two signalings, such as BRAF and CREBBP might be
also explored to ensure the intervention effect.
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