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NKX2-1 copy number alterations are associated with
oncogenic, immunological and prognostic remodeling
in non-small cell lung cancer
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Abstract. NK2 homeobox 1 (NKX2-1) copy number altera-
tions (CNAs) are frequently observed in lung cancer. However,
little is known about the complete landscape of focal altera-
tions in NKX2-1 copy number (CN), their clinical significance
and their therapeutic implications in non-small cell lung
cancer (NSCLC). The correlations between NKX2-1 expres-
sion and EGFR driver mutations and programmed death
ligand 1 (PD-L1) co-expression were studied using immuno-
histochemistry and PCR from the tumors of recruited Filipino
patients (n=45). Clinical features of NSCLC with NKX2-1
CNAs were resolved at the tumor and clonal levels using the
molecular profiles of patients with lung adenocarcinoma and
lung squamous cell carcinoma from The Cancer Genome Atlas
(n=1,130), and deconvoluted single-cell RNA-seq data from
the Bivona project (n=1,654), respectively. Despite a significant
and positive correlation between expression and CN (r=0.264;
P<0.001), NKX2-1 CNAs exerted a stronger influence on the
combined EGFR and PD-L1 status of NSCLC tumors than
expression. NKX2-1 CN gain was prognostic of favorable
survival (P=0.018) and a better response to targeted therapy.
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NKX2-1 CN loss predicted a worse survival (P=0.041).
Mutational architecture in the Y-chromosome differentiated
the two prognostic groups. There were 19,941 synonymous
mutations and 1,408 genome-wide CN perturbations associ-
ated with NKX2-1 CNAs. Tumors with NKX2-1 CN gain
expressed lymphocyte markers more heterogeneously than
those with CN loss. Higher expression of tumor-infiltrating
lymphocyte gene signatures in CN gain was prognostic of
longer disease-free survival (P=0.005). Tumors with NKX2-1
CN gain had higher B-cell (P<0.001) and total T-cell estimates
(P=0.003). NKX2-1 CN loss was associated with immunologi-
cally colder tumors due to higher M2 macrophage infiltrates
(P=0.011) and higher expression of immune checkpoint
proteins, CD274 (P=0.025), VTCN1 (P<0.001) and LGALS9
(P=0.002). In conclusion, NKX2-1 CNAs are associated with
tumors that exhibit clinically diverse characteristics, and with
unique oncogenic, immunological and prognostic signatures.

Introduction

Copy number alterations (CNAs) refer to the gain or loss of
sections of genetic material, which can contribute to disease
development by modifying gene dosage and function-
ality (1,2). In non-small cell lung cancer (NSCLC), CNAs are
common and diverse, affecting critical biological processes
that promote tumorigenesis (3,4). Genome-wide copy number
(CN) analysis has been proposed as a diagnostic, pathological
and prognostic tool for NSCLC (5-7).

The investigation of focal CNAs in programmed death
ligand 1 (PD-L1) and EGFR genes has gained interest due
to their close association with targeted therapy. Notably,
alterations in PD-L1 CN have been shown to influence PD-L1
immunopositivity, tumor proportion score (TPS) and patient
survival (8-10). Meanwhile, variations in EGFR CN have been
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found to influence the overall survival of NSCLC patients
with EGFR-mutated tumors and can predict lung cancer
metastasis to the brain (11,12). These findings have indicated
the importance of CNA analysis in understanding lung cancer
pathophysiology and predicting treatment outcomes in patients
with lung cancer. However, CNAs are complex and dynamic,
and the landscape of CN perturbations in NSCLC remains
largely unexplored.

Previously, we reported that the lineage-survival onco-
gene NK2 homeobox 1 (NKX2-1), also known as thyroid
transcription factor 1 (TTF-1), may upregulate the expres-
sion of oncogenic proteins, and could influence the signaling
pathways associated with EGFR and PD-L1 (13). Additionally,
NKX2-1 CN is significantly correlated with NKX2-1 protein
expression (14), which justifies the interest in studying the
prognostic implications of focal CN amplification (14,15).
However, NKX2-1 CN is variable in lung cancer and only
~15% of cases of NSCLC have amplifications (16). Thus,
the elucidation and comparison of tumor biology in NSCLC
with focal loss and gain of NKX?2-1 CN remain poorly inves-
tigated in lung cancer. Additionally, the clinical significance
of NKX2-1 CNAs and their association with targeted therapy
remain elusive. The present study reports on a comprehensive
investigation involving the molecular features associated with
focal alterations in NKX2-1 CN, their prognostic significance
in patient survival, association with chromosomal instability
and implications for targeted therapy.

Materials and methods

Study design and cohorts. The present study was conducted
using clinical data from the Clinical Proteomics for
Cancer Initiative program described elsewhere (Filipino
cohort) (13,17,18); lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) data from The Cancer
Genome Atlas (TCGA cohort) (19); and longitudinal lung
cancer single-cell RNA-sequencing (scRNA-seq) project
data (Bivona cohort) (20). All participants were confirmed
as having NSCLC with either adenocarcinoma or squamous
histology. A total of 45, 49 and 1,130 enrolled participants
were included in the analyses from the Filipino, Bivona and
TCGA cohorts, respectively. The tumor molecular data of
TCGA cohort were obtained from 501 patients with LUSC
and 629 with LUAD. The tumor sequencing data from the
Bivona cohort had 1,654 unique scRNA-seq profiles. In the
Filipino cohort, NKX2-1/TTF-1 and PD-L1 expression
levels were analyzed using immunohistochemistry (IHC),
whereas EGFR mutational frequency was determined using
PCR. In both TCGA and Bivona cohorts, expression levels,
mutational frequencies and CNs were retrieved using the
curated databases of UCSC Xena platform (21) and GDC
Data Portal (22). The study involving the Filipino cohort was
approved by The Institutional Ethics Review Board (approval
no. LCP-CS-001-2019) of the Lung Center of the Philippines
(Quezon City, Philippines). All patients provided written
informed consent for genetic testing, as well as for the use of
their clinical data. The clinicodemographic and pathological
deidentified data of TCGA and Bivona cohorts were described
in each study publication. The clinicopathological data of the
Filipino cohort are described in Table SI.

PCR analysis and IHC. In accordance with the status as
a multicenter study, the protocol for specimen collection
was approved by The Single Joint Research Ethics Board
of the Department of Health, Manila, Philippines (approval
no. SJREB-2020-97). Blood and tissues samples were
collected from recruited Filipino patients with NSCLC
and were immediately processed for plasma testing, histo-
pathological examination or cryopreservation at -80°C, as
previously described (18). The specimens were tested for
the presence of EGFR-sensitizing mutations using PCR, and
assayed for PD-L1 and TTF-1 protein expression using IHC.
EGFR mutations were assessed using the AmoyDx EGFR
29 Mutations Detection Kit (designed to detect mutations in
EGFR exons 19-21; Amoy Diagnostics Co., Ltd.) as previously
described (23). EGFR without driver mutations, with single and
co-mutations were scored as 0, 1 and 2, respectively. Expression
of PD-L1 and NKX2-1/TTF-1 in NSCLC were evaluated by
IHC using the pharmDx 22C3 kit (cat no. SK006; Agilent
Technologies, Inc.) (24) and clone 8 G7G3/1 (cat no. M3575;
Agilent Technologies, Inc.) (25), respectively. After pathology
confirmation, expression was classified as negative (scored 0)
if the TPS was <1%, or positive (scored as 1) if TPS was =1%.
The representative histopathological data are shown in Fig. S1.

Analysis of tumor molecular profiles. Gene expression,
copy number variations (CNVs), mutational frequencies and
treatment modalities of patients from TCGA and Bivona
cohorts were obtained through the UCSC Xena platform
(https://xenabrowser.net). Gene expression units in TCGA
cohort (LUAD and LUSC) were expressed in log2(TPM+1,)
while expression units in the Bivona cohort were equalized to
the depth of sequencing per cell, where log-normalized counts
were scaled by linear regression against the number of reads
(scaled expression) (20). CN'Vs in TCGA and Bivona cohorts
were expressed as log2-transformed (https:/xenabrowser.
net/datapages/) and raw proportions of tumor to normal
counts (https://singlecell.xenabrowser.net/datapages/),
respectively. CNAs were synchronized between cohorts by
deriving log2-transformed values from raw proportion data,
or vice versa. List of driver genes, type of driver mutations,
presence of secondary mutations and treatment interven-
tions of participants in the Bivona cohort were queried using
the ‘Phenotypic Data’ field, whereas whole genome CNV
profile was queried using the ‘Analytic Data’ field. Tumor
mutational architecture (TMA) in chromosomes 7, X, Y, 15
and 14 were analyzed using tumor profiles in TCGA cohort
by querying ‘Somatic Mutation Dataset’ with chromosomal
length according to hg19 assembly. Tumor mutational burden
(TMB) of LUAD and LUSC tumors in TCGA cohort were
extracted from the Data Exploration of GDC Data Portal
(https://portal.gdc.cancer.gov/exploration). Proteome and
phosphoproteome data of tumor samples were retrieved from
Proteomic Data Commons (https:/proteomic.datacommons.
cancer.gov/pdc/) with IDs PDC000153, PDC000149 and
PDC000149.

Survival analysis. Survival of patients with NSCLC (LUAD
and LUSC) in TCGA cohort were analyzed using the Kaplan
Meier Plot through the Xena platform (21) and survival anal-
ysis in Gene Expression Profiling Interactive Analysis (26).
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Median cutoff was used to assess the survival of patients with
high and low CN or gene expression. Quartile cutoff was used
to assess the survival associated with CN gain and loss. Binary
grouping was used to compare certain subgroups with the
rest of the cohort. Log-rank P-values were reported for each
survival analysis with P<0.05 being considered significant.

Gene set operations and clustering analysis. Mutational
signatures associated with NKX2-1 CN gain (>0.1875; n=251)
and loss (<-0.0767; n=251) were assessed by comparing the
TMB of patients with CN gain and loss with the overall TMB
of participants in TCGA cohort (n=1,130). Unique mutational
features of the two prognostic groups were identified by
performing ‘Set Operations Analysis’ in the GDC Data Portal
(https://portal.gdc.cancer.gov/analysis). Mutational clusters
were presented as classic or Edwards’ constructed Venn
diagram generated using jvenn (27). Frequency of genes with
commonly or uniquely altered CN between the two groups
was identified using the set operation in jvenn (http:/jvenn.
toulouse.inra.fr). Symbols of genes that were significantly
mutated or had altered CNs in patients with NKX2-1 CN
gain and loss were plotted as a word cloud using WordClouds
(https://www.wordclouds.com/).

Enrichment analysis. Functional annotation of molecular,
cellular and biological processes that were potentially affected
by genetic mutations and alteration of CNs was performed
using Enrichr (28,29). Affected pathways were enriched
using BioPlanet (30) and Kyoto Encyclopedia of Genes and
Genomes (31), while perturbed processes were enriched using
Gene Ontology (32). Chromosomal locations (hgl9) were
enriched using the sequence annotation of UCSC Genome
Browser (33). Subcellular enrichment was performed using
COMPARTMENTS (34), and cellular enrichments were
performed using CellMarker (35) and Human Gene Atlas in
BioGPS (36) curations. Enrichments with P<0.05 were consid-
ered significant.

Tumor-infiltrating lymphocyte (TIL) gene marker analysis.
The expression signature of 53 widely used gene markers
for TILs (20,37,38) from TCGA cohort was analyzed against
NKX2-1 CNVs. Significantly correlating genes that were
common or unique in patients with NKX2-1 CN gain and
loss were identified and visualized using jvenn. Direction
of linear correlation (positive or negative) and labelling of
significant gene markers was visualized as volcano plots using
VolcaNoseR (39).

Heatmap analysis. Expression levels of JAK, STAT and TIL
marker genes were plotted against NKX?2-1 expression or
CNYV without data labels. Unsupervised clustering analysis
was performed through Heatmapper using Euclidian average
linkage (40). Cluster dendrograms were applied to data columns.

TIL proportion estimation. Immune infiltration estimation
using the gene expression profiles of 53 TIL markers was
performed using CIBERSORT (41), CIBERSORT-ABS (41),
MCPCounter (42) and TIMER (43) algorithms through TIMER
2.0 (http://timer.cistrome.org/). Proportions of estimated
lymphocytes were compared between NKX2-1 CN gain and

loss. Overlapping immune estimation was consolidated based
on the highest absolute significance or lowest P-value.

Statistical analysis. Data are presented as the mean + stan-
dard deviation using box charts, percentages as pie charts and
frequencies/distributions as bar graphs. Frequency statistics
were used to describe each result of IHC and PCR tests of
participants in the Filipino cohort, NKX2-1 CNV in TCGA
cohort, as well as treatment modalities and genome-wide
CNV differences between patient groups in the Bivona cohort.
Pearson's correlation analysis was used to compare the trend
and significance of two variables in one or two groups. One
sample t-test was used to identify the variability of NKX2-1
CN among NSCLC tumors. Independent sample t-test was
used to determine the statistical difference of two samples,
while one-way ANOVA (without post hoc test) was used to
determine the statistical difference of three or more samples.
P-values and different levels of significance were reported
in the figures and/or data legends. All statistical analysis
was performed using JASP version 0.16.3 (University of
Amsterdam). P<0.05 was considered to indicate a statistically
significant difference.

Results

NKX2-1 CNAs have a stronger correlation with combined
EGFR and PD-LI status of NSCLC tumors than expres-
sion. The correlation of NKX2-1/TTF-1 expression with the
co-occurrence of EGFR-sensitizing mutations and PD-L1
co-expression in the Filipino cohort was first examined.
Immunohistochemical analysis revealed that most tumors
expressed NKX2-1/TTF-1 (98%) and more than half expressed
PD-L1 (51%). The majority of participants had exon19del
(44%) and exon21L858R (33%) mutations (Fig. 1A-C).
Pearson's correlation revealed that NKX2-1/TTF-1 expression
was significantly associated with EGFR mutations (P=0.039).
By contrast, PD-L1 positivity had no significant correlation
with NKX2-1/TTF-1 expression (P=0.334) or EGFR mutation
(P=0.096) (Fig. 1D-F). This observation was in agreement
with previous reports (44,45) and may justify their independent
prognostic value.

A previous expression-based analysis in adenocarcinoma
proposed the potential involvement of NKX2-1 in EGFR
and PD-L1 signaling through the PI3K-STAT pathway (13).
In vitro experiments found that NKX2-1 transactivates the
receptor tyrosine kinase-like orphan receptor 1 (ROR1),
which in turn promotes EGFR-induced ERBB3-dependent
activation of the PI3K pathway (46). ERBB3 also regulates
the expression of PD-L1 through the activation of the
PI3K/PDK1/RSK/CREB signaling axis (47). In addition,
RORI1 activates the proto-oncogene tyrosine-protein kinase
Src (c-Src), which in turn activates the PI3K pathway (46) and
constitutively activates STAT signaling (48). STAT signaling
is known to regulate the expression of PD-L1 (49). This
NKX2-1-mediated ROR1-dependent PI3K-STAT signaling
activation could link the influence of NKX2-1 in the
combined EGFR and PD-L1 status of lung tumors. Notably,
a previous study partially revealed the crosstalk between
EGFR and PD-L1 pathways through interleukin-mediated
PI3K and STAT signaling (50,51). Expression analysis in
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Figure 1. Tumor molecular profiles of patients with non-small cell lung cancer in the Filipino cohort showing the frequencies of (A) TTF-1/NKX2-1 positivity,
(B) PD-L1 expression and (C) EGFR mutational status. Correlations of TTF1/NKX2-1 expression with (D) EGFR mutational frequency and (E) PD-L1 immu-
nopositivity, as well as the relationship between (F) PD-L1 and EGFR. All correlations were analyzed using Pearson's coefficient. NKX2-1, NK2 homeobox 1;

TTF]1, thyroid transcription factor 1; PD-L1, programmed death ligand 1.

NSCLC showed that ROR1 transcript levels were signifi-
cantly correlated with the upregulation of NKX2-1 (r=0.499;
P<0.001), and RORI1 protein levels were positively associ-
ated with ERBB3 (r=0.221; P<0.01), PIK3s (r=0.222-0.266;
P<0.01), STATs (r=0.282-0.306; P<0.001) and c-SRC
(r=0.186; P<0.01) protein expression (Fig. S2A and B).
Phosphoproteome analysis of LUAD tumors retrieved from
Proteomic Data Commons revealed that the phosphorylation
of ERBB3 was positively associated with phosphoactivation
of c-SRC at different serine, threonine and tyrosine resi-
dues (Fig. S2C). Additionally, ERBB3 phosphorylation was
positively associated with the phosphorylation of EGFR
and PIK3 proteins (Fig. S2D), confirming the contribution
of ERBB3-dependent activation of the PI3K pathway in
NSCLC. Lastly, c-SRC phosphorylation was also positively
associated with the phosphorylation of PIK3 and STAT
proteins (Fig. S2E), confirming the c-SRC-mediated activa-
tion of PI3K and STAT signaling in NSCLC. Collectively,
these findings support the involvement of NKX2-1 in influ-
encing the combined EGFR and PD-L1 status in tumors
through RORI signaling.

Next, the expression levels of PIK3 and STAT genes in
NSCLC tumors from TCGA cohort were examined. Pearson's
correlation analysis revealed that NKX2-1 expression
was significantly correlated with the positive regulation of
PIK3CG, PIK3CD, PIK3RS5, PIK3R6, PIK3C2A/B, STAT3,
STAT4, STATSA/B and STAT6 (all P<0.001). Meanwhile,
CNYV had a positive correlation with PIK3C2A and STAT4
only (both P<0.01; Fig. S2F and G), despite a strong positive
correlation detected between NKX2-1 CNV and expres-
sion (P<0.001; Fig. 2A). The variability of NKX2-1 CN

among NSCLC tumors was significantly high (P<0.001;
Fig. 2B). Subgrouping according to NKX2-1 CN gain and
loss revealed that CN loss, but not gain, was significantly
correlated with the positive regulation of PIK3CG, PIK3CD,
PIK3RS, PIK3R6, STAT4, STATSA (all P<0.001) and
STATSB (P<0.05; Fig. S2H and I). Unsupervised heatmap
analysis revealed the close association between NKX2-1
gene expression and CN loss (Fig. S2J). These results signify
that CNAs may influence the combined EGFR and PD-L1
profiles of patients with lung cancer.

To test this hypothesis, the molecular profiles of patients
with NSCLC from TCGA and Bivona cohorts were explored.
Consistent with the THC results, NKX2-1 transcript levels
did not correlate with CD274 (PD-L1) expression (P=0.184;
Fig. 2C). However, NKX2-1 CNAs were significantly corre-
lated with CD274 downregulation (P=0.047 in loss; P=0.001
in gain) and EGFR upregulation (P<0.001 in gain), at the
clonal level (Fig. 2D-G). EGFR-driver mutations in tumors
with NKX2-1 CNAs were significantly higher compared
to other oncogenes such as ALK, BRAF and KRAS (70 vs.
15, 14 and 1%, respectively; P<0.001; Fig. 2H). Additionally,
NKX?2-1 and EGFR CNVs were found co-altered in NSCLC
(P=0.008; Fig. 2I). These results suggested that the EGFR and
PD-L1 profiles of NSCLC tumors may be strongly associated
with NKX2-1 CNAs rather than expression.

NKX2-1 CNAs differentially prognose the survival of patients
with NSCLC. Germline and somatic CNVs may influence
the survival of patients with lung cancer (7). Therefore, the
prognostic value of NKX2-1 CNAs, with and without germ-
line CNVs was examined. The results showed that NKX2-1
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Figure 2. NKX2-1, PD-L1 and EGFR status, and types of driver genes in tumors of patients with NSCLC from The Cancer Genome Atlas and the Bivona
cohorts. (A) Intertumoral variations in NKX2-1 CN and correlation with expression, (B) frequency of CN'V, and (C) correlation between NKX2-1 and CD274
expression. Consequences of (D) loss or (E) gain of NKX2-1 CN on CD274 expression. Consequence of (F) loss or (G) gain of NKX2-1 CN on EGFR expres-
sion. (H) Clonal heterogeneity in driver mutations in NSCLC with NKX2-1 CNAs. (I) Co-alteration in EGFR and NKX2-1 CN'Vs. Pearson's coefficient was
used to analyze correlations, one-sample t-test was used to analyze variability of CNVs and one-way ANOVA was used to analyze the difference in driver
mutations. NKX2-1, NK2 homeobox 1; PD-L1, programmed death ligand 1; CN, copy number; CNV, CN variation; CNA, CN alteration.

CN with and without germline CNVs had positive and
significant correlation (r=0.996; P<0.001), which suggested
that NKX2-1 CNAs were most likely acquired somatically
(Fig. S3A). Survival analysis based on high and low NKX2-1
CN yielded comparable survival curves, regardless of whether
they were with or without germline CNVs (P=0.079 and
P=0.066, respectively; Fig. S3B and C). Quartile subgrouping
by NKX2-1 CNAs showed that patients with NKX2-1 CN
loss had significantly shorter survival than those with CN

gain, with (P=0.019) or without germline CNVs (P=0.004;
Fig. 3A and B).

The present study aimed to identify the contribution of
NKX2-1 CNAs that developed somatically and defined the
threshold of NKX2-1 CN gain [>0.1875 log2(tumor/normal)]
and NKX2-1 CN loss [<-0.0767 log2(tumor/normal)]. When
the survival of these two patient subgroups were compared with
the rest of the NSCLC cohort, it was found that patients with
NKX2-1 CN gain had significantly longer survival than the rest
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of the cohort (P=0.018; Fig. 3C). While patients with CN loss
had significantly shorter survival than the rest of the cohort
(P=0.041; Fig. 3D). EGFR mutational subgrouping showed
that the survival of patients with EGFR mutant and wildtype
tumors had no statistical difference, regardless of NKX2-1 CN
gain or loss (Fig. S3D and E). This is potentially due to the
small sample size of participants with EGFR driver mutations
(e.g., TOOM, L858R and 19del). Furthermore, NKX?2-1 CN gain
significantly prognosed shorter progression-free interval in
patients with EGFR driver mutations than those with the wild-
type sequence (P=0.037), while subgrouping by CN loss did
not show a significant difference in the survival of patients with
EGFR mutant and wildtype tumors (Fig. S3F and G). Lastly,
quartile subgrouping by NKX2-1 expression failed to provide
significant prognostic value (P=0.088; Fig. 3E). Collectively,
these results suggested that NKX2-1 CNAs differentially
influence patient survival, and CN gain may stratify a prognos-
tically favorable subgroup, while CN loss may prognose worse
survival in patients with NSCLC. Additionally, the prognostic
value of NKX2-1 CNAs may be more superior than expres-
sion. Further studies are needed to verify the prognostic value
of NKX2-1 CN gain and loss in patients with EGFR driver
mutations and wildtype sequence.

Mutational burden in chromosome Y may differentiate the
mutational architecture of tumors with NKX2-1 CNAs. Next,
the present study aimed to determine the unique molecular

features of tumors from the two prognostic groups (CN gain
and CN loss) to identify theragnostic markers and to under-
stand the physiologies associated with different survival
outcomes. The two groups were characterized with high EGFR
mutational frequencies (Fig. 2H) and high mutational burden
in chromosome 7 (Fig. 4A), suggesting culprits in their tumor
mutational architectures (TMASs). Genome-wide mutational
analysis revealed that among the reported 20,506 mutated
genes in NSCLC from TCGA cohort, there were 20,134 and
20,157 mutations associated with NKX2-1 CN loss and gain,
respectively. A total of ~19,941 (97.24%) synonymous muta-
tions were found. There were 216 (1.05%) and 193 (0.94%)
uniquely mutated genes associated with CN gain and loss,
respectively (Fig. 4B). Gene set analysis revealed that most
affected genes were found in adenocarcinoma, rather than in
squamous carcinomas (Fig. S4A).

Enrichment analysis showed that uniquely mutated genes
(Figs. 4C and S4B) associated with NKX2-1 CNAs were
found significantly distributed in chromosomes X, 15 and 14
(P<0.05) for both CN gain and loss. Additionally, Y-specific
mutational signatures were found in patients with CN loss
(P<0.05; Fig. 4D). BioPlanet enrichment analysis revealed
that the mutated genes were found to play a significant role
in a number of immune processes. Genes involved in PD-1
signaling were preferentially affected in CN gain; whereas,
genes of the innate immune system were found enriched for
CN loss. No significant GO biological process enrichment



ONCOLOGY LETTERS 28: 303, 2024

B

Mutational burden

Missense |, 1470 ¢ (Gain, Loss) 0
Silent I 4094
Nonsense M 858
3'UTR Il 748
Intronic B 471
5 UTR N 460 216 19941
Splice site | 393
Frame shift deletion | 349
Exonic I 345 0 0
Frame shift insertion | 97
5'flank | 73 Gain
In frame deletion | 61 Gene sets
3 flank | 52 20,506 pon
! T 1 10,253
0 6000 12000 0
Frequency 0
NSCLC Loss Gain
C T ananm BEX IGHV4-4
. IGHV3-11 {IR TROV3 \\'\U:‘
Cc?c'.:‘w‘f? Sw:::i" 5;‘0«—3“:‘:—5?\ M O "“ﬁﬁx_?:;kazaa (Gitbens T8C2308 | TR, CORTISS iy ens umii‘:_j'
A MIR668
T S CD40LGG MID1IP 1 “:cporios
T2 RS : TXLN sl PRIY N o AS MIR12582 PAGE2S .
gy = MIR124-2 £ 937 S 1 1 IV] 2 ASNSEDRS 3 MIR20A SNORD115-32 ¥
TRD ;:‘A YT1BIRAC .. e SYAP ATPIIAUNPAGES ciots eoms s MALAT S
o - d ORD116-19 MRa2A STAG3L2. 1 () MIRs41
SRER Ve e PPPIRE T auARC] SPTVo g Qe
) OPIGA oo Clor220 1-51 L1 3 4 T\F}’A\l/;lRS
42 (‘11()ﬂ'4()AC09271 89 ALIZ3500.1NONO FOGRaC SUV39H 1 MIR1253 wirses TMEM47. 1
PoY CASTORy MIR573 " R49
w FAMSOAHAUS7TCEANC TRAVB2 wirsiso]l CEALL e MTCP1 M I R551 B AP0014Z5 1A%
‘ L cone - RBBET] INC02843BLY5-48 v s MIRG2AT
w22 C3orf3, il RPLZ3APA2 XAGES Mews MIR7-2 !
MOSPOISNORD114-16 MIR299 AL136439.1 MIR1202 J ) V X
ey TN MIR1197 DNASE1L1 RD115-41 SATH T GLVA4-69
NEs a8 PDZD11_SPACASB TRAV230V6 RITA  Cxortss M |GLV80R8-1I’[I\'4“”K=Mwh”
\”uwv\,. vao ZNF322P1 . LINCO1550 MIRS19C o wiRs1eaziH| A-| OB 15, MIR36Y
ST 'RB“:OWC_S&;%”;::;MB MIRLET7C LPALZ DFA';'IQRA‘L“JT‘7.29“4S.\'()Rl)ns-,r:’.:mn” SR Erasao

TROC piRg. 1SHIBGRL MIR492

Loss

D

NKX2-1 CN Gain

Chromosome
X 1415 Y 212019181316 8 6 109 7 517111 2 3 .%
FllllllllllllllllllScore S
HERERREEEENEEE e e W P-value
NKX2-1 CN Loss
Chromosome g
X 15Y 1421191320 9126 4 7 115 1 2 17
EENEEEEEEEEE NN o
HEEEEEEREEEEEEEEEEE A-vaue
£
3
Legend: ] >10 | <10 [l<0.05 l>0.05
3
S

GO, Gene Ontology.

RA26MIR1283-1MIR145 TRDJ3

TRAJ18
« (Gain, Loss)

(0]
(o=
g 2
h o
Immunoregulatory interactions (lymphoid and non-lymphoid cells) il lll
Complement cascade Il I
PD-1 signaling 1 Il
Generation of second messenger molecules
Interleukin-1-beta (IL-1b) processing pathway
Bystander B cell activation lll
FGFRS3 ligand binding and activation Bl
Cap-dependent translation initiation Il
Arylsulfatase activation Il
FGFR4 ligand binding and activation lll

Complement cascade
Immunoregulatory interactions (lymphoid and non-lymphoid cells Bl
Innate immune system Il
Creatine metabolism Il NI
Purine salvage
Mechanisms of transcriptional repression by DNA methylation Il B
PRC2 complex long-term gene silencing through modification of histone tails I I
Signaling events mediated by HDAC class | Il
NO2-dependent IL-12 pathway in NK cells Bl I
Alpha-9 beta-1 integrin pathway IS

G0:1905034
G0:1903377
G0:0070166
G0:0070170
G0:1901223
G0:1903026
G0:2000391
G0:0072683
G0:0070317

Regulation of antifungal innate immune
Negative regulation of oxidative stress-induced...
Enamel mineralization

Regulation of tooth mineralization

Negative regulation of NIK/NF-kappa B signaling
Negative regulation of RNA polymerase Il...
Positive regulation of neutrophil extravasation

T cell extravasation

Negative regulation of GO to G1 transition

Legend: - >10 - <10

|
|
i

18UE|dOIg

ssao0.d [eoibojoig OO

<005 M >0.05
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was found for CN gain, but mutated genes in CN loss were
found involved in immunoregulation (Fig. 4E). These results
suggested that NKX?2-1 CNAs are closely associated with
mutational clusters in chromosomes X, 14 and 15. Y-specific
mutations may differentiate the two prognostic groups. TMA
in tumors with NKX2-1 CNAs are potentially linked to
dysregulation of antitumor activity of the immune system.

NKX2-1 CNAs are associated with high frequency of chro-
mosomal instability. Y-specific mutations were significantly
higher in tumors with NKX2-1 CN loss (P=0.014) but the
number of mutational frequencies in chromosomes X, 15 and
14 had no significant differences between the two prognostic
groups (P>0.05; Fig. 5A). Additionally, a number of biological
processes were found to be dysregulated, which are indepen-
dent of genes located from these chromosomes (Fig. S4C),
suggesting that other critical tumorigenic drivers exist. Thus,
the present study next examined the degree of clonal chro-
mosomal instability of tumors with NKX2-1 CNAs from the
Bivona cohort. A total of 1,408 affected genes in clones with
CNAs were identified, and 61% of these genes significantly
differentiated the clonal features of the two prognostic groups
(Fig. 5B). Genes with altered CN were found to be higher in
clones with NKX2-1 CN loss (33%) than in gain (28%). Genes
with altered CN were found significantly enriched in chromo-
somes 1, 19, 3, 17, 2 and 4 (Fig. 5C and D). This suggested
that chromosomal instability may also influence the disease
outcomes of patients with NXK2-1 CNAs.

Focal alteration in EGFR CN was positively correlated with
NKX2-1 CN gain (Fig. 5E), which may justify the sensitization
of cancer cells with therapeutic interventions leading to favor-
able outcomes (Fig. 3B). Consistently, patients with NKX2-1
CN gain had a higher frequency of developing secondary
mutations compared to those with CN loss (Fig. 5F), which
may suggest that NKX2-1 CN gain could serve as biomarker
to stratify patients with higher chromosomal instability
that could predict better survival outcomes using tyrosine
kinase inhibitors (TKIs; Fig. 5G). Genes with significantly
altered CNs were also found enriched for immune processes
(Figs. 5H, S4D and E).

NKX2-1 CNAs can influence tumor infiltration by lympho-
cytes. To gain deeper insights into how NKX2-1 CNAs could
influence the immune microenvironment, the expression of the
CD2 marker in tumors from the Bivona and TCGA cohorts
was measured. CD2 expression was statistically comparable
between tumors with NKX2-1 CN gain and loss (P=0.866;
Fig. S5A). However, CD2 expression was significantly
correlated with NKX2-1 CN loss (P<0.001; Fig. S5B), which
indicated a dynamic lymphocyte infiltration in tumors with
NKX2-1 CNAs.

The expression of 53 gene markers of TILs in NSCLC with
NKX2-1 CNAs was next compared. Unsupervised clustering
analysis showed that the expression of TIL markers was
heterogenous in CN gain, whereas, some markers strongly
clustered with CN loss (Fig. 6A). There were 37 markers that
were significantly correlated with NKX2-1 CN loss, while four
were correlated with CN gain (Figs. 6B and S5C). Excluding
DPP4, which was common for both, the higher expression of
three (NGF, SCN3A and GPNMB) unique TIL signatures in

CN gain was prognostic of longer disease-free survival than
those with lower expression (P=0.005; Fig. 6C). By contrast,
the higher expression of 36 TIL marker genes (associated with
NKX2-1 CN loss) had no significant effect on the survival
of patients with lower expression (P=0.89). These results
suggested that NKX2-1 CNAs could be linked to differ-
ential TIL profiles of NSCLC tumors, and that the immune
infiltration was prognostic of survival (52).

The multivariate correlations of the 53 genes varied
significantly, which may link to differences in lymphocyte
proportions (Fig. S5D). There were significant differences
in TIL estimates between tumors with focal gain and loss of
NKX2-1 CN (Fig. 6D). T-cell count was generally higher in
tumors with CN gain (P=0.003) and was dominated by the
CD4* subtype (P<0.001). Meanwhile, CD8* T cells were
found higher in CN loss (P<0.001). B cell (naive, memory
and plasma) infiltrations were significantly higher in CN gain
(P<0.001). Monocyte, neutrophil, activated mast cell and
resting natural killer cell levels were significantly higher in CN
loss (P<0.001, P=0.002, P=0.007 and P=0.008, respectively).
MO macrophage levels were higher in CN gain (P<0.001),
whereas the tumor-promoting M2 macrophage levels were
found higher in CN loss (P=0.011; Fig. 6E). The proportion of
regulatory T cells did not significantly differ between the two
groups (P=0.948; Fig. S6A). Patients with NKX2-1 CN loss
previously associated with a higher degree of chromosomal
instability (Fig. 4D) had a significantly higher CD8* infiltration
(P=0.011; Fig. S6B) and higher cytotoxicity score (P<0.001;
Fig. S6C) than those with CN gain. This suggested a potential
ongoing battle between immune evolution and clonal tumor
heterogeneity, and that the loss of NKX?2-1 CN may be indica-
tive of tumor maintenance (53). Whereas NKX2-1 CN gain
may represent co-perturbation events that constrain the evolu-
tion of NSCLC subclones, justifying their favorable outcomes
(Fig. 3C). These results suggested that NKX2-1 CNAs may be
associated with immunologically dynamic tumors.

NKX2-1 CNAs as biomarkers for NSCLC-targeted therapy.
The extent to which co-alteration in NKX2-1 and EGFR CN'Vs
(Fig. 21) is significant for EGFR-targeted therapy was unclear.
Therefore, the survival of patients with NKX2-1 CNAs who did
and did not receive targeted therapy was compared. The survival
of patients with CN gain (P=0.3006) and loss (P=0.7019) was
found to be statistically comparable. However, patients with
NKX2-1 CN gain had a relatively longer survival than those
with CN loss who had received targeted therapy (Fig. S3H
and I). Analysis of driver genes in those two patient groups
showed that there was a higher frequency of EGFR-sensitizing
mutation (exonl19 del and exon21L858R) in CN gain than in
loss (Fig. S3J). These results signified that NKX2-1 CN gain
may be associated with higher occurrence of EGFR-targetable
mutations and could be linked to EGFR-targeted stratification,
which was not observed previously because past reports failed
to compare CN amplification with deletion (14,15).

Notably, NKX2-1 CN loss had a negative and significant
correlation with CD274 expression (Fig. 2D) and associated
with infiltration of M2 macrophages (Fig. 6E). Thus, the
expression-based association of immune checkpoint proteins
with NKX2-1 CNAs was explored. It was found that the positive
regulation of CD80 and CD40LG, and the negative regulation
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Figure 5. Association of clonal genome-wide CN perturbations with NKX2-1 CN gain and loss. (A) Mutational architecture of tumors with NKX2-1 CNAs in
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of TNFSF9, VTCNI1 and LGALS9 were significantly corre-
lated with NKX2-1 CNVs (Fig. S7). The expression of CD274,
VTCNI and LGALS9 were significantly higher in CN loss

than in gain. The expression of CD80 and CD40LG had no
significant difference between the two groups (Fig. 6F). The
higher expression of immune checkpoint proteins provided
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additional evidence that NSCLC with NKX2-1 CN loss may
be associated with a ‘cold’ immune microenvironment, which
may justify their poor prognostic outcomes.

Further correlation analysis showed that CD274 may
not be the dominant immune checkpoint in NSCLC tumors
with NKX2-1 CN loss. The immunoexpression of VTCNI1
and LGALS9 were more significant (P<0.001 and P=0.002,
respectively) than CD274 (P=0.090). Co-expression analysis
revealed that VTCNI was significantly correlated with the
negative regulation of CD274 (P<0.001), whereas LGALS9
was significantly correlated with the positive regulation of
CD274 (P<0.001). No significant correlation was observed
between the expression of LGALS9 and VTCNI (P=0.288;
Fig. 6G). These results suggested that NKX2-1 CNAs could
be associated with differential immune checkpoint profiles in
NSCLC tumors.

Discussion

Alterations in NKX2-1 CN are one of the most frequently
observed consequences of genomic instability in lung
cancer (16). However, beyond amplification, little is known
about the clinical significance of NKX2-1 CNVs, the disease
burden associated with focal CNAs and their implications
for targeted therapy. In the present study, it was reported that
NKX2-1 CNAs had a stronger correlation with the combined
EGFR and PD-L1 status of tumors than RNA and protein
expression. Furthermore, it was shown that focal loss and gain
in NKX2-1 CN were prognostic in NSCLC. CN gain may repre-
sent a prognostically favorable subgroup, whereas CN loss may
be associated with poor survival. With the enigma surrounding
TTF-1 expression studies, including inconsistencies in patient
stratification and immunostaining specificities (13), the prog-
nostic implication of CNAs could be superior to expression.
In the present study, the prognostic threshold associated with
NKX2-1 CN gain was defined as >0.1875 and loss was defined
as <-0.0767 [log2(tumor/normal)].

The present analysis revealed that NKX2-1 and EGFR
CNs were significantly co-altered. Consistently, tumors with
NKX2-1 CNAs had a high frequency of missense muta-
tions in chromosome 7 where the EGFR gene is located,
suggesting that NKX2-1 CNAs may serve as a biomarker for
EGFR-directed therapy. Additionally, patients with NKX2-1
CN gain and loss had 97.25% synonymous mutations, with
216 and 193 distinct mutational signatures, respectively. The
mutational burden in the Y-chromosome was found to be
significantly higher in tumors with NKX2-1 CN loss, indi-
cating that the unique Y-specific mutational cluster associated
with CN loss tends to negatively impact survival. The findings
of the present study justify the foundational basis for exploring
the Y-specific contribution of tumor mutational signatures in
NSCLC and how sex could influence treatment outcomes in
lung cancer (54).

The results of the present study also revealed the differ-
ence in the degree of genome-wide CNAs in cancer clones
with focal gain and loss in NKX2-1 CN. Out of 1,408 genes
with CNAs, more than half (61%) were significantly co-altered
with NKX2-1. Most genome-wide alterations were found
in clones with NKX2-1 CN loss than in gain (33 vs. 28%,
respectively). The majority of the affected genes were enriched

in chromosomes 1, 19, 3, 17, 2 and 4, which suggested that
NKX2-1 CNAs are closely linked to a high frequency of chro-
mosomal instability.

A recent study showed that chromosomal instability
could predict treatment outcomes of patients with NSCLC
receiving TKIs (55). The researchers showed that chromo-
somal instability resulting in Chr 1p13.3-p13.1 gain could
predict poor response to EGFR-TKI. However, CN gain in
Chr 14q31.1-q31.3 and Chr 7q31.1-q31.31, and CN loss in
Chr 8p23.3-p23.1 and Chr 10g21.2-q22.1 were found to have
favorable survival outcomes in patients receiving TKIs. This
suggests that contrary to the general assumption that high
chromosomal instability could negatively impact survival,
the chromosomal location and the affected genes have a
more significant impact on patient outcomes. The results
of the present study showed that NKX2-1 CN gain may be
associated with chromosomal instability that resulted in
the development of more secondary mutations, which could
confer a better response to TKI treatments. Additionally, the
present study showed that the unique genomic CN perturba-
tions and instabilities in chromosomes 1, 19, 3, 17, 2 and 4
among patients with NSCLC with NKX2-1 CN gain could
predict better treatment outcomes with TKIs.

Genes with perturbed CN and uniquely mutated in tumors
with NKX2-1 CNAs were found enriched for a number of
immunological processes, suggesting a close association
between NKX2-1 CNAs and immune microenvironment
remodeling. The results of the present study showed that the
TIL profiles of patients with NKX2-1 CN gain and loss were
different. TIL estimation analysis showed that total T-cell and
B-cell proportions were higher in tumors with CN gain than
loss. This suggested that tumors with NKX2-1 CN gain had
higher adaptive infiltration and robust humoral responses that
resulted in better survival. Tumors with CN loss were found
to have a ‘colder’ immune environment due to significantly
higher M2 macrophage infiltrates and immune checkpoint
protein expression.

Currently, there is a limited number of effective
biomarkers that may accurately prognose whether patients
will benefit, develop resistance or experience severe side
effects from therapy, particularly using TKIs and immune
checkpoint inhibitors (ICIs). Subgrouping by PD-L1 posi-
tivity, EGFR mutational status and NKX2-1 expression
produced insufficient results (56-58). The findings of the
present study revealed that patients with NKX2-1 CN gain
may benefit from either EGFR-TKIs or ICIs due to a higher
frequency of EGFR-driver mutations and higher adaptive
infiltrates.

Consequently, enrichment of EGFR-targetable mutations
in CN gain could also present a negative impact due to a higher
tendency of developing resistant mutations (e.g., T790M) and
co-mutations. Indeed, NKX2-1 CN amplification prognosed a
poor response to EGFR-TKIs in patients with recurrent tumors
after surgical treatment (59). However, this study stratified
patients as NKX2-1 CN amplified or unamplified only, and
patients designated as unamplified could have harbored CN
deletions, which could radically change the survival outcomes
of the cohort. Also, the study failed to correlate CN amplifica-
tion with other genomic alterations that may confound with
the prognostic value of NKX2-1 CN amplification. Lastly,
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the detection of NKX2-1 CNAs remains unstandardized at
present, and studies utilizing fluorescence in situ hybridization
and PCR are normally hampered by variations and complexi-
ties of DNA breakpoints in analyzing CNVs (14,60). Thus, the
dynamic and complete changes in CN are often not captured
from studies utilizing these techniques.

A previous paper that utilized next generation sequencing to
analyze EGFR-TKI outcomes in patients with lung cancer with
concurrent genomic alterations identified a lower frequency
of NKX2-1 CN amplification in tumors that developed resis-
tance to EGFR-TKI than those that were naive (11 vs. 15%),
and reported that acquired T790M mutation, co-mutation in
TP53 and co-amplification of EGFR had higher frequencies
in EGFR-TKI resistant tumors than NKX2-1 CN amplifica-
tion alone (61). In fact, there was only a small frequency of
T790M mutations in TCGA cohort with NKX2-1 CN gain.
Thus, there is a need for a more quantitative approach in
determining the extent to which NKX2-1 CN gain could be
predictive for patients receiving EGFR-TKIs. With the advent
of more sophisticated tools, such as sequencing platforms,
the development of quantitative CNV subgrouping is now
possible. To the best of our knowledge, the present study is
the first to provide retrospective data and propose a quantita-
tive approach to stratifying patients as having NKX2-1 CN
gain with measurable CNVs [>0.1875 log2(tumor/normal)]
that may benefit from EGFR-TKIs. However, this hypothesis
requires further clinical analysis.

Additionally, previous studies failed to account NKX2-1
CN deletion, and thus a comprehensive and quantitative
comparison of the prognostic value of NKX2-1 CNAs is still
elusive. The present analysis also showed that NKX2-1 CN
loss with measurable CN'Vs [<-0.0767 log2(tumor/normal)]
was associated with lower TMB, higher genome-wide CNV
perturbations, reduced adaptive infiltrations and increased
expression of immunosuppressive molecules. All these
qualifications have been linked to poor responses that may
be unlikely to benefit from combinatorial TKI-ICI therapy.
However, these hypotheses require further clinical valida-
tions. Lastly, the present findings emphasized the need to
develop other target approaches, other than CD274, LGALS9
and VTCNI, that could be potential targets in NSCLC.

Limitations of the present study include the small sample
size, particularly in the Filipino cohort, which may impact
correlation analysis. Additionally, subgrouping by EGFR
mutation did not reach significant survival probabilities due
to the small sample size and requires further study. Second,
the involvement of RORI in the combined EGFR and PD-L1
status needs to be further explored through knock-in and
knock-out mouse models, supported by protein-protein inter-
action experiments and functional mice studies. Third, the
CNV data from TCGA and the Bivona cohorts were detected
using Affymetrix SNP 6.0 arrays and RNA sequencing,
respectively. Although CNV was normalized to tumor-normal
ratio, difference in methods may have contributed to varia-
tions in measurements. Fourth, the expression data in TCGA
and the Bivona cohorts were scaled differently, which may
have affected statistical analyses, although data from each
cohort were interpreted independently. Lastly, the analysis of
TILs depended on 53 select gene markers, which may have
influenced the estimation analysis.
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