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Abstract: Non-small-cell lung cancer (NSCLC) poses a challenge due to its heterogeneity, necessitat-
ing precise histopathological subtyping and prognostication for optimal treatment decision-making.
Molecular markers emerge as a potential solution, overcoming the limitations of conventional
methods and supporting the diagnostic—therapeutic interventions. In this study, we validated the ex-
pression of six genes (MIR205HG, KRT5, KRT6A, KRT6C, SERPINBS, and DSG3), previously identified
within a 53-gene signature developed by our team, utilizing gene expression microarray technology.
Real-time PCR on 140 thoroughly characterized early-stage NSCLC samples revealed substantial
upregulation of all six genes in squamous cell carcinoma (SCC) compared to adenocarcinoma (ADC),
regardless of clinical factors. The decision boundaries of the logistic regression model demonstrated
effective separation of the relative expression levels between SCC and ADC for most genes, excluding
KRT6C. Logistic regression and gradient boosting decision tree classifiers, incorporating all six vali-
dated genes, exhibited notable performance (AUC: 0.8930 and 0.8909, respectively) in distinguishing
NSCLC subtypes. Nevertheless, our investigation revealed that the gene expression profiles failed to
yield predictive value regarding the progression of early-stage NSCLC. Our molecular diagnostic
models manifest the potential for an exhaustive molecular characterization of NSCLC, subsequently
informing personalized treatment decisions and elevating the standards of clinical management and
prognosis for patients.

Keywords: NSCLC subtyping; SCC; ADC; gene expression; qPCR; personalized medicine; prognosis;
validation study

1. Introduction

Using advanced methods to explore new genetic and epigenetic markers represents a
significant step forward in distinguishing between squamous cell carcinoma (SCC) and ade-
nocarcinoma (ADC) compared to traditional examination methods [1,2]. While histopathol-
ogy is considered the gold standard, it faces challenges such as inconsistent results from
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immunohistochemical staining (IHC), variations in tumor characteristics, and difficulties
in interpreting staining results [2]. This variability in histological subclassifications of
non-small-cell lung cancer (NSCLC) is often due to differences in sampling and evalua-
tion protocols [2]. In about 15-20% of tissue biopsy cases, it is difficult to determine the
exact NSCLC subtype using traditional methods, leading to a diagnosis of non-small-cell
carcinoma without specifying the subtype (NOS) [3].

In addition to challenges in the precise subtyping of NSCLC, many patients are
diagnosed at advanced stages, limiting treatment options [4]. Despite surgical intervention,
up to 30% of stage I patients experience recurrences within 5 years [5]. The use of adjuvant
chemotherapy in stage I cases remains controversial, but it may benefit high-risk patients
identified through molecular categorization. Therefore, there is a need to identify reliable
predictors of relapse to improve the management of early-stage NSCLC.

Personalized oncology emphasizes the importance of the precise histopathological
classification of NSCLC alongside the examination of somatic mutations [6-8]. Tailored
therapies, especially for non-squamous NSCLC with EGFR mutations, and the use of
monoclonal antibodies like bevacizumab and ALK inhibitors have shown promising results
in specific subtypes [9-12]. Recent findings from trials like ADAURA suggest improved
survival outcomes for patients with EGFR-mutated non-squamous NSCLC, highlighting
the evolving landscape of precision oncology [13]. Given the importance of targeted and
immunotherapeutic treatments, there is a critical need for precise diagnostic methods to
accurately classify NSCLC histologically. This classification is crucial for identifying the
most suitable treatment options for patients.

In our previous research, we identified potential biomarkers for NSCLC, such as
hsa-miR-205 and hsa-miR-21, which can distinguish between ADC and SCC with high
accuracy [2]. Using miRNA sequencing, we developed a 17-miRNA signature with excel-
lent discriminatory power for subtype differentiation within NSCLC [14]. Additionally,
a carefully selected 14-IncRNA signature showed proficiency in detecting NSCLC and
classifying subtypes [15]. We also identified a serum-based signature of the top 15 miRNAs,
which demonstrated exceptional discriminatory ability [16].

Building on previous screening studies using gene expression microarrays, we created
a 53-gene signature with impressive accuracy in distinguishing between SCC and ADC [17].
Six genes from this signature, including KRT5, KRT6A, KRT6C, DSG3, SERPINB5, and
MIR205HG, showed the most discriminatory capabilities [18]. Our main goal was to
analyze the expression levels of these six genes using real-time PCR in tumor tissues from
a well-characterized cohort of NSCLC patients with completely resected tumors and to
develop an objective molecular test for NSCLC subtype differentiation.

This study represents a significant advancement in improving NSCLC diagnosis and
subtyping precision. By identifying new biomarkers and developing a gene expression
diagnostic test, we aim to improve patient care by guiding personalized treatment strategies
and complementing traditional histopathological examinations. We believe our research
will lead to more effective management of NSCLC in the future.

2. Results
2.1. Patients’ Characteristics

In a study involving 140 surgically treated non-small-cell lung cancer patients who
underwent complete tumor resection, 56.42% were diagnosed with squamous cell carci-
noma (SCC), while 43.57% had adenocarcinoma (ADC). The patient cohort consisted of
33 women (23.57%) aged 50-78 and 107 men (76.43%) aged 40-81, with an average age of
63.33. Squamous cell carcinoma was more prevalent in men, accounting for 61.68% of the
male patient group, whereas adenocarcinoma was predominant in women, constituting
60.61% of the female patient group. Cancer staging using the TNM classification revealed
that 46.43% had stage I cancer, 47.14% had stage II, and 5.71% had stage IIIA. The stage
of one patient was unknown. In terms of clinical characteristics, 38.57% of patients ex-
perienced disease recurrence after complete tumor resection during a minimum 3-year
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follow-up, while 58.57% had no recurrence. Data on cancer recurrence were missing for
2.86%. Detailed patient characteristics can be found in Table 1.

Table 1. Patients’ characteristics.

Gender N %
Male 107 76.43
Female 33 23.57

Age at Diagnosis (years)
Range 40-81
Mean 63.33
Histological Type
Squamous cell carcinoma 79 56.42
Adenocarcinoma 61 43.57
TNM Stage

IA 33 23.57
1B 32 22.86

A 28 20.0
1B 38 27.14

1A 8 5.71
Information not available 1 0.7

Recurrence

Present 54 38.57
Absent 82 58.57
Information not available 4 2.86

2.2. Differences in the Expression Profiles of Validated Genes between the Histological Subtypes of
NSCLC (SCC vs. ADC)

The expression levels of all six validated genes showed a significant association with
the histopathological subtype of NSCLC. In SCC tumors, in contrast to ADC tumors, we
observed increased expression levels for all validated genes, namely, MIR205HG, SERPINBS,
KRT6C, KRT6A, KRT5, and DSG3. The analysis revealed noteworthy findings, emphasizing
statistically significant differences in the expression levels of all these genes between
SCC and ADC. Notably, KRT6C exhibited the weakest statistical significance, although it
remained significant (Figure 1 and Table 2). Furthermore, we noted a consistent pattern in
the relative expression levels of the six validated genes, aligning with those observed in the
initial screening study utilizing gene expression microarray technology [17].

Table 2. Expression of six validated genes in SCC tumors vs. ADC tumors. ACt values are inversely
proportional to the direction of relative gene expression.

Genes ACt SCC Genes ACt ADC Expression Profile
N Mean SD 25% 75% N Mean SD 25% 75% p-Value SCCvs. ADC

MIR-206HG 81 14808 2769 13.226 15362 59 20.099 3.426 17.940 22425 <0.001 up
SERPINB5 81 14.850 2990 12.725 15977 59 20305 3.640 18.546 22.048 <0.001 up
KRT6C 81 16.697 3.104 14.670 18749 59 18422 3.041 16.061 20.628  0.003381 up
KRT6A 81 11574 3.145 9,580 13.001 59 16.578 2.858 14.772 19.071 <0.001 up
KRT5 81 11968 3.492 9543 12405 59 19.383 3.369 17.277 21.823 <0.001 up
DSG 81 14.864 4.012 12172 16386 59 23.050 3.559 21.261 25.255 <0.001 up
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Figure 1. The divergence in ACt distributions across all genes between the SCC and ADC subtypes
within the tumor tissue. Diamonds indicate the outlier patients in the data. ACt values are inversely
proportional to the direction of relative gene expression.

2.3. Relationships between Expression Levels of Validated Genes and Clinicopathological
Characteristics of NSCLC Patients

The expression levels of transcripts for all six genes, namely, MIR205HG, SERPINB),
KRT6C, KRT6A, KRT5, and DSG3, were found to be strongly linked to the histological
subtype of NSCLC. Notably, the relative expression levels of the analyzed genes between
SCC and ADC subtypes consistently showed statistically significant differences, regardless
of the status of other clinicopathological features, including sex, age, TNM staging, and
postoperative disease recurrence among the patients. Only the gene expression level
for KRT6C exhibited a weaker correlation. This suggests a distinct association between
these selected genes and the histological subtype of NSCLC, independent of other clinical
parameters (Table S1).

2.4. Visualizing Decision Boundary for Logistic Regression Models of Individual Validated Genes

To illustrate the discrimination between NSCLC subtypes, we developed six logistic
regression models based on the relative expression levels of specific genes. The logistic
regression decision boundary indicates a probability of 0.5 for assigning a sample to one
of the class/histology subtypes. In the plots, a clear white line represents this boundary,
intersecting each probability allocation for the histologies. The plot surface vividly displays
probabilities, with blue (0.5 to 1.0) indicating a higher probability assignment to ADC and
red (0.5 to 0.0) indicating a higher probability assignment to SCC. These six plots, each
corresponding to an analyzed gene, illustrate how the decision boundary separates NSCLC
subtype assignations. Data points on the plots represent the samples” ACt values, with red
indicating squamous cell carcinoma (SCC) and blue indicating adenocarcinoma (ADC).
Notably, a clear separation of ACt values by histopathological types was observed in most
cases, except for KRT6C (Figure 2).
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Figure 2. The decision boundary and AUC values for logistic regression models. Each dot represents a
sample’s true ACt values, with red indicating SCC and blue indicating ADC histologies. The decision
boundary comprises points where the probability of assigning a sample to one of the class/histology
subtypes is precisely 0.5. The gradual surface corresponds to the probability of assigning a ACt value
to the appropriate class. Points on the red surface are predicted to belong to the SCC class, while
points on the blue surface are predicted to belong to the ADC class.
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2.5. Gene Expression Value in NSCLC Subtyping Based on Logistic Regression and Gradient
Boosting Decision Tree Models

We assessed two different methods, the logistic regression classifier and gradient
boosting decision tree, using all six validated genes together to distinguish between non-
small-cell lung cancer (NSCLC) subtypes. Both methods proved effective, showing similar
performance metrics. The logistic regression model performed well, achieving an AUC of
0.8930, an accuracy of 0.8479, a sensitivity of 0.8275, a precision of 0.8203, a specificity of
0.8625, and an NPV of 0.8799. Similarly, the gradient boosting model also demonstrated
high performance, with an AUC of 0.8909, an accuracy of 0.8518, a sensitivity of 0.8439, a
precision of 0.8205, a specificity of 0.8580, and an NPV of 0.8865. Upon comparison, we
noted the following subtle differences: logistic regression had a slightly higher AUC and
specificity, while gradient boosting performed better in sensitivity and NPV. Choosing
between the two models may depend on specific priorities or trade-offs based on the
intended application and the unique contributions of the selected genes (see Figure 3).
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Figure 3. Model metrics for (A) logistic regression and (B) gradient boosting decision tree classifiers
based on all 6 genes together. The figure includes the mean receiver operating characteristic (ROC)
curve with standard deviation (SD) and the mean area under the curve (AUC) for both classifiers.
Additionally, it provides the mean and 95% confidence interval (CI) of accuracy, F1 score metrics,
AUC, specificity, sensitivity, and precision, specifically focused on the classifiers” performance in
differentiating squamous cell carcinoma (SCC) from adenocarcinoma (ADC).

We also assessed the performance of the gradient boosting decision tree classifier using
individual genes, in comparison to the combination of all genes together as features, to
predict sample classes/histologies. The area under the curve (AUC) served as our metric
to quantify the predictive strength of each classifier. In Figure 4, AUC values are depicted
for classifiers employing either all six genes together or individual genes (KRT5, DSG3,
KRT6A, MIR-205HG, and SERPINBS) as features. Classifiers utilizing KRT5 alone, DSG3
alone, KRT6A alone, MIR-205HG alone, SERPINB5 alone, or the combined set of all six
genes exhibit high AUC values near 0.9, signifying robust predictive capability. However,
the classifier relying on KRT6C alone demonstrates a significantly lower AUC value of
0.51, indicating diminished predictive performance. These findings suggest that KRT5,
DSG3, KRT6A, MIR-205HG, and SERPINBS serve as reliable features for predicting sample
histology subtypes, while KRT6C does not share similar predictive efficacy (Figure 4).
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2.6. Prognostic Significance of Validated Gene Expression in NSCLC Patients

In exploring the potential of genes as prognostic factors in NSCLC, we investigated
the influence of gene expression levels in primary tumors on the recurrence status of the pa-
tients post-surgical treatment. A comprehensive comparison between patients experiencing
recurrence within three years and those without revealed an absence of statistically signif-
icant genes within the study set (Table S2). The results are consistent with our previous
findings from the analysis of the 53-gene signature [17].

2.7. Gene Ontology Analyses

Gene Ontology (GO) analyses of the validated genes show significant roles in various
cellular components, biological processes, and molecular functions. DSG3 and SERPINB5
are located in the cornified envelope and extracellular space, aiding in intermediate filament
organization. KRT6A and KRT5, components of keratin filaments and the intermediate fila-
ment cytoskeleton, participate in filament organization, keratinization, and epidermal cell
differentiation within the skin’s epidermis. Similarly, KRT6C, localized in keratin filaments,
aids in filament organization and the differentiation of keratinocytes and epidermal cells

within the skin’s epidermis (Table 3).

Table 3. Gene Ontology analyses.

GO Category GO Term Id GO Term Label p-Value Genes Involved
Cellular component  GO:0001533 cornified envelope 8.86 x 107° DSG3, SERPINBS
GO:0045095 keratin filament 1.10 x 107 KRT6A, KRT5, KRT6C
GO:0005882 intermediate filament 1.35 x 1072 KRT6A
GO:0045111 intermediate filament cytoskeleton 2.09 x 107 KRT6A, KRT5, KRT6C
GO:0005615 extracellular space 0.00011 DKSIST?E; (I; 1{511;61?1;11;1;25’
Biological process GO:0045109 intermediate filament organization 499 x 1077 KRT6A, KRT5, KRT6C
GO:0045104  intermediate filament cytoskeleton organization ~ 1.04 x 107° KRT6A, KRT5, KRT6C
GO:0045103 intermediate filament-based process 1.07 x 10~° KRT6A, KRT5, KRT6C
GO:0031424 keratinization 6.99 x 1077 KRT6A, KRT5, KRT6C
GO:0030216 keratinocyte differentiation 3.67 x 10°° KRT6A, KRT5, KRT6C
GO:0009913 epidermal cell differentiation 1.10 x 1073 KRT6A, KRT5, KRT6C
Molecular function GO:0030280 structural constituent of skin epidermis 6.77 x 10~8 KRT6A, KRT5, KRT6C
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3. Discussion

In this study, we formulated robust models adept at discerning non-small-cell lung
cancer (NSCLC) subtypes, thereby fortifying routine diagnostic procedures. This augmen-
tation in diagnostic precision holds the potential to influence treatment qualification and
subsequently yield therapeutic advantages. To achieve this, we validated the expression
profiles of six specific genes (MIR205HG, KRT5, KRT6A, KRT6C, SERPINBS5, and DSG3) as
robust candidates for histological discrimination between NSCLC subtypes. Additionally,
we assessed the prognostic significance of these genes. The selection of these top genes was
guided by a 53-gene signature developed by our team, demonstrating significance in lung
cancer classification [17]. Our results underscore a consistent upregulation of all six genes
in squamous cell carcinoma (SCC) compared to adenocarcinoma (ADC). Notably, these
genes, whether used individually (excluding KRT6C) or collectively (including KRT6C),
prove to be independent factors for precise NSCLC subtyping. Additionally, GO analyses
of validated genes highlight their roles in cellular components, biological processes, and
molecular functions. DSG3 and SERPINBS aid in intermediate filament organization within
the cornified envelope and extracellular space. KRT6A, KRT5, and KRT6C contribute
to filament organization, keratinization, and epidermal cell differentiation in the skin’s
epidermis. Moreover, the clear statistical significance obtained for the analyzed genes
reaffirms the earlier results, despite methodological differences. Previous research relied
on a screening method, the gene expression microarray, while in this study, we employed a
quantitative method, qPCR.

Significant differences in gene expression levels were observed between SCC and ADC
when analyzing all six validated genes together, employing the gradient boosting decision
tree and logistic regression classifiers. Both classifiers demonstrated strong predictive capa-
bilities, with nuanced differences in performance metrics. The gradient boosting decision
tree model exhibited high discriminative ability (AUC: 0.8909) and accuracy (0.8518), with
notable sensitivity (0.8439) and precision (0.8205). Similarly, the logistic regression model
achieved high performance metrics (AUC: 0.8930, accuracy: 0.8479, sensitivity: 0.8275,
precision: 0.8203). While the models showed subtle differences, the choice between them
may depend on specific priorities or trade-offs. Furthermore, the evaluation of classifier
performance, whether considering individual genes or a combination of all six genes,
demonstrated robust predictive capabilities, with AUC values nearing 0.9 for the majority
of gene sets. Notably, KRT6C alone exhibited diminished predictive performance (AUC:
0.51), emphasizing the importance of the other genes in sample class prediction. Moreover,
the decision boundary of the logistic regression underscored a distinction in ACt values
among histopathological subtypes for all individual genes, except for KRT6C.

While numerous publications have explored gene expression signatures for NSCLC
subtyping, none have undertaken an exploration of our distinctive six-gene signature to
date. Li et al. [19] successfully identified 20 genes specific to adenocarcinoma in situ, achiev-
ing an impressive AUC of 0.98. Niemira et al. [20] delved into the identification of 7720 and
5856 genes with diverse expression (DEGs) in squamous cell carcinoma (SCC) and adeno-
carcinoma (ADC) of the lungs, respectively, when compared to the control group. Notably,
certain genes, such as CTLA4, MZB1, NIP7, and BUB1B in ADC, as well as GNG11 and
CCNB2 in SCC, were found to be associated with tumor size, adding a crucial dimension to
our understanding of lung cancer biology. Meanwhile, Song et al. [21] developed a 14-gene
IncRNA predictive prognostic model capable of classifying patients into high- or low-risk
groups, with an AUC of 0.705. In our previous study [15], we were also centered on IncR-
NAs and developed two predictive models for the early diagnosis of NSCLC. These models
demonstrated that the set of 14 IncRNAs accurately distinguished between cancerous and
noncancerous lung tissues (AUC value of 0.98 & 0.01) and NSCLC subtypes (AUC value
of 0.84 £ 0.09). The streamlined logistic regression model, utilizing four parameters (ACt
LINCO00673, ACt AFAP1-AS1, Ct LINC0026, and Ct SOX2-OT), demonstrated enhanced
diagnostic capability for subtype discrimination, yielding an AUC value of 0.88 &£ 0.07.
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Interestingly, a subset of studies focused on identifying molecular diagnostic markers
for the precise stratification of NSCLC subtypes [22-25] correlates with our earlier research,
where we developed a 53-gene signature [17]. From this signature, we specifically chose six
genes for validation in the present study. Girard et al. [22] developed a 62-gene signature
(42 for ADC/SCC and 20 for nonmalignant/lung cancer discrimination), achieving high
accuracies (93-95%). Our slightly superior signature reached 100% correct prediction
for ADC samples [17]. Hou et al. [23] and Wilkerson et al. [24] presented 75- and 51-
gene signatures, with accuracies of 83% and 84%, respectively. Our group identified and
validated a histology-associated gene signature, ensuring 100% correct classification of all
ADC tumors, crucial for targeted therapies limited to specific mutations [17]. Liu et al. [25]
defined differentially expressed genes and 16 pathways for ADC and SCC. ADC exhibited
more prevalence in immune response-related pathways, aligning with our emphasis on
immune processes in ADC histology.

It is essential to highlight a distinctive aspect of our study design, which differs
significantly from existing approaches. We focused on subtype differentiation by exclusively
comparing gene expressions in tumors, considering both validated and reference genes.
In this approach, we deliberately excluded healthy tissue from the analysis to mitigate
individual variations. Discrepancies in our results compared to the literature data can be
attributed to variations in experimental layouts (tumor tissue vs. normal tissue), the use
of diverse biological materials (tissue, serum, plasma, and cell culture), the application of
different technologies (QPCR, gene expression microarray, NGS, etc.), the limited study
of certain genes in NSCLC, and the necessity to draw insights from other cancers where
expression patterns may vary.

Within the study cohort, we noted a significant increase in MIR205HG expression
in SCC in comparison to ADC. MIR205HG is a long non-coding RNA (IncRNA) with a
length of 895 nucleotides. Its expression has been reported to vary across different cancer
types, being downregulated in esophageal cancer [26], upregulated in hepatoblastoma [27]
and cervical cancer [28], and positively correlated with head and neck squamous cell
carcinoma, particularly in cases with TP53 mutations [29]. However, in the context of SCC,
the existing literature presents conflicting results, some suggesting downregulation while
others indicating upregulation in comparison to healthy tissue [30,31].

MIR205HG plays a multifaceted role in various cellular pathways. For instance, in
hepatoblastoma, it activates the MAPK signaling pathway through competitive binding
to miR-514a-5p, effectively acting as a “sponge” for miR-205-5p and thereby activating
the PI3K/AKT pathway [27]. In head and neck squamous cell carcinoma, MIR205HG
inactivates miR-590-3p, leading to increased expression of cyclin B, cdkl1, and YAP [29]. In
lung squamous cell carcinoma, it promotes proliferation, migration, and tumor progression
by modulating the expression of Bcl-2 and Bax [32], enhancing ITGB8 expression [30], and
binding to miR-299-3p, resulting in elevated MAP3K2 expression [31].

Importantly, MIR205HG serves as the host gene for hsa-miR-205, a microRNA that we
have previously investigated and demonstrated to be associated with distinctive features of
squamous histology in NSCLC. [2]. Larzabal et al. [33] unveiled a novel signaling pathway
involving membrane-anchored proteins (ITGx5 and TMPRSS4) that promote tumor growth,
metastasis, and migration through miR-205. Interestingly, our 53-gene signature, from
which we selected genes for validation in this study, included TMPRSS11D, a gene from
the same family as TMPRSS4. Consistent with Larzabal’s findings, our 53-gene signature
showed elevated expression of both MIR205HG and TMPRSS11D in SCC compared to ADC
samples [17]. Key genes in our signature, such as CLDN3, TMPRSS11D, SERPINBS, and
FGFBP1, could be promising immunostains for the pathology-based differential diagnosis
of NSCLC subtypes.

KRT6A, another gene of interest, exhibited significantly higher expression in SCC
when compared to ADC. Keratin 6A is a type II keratin that plays a vital role in the
epidermalization of the squamous epithelium, particularly in cell migration, notably ker-
atinocytes. Silencing KRT6A has been demonstrated to inhibit invasion and metastasis
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in nasopharyngeal cancers [34]. However, its role in lung adenocarcinoma is somewhat
ambiguous, with varying reports suggesting that it may act as both an oncogene and a
tumor suppressor [34,35].

Elevated levels of keratin 6A in lung adenocarcinoma have been associated with a
poorer patient prognosis, promoting growth and metastasis [34,36]. Knocking down keratin
6A has been found to inhibit cell proliferation, migration, and colony formation ability while
not significantly impacting cell viability in lung adenocarcinoma cell cultures. Additionally,
it has been suggested that keratin 6A may play a role in promoting the transformation
of cancer stem cells (CXCR4high/CD133high) and the epithelial-mesenchymal transition
(EMT) [36].

In this study, the expression of KRT5 was found to be higher in SCC than in ADC.
The activity of keratin 5 can be regulated through epigenetic mechanisms. It has been
demonstrated that the downregulation of this gene in NSCLC could result from the binding
of miR-520a-5p, and, conversely, the expression of miR-520a-5p may be directly regulated
through binding with hsa_circ_0017620 [37]. KRT5 has been widely used as a component
of diagnostic panels in Non-Differentiated Respiratory Papillomatosis (NDRP). Keratin
5 was also a component of the combined genetic and epigenetic model with potential
therapeutic significance. The model involved three IncRNAs (LINC00968, Inc-FAM92A-9,
and Inc-PTGFR-1) and six mRNAs (CTCFL, KRT5, LY6D, TMEM, GBP6, and TMEM179) [38].
Statistically significant differences were also observed in the expression of two immuno-
markers, including keratin 5 (AGR2 and KRT5) in ADC and SCC, both at the mRNA and
protein levels [39]. AGR2 demonstrated a 97.0% sensitivity and 94.4% specificity in detect-
ing ADC in the training set, while KRT5 showed a 93.9% sensitivity and 98.9% specificity
in identifying SCC. The accuracy of the AGR2-KRT5 combination reached 93.3% for ADC,
92.0% for SCC, and 92.6% overall. In the validation cohort, the predictive accuracy of
AGR2-KRT5 was up to 100% for ADC and 86.7% for SCC [39]. A proposed five-gene
diagnostic signature, including KRT5, MUC1, TREM1, C3, and TMPRSS2 [40], as well as an
eight-gene classifier for lung cancer subtypes [41], exhibited a high predictive accuracy of
0.936 during testing on 2556 adenocarcinoma samples and 1630 squamous cell carcinoma
samples. Additionally, the signature performed well in clinically challenging cases, such as
poorly differentiated tumors and samples obtained from biopsies [41]. Keratin 5 was also
analyzed as part of a panel differentiating ADC from SCC, comprising 10 miRNAs and
10 mRNAs (let-7a-5p, miR-338, miR-375, miR-217, miR-627, miR-140, miR-147b, miR-138-2,
miR-584, and miR-197; CLDN3, DSG3, KRT17, TMEM125, KRT5, NKX2-1, KRT7, ABCC5,
KRAS, and PLCG2). Analyses revealed that KRT5 is a strong risk factor for ADC and may
be silenced by let-7a-5p [42].

Our study also revealed the increased expression of KRT6C in SCC compared to ADC.
Existing research indicates that circ-KRT6C is overexpressed in colorectal cancer tissues
and cells, and it is associated with overall patient survival. In colorectal cancer, silencing
circ-KRT6C has been shown to inhibit growth, migration, invasion, and immune evasion
while promoting apoptosis in cancer cells, particularly when miR-485-3p is deficient. Circ-
KRT6C has been found to increase PDL1 expression by acting as a “sponge” for miR-485-3p,
thereby enhancing the malignancy of colorectal cancer cells [43].

The study further identified significantly higher expression of SERPINBS5 in SCC com-
pared to ADC. SERPINB5 has been implicated in an oncogenic role in gastric cancer. It
interacts with KHDRBS3 and FBXO32, where KHDRBS3 potentially influences FBXO32
mRNA [44]. In pancreatic ductal adenocarcinoma (PDAC), SERPINBS appears to function
as an oncogene, and unmethylated SERPINBS has been identified as a specific marker for
PDAC in clinical samples, suggesting its potential utility for liquid biopsies [45]. Existing
research in the field of lung cancer has indicated that the high expression of specific genes,
including COL1A2, POSTN, DSG2, CDKN2A, COL1A1, SLC2A1, SERPINB5, and SPP1, can
facilitate the diagnosis of NSCLC and correlate with poorer patient outcomes [46]. More-
over, a panel consisting of eight genes associated with the extracellular matrix (FERMT1,
CTSV,CPS1, ENTPD2, SERPINB5, ITGAS, ADAMTSS, and LYPD3) has been constructed,
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which has been linked to shorter survival, worse immunological outcomes, and higher
tumor purity in lung adenocarcinoma patients [47].

Notably, DSG3 emerged as another classifier among the analyzed molecules. These
findings align with previous functional studies highlighting the significant role of DSG3 in
tumor progression, particularly in differentiating adenocarcinoma (ADC) from squamous
cell carcinoma (SCC) [48,49].

Our diagnostic models are inherently predictive in nature, as they serve to discern
specific NSCLC subtypes, thereby influencing the eligibility of patients for personalized
therapeutic interventions. Consequently, the models indirectly prognosticate the efficacy
of the prescribed treatment. The expression profiles we meticulously analyzed notably
unveil a conspicuous association with the histological subtype of NSCLC, irrespective
of concurrent clinical factors. Consequently, our devised diagnostic models for NSCLC
subtyping distinctly eschew correlation with clinicopathological features beyond the cancer
subtype. This substantiates the efficacy of these models in precisely delineating the NSCLC
subtype, independently of variables such as sex, age, stage, and disease progression. In
the epoch of personalized therapies, these models exhibit considerable practicality for
both neo- and adjuvant therapy, thereby underscoring the models’ extensive applicability
and efficacy.

Our findings represent a significant step forward in tailoring therapeutic strategies and
guiding drug development for NSCLC. They help identify personalized treatment options,
crucial for optimizing preoperative targeted interventions, known as neoadjuvant therapies.
These therapies involve administering drugs before surgery to shrink tumors and improve
surgical outcomes. Neoadjuvant therapies can be used alone or alongside conventional
chemotherapy or advanced immunotherapy. Clinical trials, including NEOSTAR, LCMCS3,
and NADIM, are evaluating the effectiveness and safety of these interventions across
various NSCLC subtypes and molecular profiles [50-52].

Our study aimed to uncover the prognostic implications of gene expression profiles in
NSCLC patients following surgery. Building on the idea that the molecular characteristics
of cancer cells may predict tumor progression, we compared patients who experienced
recurrence within 3 years with those who did not. However, we found no statistically
significant genes within our study cohort. Notably, previous research has mainly focused
on overall survival as the primary endpoint, which has limited sensitivity in prognostic
test development. Therefore, our study seeks to overcome this limitation by correlating
mRNA expression levels with the progression status of NSCLC patients.

In our investigation, we conducted a comprehensive analysis of gene expression,
focusing specifically on selected genes in NSCLC. Nevertheless, it is crucial to acknowledge
certain limitations inherent in our approach. Firstly, our decision to exclusively compare
gene expressions in tumors, considering both validated and reference genes without in-
corporating healthy tissue comparisons, was made to prioritize subtype differentiation.
However, this choice may have inadvertently limited our insights into the broader cancer
biology, as it omitted potential comparisons with healthy tissues. Additionally, the gene
MIR205HG, a pivotal focus in our study, exhibits variations across various cancer types and
even within lung squamous cell carcinoma [30,31]. This variability poses challenges for its
clinical application as a diagnostic marker. Another gene of interest, KRT6A, demonstrated
significantly higher expression in squamous cell carcinoma compared to adenocarcinoma.
However, its role in lung adenocarcinoma remains unclear, with conflicting reports on
whether it acts as an oncogene or a tumor suppressor [34,35]. This ambiguity affects its
utility as a diagnostic marker. Our study primarily concentrated on the validation of gene
expression without delving into the functional mechanisms of these genes in different lung
cancer subtypes. This limitation hinders a comprehensive understanding of the underlying
biology. Furthermore, the gene panel we analyzed was relatively small. Expanding it to
include more genes associated with lung cancer subtypes could potentially enhance the
accuracy of subtype differentiation. Given the high heterogeneity of lung cancer, our study
may not have captured all the nuances associated with its subtypes. Although our model



Int. J. Mol. Sci. 2024, 25, 3607

12 0of 17

demonstrated strong performance in differentiating lung cancer subtypes, incorporating
additional clinical and molecular factors has the potential to further improve subtype
classification accuracy. Future research efforts should consider these limitations and aim for
a more comprehensive exploration of the molecular landscape of lung cancer. In the near
future, we aim to investigate subtype differentiation in advanced NSCLC patients, focusing
on cases where diagnostic material from biopsies or bronchoscopies is limited. We will
analyze the mutation profiles of clinically relevant genes in cases labeled as “not otherwise
specified” (NOS) and subtype them using our model. Comparing these results with NOS
cases carrying characteristic mutations for non-squamous-cell carcinoma (noSqCC) will
demonstrate the effectiveness of our diagnostic tool.

In summary, our study highlights the potential of specific genes in distinguishing
lung cancer subtypes, regardless of clinical characteristics. While the analyzed genes
did not correlate with NSCLC progression, their statistical significance supports their
role as diagnostic markers. Despite methodological differences, our findings emphasize
the importance of MIR205HG, KRT5, KRT6A, KRT6C, SERPINBS, and DSG3 in subtype
differentiation. Both the gradient boosting decision tree and logistic regression models
show effectiveness, each with unique strengths. This underscores the need to integrate
molecular insights into clinical practice for accurate subtype identification, particularly in
challenging histological cases.

4. Materials and Methods

The research was carried out under the auspices of the Polish STRATEGMED-2 initia-
tive, using snap-frozen tumors acquired from non-small-cell lung cancer (NSCLC) patients
at the Department of Thoracic Surgery, Medical University of Bialystok. Written informed
consent was obtained from all patients for specimen collection and the processing of clini-
copathological data. The study’s protocol was approved by the Bioethics Committee of the
Medical University of Bialystok, under ethical approval code: R-1-002/357/2014.

4.1. Patients and Samples

The study employed a group of 140 surgically excised instances of non-small-cell lung
cancer (NSCLC). Inclusion criteria comprised an original diagnosis of lung adenocarcinoma
(ADC) or squamous cell carcinoma (SCC) based on histologic evidence, complete resection
of the tumor with free margins, stage IA to IIIA, a minimum of 3-year follow-up with
monitoring for cancer recurrence events, availability of representative fresh-frozen tumor
specimens (with at least 50% tumor cells for RNA extraction), and no history of neoadjuvant
chemotherapy or radiotherapy. All procedures related to patient selection for the study
and the study design adhered strictly to standard operating procedures, which were
meticulously maintained throughout the experiment’s duration [53,54].

4.2. Histopathological Diagnosis

Each tumor sample underwent meticulous histopathological evaluation following
WHO lung cancer classification, guided by IASLC/ATS/ERS guidelines [55,56]. Immuno-
histochemical staining resolved diagnostic uncertainties by assessing markers for adeno-
carcinoma (TTF-1) and squamous cell carcinoma (p63). This approach ensured sample
subtype confirmation and RNA content sufficiency, highlighting methodological precision
and reliability.

4.3. RNA Extraction and Quality Control

Total RNA was extracted from freshly frozen tumor tissues employing the mirVana
miRNA Isolation Kit (Ambion, Austin, TX, USA) in accordance with the manufacturer’s
guidelines. The concentration, quality, and purity of the resultant total RNA solution
underwent comprehensive assessment through both spectrophotometric and microcapil-
lary electrophoresis methods. Initially, the UV /VIS spectrophotometer NanoDrop 2000c
(Thermo Scientific, Wilmington, DE, USA) was utilized to ascertain the quantity and purity
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of the RNA. Subsequently, the integrity necessary for gene expression analysis (RNA In-
tegrity Number above 7) was determined for the isolated total RNA, employing the Agilent
RNA 6000 Nano Kit on the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).
The analyses conducted facilitated the selection of RNA solutions that met the criteria of
a minimum concentration of 100 ng/uL and a RIN value of at least 7. This ensured their
suitability for progression to subsequent phases of research.

4.4. Quantitative Real-Time PCR Analysis

The reverse transcription (RT) reaction was executed using the High-Capacity RNA-to-
cDNA Master Mix with the No RT Control kit (Applied Biosystems, Foster City, CA, USA).
This validation study aimed to assess the expression levels of six designated genes (KRT5,
KRT6A, KRT6C, SERPINBS, MIR205HG, and DSG3) as potential candidates for precise
differentiation between squamous cell carcinoma (SCC) and adenocarcinoma (ADC) in
non-small-cell lung cancer (NSCLC). The reference gene utilized for normalization was
18S rRNA. The selection of these specific genes was informed by prior gene expression
microarray analyses conducted at the Department of Clinical Molecular Biology, Medical
University of Bialystok, with the results published in 2017 [17].

The expression levels of six genes and a reference gene (185 rRNA) were assessed using
quantitative real-time PCR (qRT-PCR) with commercially validated assays (see Table 4).
The qPCR reactions were conducted in triplicates on the ABI PRISM 7900HT instrument
(Applied Biosystems, Foster City, USA) following the manufacturer’s protocol (TagMan
Gene Expression Assays Protocol). Raw data (Ct values) were normalized using the
formula: ACt = Ct gene — Ct reference gene (185 rRNA), yielding Relative Quantification
values (RQ).

Table 4. Validated genes as candidates for histotypic discrimination between SCC and ADC.

s Assay IDs from Applied
RefSeq Gene Name, Abbreviation Biosystems (Primers + Probe)

NM_000424.3 Keratin 5 (KRT5) Hs00361185_m1
NM_005554.3 Keratin 6A (KRT6A) Hs01699178_g1
NM_002639.4 Serpin Family B Member 5

XM_006722483.2 (SERPINBS) Hs00985285_ml1

NM_001104548.1 MIR205 Host Gene

XM_017002058.1 (MIR205HG) Hs03405498_ml1
NM_173086.4 Keratin 6C (KRT6C) Hs00752476_s1
NM_001944.2 .

XM_011525850.1 Desmoglein 3 (DSG3) Hs00951897_m1

X03205.1 18S rRNA (Reference Gene) Hs99999901_s1

4.5. Statistical Analysis

The normality of ACt value distribution was assessed through the Shapiro-Wilk test.
To identify statistically significant differences in ACt values for the studied genes between
SCC and ADC histologies, as well as recurrence status, and considering other clinical-
pathological parameters, we employed the non-parametric U Mann-Whitney test. These
analyses were performed using Statistica 13.3 software. Employing a logistic regression
model and a gradient boosting decision tree classifier facilitated the determination of
the diagnostic value of the analyzed variables in distinguishing histological subtypes of
lung cancer into SCC and ADC. In a total of 100 random assignments, samples were
allocated to training and test sets in a 3 to 7 ratio, ensuring balanced classes within each set.
Throughout cross-validation, various performance metrics, including receiver operating
characteristic (ROC) curves, area under the ROC (AUC), accuracy, recall, sensitivity, F1
score, specificity, precision, and negative predictive value (NPV), were computed. The
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findings were presented as average values, accompanied by corresponding 95% confidence
intervals (CIs). To visualize the decision boundary, six logistic regression models were
independently created for each gene. The construction and evaluation of the models
involved the use of the following specific Python packages: scikit-learn v1.0.2 [57] for
logistic regression and model assessment, and xgboost v1.7.6 [58] for the gradient boosting
decision tree classifier. To delve deeper into the biological distinctions between SCC and
ADC, we conducted Gene Ontology (GO) analysis. This analytical approach categorizes
genes based on their involvement in biological processes, molecular functions, and cellular
components. Our analysis aimed to determine if mRNA target genes associated with
specific GO terms were significantly over-represented in one group compared to the other.
We considered GO terms with a p-value of less than 0.01 as statistically significant. It is worth
noting that all database accesses occurred in 1 February 2024 (https:/ /geneontology.org/).

The assessment of ACt value distribution for normality was conducted through the
Shapiro-Wilk test. To discern statistically significant disparities in ACt values among the
studied genes across SCC and ADC histologies, as well as recurrence status and other
clinical-pathological parameters, the non-parametric U Mann-Whitney test was employed.
These analyses were executed using Statistica 13.3 software.

Utilizing a logistic regression model and a gradient boosting decision tree classifier
facilitated the evaluation of the diagnostic efficacy of the analyzed variables in distinguish-
ing between histological subtypes of lung cancer, namely, SCC and ADC. In a total of
100 random assignments, samples were divided into training and test sets in a 3:7 ratio to
ensure balanced classes within each set. Throughout cross-validation, various performance
metrics, including receiver operating characteristic (ROC) curves, area under the ROC
(AUC), accuracy, recall, sensitivity, F1 score, specificity, precision, and negative predictive
value (NPV), were computed. The results were presented as mean values, accompanied by
corresponding 95% confidence intervals (CIs).

For visualizing the decision boundary, six logistic regression models were indepen-
dently generated for each gene. The development and evaluation of these models utilized
the following specific Python packages: scikit-learn v1.0.2 [57] for logistic regression and
model assessment, and xgboost v1.7.6 [58] for the gradient boosting decision tree classifier.

To delve deeper into the biological distinctions between SCC and ADC, Gene Ontology
(GO) analysis was conducted. This analytical approach categorizes genes based on their
involvement in biological processes, molecular functions, and cellular components. Our
analysis aimed to ascertain whether mRNA target genes associated with specific GO terms
were significantly over-represented in one group compared to the other. GO terms with a
p-value of less than 0.01 were considered statistically significant. It is noteworthy that all
database accesses occurred in 1 February 2024 (https://geneontology.org/).

5. Conclusions

In this study, we developed robust models capable of distinguishing between differ-
ent subtypes of non-small-cell lung cancer, enhancing the accuracy of existing diagnostic
protocols. By validating the expression profiles of six specific genes (MIR205HG, KRT5,
KRT6A, KRT6C, SERPINBS5, and DSG3), selected based on a previously established 53-gene
signature, we consistently observed higher expression levels in squamous cell carcinoma
(SCC) compared to adenocarcinoma (ADC). However, these genes did not correlate with
the progression status of NSCLC patients. Using advanced computational techniques,
we found significant differences in gene expression between SCC and ADC, with strong
predictive value demonstrated by both the gradient boosting decision tree and logistic
regression classifiers. Notably, while most gene sets showed robust predictive capabilities,
KRT6C alone exhibited diminished efficacy, highlighting the importance of complementary
genes. Our study underscores the potential of these genes as independent discriminative
factors for NSCLC histopathology, regardless of clinical factors. The statistical significance
observed reaffirms the utility of examining gene expression profiles in understanding the
molecular landscape of lung cancer subtypes. Further scrutiny and the functional annota-
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tion of these genes are necessary before their integration into clinical practice. Overall, our
findings contribute to advancing our understanding of molecular changes in lung cancer,
particularly in deciphering the complex gene expression dynamics underlying histological
variability in NSCLC.
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