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Abstract

Both in lung adenocarcinoma (LUAD) and severe acute respiratory syndromes
(SARS) uncontrolled inflammation could be detected in lung tissue. Whether the
similarity mechanism exists is still unknown. PDZ-binding motif (PBM) in SARS-CoV
E protein has been demonstrated as virulence factor induce inflammation storm. Study
function of PBM in LUAD is significant for mechanism exploration of carcinogenesis
mediated by SARS-CoV. To identify gene expression fluctuation induced by PBM, a
microarray sequencing data of lung tissue infected by wild type (SARS-CoV-E-wt) and
recombinant virus (SARS-CoV-E-mutPBM) was analysis followed by functional
enrichment analysis. To understand the role of screened specific genes in LUAD,
overall survival and immune correlation were calculated. A total of 12 genes (MAPK1,
PRKCA, FGFR4, KDR, PTPRD, BCL2L15, UBD, MAMDC2, LTBP4, PTPRB, LGI3
and ITGAS8) might participate in initial and development stage of LUAD through
expression variation and mutation. Meanwhile, a total of 12 genes (CARHSP1, EIF4E2,
HMGAL, IL1R2, MAGOHB, PVR, ADCY9, ELF5, ESYT3, SCML4, SECL14L4 and
THRA) could lead to poorer prognosis via dysregulation. In addition, MAMDC2 and
ITGAS8 down-regulated by PBM could also alter prognosis. Though the conservative
PBM (-D-L-L-V-) could be found at the end of carboxyl terminal in multi E proteins of
coronaviruses, the specific function of each one depend on the whole amino acid
sequence simultaneously. In conclusion, PBM of SARS-CoV E protein could promote

carcinogenesis of LUAD by dysregulating important gene expression profiles followed
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by influence immune response and overall prognosis. The results in present study also
provided reference for the therapy of SARS-CoV-2 in LUAD patients.
Keywords: SARS-CoV; PBM; envelope protein; LUAD; bioinformatics

Introduction

Coronaviruses (CoVs) are pathogens responsible for a wide range of deadly
epidemics in mammals [1]. In 2002, a novel coronavirus causing severe acute
respiratory syndrome (SARS-CoV) was identified. Although SARS-CoV has not
reappeared, some similar CoVs are still widely disseminated all over the world. In
December 2019, there was an outbreak of coronavirus pneumonia (COVID19) caused
by SARS-CoV-2 in Wuhan, Hubei province in China. As SARS-CoV, SARS-CoV-2
also encodes spike protein (S), nucleocapsid protein (N), envelope (E) and matrix
protein (M) and uses the same cell entry receptor and manner result in infection. Thus,
the study of SARS-CoV is helpful to better understand the pathogenesis of SARS-CoV-

2 and screen biomarkers and therapeutic targets.

SARS-CoV, an enveloped virus enveloped a positive sense RNA genome (29.7
kb), belongs to the Coronavirinae subfamily, genus B [1]. E protein of SARS-CoV is a
small integral membrane protein with 76 amino acids that contains a short hydrophilic
N-terminus and a C-terminus, and a hydrophobic transmembrane region in-between
position [2]. The transmembrane region contains one amphipathic a-helix at least and
oligomerizes to form an ion channel (IC) in the membrane [3-5]. Normally, E protein
is abundant in the infected cells [6], and mainly localized in endoplasmic reticulum
Golgi intermediate compartment (ERGIC), where it could participate in virus budding,
morphogenesis and trafficking actively [7-9]. Previously study has confirmed that
SARS-CoV lacking the E protein (a virulence factor) was attenuated [10-13]. E protein
could also increase the apoptosis and reduce the stress response induced by SARS-CoV
infection [14]. Moreover, E protein plays an important role in promoting ion imbalances
within cells and disrupting cellular pathways through the PDZ-binding motif (PBM)

mediated protein-protein interactions [15-18].
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PDZ domains are protein recognition sequences, consisting of ~85 amino acids
which could bind with a specific peptide sequence (PBM), usually located at the end of
the C-terminus [19-21]. Proteins with PDZ domains, typically found in the cell
cytoplasm and plasma membrane, play key roles in various cellular response processes
of viruses, such as cellular polarity, signal transduction pathways and cell-cell junctions
influencing viral replication, dissemination in the host or pathogenesis [22]. In the
previous study, it has been identified the PBM of SARS-CoV E protein was a virulence
determinant in host. The recombinant viruses with mutated PBM were attenuated in
mice, leading to a decreased expression of inflammatory cytokines and a substantially
increased survival. Furthermore, the E protein PBM could interact with the syntenin
protein, affecting p38-mitogen activated protein kinase (MAPK) activation, a protein
participated in inflammatory cytokines expression, responsible for the SARS-CoV
pathogenicity [23].

In addition to viral infections, lung cancer has also been interrelated to pulmonary
inflammation closely. Lung adenocarcinoma (LUAD) is the most common primary
lung cancer which falls under the umbrella of non-small cell lung cancer (NSCLC).
LUAD usually occurs in the lung periphery, and in many cases, may be found in scars
or areas of chronic inflammation [19, 20]. Thus, we assumed that pneumonia caused by
PBM of coronavirus might lead to increased LUAD susceptibility and poorer prognosis.
However, the mechanism of PBM in LUAD has not been elucidated. In our study, via
bioinformatics analysis, the function and pathology of PBM in SARS-CoV E protein
were studied comprehensively. In addition, through calculating overall survival and

tumor immune score, demonstrating the potential mechanism of PBM in LUAD.

Methods

Ethics statement

Animal experimental protocols were approved by the Ethical Committee of The
Center for Animal Health Research (CISAINIA) (permit numbers: 2011-009 and 2011-
09) in strict accordance with Spanish National Royal Decree (RD 1201/2005) and

international EU guidelines 2010/63/UE about protection of animals used for
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experimentation and other scientific purposes and Spanish National law 32/2007 about
animal welfare in their exploitation, transport and sacrifice and also in accordance with
the Royal Decree (RD 1201/2005). Infected mice were housed in a ventilated rack
(Allentown, NJ).

Sequencing Datasets

Dataset GSE52920 provided by Luis Enjuanes was acquired from GEO Database
and all experimental methods refer to the original study [23]. 8 week-old specific
pathogen free BALB/c female mice were purchased from Harlan Lab. BALB/c mice
were infected at 16 weeks-old with 100,000 plaque forming units (pfu). All protocols
were approved by the Ethical Review Committee at The Center for Animal Health
Research (CISA-INIA). Both infected and mock-infected mice were housed in a
ventilated rack (Allentown, NJ).

At 2 days after infection, lung tissues from infected mice were collected and
homogenized by gentleMACS Dissociator (Miltenyibiotec). Then, according to the
manufacturer’s instructions, total RNA was extracted using the RNeasy purification kit
(Qiagen).Each transcriptomic comparison contained three biological replicates. About
200 ng total RNA was purified with RNeasy Mini Kit (Qiagen) and amplified by One
Color Low Input Quick Amp Labeling Kit (Agilent Technologies). As described in One-
Color Microarray Based Gene Expression Analysis Manual Ver. 6.5, Agilent
Technologies, the probes and hybridization were prepared. In brief, each 600 ng
hybridization of Cy3 probes were mixed with 1 ul of 25x Fragmentation Buffer, 5 ul of
10x Blocking Agent and Nuclease free water in a 25 ml reaction system, incubated at
60°C (30 mins)to fragment RNA and stopped with 25 ul of 2x Hybridization Buffer.
The samples were placed on ice and quickly loaded onto arrays, hybridized at 65°C for
17 hours in a Hybridization oven rotator and then washed using GE wash buffer 1 at
25°C and GE Wash Buffer 2 at 37°C for 1 minute, respectively. Samples were dried by
centrifugation at 2000 rpm for 2 minutes. Slides were Sure Print G3 Agilent 8660K
Mouse (G4852A-028005) Images were captured by an Agilent Microarray Scanner and
spots quantified using Feature Extraction Software (Agilent Technologies).

Background correction by normexp method (with an offset of 50) and normalization of
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expression data by adjustment of quantiles were performed using LIMMA package [24].
In addition, sequencing data of 586 LUAD patients were obtained from the cancer
genome atlas (TCGA) database.
Microarray data and enrichment analysis

Differentially expressed genes were determined using linear model methods. Each
probe was tested for alterations of expression over replicates via the empirical Bayes
moderated t-statistic. To control the false discovery rate (FDR), defined as the expected
proportion of false positives among the significant tests, p-values were corrected by
Benjamini and Hochberg method [25]. The expected FDR was controlled to be less than
5%. Genes were considered differentially expressed when the FDR was < 0.01. In
addition, only genes with the |log fold change| > 1 were considered for further analysis.
Enrichment analysis of differently expressed genes (DEGs) was performed with
DAVID version 6.7 (p-value < 0.05).
Immune correlation of DEGs

Relations between the expression level of DEGs and abundance of tumor-
infiltrating  lymphocytes (TILs), three kinds of immunomodulators (24
immunoinhibitor, 45 immunostimulator, 21 MHC molecule) and 41 chemokines (or 18
receptors) were calculated from TISIDB, a web portal for tumor and immune system
interaction, which integrates multiple heterogeneous data types. A total of 28 TIL types
from Charoentong's study [26] were inferred by using gene set variation analysis
(GSVA).
Overall surveil of specific genes

The overall surveil of the DEGs which also affect prognosis were calculated by
using gene expression profiling interactive analysis (GEPIA) based on gene expression.
The median group cutoff (cutoff-high=50%, cutoff-low=50%) was applied. The hazard
ratio based on Cox PH model was calculated and the 95% confidence interval was also
added. The clinical data were also obtained from TCGA database. All databases used are
listed in Table 1.

Tablel. List of Database
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Database ID URL
GEO Dataset https://www.ncbi.nlm.nih.gov/gds/?term=
TCGA https://www.cancer.gov/
cBioportal of cancer genomics https://www.cbioportal.org/
The Human Protein Atlas https://www.proteinatlas.org/
Linked Omics http://www.linkedomics.org/
DAVID https://david.ncifcrf.gov/
GEPIA http://gepia.cancer-pku.cn/index.html
TISIDB http://cis.hku.hk/TISIDB/index.php

Statistical analyses

All results were presented as mean values + standard error of the mean (SEM).
Unless mentioned otherwise, the statistical comparison between groups was performed
via using t-test, a maximum of three comparisons were performed per panel, and
robustness of statistical significance was verified after correction for multiple testing.

Probability was considered to be significant at p-value < 0.05.
Result

Gene dysregulation induced by PBM

As described in Luis Enjuanes’ study [23], to evaluate the role of SARS-CoV E
protein PBM in virus pathogenesis, a recombinant SARS-CoV's with mutated E protein
PBM (SARS-CoV-E-mutPBM) were generated by mutating the last 4 amino acids (-D-
L-L-V-) to 4 glycines (-G-G-G-G-) in carboxy-terminal, maintaining the full-length E
protein of SARS-CoV (Figure 1A). Infection of BALB/c mice with both SARS-CoV-
E-wt and SARS-CoV-E-mutPBM, a total of 225 down-regulated and 547 up-regulated
genes were detected in mutPBM group (|log FC| > 1, adj. p-value < 0.05) (Figure 1B).
Followed by enrichment analysis in DAVID database respectively, 37 pathways, 87
biological processes (BPs), 6 cellular components (CCs) and 16 molecular functions
(MFs) were enriched by down-regulated gene set while 47 pathways, 136 BPs, 63 CCs

and 55 MFs were enriched by up-regulated gene set. The top 10 items of each kind were
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shown (Figure 1C and D). Interestingly, the down-regulated genes were enriched in
the Pertussis pathway, an acute respiratory infectious disease. Also, the BP items named
inflammatory response, immune response and defense response to virus were enriched.
The results may suggest that PBM in SARS-CoV E protein participates in respiratory
disease via inflammatory response to virus. Meanwhile, pathways associated with
cancerization (PI3K-Akt signaling pathway and pathway in cancer) were enriched by
up-regulated genes. It was indicated that PBM participates in cancer development via

regulated gene expression.
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Figure 1. Enrichment analysis of DEGs induced by PBM. A, The SARS-CoV genome is shown
at the top, and the expanded region shows the E protein sequence with different regions. Below,
sequences corresponding to the end of E protein are shown in boxes for the different viruses. SARS-
CoV-E-wt represents the wild type sequence. In SARS-CoV-E-mutPBM, E protein PBM was
eliminated by point mutations, maintaining the full-length protein. Mutations are shown in red. B,
The DEGs screened from SARS-CoV-E-mutPBM infected mouse lung tissue were shown in a
volcano plot. The red point represents up-regulated genes while the green one represents down-
regulated genes. The gray one represents a gene with non-significant difference. C and D, The top
10 pathways, BPs, CCs and MFs of down- and up-regulated genes in scatter plot. The legends

localized on the right.

PBM function in the budding stage of LUAD
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As described above, the DEGs regulated by PBM of SARS-CoV E protein might
play important roles in cancerization. However, more than 700 DEGs were screened
and not all DEGs were involved in cancer. To identify the DEGs actually participated
in the carcinogenesis of LUAD, the functions of specific DEGs were confirmed by
comparison with MSigDB gene sets.

LUAD is the common specie of NSCLC. Molecular mechanisms altered in
NSCLC include activation of oncogenes, such as K-RAS, EGFR and EML4-ALK, and
inactivation of tumor suppressor genes, such as p53, pl6INK4a, RAR-beta, and
RASSF1. A total of 54 genes were demonstrated to influence NSCLC development.
Among them, the expression level of MAPK 1 and PRKCA were also mediated by PBM.
Strangely, both MAPK1 and PRKCA have no significant difference between normal
and tumor tissues (Figure 2A and B), which suggested they just play a key role in
budding stage of LUAD. To confirm the function mode of MAPK1 and PRKCA, both
positively and negatively correlated significant genes were screened (Figure 2C and
D). Furthermore, the gene set enrichment analysis was performed with redundancy
reduction (weighted set cover). Notably, the enrichment analysis reminded both 2 genes

involved in cell adhesion and junction (Figure S1).
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Figure 2. MAPK1 and PRKCA in LUAD. A and B, The expression profiles of MAPK1 and
PRKCA in comparison of normal tissue vs. LUAD tissue and PBM-wt vs. PBM-mut. C and D, The
heatmap of significant correlated genes of MAPK1 and PRKCA in LUAD. Top, the positively

correlated genes while below, the negatively correlated genes. The legends localized on the right.

In addition to the NSCLC pathway gene set, there are 26 most significant mutated
genes were identified in LUAD patients (Figure S2). Among them, FGFR4, KDR and
PTPRD were mutated in 9%, 15% and 22% patients respectively which were also
regulated by PBM (Figure 3 and Table S1). Moreover, it was identified that the
expression of FGFR4, KDR and PTPRD was positively correlated with mutation
(Figure 3B) and significantly decreased in tumor tissue of LUAD (Figure 3D). Further
study indicated that only FGFR4 was associated with TCGA pathway named RTK-RAS.
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Furthermore, FGFR4 was the upstream regulator of MAPK1 (Figure S3).
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Figure 3. Mutation and expression profile of FGFR4, KDR and PTPRD. A, The sketch map of
the mutation site. The height of each dot represents patient’s number of a specific mutation. B,
The correlation between mRNA expression and mutation of FGFR4, KDR and PTPRD were
shown in scatter plots. The legends localized on the right. C, The expression level of FGFR4, KDR
and PTPRD in PBM-wt and PBM-mut infected group. D, The expression level of FGFR4, KDR

and PTPRD in normal and LUAD tissues.

PBM function in the development stage of LUAD
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In LUAD, except for FGFR4, KDR and PTPRD, more than 900 DEGs (703 down-
regulated genes and 246 up-regulated genes, |log FC| > 2, adj. p-value < 0.05) were
detected in LUAD. After comparison among all DEG sets, a total of 7 genes (BCL2L15,
UBD, MAMDC?2, LTBP4, PTPRB, LGI3 and ITGA8) own both similar mRNA and
protein expression profiles in both SARS-CoV-E-wt infected mouse lung tissues and
LUAD tissues (Figure 4A, B and D). Among them, only MAMDC?2 and ITGAS could
lead to poorer prognosis with a lower expression level in LUAD (Figure 4C). Thus, it
was suggested that once LUAD patients infected by SARS-CoV-E-wt, MAMDC?2 and
ITGAS8 would be decreased by PBM and increase mortality. Though the role of
MAMDC?2 in LUAD development is still unclear, the function of ITGAS in LUAD and
lung fibrosis has been proved [27, 28]. Due to both LUAD and SARS-CoV infection
could result in berserk lung inflammation, the distribution of expression level across
immune subtypes and immune correlation (lymphocyte, immune-modulators and
chemokines) of these 7 genes were calculated (Figure SA and B). The result might

confirm that all 7 DEGs affect LUAD development by immune response.

(UG
Normal-TTGAS

LUAD-ITGAS

LUAD-MAMDC2

Figure 4. The expression profile and prognosis of BCL2L15, UBD, MAMDC2, LTBP4, PTPRB,
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LGI3 and ITGAS in LUAD. A and B, The expression level of BCL2L15, UBD, MAMDC?2,
LTBP4, PTPRB, LGI3 and ITGAS8 in normal tissue vs. LUAD tissue and PBM-wt vs. PBM-mut
groups. C, The overall survival of BCL2L15, UBD, MAMDC2, LTBP4, PTPRB, LGI3 and ITGA8
in LUAD patients. The red line represents a high expression level while the blue line represents a
low expression level. Differences in prognosis of MAMDC2 and ITGA8 were statistically
significant (p-value<<0.05). D, The pathological section of MAMDC?2 and ITGAS in normal and

LUAD tissue. The brown represents gene expression level.
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Figure 5. Immune correlation of BCL2L15, UBD, MAMDC?2, LTBP4, PTPRB, LGI3 and
ITGAS8 in LUAD. A, The correlation of immune subtype vs. nRNA expression of BCL2L15, UBD,
MAMDC?2, LTBP4, PTPRB, LGI3 and ITGA8 in LUAD. C1 (wound healing); C2 (IFN-gamma
dominant); C3 (inflammatory); C4 (lymphocyte depleted); C5 (immunologically quiet); C6 (TGF-
b dominant). B, The heatmap showed the correlation of 6 immunological factors (lymphocyte,
immune-inhibitor, immune-stimulator, MHC molecule, chemokine, and chemokine receptor) vs.

mRNA expression of BCL2L15, UBD, MAMDC2, LTBP4, PTPRB, LGI3 and ITGAS in LUAD.

PBM alter the prognosis of LUAD

As mentioned above, the PBM of SARS-CoV E protein was a virulence

determinant in the host which could lead to an inflammation storm with increased
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expression of inflammatory cytokines and a substantially reduced survival. According
to MSigDB and TCGA database, total of 20 genes were detected to influence prognosis
of LUAD. Among them, CARHSP1, EIF4E2, HMGAL, IL1R2, MAGOHB and PVR
which were up-regulated by PBM could lead to poor prognosis with higher expression
levels. In contrast, ADCY9, ELF5, ESYT3, SCML4, SECL14L4 and THRA which
were down-regulated by PBM could lead to poor prognosis with lower expression
levels (Figure 6). Thus, it was concluded that PBM might alter patients’ survival by

regulating all these 12 DEGs.

dnoad ps-gd v sauad pajeniar-dn

dnord ym-gd ur sauaf pajeniar-umeq

Figure 6. PBM induced DEGs alter prognosis of LUAD. A and B, The overall survival of all 12
DEGs (6 up-regulated and 6 down-regulated) in LUAD patients. The red line represents high TPM
while the blue line represents low TPM. Differences in the prognosis of DEGs were statistically

significant (p-value<<0.05). The expression level of 12 DEGs in PBM-wt vs. PBM-mut groups.

PBM in coronavirus

Coronavirus is a group of viruses which could cause acute respiratory disease. To

confirm that the PBM of E protein is the main pathological cause of epidemic,
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homology alignment of E protein sequence was performed. 7 different E proteins of
SARS-CoV-2, SARS-related coronavirus, Bat SARS-like coronavirus RsSHCO014,
Coronavirus BtR1-BetaCoV/SC2018, SARS coronavirus GDO01, SARS coronavirus
ExoNT1 and were similar to SARS-CoV (homology >90%) with type Il PBM (-D-L-L-
V-) except for Bat coronavirus BM48-31/BGR/2008 (Figure 7). In addition, only E
protein of SARS-CoV-2 lacks an amino acid in hydrophilic carboxyl terminal where
the variation of amino acid sequence often appeared. The alignment result further

confirmed that the PBM (-D-L-L-V-) may be as a key virulence factor in coronavirus
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Figure 7. Homologous sequence alignment of SARS-CoV E protein. A, Phylogenetic trees of
SARS-CoV E protein sequence. The tree method is fast minimum evolution and the maximum
sequencing difference is 0.75. B, From top to bottom, amino acid were colored by conservation,

RasMol amino acid colors and frequency-based difference.
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Discussion

In our previous study, it was confirmed that LUAD patients own increased
susceptibility of SARS-CoV due to the higher expression level of angiotensin-
converting enzyme 2 (ACE2), the receptor for SARS-CoV in respiratory organs [29,
30]. Nevertheless, the action is always reciprocal. The PBM of SARS-CoV E protein
was presently verified to increase the carcinogenesis of LUAD and lead to a poorer
prognosis.

MAPKI is a member of MAP kinase family which are also called extracellular
signal-regulated kinases (ERKs) and function as binding points for numerous
biochemical signals [31, 32]. Former researches have indicated that MAPKI
participates in various tumor processes [33-35]. In SARS-CoV-E-wt infected lung
tissue, MAPK1 was down-regulated while it has been demonstrated MAPK1 could
promote the tumorigenesis of LUAD[36]. Thus, we believe there are other regulators
participate in LUAD tumorigenesis induced by PBM of SARS-CoV E protein. After
bioinformatics analysis, it was found that FGFR4, one of the most significant mutated
genes with lower expression level in LUAD, is an upstream regulator of MAPK1 and
decreased in SARS-CoV-E-wt infected lung tissue (Figure S3). Furthermore, in LUAD,
8.3% of MAPK1 was mutated. Therefore, mutation of MAPK1 was the primary cause
of tumorigenesis.

SARS-CoV-2, a novel coronavirus which also triggers severe acute respiratory
syndrome. Similar to SARS-CoV, an open reading frame (ORF) encodes E protein (75
aa) was also located in genome of SARS-CoV-2. Interestingly, through homologous
alignment, 2 different sequences of SARS-CoV-2 E proteins were detected (the 37" aa
was mutated from L to H). In addition, the 37™ aa was located at the transmembrane
domain where could form an IC. E protein IC activity is important for SARS-CoV
fitness and pathogenesis via promoting ion imbalances within cells [5]. Previously it
was reported that the IC of E protein activates the inflammasome through calcium
release from intracellular stores [5, 37]. IC of SARS-CoV E protein is exerted in ERGIC

membrane which facilitates Ca2* release and contributes to the activation of the
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inflammasome complex, leading to the release of pro-inflammatory cytokines such as

tumor necrosis factor alpha (TNF-a), IL-1B, and IL-6. The accumulation of these

cytokines will lead to an exacerbated pro-inflammatory response, which leads to death.

Therefore, it was speculated that there are 2 kinds of SARS-CoV-2 with different

pathogenicity actually which results from mutation in E protein. Furthermore, the

carboxyl terminal sequences of different coronavirus were poorly conserved even most

have PBM which would cause conformational and functional alteration of E proteins.

In summary, SARS-CoV-wt infection will increase the susceptibility of LUAD and

cause poor prognosis. The COVID19 caused by SARS-CoV-2 is a more widespread

epidemic disease. However, sequencing data about clinical samples of COVID19 is still

scarce. Through a retrospective and comparative study of SARS-CoV vs. SARS-CoV-

2, it will be helpful to better understand the pathogenesis of SARS-CoV-2 and find

therapeutic targets.
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