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Abstract

Purpose: Bone metastasis (BoM) has been closely associated with increased morbidity and poor survival
outcomes in patients with non-small cell lung cancer (NSCLC). Given its significant implications, this study
aimed to systematically compare the biological characteristics between advanced NSCLC patients with and
without BoM.

Methodes: In this study, the genomic alterations from the tumor tissue DNA of 42 advanced NSCLC patients
without BoM and 67 patients with BoM and were analyzed by a next-generation sequencing (NGS) panel. The
serum concentrations of 18 heavy metals were detected by inductively coupled plasma emission spectrometry
(ICP-MS).

Results: A total of 157 somatic mutations across 18 mutated genes and 105 somatic mutations spanning 16
mutant genes were identified in 61 out of 67 (91.05%) patients with BoM and 37 of 42 (88.10%) patients without
BoM, respectively. Among these mutated genes, NTRKI, FGFRI, ERBB4, NTRK3, and FGFR2 stood out
exclusively in patients with BoM, whereas BRAF, GNAS, and AKT/ manifested solely in those without BoM.
Moreover, both co-occurring sets of genes and mutually exclusive sets of genes in patients with BoM were
different from those in patients without BoM. In addition, the serum concentrations of Cu and Sr in patients
with BoM were significantly higher than in patients without BoM. One of our aims was to explore how these
heavy metals associated with BoM interacted with other heavy metals, and significant positive correlations
were observed between Cu and Co, between Cu and Cr, between Sr and Ba, and between Sr and Ni in patients
with BoM. Given the significant impacts of molecular characteristics on patients' prognosis, we also observed a
noteworthy negative correlation between EGFR mutations and Co, alongside a significant positive correlation
between TP53 mutations and Cd.

Conclusions: The genomic alterations, somatic interactions, key signaling pathways, functional biological
information, and accumulations of serum heavy metals were markedly different between advanced NSCLC
patients with and without BoM, and certain heavy metals (e.g., Cu, Sr) might have potentials to identify high-risk
patients with BoM.
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Introduction

As the foremost contributor to cancer-related  lung cancer (NSCLC) constitutes nearly 80% of lung
deaths globally, lung cancer accounted for cancer cases, comprising subtypes such as
approximately 18% of these deaths [1]. Non-small-cell = adenocarcinoma (LUAD), squamous carcinoma
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(LUSC), adenosquamous carcinoma, large cell
carcinoma, and sarcomatoid carcinoma [2]. An
estimated 30-40% of NSCLC patients develop bone
metastasis (BoM) at initial diagnosis [3], and suffer
from hypercalcemia, pathological fractures, spinal
instability, spinal compression, bone pain, and other
skeletal-related  events (SREs). These SREs
compromise bone structural integrity and often serve
as ominous indicators [4, 5]. Following the onset of
BoM, patients with NSCLC typically face a median
survival period of 6-8 months [6].

Given the significant impact of BoM on patients'
prognosis, it is imperative to identify risk factors for
the occurrence of BoM in patients with lung cancer.
This not only aids in expeditious and accurate
diagnosis but also facilitates the anticipation of its
progression, predating existing imaging methods
(e.g., skeletal scintigraphy, computerized tomography
(CT), Positron emission tomography-computed
tomography (PET-CT), magnetic resonance imaging
(MRI)) [7-9]. So far, the incidence of BoM has shown
positive correlations with various factors such as male
gender, married status, younger age (<50),
adenocarcinoma type, clinical stage (III-IV), TNM
stage (T1-T3, N2-N3), fibrinogen, activated partial
thromboplastin time, D-Dimer, alkaline phosphatase,
metabolic tumor volume (MTV) of the whole body
(MTVwb), and MTV of thorax (MTVtho) [3, 10-15].
Intriguingly, patients with primary lung tumors in the
lower lobe exhibited a higher propensity for BoM
compared to those with tumors in the main bronchus,
suggesting that different primary tumor locations
may influence the pattern of distant metastasis in
patients with advanced NSCLC [16]. For the
bone-matrix signaling, NSCLC patients with BoM had
significantly ~ elevated serum levels of bone
sialoprotein (BSP) compared to patients without BoM
or control subjects [17]. Moreover, a strong correlation
was observed between BSP expression and BoM in the
primary resected NSCLC patients [18].

Disruptions in metal homeostasis can trigger the
activation of oncogenic signaling pathways, hinder
the DNA repair system, induce oxidative stress, and
modify epigenetic inheritance [19-22]. Individuals
with lung cancer exhibited higher concentrations of
copper (Cu) and elevated Cu/Zn ratios in serum
compared to healthy controls [23-25]. Lung cancer
patients often displayed increased levels of ferritin in
their serum and bilateral bronchoalveolar lavage fluid
[26]. Moreover, the expression of serum ferritin (SF)
showed a significant positive correlation with
regional lymph node metastasis and distant
metastasis [27]. For patients with small cell lung
cancer, zinc finger E-box binding homeobox 1 was
found to be highly expressed in bone-metastatic

tissues compared to those in non-metastatic tissues
[28]. In addition, advanced NSCLC individuals with
hyponatremia tended to develop BoM significantly
earlier than those without hyponatremia [29]. Lower
blood calcium levels have also been associated with
an unfavorable prognosis and the potential to predict
the occurrence of BoM in patients with NSCLC [30].
However, there is currently insufficient evidence to
suggest that these above factors possess a robust
predictive capability for BoM. Consequently, it is
meaningful to systematically compare the biological
characteristics between advanced NSCLC patients
with and without BoM.

In this study, targeted next-generation
sequencing (NGS) of 95 tumor-associated genes and
inductively-coupled plasma mass spectrometry
(ICP-MS) detection of 18 heavy metals were
performed on tissue DNA and serum samples from
patients with advanced NSCLC, respectively. This
study aimed to explore: (i) the differences in genomic
alterations, somatic interactions, and KEGG and GO
signaling pathways between advanced NSCLC
patients with and without BoM, (ii) which of serum
heavy metals is correlated with BoM in patients with
advanced NSCLC, (iii) how do these heavy metals
associated with BoM interact with somatic mutations,
demographic and clinical characteristics, and other
heavy metals in patients with BoM.

Materials and methods

Patients and sample collection

A total of 109 patients with advanced NSCLC
from the Medical oncology at 3201 Hospital of Xi‘an
Jiaotong University Health Science Center were
recruited between November 2020 and January 2023.
The pathological diagnosis was verified by three
pulmonary pathologists, following the criteria laid
out in the 4th edition of the World Health
Organization Classification of Lung Tumors [31]. In
particular, the diagnosis of bone metastasis adhered
to the guidelines set by the National Comprehensive
Cancer Network (NCCN), which include clinical signs
and symptoms (e.g., ostealgia, progressive limitation
of movement or mobility, local tenderness or
tenderness under physical contact or oppression),
imageological examinations (e.g., bone scintigraphy,
computed tomography, magnetic resonance imaging),
or/and the biopsy of bone metastatic lesion [7, 8]. A
total of 109 formalin-fixed and paraffin-embedded
(FFPE) tumor specimens were collected for the
high-throughput analysis. Among this cohort of 109
patients, 91 individuals underwent heavy metal
detection using serum samples. Written informed
consent was obtained from all participants, and this
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study was conducted in strict accordance with the
Code of Ethics of the World Medical Association
(Declaration of Helsinki) [32]. Furthermore, this study
received approval from the Medical Ethics Committee
of 3201 Hospital of Xi‘an Jiaotong University Health
Science Center, and its Institutional Review Board
(IRB) number was No.017(2020).

Inclusion criteria: (1) Age > 18 years old; (2) First
diagnosis of NSCLC by histology examination; (3) The
availability of enhanced CT scan of the chest and
abdomen, magnetic resonance imaging (MRI) of the
brain, and whole-body bone scan (ECT) results; (4)
Primary NSCLC with distant metastasis; (5) Without
any treatments.

Exclusion criteria: (1) NSCLC tumors displaying
histological components other than LUAD and LUSGC;
(2) Recurrence; (3) Contraindication to an enhanced
CT scan, a cranial MRI, or ECT examination; (4)
Exposure history of trace elements, toxic elements, or
heavy metals; (5) Patients consumed antioxidants,
vitamins, or dietary supplements.; (6) Patients had
suffered from the surgery within the past year; (7)
Patients had comorbidities such as autoimmune
disease, diabetes mellitus, gout, hypoglycemia,
hypertension, heart disease, chronic liver disease,
chronic kidney disease, protein-energy malnutrition,
thyroid disease, and vitamin A/D deficiency; (8)
Patients had additional conditions deemed
inappropriate for this study by our research team.

DNA extraction and quality control

Genomic DNA (gDNA) was extracted from
FFPE tumor specimens employing the GeneRead
DNA FFPE kit from Qiagen GmbH. Subsequently, the
quantity and purity of the gDNA were assessed using
Qubit® 3.0 Fluorometer (Invitrogen; Thermo Fisher
Scientific, Inc.) and NanoDrop ND-1000 (Thermo
Scientific, Inc.), respectively. To evaluate its integrity,
quality control (QC) procedures were conducted
using a multiplex Polymerase Chain Reaction (PCR)
approach.

Library preparation, hybridization capture,
and lllumina sequencing

Three hundred nanogram (ng) of gDNA
underwent mechanical fragmentation via an
E220-focused ultrasonicator Covaris (Covaris, LLC.).
The target fragment size ranged from 150 to 200 base
pairs (bp). Subsequently, DNA samples ranging from
10 to 100 ng were employed for library construction,
following the manufacturer's guidelines using the
KAPA library preparation kit (Kapa Biosystems Inc.;
Roche Diagnostics). This process encompassed
end-repair, A-tailing, and adapter ligation without the
need for additional fragmentation. The NGS libraries

were subjected to capture using the xGen Lockdown
Probe pool sourced from Integrated DNA
Technologies, Inc. The captured DNA fragments were
amplified through 13 cycles of PCR, utilizing 1X
KAPA HiFi Hot Start Ready Mix (Kapa Biosystems
Inc.; Roche Diagnostics). Then, quality control and
quantification were conducted, employing the Agilent
2100 Bioanalyzer (Agilent Technologies, Inc.) and the
Qubit® 3.0 Fluorometer (Invitrogen; Thermo Fisher
Scientific, Inc.). Finally, the NGS libraries were
sequenced utilizing an Illumina NextSeq CN500
platform equipped with a medium flux chip (NextSeq
CN500 Mid Output v2 kit; lllumina Inc.).

Bioinformatics analysis

Clean data were obtained by filtering out
low-quality reads, which encompassed reads
containing adapter sequences and those with a length
of less than 36 bp. All of the filtered reads underwent
alignment to the human genome (University of
California Santa Cruz ID: hgl9), employing the
Burrows-Wheeler-Alignment Tool (BWA v.0.7.12;
Wellcome Trust Sanger Institute) [33]. Then, we
implemented the Picard and Genome Analysis
Toolkit (GATK v.3.2) methodology for a series of
essential processes, including the removal of dupli-
cate sequences, local realignment, and recalibration of
base quality scores. This comprehensive approach
was also utilized for the generation of quality
statistics. Finally, the VarDict tool (v.1.6.0) (GitHub,
Inc.) was adopted for the systematic identification of
single  nucleotide  variations  (SNVs) and
Insertions/Deletions (InDels) [34].

The ANNOVAR software tool (v. 20210202;
https:/ /annovar.openbioinformatics.org/en/latest/)
was employed for the annotation of somatic variants
[35]. The identification of candidate somatic variants
adopted the following filter conditions: 1) Variants
with a coverage depth (VDP) of less than 10 were
excluded; ii) Variant sites with a mutant allele
frequency (MAF) greater than 0.001 in the 1,000
Genomes databases (1,000 Genomes Project
Consortium; https:/ /www.internationalgenome
.org/) and East Asian in Exome Aggregation
Consortium (ExAC_EAS) (https:/ /gnomad
Jbroadinstitute.org/) were removed; 1i1) Variant sites
with MAF between 0.001 and 0.1 in the 1,000
Genomes databases that had COSMIC evidence
(http:/ /cancer.sanger.ac.uk/cosmic) were retained;
1v) Variations located in the exon or splicing region
(10 bp upstream and downstream of splicing sites)
were retained; v) Synonymous mutations were
removed; vi) Variants with unknown classifications
were excluded; vii) Functional benign variant sites
predicted by Polymorphism Phenotyping v2
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(PolyPhen  2;  http://genetics.bwh.harvard.edu/
pph2/) were removed [36]; viii) Polymorphism and
automatic polymorphism variant sites predicted by
MutationTaster (MutationTaster2020; https://www
.mutationtaster.org/) were removed [37]; ix) Neutral
and unknown variant sites predicted by LRT
(dbNSFP version 3.0; http://sites.google.com/site/
jpopgen/dbNSFP) were excluded.

ICP-MS Detection

Serum samples were collected from 91 patients
and subjected to heavy metal detection by ICP-MS
(Agilent 7800). The serum concentrations of 18 heavy
metals were evaluated, Arsenic (As), Barium (Ba),
Cadmium (Cd), Cobalt (Co), Chromium (Cr), Cuprum
(Cu), Gallium (Ga), Mercury (Hg), Manganese (Mn),
Nickel (Ni), Plumbum (Pb), Stibium (Sb), Selenium
(Se), Stannum (Sn), Strontium (Sr), Thallium (TI),
Vanadium (V), and Zinc (Zn). The precise detection
protocol of ICP-MS adhered to the manufacturer's
instructions (35). Briefly, a minimum of 2 milliliters of
whole blood from each patient underwent
centrifugation at 3000 revolutions per minute for 10
minutes to obtain the upper serum, which was stored
at -20°C.

Statistical analysis

The analysis of somatic mutation landscapes,
co-barplots, co-oncoplots, lollipop plots, co-occurring
and mutually exclusive genomic alterations, Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment, and Gene Ontology (GO) enrichment was
performed by R software (version 4.0.3, R Core Team;
https:/ /www.R-project.org) [38]. To assess statistical
differences, Fisher's exact test and the Mann-Whitney
test were employed for categorical and continuous
variables, respectively. A significance level of P<0.05
was used to determine statistically significant
differences. Additionally, spearman correlation
analysis was applied to investigate the associations
among BoM, EGFR mutations, TP53 mutations, 9
demographic and clinical characteristics, and 18
heavy metals.

Results

Patient characteristics

In this retrospective study, 109 patients with
advanced NSCLC were recruited including 67
patients with BoM (aged 47-83 years) and 42 patients
without BoM (aged 45-83 years). No significant
differences in the demographic and clinical
characteristics were found between patients with and
without BoM except for the expression of CA-199
(P=0.018) and CEA (P=0.035) (Table 1).

Table 1. Characteristics of patients with advanced NSCLC
according to BoM.

Clinical characteristics No. of patients BoM P-value
Yes No

Total sample 109 67 42
Age, years

<50 6 2 4 0.305
>50 103 65 38
Gender

Male 58 35 23 0.797
Female 51 32 19
Histology

LUAD 105 65 40 1.000
LUSC 4 2 2

EGEFR status

Positive 64 40 24 0.792
Negative 45 27 18

TP53 status

Positive 72 46 26 0.469
Negative 37 21 16
History of smoking

Yes 36 21 15 0.637
No 73 46 27
History of drinking

Yes 26 16 10 0.993
No 83 51 32

History of pulmonary infection

Yes 58 37 21 0.595
No 51 30 21
TTE-1

Positive 93 57 36 0.986
Negative 13 8 5
Unknown 3 2 1
Napsin A

Positive 81 51 30 0.625
Negative 21 12 9
Unknown 7 4 3

CA-125 at baseline

Normal 47 30 17 0.827
Elevated 39 24 15

Unknown 23 13 10

CA-153 at baseline

Normal 58 35 23 0.371
Elevated 27 19 8

Unknown 24 13 11

CA-199 at baseline

Normal 66 37 29 0.018*
Elevated 24 20 4

Unknown 19 10 9

CEA at baseline

Normal 29 13 16 0.035*
Elevated 68 46 22

Unknown 12 8 4

NSCLC, non-small cell lung cancer; TTF-1, thyroid transcription factor 1; CA-125,
cancer antigen 125; CA-153, cancer antigen 153; CA-199, cancer antigen 199; CEA,
carcinoembryonic antigen. * p < 0.05

Comparison of somatic mutations between
advanced NSCLC patients with and without
BoM

To elucidate the disparities in genomic
alterations between patients with and without BoM,
we conducted an analysis of somatic mutations in a
panel of 95 cancer-related genes (Table S1). A total of
157 somatic mutations across 18 mutant genes in 61
out of 67 (91.05%) patients with BoM (named BoM
group) were identified. In contrast, 105 somatic
mutations involving 16 mutant genes were detected in
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37 out of 42 (88.10%) patients without BoM (named
Non-BoM group) (Fig. 1A and Table S2). To delve
further into the molecular distinctions between these
two groups, we generated a Venn diagram (Fig. 1B).
Among these 21 mutated genes, NTRKI, FGFRI,
ERBB4, NTRK3, and FGFR2 were exclusively
identified in patients with BoM, whereas BRAF,
GNAS, and AKT1 were unique to patients without
BoM. In addition, EGFR, KRAS, and 11 other mutant
genes concurrently presented in both groups.

Comparison of somatic interactions between
advanced NSCLC patients with and without
BoM

In LUAD, EGFR and KRAS mutations are
typically found to be mutually exclusive, and the
presence of KRAS mutations can confer resistance to
EGFR-Tyrosine Kinase Inhibitors (TKIs), such as
gefitinib and erlotinib [39]. In this study, the pattern of

A

9

0

somatic interactions markedly differed between
patients with and without BoM. Co-occurring
interactions were identified between FGFR1 and RET
(P=0.0053), between FGFR2 and MAP2K1 (P=0.0323),
and six other sets of genes in patients with BoM
(P<0.1) (Fig. 2A and Table S3), whereas between
STK11 and VHL (P=0.0526), between VHL and HRAS
(P=0.0789), between ALK and KIT (P=0.0789) were
three co-occurring sets of genes in patients without
BoM (Fig. 2B and Table S3). Meanwhile, marked
distinctions were also observed in the mutually
exclusive sets of genes between these two groups. As
depicted in Fig. 2, mutual exclusivity was identified
between KRAS and EGFR (P=0.0193), between
CTNNBI1 and TP53 (P=0.0340), and between TP53 and
KIT (P=0.0635) in patients with BoM, while no
mutually exclusive interactions were found in
patients without BoM (P=0.1).
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Figure 1. The landscapes of somatic mutations for advanced NSCLC patients with BoM (named BoM group, n=67) and without BoM (named Non-BoM group, n=42) (A). Venn

diagram of mutant genes derived from these two groups (B).
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Figure 2. The Spectrum of co-occurring and mutually exclusive mutant genes in the BoM group (n=67) (A) and the non-BoM group (n=42) (B).

Comparison of Key signaling pathways and
biological functions between advanced NSCLC
patients with and without BoM

To gain a more comprehensive understanding of
the biological implications in both groups, we
conducted KEGG and GO enrichment analyses. As
shown in supplementary figures 1A and 1B, a notable
emphasis on cancer-related signaling pathways was
observed (Table S4). Interestingly, all KEGG
pathways enriched in patients with BoM were
observed in patients without BoM (Figure S1A, S1B,
and S1E, top). Moreover, toll-like receptor signaling

pathways, carbohydrate digestion and absorption,
and other five KEGG pathways were exclusively in
patients without BoM. In GO enrichment analysis, the
functional categories were prominently associated
with transmembrane receptor protein tyrosine kinase
activity in patients with BoM (Figure S1C and Table
54) and protein tyrosine kinase activity in patients
without BoM (Figure S1D and Table S4). Specifically,
ephrin receptor activity, fibroblast growth factor
binding, SH2 domain binding, heparin binding, and
neurotrophin receptor binding were uniquely
enriched in patients with BoM (Figure S1E, down).
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Figure 3. Clinical actionability of somatic mutations revealed by a hybridization capture-|

based NGS panel. Somatic mutations were characterized according to their clinical
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actionable alterations (D, E) and mutation type (F, G) in the BoM group (D, F) and the non-BoM group (E, G).

Comparison of Clinical actionability of
targeted drug therapy between advanced
NSCLC patients with and without BoM

To evaluate the practicality of anticipatory
molecular profiling, mutations were categorized into
distinct tiers based on their clinical relevance as
indicated in OncoKB (Fig. 3A). As standard
therapeutic indicators, a group of gene mutations had
been approved by the FDA. In patients with BoM,
67.16% (45/67) of patients possessed at least one
actionable alteration. Among these actionable
alterations, level 1 accounted for 84.00%, including
Missense Mutation of EGFR, PIK3CA, KRAS, and RET,
In-frame Insertion of EGFR and ERBB2, and In-frame
Deletion of EGFR; level 2 accounted for 10.00%,
including Missense Mutation of KRAS; level 3
accounted for 4.00%, including Missense Mutation of
TP53 and FGFR2; level_4 accounted for 2.00%,
including Nonsense Mutation of STK11 (Fig. 3B, D,
and F, and Table S5). For patients without BoM,

66.67% (28/42) of patients exhibited at least one
actionable alteration. Among these actionable
alterations, level_1 constituted 88.00%, encompassing
Missense Mutations in EGFR, PIK3CA, and KRAS,
In-frame Insertions in EGFR and ERBB2, and In-frame
Deletions in EGFR; level 2 constituted 6.00%,
encompassing Missense Mutations in BRAF and
KRAS; level 3 constituted 6.00%, encompassing
Missense Mutation in TP53, and In-frame Deletion in
EGFR (Fig. 3C, E, and G). Collectively, similar
percentages of actionable alterations were observed
between patients with and without BoM, suggesting
both groups derived significant benefits from targeted
therapies.

Comparison of Accumulations of Serum
Heavy Metals between advanced NSCLC
patients with and without BoM

To explore which serum heavy metals were
associated with BoM in patients with advanced
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Journal of Cancer 2024, Vol. 15

4212

NSCLC, we conducted heavy metal detection in the
serum samples of 58 patients with BoM and 33
patients without BoM. The levels of Cu and Sr in
patients with BoM were significantly higher than
those in patients without BoM, and their median

concentrations with interquartile ranges (IQR) were as
follows: Cu 893.3 (783.9-1108) vs. 791.2 (739.8-913.9)
pg/L (P=0.0151), and Sr 26.52 (21.74-34.55) vs. 22.51
(18.10-28.00) png/L (P=0.0302) (Fig. 4).
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Figure 5. Correlations among BoM, EGFR mutations, TP53 mutations, 9 demographic and clinical characteristics, and 18 heavy metals in patients with advanced NSCLC (n=91).

*p <0.05, # p <0.01, and ** p < 0.001.

Correlation Analysis Among BoM, Genomic
Alterations, Demographic and Clinical
Characteristics, and Heavy metals in patients
with advanced NSCLC

To establish correlations among BoM, EGFR
mutations, TP53 mutations, 9 demographic and
clinical characteristics, and 18 heavy metals, we
simultaneously conducted NGS analysis and heavy
metal detection on 58 patients with BoM and 33
patients without BoM. BoM was significantly
positively correlated with the concentrations of Cu (r
=0.25, P < 0.05) and Sr (r = 0.23, P < 0.05), whereas no
significant correlations were observed between BoM
and genomic alterations, demographic characteristics,
or clinical characteristics (Fig. 5). Female was
significantly negatively correlated with the history of
smoking and drinking, stature, and weight, which
was consistent with previous studies [40]. Meanwhile,
female displayed negative correlations with Cd (r =
-0.27, P < 0.05) and Pb (r = -0.28, P < 0.01), whereas
significantly positive correlations were observed

between female and Cr (r = 0.23, P < 0.05), Hg (r =
0.21, P < 0.05), or Mn (r = 0.36, P < 0.001). What's
more, age displayed significantly negative

correlations with Cr (r = -0.22, P < 0.05), Cu (r =-0.22,
P <0.05), Mn (r = -0.27, P < 0.01), Sb (r = -0.22, P <
0.05), and Zn (r = -0.21, P < 0.05). Lastly, significant
correlations were also identified between most of the
18 heavy metals, such as between Ba and Sr (r = 0.47, P
< 0.001), between Hg and Sb (r = 0.43, P < 0.001),
between Hg and Sn (r = 0.59, P < 0.001), and others

(Fig. 5).

Correlation Analysis Among Genomic
Alterations, Demographic and Clinical
Characteristics, and Heavy metals in NSCLC
patients with BoM

For 58 patients with BoM, except for the
significant negative correlation between Cu and Hg (r
=-0.33, P < 0.05), significant positive correlations were
identified between Cu and Co (r = 0.37, P < 0.01),
between Cu and Cr (r = 0.29, P < 0.05), between Sr and
Ba (r = 0.55, P < 0.001), and between Sr and Ni (r =
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Figure 6. Correlations among EGFR mutations, TP53 mutations, 9 demographic and clinical characteristics, and 18 heavy metals in patients with BoM (n=58). *p < 0.05, *¥p <

0.01, and **p < 0.001.

0.27, P < 0.05) (Fig. 6). However, neither Cu nor Sr did
show any significant correlation with EGFR
mutations, TP53 mutations, or the 9 Demographic and
Clinical Characteristics. Meanwhile, the serum
concentration of Co was significantly negatively
correlated with EGFR mutations (r = -0.41, P < 0.01),
whereas Cd displayed a significant positive
correlation with TP53 mutations (r = 0.37, P < 0.01).

In addition, for 33 patients without BoM, EGFR
mutations were significantly negatively correlated
with the history of smoking (r = -0.50, P < 0.01) and
the history of drinking (r = -0.53, P < 0.01), and
notably positively correlated with Mn (r = 043, P <
0.05) and Sb (r = 0.50, P < 0.01) (Figure S2). No
significant correlations were found between TP53
mutations and the 9 demographic and clinical
characteristics, but TP53 mutations were significantly
positively correlated with As (r = 0.43, P < 0.05) and
Cu (r=0.50, P <0.01) (Figure S2).

Discussion

While dynamic differences in clinical
characteristics have been reported between patients
with and without BoM, systematic comparisons of the
genomic alterations, somatic interactions, and
accumulations of serum heavy metals have been
lacking. In this study, we identified 157 somatic
mutations across 18 mutated genes in 61 out of 67
(91.05%) patients with BoM and 105 somatic
mutations in 16 mutant genes in 37 out of 42 (88.10%)
patients without BoM by an NGS panel. Significant
disparities in  genomic alterations, somatic
interactions, key signaling pathways, and
functional biological insights were found between
these two groups. Moreover, the detection of 18 heavy
metals was performed on serum samples from 58
patients with BoM and 33 patients without BoM, and
the concentrations of Cu and Sr were significantly
higher in patients with BoM compared to those
without. Notably, BoM exhibited significant positive
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correlations with Cu and Sr in patients with advanced
NSCLC, whereas no significant correlations were
observed between BoM and genomic alterations,
demographic characteristics, or clinical characteristics.
Finally, significant positive correlations were
identified between Cu and Co, between Cu and Cr,
between Sr and Ba, and between Sr and Ni in patients
with BoM.

While the impact of tumor mutation status on
BoM in NSCLC has been studied, there is no
consensus yet [41]. In a retrospective case-control
study involving 189 metastatic NSCLC patients, no
significant differences were observed in the incidence
of BoM, mean time to develop BoM, or time to first
SRE among patients with EGFR (exon 19 and 21)
mutations, KRAS mutations, and wild type
EGFR/KRAS [42]. Similarly, in a study involving 209
NSCLC patients with EGFR, KRAS, ALK, or without
mutations at diagnosis, no specific molecular group
showed a predisposition to the development of BoM
[43]. Consistent with previous studies, both EGFR
(59.70% vs. 57.14%) and KRAS (11.94% vs. 7.14%)
mutation frequencies were similar between patients
with and without BoM in our study. However, a
retrospective study involving 570 patients with
NSCLC reported that patients harboring EGFR and
HER? alterations showed a heightened incidence of
lung and bone metastases compared to those with
gene fusions, RAS/RAF mutations, or mutations
lacking a known driver oncogene [44]. In a
retrospective study involving 246 patients with
advanced LUAD, patients harboring EGFR mutations
exhibited a significantly greater number of metastatic
lesions in the bone compared to wild-type patients
[45]. Moreover, the median overall survival (OS) was
extended in patients with EGFR mutations than in
wild-type patients, possibly attributed to the
availability of effective targeted therapies for
EGFR-mutated NSCLC [42, 45]. Collectively,
contradictory findings exist, and future studies
should not only expand the sample size but also focus
on more mutant genes, such as exclusive mutations
related to BoM.

Among these mutated genes in this study,
NTRK1, FGFR1, ERBB4, NTRK3, and FGFR2 were
exclusively present in patients with BoM, while BRAF,
GNAS, and AKT1 were specific to patients without
BoM. Aberrant fibroblast growth factor receptor
(FGFR) signaling is a common feature in various
cancer types [46-51]. Amplifications are the most
prevalent FGFR1-4 genomic alterations, with missense
mutations in FGFR being relatively rare [52, 53]. For
NSCLC, previous studies have reported a 6%
amplification rate of FGFR1 [54], which contrasts with
our findings. The differences in mutation types of

FGFR1 could be attributed to variations in patients'
demographic and clinical characteristics, such as
ethnicity, region, anatomical stage, and distant
metastasis. FGFR plays a crucial role in direct
interactions with cell adhesion molecules (CAMs) and
extracellular matrix (ECM) proteins, contributing to
the invasive and migratory properties of cancer cells,
whereas interactions with other receptor tyrosine
kinases (RTKs) regulate angiogenesis, resistance to
therapy, and metastatic potential of cancer cells
[65-61]. Although the direct interactors of FGFR1/2
were unrecognized in this study, three co-occurring
sets of genes in patients with BoM were identified,
including between FGFR1 and RET, between FGFR?2
and MAP2K1, and between FGFR2 and VHL.
Interestingly, FGFR-RAS-MAPK signaling has been
studied well in multiple cancers [62-66], but there was
a lack of validation in NSCLC patients with BoM.
Previous research by Tirtha and Ross has
demonstrated the interaction of the RET domain of
the RET-kinesin family member 5B (RETKIF5B) fusion
protein with FGFR and EGFR in endocytic RAB
vesicles, contributing to invadopodia formation [67].
Inhibition of FGFR or EGFR, combined with the RET
inhibitor = sorafenib, significantly improved the
response to treatment in human cancer cell lines
harboring the RET-HIF5B fusion protein [67],
indicating the therapeutic potential associated with
these co-occurring interactors. Collectively, our
findings may not only contribute to a more
comprehensive understanding of pathogenesis for
NSCLC patients with BoM but also provide
prospective therapeutic targets for this specific
subgroup.

Various studies have highlighted the strong link
between NSCLC and heavy metals. Mu et al. have
reported that patients with LUSC showed a
significant positive correlation with the serum
concentration of Ba, whereas this correlation was not
observed in LUAD [40]. However, limited research
has delved into the impact of heavy metals on the
progression of BoM. In NSCLC, lower blood calcium
levels indicated an unfavorable prognosis and had the
potential to predict BoM [30]. Additionally,
hyponatremia also emerged as a negative prognostic
factor in NSCLC, and patients with hyponatremia
developed BoM significantly earlier than those
without hyponatremia [29]. Unfortunately, our study
focused on exploring the biological effects of certain
heavy metals, As, Ba, Cd, Co, Cr, Cu, Ga, Hg, Mn, Nj,
Pb, Sb, Se, Sn, Sr, Tl, V, and Zn---excluding calcium
and sodium due to detection limitations. In this study,
the concentrations of serum Cu and Sr in patients with
BoM were significantly higher than those in patients
without BoM. Cu, a crucial mineral nutrient,
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possesses a dual nature—both beneficial and
potentially toxic to cells due to its inherent
oxidation-reduction (redox) properties. Noteworthy,
the silencing of the copper transporter ATP7A could
attenuate Lysyl oxidase (LOX) activity and metastasis
of Lewis lung carcinoma cells in mice [68]. Cu was
also essential for the activity of autophagic kinases
ULK1 and ULK2 (ULK1/2), promoting tumor growth
and progression in a mouse model of Kras¢12P-driven
LUAD [69]. However, it remains unknown whether
this autophagic regulation of the Cu-ULK1/2
interaction is implicated in the progression of BoM.

Furthermore, the interplay among various heavy
metals also plays pivotal roles in tumorigenesis and
progression. In patients with lung cancer, significant
positive correlations were observed between the
serum levels of Cd and Pb, between Mn and Fe, and
between As and Pb, whereas a significant negative
correlation was identified between Co and Mg, and
between Ba and Sb [40, 70]. Delving into the
antineoplastic effects of As, its primary reliance on
inducing apoptosis in squamous cell carcinomas
through the generation of reactive oxygen species
(ROS) and activation of JNK1/2 and caspase-3 was
found [71, 72]. Intriguingly, the inhibitory impact of
Ba on As-induced apoptosis was noted, potentially
promoting tumor progression in individuals exposed
to both As and Ba [73]. One of our aims was to explore
how these heavy metals (Cu, Sr) associated with BoM
interacted with other heavy metals, and significant
positive correlations were observed between Cu and
Co, between Cu and Cr, between Sr and Ba, and
between Sr and Ni in patients with BoM. However,
although Cu was strongly positively correlated with
Cr in our study, this correlation was not found in the
art glass industry workers with lung cancer [74],
partly due to the differences in sample collection,
occupation, and region. Given the significant impact
of molecular characteristics on patients” prognosis, we
also observed a noteworthy negative correlation
between EGFR mutations and Co, as well as a
significant positive correlation between TP53
mutations and Cd. However, our findings, as of now
unreported, warranted further exploration to unravel
their implications and significance in the broader
context of NSCL research.

Lastly, this study had its limitations, primarily
manifesting in four aspects. Firstly, NGS data were
exclusively obtained from primary tumor tissue
samples, lacking corresponding normal tissue
samples. This choice was guided by the sufficiency of
actionable alterations for clinical decision-making by
a single sample under appropriate filter conditions
[37, 75-82]. Meanwhile, it was crucial to acknowledge
that the expense associated with obtaining multi-type

or multiregional biopsies far surpassed that of a
singular sample. Secondly, mutational differences
between primary tumor lesions and matched
metastatic lesions were lacking. One reason is the high
expense of multiregional biopsies, the other is the
generally high consistency of mutation patterns
between primary lung cancer lesions and matched
bone metastases [83]. Thirdly, our examination
focused solely on the total concentrations of each
heavy metal in serum, lacking a detailed exploration
of the varied forms of individual metals and their
sources of exposure (e.g., soil, food, water, or air).
Fourthly, the concentrations of heavy metals were
exclusively assessed in serum, neglecting paired
urine, hair, and nail samples. Hair and nails serve as
direct repositories for heavy metals (e.g., Co, Cr, Cu,
Fe, Ni, and Zn), rendering them suitable for
monitoring the impact of heavy metals on health.
Future studies would benefit from concurrently
analyzing the concentrations of heavy metals in
serum, hair, and nail samples from one individual.
Lastly, to enhance the robustness of our conclusions, it
is imperative to conduct further studies with larger
sample sizes and multi-institutions for validation
and generalizability.

Conclusions

In conclusion, marked differences were observed
in genomic alterations, somatic interactions, pivotal
signaling pathways, functional biological information,
and accumulations of serum heavy metals between
advanced NSCLC patients with and without BoM,
and certain heavy metals (e.g., Cu, Sr) might have
potentials to be risk factors for the occurrence of BoM.
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