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Abstract

Objectives: EGFR mutated lung cancer is a molecular subtype of lung
cancer that can be treated using EGFR targeting tyrosine kinase inhibitors.
Despite improved survival rates of patients treated with these inhibitors,
relapse and resistance remains a major concern. Concurrent mutations have
recently been identified to drive disease outcome in EGFR mutated lung
cancer. Here we sought to investigate the frequency and characteristics of
TERT amplifications in EGFR L858R mutated lung cancer.

Materials and Methods: We performed a re-analysis of nine publicly
available datasets concerning lung cancer.

Results: In this hypothesis generating study, we could show that tumors
with TERT amplifications exhibited higher numbers of copy number
alterations, indicating higher levels of genomic instability, potentially
driving tumor biology in addition to EGFR mutations.
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Introduction

EGFR mutated lung cancer is a molecular subtype of
lung cancer characterized by activating mutations in the
epidermal growth factor receptor (EGFR) gene. Potent
EGFR targeting tyrosine kinase inhibitors have dramatically
changed the way lung cancer patients with activating EGFR
mutations are treated and their outcome has improved
significantly [1, 2]. So far, three generations of EGFR
inhibitors have been developed, differing by their time
of development, effectiveness to bind EGFR and ability
to overcome resistance mechanisms that emerged with
earlier inhibitors. However, resistance mechanisms can still
occur, even in response to third-generation inhibitors. This
underscores the ongoing requirement for research aimed
at deepening our understanding and improving treatment
strategies for patients with EGFR-mutated lung cancer [3].
The TERT (telomerase reverse transcriptase) gene encodes
the catalytic subunit of the telomerase enzyme. Telomerase
plays a crucial role in maintaining the integrity and length
of telomeres by synthesizing and appending repetitive DNA
sequences (TTAGGG) to the ends of chromosomes, which
counters the progressive shortening that occurs with each
instance of cell division. This process ensures the stability
and correct replication capacity of the genome [4]. Genetic
alterations, such as amplifications, promoter mutations,
or rearrangements within the TERT gene, as well as
epigenetical events such as methylation of the promoter, all
contribute to the subsequent dysregulation or elevation of
TERT expression and of the telomerase activity [5, 6]. Thus,
aberrant activation or dysregulation of TERT can lead to
excessive telomerase activity, resulting in abnormal telomere
lengthening, cellular immortality and cancer development
[7-9]. Importantly, TERT alterations are associated with
a poor prognosis and aggressive tumor behavior across a
wide range of cancer types [10, 11]. Studying the role of
concurrent mutations has yielded important insights into the
mechanisms underlying tumor development, progression and
resistance to targeted therapies in tumors. In cases of EGFR-
mutant lung cancers, several reports have suggested that
concurrent genetic alterations are associated with a decreased
probability of responding to EGFR TKIs and a shorter
overall survival [12-14]. Here we sought to investigate the
frequency of TERT amplifications in EGFR L858R mutated
lung cancer and to ascertain whether tumors with concurrent
TERT amplifications would exhibit differences based on
histological, genomic or clinical parameters.

Materials and Methods
Patient selection

We performed a re-analysis of nine publicly available
datasets concerning lungcancer,encompassing comprehensive
genetic and clinical data (Lung Adenocarcinoma, Broad,
Cell 2012; Lung Adenocarcinoma, CPTAC, Cell 2020;
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Lung Adenocarcinoma, MSK, 2020; Lung Adenocarcinoma,
MSK, J Thorac Oncol 2020; Lung Adenocarci-noma, MSK,
NPJ Precision Oncology 2021; Lung Adenocarcinoma,
TCGA, Pan-Cancer Atlas; Non-Small Cell Cancer; MSK,
Cancer Discov 2017; Lung Adenocar-cinoma; MSK, Nature
Cancer 2022; MSK MetTropism; MSK, Cell 2021) using
the openly accessible cbioportal platform (www.cbioportal.
org). Clinicopathological and molecular data from cases of
EGFR L858R mutated lung adenocarcinoma were retrieved
from the cbioportal website, distinguishing between those
with TERT amplification (TERTamp) and those without
(TERTwt) (www.cbioportal.org; accessed May 2023).

To ensure consistent comparisons, our study specifically
focused on EGFR L858R mutations and TERT amplifications
exclusively. We intentionally excluded all other EGFR
mutations and TERT aberrations from this explorative,
hypothesis-generating study.

Histologic and genomic stratification

Information regarding histologic subtypes, tumor grade
and stage were retrieved from the individual datasets,
whenever available. We also extracted details about co-
existing pathogenic mutations (as classified by cbioportal),
total number of mutations, tumor mutational burden (TMB),
as well as the total count of copy number alterations (CNAs)
along with all documented pathogenic amplifications and
deletions present in the datasets (Supplementary Table 1).

Statistical analysis

All statistical analyses were performed using the SPSS
statistical software package (IBM SPSS Statistics, Version
29.0.0.0. (241) IBM). Chi-Square tests and Fisher’s exact test
were employed to test for equal distributions of qualitative
variables in the TERTamp and TERTwt cohort. The Mann-
Whitney-U-test was applied on quantitative data to test for
possible differences in the central tendency of both cohorts.
Kaplan-Meier curves and the log-rank test were utilized for
survival-time analyses. Hypotheses were tested based on an
alpha level of 0.05.

Results

Frequency of TERT amplifications in EGFR L858R
mutated lung cancer

Across the nine datasets included in our project, a total of
n=4091 primary lung adenocarcinomas were accounted for.
Among these 4091 primary adenocarcinomas, n=486 (11.9%)
exhibited an EGFR L858R mutation. Within the subset of
adenocarcinomas harboring the EGFR L858R mutation,
n=45 (9.2%) displayed a concurrent TERT amplification.

We included all n=45 cases characterized by both EGFR
L858R mutation and TERT amplification (TERTamp), and
also randomly selected n=89 non-TERT amplified cases
harboring the EGFR L858R mutation (TERTwt) (Table 1).
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Table 1: Clinico-pathologic and genomic parameters extracted from the cbioportal platform.

97

Total (n) Status Statistics
TERTwt TERTamp median mean p-value
Total 134 (n=89) 66% (n=45) 34%
TERTwt 88 67 66.24
Age at Diagnosis (years) 0.191**
TERTamp 45 65 64.13
female 90 (n=55) 61% (n=35) 39%
Gender 0.080*
male 44 (n=34) 77% (n=10) 23%
1 43 (n=30) 70% (n=13) 30%
2 8 (n=7) 88% (n=1) 13%
Pathological Stage at Diagnosis 0.494*
3 3 (n=2)67% (n=1) 33%
4 10 (n=9) 90% (n=1) 10%
non-smoker 26 (n=19) 73% (n=7)27%
Smoking History smoker 27 (n=21) 78% (n=6) 22% 0.704*
former smoker 8 (n=7) 88% (n=1) 13%
TERTwt 36 2 10.15
Pack Years 0.915**
TERTamp 13 0.05 19.47
Relapse-Free-Status(months) TERTwt 27 16.6 23.42
0.122**
TERTamp 13 7 14.12
(n=6) (n=10)
No Relapse 16
38% 63%
Relapse Status 0.007*
(n=26) (n=8)
Relapse 34
77% 24%
Kaplan-Meier Estimate of Relapse- TERTwt 22 35.5 28.68 0.199%**
Free-Status (In months) TERTamp 13 / 41.68 :
TERTwt 28 23 22.05
Overall Survival (months) 0.994*
TERTamp 11 17 22.09
n=25 n=28
living 53 ( ) ( )
47% 53%
Survival Status 0.018*
(n=28) (n=11)
deceased 39
72% 28%
Kaplan-Meier Estimate of Overall TERTwt 52 40 48.96 0410
Survival (months) TERTamp 37 56 42.64 '
TERTwt 89 7 22.73
Mutation Count 0.648**
TERTamp 45 5 51.69
Tumor Mutation Burden TERTwt 87 3.32 4.58 0.334%
(nonsynonymous) TERTamp 42 3.9 5.57 '
TERTwt 89 1 36.8
Copy Number Variations Count 0.001**
TERTamp 45 6 70.89

*Chi-square test
**Mann-Whitney-U-Test
***Log Rang test (Mantel-Cox)

a4 cells (50.0%) had less than the five expected data, which was a limitation of the test results.
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TERT amplification and
parameters

clinicopathological

There was no statistically significant difference in age at
diagnosis between the two groups (TERTwt: median age:
67.00 years; TERTamp median age: 65.00 years; Mann-
Whitney-U-test p=0.191; Tablel). We noticed a tendency
towards a higher proportion of female patients in the TERT-
amp cohort (female with TERTamp/all females: (35/90)
39% vs. male with TER-Tamp/all male: (10/44) 23%;
p-value =0.080; Table 1). However, a statistically significant
difference in frequencies could not be detected. No significant
difference was observed concerning TERTamp in relation to
tumor stage at the time of diagnosis (for limitations of the test
results see Table 1). However, there was inadequate available
data for further analysis regarding stage-specific survival
and stage-specific relapse. Analysis of overall-survival-
time based on histological subtypes was not possible due to
insufficient data. The distribution of histological subtypes as
classified in the cbioportal dataset is presented in Table 2.

Both groups exhibited a comparable number of smokers
and non-smokers (Table 1). A trend towards earlier relapses
in TERTamp cases was observed, although the number of
cases with comprehensive clinical data was limited (Tablel).
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There were significantly more relapses in the TERTwt
cohort (TERTwt: relapses: (26/34) 76.5% vs. TERTamp:
relapses: (8/34) 23.5%; Chi-square test p=0.007; Tablel).
The Log-rank test with respect to relapse-free-status was
not statistically significant (p=0.199). The TERTamp cohort
showed a statistically significantly higher rate of survival
status “living” (Chi-square test p=0.018; Tablel). There
was no statistically significant difference between the two
cohorts in terms of overall survival (Kaplan-Meier estimate
of overall survival (months), thus event at ‘deceased=yes’
and censoring in patients that were lost to follow up; TERTwt
median: 40.00 vs. TERTamp median: 56.00; Log-rank test
p= 0.410). The corresponding Kaplan-Meier estimates are
graphically plotted in Figure 1.

Kaplan-Meier estimate of overall survival (months), thus
event at ‘deceased=yes’ and censoring in patients that were
lost to follow up. TERTwt showed a median of 40.00months
vs. TERTamp showed a median of 56.00. (Log-rank test
p=0.410).

TERT amplification and mutation count/concurrent
mutations

The two groups exhibited no significant difference in
terms of mutation count (TER-Twt: median: 7.00 mutations

Figure 1: Overal survival
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Kaplan-Meier estimate of overall survival (months), thus event at ‘deceased=yes’ and censoring in patients that were lost to follow up. TERTwt
showed a median of 40.00months vs. TERTamp showed a median of 56.00. (Log-rank test p= 0.410).
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Table 2: The distribution of histological subtypes as classified in the cbioportal dataset is presented in the table

Histology/Subtype/Tumor Grade

Histology/Subtype/Tumor Grade TERTwt

Acinar 16
Papillary 0

Acinar/ Papillar 5
Solid CT 7
Nonsolid CT 5
Lepidic 1

Mixed 2

Poorly differentiated 1
Moderately differentiated 8
Well differentiated 0
Total 45

vs. TERTamp: median: 5.00; Mann-Whitney-U-test
p-value=0.648; Tablel). Consistent with the aforementioned
data, there was no statistically significant difference in tumor
mutational burden (TERTwt median: 3.32 vs. TERTamp
median 3.90; Mann-Whitney-U-test p-value=0.334; Tablel).
We did not identify any statistically significant recurrent
mutations in either of the groups (Supplementary Table 1).

TERT amplifications and copy number alterations
(CNAs)

TERTamp adenocarcinomas exhibited significantly
higher numbers of CNAs compared to the TERTwt group.
(TERTwt: median: 1.00 copy number variations vs TER-
Tamp: median 6.00 copy number variations; Mann-Whitney-
U-test: p-value=0.001; Tablel). In addition, among copy
number alterations, we observed the presence of recurrent
RICTOR amplifications in the TERTamp cohort (TERTwt
(n=0/89) 0% vs TERTamp (n=5/45) 11%; Fisher's exact test
p-value=0.004; Supplementary Table 1).

Discussion

Synergistic mutations pertain to genetic alterations
wherein the combined effect of two or more mutations
surpasses the individual effect of each mutation alone.
Grasping the interaction among synergistic mutations holds
paramount importance in deciphering the intricacies of
cancer biology. This comprehension could facilitate a deeper
understanding of tumor evolution, mechanisms of resistance,
and potentially reveal novel therapeutic vulnerabilities. In
recent years, a multitude of studies have demonstrated that
concurrent, potentially synergistic mutations in EGFR-mutant
lung cancer influence patients” outcome [12-14]. In one of
our previous studies, we could show that concurrent TERT

TERTamp Total TERTampl/Total in %
2 18 111
2 2 100
3 8 37.5
1 8 12.5
1 6 16.7
2 3 66.7
1 3 334
1 2 50
1 9 111
1 1 100
15 60 25

amplifications in ALK translocated lung adenocarcinomas,
another molecular subtype of lung cancer, were associated
with particularly high numbers of genetic amplifications and
deletions, indicating the prevalence of high numbers of copy
number changes [15]. Copy number changes have been a
focal point of extensive research in recent years. They hold
a crucial role in evolutionary processes, population diversity
[16], the onset of specific diseases [17] and influence host
microbiome interactions [18]. Importantly, copy number
changes causing alterations in the genome can increase the
likelihood of survival, even in challenging or unfavorable
environments. Copy number changes can arise from diverse
biological processes. So called copy number alterations
(CNAs) comprise deletions or amplifications of genomic
material fragments, with a size as low as a few kilobases up to
entire chromosomes and complex signatures of copy number
alterations in cancer (CNAs) have been recently described
[19]. Genomic instability, characterized by an increased
propensity of genetic material to undergo alterations and
mutations—ranging from substitutions, insertions, and
deletions to more extensive structural changes such as
duplications or rearrangements—at an elevated rate, can play
a significant role in fostering the emergence of CNAs [20,
21]. At the early stages of human tumorigenesis, the rapid
proliferation of cancer cells instigates an ongoing decline
in telomere length. This diminishing of telomeres prompts
a response of either cellular senescence or apoptosis when
a small fraction of telomeres loses the ability to suppress
DNA damage signaling pathways. Telomere exhaustion can
lead to a critical state of “telomere crisis”, which includes
phenomena like ‘chromothripsis’, or whole-genome doubling
(WGD). These events, in turn, collectively contribute to the
aforementioned genomic instability [22].
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The result of this sequence of events is a transformed cell
with a genome that has undergone extensive rearrangements
yet achieved stability, all the while harboring novel genetic
mutations with the potential to drive tumorigenesis, possibly
among others including CNAs [19, 23-27]. Amplifications of
oncogenes, potentially stemming from genomic instability
related to CNAs, correlate with heightened aggressive
behavior in tumors and possess the capability to foster
resistance against targeted therapies [12-14, 28, 29]. In our
analysis of the data, we detected a significantly more frequent
occurrence of RICTOR amplifications within the TERTamp
cohort (in comparison to the TERTwt cohort), among other
copy number alterations. Rapamycin-Insensitive Companion
of mTOR (RICTOR) assumes a pivotal function in overseeing
cellular activities associated with growth, metabolism, and
survival. Itholds a position within the protein ensemble known
as mammalian target of rapamycin complex 2 (mTORC2).
The two entities, n"TORC1 and mTORC?2, represent discrete
protein complexes that together constitute the mechanistic
target of rapamycin (mTOR). One of the most disrupted
pathways in human tumors is the signaling cascade governed
by phosphoinositide 3-kinase (PI3K), AKT, and mTOR.
This pathway assumes a significant role in events leading to
resistance against epidermal growth factor receptor tyrosine
kinase inhibitors (EGFR-TKIs). Clinical investigations have
substantiated that patients harboring EGFR mutations with
activated PI3K pathway experience diminished progression-
free survival and inferior overall survival. It is hypothesized
that the amplification of RICTOR contributes to the constant
activation of AKT, a kinase that becomes active downstream
of PI3K. Remarkably, this mechanism operates irrespective
of upstream signaling cues, culminating in both tumor
advancement and the development of resistance to therapeutic
drugs [30-35].

Taken together, our findings unveil a potential hypothetical
sequence of occurrences that drive the emergence of a more
aggressive subtype of EGFR-mutated lung adenocarcinoma.
This process commences with an initial state of genomic
instability, caused or accompanied by heightened telomerase
activity due to TERT amplification, fostering the emergence
of novel genetic mutations, including the amplification of
oncogenes such as RICTOR, which could conceivably play
a role in drug resistance. To validate this hypothesis and
ascertain its potential impact on patient outcomes, a broader
and more extensive cohort analysis is imperative. Collectively,
within the scope of this retrospective and hypothesis-
generating study, we could provide additional substantiation
for the concept that EGFR mutated adenocarcinoma of
the lung constitutes a heterogeneous group of tumors on a
molecular plane. However, it is imperative to acknowledge
the limitations of this investigation. The pool of cases
furnished with comprehensive clinical data remains relatively
small and the total number of TERT amplified, EGFR
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mutated lung carcinomas remains restricted. Nonetheless,
the discoveries unveiled through this inquiry pave the way
for subsequent investigations that aim to glean a more
profound comprehension of the ramifications posed by TERT
amplification and genomic instability in the realm of EGFR
mutated lung cancer.

Conclusions

Our analysis underscores the importance to better
understand the role of TERT amplifications in EGFR-
mutated lung cancer, in particular the link between TERT
amplifications and significantly higher levels of CNAs,
potentially facilitating disease progression via genomic
evolution and genetic events such as additional amplifications
of oncogenes or deletions of tumor suppressor genes.
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Supplementary Table 1 Concurrent Copy Number Alterations
CNAs: Total TERTamp TERTwt TERTamp/ Total Total/134 Significance*

EGFR AMP 29 10 19 34% 21.6% no
CDKNZ2A DeepDel 23 6 17 26% 17.2% no
CDKNZ2B DeepDel 22 6 16 27% 16.4% no
MDM2 AMP 14 6 8 43% 10.4% no
NKX2-1 AMP 12 4 8 33% 9.0% no
CDK4 AMP 10 5 5 50% 7.5% no
MTAP DeepDel 9 2 7 22% 6.7% no
FOXA1 AMP 8 1 7 13% 6.0% no
ETV1 AMP 7 2 5 29% 5.2% no
CCNE1 AMP 6 3 3 50% 4.5% no
MYC AMP 6 4 2 67% 4.5% no
CCND3 AMP 5 3 2 60% 3.7% no
MET AMP 5 1 4 20% 3.7% no

RICTOR AMP 5 5 0 100% 3.7% 0.004*
CARD11 AMP 4 1 3 25% 3.0% no
FGF19 AMP 4 2 2 50% 3.0% no
PTPRD DeepDel 4 1 3 25% 3.0% no
RAC1 AMP 4 1 3 25% 3.0% no
SDHA AMP 4 3 1 75% 3.0% no
AKT2 AMP 3 1 2 33% 2.2% no
MCL1 AMP 3 2 1 67% 2.2% no
RHEB AMP 3 2 1 67% 2.2% no
VEGFA AMP 3 2 1 67% 2.2% no
AGO2 AMP 2 2 0 100% 1.5% no
AURKA AMP 2 2 0 100% 1.5% no
BAALC AMP 2 1 1 50% 1.50% no
CDK6 AMP 2 1 1 50% 1.5% no
FGF3 AMP 2 1 1 50% 1.5% no
FGF4 AMP 2 1 1 50% 1.5% no
FGFR4 AMP 2 2 0 100% 1.5% no
MAPK1 AMP 2 2 0 100% 1.5% no
NKX3-1 DeepDel 2 0 2 0% 1.5% no
UBR5 AMP 2 1 1 50% 1.5% no
ACTG1 DeepDel 1 0 1 0% 0.7% no
AKT1 AMP 1 0 1 0% 0.7% no
ATP6V1B2 DeepDel 1 0 1 0% 0.70% no
AXL AMP 1 0 1 0% 0.7% no
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CRBN DeepDel 1 0 1 0% 0.7% no
DUSP22 DeepDel 1 1 0 100% 0.7% no
ELF3 DeepDel 1 0 1 0% 0.7% no
ERAS AMP 1 0 1 0% 0.7% no
ESCO2 DeepDel 1 0 1 0% 0.7% no
EZH2 AMP 1 1 0 100% 0.7% no
GAB2 AMP 1 1 0 100% 0.7% no
GLI1 AMP 1 1 0 100% 0.7% no
HDAC6 AMP 1 0 1 0% 0.7% no
JUN AMP 1 0 1 0% 0.7% no
KEAP1 DeepDel 1 0 1 0% 0.7% no
KRAS AMP 1 1 0 100% 0.7% no
LGR5 AMP 1 0 1 0% 0.7% no
MAG DeepDel 1 0 1 0% 0.7% no
MSH2 DeepDel 1 0 1 0% 0.7% no
NSD1 DeepDel 1 1 0 100% 0.7% no
PAK1 AMP 1 1 0 100% 0.7% no
PAXS5 DeepDel 1 0 1 0% 0.7% no
PCSK1N AMP 1 0 1 0% 0.7% no
PMAIP1 DeepDel 1 0 1 0% 0.7% no
PPM1D AMP 1 1 0 100% 0.7% no
PPP2R2A DeepDel 1 0 1 0% 0.7% no
PRKAR1A AMP 1 0 1 0% 0.70% no
PTEN DeepDel 1 0 1 0% 0.7% no
PTPRS DeepDel 1 0 1 0% 0.7% no
RAD51 DeepDel 1 0 1 0% 0.7% no
RUNX1 AMP 1 1 0 100% 0.7% no
SMAD4 DeepDel 1 0 1 0% 0.7% no
SOX17 DeepDel 1 0 1 0% 0.7% no
SPRED1 DeepDel 1 0 1 0% 0.7% no
SRC AMP 1 1 0 100% 0.7% no
STK11 DeepDel 1 0 1 0% 0.7% no
TP53BP1 DeepDel 1 0 1 0% 0.7% no
YAP1 AMP 1 1 0 100% 0.7% no
YES1 AMP 1 0 1 0% 0.7% no

TERT AMP 45 89 0.0%

* Fisher's exact test p-value
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Supplementary Table 2: Concurrent pathogenic mutations
Mutation Total TERTamp TERTwt TERTamp/ Total Total/ 134 Significance
EGFR L858R 134 45 89 34% 100.0%

TP53 75 27 48 36% 56.0% no
RBM10 14 8 6 57% 10.4% no
EGFR T790M 13 5 8 38% 9.7% no
CTNNB1 6 2 4 33% 4.5% no
PTEN 6 2 4 33% 4.5% no
CDKN2A 5 0 5 0% 3.7% no
PIK3CA 5 3 2 60% 3.7% no
RB1 4 0 4 0% 3.0% no
APC 3 2 1 67% 2.2% no
MED12 3 2 1 67% 2.2% no
SMARCA4 3 0 3 0% 2.2% no
ARID1A 2 1 1 50% 1.5% no
ATRX 2 1 1 50% 1.5% no
CBFB 2 2 0 100% 1.50% no
CDKN2C 2 2 0 100% 1.5% no
ERBB2 2 2 0 100% 1.5% no
KDM5C 2 1 1 50% 1.5% no
MAG 2 1 1 50% 1.5% no
PIK3R2 2 0 2 0% 1.5% no
RASA1 2 2 0 100% 1.5% no
TERT 2 0 2 0% 1.5% no
ANKRD11 1 0 1 0% 0.7% no
ARID2 1 0 1 0% 0.7% no
ARID4B 1 0 1 0% 0.7% no
ARID5B 1 0 1 0% 0.7% no
ATM 1 1 0 100% 0.7% no
B2M 1 0 1 0% 0.7% no
BAP1 1 1 0 100% 0.7% no
BARD1 1 1 0 100% 0.7% no
BRCA2 1 0 1 0% 0.7% no
BRIP1 1 0 1 0% 0.7% no
CBFD 1 1 0 100% 0.7% no
FANCE 1 0 1 0% 0.7% no
KEAP1 1 0 1 0% 0.7% no
KMT2C 1 1 0 100% 0.7% no
LATSA 1 0 1 0% 0.7% no
MEN1 1 0 1 0% 0.7% no
NOTCH2 1 0 1 0% 0.7% no
NRAS 1 0 1 0% 0.7% no
PDGFRA 1 1 0 100% 0.7% no
PRDM1 1 1 0 100% 0.7% no
PTPRT 1 1 0 100% 0.,7% no
RB1 1 0 1 0% 0.7% no
SETD2 1 0 1 0% 0.7% no
SMAD4 1 0 1 0% 0.7% no
STAT3 1 0 1 0% 0.7% no
TGFBR1 1 1 0 100% 0.7% no
TRX 1 0 1 0% 0.7% no
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