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Abstract

E-cigarettes (E.cigs) cause inflammation and damage to human organs, including the lungs and
heart. In the gut, E.cig vaping promotes inflammation and gut leakiness. Further, E.cig vaping
increases tumorigenesis in oral and lung epithelial cells by inducing mutations and suppressing
host DNA repair enzymes. It is well known that cigarette (cig) smoking increases the risk of
colorectal cancer (CRC). To date, it is unknown whether E.cig vaping impacts CRC development.
A mouse model of human familial adenomatous polyposis (CPC-APC) was utilized wherein

a mutation in the adenomatous polyposis coli (APC) gene, CDX2-Cre-APCMiIN*  |eads to the
development of colon adenomas within 16 weeks. Mice were exposed to air (controls), E.cig
vaping, cig, or both (dual exposure). After 4 weeks of 2 h exposures per day (1 h of each for

dual exposures), the colon was collected and assessed for polyp number and pathology scores by
microscopy. Expression of inflammatory cytokines and cancer stem cell markers were quantified.
DNA damage such as double-strand DNA breaks was evaluated by immunofluorescence, western
blot, and gene-specific long amplicon gPCR. DNA repair enzyme levels (NEIL-2, NEIL-1, NTH1,
and OGG1) were quantified by western blot. Proliferation markers were assessed by RT-qPCR and
ELISA. CPC-APC mice exposed to E.cig, cig, and dual exposure developed a higher number

of polyps compared to controls. Inflammatory proteins, DNA damage, and cancer stemness
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markers were higher in E-cig, cig, and dual-exposed mice as well. DNA damage was found to

be associated with the suppression of DNA glycosylases, particularly with NEIL-2 and NTH1.
E.cig and dual exposure both stimulated cancer cell stem markers (CD44, Lgr-5, DCLK1, and
Ki67). The effect of E.cigs on polyp formation and CRC development was less than that of

cigs, while dual exposure was more tumorigenic than either of the inhalants alone. E.cig vaping
promotes CRC by stimulating inflammatory pathways, mediating DNA damage, and upregulating
transcription of cancer stem cell markers. Critically, combining E.cig vaping with cig smoking
leads to higher levels of tumorigenesis. Thus, while the chemical composition of these two
inhalants, E.cigs and cigs, is highly disparate, they both drive the development of cancer and when
combined, a highly common pattern of use, they can have additive or synergistic effects.

Keywords

E.cig; Colorectal cancer; Cigarette smoking; Dual use; CPC-APC mice; DNA damage; DNA
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Introduction

E-cigarettes (E.cigs) are a non-combustible form of tobacco and are especially popular
among youth. E-cigs were first introduced in the mid-2000s, and have become widespread
in the US, especially among adolescents. Approximately 10 million US adults and 2 million
kids are active E.cig users (McCarthy 2016; Mirbolouk et al. 2018; Regan et al. 2013;
Gentzke et al. 2019). E.cig liquids (e-liquids) consist of vehicle solvents, such as propylene
glycol (PG) and glycerin, commonly called vegetable glycerin (VG), combined with
nicotine, which are heated and aerosolized within e-devices. A large variety of flavoring
chemicals (~ 7000) are added to e-liquids to increase appeal (Zhu et al. 2014). However,
e-cigarette use has been linked to several adverse health effects, including lung injuries such
as EVALI (King et al. 2020; Shinbashi and Rubin 2020). Chronic inhalation of E.cig affects
the inflammatory states in the lungs and circulation and can increase the risk of infectious
diseases (Sayed et al. 2021a). Our recent study showed that E.cig vaping disrupts gut barrier
integrity and induces inflammation and gut leakiness (Sharma et al. 2021).

CRC is the second leading cause of death in USA (Siegel et al. 2023). Several factors can
contribute to the development of CRC, such as genetic mutations, environmental factors,
lifestyles, and microbial dysbiosis (Sayed et al. 2021b). CRCs are primarily caused by

the loss of tumor-suppressor genes, such as APC (Morin et al. 1997), and almost 80%

of CRC cases are due to APC mutations (Zhang and Shay 2017). The loss of APC gene

is the cause of familial adenomatous polyposis (FAP) (Groden et al. 1991). CPC-APC
(CDX2-Cre-APCmin with a mutation in the APC gene) mice are a mouse model of FAP and
CRC that spontaneously develop multiple colonic polyps (adenomas) and rectal bleeding at
around 16 weeks (Hinoi et al. 2007). Cigarette smoke exposure increases the development
of adenomas in APCMin* mice by altering intestinal permeability (Wang et al. 2021), and
induced DNA damage in the colon (Diergaarde et al. 2003; Sarebg et al. 2006; Liichtenborg
et al. 2005). While traditional cigarette smoking has been linked to the development of CRC
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(Liang et al. 2009; Botteri et al. 2020; Tsoi et al. 2009), there is no direct evidence linking
E.cig vaping to CRC development.

Toxicological studies have reported the presence of heavy metals, formaldehyde, and
acrolein in E.cig aerosols, commonly called vapor (Salamanca et al. 2018). In addition, PG,
VG, flavorings, and contaminants can be toxic (Perez and Crotty Alexander 2020; Bozier et
al. 2020). E.cig vapor has been shown to induce DNA damage and accumulative mutations
(Ganapathy et al. 2017; Yu et al. 2016), which were comparable to or slightly higher than
the effect mediated by mainstream smoke extracts (Ganapathy et al. 2017). Using 3D human
and murine organoids and 2D enteroid-derived monolayers, we have shown that exposure

to E.cig vapor increased the bacterial translocation inside the gut, upregulated inflammatory
responses, and altered DNA damage responses (Sharma et al. 2021).

Following DNA damage, such as oxidation, deamination, and alkylation, the host base
excision repair (BER) proteins/DNA glycosylases can excise the damaged based and the
downstream steps correct the DNA damage to prevent accumulation of the DNA mutation
and development of CRC (Krokan and Bjgras 2013; Meira et al. 2008). Suppression and
downregulation of DNA glycosylases, especially NEIL-2 and NEIL-1, have been associated
with the development of lung cancer (Dey et al. 2012). Our studies showed that the gastric
cancer-associated microbes Helicobacter pylori and CRC-associated microbe Fusobacterium
nucleatum downregulate epithelial DNA glycosylase NEIL-2, increase inflammation, and
lead to the accumulation of DNA damage and cancers (Sayed et al. 2020a, 2020b). Exposure
to E.cig vapor causes a suppression of OGGL1 in oral and lung epithelial cells resulting in the
accumulation of reactive oxygen species, 8-hydroxy-2’-deoxyguanosine (8-0xo-dG) bases
which are genotoxic (Ganapathy et al. 2017). However, the effect of E.cig exposure on other
DNA glycosylases and in the colon has not been studied.

It is thought that switching from conventional tobacco to E.cigs can bypass the harmful
effects of conventional smoking (O’Loughlin et al. 2016); however, dual use of both
cigarettes and E.cigs remain common. Previous studies showed that a combined effect of
E.cig and cigarette smoke was worse than the effect of a single exposure. The combined
effect caused more toxicity, and enhanced inflammatory responses, compared to the single
exposure (Hamon et al. 2024). The effect of single exposure on the colon was reported:;
both E.cig and cigarette smoke disrupted epithelial tight junctions and induced gut leakiness
(Sharma et al. 2021; Wang et al. 2021). However, the combined effect on the colon, more
specifically on the development of CRC, has not been reported.

In this study, we assessed the impact of E.cig vapor inhalation alone and in combination
with cigarette smoke on the development and progression of CRC. We exposed CPC-APC
mice to E.cig vapor, cigarette smoke, and both inhalants (dual exposure), or air (control), and
assessed CRC development via tumor number, tumor size, inflammation, DNA damage, and
intestinal stemness markers. We also assessed the damaging effects of E.cigs on genomic
DNA and on host DNA repair enzymes.
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Methods

Animals and inhalant exposures

CPC-APC (CDX2-Cre-APCmi) mice were housed, bred, enrolled in the experimental
design, and euthanized according to the University of California San Diego Institutional
Animal Care and Use Committee (IACUC) policies under animal protocol numbers (s18086
and s16021). Prior to randomization at the beginning of all studies, all mice of the same sex
were group housed in a large sterile container for 2 h, to allow free mixing of microbiota
amongst individuals.

CPC-APC mice of both genders, aged 9—-12 weeks, were exposed for 2 h daily to inhalants
for 4 weeks via whole-body exposure chambers (inExpose system by SciReq). All mice
were placed into the chambers for 2 h per day. CPC-APC mice were divided into four
groups: a) Control, air-exposed, b) cig smoke-exposed (positive control), ¢) E.cig aerosol,
commonly called E.cig vapor (EV), exposed, and d) Dual exposure to both cig and E.cig,

to seek if co-use of both increases risk of CRC (Fig. 1A). Each exposure type had a
dedicated chamber, tubing and pump, to prevent cross-contamination. For EV generation,
the following vaping parameters were used: inhalation cycles per minute (Nc = 3), drag time
(Dt = 4 s), peak inhalation flow (Qi = 2L/s), and electrical driving power (W = 6-8 watts
based on the JUUL coil of 1.6 ohms and voltage of 3.7), using e-liquid composition of 30%
propylene glycol (PG), 70% glycerin (Gly), and 59 mg/mL nicotine, which match the most
popular e-liquids used by fourth-generation, pod-based e-devices (JUUL, FLUM, Sourin,
etc.). For cigarette smoke generation, Nc =1, Dt = 1 s, and Qi 2L/s were used, and 1R6F
research cigarettes with the filter removed were replaced when < 1 cm remains (~ 1 cigarette
every 8-10 min). For Dual exposures, mice were exposed to EV for 60 min and Cig for

60 min each day, yielding 2 h of inhalant exposure daily. Mice were exposed for 4 weeks,
colons of mice were harvested, and the polyp number and area were measured.

Quantification of colon adenomas

Upon harvesting, each colon was cleaned and laid flat next to a ruler. Pictures of the colon
were taken. Then, the pictures were uploaded into ImageJ software, which was used to count
the number of polyps present in the mouse colons after exposure. The area of each polyp
was also determined, and the combined total area of all polyps was calculated.

Histologic analysis of the colon

Colon tissues were fixed using 10% formalin overnight. Tissues were embedded in paraffin
blocks, sectioned onto slides, and stained with H&E. The histologic score was determined
by assessment of mucosal architecture and crypt loss and infiltration of immune cells in
different colon regions (lamina propria, mucosa, and submucosa) as described previously
(Erben et al. 2014).

Inflammatory and proliferation gene expression assessment by RT-gPCR

Total RNA was extracted from polyp regions (less than 25 mg) using the ZymoRNA
miniprep kit (Zymo Research) and complementary DNA (cDNA) was reverse transcribed
using gScript cDNA SuperMix (Quantabio). Real-time RT-PCR was performed using 2
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x SYBR Green gPCR Master Mix (Biomake) and Bio-Rad CFX Opus 96 Real-Time

PCR System (Bio-Rad). 18srRNA and GAPDH were used as housekeeping genes for
normalization. The AACt method was used for the calculation as done previously
(Schmittgen and Livak 2008). The relative fold change in the transcript level was calculated.
The primer sequences used are listed in Table 1.

Quantification of DNA strand breaks by long amplicon (LA) qPCR

The detection of accumulated DNA strand breaks was performed as described previously
(Sayed et al. 2020a). Briefly, genomic DNA was extracted from polyps (one polyp per
mouse and 3 mice/each group of exposure), and levels of DNA strand breaks in polR (6.5
Kb) and globin (8.7 Kb) were quantified as described previously (Chakraborty et al. 2015).
Briefly, the extracted DNA was amplified using the following condition: 94 °C for 30 s (94
°C for 30 s, 55-60 °C for 30 s depending on the oligo annealing temperature, and 65 °C for
10 min) for 25 cycles and 65 °C for 10 min. The sequences of oligo were described before
(Sayed et al. 2020a; Chakraborty et al. 2015). Short amplicons for these genes were used to
normalize the amplification of long amplicons.

Immunofluorescence for detection of DNA damage

Colon sections were deparaffinized in xylene, rehydrated in graded ethanol, and rinsed

in Tris—phosphate-buffered saline (TBS). Heat-induced antigen retrieval was performed in

a microwave for 30 min at 98 °C in 0.01 M citrate buffer (pH6). After cooling for 20

min, sections were incubated in 1% Triton X-100 for 30 min, blocked in TBST with

10% donkey serum for 1 h, and then incubated with primary rabbit monoclonal antibody
Phospho-Histone H2A. X (Ser139), to detect yH2AX, overnight at 4 °C (1:250, Cell
Signaling, #9718). After subsequent washes in TBST, slides were incubated with secondary
Donkey anti-Rabbit 1gG (H + L) Alexa fluor plus 488 (1:500, Invitrogen, A32790) for 1 h
in the dark. Immunofluorescence (IF) images were taken with a 40X objective using a Leica
SP8 11 confocal laser scanning microscope.

Detection the level of DNA damage and DNA repair proteins by western analyses

Colon polyps (one polyp per mouse and 3 mice/group of exposure) were lysed using

the RIPA buffer and the assessment of the level of base excision repair (BER) enzymes

was performed as described before (Sayed et al. 2020a). Briefly, after separation of the
proteins via acrylamide gels and transfer onto nitrocellulose membranes, membranes were
blocked with 5% wi/v skimmed milk and incubated with appropriate primary rabbit-derived
antibodies (NEIL2, NTH1, and OGG1,; in-house antibodies used in 1:500 dilutions). gH2AX
and H2AX antibodies were purchased from Cell Signaling Technology (cat# 9718 and

7613, respectively). Histone deacetylase 2 (HDAC2; GeneTex, Irvine, CA, USA) was

used as a loading control. After washing steps, the membranes were incubated with anti-
isotype secondary antibody (GE Healthcare) conjugated with horseradish peroxidase in 5%
skimmed milk at room temperature. All the western blot (WB) images were quantified using
the ImageJ automated digitizing system based on three independent gel images (n7= 3).
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Quantification of proliferation

Statistics

Results

Colonic polyp regions (one polyp per mouse and 5 mice/ each group of exposure) and
non-polyp regions were homogenized in phosphate-buffered saline (PBS). The protein
concentrations were measured, and equal amounts of each sample (~ 10 ug) were used in

the Mouse Ki-67 (Ki-67) ELISA Kit (MyBiosource, Catalogue # MBS1601117) according
to the manufacturer’s instructions. The standard curve was developed using Ki67 standards,
and the quantity of Ki67 in each sample was determined by measuring the absorbance at 450
nm.

Analyses were conducted in Graphpad prism V10 (La Jolla, CA). Data are presented as
mean + SEM and analyzed using non-parametric Student’s t test and One-Way ANOVA as
specified. Results are considered significant if the pvalue is less than 0.05.

E.cig and dual exposures increase adenomatous polyp formation

Previous studies have shown that cigarette smoke (cig) increases the risk of CRC and
adenoma formation in the CPC-APC murine model by affecting gut microbiota and gut
barrier integrity (Wang et al. 2021; Bai et al. 2022). Further, our previous study showed
that E.cig vaping induces inflammation and gut leakiness in healthy gut and wild-type mice
(Sharma et al. 2021). Here, we assessed the impact of E.cig vaping and Dual exposure to
both E.cig and cig on CRC risk and promotion of adenoma formation using the CPC-APC
mouse model (Hinoi et al. 2007) (Fig. 1A). As expected, the polyp number and area were
increased in the CPC-APC mice after cigarette smoke exposure (Fig. 1B-D). Interestingly,
we found that E.cig exposure significantly increased the polyp number and area in exposed
mice compared to air-exposed controls (Fig. 1B-D). Regarding Dual exposure (E.cig + cig),
polyp number and polyp area were also increased (Fig. 1B-D), and the number of polyps
was significantly higher in Dual-exposed mice relative to E.cig-exposed mice (Fig. 1C).

E.cig and dual exposures increase inflammatory responses in the colon

Inflammation in the colon and tissue damage are linked to an increase risk of CRC (Zhou et
al. 2023; Nardone et al. 2023). Therefore, we assessed if E.cig exposure promotes adenoma
formation by affecting the inflammatory signaling pathways. To this end, colons of exposed
mice were stained with H&E (Fig. 2A) and the pathology score was calculated (Fig. 2B).
The pathology score is based on the degree of infiltration of immune cells in the colon and
the architecture of colon mucosa (Erben et al. 2014). The pathology score was significantly
higher in E.cig-exposed mice, cig-exposed mice, and Dual-exposed mice compared to air-
exposed controls (Fig. 2B). We also assessed transcript levels of inflammatory cytokines
TNF-a, IL-6, MCP-1, and CXCL-1 (IL-8 homolog) in the polyps. We selected these
cytokines, since our previous studies showed that E.cig vaping increased inflammatory
transcripts in the gut, particularly MCP-1, IL-6, and IL-8, leading to intestinal barrier defects
(Sharma et al. 2021). Also, our previous study showed that cancer-associated microbes could
promote CRC progression in the enteroid-derived monolayer isolated from the colon of
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APC-min mice by affecting CXCL-1/IL-8 cytokines (Sayed et al. 2020a). Cigarette, E.cig,
and Dual exposures significantly increased transcript levels of TNF-a., CXCL-1, MCP-1,
and IL-6 in the polyp regions compared to air-exposed controls (Fig. 2C—F). Interestingly,
the levels of CXCL-1, MCP-1, and IL-6 and were significantly higher in the polyps of
Dual-exposed mice compared to the polyps of E.cig-exposed mice (Fig. 2D-F).

E.cig and dual exposures mediate accumulation of mutations via induction of dsDNA
breaks and suppression of host DNA glycosylases

Induction of DNA damage and failure to repair damage lead to the accumulation

of mutations and genomic instability which promote cancer initiation and progression
(Hanahan and Weinberg 2011). In vivo animals exposed to E.cig had toxic metabolites

from nicotine which led to O(6)-methyl-2"-deoxyguanosine DNA adducts which increase
mutagenesis in human lung and bladder epithelial cells (Lee et al. 2018). E.cig aerosols

are genotoxic to human oral and lung epithelial cells by increasing oxidative DNA damage
(Ganapathy et al. 2017). Therefore, we asked if E.cig exposure promotes adenoma formation
in the CRC murine model via inducing dsDNA breaks and mutations. To this end, we
assessed the level of yH2AX (a marker of DNA double-strand breaks) in the colon

of exposed mice by IF and WB (Fig. 3A, B). Levels of yH2AX were higher in E.cig-
exposed mice, cig-exposed mice, and Dual-exposed mice compared to air-exposed controls
(Fig. 3A-C). The highest level of yH2AX was seen in Dual-exposed mice (Fig. 3A-C).
Then, we tested the effect of exposures on host DNA repair proteins, more specifically

DNA glycosylases (NEIL1, NEIL2, NTH1, and OGG1). Previous studies have shown

that conventional smoking and E.cig mediate host DNA damage by suppressing DNA
glycosylase expression (Ganapathy et al. 2017; Lee et al. 2018). We found that E.cig, cig,
and Dual exposures reduce expression of all the tested DNA glycosylases (NEIL2, NTH1,
and NEIL1) except OGGL1 (Fig. 3D, E). Also, we quantified DNA strand breaks in Polp and
B-globin genes from polyps using LA-gPCR (Fig. 3F, G). We observed a significantly higher
level of DNA strand-break accumulation in both the Polf and p-globin genes following
exposure to E.cig, cig, and Dual exposures compared to air-exposed controls (Fig. 3F, G).
Collectively, E.cig exposure promoted polyp formation in CPC-APC mice by inducing DNA
breaks, DNA mutations, and downregulating DNA repair proteins/ DNA glycosylases.

E.cig and dual exposures upregulate cancer stem cell markers and proliferation markers in
the colon to initiate the cancer program

Previous studies have shown that cigarette smoke promotes proliferation and epithelial-
mesenchymal transition (EMT), and increases the activity of cancer stem cells (CSCs) in
the lung (Hirata et al. 2022), kidney (Qian et al. 2018), bladder (Sun et al. 2020), skin (Lin
et al. 2021), liver (Xie et al. 2019), and pancreas (Nimmakayala et al. 2018). The CSCs

are a subpopulation of tumor cells that promote cancer initiation, progression, metastasis,
and resistance to chemotherapy and radiation (Liu et al. 2023). There are several markers
for CSCs such as cluster of differentiation 44 (CD44) (Thapa and Wilson 2016), Leucine-
rich repeat-containing G-protein-coupled receptor 5 (LGR5) (Ihemelandu et al. 2019), and
Doublecortin-like kinase 1 (Dclk1) (Chandrakesan et al. 2017). Ki-67 is another marker that
plays a crucial role in the maintenance of colon CSCs, and it is a marker of cell proliferation
(Cidado et al. 2016). We focused on these four markers since previous studies showed that
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these markers were associated with adenoma formation and CRC in the APC mouse model
(Chandrakesan et al. 2017; Abbasi et al. 2020; Wielenga et al. 1999; Yanai et al. 2017). We
queried whether E.cig exposure affects the level of colon CSCs. To this end, we analyzed
the transcript levels of CD44, Lgr-5, DCLK1, and Ki67 in the polyp regions across exposure
groups (Fig. 4A). Cigarette smoke significantly upregulated the four CSC markers (~ 4-
eightfold) compared to air-exposed controls (Fig. 4B-E). Likewise, E.cig induced expression
of CD44, Lgr-5, and Ki67, but not DCLK, in polyp regions (Fig. 4B-E). Dual exposure
caused a significant stimulation in the transcriptome of the CSCs markers (Fig. 4B-E),

and mRNA levels of CD44 and DCL K1 were significantly higher in Dual-exposed mice
compared to E.cig-exposed mice (Fig. 4B, C). To confirm our findings, we assessed Ki67*
cells in polyp regions by measuring protein levels of Ki67 in whole-cell extracts by ELISA
(Fig. 4F). First, we assessed the Ki67 in the non-involved region and polyp region from the
same mouse. As expected, the level of Ki67 was significantly higher in the polyp regions
compared to the non-involved regions as it is a marker of cell proliferation (Fig. 4F). Then,
we compared the Ki67 protein level in all exposure groups of mice in the polyp region. We
found that the level of Ki67 was significantly higher in E-cig, cig, and Dual-exposed mice
compared to air-exposed controls (Fig. 4G).

Discussion

The role of tobacco and cigarette smoke in fueling CRCs has been established through
robust epidemiologic studies with long-term follow-up and substantiated by mechanistic
studies (Wang et al. 2021; Liang et al. 2009; Botteri et al. 2020; Bai et al. 2022). Since
many young teenagers shifted from conventional smoking to E.cig or use both (dual), it

is crucial to study the hazardous effects of E.cig and/or dual exposure on human health,
more specifically on CRC. E.cig vaping mediates intestinal barrier defects by activating the
inflammatory responses and affecting the gut epithelial tight junctions (Sharma et al. 2021).
Although a leaky gut is a risk factor for CRC, there is no report on the direct effect of E.cig
on the development of CRC.

To study the effect of E.cig on CRC development, we used an established CPC-APC murine
model that develops adenomas/polyps in the colon/rectum, around 3 months of age (Hinoi
et al. 2007; Drummond et al. 1996). This model was used by other researchers to assess
the impact of cigarette smoke on CRC progression and study the mechanistic pathways of
cigarette smoke-mediate CRC (Wang et al. 2021). In this study, we assessed the impact of
E.cig vaping on CRC by several microscopic, molecular, and immunological approaches.
Mice exposed to E.cig, cig, or both developed a significantly higher number of polyps
and a higher polyp area compared to the air-exposed mice, suggesting that E.cig and cig
can fuel CRC progression. Interestingly, mice exposed to both E.cig and cig (dual) had

a significantly higher number of polyps compared to mice exposed to E.cig vapor alone,
suggesting that administration of both E.cig and cig is more hazardous than vaping E.cig
alone. Similarly, Hamon and colleagues showed that dual exposure had more damaging
effect on lung epithelial cells and in the functions of phagocyte compared to the single
exposure (Hamon et al. 2024).
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Next, we studied the possible pathways through which E.cig mediates CRC progression.
We focused on inflammatory pathways, host DNA damage and repair pathways, and
stemness markers associated with cancer stem cells. Chronic inflammation in the gut is
fueling CRC, and patients with inflammatory bowel diseases are at increased risk of CRC
development (Nardone et al. 2023). Herein, we found that E.cig, cig, and dual exposure
stimulated the inflammatory signaling pathways in the polyp regions of the colon as shown
by an increase in the infiltration of immune cells, pathology score, and upregulated the
transcript levels of inflammatory cytokines, such as IL-6, MCP-1, TNF-a, and Cxcl-1. The
transcript levels were higher in dual-exposed mice than in E-cig-exposed mice. Likewise,
dual exposure stimulated higher IL-8 than the single exposure using in vitro cell culture
models (Hamon et al. 2024). These data suggest that E.cig could mediate CRC via activation
of the inflammatory pathways.

Given the known effect of conventional cigarette in inducing DNA damage, we also
assessed the impact of E.cig on host DNA damage and host DNA repair proteins, more
specifically base excision repair pathways and DNA glycosylases. We focused on DNA
glycosylases, especially NEIL-1 and NEIL-2 enzymes, since our previous studies showed
that gut pathogens can stimulate DNA damage and promote gastrointestinal cancers by
suppression of NEIL-2 at both transcriptional and translational levels (Sayed et al. 2020a,
2020b). Our data showed that E.cig, cig, and dual exposures induce DNA breaks, and cause
specific DNA double-strand breaks. Besides E.cig, cig, and dual exposures suppress DNA
repair enzymes such as NEIL-2, NEIL-1, and NTH1, but not OGG1. The previous effects
result in the accumulation of mutations and excessive DNA damage leading to genome
instability and cancer. Similar to the inflammatory pathway, the effect of dual exposures

on DNA damage was higher than E.cig exposure. A previous study by Lee and colleagues
showed that aldehydes present in smoking and/or E.cig reduced the expression of nucleotide
excision repair (NER) and base excision repair (BER) enzymes, more specifically proteins
XPC (associated with NER) and 8-oxo guanine DNA glycosylase (OGG1/2, associated with
BER) that are playing significant roles in assessing DNA damage mediated by O6-methyl-
deoxuguanosine and initiating DNA repair (Lee et al. 2018). The reduced expression or
mutations of NEIL enzymes and OGGL1 are associated with an increased risk of cancers
(Krokan and Bjgras 2013; Shinmura et al. 2016; Zhai et al. 2008; Ali et al. 2015). In the
study, E.cig vaping did not affect the level of OGG1 in the mice gut. The discrepancy
between our data and the previous study could be due to the organ analyzed, and further
studies need to confirm this point. Regarding NEIL1, we did not observe a significant
difference among the three groups, E.cig, cig, and dual exposure. The findings indicate that
there was no synergistic effect of dual exposure on the level of host NEIL1. Regarding
NTH21, we found that cigarette smoking reduced the level of NTH1 in the colon, which is
consistent with the earlier reported study in lungs (Deslee et al. 2010). However, the effect
of E.cig and dual exposure on NTH1 has not been studied earlier in detail. We observed
that the synergistic effect of dual exposure does not have significant impact on NTH1 level,
and the cig exposure alone can reduce NTH1 more than dual exposure or E.cig alone.

This may be attributed to some compensatory mechanisms. Increased NTH1 level can be a
marker of CRC or to reduce the DNA damages associated with cancer (Limpose et al. 2018).
Collectively, the observed lower level of NTH1 in cig-exposed compared to dual-exposed
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mice could be due to the following: (a) compensatory host mechanisms as the damage of
DNA/tumorigenesis was higher in dual-exposed group compared to cig-exposed group..; (b)
a hallmark of increased tumorigenesis in dual exposed compared to cig-exposed group..; (c)
the components of dual exposure did not have a synergistic effect on NTHZ1. Further studies
need to assess these points. Collectively, these findings indicate that E.cig can promote
CRC through suppression of host BER pathways and inducing double-strand DNA breaks
resulting in the accumulation of mutations and genomic instability.

We also investigated if E.cig vapor affects CSCs in the colon of exposed mice. CSCs

play several roles in metastasis, angiogenesis, and EMT (Liu et al. 2023). We focused

on specific markers of CSCs such as CD44, Lgr-5, and DCLk1. CD44 is a surface
glycoprotein, in which its expression is controlled by p-catenin/Tcf-4 signaling pathway.
The over-expression of CD44 is associated with the loss of the APC gene and it is an

early marker in adenoma-CRC progression (Wielenga et al. 1999). Deletion of CD44 from
APCMI* mice reduces intestinal tumorigenesis (Zeilstra et al. 2008). Leucine-rich-repeat-
containing G-protein-coupled receptor 5 (Lgr5) is another biomarker of CSCs, and it is a
receptor for WNT ligands such as R-spondin. LGR-5 positive cells act as CSCs and promote
cancer propagation through clonal expansion (Yanai et al. 2017). The loss of the APC

gene can stimulate CSCs and induce transformation in the LGR-5 positive cells to promote
adenoma-to-carcinoma progression (Fu et al. 2019). Doublecortin-like kinase 1 (DCLK1) is
a potential label for CRC CSCs. It is overexpressed in CSCs and maintains the self-renewal
and NOTCHJ1 survival signaling of CSCs resulting in increasing the tumor colony in
APCMI* mice (Chandrakesan et al. 2017). Ki67 controls the transcriptome changes and
steps of tumorigenesis. APC mice lacking Ki67 do not develop tumors (Mrouj et al. 2021).
We found that E.cig, cig, and dual exposures increase the gene expression of CD44, Ki67,
and Lgr-5transcripts. Not only the transcript level, but they also significantly increased Ki67
protein levels compared to air-exposed mice. For Dc/kl, cig and dual exposures upregulate
the transcript level, but E.cig was not. It is not clear why E.cig alone could not upregulate
the Dclk1 level. Future studies need to verify this point. Collectively, our data showed that
E.cig and other vaping exposures activate the markers of CSCs in the tumor regions to
mediate tumor proliferation and expansion.

This study has some advantages and limitations. It is the first study that showed E.cig
exposure could affect CRC progression and it shows possible pathways responsible for
this progression such as activation of inflammatory signaling, inducing DNA damage and
suppression of DNA repair proteins, and activation of cancer stem cells. The limitation

of the study is the number of CPC-APC mice used in cig and dual exposure is not large
enough. Future studies are required including a) a bigger cohort of the mice with different
time points, b) other models of CRC mice, and c) other brands of cig and e-cig. However,
our results consistently revealed that dual exposure poses a higher risk compared to single
E-cig exposure. Here, we showed a selected number of pathways associated with CRC
following exposure. Future studies are ongoing to understand the global pathways that link
E.cig exposures with CRC development.

In conclusion, we reported here that E.cig could promote CRC in CPC-APC mice by
stimulating inflammatory pathways, activation of DNA damage, and promoting the activity
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of cancer stem cells. It is crucial to alert the public about the possible hazardous effects of
E.cig alone or in combination with the conventional smoking.
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Fig. 1.
E.cig and Dual exposures increase polyp formation in CRC-APC mice. CPC-APC mice

(murine CRC model) were exposed to Air, E.cig, Cig, and E.cig + Cig (Dual exposure).
Colonic tissue was collected after 4 weeks of exposure. A Experimental design infographic.
B Representative mouse colon pictures from each exposure. C The number of polyps per
mouse (/7= 6-12 per group). D The sum of polyp diameter (mm) was calculated per

mouse (/7= 6-12 per group). Each dot represents one mouse. Data shown are means +
SEM. *Pvalue < 0.05, **Pvalue < 0.01, and ***Pvalue < 0.001, as determined by the
Mann-Whitney test. *indicates comparison to air-exposed controls; #indicates comparison
to E.cig-exposed mice
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Fig. 2.

E.iig and Dual exposures increase inflammatory responses in the colon. A Representative
images of colons of CPC-APC mice from the four different conditions, stained with

H&E. B Colon histology score was determined based on quantity of inflammatory cells in
different regions (lamina propria, mucosa, and submucosa) and the morphology of mucosal
architecture. C—-F mRNA levels of inflammatory cytokines in colonic polyps, including
TNF-a (C), CXCL-1 (D), MCP-1 (E), and IL-6 (F). Data presented as means + SEM.
*Pvalue < 0.05, **Pvalue < 0.01, and ***Pvalue < 0.001, as determined by the Mann—
Whitney test. *indicates comparison to air-exposed controls; #indicates comparison to E.cig-
exposed mice, < 0.05
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E.cig and Dual exposures induce double-strand (ds) DNA breaks and suppress host DNA
repair glycosylases. A Colonic polyps were stained for yH2AX for dsDNA breaks (green)
and DAPI for nuclei staining (blue) and assessed with immunofluorescence (IF). Images
were taken using 40X magnification, and the scale bar is 50 um. B Immunoblot to yH2AX
levels in the extract of polyps. Total H2AX was used for normalization. Three independent
experiments (7= 3) were performed, and one representative figure is shown. C The band
density of yH2AX normalized to total H2AX was calculated for each sample (analyzed
with one-way ANOVA). D Immunoblot of NEIL2, NEIL-1, NTH1, and OGG1 levels in
the extract of polyps. HDAC2 (histone deacetylase 2) was used as loading control. Three
independent experiments (7= 3) were performed, and one representative figure is shown. E
The band density of DNA glycosylases (NEIL-1, NEIL-2, NTH1, and OGG1) normalized
to HDAC?2 was calculated in each sample (analyzed with two-way ANOVA). F The polyps
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of exposed mice were harvested for genomic DNA isolation. Long amplicon quantitative
PCR (LA-qPCR) was performed to evaluate the level of DNA strand-break accumulation.
Representative gels show the amplification of each long fragment (~ 7-8 kB; upper panel)
normalized to that of a short fragment (~ 250 bp; lower panel) of the corresponding (Pol

B and B-Globin) genes. G The relative band density in (F) was calculated, and compared
with air-exposed controls. Data presented as means £ SEM. *Pvalue < 0.05, **Pvalue
<0.01, and ***Pvalue < 0.001. *indicates comparison to air-exposed controls; #indicates
comparison to E.cig-exposed mice, A< 0.05; $ indicates comparison to cig-exposed mice, P
<0.05
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E.cig and Dual exposure upregulates stemness and proliferation markers in the colon. A The
experimental design showing analysis of the mRNA levels of cancer stem cell markers and
EMT from the polyp of each exposed group. B-E The total RNA extracted from the polyp
of each exposed group was assessed for CD-44 (B), DCLK-1 (C), ki67 (D), and Lgr-5 (E)
by RT-gPCR. F The level of Ki67 in the whole polyp extract was measured by ELISA (n=5
per each group). Each dot represents one mouse. Data presented as means + SEM. *Pvalue
< 0.05, **Pvalue < 0.01, and ***Pvalue < 0.001, as determined by the Mann-Whitney

test. *indicates comparison to air-exposed controls; #indicates comparison to E.cig-exposed
mice, £<0.05
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Primer sequences for RT-qPCR

Table 1

Primers Forward primer (3'-5") Reverse primer (3'-5")

18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Mouse GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
Mouse TNF-a CCACCACGCTCTTCTGTCTA AGGGTCTGGGCCATAGAACT
Mouse CXCI-1  CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Mouse MCP-1 AAGTGCAGAGAGCCAGACG TCAGTGAGAGTTGGCTGGTG
Mouse IL-6 CCCCAATTTCCAATGCTCTCC CGCACTAGGTTTGCCGAGTA
Mouse CD44 CCTTGGCCACCACTCCTAATA CTTGGATGGTTGTTGTGGGC
Mouse Lgr-5 CCTACTCGAAGACTTACCCAGT GCATTGGGGTGAATGATAGCA
Mouse DCLK1  CCTAAGACAGAACCCGCACC GCTAGGGAAGGCTAAGGCTG
Mouse ki67 AGAGCTAACTTGCGCTGACT TCAATACTCCTTCCAAACAGGCA
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