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Ryanodine receptor (RYR) mutational status correlates with tumor
mutational burden, age and smoking status and stratifies non-
small cell lung cancer patient prognosis
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Background: The ryanodine receptors (RYRs) have been implicated in many muscular, cardiac and
neurological diseases. However, there are almost no studies so far focusing on RYR genetic alterations and its
roles in cancer, especially in non-small cell lung cancer (NSCLC).

Methods: The whole-exome sequencing (WES) data, demographic and clinical data of 1,052 NSCLC
patients was downloaded from The Cancer Genome Atlas (TCGA) database and analyzed using the
corresponding packages of the R software. Mutational profile was established and its correlation with tumor
mutational burden (TMB), prognosis, age and smoking status was analyzed and compared.

Results: RYR mutations were found in 502 NSCLC patients, in which mutations of RYRI, RYR2 and
RYR3 were found in 17.3% (182/1,052), 40.0% (421/1,052) and 21.3% (224/1,052) of patients, respectively.
Random distribution of mutations without hotspot mutations were observed with all three RYR isoforms.
Significant co-mutations were found between RYRI and RYR3, while mutual exclusive mutations were
found between RYRI and RYR2, and between RYR2 and RYR3. Significant correlation was found between
cumulative number of mutations and cumulative TMB for all three RYR isoforms, and patients with RYR
mutations exhibited significantly higher TMB than those without RYR mutations. Significant correlation
was also found between mutational status and age in RYR2 and RYR3, and between mutational status and
smoking history grading in all three isoforms, and between mutational status and number of pack years in
RYR3. More interestingly, significant stratification of patient survival was revealed by RYR2 mutational status,
which was found to be one of the independent risk factors for patient prognosis in multivariate Cox analysis.
Conclusions: The mutational profile of RYR in NSCLC has been characterized for the first time. Strong
correlation was found between RYR mutational status and TMB, age and smoking status. RYR2 mutational
status was an independent risk factor for NSCLC patient prognosis.
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Introduction

Calcium signaling abnormality is one key alteration in many
cancers (1). It is also one of the main aberrancies in non-
small cell lung cancer (NSCLC) (2). Calcium signaling is
composed of many key proteins involving calcium pumps,
such as sarcoplasmic retinal calcium ATPase (SERCA), and
calcium channels, such as ryanodine receptors (RYRs) (3).
Both of them are key transmembrane proteins regulating
calcium release from intracellular calcium stores. There
are many calcium channels involved in calcium signaling,
mainly including voltage-gated calcium channels and
ligand-gated calcium channels. Ryanodine receptor (RYR) is
a calcium release channel located in endoplasmic reticulum
or sarcoplasmic reticulum (ER/SR). It can rapidly release
Ca™ from ER/SR to perform a range of very important
physiological functions, including excitation-contraction
coupling, muscle contraction, cell growth, differentiation,
metabolism, exocytosis, and apoptosis (4). RYRs also play
crucial roles in maintaining intracellular calcium balance.
There are three subtypes of RYRs, including RYR1 (mainly
in skeletal muscle), RYR2 (mainly in heart muscle) and
RYR3 (more widely distributed, mainly in the brain). The
activity of RYR is regulated by many small molecules,
such as calcium, magnesium and caffeine, and some large
molecules, such as calmodulin (4). RYRs have been shown
to play key roles in muscular, cardiac and neurological
diseases (4).

The monomer of RYR1, RYR2 and RYR3 has 5,032-
5,037, 4,968-4,976 and 4,872 amino acids, respectively
(4-9). As a large protein, alterations of RYR key amino
acids are known to play key roles in a series of rare diseases,
including malignant hyperthermia (MH), central core
disease (CCD), catecholaminergic polymorphic ventricular
tachycardia (CPVT) and arrhythmogenic right ventricular
dysplasia type 2 (ARVD2) (4-9). Point mutations of
RYRs may cause these severe phenotypes, suggesting the
importance of key amino acids in maintaining normal RYR
channel function. It is widely known that large number of
mutations can be found in NSCLC, however, the profile of
mutations in calcium channels has rarely been investigated.
Since RYRs are large proteins with important roles in
maintaining intracellular calcium balance, it would be
interesting to study their roles in cancer. Although it has long
been known that calcium signaling is altered in NSCLC (3),
the exact role of RYRs in NSCLC transformation and
development has rarely been studied, and the mutational
landscape of the three RYR isoforms and the roles of their
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mutations in NSCLC have not been systematically studied.
Here we performed the first comprehensive study on RYR
mutational landscape and its correlation with NSCLC
phenotypes using the data from TCGA database. We
identified characteristic RYR mutational profile in NSCLC
and established its correlation with patient phenotypes.
Our study provided the first observation on RYR genetic
alterations and their potential influences in NSCLC.
We present the following article in accordance with the
REMARK reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-21-2395/rc).

Methods

The whole-exome somatic mutation data along with
demographic and clinical information of 1,052 NSCLC
patients was downloaded from The Cancer Genome
Atlas (TCGA) database (https://portal.gdc.cancer.
gov/). Patient demographic, clinical and mutational
information is summarized in 7able 1. Data files in mutation
annotation format (MAF) format were obtained using the
“TCGADiolinks” package of R software (https://www.
rstudio.com/). Mutation profile and tumor mutational
burden (TMB) were analyzed using the “maftools” of
R software, and the distribution of RYRI, RYR2, RYR3
mutations was displayed by lollipop plot also using the
“maftools” of R software. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013).

Statistical analysis

All patients were divided into mutation group (Mut) and
wide type group (WT) in mutational status analysis for
RYRI, RYR2 and RYR3. Wilcoxon test was performed to
compare the difference between the Mut and the WT
groups in TMB, number-pack-years-smoked, tobacco-
smoking-history grading and age-at-initial-pathologic-
diagnosis. Linear regression was performed to analyze the
correlation between cumulative number of mutations and
cumulative TMB. Kaplan-Meier analysis and log-rank test
were performed to investigate the potential stratification of
RYRI, RYR2, RYR3 mutations on patient overall survival.
Univariate and multivariate analyses were performed based
on the stratification of prognosis by clinicopathological
factors and mutational status. All analyses were performed
and all figures were plotted using the corresponding
packages of the R software.
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Table 1 Demographic, clinical and mutational information for
NSCLC patients involved in this study

Factors Categories s’:gjr:;? (f:/:)
Gender, n (%) Female 400 (38.0)
Male 600 (57.0)
Not specified 52 (4.9)
Ethnicity, n (%) Hispanic or Latino 15 (1.4)
Not Hispanic or 689 (65.5)
Latino
Not reported 296 (28.1)
Not specified 52 (4.9)
Age, years, mean (SD) - 66.27 (9.4)
Pathological types, n (%) LUAD 561 (53.3)
LUSC 491 (46.7)
Clinical stage, n (%) Stage | 514 (48.9)
Stage |l 277 (26.3)
Stage llI 166 (15.8)
Stage IV 32 (3.0)
Not specified 63 (6.0)
T stage, n (%) T1 279 (26.5)
T2 565 (53.7)
T3 112 (10.6)
T4 42 (4.0
TX 2(0.2)
Not specified 52 (4.9)
N stage, n (%) NO 636 (60.5)
N1 227 (21.6)
N2 113 (10.7)
N3 7(0.7)
NX 16 (1.5)
Not specified 53 (5.0)
M stage, n (%) MO 748 (71.1)
M1 32 (3.0
MX 212 (20.2)
Not specified 60 (5.7)

Table 1 (continued)
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Table 1 (continued)

Number of
Factors Categories su;je:tz ((")A))
Site of resection or biopsy, Lower lobe, lung 345 (32.8)
n (%)
Main bronchus 9 (0.9)
Middle lobe, lung 35 (3.3
Overlapping lesion of 11 (1.0)
lung
Upper lobe, lung 551 (52.4)
Not specified 101 (9.6)
Residual tumor, n (%) RO 729 (69.3)
R1 25 (2.4)
R2 8(0.8)
RX 48 (4.6)
Not specified 242 (23.0)
RYR1, n (%) WT 870 (82.7)
Mut 182 (17.3)
RYR2, n (%) WT 631 (60.0)
Mut 421 (40.0)
RYR3, n (%) WT 828 (78.7)
Mut 224 (21.3)
Total - 1,052 (100.0)

NSCLC, non-small cell lung cancer; NS, not specified; SD,
standard deviation; LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma; WT, wild type; Mut, mutant; RYR,
ryanodine receptor.

Results

Mutation profiling of RYRs genes revealed characteristic
genetic alterations in NSCLC

The mutation profile of RYRs in NSCLC was established
first by analyzing the data of all RYR mutations. In 1,052
NSCLC patients with RYR mutation information available,
17.3% [182], 40.0% [421], and 21.3% [224] of patients
were found to have at least one RYRI, RYR2 and RYR3
mutation, respectively (7able 1). It was obvious that the

ratio of patients with RYR2 mutations far overweight that
of RYR1 or RYR3 mutations. This is also reflected in the
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schemes of RYRs in Figure 1, in which the mutation rate of
RYR2 (34.7%) also far overweight that of RYRI (14.1%)
and RYR3 (15.8%). It can also be observed from Figure 1
that the distribution of mutations in all three RYR isoforms
was generally even across the full-length channels, with no
obvious hotspot mutations.

The mutational landscape of NSCLC with RYR
mutations was plotted in Figure 24 to demonstrate the
mutational status of patients with emphasis on RYRI,
RYR2 and RYR3 related alterations. It can be observed
that in a total of 502 patients with RYR mutations, RYR2
mutations accounted for 73% of patients, in contrast to
33% of patients with RYR3 mutations and 29% of patients
with RYRI mutations. Large number of significant co-
mutations have been identified (Figure 2B). For example,
RYR2 and RYR3, but not RYRI, co-mutated with ANK2 and
APOB. RYR2, but not RYRI and RYR3, co-mutated with
PAPPA2 and FAM135B. Interestingly, some high-frequency
mutations of NSCLC, such as those in TP53 (72%), TTN
(69%) and SYNEI (27%), were not significantly co-mutated
with RYRs, possibly because mutations of these genes were
comprehensively found in patients with or without RYR
mutations (Figure 2B). More surprisingly, RYR2 mutations
and RYRI mutations were mutual exclusive, and RYR2
mutations and RYR3 mutations were mutual exclusive, while
RYRI mutations and RYR3 mutations were significantly
co-mutated (Figure 2B). As previously reported, missense
mutations were the predominant mutation type, with C>A
and C>T base change as the main alterations. The median
of variants per sample was 244.5 in this group of patients
(Figure 2C). These observations suggest that RYR2 was the
main RYR isoform that was mostly altered in NSCLC.

The affected functions and pathways in NSCLC with
RYR mutations were further investigated by clustering
enrichment analysis. Figure 3 shows the clustering
enrichment results from Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) and
Reactome enrichments. It shows that many functions and
pathways were affected, including ion channel activity,
cell junction, extracellular matrix, phosphoinositide
3-kinase/protein kinase B (PI3K-AKT) signaling pathway,
mitogen-activated protein kinase (MAPK) pathway, human
papillomavirus (HPV) infection, herpes simplex virus 1
(HSV1) infection, neuroactive ligand-receptor interaction
and receptor tyrosine kinase (RTK) signaling. All these
aberrancies were reported in previous observations on lung
cancer (1-3), suggesting that NSCLC patients with RYR

mutations did not differ in main aberrancies from the whole
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NSCLC population.

We further examined the mutational profile by
investigating the correlation between RVR mutational status
and TMB. Figure 44 shows significant linear correlation
between the cumulative number of mutations (x-axis) and
the cumulative TMB (y-axis) for RYRI, RYR2 and RYR3
from all involved patients. Moreover, patients with RYR
mutations exhibited significantly higher TMB than those
without RYR mutations for all three RYR isoforms (P<0.001,
Figure 4B). These observations suggest that the local
mutational status of RYRs correlated significantly with the
mutational status of the whole exome.

RYR gene mutational status correlated with cancer risk
Sactors and patient prognosis

The correlation between RYR mutational status and a series
of clinicopathological factors was investigated. It can be seen
from Table S1 that RYR2 mutational status was significantly
correlated with the site of resection or biopsy and the
residual tumor status, while no significant correlation was
observed between RYRI/RYR3 and the examined factors.
The correlation between mutational status of RYRs and age
or smoking status was also investigated. Figure 5 shows that
significant lower age was found in NSCLC patients with
RYR2 (P<0.01) or RYR3 (P<0.05) mutations compared with
those without RYR mutations, while this difference was
not present with RYRI [not significant (NS)]. Interestingly,
patients with RYRI (P<0.05), RYR2 (P<0.01) or RYR3
(P<0.001) mutations exhibited significantly higher smoking
history grading than those without RYR mutations. Patient
with RYR3 mutations showed significantly higher number
of pack years than those without RYR3 mutations (P<0.01),
while this difference was not present with RYRI and RYR2
(NS). We further examined the potential stratification of
prognosis by RYR mutations. It is clear from Figure 6 that
patient with RYR2 (Figure 6B, P=0.038) mutations exhibited
significantly better overall survival than those without RYR2
mutations. In contrast, RYRI and RYR3 mutations did not
exhibit significant stratification of patient survival (P=0.68
for RYRI in Figure 64, and P=0.19 for RYR3 in Figure 6C).
Univariate and multivariate analyses were performed
with clinicopathological factors and RYR mutational status.
It can be seen from 7able 2 that in univariate analysis,
clinical stage, T, N, M stage, residual tumor status, tumor
location and RYR2 mutational status were significant factors
affecting the patient prognosis. In subsequent multivariate

analysis, clinical stage (stage IV), T stage (T3), residual
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Figure 1 The mutational schemes for RYRI, RYR2 and RYR3 in NSCLC patients. All mutations identified in TCGA database are plotted on the
schemes of RYRI (A), RYR2 (B) and RYR3 (C). Mutations are presented by lollipop plot, in which dots represent mutations, and colors represent
mutation types. The y-axis represents the number of mutations for each site. Key RYR domains are labeled as indicated. The x-axis stands for the

numbering of amino acids of RYR protein. Del, deletion; Ins, insertion; assoc, associated; trans, transport; rec, receptor; NSCLC, non-small cell

lung cancer; RYR, ryanodine receptor.

© Translational Cancer Research. All rights reserved.

Transl Cancer Res 2022;11(7):2070-2083 | https://dx.doi.org/10.21037/ter-21-2395



Translational Cancer Research, Vol 11, No 7 July 2022

2075

A Altered in 502 (100%) of 502 samples
2330
0 365
0 it b L |
RYR2 ||| \ll\||HH||1|H1|H||]|H|\ll\|[HII\HIIIH\||\lIlll||||HINHIIIIH\I‘\HIII\IHIHI\HIlHlH\HlHIIHIlIIHlm IHIIIIHIIIHIIHH||HI!\l|||I\\\\||H|[||\II\I\IIIHIIIIHlHIlHII\HIHIHHIIIHllIIII\\IHIHII[]HIHIHI 73% .
TP53 NI O 0000000 ||\|I\|||||||H|1Hl[\ll\l\lll\llllﬂllII\IHIIHHIIHI 72% | N
N (Rl H||]\|||\||H|H||I||IIH||Hllll\ll\ll\]JHllHl\H\II\|I\llllHIIHIlll\llmHll\ll\\IHHIIHIH\IIHHIIHH AN L AR i 69% | _—
6 [ |\|HHIIHIIHII\|HHIHIIHHIHHH i T JNRIOTN I [N I ||H| 54% .
CSMD3 RO M 1)1 1 AR I (NI OO0 Hl\ 48% el ]
LRPTB || i i i, L1 11 T T AT R [ 1]
USH2A [} MM 0 AT A 1 M 11 \lﬂ L Hll e ||| ] H” H LT ARRA T WA |\| 40‘V o n
ZFHX4 (I || lHIIl O || [T A A 1 ||| A N T %
RYR3 IO LT | | [ Il II\[H I A S HHHIIJH (i 33% e
XIRP2 1L I \HH D T \HI [N T AT 0 AT 30% |
RYRT R IH Il (IR | Il M1 0100 A IHIHI\I\I L HIHII HII\HII29% I
SPTAT ]HIHH\H 1 AT T U AR A T AT I 279 ———
SYNET [T D HH Il 00O 0O 1 (T R IHIH\ I T 27%  ———
NAVS LI [ M 1 T A0 il A RRATE  e | ‘H | 25% |
COLT1AT TIN5 R O 0 T | (1] | A A 24% |
FLG 00 OO AT | I\H AT [ IIl] H [ PUTRERERRE N 249 ———
PCDH15 |FIMIHINND LR [ | AT I AT T | \ T [l | 24% [
FAM1358 DI OO RS B IIHH T I (UL AT IH 011 il e | 249 |—1
ZNF536 TN 02RO R O | [0l LT BT I H Y LI 24%  —
APOB [0 0 BTN 00 R [ Il M0 T o [ 1107 23% .
PAPPA2 NI 10T L L [ LEALR | | 0O LN 23% |
ANK2 LU0 IO R b | 0 AT [l AT SRt | 23%
muct 7 I AT AT A A 0 T AT [II] O RS TN AT 22% ||
PCOHT1X | (I [ HHIH ANt L At | L AR A I {1311 | 229 |
FATS A0 I N | 0 A LU T [ 22%
® Missense mutation ® In-frame Del
® Frame shift Del = Frame shift Ins
= Nonsense mutation ® In-frame Ins
» Splice site m Multi Hit
B o § g85 ¢ -F C
- FTE = - T © = N = —_—— T
3 g = & & g I g g @ £ § § o= = i‘ o = g P xg Variant classification Variant type SNV class
C e e Rag s NS o 8RS REE
¥ez9sSg I L FrRI8Tsasloaloq i !
NI IR M'“e”se””“'a‘””l_w‘ 0 [eer
Nonsense mutation
FATS [110] N FEEE S & T>A I21084
PCDHTIX [111] | = E B Frame shift Del |
mucizp o E v =] Splice site
ankz 1] B ‘ | T>CI19007
PAPPA2 [114] . . Frame shift Ins | Ins
APOB [116] |+ H E B In-frame Del cT St o
ZNF536 [119 ! '
FAM1358 {1201 . . ) Translation start site ‘ CsG I29483
PCDH15 [122] . . X gzg?s Nonstop mutation Del |
FLG [122] In-frame Ins ‘ CA - EDise
COL11A1 [122] |
avo 129 555585 £ 5 53 588 &8
SYNET [136] Se8888¢% 8 8 8 8 ° % mi
=83 = £ &
SPTAT [136] Number of mutations Number of mutations
RYR1[148] I8 Variants per sample Variant classification
XIRP2 [150] | = Median: 244 5 Summary
RGEREN 2330 a5
ZFHX4 [181] [E3] >3 (co-occurrence)
USH2A [201] I
treia214] (=« H b ] 1553 a3
CSMD3 [241] S
MUC16 [269] e 0
o
I | o k|4
TP53 [359] 2 1814
RYR2 [365] I 2
> 3 (mutually exclusive)
od | P

Patient number

Mutation type 8 8 8
Number of mutations
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with RYRI, RYR2 or RYR3 mutations. Gene names, mutational frequency and types were shown as indicated. (B) Plot of co-mutations
and mutually exclusive mutations identified from NSCLC patients with RYR mutations. (C) Mutational characteristics including ratio of

mutational types, base change statistics, number of variants and mutational frequency. Del, deletion; Ins, insertion; NSCLC, non-small cell

lung cancer; SNP, single nucleotide polymorphism; SNV, single nucleotide variant; RYR, ryanodine receptor.

© Translational Cancer Research. All rights reserved.

Transi Cancer Res 2022;11(7):2070-2083 | https://dx.doi.org/10.21037/tcr-21-2395



“IoLLIRD 93005 ‘)TS ‘reydsoydouour sursouspe 1oL NV ‘oseury urod pareande-udaSorur S[JYIA (19oued Suny [[99 [[ews-uou ‘) THSN oseun|-¢ apnisouroydsoyd
SI€Id 103doadar surpourAr YA ‘seurouan) pue soudr) jo erpadophoury 01043 ‘DO ASojoru() susn) ‘o) ‘uonoduny remosjour Yy Gusuodurod remypd ‘) ‘ssadoxd
[e9130[01q ‘T "SIUIWYILIUD JW0IILIY Pue DO ‘OD) 10§ SINsax AYSII 01 o[ Wor ‘suonenur ¥y Pim sywoned HTHGN 10§ sish[eue Jusurpuud Surraisn() ¢ 2anSiy

oljel susy)
¥0'0 €00 ¢0'0 l00

Wang et al. RYRs predict NSCLC prognosis

2076

000
€00
900
600
cl’o

isniped { ]

ooy @
00t @
00z ®
00k
uno)

I uoloNpuoo oBIPIED
I uonew.oy usbejjon

I uoneziueBio xuyew Jen|jeoeix3
I seyespAyoaued Jo wsijogels

I uonoeuoD BjosN|A

- wejsAs [euoinen

uoissiwsuel [euBis ondeuksisod
™ pue si0}deoai JejHWSUBII0INSN

| saseuny auisoiAy Joydeosal Aq Buieubig
I Hodsuel) sueiqUIBWISUERL} pajeIPaW-1S

I sesdeuAs [eolWwayo SSOIO. UOISSILUSUEI |

SpuNodwod aujwe pue suol [ejew
™ ‘spioe ojuebio pue syes a|iq Jo podsuel|

youus swoloesy yAH

000
100
200
€00
%00
500
isnlped

00v @
ooce®
00z ®
uno)

onel ausy)
90°050°0 ¥0°0 €0°0
1 1 1 1

.

I @ouepIinb uoxy

I Aemyyed Buieubis wnioe)

I Aemyyed Buljeubis dIAvo

I uopoeIBIUI 10}dB08. BUINOIAD-BUINOIAD
I sisoyfoopul

I uonoayul snuIA Leg-uieisdy

I uoisaype [eo04

I uonoajul | snuia xajdwis sadieH

I uonoajul sniinojeBaWwolko uewNH

I uonoayur snuinewolided uewnyH

|- UOIOBUI | SNJIA BILUSYNS| [[82-| UBWNH
I uonoajul snuinsadisy pajeloosse-ewooles Isodey
I Aemyyed Buieubis MdVIN

I uonoeJslul J0}desai-puedl| eAlOBOINSN
- Aemyyed Buiieubis Pv-Meld

I Jooued ul sueoA|Bosjold

I Aemyyed Buijeubis |dey

I Aemyyed Buieubis sey

I uojajeys0lA0 Unoe Jo uonenbay

I sisojnosaqn)

Youus 9OIM'JAY

ET
00
da

adAL

- AyAijoe [puueyo oyoads-siessqng

- Buipuiq esed 1 |lews

- KyIA130B 9sBUY SUILOBIY}/BULISS UIS}0Id

. AyAijoe Jepodsues) SUBIQUSWISUEL} BAISSEY

AjAnoe Jspodsuel) sueIqUISWISUERI] UOI [BISIN

Aynnoe jsuueyo uoj
- olj10ads-|| asesowAjod yYNY ‘“ANAioe Joyeaiioe uonduosuely Buipuig-yNGd

- AyAijoe puueyn

El4

- Buipuig s|nosjow uoisaype |80
Buipuig unoy

=000
- 100
~c0'0
“€0'0

wisy 09

« uopoun( susJeypeE 8yessans-||eD

- |uBIqWIBW BwWosopug
- uopounl [[9o-|l80

- yed Aeo
- uonoun( ayessqns-jjed

- auelquaw ondeuls

- asdeuhsaid
- XLJeW [eLpuoyooy

- adojeAus JesjonN
- Apoq |80 [eUOINSN

20
youus 09'"HAd

- S|9A9| JuBLINU 0} dsuodsay

=000

- 100

-¢0'0

*€0°0

-uoei0ss apndad jo uonenbey

.juswdojensp uonosfoid uoinau jo uoienbay
- sisauaboydiow |90 jo uonenbay
- Ajunww pajelpaw-|iydosnan

- uoieAnoe [iydosinaN

dg

- SISE}SO8WOoY [BWSIUBBIO JB[N|[@01 NI

. uolesbiw a1h003na]

- podsues} uoljeo ojuebioul Jusjealq

- SISB}S08LWOY UOI}ED OlueBioul JusjeAlp JejnjjeD

-00°0

-L00

-2¢00

~€0°0

oljes susn)

Transl Cancer Res 2022;11(7):2070-2083 | https://dx.doi.org/10.21037/ter-21-2395

© Translational Cancer Research. All rights reserved.



Translational Cancer Research, Vol 11, No 7 July 2022 2077
A RYR? RYR2 RYR3
1500 .. 3000 -
R=1, P<2.2e-16 7 R=1, P<2.2e-16 / R=1, P<2.2e-16 -
P /
o ; 1500 =
1000 / 2000 /
/ 1000
I
500 i 1000
s 500
/ /
/ /
0 7 0 0
B 0 50 100 150 200 0 200 400 600 0 100 200 300
50 50 50

40 40 40
30
20
10
0

Figure 4 The correlation between RYR mutational status and TMB in NSCLC patients. (A) The correlation between cumulative number

of mutations (x-axis) and cumulative TMB (y-axis) in RYR isoforms. (B) Scatter plot of TMB grouped by RYR mutational status (Mut or
WT) in NSCLC. ***, P<0.001. Mut, mutant; WT, wild type; NSCLC, non-small cell lung cancer; RYR, ryanodine receptor; TMB, tumor

mutational burden.

tumor status (R1 resection) and RYR2 mutational status
were significant factors affecting the patient prognosis,
when compared with the corresponding reference group,
suggesting these factors were independent risk factors
for prognosis. It is notable that RYR2 mutational status
was among the independent risk factors, suggesting RYR2
mutations alone can independently predict the patient
prognosis.

Discussion

The mutational landscape of NSCLC has been investigated
by many studies, and calcium signaling is one of the well-
known aberrancies in NSCLC (3). Calcium signaling is
involved in many physiological processes, including muscle
contraction, neuronal transmitter release, neural plasticity,
protein phosphorylation, cell growth and death, hormone

© Translational Cancer Research. All rights reserved.

secretion and gene regulation (5). Abnormal calcium
signaling leads to a dysregulation of the above processes in
many cancers including NSCLC (3). Several key proteins
of calcium signaling are implicated in NSCLC, such as
calcium ATPase, RYR, IP3 receptor, voltage-gated calcium
channels, sodium-calcium exchanger and transient receptor
potential (TRP) channels (3). These receptors and channels
regulate the influx and outflux of calcium across the cell
membrane, ER or SR, maintaining the intracellular and
extracellular calcium balance. Mutations of these receptors
and channels in cancers may alter the function of these
proteins and cause calcium dysregulation.

In this study, we found even distribution of mutations
without hotspot mutations in all RYR isoforms, suggesting
that RYR mutations in NSCLC may be the result
rather than the cause of mutation accumulation during
carcinogenesis. Unlike known NSCLC driver genes (such

Transi Cancer Res 2022;11(7):2070-2083 | https://dx.doi.org/10.21037/tcr-21-2395
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Figure 5 Comparison of age and smoking status between Mut and WT RYR. Scatter plot of age, smoking history grading and number of
cigarette pack years status grouped by RYRI, RYR2 and RYR3 mutational status (Mut or WT) is shown, as indicated. Grading of smoking

history: 1 = lifelong non-smoker (less than 100 cigarettes smoked in lifetime); 2 = current smoker (includes daily smokers and non-daily

smokers or occasional smokers); 3 = current reformed smoker for >15 years (greater than 15 years); 4 = current reformed smoker for

<15 years (less than or equal to 15 years); 5 = current reformed smoker, duration not specified. *, P<0.05; **, P<0.01; ***, P<0.001. NS, not

significant; Mut, mutant; W'T, wild type; RYR, ryanodine receptor.

as EGFR and TP53) that exhibit high-frequency hotspot
mutations (6), RYRs did not show any hotspot mutations,
indicating essentially random mutation distribution
across the whole length of RYRs, possibly representing a
mutational background in NSCLC population. Thus, RYR
mutations may not be driver gene mutations in NSCLC.
Similar to other high frequency genes in NSCLC, the main

© Translational Cancer Research. All rights reserved.

type of mutation in RYRs was missense mutations, while a
small proportion of mutations were nonsense and frameshift
mutations. We suppose that most missense mutations may
not change the protein function substantially, but nonsense
and frameshift mutations may cause partial alteration or
complete loss of channel function. Therefore, calcium

signaling through RYRs may be compromised in patients
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Figure 6 Kaplan-Meier survival analysis based on RYR mutational status (Mut or WT). The data for overall survival time (in days) is shown
for each subgroup. (A-C) The survival analysis based on RYRI, RYR2 and RYR3 mutational status for NSCLC patients, respectively. P values
are indicated. Mut, mutant; W'T, wild type; NSCLC, non-small cell lung cancer; RYR, ryanodine receptor.

Table 2 Univariate and multivariate analyses on clinicopathological factors in this study

Univariate Multivariate
Variables
HR (95% Cl) P value HR (95% Cl) P value

Gender

Female Reference - - -

Male 1.17 (0.95-1.43) 0.1461 - -
Ethnicity

Hispanic or Latino Reference - - -

Not Hispanic or Latino 0.56 (0.29-1.09) 0.0892 - -

Not reported 0.56 (0.28-1.10) 0.0916 - -
AJCCT

T1 Reference - Reference -

T2 1.35 (1.05-1.73) 0.0188 1.23 (0.95-1.59) 0.1524

T3 2.26 (1.61-3.17) 0.0000 2.06 (1.45-2.92) 0.0001

T4 2.88 (1.84-4.49) 0.0000 1.88 (1.14-3.11) 0.0013

X 2.57 (0.36-18.49) 0.3488 0.90 (0.09-8.41) 0.9315
AJCCN

NO Reference - Reference -

N1 1.53 (1.21-1.92) 0.0003 1.46 (1.15-1.86) 0.0019

N2 2.04 (1.54-2.72) 0.0000 1.88 (1.39-2.53) 0.0001

N3 1.49 (0.37-6.00) 0.5753 1.21 (0.27-5.24) 0.8000

NX 1.51 (0.67-3.39) 0.3237 1.70 (0.69-4.14) 0.2461
AJCC M

MO Reference - Reference -

M1 2.25 (1.43-3.55) 0.0005 1.74 (1.03-2.93) 0.0377

MX 1.09 (0.84-1.43) 0.5190 1.14 (0.86-1.51) 0.3777

Table 2 (continued)
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Table 2 (continued)
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Univariate Multivariate
Variables
HR (95% Cl) P value HR (95% Cl) P value

Residual tumor

RO Reference - Reference -

R1 3.47 (2.09-5.78) 0.0000 2.34 (1.33-4.12) 0.0031

R2 1.62 (0.52-5.05) 0.4070 1.32 (0.39-4.47) 0.6470

RX 1.34 (0.81-2.22) 0.2550 1.15 (0.68-1.94) 0.5937

Not specified 0.58 (0.72-1.27) 0.7610 0.95 (0.71-1.26) 0.7012
Site of resection or biopsy

Lower lobe, lung Reference - - -

Lung, not specified 1.19 (0.78-1.80) 0.4166 0.96 (0.63-1.46) 0.8398

Main bronchus 0.46 (0.11-1.86) 0.2759 0.40 (0.10-1.62) 0.1976

Middle lobe, lung 2.04 (1.19-3.50) 0.0093 1.31(0.73-2.38) 0.3667

Overlapping lesion of lung 1.24 (0.51-3.02) 0.6418 0.90 (0.36-2.26) 0.8305

Upper lobe, lung 1.11 (0.89-1.37) 0.3682 1.14 (0.91-1.43) 0.2559
RYR1

WT Reference - - -

Mut 1.05 (0.82-1.36) 0.6830 - -
RYR2

WT Reference - Reference -

Mut 0.80 (0.66-0.99) 0.0382 0.80 (0.64-1.00) 0.0390
RYR3

WT Reference - - -

Mut 0.85 (0.66-1.01) 0.1920 - -

AJCC, American Joint Committee on Cancer; Cl, confidence interval; HR, hazard ratio; WT, wild type; Mut, mutant; RYR, ryanodine

receptor.

with missense mutations at key amino acids or in those with
impaired channel function caused by nonsense or frameshift
mutations.

Interestingly, we found that the mutational frequency of
RYR?2 was much higher than that of RYRI and RYR3, which
could be the result of preferential base alterations happened
to RYR2. This could be due to the findings that RYR2 was
more expressed than RYRI and RYR3 in lung tissue (7,8).
RYRs expressed in skeletal muscle, cardiac muscle and brain
have been extensively studied (9). However, their expression
in lung has been much less studied, and their roles in
lung cancer are far less understood. Therefore, our study
provided new evidence for the alterations and possible roles
of RYR isoforms in lung cancer. We identified significant

© Translational Cancer Research. All rights reserved.

co-mutations and mutually exclusive mutations in this study.
Similar to previous lung cancer studies, substantial number
of co-mutations were identified in our study (10). Strikingly,
RYR2 mutations were mutual exclusive to RYRI and RYR3
mutations, while RYR1 mutations and RYR3 mutations
were significantly co-mutated, suggesting that patients with
RYR2 mutations were less likely to have RYRI or RYR3
mutations, while patients tended to have both RYRI and
RYR3 mutations. This observation highlighted the distinct
role of RYR2 in lung cancer compared with RYR1 and RYR3.
It was possibly because RYR2 had much more mutations
than RYRI and RYR3, leading to lower coexistence ratio
of RYR2/RYRI and RYR2/RYR3 mutations compared with
RYR1/RYR3 mutations.
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TMB is a widely accepted biomarker for stratification
of response to cancer immunotherapy, in which patients
with high TMB appeared to have better response and
survival rate than those with low TMB (11,12). Our analysis
demonstrated the positive correlation between higher TMB
and RYR mutations. Thus, patients with RYR mutations
represented a population with higher TMB, indicating
that the local mutational status of RYRs reflected the whole
exome mutational status. Therefore, it can be expected that
patients with RYR mutations exhibited better prognosis
than those without RYR mutations. Although correlation
was found in populations, it is difficult to correlate RYR
mutations with TMB at individual patient level, because
the number of RYR mutations for each patient was low
and not enough to calculate the whole-exome TMB. The
sequenced exome must be long enough to provide accurate
TMB estimation. Therefore, next-generation sequencing
panels with panel size higher than 1 megabyte (MB) were
generally used for TMB calculation (13). However, patients
with RYR mutations could suggest higher chance of benefit
from immunotherapy.

Age is an independent risk factor for cancer (14-16). In
healthy population, sporadic genomic mutations accumulate
with the increase of age, and malignant transformation of
tissues during carcinogenesis exacerbates the accumulation
of mutations (17,18). In our study, patients with RYR2 and
RYR3 mutations showed significantly lower age compared
with those with wild type RYRs, which contradicted
previous observations that elder patients correlated with
higher TMB (19). The number of somatic mutations is
affected by many factors other than age. Mechanism of
carcinogenesis, driver gene mutations and copy number
variations all influence the number of mutations for certain
individual patient. Since RYR mutations were correlated
with higher TMB, the reason for the correlation between
lower age and RYR mutations is worth more investigation.
In contrast, smoking status correlated with RYR mutations
in all three isoforms, which was consistent with previous
observations that smokers were inclined to have higher
TMB in NSCLC (20-22). Therefore, it appeared that
the influence of smoking was comprehensive, and RYR
mutational status was likely a reflection of the whole
genomic alterations in smoking population.

In this study, we showed for the first time that RYR2
mutational status can stratify the patient prognosis, in which
patients with RYR2 mutations exhibited better survival than
those without mutations. RYR2 mutational status was also
an independent risk factor for NSCLC patient prognosis.

© Translational Cancer Research. All rights reserved.
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Although patients involved in this study belonged to a mix
population with various stages and therapeutic strategies,
this result suggested that RYR2 mutational status was an
indicator and predictor for better prognosis in NSCLC.
Since RYR mutations were correlated with higher TMB,
and higher TMB was shown to correlate with better survival
in both resectable and unresectable NSCLC (11,12,23,24),
our data suggested that the capability of RYR mutational
status in prognosis stratification could be a reflection of
the capability of TMB in prognosis stratification. On the
other hand, the prognosis of NSCLC is influenced by many
factors. Factors including age, sex, stage and metastasis
are all well-known risk factors, while status of surgery,
tyrosine kinase inhibitor (TKI) therapy and immunotherapy
all affect the patient survival. Key driver gene mutations,
such as EGFR, ALK, ROS1, TP53 and KRAS may also
affect the patient survival if untreated, and affect the
decision of treatment if target therapy is available (25).
Therefore, although we found RYR2 mutational status as
an independent risk factor for NSCLC patient prognosis,
RYR2 alone is unlikely to accurately predict the patient
survival. However, our study linked calcium signaling
and related ion channels such as RYRs with NSCLC
phenotypes, and provided a new perspective in lung cancer
research.

This study had some limitations. First, although RYR
mutational status appeared to correlate with TMB, age
and smoking status and stratify the patient prognosis, the
influence of individual mutations had not been determined.
Since no hotspot mutations were found with RYR, the
influence of mutations at main functional domains may
be worth more studying. Secondly, no validation study
has been performed to examine the effectiveness of
prognosis prediction by RYR mutational status, and future
prospective cohort study is needed to confirm this. Thirdly,
the mutational status of RYR alone cannot fully ensure
correction prediction of patient prognosis, and clinically-
used indicators should be combined with RYR for prognosis
interpretation. Fourthly, the number of patients for
metastatic lung cancer (stage IV) was limited in this study,
and future study should expand the number of this group
for stage-dependent investigation.
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Supplementary

Table S1 Correlation between RYR mutational status and clinicopathological factors

Gene Character P value
RYR1 Gender 1.000
Ethnicity 0.508
AJCC pathologic stage 0.717
AJCC pathologic T 0.255
AJCC pathologic N 0.705
AJCC pathologic M 0.419
Site of resection or biopsy 0.328
Residual tumor 0.864
RYR2 Gender 0.626
Ethnicity 0.507
AJCC pathologic stage 0.590
AJCC pathologic T 0.143
AJCC pathologic N 0.673
AJCC pathologic M 0.155
Site of resection or biopsy 0.001
Residual tumor 0.018
RYR3 Gender 0.403
Ethnicity 0.243
AJCC pathologic stage 0.146
AJCC pathologic T 0.561
AJCC pathologic N 0.682
AJCC pathologic M 0.170
Site of resection or biopsy 0.213
Residual tumor 0.849

AJCC, American Joint Committee on Cancer; RYR, ryanodine receptor.
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