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A B S T R A C T   

Non-small cell lung cancer (NSCLC) is the most common cause of cancer death worldwide. In non-squamous 
NSCLC, the identification of oncogenic drivers and the development of target-specific molecules led to 
remarkable progress in therapeutic strategies and overall survival over the last decade. Nevertheless, responses 
are limited by systematically acquired mechanisms of resistance early on after starting a targeted therapy. 
Moreover, mounting evidence has demonstrated that each oncogenic-driven cluster is actually heterogeneous in 
terms of molecular features, clinical behaviour, and sensitivity to targeted therapy. In this review, we aimed to 
examine the prognostic and predictive significance of oncogene-driven co-mutations, focusing mainly on EGFR 
and TP53. A narrative review was performed by searching MEDLINE databases for English articles published over 
the last decade (from January 2012 until November 2022). The bibliographies of key references were manually 
reviewed to select those eligible for the topic. The genetic landscape of EGFR-mutated NSCLC is more compli-
cated than what is known so far. In particular, the occurrence of TP53 co-mutations stratify patients carrying 
EGFR mutations in terms of treatment response. The study provides a deeper understanding of the mechanisms 
underlying the variability of the genetic landscape of EGFR-mutated NSCLC and summarizes notably the clinical 
importance of TP53 co-mutations for an open avenue to more properly addressing the clinical decision-making in 
the near future.   

1. Introduction 

Lung cancer represents the most common cause of cancer death with 
1.80 million deaths in 2020 [1]. Lung cancer is divided into two cate-
gories, non-small cell lung cancer (NSCLC) and small cell lung cancer 
(SCLC), accounting for 85% and 15% of cases, respectively, which differ 
for biology, treatment, and prognosis. In NSCLC, non-squamous (NS) 
histology is the most common histotype, detected in almost 80% of di-
agnoses [1,2]. In the latter subgroup, the therapeutic strategies have 
made notable progress in the last decade, as result of the new findings in 
the field of study of molecular alterations of this neoplasia. Indeed, 
numerous somatic mutations and genomic rearrangements have been 

found in high rates. The acquired genetic alterations of driver genes 
have been associated with tumour growth and progression as well as the 
development of targeted therapies which many patients can benefit 
from. The most frequent mutations in NSCLC in Caucasian population 
are in the driver genes a) kirsten rat sarcoma-KRAS (29%), b) epidermal 
growth factor receptor-EGFR (19%), c) B-Raf proto-oncogene-BRAF 
(5%), d) anaplastic lymphoma kinase-ALK (3%), e) MET proto-onco-
gene-MET (3%), f) human epidermal growth factor receptor 2-HER2 
(3%), g) ret proto-oncogene-RET (1%), h) ROS proto-oncogene 1-ROS1 
(1%), i) neurotrophic tyrosine receptor kinase -NTRK, neuregulin 1 - 
NRG1 (<1%), and, j) other genes (9%) [3,4]. 

However, the picture of this genomic landscape is far from complete. 
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About 27% of the mutations remains unknown [3]. Moreover, the 
spectrum of mutations has been enriched with the advent of molecular 
studies using increasingly sophisticated techniques, such as large panels 
of next generation sequencing (NGS). While mounting evidence has 
shown that each oncogenic-driven cluster is heterogeneous in terms of 
molecular features, clinical behaviour, and sensitivity to targeted ther-
apy is with an unmet need of ameliorating our understanding of the 
mechanisms underlying this variability [5]. 

In this review, we aimed to examine the significance of oncogene- 
driven co-mutations in patients’ outcomes, focusing on EGFR whose 
molecular alterations are routinely required in the workflow of NS 
NSCLC. 

A narrative review was performed by searching MEDLINE databases 
for English articles published until November 2022 by using the key 
terms: co-mutations, EGFR, NSCLC, tyrosine kinase inhibitors (TKI), 
tumour microenvironment (TME), and immunotherapy. The bibliogra-
phies of key references were manually reviewed to determine eligibility 
for the topic of this review. 

2. Co-mutations in EGFR-mutated lung adenocarcinoma (LUAD) 

The occurrence of co-mutations in NSCLC have potentially more 
impact than single specific mutations in oncogenic drivers for the 
determination of the tumour heterogeneity. Not all mutations have the 
same meaning. While “driven” mutations affect standard genetic drivers 
strictly related to cancer, other “passenger” mutations can lead to var-
iants without any impact or with small but measurable impact on cancer 
[6]. Even if rarely, passenger mutations can also be slightly protective 
against cancer. 

The distinction between passenger and driver mutations, such as in 
EGFR, is not absolute because a mutation can have different effects in 
different tumours. This statement is generally supported by current 
scientific knowledge [7–10], as mutations in a gene like EGFR can have 
varying effects on different types of solid tumours or even within 
different regions of the same tumour. While certain EGFR mutations may 
be considered as “driver mutations” in one tumour, they may not have 
the same effect in another tumour type and may even be considered as 
“passenger mutations.” This suggests that the classification of a muta-
tion as a “driver” or “passenger” mutation may not always be straight-
forward and may depend on the context in which this mutation occurs. 
Indeed, the development of lung cancer is a complex process that in-
volves a combination of genetic and environmental factors, and that the 
effects of mutations in genes like EGFR may depend on the context in 
which they occur [5,11]. Mutations may interact with other genetic 
aberrations, as well as with external factors like mutagens or radiation, 
to create diverse patterns that contribute to the development of lung 
cancer [12–14]. Additionally, epigenetic changes, which can affect gene 
expression without altering the underlying DNA sequence, may also play 
a role in shaping the cancer phenotype [15]. Epigenetic changes are 
alterations in gene expression that occur without any changes in the 
underlying DNA sequence. These changes can be heritable, meaning that 
they can be passed on from one generation to the next, and they can also 
be reversible, meaning that they can be modified by environmental 
factors [15]. In cancer, epigenetic changes can affect the expression of 
genes that regulate cell growth, differentiation, and death. For example, 
DNA methylation, histone modifications, and microRNA expression can 
all influence the expression of genes that are involved in cancer devel-
opment and progression [15]. Abnormal epigenetic changes can lead to 
the activation of oncogenes, which promote cell proliferation, or the 
silencing of tumour suppressor genes, which normally prevent cell 
growth and division. These changes can contribute to the development 
of a cancer phenotype, which includes features such as uncontrolled cell 
growth, invasion into surrounding tissues, and the ability to metastasize 
to distant sites [15]. Understanding how epigenetic changes contribute 
to cancer development and progression is an important area of research, 
as it may lead to the development of new therapeutic approaches for the 

treatment of cancer [15]. 
Epigenetic changes play a significant role in shaping the cancer 

phenotype, including LUAD. Alterations in DNA methylation, histone 
modifications, and microRNA expression can affect gene expression 
without altering the underlying DNA sequence. However, it’s important 
to note that LUAD is a highly heterogeneous disease, and different 
patterns of growth can lead to intratumor heterogeneity [16,17]. This 
aspect is poorly investigated in the literature, which often considers 
LUAD as a unique entity. Future studies should account for the potential 
impact of intratumor heterogeneity on epigenetic changes in LUAD and 
explore its implications for diagnosis, prognosis, and treatment. Un-
derstanding the complex interplay between epigenetic changes and 
intratumor heterogeneity will be crucial for developing personalized 
and effective therapies for LUAD patients [18]. 

Another consideration regarding the contribution of a mutation is 
about how much mutation can be detected in tumour tissue. A first point 
is the measure of the proportion of DNA molecules in the original 
specimen carrying the variant, identified as the variant allele frequency 
[19]. A second point is the topic of clonality. In general, clonality is the 
overrepresentation of a single gene product in a polyclonal background. 
Sometimes, the variant can be represented only in a group of cells and 
only in a part of the tumour, as a subclone. These variants can develop 
from the accumulation of mutations during tumour progression under 
the pressure of uncontrolled growth and they can as well derive from the 
selection of a clone under the pressure of a therapy [20]. That is why the 
most correct timing to interpret and understand the functional signifi-
cance of co-mutations is probably at the beginning of tumour develop-
ment, in early/locally advanced stages when there is a naïve condition of 
heterogeneity due the tumour itself. 

EGFR-mutated LUAD is a category largely investigated by further 
molecular analyses, where the occurrence of co-mutations has been 
known for long time. Some mutations appear as recurrent in this group, 
with special reference to tumour protein p53-TP53, in at least half of the 
cases, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
alpha-PIK3CA, retinoblastoma-Rb1 or Catenin Beta 1-CTNNB1 [20]. 
These co-mutations are independent from the initiating EGFR mutation, 
showing a superimposable prevalence in each subgroup [21], while 
their number tend to increase after treatment. Interestingly, they show 
different distribution among tumour stages. Indeed, TP53 and Rb1 mu-
tations are already detected in early-stage NSCLC. In contrast, PIK3CA 
and CTNNB1 mutations are more frequent in advanced stages, sug-
gesting that they appear in a later phase of the carcinogenesis, probably 
as an additional event to the existing EGFR mutation, being prevalently 
involved in malignant progression and metastases [5,22]. Finally, 
although rarer, other co-mutations may occur, such as NK2 homeobox 1- 
NKX2–1, Cyclin D-dependent kinases (CDK)4, CDK6, CNE1, and Kelch- 
like ECH associated protein 1-KEAP1 co-mutation [20]. Also based on 
recent acquisition in LUAD, the latter merits further considerations. 

3. TP53 co-mutation 

3.1. Structure and function of the protein 

The TP53 gene is located on the short arm of chromosome 17. The 
protein acts when a DNA damage is detected, blocking the G1/S tran-
sition of the cell cycle, activating the DNA repair protein or, when it is 
irrevocable, initiating apoptosis [23]. 

TP53 is composed of seven domains. Most deactivating mutations 
occur in the central DNA-binding core domain preventing the associa-
tion of the protein to the co-factor LIM Domain Only 3-LMO3 and thus 
the binding to the DNA sequences and the consequent transcriptional 
activation of some genes (recessive loss of function mutations) [24–26]. 
Mutant p53 protein also exhibits a dominant negative activity over the 
wild-type p53 protein by inhibiting its ability to bind the promoter [27]. 

The mechanisms for p53 activity are complex. Both intrinsic and 
extrinsic stimuli can activate TP53. Briefly, the DNA damage is detected 
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by proteins that with enzyme activities that in turn activate post- 
translational modifications resulting in phosphorylation, acetylation, 
methylation, ubiquitination or SUMOylation of the p53 protein. Inde-
pendently of the cause, as an oncogenic activation, the ARF protein in-
teracts with Mouse double minute 2 homolog-MDM2 retaining it into 
the nucleolus. This blocks the proteasomal degradation of p53 that 
initiates its pathway [28]. 

Additional mechanisms can also result in the inhibition or in the 
downregulation of TP53 in cancer cells. These mechanisms notably 
include the downregulation of the long noncoding RNA P53RRA,[29], 
which is associated with poor survival in some cancers, and the inacti-
vation of TP53 by lymphoid-specific helicase [30]. These findings un-
derline the complexity of p53 regulation in cancer cells and the need for 
a more comprehensive understanding of the molecular mechanisms 
involved. By identifying and targeting these mechanisms, researchers 
may be able in the near future to develop more effective treatments for 
cancers in which p53 is dysregulated or inhibited. 

When p53 is altered, the most important downstream pathway is 
mediated by p21 protein whose function is to inhibit cyclin-dependent 
kinase 2-CDK2, functionally responsible for the activation of Rb that 
in turn derepressed the E2F transcription factor 1-E2F1 activity, thus 
blocking the expression of genes related to G1/S transition. Most genes 
regulated by p53 are involved in the secretion of cytochrome c into the 
cytoplasm from the mitochondria, thus initiating the intrinsic pathway 
of apoptosis. When TP53 is altered, this cascade is inactive. Several other 
signalling pathways are strictly related to p53 function in a complex 
network of interactions [28]. 

3.2. TP53 polymorphism and cancer susceptibility 

In biology, alternative phenotypes are admitted, and gene poly-
morphism is frequent. The majority of polymorphisms are silent, 
meaning they do not alter the function or expression of a gene. The 
substitution of an arginine for a proline at codon 72 of exon 4 is a 
common polymorphism in TP53. Its significance in terms of cancer 
susceptibility has been investigated but results are still debated. Some 
studies and metanalyses showed that a certain increase in cancer risk 
was evident in association with this polymorphism in several types of 
tumours [31–34]. In contrast, other authors have not found any corre-
lation between the abovementioned polymorphism and cancer suscep-
tibility [35–38]. Therefore, the question remains open until now. 

3.3. TP53 mutations 

TP53 mutation have been divided into two categories: disruptive 
(non-conservative) and nondisruptive (conservative). The first category 
includes mutations involving the DBD and stop codon in any region; the 
second one is composed of mutations outside the DBD. The two types of 
mutations determine different effects on p53 function. If in the first case, 
p53 loses its function, either completely or only partially, in the second 
occurrence p53 can retain some functions of the non-mutated protein 
form or, sometimes, can gain new functions [39–41]. 

In NSCLC, at least 80% of cases are represented by missense muta-
tions, mostly affecting the exon 4–8 in the DBD. TP53 mutations show a 
distribution among the different histotypes. The most affected one is 
squamous cell carcinoma [42]. In LUAD, suppressor gene abnormalities 
(including TP53) have been commonly found. TP53 somatic alterations 
have been reported in up to 46% of cases, mainly in oncogene-negative 
tumours [18]. The prevalence of mutations is also correlated with the 
smoking history. Moreover, prognosis is also influenced by TP53 mu-
tations. Indeed, in non-smoker patients, the detection of TP53 mutation 
is an independent negative prognostic factor [42]. 

3.4. Significance of TP53 co-mutations in EGFR-mutated LUAD: Lights 
and shadows 

Knowledge about the coexistence of TP53 and EGFR mutations in 
LUAD has increased in the last five years (Fig. 1). The prevalence of this 
association ranges from 22.4% to 72.5% [41,43–49] with high incidence 
also in early stages [50]. The different range of prevalence is quite 
surprising. The main explanation is related to the heterogeneity of the 
more or less sophisticated methodologies and techniques used for mo-
lecular screening, with more or less large panels that could also have 
caused the loss of important but misrecognized mutations as relevant 
epigenetic events [51]. For instance, although amplicon-based 
sequencing is largely used, having the great advantage of a simplified 
workflow and small amounts of DNA required for diagnosis, 
hybridization-based strategies are less likely to miss mutations [52]. As 
such, for TP53 some exons may not be covered and therefore the mu-
tation not detected. 

Despite the fact that making a comparison between incidences, 
prevalence, and clinical significance of TP53 co-mutation has been 
difficult so far, in terms of clinical significance of TP53 co-mutations, its 
impact has been demonstrated on overall survival [41,49,53–64], on 
progression free survival [47,65–68,68–79], and on both type of sur-
vival [48,48,56,80–84] with variable results (Table 1). 

It has been consistently demonstrated that TP53 mutations nega-
tively affect the response to 1st line TKI treatment with first [84] and 
second generation TKI [57]. Recently, Roper et al. [83] showed that 
TP53 co-mutations may affect PFS and OS in this population, thus sug-
gesting the need of new therapeutic strategies for this subgroup [83]. 
Similar results have also been reported by Vokes et al. [85] who 
observed a nonsignificant trend toward decreased PFS on later-line of 
Osimertinib. While the impact of TP53 mutations seems to be inde-
pendent from the generation of EGFR-TKI, data on the predictive impact 
has not been clarified yet for the 3rd generation TKI Osimertinib when 
used in frontline setting, as recommended by the guidelines following 
the results of the FLAURA trial [86]. Le et al. have included these pa-
tients in their study, confirming the worse outcome of the TP53 co- 
mutation in patients receiving 1st line EGFR-TKI monotherapy [87]. 
In this study, Osimertinib was the most common TKI administered. 
However, the limited follow up and the potential confounding bias may 
limit the strength of these results and require validation in further 
studies. 

3.5. TP53 specific exon alterations 

The spectrum of TP53 mutations is wide in relation to the exon 
affected by genetic events. Only a few studies have considered different 
TP53 types of mutations. 

In 2017, Canale et al. demonstrated that TP53 was associated with a 
shorter PFS and OS, mainly when affecting exon 8 and in association 
with EGFR exon 19 deletion in a first line setting [84]. The same group, 
some years later, also showed that the same negative prognostic impact 
in patients treated with second and third generation TKI after resistance 
acquisition [57]. These results were further supported by Roper et al. 
[83] who found a statistically significant PFS and OS when using TP53 
exon 8 to categorize co-mutated patients. (Table 2). If TP53 exon 8 al-
terations are expected to be more frequently detected, 
[48,56,57,70,77,84,88], pieces of evidence suggest that also exon 4, 5, 6 
and exon 7 may be altered with a negative impact on survival 
[56,77,81,82,89]. (Table 2) The most important clinical aspect that 
merits further consideration in the future is the significance of different 
TP53 co-mutations in terms of benefit for TKI monotherapy or combi-
nation with chemotherapy that seems to be more effective in this setting. 
However, what should be kept in mind is that all these studies are 
retrospective, thus affected by several biases. Moreover, very often the 
patients undergoing monotherapy are also those with more comorbid-
ities that could have driven the more unfavourable prognosis. In Fig. 2 
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an emblematic case of an EGFR-mutated LUAD and a TP53 co-mutation 
is reported. 

3.6. TP53 co-mutations and type of EGFR mutations 

TP53 co-mutations are reported to have different clinical impact 
according to the different types of EGFR mutations (Table 3). Patients 
with exon19 deletion of EGFR are usually more sensitive to TKI than 
other EGFR-mutated patients. If TP53 worsens the EGFR TKI response, it 
is not surprising that most evidence highlight the negative effect of TP53 
mutation in this group [66,69,71,80,84]. However, in some studies, the 
mutation of exon 21 L858R seems more affected by TP53 co-mutation in 
comparison with exon 19 deletion [81,90]. TP53 mutations in case of 
EGFR T790M resistance should especially be mentioned because TP53 
has also resulted to be a negative prognostic, too [74,83,91]. These data 
further highlight the need to find alternative therapeutic strategies in 
case of resistance. 

We also need to be aware of the association of TP53 with uncommon 
EGFR mutations (in particular EGFR exon 20 insertions) since new 
efficient drugs have been (amivantanab and mobocertinib) [92] FDA 
and EMA (amivantanab) or FDA (mobocertinib) approved or might be 
approved in the future (CLN-081) [93]. Due to limited availability of 
data concerning this rare alteration, standard-of-care is unclear. More-
over, this group is heterogeneous in terms of insertion variant, incidence 
and type of co-mutations, and TME features [94], thus making it difficult 
to understand what factors and mechanisms are involved in modulating 

Fig. 1. Timeline of research studies on TP53 co-mutation in EGFR-mutated NSCLC. The timeline shows a significant increase in the number of reports in the literature 
from 2014 to 2022. 

Table 1 
Clinical significance of TP53 co-mutations.  

AUTHOR YEAR N◦ OF CASES STAGE CLINICAL 
IMPACT 

Molina Vila et al.  
[41] 

2014 318 IIIB-IV OS 

Bria et al. [75] 2015 17 ns PFS 
Labbè et al. [65] 2017 105 all PFS 
VanderLaan et al.  

[66] 
2017 171 IV-recurr PFS 

Canale et al. [84] 2017 136 adv OS and PFS 
Aggarwal et al. [53] 2018 131 IV OS 
Aisner et al. [54] 2018 1367 IV-recurr OS 
Tsui et al. [61] 2018 50 IV OS 
Kim et al. [67] 2018 75 adv PFS 
Yu et al. [68] 2018 374 metast PFS 
Choi et al. [69] 2018 60 adv PFS 
Wei et al. [70] 2018 41 progr PFS 
Iwama et al. [64] 2018 25 IIIB-IV- 

recurr 
PFS 

Xu et al. [78] 2018 28 III-IV PFS 
Zhang et al. [55] 2019 meta-analysis 

2979 
all OS 

Rachiglio et al. [71] 2019 133 IIIB-IV PFS 
Chen et al. [79] 2019 423 III-IV PFS 
Hou et al. [56] 2019 163 III-IV OS and PFS 
Zhao et al. [49] 2020 675 all OS 
Canale et al. [57] 2020 136 adv OS 
Qin et al. [58] 2020 meta-analysis 

1342 
IIIB-IV- 
recurr 

OS 

Wang et al. [62] 2020 476 all OS 
Cheng et al. [63] 2020 179 adv OS 
Chen et al. [47] 2020 36 I,III,IV PFS 
Wang et al. [72] 2020 240 ns PFS 
Steendam et al. [73] 2020 41 ns PFS 
Jin et al. [74] 2020 54 ns PFS 
Christopoulos et al.  

[80] 
2020 400 ns OS and PFS 

Roeper et al. [48] 2020 75 IV OS and PFS 
Passaro et al. [59] 2021 284 adv OS 
Lv et al. [60] 2021 233 adv OS 
Tan et al. [76] 2021 180 adv PFS 
Yang et al. [77] 2021 137 adv PFS 
Yamamoto et al.  

[81] 
2021 154 IIIB-IV OS and PFS 

Li et al. [82] 2021 195 adv OS and PFS 
Roper et al. [83] 2022 77 IV OS and PFS 
Jiang et al. [89] 2022 210 I-IV OS 
Hao et al. [88] 2022 139 adv OS 

Abbreviations: ns: not specified; adv: advanced; PFS: progression free survival; 
OS: overall survival; recurr: recurrence. 

Table 2 
Summary of the studies considering TP53 types of mutations distinctly.  

AUTHOR YEAR N◦ OF 
CASES 

TP53 
MUTATION 

STAGE CLINICAL 
IMPACT 

Canale et al.  
[84] 

2017 136 exon 8 adv OS + PFS 

Wei et al. [70] 2018 41 exon 6 and 8 progr PFS 
Hou et al.  

[56] 
2019 163 exon 6 and 7 III-IV OS + PFS 

Canale et al.  
[57] 

2020 136 exon 8 adv OS 

Roeper et al.  
[48] 

2020 75 exon 8 IV OS + PFS 

Yamamoto 
et al. [81] 

2020 152 exon 5, 6, 
and 7 

IIIB-IV- 
recurr 

OS + PFS 

Yang et al.  
[77] 

2021 137 exon 4 and 6 adv PFS 

Li et al. [82] 2021 195 exon 4 and 7 adv OS + PFS 

Abbreviations: adv: advanced; recurr: recurrences; progr: progression; PFS: 
progression free survival; OS: overall survival. 
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the response to drugs. EGFR ex20ins mutated NSCLCs were also 
demonstrated to be less sensitive to immune check point inhibitors (ICIs) 
[95] with shorter median time to next therapy after the first ICI treat-
ment, as previously reported in patients with exon 19 deletion and 
L858R EGFR-mutated NSCLC [96–100]. Another recent study, Christo-
poulos et al [101] systematically analysed 118 patients harbouring 
EGFR ex20ins for type of mutations and different treatments. 

Chemotherapy treatment was associated with a significantly better PFS 
than TKI, while immunotherapy was ineffective. Interestingly, TP53 co- 
mutation was associated with worse survival, independently of treat-
ments and drugs, thus reinforcing the need of a large and deep molecular 
characterization so as to identify further routine practices. 

3.7. TP53 and tumour stage 

Another interesting aspect of these studies that focused on TP53 is 
that almost all included patients with NSCLC of all clinical stages or, 
more frequently only advanced tumour. Only a few reports addressed 
early stages solely [50,102]. The main explanation is related to the 
limitation of molecular profiling in advanced or inoperable stages before 
the ADAURA trial. As mentioned above, in these stages a high per-
centage of TP53-EGFR mutations has been described among the EGFR 
mutated population of patients, up to 72% [50], as well as a certain role 
in prognosis of patients, mainly for DFS and PFS [50,102]. However, it 
should be recognized that an intrinsic bias of selection of the study 
populations and the limited information about follow up may limit the 
strength of this evidence. 

3.8. TP53 and squamous cell carcinoma (SCC) 

Most studies concerning the role of TP53 mutations in NSCLC 
focused on NS NSCLC. However, given the association between TP53 
mutations and smoking habits [103], its occurrence is also expected in 
SCC. Concerning EGFR-mutated SCC, it seems to be more similar to 
EGFR-mutated LUAD than EGFR wild type SCC, except for a lower PFS 
and the frequency of some co-mutations [104]. Notably, there was a 
similar mutation frequency for TP53 in comparison with EGFR-mutated 
LUAD and, also in this group, this mutation seems to be associated with 
reduced TKI efficacy [104]. 

3.9. TP53 co-mutations and TME in EGFR-mutated NSCLC 

In EGFR-mutated LUAD, the TME appears to be “quiescent” (i.e., 
most tumours are “cold tumours”) due to multiple causes. EGFR muta-
tion is associated with reduced density and function of CD8 + tumour- 
infiltrating lymphocytes (TILs), thus reducing the immune-mediated 
tumour-killing effect. EGFR-mutated NSCLC is associated with upregu-
lation of CD73. It is an enzyme that in humans is encoded by the NT5E 
gene and serves to convert adenosine monophosphate-(AMP) to aden-
osine. When upregulated, the excess of adenosine further promotes Treg 
and myeloid-derived suppressor cells, thus hindering the immune 
response. EGFR mutation also up-regulates amphiregulin which is 
associated with activation of the pathway EGFR/ glycogen synthase 
kinase-3 beta-GSK-3β/ forkhead box P3-Foxp3, promoting Treg func-
tions [105]. 

Another peculiarity in the TME in EGFR-mutated NSCLC is related to 
the tumou mutational burden (TMB), defined as the total number of 
somatic/acquired mutations per coding area of a tumour genome (Mut/ 
Mb). In case of exonic mutations, on tumour surface novel protein epi-
topes show up that increase immunogenicity and trigger an immune 
response. TMB is highly variable in various cancers and appears to be 
associated with certain factors such as smoking, which increases it. 
Therefore, it is understandable that it is low in EGFR-mutated NSCLC 
who are usually non-smokers it is low [105]. 

Another key player in TME is the programmed death-ligand 1 (PD- 
L1). Preclinical studies demonstrated that PD-L1 was highly expressed in 
EGFR-mutated LUAD [106,107]. However, the clinical evidence for PD- 
L1 in EGFR-mutated tumours showed that these patients developed 
hyperprogression after treatment with ICIs and a high incidence of se-
vere adverse events. The discrepancies between preclinical and clinical 
findings indicate a complex relationship among EGFR mutations, the 
TME, and therapeutic response from immunotherapy. In contrast, in 
KRAS-mutated NSCLC the behaviour of PD-L1 is the opposite and it is 

Fig. 2. Index case of a TP53 co-mutation in an EGFR-mutated lung adenocar-
cinoma. The patient was a 59-year-old non-smoker female. In April 2020 a 
diagnosis of lung adenocarcinoma was performed on transbronchial biopsy: A) 
haematoxylin and eosin, original magnification × 100. Molecular analysis 
showed exon 19 deletion of EGFR. III-line TKI therapy was implemented. 
Eighteen months later, the patient presented disease progression with pleural 
involvement. A core biopsy was performed showing solid nests of poorly 
differentiated neoplastic cells, immunoreactive for neuroendocrine markers and 
with high proliferative index (B: haematoxylin and eosin, original magnifica-
tion × 100; C: synaptophysin, original magnification x100; D: Ki67, original 
magnification x200). The diagnosis on the recurrence was consistent with a 
small cell lung adenocarcinoma. A liquid biopsy showed exon 19 deletion of 
EGFR and a missense mutation of TP53 in exon 7, c.742C > T, p.Arg248Trp, 
with a variant allele frequency of 0.96%. The patient died one month after 
the diagnosis. 

Table 3 
Summary of the studies considering TP53 co-mutations in different types of 
EGFR mutations.  

AUTHOR YEAR N◦ OF 
CASES 

TP53 
MUT 
SPEC. 

STAGE EGFR 
MUTATIONS 

Canale et al.[84] 2017 136 yes adv ex19 
VanderLaan et al. 

[66] 
2017 171 ns IV- 

recurr 
ex19 

Lee et al. [91] 2017 19 ns IIIA- 
IIIB-IV 

T790M 

Choi et al. [69] 2018 60 ns adv ex19 
Rachiglio et al.  

[71] 
2019 137 ns IIIB-IV ex19 

Zeng et al. [90] 2020 491 ns all L858R 
Christopoulos 

et al. [80] 
2020 400 ns ns ex19 

Jin et al. [74] 2020 54 ns ns T790M 
Yamasoto et al.  

[81] 
2021 154 yes IIIB-IV L858R 

Roeper et al.  
[83] 

2022 77 yes IV T790M 

Abbreviations: adv: advanced; recurr: recurrences; PFS: progression free sur-
vival; OS: overall survival, ns: not specified. 
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influenced negatively by the presence of the co-mutation [108]. For 
instance, the co-occurrence of KRAS/STK11 is quite common (detected 
in about a quarter of cases) and associated with lower levels of TIL and 
PD-L1 levels [109]. Similar findings have also been demonstrated for 
KRAS/KEAP1, leading to resistance or refractory to immunotherapy 
[110]. In contrast, KRAS/TP53 co-mutations are associated with an in-
flammatory response of the KRAS/TP53 immune profile and thus with 
an improved response to ICI [111]. This is also true for the KEAP1/ 
TP53 double mutant whose behaviour was superimposable to the latter 
[112]. 

Based on this data, Choong et al identified three clusters of somatic 
mutations in 88 untreated LUAD, harbouring EGFR, EGFR and TP53, and 
multiple gene-mutations, respectively. By performing transcriptomic 
and proteomic analysis, they found a higher PD-L1 protein expression in 
the EGFR and TP53 co-mutation subtype than in the EGFR mutation 
subtype [113]. More recently, Jin et al. [108] studied a large population 
of 819 patients for PD-L1 and molecular analyses by a 68 gene panel. 
They found that PD-L1 values changed in combination to driver muta-
tion, being higher in EGFR wt, KRAS and MET-mutated, and ALK, ROS1, 
and NTRK translocated. Moreover, PD-L1 increased when associated 
with TP53 and Rb1 co-mutation. Finally, when these co-mutations were 
associated with EGFR mutations PD-L1 expression was high if compared 
to EGFR-mutated alone. This was clinically relevant because when PD- 
L1 was high patients had higher risk of recurrence and patients with 
negative PD-L1 expression harbouring suppressor gene mutation had 
significantly poorer prognosis. 

In the context of the importance of the genetic profile in the deter-
mination of TME, the immune characteristics of EGFR-mutated NSCLC 
appear heterogeneous. Indeed, although the overall benefits of ICI in this 
category are low, some patients can show a good response. The main 
explanation for this discrepancy lies in the diversity of the TME in 
distinct EGFR mutations. Not all EGFR-mutated tumours are “cold”, as 
described above. EGFR L858R mutated tumours show higher TMB 
levels, CD8 + infiltrate, and PD-L1 expression in comparison with EGFR 
exon 19 deletions. Similar data are also described in uncommon EGFR 
mutations (e.g., G719X) [96]. The biology underlying this diversity 
needs to be clarified in the near future. 

In terms of genetic and immunologic cooperation, an interesting field 
of interest on the significance of TP53 co-mutations and the immuno-
logic status of EGFR mutated LUAD is that related to exon 20 insertions. 
These tumours are still a therapeutic challenge, being intrinsically 
resistant to the action of conventional TKIs. The modulation of the 
therapeutic effects is supposed to be dependent on the heterogeneity of 
this group, especially regarding the insertion variant, the action of co- 
mutations, and the features of TME [114]. In a recent article, Christo-
poulos et al. evaluated the radiological response of a large numbers of 
LUAD arising in exon 20 insertion and treated with different chemo-
therapy, immunotherapy, and chemoimmunotherapy schemes. Inter-
estingly, the detection of a TP53 mutation and a low tumour CD8/Th1- 
cell ratio was independently associated with a worse prognosis [101], 
thus further supporting the clinical relevance of assessing both co- 
mutations and TME in these tumours. 

4. Targeting TP53 co-mutations 

Several attempts have been made at targeting TP53 mutations [115]. 
Preventing the degradation of mutated p53 is probably the most intui-
tive approach. MDM2 is the major negative regulator of p53, preventing 
p53 from entering the nucleus. Thus, its inhibition may promote p53 
proteasomal degradation. However, this is a strategy that has a rational 
exclusively in cases where p53 is partially maintained [28]. When p53 is 
completely lost, two other approaches may be attempted: on the one 
hand, suppressing the function of the mutated p53, on the other hand 
promoting its degradation. Another possibility is possibly to restore the 
function of the mutated protein, for example by changing the protein 
structure with temperature or by creating an alternative DNA binding 

site [116]. Several compounds have been developed, with a modest 
clinical response and high number of adverse events [116]. In a few 
cases they are administered in phase I and II clinical trials, showing 
promising results in myelodysplastic syndromes and AML [116]. 

More recently, Song et al. [117] examined 800 common TP53 mu-
tations to determine their susceptibility to a generic rescue compound, 
arsenic trioxide (ATO), based on their transactivation activity, cell 
growth inhibition, and tumour-suppressive activities in mice. A total of 
390 p53 mutants were rescued to varying degrees and classified as type 
1, type 2a, and type 2b mutations based on the degree of rescue. The 
authors found that ATO preferentially inhibited the growth of tumours 
with type 1 and type 2a mutations. The study has provided a resource of 
the draggability of numerous TP53 mutations and has proposed a p53- 
targeting strategy based on individual mutant alleles rather than mu-
tation type. 

The time for this scenario is not yet ripe. The main limitation is that, 
since p53 is involved in a series of fundamental mechanisms for cellular 
homeostasis, when one interferes with it, all other connected pathways 
are modified, even in healthy cells. This may be overcome through 
nanomedicine-based therapy which can significantly enhance drug ef-
ficacy while minimizing adverse effects. Finally, TP53 mutations are 
complex and with different effects. The determination of a mutant p53 
structure is mandatory, as multiple p53 mutations necessitate the use of 
multiple agents directed against mutant p53, let alone the specific and 
effective functions of the mutant p53 reactivator/inhibitor. A further 
possibility is to work around the p53 pathway, targeting an alternative 
pathway to p53 such that the combination of the two effects is lethal for 
the mutated cell. It is not a distant reality since PARP inhibitors already 
used in clinical settings exploit this mechanism of synthetic lethality 
[116]. 

5. Other co-mutations in EGFR-mutated LUAD 

Although TP53 mutations are the most frequent co-mutations 
occurring in EGFR-mutated LUAD, other genes are also involved, with 
different prevalence and significance. 

5.1. CTNNB1 co-mutations 

CTNNB1 is the gene located on chromosome 3, encoding for β-cat-
enin which plays a pivotal role in cell adhesion and intercellular 
communication. Its aberrant activation contributes to carcinogenesis 
and tumour progression. It is not surprisingly that this alteration is more 
frequently detected in advanced stage, being involved in processes that 
start late in the tumour progression and dissemination [20,118]. 

The clinical significance of CTNNB1 co-mutation in EGFR-mutated 
LUAD is mainly based on experimental studies that highlighted an 
increased invasive potential of NSCLC cells in vitro [20]. However, in a 
mouse model a function in promoting tumour initiation was also sug-
gested by the evidence that genetic deletion of CTNNB1 reduced tumour 
burden [20]. Concerning the association with EGFR mutations, CTNNB1 
was found to be more frequent in EGFR T790M after TKI, suggesting an 
enhanced genetic interaction in this setting [20]. The strict interaction 
with EGFR was also demonstrated by the direct action of EGFR mutated 
LUAD in stabilize b-catenin allowing its nuclear accumulation through 
the phosphorylation of the same β -catenin [20]. 

Although few, there is some evidence about the morphological 
“phenotype” of tumours harbouring EGFR and CTNNB1 mutation. De 
Montpreville et al showed that in almost half the cases this was present 
in combination with an EGFR mutation. [106]. Morphologically, such 
tumours were more frequently papillary and strongly immunoreactive 
for TTF1 [119]. The evaluation of β-catenin in immunohistochemistry 
was extremely heterogenous and in only a few cases gene mutation was 
detected also through molecular analyses, thus limiting the use of this 
method in a routine approach. 
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5.2. Rb1 co-mutations 

Rb1 is located on chromosome 13 and is the tumour suppressor gene 
that was first discovered to act as a key negative regulator of the G1/S 
transition in the cell cycle [120]. The most important fact that must be 
underlined is that the Rb1 mutation is usually detected together with the 
TP53, mutually reinforcing their action in cell cycle deregulation [121]. 
This combination has been called into question in the complex mecha-
nism of morphological-molecular transformation of LUAD into SCLC. 
Indeed, they are considered the pivotal mutations in SCLC, as emerged 
from genome sequencing studies. The triple mutated EGFR-Rb1-TP53 
was even a high-risk phenotype, in terms of phenotypical switch, such as 
to justify the upfront use of TKI and platinum/etoposide-based chemo-
therapy in new clinical trials (NCT03567642). However, the matter is 
much more complicated than that and several considerations about Rb1 
loss should be highlighted. The most important one is that these muta-
tions are necessary but not sufficient conditions to induce trans-
formation. Several pathways, transcriptional and epigenetic events 
influence genetic modifications such as to make NSCLC cells more like 
SCLC ones. 

5.3. PIK3CA co-mutations 

PIK3CA is a protein encoded by a gene located on chromosome 3 that 
acts as the catalytic subunit alfa of the enzyme PI3K that transduce 
intracellular signals associated with regulation of cell growth and pro-
liferation [122]. Two main hotspots for activating mutations are 
recognized for PIK3CA [123]. PIK3CA mutation has been found in as-
sociation with EGFR mutation independently from the category of this 
latter. The detection of these co-mutations has been linked to relevant 
clinical aspects, being associated with higher frequency of lymph node 
metastases, higher drug resistance and shorter survival after EGFR-TKIs 
[124]. 

5.4. KEAP1 co-mutations 

KEAP1 is the protein encoded by the homonymous gene of the 
chromosome 19. [125]. It has been shown to interact with NRF2, a 
transcription factor that regulates the expression of antioxidant proteins, 
leading to its ubiquitination and degradation in normal condition [125]. 
As response to oxidative stress, this process is inactivated, thus favouring 
nuclear factor erythroid 2–related factor 2-NRF2 action against oxida-
tive damage [125]. KEAP1 co-mutation is gaining relevance in the 
context of EGFR-mutated LUAD where it was found in about 20% of 
patients with advanced disease [126]. The resistance to oxidative stress 
accounts for resistance to radiotherapy. Moreover, this molecular 
alteration has also been associated with a premature failure of TKI 
response and a reduced sensitivity to osimertinib in in vivo models, thus 
suggesting an intrinsic resistance mechanism to TKI treatment [127]. An 
intriguing recent finding is about the combination of KEAP1 and TP53 
mutations. In a study by Saleh et al. [128], the simultaneous detection of 
a p53 missense mutation in KEAP1-mutated LUAD improved patients’ 
survival. In this complex scenario, TME could be called into question. 
Indeed, p53 is a negative regulator for NRF2 [125]. When mutated, it 
favours the production of reactive oxidative species and confers, as 
mentioned above, radio and chemoresistance, while on the other it in-
creases the immunogenicity of the neoplasm [129]. 

5.5. Novelties from research studies 

Although reported only in a few studies,[130,131], it appears to be 
research finding related to NSCLC the role of RBM10, a splicing factor, in 
the response to treatment. Nanjo et al. [131] performed functional 
studies in patient-derived lung cancer cell lines, assessing cell viability 
and apoptotic responses to Osimertinib. The authors suggested that 
RBM10 deficiency may limit the response of EGFR-mutant NSCLC to 

treatment. In the clinical setting, this means that patients with RBM10 
deficiency may not respond well to standard treatments for this type of 
cancer [131]. However, the study also suggested that co-inhibition of 
Bcl-xL and EGFR mutant can overcome the resistance induced by RBM10 
deficiency. [131]. RBM10 mutations co-occur in 7.6% of EGFR mutant 
NSCLC,[131], thus a significant portion of patients with EGFR-mutant 
NSCLC may also have RBM10 mutations, which could impact their 
response to treatment. More research is needed to confirm these findings 
and determine how they could be applied in clinical practice. 

6. Co-mutations of concomitant actionable oncogenic drivers in 
EGFR-mutated LUAD 

A special mention should be made of EGFR-mutated patients with co- 
occurring potentially oncogenic drivers. 

Rarely, complex EGFR mutations can occur. The clinical significance 
of this association can be heterogenous. While the combination of a 
del19 with p.L858R in exons 19 and 21 respectively may enhance the 
TKI response, concurrent mutations in exons 18 and 20 lead to TKI 
resistance, as known for the T790M resistance mutation [132]. 

Although oncogene driver mutations are widely known as mutually 
exclusive, some cases of co-existent EGFR, ALK, KRAS, ROS1, and BRAF 
genetic alterations have been previously described, single or in multiple 
association occasionally [133]. While it is understandable how these co- 
mutations can result as a mechanism of resistance after treatment, the 
explanation in naive cases can be identified in tumour heterogeneity. In 
general, it seems that these cases of combined mutations confer some 
resistance to single TKI treatments, and usually poorer OS and PFS in 
comparison to single EGFR mutations. Because the cases series available 
so far are very limited or reported only as anecdotical case descriptions, 
one cannot yet reach definitive conclusions [132]. For MET amplifica-
tion and RET, the knowledge is deeper. Indeed, both have been recog-
nized as quite common secondary resistance mechanisms to TKI. As 
such, some clinical trials (SAVANNAH-NCT03778229 and ORCHARD- 
NCT03944772) are ongoing for combination strategies in these settings. 

7. Unsolved issues and future perspectives 

The genetic landscape of NSCLC is much more complicated than 
what is known so far, and this awareness will increase over time together 
with the development of new methodologies that allow a more precise 
characterization of co-mutations and possibly increased knowledge on 
their pathogenetic impact. 

The intratumour molecular heterogeneity can have significant im-
plications for the interpretation of NGS analysis, which is commonly 
used in clinical practice for cancer diagnosis and treatment. In partic-
ular, the presence of intratumour heterogeneity can limit the efficacy of 
targeted therapy, which relies on the identification of specific mutations 
or molecular alterations that are driving tumour growth. However, if the 
intratumour heterogeneity is properly characterized and understood, it 
can also serve as an interpretation key for NGS analysis. By identifying 
the different subclones within a tumour and their molecular profiles, 
clinicians can better tailor treatment regimens to the specific genetic 
makeup of the tumour and potentially improve treatment outcomes. In 
addition, addressing risk factors such as smoking cessation can poten-
tially interfere with the natural history of the disease and reduce the 
overall burden of intratumour heterogeneity. For example, smoking 
cessation has been shown to reduce the risk of developing lung cancer 
and can potentially slow the progression of existing tumours by reducing 
the mutational burden and intratumour heterogeneity. Therefore, un-
derstanding and addressing intratumour molecular heterogeneity, both 
from a diagnostic and a prevention perspective, is pivotal for improving 
the efficacy of cancer treatments and ultimately reducing the overall 
burden of the disease. 

While on one hand the progress in understanding the role of com-
mutations is undeniable, on the other hand many unresolved issues have 
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emerged. Almost all studies are retrospective and based on a single 
centre-experience, recruiting a relatively small study population, which 
becomes even smaller when analysing the subgroups. Most studies 
focused on a histotype, preferentially LUAD, without a comprehensive 
histological evaluation. In this regard, it should be underlined that most 
diagnoses were performed before the last WHO classification, and this 
could have caused the neglect of some histological parameters (archi-
tectural pattern, grade, spread through air space, and vascular invasion) 
with recognized prognostic significance. A wide heterogeneity can easily 
be found when considering early and advanced stages taken together, as 
well as when considering EGFR mutations and co-mutations, indis-
tinctly. Similarly, this is also true for the treatment that patients have 
undergone, which was different for drug, line, and sequence. Moreover, 
comparative studies between the baseline pre-treatment picture and 
post-treatment scenario are lacking. 

Systematic evaluation and categorization of the full spectrum of co- 
mutations in NSCLC is certainly mandatory to elucidate the molecular 
and clinical diversity of tumours carrying out these alterations. The 
establishment of large representative multicentric databases of clinically 
sequenced NSCLC is the steppingstone for unravelling the mechanisms 
of resistance to targeted therapies. Prospective datasets, well-designed 
clinical trials, robust computational analyses, and functional studies 
on preclinical models are needed to translate these new insights into 
clinical practice and, lastly, towards the discovery and clinical valida-
tion of further actionable targets. 

In conclusion, based on this emerging evidence, NSCLC patient 
outcomes may benefit from an increasingly granular molecular charac-
terisation and, consequently, from more highly personalized therapeutic 
approaches. 
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N. Rizvi, L. Crinò, G.R. Blumenschein, S.J. Antonia, C. Dorange, C.T. Harbison, 
F. Graf Finckenstein, J.R. Brahmer, Nivolumab versus Docetaxel in Advanced 
Nonsquamous Non–Small-Cell Lung Cancer, N Engl J Med. 373 (17) (2015) 
1627–1639. 

[98] M. Muller, R.D. Schouten, C.J. De Gooijer, P. Baas, Pembrolizumab for the 
treatment of non-small cell lung cancer, Expert Rev Anticancer Ther. 17 (5) 
(2017) 399–409. 

[99] C.K. Lee, J. Man, S. Lord, W. Cooper, M. Links, V. Gebski, R.S. Herbst, R.J. Gralla, 
T. Mok, J.-H. Yang, Clinical and molecular characteristics associated with 
survival among patients treated with checkpoint inhibitors for advanced non- 
small cell lung carcinoma: A systematic review and meta-analysis, JAMA Oncol. 4 
(2) (2018) 210. 

[100] A. Lisberg, A. Cummings, J.W. Goldman, K. Bornazyan, N. Reese, T. Wang, 
P. Coluzzi, B. Ledezma, M. Mendenhall, J. Hunt, B. Wolf, B. Jones, J. Madrigal, 
J. Horton, M. Spiegel, J. Carroll, J. Gukasyan, T. Williams, L. Sauer, C. Wells, 
A. Hardy, P. Linares, C. Lim, L. Ma, C. Adame, E.B. Garon, A Phase II Study of 
Pembrolizumab in EGFR-Mutant, PD-L1+, Tyrosine Kinase Inhibitor Naïve 
Patients With Advanced NSCLC, J Thorac Oncol. 13 (8) (2018) 1138–1145. 

[101] P. Christopoulos, K. Kluck, M. Kirchner, H. Lüders, J. Roeper, R.-F. Falkenstern- 
Ge, M. Szewczyk, F. Sticht, F.C. Saalfeld, C. Wesseler, B. Hackanson, S. Dintner, 
M. Faehling, J. Kuon, M. Janning, D. Kauffmann-Guerrero, D. Kazdal, S. Kurz, 
F. Eichhorn, F. Bozorgmehr, R. Shah, A. Tufman, M. Wermke, S. Loges, W. 
M. Brueckl, C. Schulz, D. Misch, N. Frost, J. Kollmeier, M. Reck, F. Griesinger, 
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