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ABSTRACT

Background: This study investigates the link between SARS-CoV-2-associated long non-coding RNAs
(IncRNAs) and lung adenocarcinoma (LUAD). LUAD is a prevalent and aggressive lung cancer type. The
study aims to identify prognostic IncRNAs and construct a predictive model while shedding light on
potential therapeutic targets during the COVID-19 era.

Results: Eight SARS-CoV-2-associated IncRNAs with significant prognostic value in LUAD were identified,
forming a robust prognostic risk model. The model exhibited strong predictive performance, with high
area under the ROC curve (AUC) values at one, three, and five years. Furthermore, the risk score was
an independent prognostic factor, correlating with the cancer stage. Notably, differences in immune func-
tion, drug sensitivity, and immune checkpoint expression were observed between high- and low-risk
groups.

Conclusions: This study unveils eight SARS-CoV-2-associated IncRNAs as valuable prognostic markers in
LUAD, yielding a reliable prognostic risk model. Additionally, the model’s ability to predict patient out-
comes and its correlation with cancer stage underscores its clinical utility. The observed variances in
immune function, drug sensitivity, and immune checkpoint expression suggest potential avenues for per-
sonalized LUAD treatment strategies. Clinicians can utilize the prognostic risk model to predict LUAD
patient outcomes, informing treatment decisions. The insights into immune function, drug sensitivity,
and immune checkpoints offer opportunities for tailored therapies, potentially enhancing patient
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outcomes. This study underscores the importance of considering the interplay between SARS-CoV-2-

associated factors and cancer biology, especially in the context of the COVID-19 pandemic.
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1. Introduction

Lung cancer is the most prevalent malignant tumor worldwide,
with an average of about 2,100 people being diagnosed with lung
cancer every day [1]. Lung adenocarcinoma (LUAD) is a pathologi-
cal type of lung cancer. Hematological metastasis occurs at the
early stage of LUAD, while lymphatic metastasis usually occurs at
the advanced stage [2]. Although molecular targeted therapies
improve the overall survival (OS) of LUAD to a certain extent [3],
it is only effective in a few patients, and the cost is high. Therefore,
seeking more comprehensive clinical therapeutic targets is benefi-
cial to improve the OS rate of LUAD patients.

There was an onset of widespread infection of a B-coronavirus
called the novel coronavirus (SARS-CoV-2) in the South China Sea-
food Market, Wuhan, Hubei Province in late December 2019 [4,5].
Following SARS-CoV and MERS-CoV, SARS-CoV-2 is a highly patho-
genic coronavirus, which has been reported to cause severe respi-
ratory diseases that might lead to death in humans [6]. Many
studies have found that cancer patients are more likely to develop
severe pneumonia after a SARS-COV-2 infection. Similarly, multi-
ple mediators secreted by COVID-19 affect tumor progression by
altering the tumor microenvironment [7,8]. SARS-CoV-2 encodes
for four different structural proteins: membrane (M), envelope
(E), spike (S), and nucleocapsid (N) [9]. Receptor-binding domain
(RBD) of the spike protein (S) interacts with angiotensin-
converting enzyme 2 (ACE2), thereby facilitating the transmission
of the virus within humans and across different species [10].

Long noncoding RNA (LncRNAs) are encoded by the genome,
most of which do not translate into proteins but play a major role
in gene regulation [11]. A study has confirmed that IncRNA partic-
ipates in the biological behavior of tumors [12]. To date, SARS-CoV-
2-associated IncRNAs have not been reported to be associated with
LUAD. The current study aimed to develop a predictive model of
SARS-CoV-2-associated IncRNAs based on the TCGA database and
analyzed its function enrichment and immune-related function
to explore its possible mechanism.

2. Materials and methods
2.1. Data collection and collation

The mRNA transcripts and clinical data associated with a total
of 501 LUAD and 54 control tissue samples were retrieved from
the Cancer Genome Atlas (TCGA) database. Samples with short sur-
vival and incomplete clinical data were excluded. Ultimately, 468
LUAD samples were included in the final analysis, where the
“Caret” package of the R software was used to randomize the data
set into a training set (N = 236) and a testing set (N = 235). A total
of 333 SARS-CoV-2-associated genes were extracted from the
Human Protein Atlas (HAP) database. A total of 1385 SARS-CoV-
2-associated IncRNAs were screened using Pearson correlation
calculation. In addition, we extracted 767 differentially expressed
SARS-CoV-2-associated IncRNAs using the “Limma” package of
the R software. We observed differentially expressed IncRNAs
and genes associated with SARS-CoV-2 using the “GGPLOT2” pack-
age of the R software.
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2.2. A prognostic risk model based on SARS-CoV-2-associated IncRNAs
in LUAD

Univariate Cox regression, multivariate Cox regression, and
LASSO analyses were performed on the training set using
“Survival” and “Glmnet” packages of the R software [13,14]. We
identified 8 SARS-CoV-2-associated IncRNAs linked to survival in
LUAD patients and then used them to construct the IncRNAs
model. Lasso regression was used to fit the generalized linear
model of data with variable selection and complexity adjustment,
and the degree of complexity adjustment was controlled by the
parameter A to avoid over-fitting. Expression levels of IncRNAs
and the corresponding regression coefficient were used to calculate
the risk score (RS) for each sample with Equation 1:

RS = zn: coef (lncRNA") * expr (lncRNA") (Equation1)
k=1

Depending on their median RS values, patients in the testing,
training, and entire sets were categorized into the high- and low-
risk groups.

2.3. Assessment and validation of the predictive performance of the
SARS-CoV-2-associated IncRNAs prognostic risk model

To thoroughly test the predictive performance of the SARS-CoV-
2-associated IncRNAs prognostic risk model, the training, testing,
and entire sets were analyzed using the “Time Roc” package of
the R software [15,16]. The RS, survival status, overall survival,
and IncRNA distribution were analyzed. Further, ROC analysis, a
tool for describing the accuracy of diagnostic tests or predictive
models, was performed. The AUC were compared to evaluate the
model. Subsequently, the SARS-CoV-2-associated IncRNAs model
and the respective data for clinical pathology were used to deter-
mine their independence using univariate and multivariate Cox
regression analyses for the above three sets. Finally, the Kaplan-
Meier curve was generated to visualize the differences in age,
seX, and tumor stage between the groups.

2.4. Principal component analysis (PCA)

PCA serves as a method for statistical analysis and simplifica-
tion of datasets. Furthermore, SARS-CoV-2-associated genes and
IncRNAs and the number of genes in the model were reduced to
three dimensions and plotted using “Limma” and “Scatterplot
3D” packages of R software [15,16].

2.5. Nomogram and calibration

A nomogram was developed to predict one-, three-, and five-
year survival in patients with LUAD using the RMS software pack-
age based on multivariate Cox regression analysis of RS and clini-
copathological data of the entire set. In addition, we used the
“Survival Roc” package to test the predictive performance of the
nomogram. Subsequently, the calibration curve was further drawn
to evaluate the accuracy of the nomogram results and to validate
its performance.
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2.6. Pathway enrichment analysis and immune-related function
research

The differences in tumor-infiltrating immune cell subsets,
immune microenvironment, and immune checkpoint between
the high- and low-risk groups were evaluated using GSEA analysis
to understand the pathways enriched in the SARS-CoV-2-
associated LncRNAs model in the two groups. In addition, we eval-
uated the immune cell components of the two groups by the
ssGSEA algorithm.

2.7. Analysis of the predictive value of the risk model in therapeutic
strategies of LUAD

IC50 is an important factor in evaluating the drug efficacy or
sample treatment response. The sensitivity of LUAD patients to
anti-tumor drugs between the two groups was analyzed by the
r-package “p-RRophetic” package of the R software.
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3. Results
3.1. Extraction of SARS-CoV-2-associated IncRNAs

The study design is demonstrated in Fig. 1. The differential
expression among 767 SARS-CoV-2-associated IncRNAs was ana-
lyzed in 501 LUAD tissues and 54 control tissues in the TCGA
cohort (log FC (fold change) > 1.0, FDR (false discovery rate) < 0.05).
A volcano plot of SARS-CoV-2-associated IncRNAs is shown in
Fig. 2A, where red dots represent 670 highly expressed SARS-
CoV-2-associated IncRNAs and green dots represent 97 low-
expressed SARS-CoV-2-associated IncRNAs. The network relation-
ship between SARS-CoV-2-associated IncRNAs and genes is shown
in Fig. 2B.

3.2. Construction of SARS-CoV-2-associated IncRNAs prognostic risk
model

Patients in the entire set (N = 468) were randomly divided in a
1:1 ratio into the testing set (N = 234) and the training set
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Fig. 1. The flow chart demonstrates the data collection and analysis used in this study.
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Fig. 2. SARS-CoV-2-associated IncRNAs were extracted from LUAD patients. (A) Volcanic map of SARS-CoV2 related IncRNA downregulated and upregulated differential

expression. (B) The distribution network of SARS-CoV-2 genes and IncRNAs.
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Fig. 3. Construction of SARS-CoV-2-associated IncRNAs prognostic model in LUAD. (A) Univariate Cox regression analysis screened SARS-CoV-2-associated IncRNAs and
plotted forest plots. (B) Gene heat map of 31 SARS-CoV-2-associated IncRNAs. (C) Lasso regression of SARS-CoV-2-associated IncRNA model based on Lambda. (D) Lasso

regression coefficient curves of 18 SARS-CoV-2-associated IncRNAs.

(N = 234). In the training set, univariate Cox regression identified
31 SARS-CoV-2-associated IncRNAs related to the survival of LUAD
patients (p < 0.05) (Fig. 3A). The distribution of 31 IncRNAs
between tumor and normal tissue samples was demonstrated
using a heat map (Fig. 3B). To avoid over-fitting, we further per-
formed LASSO regression analysis to de-dimensionalize the data
and extracted 18 SARS-CoV-2-associated IncRNAs (Fig. 3C,D).
Finally, multivariate COX regression analysis identified a total of
8 SARS-CoV-2-associated IncRNAs as prognostic factors in LUAD
patients.
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3.3. Validation of SARS-CoV-2-associated IncRNAs prognostic risk
model

To verify the predictive performance of the risk model, we ana-
lyzed the training, testing, and entire sets. First, the difference in
survival between the two groups was analyzed. The RS chart, sur-
vival status chart, risk heatmap, and K-M survival curve demon-
strated a gradual increase in the mortality of the patients with
an increase in RS (Fig. 4). The OS of the low-risk group was
significantly higher than the high-risk group (p < 0.001). RS has a
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significant effect on the prognosis of patients diagnosed with
LUAD. Then, the AUC values of the one-, three- and five-year sur-
vival were calculated to be 0.741, 0.744, and 0.755 for the training
set, respectively (Fig. 5A), 0.715, 0.610, and 0.617 for the testing
set, respectively (Fig. 5B), and 0.729, 0.677, and 0.677 for the entire
set, respectively (Fig. 5C).

These results indicated that the model could effectively predict
survival. Finally, univariate and multivariate Cox retrospective
independent prognostic analyses of RS and clinical data (age, sex,
tumor stage) were performed to understand the clinical signifi-
cance of the prognostic model. Univariate Cox regression identified
tumor stage, T stage, N stage, and RS to be independent prognostic
indicators in the training set (Fig. 5D), whereas multivariate
independent prognostic analysis identified N stage and RS to be
independent prognostic factors in LUAD patients (Fig. 5E). In the
testing set, univariate Cox regression identified tumor stage, T
stage, N stage, M stage, and RS to be independent prognostic indica-
tors (Fig. 5F), whereas multivariate independent prognostic analy-
sis identified RS to be an independent prognostic factor in LUAD
patients (Fig. 5G). In the entire set, univariate Cox regression
identified tumor stage, T stage, N stage, M stage, and RS to be
independent prognostic indicators (Fig. 5H), whereas multivariate
independent prognostic analysis identified RS to be an independent
prognostic factor in LUAD patients (Fig. 51). The results of univariate
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and multivariate COX regression analyses identified RS as an inde-
pendent prognostic factor in LUAD patients as it was independent
of other clinical factors. Kaplan-Meier analyses of patients’ OS
based on T stage, N stage, M stage, age, and sex demonstrated that
patients with low-risk scores had longer survival period (Fig. 6). The
above results further confirmed the reliability of the model in pre-
dicting prognosis.

3.4. PCA verified the predictive performance of the model

Based on the samples of low- and high-risk groups, the genome-
wide, SARS-CoV-2-associated genes, SARS-CoV-2-associated
IncRNAs, and SARS-CoV-2-associated IncRNAs prognostic risk
model were analyzed by PCA. These genes and IncRNAs are likely
identified based on their known interactions with the virus or their
differential expression in response to SARS-CoV-2 infection. The
SARS-CoV-2-associated IncRNAs model refers to the constructed
prognostic risk model based on the selected SARS-CoV-2-
associated IncRNAs. As shown in Fig. 7A-D, using genome-wide
or SARS-CoV-2-associated IncRNAs cannot effectively distinguish
high- and low-risk populations. However, using the SARS-CoV-2-
associated IncRNAs model can accurately distinguish patients with
different risk scores, further verifying the model’s predictive effec-
tiveness. These results indicate that the SARS-CoV-2-associated
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features.

IncRNAs prognostic risk model could independently predict the
prognosis of LUAD patients and effectively distinguish different
risk groups.

3.5. Establishment of a new predictive nomogram

A nomogram for clinical prediction of survival was constructed
based on the SARS-CoV-2-associated IncRNAs prognostic risk
model. Significant clinical factors, including sex, age, T stage, RS,
and tumor stage, were selected from the univariate independent
prognostic analysis. The one-, three-, and five-year nomograms of
LUAD patients were generated by stages (Fig. 8A). Subsequently,
calibration curves were plotted for one-, three-, and five-year

18

nomograms, with the x-axis representing the probabilities pre-
dicted by the nomograms and the Y-axis representing the actual
survival probabilities of LUAD samples (Fig. 8B). The calibration
plots revealed that predicted curves for one-, three-, and five-
year periods are close to actual curves, indicating that the nomo-
grams estimate mortality close to the actual mortality.

3.6. Analysis of signaling pathways and immune-related functions of
SARS-CoV-2-associated IncRNAs prognostic risk model

In this study, the two risk groups’ data of SARS-CoV-2-
associated IncRNAs were input into GSEA to further analyze the
functional pathways. The results identified that the top 5 enriched
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Fig. 8. A clinical prognostic nomogram is used to predict survival. The nomogram (A) and a calibration curve (B) were constructed to predict the 1,3,5-year survival rate of

LUAD patients.

pathways were alzheimers disease, huntingtons disease, n glycan
biosynthesis, protein export, pyrimidine metabolism in high-risk
group, and asthma, autoimmune thyroid disease, leishmania infec-
tion, hematopoietic cell lineage, intestinal immune network for iga
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production in low-risk group (Fig. S1A). These could be the path-
ways related to SARS-CoV-2-associated IncRNAs, which may pro-
vide a basis for the development of future targeted therapy for
LUAD patients.
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To assess the correlation between RS and tumor immune cell
infiltration, immune cells associated with the high-risk group
derived using different quantification algorithms were displayed
with bubble plots. The results demonstrated that progenitor lym-
phoid and T cell CD4 + Th2 were highly correlated with risk scores
in XCELL, T cell CD4* (non-regulatory) and uncharacterized cells in
QUANTISEQ, and uncharacterized cells in EPIC (Fig. S1B).

Next, we analyzed the association between the SARS-CoV-2-
associated IncRNAs expression and the tumor microenvironment
in both groups. “ESTIMATE” package of R software was used to
compare the differences in the stromal, immune, and ESTIMATE
scores between the two groups. The results revealed higher values
of immune, stromal, and ESTIMATES scores in the low-risk group
(Fig. S1C-E). This indicates the presence of greater tumor purity
in the high-risk group. Furthermore, the link between the expres-
sion levels of the eight immune checkpoints in the two risk groups
stratified by the SARS-CoV-2-associated IncRNA model was stud-
ied. The expression of the eight immune checkpoint genes was
higher in the low-risk group as compared to that of the high-risk
group. These results suggest that SARS-CoV-2-associated IncRNAs
are potential biomarkers for immunosuppressive therapy and can
be used to personalize therapy for patients with immune check-
point blockade therapy (Fig. S2A-H).

3.7. Sensitivity analysis of risk models in the treatment of LUAD

IC50 is an internationally recognized indicator of the antitumor
activity of drugs. IC50 values of chemotherapeutic drugs and tar-
geted drugs were analyzed in high- and low-risk groups. IC50 val-
ues of docetaxel, gemcitabine, erlotinib, and paclitaxel were lower
in high-risk group, suggesting higher sensitivity of the high-risk
group to the above agents (Fig. S2I-N). No significant difference
was observed in terms of cisplatin and gefitinib between the two
groups (Fig. S2I-N).

4. Discussion

According to statistics, on average, every year about 25% of can-
cer patients die of lung cancer. There are many pathological types
of lung cancer, among which lung adenocarcinoma is one of the
most common subtypes. The COVID-19 epidemic has been spread-
ing worldwide since 2020 with rapid variation and strong infectiv-
ity [17]. Cancer patients are more susceptible to SARS-CoV-2
infection. The systemic inflammatory response is one of the com-
mon underlying mechanisms of cancer progression and the exacer-
bation of coronavirus. SARS-CoV-2 induces the secretion of a large
number of cytokines abnormally, and ACE2 has been reported to be
a key factor in the transmission of SARS-CoV-2 within the human
population [18,19]. Other studies found that tumor cells can also
secrete ACE2 abnormally, such as LUAD, and digestive tract tumors,
and are related to tumor prognosis and immune infiltration
[20,21].

Growing evidence has indicated the crucial role of IncRNAs in
the biological process of tumorigenesis and development. Abnor-
mities in the expression of IncRNAs in malignant tumors could
be used as molecular markers for prognosis, diagnosis, and tar-
geted therapy [22]. Therefore, the study aimed to construct a prog-
nostic risk model based on SARS-CoV-2-associated IncRNAs, which
can provide the basis for individualized treatment of lung adeno-
carcinoma in the future.

In this study, a series of bioinformatics methods were used to
analyze the correlation between IncRNAs and SARS-CoV-2-
associated genes. The SARS-CoV-2 IncRNAs associated with the
prognosis of LUAD were obtained using the univariate COX regres-
sion and Lasson regression analyses. Subsequently, multivariate
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COX regression analysis was used to establish and validate the
optimal 8 SARS-CoV-2-associated LncRNAs model. Numerous stud-
ies have indicated the role of LINCO1537 in the biological process of
malignant tumors such as lung cancer, hepatic-biliary-pancreatic,
gastric cancer, and so on [23,24]. LINC01537 has previously been
shown to be overexpressed in gastric cancer and has also been
reported to regulate the proliferation, invasion, and metastasis of
cancer cells, both in vivo and in vitro [25]. ABCA9-AS1 was first
reported to be associated with the regulatory mechanism of
IncRNAs in the initiation and development of epithelial-
mesenchymal transition in calcium oxalate-induced crystalline
kidney injury [26]. A study found that ABCA9-AS1 expression
was up-regulated 48 hours after calcium oxalate stimulation in
HK-2 cells [27]. But ABCA9-AS1 has not been reported in cancer.
SMILR has been extensively studied in the fields of vascular biology
and disease, such as arteriosclerosis, pulmonary hypertension, and
thoracic aortic aneurysm [28,29,30,31,32,33,34,35]. It was first
mentioned in a study of neuroendocrine tumors, but its specific
pathogenesis in cancer has not been clarified [36]. AC026355.2
has been deeply studied in LUAD. Whether AC026355.2 promotes
tumor development through SARS-CoV-2-associated IncRNAs is
unclear. The other four SARS-CoV-2-associated IncRNAs have not
been reported in cancer thus far therefore, further studies are
required to understand their significance.

A prognostic model for LUAD developed based on 8 SARS-CoV-
2-associated IncRNAs showed significantly better survival in low-
risk group than high-risk group as per survival analysis of LUAD
samples. As demonstrated in the survival status and risk score
chart, the mortality increases with an increase in the risk value.
In addition, univariate and multivariate COX regression analyses
as well as PCA verified the independence and accuracy of the
SARS-CoV-2-associated IncRNAs model in predicting the prognosis
of patients with LUAD. According to the ROC curve, Nomogram,
and calibration chart were developed for one-, three- and five-
year survival periods. The model demonstrated high accuracy in
the prediction of the prognosis of LUAD individuals, which in turn
provides potential direction for clinical research.

Enrichment analysis showed that protein output, pyrimidine
metabolism, n-glycan biosynthesis, Alzheimer’s disease, and Hunt-
ington’s disease were significantly enriched in the high-risk group,
which could be associated with the progression of LUAD. Previous
studies have indicated the role of pyrimidine metabolism and n-
glycan biosynthesis in the prognosis and pathogenesis of LUAD
[37,38]. Based on the ESTIMATE analysis, three tumor microenvi-
ronment (TMI) scores were found to be significantly higher in
low-risk group than in high-risk group. Several studies have shown
that a major stromal component in the tumor microenvironment
not only promotes tumor growth and metastasis but also influ-
ences anti-tumor immune responses, resulting in a poor prognosis
[39,40] Our findings are consistent with previous results that
higher TMI scores and lower tumor purity are associated with poor
prognosis of the tumor [41].

Immune checkpoint inhibitor (ICI) is a crucial method used in
tumor immunotherapy which targets immune checkpoint mole-
cules providing inhibitory signals to T cells. It has been shown to
improve survival in patients with refractory tumors. To explore
the potential significance of the SARS-CoV-2-associated IncRNAs
prognostic risk model in the immunotherapy of LUAD patients,
we further analyzed the expression levels of 8 immune checkpoint
molecules in high- and low-risk groups using this model. Expres-
sion levels of all 8 immune checkpoint molecules were found to
be lower in high-risk group as compared with low-risk group, sug-
gesting that immune-targeted therapy could be less effective in
high-risk patients. This demonstrates that the 8 SARS-CoV-2-
associated IncRNAs could be used as potential biomarkers to aid
patient selection and decision-making for ICI-based therapies.



Q. Zhou, T. Yuan, Z. Xie et al.

IC50 is recognized by WHO as an indicator of the antitumor
activity of drugs. We further compared the difference in IC50 val-
ues for targeted and chemotherapeutic drugs between the high-
and low-risk groups. IC50 values for docetaxel, erlotinib, gemc-
itabine, and paclitaxel were found to be significantly higher in
low-risk group than high-risk group, while the IC50 values for Cis-
platin and gefitinib were not significantly different between the
two groups. This indicates that patients in high-risk group could
be more responsive to anti-tumor treatment with docetaxel, erlo-
tinib, gemcitabine, and paclitaxel. The functional analysis results
revealed that the SARS-CoV-2-associated IncRNAs model could be
used to predict the sensitivity of patients diagnosed with LUAD
to anti-tumor drugs.

Study also has certain limitations such as: (1) The imbalance of
sample size as the study relied solely on data retrieved from the
TCGA database, and there may be an unequal distribution of tumor
samples and normal tissue samples, which could introduce bias
and affect the generalizability of the findings. (2) The study focused
on the association between SARS-CoV-2-associated IncRNAs and
LUAD prognosis, but did not consider potential confounding factors
such as comorbidities, treatment history, or other clinical variables
that could impact patient outcomes. (3) The findings were solely
based on computational bioinformatics analysis of publicly avail-
able data. Experimental validation, such as in vitro or in vivo stud-
ies, were not conducted to confirm the functional relevance or
biological effects of the identified IncRNAs. Further validation
and functional studies are warranted to elucidate the underlying
mechanisms and validate the clinical utility of the identified prog-
nostic risk model. To establish a more concrete association
between the identified IncRNAs and SARS-CoV-2, further investiga-
tions such as experiments using SARS-CoV-2-infected samples,
functional assays, or validation in relevant COVID-19 datasets
would be necessary. These additional steps would help to deter-
mine the specific roles and functional significance of these IncRNAs
in the context of SARS-CoV-2 infection.

5. Conclusions

Our study investigated the role of SARS-CoV-2-associated
IncRNAs in the prognosis of patients with LUAD and developed a
prognostic risk model based on these IncRNAs, which were proved
with good predictive performance and may aid in clinical decision-
making and patient management. The differences in the high- and
low-risk groups, grouped based on this model, in immune function,
semi-inhibitory concentration (IC50), and immune checkpoints,
suggested the potential implications of immunotherapy and per-
sonalized treatment strategies.
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