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Abstract

Smoking is known to influence messenger RNA (MRNA) expression in colorectal cancer (CRC)
cases. As microRNAs (miRNAs) are known repressors of mRNAs, we hypothesize that smoking
may influence miRNA expression, thus altering mRNA expression. Our sample consisted of 1447
CRC cases that had normal colorectal mucosa and carcinoma miRNA data and lifestyle data. We
examined current smoking, current versus never and former versus never (C/F/N) smoking?, and
pack-years smoked with miRNA expression in normal mucosa as well as differential miRNA
expression between paired normal and carcinoma tissue for colon and rectal tissue to determine
associations between smoking and miRNA expression. We adjusted for multiple comparisons
using the Benjamini Hochberg false discovery rate (FDR).

Significant associations were seen for rectal differential miRNA expression only. We analyzed
miRNAs significantly associated with smoking with CIMP and MSI status, using a polytomous
logistic regression. Two hundred and thirty-one miRNAs were differentially expressed with
current smoking, 172 with C/F/N, and 206 with pack-years smoked; 111 were associated with all
three. Forty-three miRNAs were unique to current smoking, 14 were unique to C/F/N and 57 were

C/FIN smoking: Differential miRNA expression in subjects who were current smokers at time of diagnosis compared to subjects who
never smoked, and differential miRNA expression in former smokers compared to those who had never smoked.
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unique to pack years smoked. Of the 306 unique miRNAS associated with cigarette smoking, 41
were inversely associated and 200 were directly associated with CIMP high or MSI tumor
molecular phenotype for either colon or rectal cancer. Our results suggest that cigarette smoking
can alter miRNA expression and, given associations with CIMP high and MSI tumor molecular
phenotype, it is possible that smoking influences tumor phenotype through altered miRNA
expression.
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1. Introduction

Long-term and current cigarette smoking has been shown to increase risk of developing and
dying from many cancers, including CRC (1-3). We have previously shown that certain
MRNAs are differentially expressed in current smokers as compared to people who have
never smoked (4). MiRNAs are small (~22 nucleotides), endogenously expressed, non-
coding RNA molecules that bind to the 3’ untranslated region of the mRNASs to alter mMRNA
translation into protein (5). Typically, miRNAs cause mRNA degradation or block
translation (6), however there is some evidence that in certain environments miRNAs may
facilitate mMRNA translation (7). MiRNAs have been shown to be differentially expressed in
carcinoma tissue as compared to normal tissue (8-10), and, as miRNAs regulate many
different target genes (6, 11), they have been implicated as key effector molecules in the
carcinogenesis process (12). MiRNAs influence the translation of mMRNAs, which we have
seen are impacted by current cigarette use; it is possible, then, that smoking alters miRNA
expression and contributes to the previously observed altered mRNA levels.

In this study we evaluate whether current smoking and pack-years of cigarettes smoked
influence miRNA expression in CRC in both normal colon and rectal mucosa and
differential (paired carcinoma tissue compared to normal colon and rectal mucosa)
expression. We hypothesize that smoking will influence miRNA levels, with greater or
temporal exposure having a larger influence on differential expression.

2. Materials and methods

2.1 Study population

Data come from participants in the population-based Diet, Activity, and Lifestyle study that
were recruited from Utah or the Kaiser Permanente Medical Care Program of Northern
California (KPMCP). Colon cancer cases were identified as having a primary
adenocarcinoma diagnosed between 1 October 1991 and 30 September 1994, while rectal
cancer cases were diagnosed between May 1997 and May 2001. Eligible cases were
between 30 and 79 years of age at diagnosis, currently living in the study area, spoke
English and were able to complete an interview, and had no prior history of CRC, Crohn’s
disease, ulcerative colitis, or known familial adenomatous polyposis. This study was
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approved by the Institutional Review Board at the University of Utah; all participants signed
an informed consent form.

2.2 Smoking Data

Data were collected by trained and certified interviewers using laptop computers. All
interviews were audio-taped as previously described and reviewed for quality control
purposes (13). The referent period for the study was two years prior to diagnosis for cases.
As part of the study questionnaire, information was collected on cigarette smoking history.
Anyone who reported having smoked at least 100 cigarettes in their lifetime was considered
to have been a cigarette smoker. Regular smokers were then defined as anyone having
smoked at least one cigarette a day for six months or longer. Data also were collected for
start and stop dates for smoking in order to calculate pack-years smoked. We collected data
on number of cigarettes smoked per day, and used amount smoked along with years smoked
to calculate the pack-years. The pack-years variable was defined as the number of years a
subject smoked a pack or 20 cigarettes a day. For rectal cancer subjects we also analyzed
miRNA expression with exposure to smoke of others in and outside of the house in non-
smokers only.

2.3 MiRNA Processing

RNA was extracted from formalin-fixed paraffin embedded tissues and processed as
previously described (14). 100 ng total RNA was labeled with Cy3 and hybridized to Agilent
Human miRNA Microarrays V19.0 and were scanned on an Agilent SureScan microarray
scanner model G2600D using Agilent Feature Extract software v.11.5.1.1. Data were
required to pass stringent QC parameters established by Agilent that included tests for
excessive background fluorescence, excessive variation among probe sequence replicates on
the array, and measures of the total gene signal on the array to assess low signal. Samples
that failed to meet QC standards were repeated, and if a sample failed QC assessment a
second time the sample was deemed to be of poor quality and was excluded from down-
stream analysis. The Agilent platform was found to be highly reliable (r=0.98), and to have
reasonable agreement with NanoString (15) as well as excellent agreement with gRT-PCR
(8). For unpaired samples due to missing normal scans, we imputed values whenever
possible for normal mucosa as previously described (16). In order to minimize differences
that could be attributed to the array, amount of RNA, location on array, or other factors that
could erroneously influence expression, total gene signal was normalized by multiplying
each sample by a scaling factor which was the median of the 75™ percentiles of all the
samples divided by the 751 percentile of each individual sample (17). This scaling factor
was implemented using SAS 9.4.

2.4 Statistical Analysis

Our sample consisted of 1447 carcinoma tissue and paired normal colorectal mucosa from
subjects for whom smoking data were available. In this analysis, we included only the
miRNAs in which at least 20% of the samples had some level of detectable expression in the
tissue(s) of interest. We stratified the data by tumor site, i.e. colon vs. rectal cancer. The
number of miRNASs analyzed varied from 766 to 817 depending on tissue and tumor site. We
examined four smoking variables (ever smoked, smoking status (current/former/never),
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average number of cigarettes smoked per day, and pack-years smoked for rectal cancer only,
since years starting and stopped was not collected for colon cancer cases) to determine if
there was an association between smoking cigarettes and miRNA expression. We examined
associations in both normal colon and rectal mucosa and the difference in expression
between paired carcinoma tissue and normal colon and rectal mucosa. This was done by
fitting a linear model to the log base 2 transformed miRNA expression levels and adjusting
for age at diagnosis, study center and sex. P-values were generated using the bootstrap
method by creating a distribution of 10,000 F statistics derived by resampling the residuals
from the null hypothesis model of no association between the lifestyle variables and the
miRNAs (18) using the boot package in R. Associations were considered significant if the
Benjamini Hochberg (FDR) adjusted p-values were less than 0.05 (19). We standardized the
slopes by transforming the miRNAs and continuous smoking variables to standard normal in
order to better compare the results across the miRNA and cigarette smoking variables.

We analyzed any miRNAs that were significantly differentially expressed between
carcinoma and normal mucosa for any smoking variable with CIMP and MSI tumor
molecular phenotype in rectal and colon cancer subjects. Using a polytomous logistic
regression we assessed associations for CIMP High/MSS, CIMP Low/MSI, and CIMP
High/MSiI relative to CIMP Low/MSS. For this analysis we report odds ratios and 95 percent
confidence intervals.

3. Results

The study population consisted of 892 colon cancer cases and 555 rectal cancer cases;
approximately 54% of cases were male and 46% were female for colon cases, and 57% of
cases were male and 43% were female for rectal cases (Table 1). Approximately 11% of
rectal cases and 14% of colon cases had a family history of CRC. About 55% of rectal cases
and 58% of colon cases had ever smoked, with approximately 16% of rectal cases and 14%
of colon cases smoking at the time of diagnosis. The average age at diagnosis was
approximately 65 years old for colon subjects and 62 years old for rectal subjects. The
average years smoked was 17.5 for colon cases and 14.8 for rectal cases; the average pack-
years smoked for rectal cases was 16.1 pack-years.

We saw significant findings for differential miRNA expression, between carcinoma and
normal colonic mucosa tissue, for rectal cancer only. We saw no significant findings for
exposure to smoke of others in non-smoking rectal cancer cases. After adjustment for
multiple comparisons, 231 miRNAs had significantly different differential expression
(carcinoma tissue compared to normal colon and rectal mucosa) in current smokers as
compared to cases that never smoked or were a former smoker. Thirty-six of these miRNAs
were downregulated with current smoking and 195 were upregulated. One hundred and
seventy-two miRNAs were associated significantly with C/F/N smoking; four of these
miRNAs changed direction from never to former and from never to current, while 168 had
differential expression increase or decrease in the same direction progressively from never to
former to current. Of the 168 that had progressive changes in expression, 138 were
upregulated and 30 were downregulated in current versus former or never smokers. Two
hundred and six miRNAs were associated with pack-years smoked; of these, 37 were
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downregulated and 169 were upregulated with more pack-years smoked. Forty-three
miRNASs were unique to current smokers (Table 2), 14 were unique to C/F/N smoking (Table
3), and 57 were unique to pack-years smoked (Table 4).

One hundred and eleven miRNAs were associated with all three smoking variables (Table
5). Of these, 110 the same direction of association for every variable; one miRNA, hsa-
miR-432-5p, had a positive change from never to former but negative changes in current
smoking, never to current smoking, and pack-years smoked. Of the 110 with the same
direction of association, 11 were downregulated with current smoking, never to former as
well as never to current smoking, and with pack-years smoked; 99 miRNAs were
upregulated with these variables.

Associations between the miRNAs associated with cigarette smoking the tumor molecular
phenotype are summarized in Table 6 (Supplemental Table 1 has complete data for rectal
cancer and Supplemental Table 2 has complete data for colon cancer). Differential
expression of 39 miRNAs was directly associated, and of five miRNAs was inversely
associated, with CIMP Low/MSI tumors in both colon and rectal cancer subjects (Table 6),
however the magnitude of the associations, although less precise for rectal cancer, were
much stronger. Nine miRNAs in rectal subjects and 11 in colon had differential expression
that was inversely associated with CIMP Low/MSI, while 28 miRNAs in rectal and 79 in
colon cancer subjects were differentially expressed in a direct relationship to CIMP Low/
MSI. Few miRNAs associated with smoking were significantly associated with a CIMP
High/MSS tumor. The strongest associations with the most miRNAs associated with
cigarette smoking were observed when the tumor phenotype was CIMP High/MSI. Current
smoking versus never smoked was significantly associated with CIMP High/MSI, OR =
2.42,95% CI 1.16 — 5.03. Twelve miRNAs were differentially expressed in an inverse
manner with CIMP High/MSI in both colon and rectal cancer cases, and 135 were
differentially expressed in a direct manner for both tumor sites. Additionally, five miRNAs
were inversely associated with CIMP High/MSI rectal tumors and of 54 miRNAs were
directly associated with CIMP High/MSI rectal tumors

4. Discussion

In this study, we investigated whether cigarette smoking influences miRNA expression in
CRC subjects. Two hundred and thirty-one miRNAs were associated with current smoking,
172 with C/F/N smoking, and 206 with pack-years smoked. One hundred and ninety-two
miRNAs were associated with two or more smoking criteria, while 111 were associated with
all three variables and 114 were unique to only one. Together, these results suggest that a
lifestyle factor, such as cigarette smoking, is indeed able to alter endogenous levels of
miRNAs in rectal cancer subjects. Additionally, while some miRNAs are altered with
smoking in general, different amounts and type of exposure also results in different
dysregulated miRNAs.

Previously, we identified miRNAs whose differential expression between carcinoma tissue
and normal colorectal mucosa were associated significantly with survival after being
diagnosed with rectal cancer (20). In that study, hazard ratios and 95% confidence intervals
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were adjusted for age, sex, AJCC stage, and MSI tumor status. Of the 43 miRNAs associated
with only current smoking, differential expression of 11 miRNAs had previously been
identified with altered survival after diagnosis with rectal cancer. One of these miRNAs
(hsa-miR-196b-5p) had improved survival in rectal cases when this miRNA was upregulated
in rectal carcinoma tissue relative to normal mucosa, and this miRNA had decreased
differential (carcinoma minus normal mucosa) expression in current smokers. Ten miRNAs
(hsa-miR-1914-3p, hsa-miR-4327, hsa-miR-4470, hsa-miR-4665-3p, hsa-miR-4673, hsa-
miR-548q, hsa-miR-550b-2-5p, hsa-miR-6074, hsa-miR-6165, and hsa-miR-939-5p) were
upregulated in tumors of rectal cases of current smokers and the differential expression of
these miRNAs was previously shown to be associated with worse survival when expression
in carcinoma tissue increased. Five of the 14 miRNASs associated significantly with only
C/F/N smoking were previously identified as being differentially expressed between
carcinoma and normal mucosa and this change in expression was also shown to alter
survival of rectal cancer cases. Three of these miRNAs (hsa-miR-17-5p, hsa-miR-29a-3p,
and hsa-miR-425-5p) improved survival, and were downregulated in tumors of current and
former smokers compared to those who never smoked. Two of the miRNAs (hsa-
miR-3150b-5p and hsa-miR-6084) increased risk of death from colorectal cancer in cases
diagnosed with rectal cancer when expression increased in carcinoma tissue; both miRNAs
had higher expression in carcinoma tissue in both former and current smokers compared to
carcinoma tissue of cases who never smoked. Twelve of the fifty-seven of the miRNAs
associated with only pack-years smoked were associated with differential expression
between carcinoma and normal mucosa and with colorectal cancer survival in cases
diagnosed with rectal cancer. Four of these miRNAs (hsa-miR-196a-5p, hsa-miR-429, hsa-
miR-508-5p, and hsa-miR-93-5p) reduced the risk of death from colorectal cancer after
being diagnosed with rectal cancer when expression increased in carcinoma tissue, and all
but one of these (hsa-miR-508-5p) was downregulated in tumors in cases who smoked more
pack-years. Eight of the miRNAs (hsa-miR-139-3p, hsa-miR-3667-5p, hsa-miR-425-3p,
hsa-miR-4298, hsa-miR-4429, hsa-miR-4481, hsa-miR-4685-5p, and hsa-miR-4783-3p)
increased risk of colorectal cancer death among rectal cancer cases with expression increases
in carcinoma tissue, and these miRNAs had higher expression in carcinoma tissue with
subjects who smoked more pack-years. Of the 111 miRNAs associated with all three
smoking variables, 69 were previously identified as being associated with rectal survival.
Four miRNAs (hsa-miR-106b-5p, hsa-miR-19b-3p, hsa-miR-20b-5p, and hsa-miR-432-5p)
were seen to improve survival and these were generally downregulated in all smoking
variables. Of the 69 previously associated with CRC survival in cases diagnosed with rectal
cancer, 65 were seen to worsen survival and these were upregulated with every smoking
variable. These data suggest that smoking alters miRNA levels in a manner conducive to
poorer outcomes.

Current smoking was associated with the largest number of dysregulated miRNAs, with 231
miRNAs whose differential expression was significantly associated with current versus not
current smoking; pack-years smoked was associated significantly with 206 miRNAs, and
had the highest number of unique miRNAs that were differentially expressed (N=57). These
data show that, not only are many miRNAs generally dysregulated with any smoking, there
are specific miRNAs that represent current as well as amount and duration (embodied by
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pack-years smoked) of smoking. Additionally, differential expression of these unique
miRNAs has been shown to be associated significantly with altered survival in rectal cancer
subjects. These data support the hypothesis that current smoking does indeed influence a
larger number of miRNAs, however it also supports the notion that cigarette smoking in a
large amount, regardless of contemporariness to diagnosis, is able to influence miRNA
expression in a unique manner and possibly alter survival of rectal cancer in a negative
manner.

Previously, we identified mMRNAs that were differentially expressed in colon tissue of current
smokers versus people who never smoked (4). In order to see if miRNAs associated with
smoking could be influencing mMRNA expression, we found the target genes for the five
miRNAs that were unique to C/F/N smoking whose differential expression was previously
seen to be associated with rectal cancer survival, as these miRNAs are more likely to be
influencing mMRNA expression. Three mMRNAs from this list were previously shown to be
dysregulated in current smokers: FGA (fold change = 28.01), RBMZ20 (fold change = 2.99),
and Y'YZ2(fold change = 3.34) were all upregulated in current smokers (4). Hsa-miR-17-5p
is known to regulate KBMZ20and hsa-miR-29a-3p is known to regulate FGA and Y'YZ, both
of these miRNAs have decreasing expression in carcinoma tissue and increasing expression
in normal colonic mucosa in current smokers compared to people who never smoked

(Betac ys. N = —0.3429 for hsa-miR-17-5p; Betac s, Ny = —0.3469 for hsa-miR-29a-3p). This
could explain the increased expression of these target genes. Our past study on mRNA used
differential expression in colon tissue. However, the miRNAs that are differentially
expressed in regards to smoking are differentially expressed in rectal tissue. This may
account for incomplete overlapping between target genes of miRNA and our previous report
of smoking and mRNA expression. It is likely that multiple miRNAs regulate these target
genes, and while the observed miRNA-mRNA expression direction is in concordance with
the hypothesis that the altered miRNA expression contributes to the mRNA differential
expression, it is not the only possible interaction.

We analyzed all miRNAs significantly differentially expressed across any of the smoking
variables for associations with CIMP and MSI tumor phenotype in both colon and rectal
tissues. We have previously shown that cigarette smoking is more likely to be associated
with MSI and CIMP High tumors in colon cancer cases (21-23). Overall, of the 306
miRNAs associated with cigarette smoking, 41 were inversely associated with either CIMP
High or MSI tumor phenotype and 200 were directly associated with CIMP High or MSI
tumor molecular phenotype for either colon or rectal cancer, with directionality consistent
across tissue types. Associations with these miRNAs were generally stronger for rectal
tumors, however given the few MSI rectal cases, the estimates were much less precise than
those observed for colon cancer. These results suggest that smoking may alter miRNAsS,
whose differential expression may influence CIMP and MSI tumor phenotype.

Ten miRNAs were differentially expressed in rectal tissue across current smokers versus
those who had never smoked as well as with CIMP High/MSI tumor phenotype. Five of
these, hsa-miR-29a-3p, hsa-miR-29b-3p, hsa-miR-30b-5p, hsa-miR-3150b-5p, and hsa-
miR-425-5p, were associated with both current versus never smoking as well as CIMP
High/MSI phenotype for both rectal and colon differential tissue, while hsa-miR-17-5p, hsa-
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miR-200a-3p, hsa-miR-4485 were associated only in colon tissue, and hsa-miR-141-3p and
hsa-miR-6084 were associated only in rectal tissue. Seven of ten miRNAs, hsa-miR-29a-3p,
hsa-miR-29b-3p, hsa-miR-30b-5p, hsa-miR-425-5p, hsa-miR-17-5p, hsa-miR-200a-3p, and
hsa-miR-141-3p had decreased differential expression in current smokers as compared to
never smokers, and this differential expression was indirectly associated with CIMP
High/MSI status. Two miRNAs, hsa-miR-3150b-5p and hsa-miR-6084, had increased
differential expression in current smokers compared to never smokers, and this increase in
expression was directly associated with CIMP High/MSI. One miRNA, hsa-miR-4485, had
increased differential expressed in current smokers with colon cancer, and this was indirectly
associated with CIMP High/MSI. Current smoking compared to never smoked showed a
significant association with CIMP High/MSI tumor phenotype in colon cancer cases, OR =
2.42,95% CI 1.16 — 5.03. As nine of the 10 miRNAs associated with both current versus
never smoking and CIMP High/MSI tumor phenotype had agreement in the direction of
their associations, i.e. increased differential expression with current versus never smoking as
well as a direct relationship with CIMP High/MSI or decreased differential expression and
an inverse relationship, our data suggests that current versus never smoking alters miRNA
expression, and this alteration influences the development of a CIMP High/MSI tumor.

The study has several strengths including our large sample size. This enabled us to look at
colon and rectal samples separately. Since we only found miRNAs significantly
differentially expressed with smoking among rectal cancer cases, we may not have found
significant results if we had combined colon and rectal cancers or examined only colon
cancer cases. We also consider our platform as an asset in this study. As previously stated,
our platform has very high reliability and good concordance with other methods (8, 15). The
large microarray platform enables a discovery approach, which is needed since previous
studies have not examined miRNA expression and cigarette smoking in colorectal tissue.
Another strength is the range of data available for these analyses. These data enabled us to
investigate a variety of smoking variables, which was essential to this study, as we have
shown that smoking temporality, duration, and amount have different influences on miRNA
expression. Additionally, we have been able to examine not only how smoking is associated
with miRNA expression but also how miRNAs associated with cigarette smoking are also
associated with tumor molecular phenotypes that have been associated with cigarette
smoking.

A limitation in this study is that, given the large numbers of miRNAs, and the overlap in
genes targeted by the different miRNAs, it is very difficult to discern distinct biological
pathways altered by specific miRNAs associated with smoking. This limitation is not unique
to our study, but a limitation of the field in general. Since each miRNA can regulate
thousands of genes, it is unknown which of the many pathways and genes targeted are most
important for colorectal cancer. Additionally, most miRNA-functionality tools available are
not tissue specific, and this is likely a detriment to performing functional analysis based on
miRNAs only identified as being associated with cigarette smoking in rectal tissue.
However, while we cannot identify the exact functionality these miRNAs have, we are able
to see that these miRNASs have been associated with CRC prognosis, and this supports the
assertion that smoking can have a functional impact in rectal cancer, possibly through
regulation of miRNA expression. Our rectal cancer sample size was not large enough to have
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sufficient power to detect significant associations between smoking and CIMP/MSI tumor
phenotype given the rare nature of MSI rectal tumors. We encourage others to replicate this
analysis with larger samples.

5. Conclusions

Overall, our findings suggest that smoking is able to alter miRNA expression in rectal
carcinoma tissue, and they lend support to the hypothesis that this alteration is responsible
for worsening survival for rectal cancer cases and may influence CIMP and MSI tumor
phenotype.
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Highlights

As both smoking and miRNA expression have been associated with
cancer risk, we propose that current smoking and pack-years smoked
alter microRNA expression in colorectal cancer.

We found that differential expression of numerous unique miRNAs are
associated with current smoking or pack-years smoked, and various
others were associated with all smoking variables, in rectal cancer
cases.

We found that cigarette smoking was associated significantly with
CIMP High/MSI tumor phenotype, and that this phenotype was
associated with the differential expression of many miRNAs in both
colon and rectal cancer cases.

Our findings support the hypothesis that smoking, as a lifestyle
variable, is able to alter microRNA expression in rectal cancer and that
this may in turn contribute to tumor molecular phenotype.
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