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Abstract

The harmful compounds in various sources of smoke threaten human health. So far, many
studies have investigated the effects of compounds of smoke on transcriptome changes in
different human tissues. However, no study has been conducted on the effects of these
compounds on transcriptome changes in different human tissues simultaneously. Hence, the
present study was conducted to identify smoke-related genes (SRGs) and their response
mechanisms to smoke in various human cells and tissues using systems biology based methods.
A total of 6,484 SRGs were identified in the studied tissues, among which 4,095 SRGs were up-
regulated and 2,389 SRGs were down-regulated. Totally, 459 SRGs were smoke-related
transcription factors (SRTFs). Gene regulatory network analysis showed that the studied cells
and tissues have different gene regulation and responses to compounds of smoke. The
comparison of different tissues revealed no common SRG among the all studied tissues.
However, the CYPIBI gene was common among seven cells and tissues, and had the same
expression trend. Network analysis showed that the CYP/BI is a hub gene among SRGs in
various cells and tissues. To the best of our knowledge, for the first time, our results showed that
compounds of smoke induce and increase the expression of CYPIBI key gene in all target and
non-target tissues of human. Moreover, despite the specific characteristics of CYPIBI gene and
its identical expression trend in target and non-target tissues, it can be used as a biomarker for

diagnosis and prognosis.
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1. Introduction

Human is constantly exposed to various sources of smoke-related pollution in nature and in their
living environment, including smoke emitted from burning of fossil fuels, soot, vehicle smoke,
smoke produced by various industries, and tobacco smoke (Mulholland, 2002; Klote, 2016).
According to the definition proposed by national fire prevention association (NFPA), smoke is
the result of pyrolysis and combustion of particles that is spread in solid, liquid, and gas form
into the air (Mulholland, 2002; Klote, 2016). Different sources of smoke have different
compounds, some of which are extremely harmful to the human health. Tobacco smoke contains
more than 4,000 chemicals and more than 50 carcinogens. Combustion of wood produces large
amounts of carbon monoxide and carbon dioxide. Burning plastic at high temperatures leads to
toxic vapor. Soot from burning various materials may be harmless on its own, but toxic gases can
be absorbed on its surface and enter the human lung (Lee and Bye, 2019). In the process of
cooking and storing food, the materials are exposed to smoke and toxic compounds of smoke can
enter food depending on fuel source, furnace temperature, and other factors (Essumang et al.,
2013). Various chemical compounds, such as carbon monoxide, benzene, formaldehyde,
hydrogen cyanide, polyaromatic hydrocarbons, toluene, ethylbenzene, xylene, nicotine,
phenanthrene, anthracene, chlorine, hydrochloric acid, isocyanate, and nitrosamines are among
the most harmful compounds of smoke (Bullen, 2008; Moir et al., 2008; Essumang et al., 2013;
Chambers et al., 2018; Lee and Bye, 2019).

Chemical compounds of various types of smoke including fossil fuel smoke, soot, vehicle
smoke, industrial smoke, and tobacco smoke enter the human body through breath, skin, and
digestive tract (Chambers et al., 2018). Toxicity and pathogenicity of smoke depends on its
chemical compounds, such as irritating gases and thermal agents. Previous studies have reported
a relationship between chemical compounds in tobacco smoke and diseases like cancer,
cardiovascular diseases, rheumatoid arthritis, lung diseases, diabetes, infertility, and other
diseases (Mostafa, 2010; Ligthart et al., 2016; Sudano et al., 2018; Ishikawa and Terao, 2020;
Nemmar et al., 2020). However, despite significant technological advances, the relationship
between diseases, xenobiotics, and synthetic compounds found in other sources of smoke has
still remained unclear (Cho and Yoon, 2017)

Identification of the mechanism of action of harmful agents is the first step of preventing disease,

and identification of disease causing power of these agents in human is a major challenge



(Afshari et al., 1999; Van Hummelen and Sasaki, 2010). Primarily, animal models, such as
rodents have been used to evaluate the risk of chemical compounds for human, but today in vitro
and in silico methods have been developed for these cases and the scientific field of
toxicogenomics has been established (Liu et al., 2019). Toxicogenomics is an interdisciplinary
scientific field consisting of toxicology and genomics describing changes in genome,
transcriptome and proteome of different organisms in response to chemical compounds (Hook,
2010; Liu et al., 2019). In this scientific field, techniques, such as microarray and next-
generation sequencing (NGS) are used to understand cellular and molecular mechanisms
involved in responding to chemicals (Liu et al., 2019; Rao et al., 2019). So far, microarray and
NGS techniques have been used in many experiments to investigate molecular responses of
various organisms to different types of smoke. Various studies have investigated the effect of
cigarette smoke on transcriptome changes in cells, tissues, and organs of human, mouse ,and rat
including leukocytes, alveolar macrophages, lung epitheliuml cells, gingival epitheliuml cells,
nasal epitheliuml cells, keratinocytes, monocytes, T cells, monocytes, placenta, whole lung,
heart, liver, muscle, testis and ovary (Gebel et al., 2006; Biittner et al., 2007; Huuskonen et al.,
2008; Talhout et al., 2011; Yauk et al., 2012; Sobinoff et al., 2013; Xiao et al., 2013; Kogel et
al., 2014; Sobinoff et al., 2014; Wang et al., 2017; Woo et al., 2017; Percoco et al., 2020). Such
studies have also investigated the transcriptome responses of various cells, tissues, and organs of
human, mouse, and rat in exposure to smoke of coal, gasoline and diesel vehicles (Gong et al.,
2007; Peretz et al., 2007; Gottipolu et al., 2009; Stevens et al., 2010; Pettit et al., 2012; Yokota et
al., 2013; Schisler et al., 2015; Wang et al., 2015; Rynning et al., 2018; Drizik et al., 2020). The
large amount of information generated by these studies is stored in databases, such as gene
expression omnibus (GEO) and sequence read archive (SRA) and are available to the public
(Leinonen et al., 2010; Barrett et al., 2012). Despite many studies conducted on the effects of
smoke on cells, tissues, and organs of different organisms, to the best of our knowledge, to date,
no comprehensive research has investigated the effects of different sources of smoke
simultaneously. Furthermore, no previous study has identified genes and gene regulatory
networks in various organisms in response to different sources of smoke. Identification of the
genes involved in responding to different sources of smoke, although can be useful for
understanding the mechanisms, but is not enough on its own and in some cases, may generate

unreliable results. Analyzing genes and investigating their position and role in gene regulatory



networks facilitate the understanding of various mechanisms and presents reliable results (Hardt
et al., 2016; Kim, 2017). In fact, only the investigation of genes in gene regulatory networks can
determine their true biological functions in response to various pollutants (Iida and Takemoto,
2018). Previous studies have shown high power of system biology methods in identifying the
relationship between different pollutants and biological functions, diseases, specific biological
pathways, and gene regulatory factors (Perkins et al., 2011; Chen et al., 2014; Villeneuve et al.,
2014; Zhernovkov et al., 2019).

Accordingly, this study was conducted to investigate the effects of different sources of smoke on
transcriptome changes in human cells, tissues, and organs and to find specific genes related to
smoke. In the present study, genes that regulate response mechanisms to different sources of

smoke will also be identified and investigated.

2. Material and Methods

2.1. Data Collection and Expression Analysis
In this study, all microarray datasets related to the effect of different smoke sources on cells,
tissues, or organs of human were obtained from the GEO database of the NCBI site. A total of 61
datasets were obtained that included the effects of cigarette, tobacco, coal, and diesel smokes on
the cells, tissues and organs of human (Supplementary file). We used the GEO2R tool to analyze
the normalized samples in the dataset and identify differentially expressed genes (DEGs) (Barrett
et al., 2012). In these analyses, smoke-exposed samples were compared to control samples to
detect DEGs. The DEGs were filtered with FDR < 0.05 and |Log 2 (fold change) | > 1. The
missing gene symbols, ambiguous names, and duplicate values were manually eliminated from
DEGs. The filtered DEGs were considered as smoke-related genes (SRGs) and transferred to the
SRGs pool. The SRGs pool was further filtered and the duplicate SRGs were removed. The

common SRGs among cells, tissues and organs were identified using a Venn diagram.

2.2. Gene Ontology Analysis, Pathway and Disease Enrichment of SRGs
The SRGs were classified among different biological processes, molecular functions, cellular

components, pathways and diseases using the Comparative Toxicogenomics Database (CTD)



(Davis et al., 2018) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al.,

2016). Classification results with p-value < 0.01 considered significant.

2.3. Identification of Smoke-Related Transcription Factors (SRTFs)
Transcription factors (TFs) regulate chromatin and transcription by forming a complex system
that controls the expression of genes in the cell. The human transcription factors database and
Tfcheckpoint server were searched to identify SRTFs in the SRGs list (Chawla et al., 2013;
Lambert et al., 2018). The TFs in the human transcription factors database and TFcheckpoint
database are manually assessed for DNA binding activity and their role in regulating RNA
polymerase II (Chawla et al., 2013). In this study, only those SRTFs that met mentioned criteria

were selected for subsequent evaluations.

24. Finding Hub SRGs in the Gene Regulatory Network

Finding hub SRGs was performed using gene regulatory network analysis. For this purpose, the
SRGs list, including SRTFs, was imported to the Enrichr and their target genes were identified.
The Enrichr results were filtered with a p-value < 0.01 (Lachmann et al., 2010; Kuleshov et al.,
2016). The filtered results were used to construct gene regulatory network based on the
interaction between SRGs and their target genes. The gene regulatory network was constructed
using Cytoscape 3.8.2 software (Franz et al., 2015). The gene regulatory network analysis and
detection of hub genes was performed by Cytohubba plug-in of Cytoscape software (Chin et al.,
2014). This plug-in of Cytoscape software uses 12 specific methods, including betweenness,
bottleneck, closeness, clustering coefficient, degree, dmnc, eccentricity, epc, mcc, mnc, radiality
and stress to find important hub nodes in the networks (Chin et al., 2014). The hub SRGs were
identified based on 12 different methods in the Cytohubba plug-in of Cytoscape software.

2.5. Expression Analysis of Identified Hub SRGs in Different Tissues
The HPA tissue gene expression profiles data-set was obtained from the human transcriptome
database of NCBI. This data-set contains transcriptome of 27 different tissues of human that are
generated by high-throughput sequencing (Fagerberg et al., 2014). The RPKM values of SRGs
and hub SRGs were extracted from the transcriptome of the human adrenal, appendix, bone

marrow, brain, colon, duodenum, endometrium, esophagus, gall bladder, heart, kidney, liver,



lung, lymph node, ovary, pancreas, placenta, prostate, salivary gland, skin, small intestine,
spleen, stomach, testis, thyroid, and urinary bladder tissues. The mean of RPKM values of SRGs

and hub SRGs in each tissue was considered as the tissue-specific expression.

2.6. Validation of the Results
The batch query software in CTD database was used to validate the results (Davis et al., 2018).
This software applies a text-mining algorithm to generate the results. The hub SRGs were
imported to the batch query software and their expression trend (up- and down-regulation) was

determined under smoke exposure.

3. Results

3.1. Identification of Smoke-Related Genes (SRGs)

Among 61 studied microarray data-sets, the analysis results of the data-sets related to common
tissues were merged, and after excluding the repeated genes, they were used at the next stages.
After investigating all microarray data-sets, a total of 6,484 smoke-related genes (SRGs) were
identified in nine tissues and cells, including alveolar epithelium, alveolar macrophages, buccal
epithelium, keratinocytes, lymphocytes, monocytes, nasal epithelium, placenta, and small and
long airways epithelium (Fig. 1A).

In alveolar epithelium, 2,997 SRGs with different expression were identified. In alveolar
macrophages, 246 SRGs with different expression were observed. Fifty-three SRGs with
different expression were found in buccal epithelium. A total of 1,071 SRGs with different
expression were observed in keratinocytes. In lymphocytes, 12 SRGs with different expression
were observed. A total of 178 SRGs with different expression were identified in monocytes. In
nasal epithelium, three SRGs with different expression were induced. Eleven SRGs with
different expression were identified in placenta. In small and long airways epithelium, 1,913
SRGs were induced with different expression (Fig. 1B). The highest and lowest number of SRGs
was observed in alveolar epithelium and nasal epithelium with different expression, respectively
(Fig. 1B). The number of up-regulated SRGs was higher than down-regulated ones in alveolar
epithelium, alveolar macrophages, buccal epithelium, lymphocytes, and small and long airways

epithelium (Fig. 1B). In keratinocytes, monocytes, nasal epithelium, and placenta the number of



down-regulated SRGs was higher than up-regulated SRGs (Fig. 1B). In lymphocytes, no down-
regulated SRG was observed, and all SRGs were up-regulated (Fig. 1B).

The common SRGs among the tissues were identified using Venn diagram. Venn diagram
showed no common gene among nine studied tissues and cells, but a common gene, namely,
cytochrome P450 1B1 (CYPIBI) was identified among seven tissues and cells, including
alveolar epithelium, alveolar macrophages, buccal epithelium, keratinocytes, lymphocytes, nasal
epithelium, and small and long airways epithelium. Investigation of CYP/BI common SRG
expression among seven tissues and cells showed that this gene was up-regulated in alveolar
epithelium, buccal epithelium, keratinocytes, lymphocytes, and small and long airways
epithelium exposed to smoke. It was down-regulated in alveolar macrophages and nasal
epithelium exposed to smoke (Fig. 2A). The CYPIBI gene showed almost the same expression
trend among seven tissues and cells (Fig. 2A). Investigation of CYPIBI gene expression among
different human tissues showed that the highest and lowest expression of this gene was in

endometrium and salivary gland tissues, respectively (Fig. 2B).

3.2, Identification of Smoke-related Transcription Factors (SRTFs)

Investigation of smoke-related transcription factors (SRTFs) in SRGs led to the identification of
459 SRTFs (Fig. 3A). In alveolar epithelium, 216 SRTFs with different expression were
identified. In alveolar macrophages, 15 SRTFs with different expression were observed. Three
SRTFs with different expression were found in buccal epithelium. A total of 57 SRTFs with
different expression were induced in keratinocytes. No SRTF with different expression was
observed in lymphocytes. Thirteen SRTFs with different expression were identified in
monocytes. No SRTFs with different expression were induced in the nasal epithelium. One
SRTF with different expression was identified in placenta. In small and long airways epithelium,
154 SRTFs were induced with different expression (Fig. 3B). The highest and lowest number of
SRTFs were observed in alveolar epithelium and placenta with different expression, respectively
(Fig. 3B). The number of up-regulated SRTFs was higher than down-regulated ones in alveolar
epithelium, alveolar macrophages, buccal epithelium, and small and long airways epithelium
(Fig. 3B). In keratinocytes, monocytes, and placenta down-regulated SRTFs were higher than
up-regulated ones (Fig. 3B). No up-regulated SRTF was observed in placenta (Fig. 3B).



The common SRTFs among cells and tissues were identified using Venn diagram. Venn diagram
showed no common gene among nine studied cells and tissues, but identified a common gene
(NR4A42) among four cells and tissues, including alveolar epithelium, keratinocytes, monocytes,
and small and long airways epithelium. The NR442 common SRTFs showed up-regulation in
keratinocytes and monocytes and down-regulation in alveolar epithelium and small and long
airways exposed to smoke (Fig. 4A). Our results showed a different trend for NR4A42 expression
among four studied cells and tissues (Fig. 4A). Investigation of NR4A42 gene expression among
27 different human tissues showed that the highest and lowest expression of this gene was in

adrenal gland and pancreas tissues, respectively (Fig. 4B).

3.3. Gene Ontology, Enrichment of Diseases and Metabolic Pathways of SRGs
Gene ontology analysis classified the identified SRGs into three different groups: biological
processes, cellular components, and molecular functions (Table 1). In the biological processes
group, the highest numbers of SRGs were classified into cellular process, biological regulation,
and metabolic process. The highest numbers of SRGs in the cellular components group were
enriched in cell, intracellular, and intracellular parts (Table 1). The dominant terms in the
molecular function group included binding and protein binding (Table 1). Metabolic pathway
analysis revealed that the identified SRGs were significantly enriched in signal transduction,
immune system, and metabolism (Table 2). Disease enrichment analysis showed that cancers,
digestive system diseases, and nervous system diseases are the most common diseases associated

with SRGs (Table 3).

34. Gene Regulatory Network Analysis
Gene regulatory network analysis was performed for all SRGs and for SRGs of five cells and
tissues which had the highest number of SRGs including alveolar epithelium, alveolar
macrophages, keratinocytes, monocytes, and small and long airways epithelium. Moreover, the
gene regulatory network of common CYPIBI gene was constructed to further investigate the role
of this gene. Investigation of constructed gene regulatory networks for SRGs using CytoHubba
plug-in revealed different hub genes for studied cells and tissues (Fig. 5). The identified hub

genes had the highest interaction with other SRGs in gene regulatory networks. Investigation of



the regulatory network of common gene of CYP/BI showed that this gene is a hub gene and has

the highest interaction with other genes in the network (Fig. 6).

3.5. Validation of Results
The results of analyses were confirmed using text-mining and RNA-seq data. For this purpose,
the batch query available on the comparative toxicogenomic database (CTD) site and the search
engine available on Expression Atlas site were used to confirm the results. The results of text-
mining and RNA-seq data analysis confirmed the SRGs identified in this study. These results
also showed that the CYPIBI is one of SRGs that has the same expression trend in human,
mouse, and rat in different cells and tissues exposed to smoke (Fig. 7). These results can confirm

the role of identified SRGs in the response of different cells and tissues to smoke.

4. Discussion
Chemical compounds of fossil fuels smoke, soot, vehicle smoke, industrial smoke, and tobacco
smoke enter the human body through breath, skin, and digestive tract and influence various cells
and tissues (Chambers et al., 2018). In this study, transcriptome changes in different human cells
and tissues exposed to various sources of smoke were investigated and analyzed. After removing
the duplicate genes from all microarray data-sets, a total of 6,484 SRGs were identified that their
expression changes under exposure of the smoke. The number of up-regulated SRGs (4,095) was
significantly higher than down-regulated ones (2,389). These results indicate that smoke
stimulate more SRGs to up-regulation. Gene ontology analysis revealed that the identified SRGs
are more involved in regulatory and metabolic processes in the cell. Metabolic pathway
enrichment analysis confirmed the results of gene ontology and showed that the identified SRGs
are involved in the regulatory, metabolic, and immune processes. Cellular regulation involves a
wide range of processes from cell division to response to various stimuli. The induction and
alteration of these processes can reflect the effect of different compounds on the cell. The greater
stimulation and alteration in cell regulatory processes by a compound, increases its potential
risks for the cell. A large number of the identified SRGs are involved in regulatory processes that
can reflect short- and long-term harmful effects of compounds in different types of smoke.
Smoke contains strong oxidizing compounds, such as oxygen radicals, nitrogen, and volatile

aldehydes that can change the natural metabolism of cells and cause serious damages to vital



molecules. On the one hand, smoke-exposed cells counteract damages caused by these oxidizing
compounds by changing their metabolic processes (Menon et al., 2011; Sabra et al., 2017;
Solanki et al., 2018; Reigle et al., 2021). Functional analysis of SRGs showed that they are
mainly part of genes stimulated in cancers, digestive system diseases, and nervous system
diseases. Smoke contains more than 100 carcinogens, such as polycyclic aromatic hydrocarbons
(Pfeifer et al., 2002; Godschalk et al., 2003; Mayne and Lippman, 2005). These compounds are
particularly associated with cancers and other diseases of respiratory and gastrointestinal tract as
the organs with the highest contact with compounds of smoke (Gandini et al., 2008; Talhout et
al., 2011). Furthermore, strong oxidizing compounds of smoke may cause nervous system
diseases such as Alzheimer's and Parkinson's diseases, aging, and other neurological disorders
due to the stimulation of reactive oxygen species (ROS) production (Uttara et al., 2009; Cho and
Yoon, 2017).

The studied cells and tissues had different numbers of SRGs as well as different responses to
smoke. Based on the number of SRGs in each tissue, these responses can be grouped from severe
to moderate, and poor. Alveolar epithelium, small and long airways epithelium, and
keratinocytes with the highest number of SRGs showed strong responses to compounds of
smoke, respectively. Alveolar macrophages and monocytes showed moderate responses to these
compounds. Finally, buccal epithelium, lymphocytes, nasal epithelium, and placenta showed a
poor response to these compounds with the lowest number of SRGs, respectively. A similar trend
was observed for SRTFs, and interestingly, compounds of smoke did not stimulate any SRTFs in
lymphocytes and nasal epithelium. Differences in expression of regulatory elements, such as
SRTFs, among the studied cells and tissues indicate variations in the type of gene regulation and
response to smoke. Transcriptomic responses may reflect sensitivity of different cells and tissues
to smoke. This may also be related to the mechanism of action of smoke compounds in different
cells and tissues. Unlike cell genome, which Maintains its structure, transcriptome is highly
dynamic and responds in the face of harmful compounds (Joseph, 2017). Thus, smoke-related
transcriptomic changes may be a primary index of toxicity of smoke compounds (Waring et al.,
2001; Hamadeh et al., 2002; Heinloth et al., 2004; Otava et al., 2015; Joseph, 2017). Gene
network analysis confirmed the results of other analyses and it was found that the studied cells

and tissues had different gene regulation processes and responses to compounds of smoke.



Different regulatory network and hub genes indicate that different cells and tissues induce
different genes in the face of smoke compounds to counteract harmful effects of them.
Comparison of different tissues showed no common SRG among all the studied tissues. This
could be another reason for different sensitivity and responses of various cells and tissues to
smoke. However, CYPIBI gene was common among the seven studied cells and tissues and
showed the same expression pattern. The results of text-mining and data of Expression Atlas site
showed that CYPIBI was induced by smoke and was up-regulated in most tissues of human and
model organisms such as mouse and rat. Network analysis showed that CYPIBI gene is a hub
gene in the network. CYPIBI gene produces an enzyme that belongs to the superfamily of
cytochrome P450 enzymes. This gene is a single copy gene and is located in human chromosome
2 (Tang et al., 1996). CYPIBI gene is 4,667 bp in length and consists of two exons and one
intron. Coding sequence of this gene produces a 543-amino acid protein that has no signal
peptide and has a functional domain of cytochrome P450 in its structure. CYPIBI gene has the
highest expression in endometrium and the lowest expression in salivary gland. CYPIBI is a
monooxygenase involved in various processes, such as lipid production, particularly cholesterol,
metabolism, and breakdown a wide range of toxic and carcinogenic drugs and chemical
compounds, including polycyclic aromatic hydrocarbons (Murray et al., 2001; A Faiq et al.,
2014). Various studies have shown a positive correlation between up-regulation of CYPIB1 gene
and genotoxicity as well as oxidative stress caused by smoke compounds that can cause
malignancies in tissues (Shimada, 2006; Shimada and Guengerich, 2006; Jeyabalan et al., 2011;
Jung et al., 2012; Shang et al., 2013; Hussain et al., 2014).

Due to the different responses of rat tissues to smoke, it is possible that other factors such as
epigenetic changes are also involved in the response to smoke. Previous studies have shown that
chronic exposure to chemicals in environment such as smoke, in addition to genetic changes,
also can lead to epigenetic changes (Soza-Ried et al., 2019). Some smoke-related epigenetic
changes are tissue-specific, but others are common in different tissues (Bakulski et al., 2019).
Joehanes et al. detected cigarette smoking has a large influence on genome-wide methylation.
Several differentially methylated genes were unique in terms of the biological impacts of
smoking, and they might be medical targets for the prevention or treatment of tobacco-related
illnesses. Methylation at these locations may create complications as sensitive and persistent

indicators of lifetime tobacco smoke exposure (Joehanes et al., 2016).



Hammouz et al. discovered that smoking has a significant influence on E2F (a transcription
factor involved in the control of the G1/S transition in humans), and that sex and smoking status
may have a biological effect on epithelial-mesenchymal transition-related genes such as HEY?2,
OLFM]I, SFRPI, and STRAP (Hammouz et al., 2020). Moreover, Richter et al. revealed that in
response to tobacco smoke exposure, hypo-methylation of AHRR and CYPIBI is an essential
regulatory mechanism of xenobiotic metabolism of the masticatory mucosa (Richter et al., 2019).
Results of a similar study showed that cigarette smoke induces hypo-methylation of CYPIBI,
CYPIAI, ALDH3A1, and SFRP2 genes in human small airway epithelium (Buro-Auriemma et
al., 2013).

As well as in several studies, arsenic has been identified as the cause of epigenetic changes and
genome instabiltiy (Mass and Wang, 1997; Sciandrello et al., 2011; Mauro et al., 2016;
Bjerklund et al., 2018). Arsenic is one of the most harmful compounds in various types of smoke
(Ferreccio et al., 2013). Arsenic has a carcinogenic effect in humans and is found within a range
of 40-120 pg per unfiltered cigarette (Soza-Ried et al., 2019). Mass and Wang discovered that
arsenic induces hyper-methylation of the p53 gene (Mass and Wang, 1997). Mahna reported that
chronic exposure of arsenic induces methylation status of the p53 gene (Mahna et al., 2021).
Therefore, DNA methylation is affected by arsenic exposure, especially in the p53 promoter
region, which might be connected to the process of arsenic carcinogenesis and the reported
higher cancer incidence later in life (Intarasunanont et al., 2012). Arsenic induces genome-wide
hypomethylation that can lead to genomic instability. Arsenic can also alter the methylation of
CpG islands in some specific gene promoter and reduce or increase their expression. As a result
of these changes, cells may undergo epigenetic reprogramming at both the gene and genome
level (Sciandrello et al., 2011; Mauro et al., 2016). Production of reactive oxygen species (ROS)
by arsenite can lead to increase DNA damage and genomic instability. Arsenite induces genomic
instability through chromosomal abnormalities. On the other hand, ROS produced by Arsenite
can increase the severity of this genomic instability. Also, DNA-protein crosslinks, mutations
through oxidative DNA adduct formation, single- or double-stranded DNA breaks are other side
effects of Arsenite-produced ROS (Sciandrello et al., 2011; Rao et al., 2017). Arsenic exposure
also decreases the expression of CYPIBI gene in human (Xie et al., 2020). Moreover, the
CYPIBI locus harboured DNA methylation changes have been observed in exposure to arsenic

(Rojas et al., 2015). In laboratory research and human population studies, changes in DNA



methylation, histone post-translational modifications, and microRNAs have been identified
following arsenic exposure (Bjerklund et al., 2018). Although many epidemiologic evidence and
several studies have been performed on the epigenetic effects of arsenic and other environmental
contaminants, further studies are needed to identify their toxicity mechanisms.

In this study, for the first time, we found that compounds of smoke induce and increase
expression of CYPIBI gene in all target and non-target tissues of smoke. This increase in
CYPIBI gene expression in target and non-target tissues indicated that smoke compounds can
causes extensive damage to human (Hussain et al., 2014). Other members of P450 cytochrome
family are also induced in response to smoke compounds in various tissues, some of them are
specific to particular tissues and the others are induced in few tissues (Parke, 1994; Gonzalez,
2005; Guengerich, 2005; Klaunig et al., 2010). However, our findings revealed that CYPIBI is
the only cytochrome induced in most tissues of human, rat, and mouse in response to smoke
compounds. The CYPIBI gene contains xenobiotic response elements in its promoter to respond
to smoke compounds. These elements are induced by aryl hydrocarbon receptors in response to
smoke compounds and increase the expression of CYPIBI gene (Sutter and Greenlee, 1992;
Alexander et al., 1997; Zhang et al., 1998; Shehin et al., 2000; Chang et al., 2007). Our findings
and the results of previous studies suggest that the CYPIBI gene expression may be regulated by
epigenetic mechanisms in tissues or cells exposed to smoke, however, further studies are needed
to better understand this epigenetic mechanism.

It is not clear whether a specific compound or a set of compounds in smoke stimulates aryl
hydrocarbon receptors and expression of CYPIBI gene. On the other hand, the mechanism of
uniform induction of this gene in target tissues that directly exposed to compounds of smoke and
in non-target tissues that indirectly exposed to them has not been identified. Possibly, it occurs
through the one or more unknown inter-tissue signaling molecules. Although compounds of
different types of smoke induce epigenetic changes and expressions of very few genes in some
tissues, induction of single genes, such as CYPIB1 or other members of cytochrome P450 family
with high damaging effects alone is adequate to determine the harmful effects of these

compounds on human.

Conclusion



In the present study, SRGs were identified in different human cells and tissues using system
biology-based methods. Our results showed that there are very little SRGs common among the
different human cells and tissues, and they use different response mechanisms in face of smoke.
The number of SRGs and type of response mechanism in each cell and tissue indicate its
sensitivity to smoke. We also found that compounds of smoke induce and increase the
expression of CYPIBI gene in all target and non-target tissues of human. Induction of single
genes such as CYPIBI, which have high damaging effects on all target and non-target tissues,
indicates extensive damage of smoke on human. However, the uniform mechanism of induction
of this gene in target and non-target tissues in face of smoke has not been determined. Therefore,
the role of genetic and epigenetic modifications associated with smoke exposure need further
studies. Our findings can help discover mechanism of action of messenger molecules in response
of target and non-target tissues to smoke. The key gene of CYP/B1 identified in this study can be
investigated in diagnostic or therapeutic studies. Moreover, despite the specific characteristics of
this gene and its identical expression trend in target and non-target tissues, it can be used as a

biomarker for diagnosis and prognosis.
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Figures legends

Fig. 1 Identification of smoke-related genes (SRGs) in various cells and tissues. A- Total number of identified
SRGs. B- Number of SRGs identified in each cell or tissue. The numbers above and below of each column indicate
the number of up-regulated (red) and down-regulated (blue) genes, respectively.

Fig. 2 Expression analysis of CYP/B1 common SRG. A- Expression analysis of CYP/BI gene among seven cells
and tissues exposed to smoke (red and blue columns indicate up-regulation and down-regulation in the studied cells
and tissues, respectively. B- Expression analysis of CYPI/BI gene among 27 different human tissues (columns show

absolute value of gene expression)



Fig. 3 Identification of smoke-related transcription factors (SRTFs) in various cells and tissues. A- Total number of
identified SRTFs. B- Number of SRTFs identified in each cell or tissue. The numbers above and below of each
column indicate the number of up-regulated (red) and down-regulated (blue) genes, respectively.

Fig. 4 Expression analysis of NR442 common SRTF. A- Expression analysis of NR442 gene among four cells and
tissues exposed to smoke (red and blue columns show up-regulation and down-regulation in the studied cells and
tissues, respectively, B- Expression analysis of NR442 gene ¢ among 27 different human tissues (columns show
absolute value of gene expression)

Fig. 5 Hub gene modules of SRGs regulatory network in different cells and tissues. Squares show hub genes. From
red to yellow color, the rank of hub genes decreases in the network.

Fig. 6 The regulatory network of CYPIBI gene. Red and yellow rectangles represent hub genes and blue rectangles
represent the other genes. From red to yellow, the rank of hub genes decreases in the network.

Fig. 7 Confirmation of analysis results for CYP/BI common SRG using text-mining and RNA-seq data. Red and
blue show the up-regulation and down-regulation of CYP/BI gene in different tissues of human, mouse and rat,

respectively.
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Figures legends

Fig. 1 Identification of smoke-related genes (SRGs) in various cells and tissues. A- Total number of identified
SRGs. B- Number of SRGs identified in each cell or tissue. The numbers above and below of each column indicate
the number of up-regulated (red) and down-regulated (blue) genes, respectively.

Fig. 2 Expression analysis of CYPI/BI common SRG. A- Expression analysis of CYP/BI gene among seven cells
and tissues exposed to smoke (red and blue columns indicate up-regulation and down-regulation in the studied cells
and tissues, respectively. B- Expression analysis of CYP/BI gene among 27 different human tissues (columns show
absolute value of gene expression)

Fig. 3 Identification of smoke-related transcription factors (SRTFs) in various cells and tissues. A- Total number of
identified SRTFs. B- Number of SRTFs identified in each cell or tissue. The numbers above and below of each
column indicate the number of up-regulated (red) and down-regulated (blue) genes, respectively.

Fig. 4 Expression analysis of NR442 common SRTF. A- Expression analysis of NR442 gene among four cells and
tissues exposed to smoke (red and blue columns show up-regulation and down-regulation in the studied cells and
tissues, respectively, B- Expression analysis of NR442 gene e among 27 different human tissues (columns show
absolute value of gene expression)

Fig. 5 Hub gene modules of SRGs regulatory network in different cells and tissues. Squares show hub genes. From
red to yellow color, the rank of hub genes decreases in the network.

Fig. 6 The regulatory network of CYPIBI gene. Red and yellow rectangles represent hub genes and blue rectangles
represent the other genes. From red to yellow, the rank of hub genes decreases in the network.

Fig. 7 Confirmation of analysis results for CYP/BI common SRG using text-mining and RNA-seq data. Red and
blue show the up-regulation and down-regulation of CYP/BI gene in different tissues of human, mouse and rat,

respectively.
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Table 1. Gene Ontology of SRGs

GO Term Name GO Term ID FDR Enriched SRGs GO Category

Cell part G0:0044464 0 4102

Cytoplasmic part GO0:0044444 0 2682 a
Intracellular G0:0005622 0 3683 ;,é
Intracellular membrane-bounded organelle ~ GO:0043231 0 2717 E
Intracellular organelle part G0:0044446 0 2629 g
Intracellular part GO0:0044424 0 3683 -E
Membrane-bounded organelle G0:0043227 0 2961 E
Organelle part G0:0044422 0 2691 )




Table 2. Analysis of metabolic pathways of SRGs

Pathway Pathway ID FDR Enriched SRGs
Immune System REACT:R-HSA-168256 1.8E-102 618
Metabolism REACT:R-HSA-1430728 8.6E-94 611
Signal Transduction REACT:R-HSA-162582 8.04E-84 665
Metabolic pathways KEGG:HSA01100 1.79E-59 371
Innate Immune System REACT:R-HSA-168249 2.21E-54 366
Cytokine Signaling in Immune system REACT:R-HSA-1280215 6.85E-45 242
Metabolism of lipids and lipoproteins REACT:R-HSA-556833 8.85E-43 249
Gene Expression REACT:R-HSA-74160 7.66E-37 418
Generic Transcription Pathway REACT:R-HSA-212436 1.16E-33 242
Cell Cycle REACT:R-HSA-1640170 4.24E-32 190
Metabolism of proteins REACT:R-HSA-392499 2.12E-31 368
Hemostasis REACT:R-HSA-109582 2.9E-30 190
Adaptive Immune System REACT:R-HSA-1280218 6.95E-28 219
Post-translational protein modification REACT:R-HSA-597592 2.66E-27 257



Transmembrane transport of small molecules REACT:R-HSA-382551 3E-27 191
Developmental Biology REACT:R-HSA-1266738 4.26E-22 250
Signaling by GPCR REACT:R-HSA-372790 3.93E-16 275
Table 3. Disease enrichment analysis of SRGs

Disease Name Disease ID FDR  Enriched SRGs

Cancers MESH:D009369 1.90E-180 871

Digestive system diseases MESH:D004066  2.14E-161 704

Nervous system diseases MESH:D009422 3.28E-99 577

Genetic diseases (inborn) MESH:D030342 1.30E-74 475

Musculoskeletal diseases MESH:D009140 1.51E-80 379

Urogenital diseases MESH:D052776 2.56E-74 347

Skin diseases MESH:D012871 1.53E-74 338

Metabolic diseases MESH:D008659 2.29E-54 332

Cardiovascular diseases MESH:D002318 3.40E-51 320




Smoke-related genes (SRGs)
Smoke-related transcription factors (SRTFs)
National fire prevention association (NFPA)
Gene expression omnibus (GEO)
Sequence read archive (SRA)
Differentially expressed genes (DEGs)
Comparative Toxicogenomics Database (CTD)
Kyoto Encyclopedia of Genes and Genomes (KEGG)

Transcription factors (TFs)

CRediT author statement

Seyed Sajad Sohrabi, Seyyed Mohsen Sohrabi and Marzieh
Rashidipour: Conceptualization, Methodology, Data curation, Writing- Original draft
preparation.

Morteza Hadizadeh: Methodology, Data curation.

Seyed Sajad Sohrabi and Seyyed Mohsen Sohrabi analyzed the data.
Mohammad-Hossein Shams and Mohsen Mohammadi: Prepared the data.
All authors read and approved the final manuscript.

Declaration of interests

1 The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

The authors declare the following financial interests/personal relationships which may be considered



as potential competing interests:

Marzieh Rashidipour reports was provided by Nutritional Health Research Center, Lorestan
University of Medical Sciences, Khorramabad, Iran.




Highlights

e 6484 smoke-related genes were identified in various human tissues.
e |dentification of smoke-related hub genes in various human tissues.

e Molecular mechanisms of different tissues exposed to smoke are different.



