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Abstract

Folate is hypothesized to accelerate cell proliferation in colorectal cancer (CRC) by supporting 

DNA synthesis, while alcohol is also linked to gastrointestinal epithelial proliferation, despite 

biological antagonism of folate. We report associations between folate and alcohol consumption 

with the proliferation marker Ki67 in CRC tumors from the Southern Community Cohort 

Study. Tumor samples were obtained from formalin-fixed paraffin-embedded tissue blocks. The 

percentage of cells expressing Ki67 was measured immunohistochemically. Exposures were 

assessed via questionnaire pre-diagnosis. Associations were assessed via linear regression. In 248 

cases (40–78 years), neither dietary folate, folic acid supplements, nor total folate intake were 

associated with Ki67. Folic acid supplement use was associated with Ki67 in distal/rectal tumors 

(β [95% confidence interval]: 7.5 [1.2–13.8], p=.02) but not proximal tumors (−1.4 [−7.1–4.3], 

p=.62). A positive trend for total folate was observed for distal/rectal tumors (1.6 [0.0–3.3] per 

200 μcg, p-trend=.05). Heavy drinking (women: ≥1 drink/day, men: ≥2 drinks/day) was associated 

with higher Ki67 (6.4 [1.0–11.9], versus non-drinkers, p=.02), especially for distal/rectal tumors 

(10.4 [1.6–19.1], p=.02). Negative interaction between alcohol, total folate was observed for distal/

rectal tumors (p-interaction=.06). Modest associations between folate, alcohol consumption and 

distal/rectal tumor Ki67 expression suggest accelerated proliferation, consistent with folate’s role 

in DNA synthesis.
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Introduction

A majority of epidemiological studies report an inverse association between dietary folate 

(vitamin B9) and risk for incident colorectal cancer (CRC) (1–3), the third most common 

cancer in the United States for men and women (4). These findings are supported by 

evidence of a protective biological mechanism, as folate’s role in one-carbon metabolism 

is required for normal DNA methylation and synthesis of purines and thymidine required 

for DNA synthesis in mitotic cells (5). Inadequate intracellular folate may cause uracil 

misincorporation in DNA (6–8), leading to strand breaks and chromosomal instability (7,9). 

The evidence for a causal, protective association between folate and CRC is bolstered by 

genetic studies showing that a common variant in a folate metabolism gene is associated 

with lower risk for CRC (10).

However, there is concern that high folate consumption, including dietary fortification 

and supplementation with folic acid, which has higher bioavailability than folate (11) 

but is enzymatically converted to folate upon absorption (5), may accelerate growth of 

colorectal neoplasms via synthesis of nucleotides required for proliferation (12,13). This 

hypothesis is supported by data from studies in CRC mouse models (13–15), clinical trials 

showing increased risk for adenoma recurrence (16) or colorectal cancer (17) with folic 

acid supplements, and the success of anti-folate chemotherapies, including methotrexate and 

5-fluorouracil. These chemotherapies work by inhibiting folate metabolic enzymes required 

to synthesize thymidine and purines for DNA (18,19). However, there has been limited 

investigation into identifying the role of folate consumption in CRC tumor proliferation in 

humans.

Similar to high folate consumption, results from cross-sectional studies and animal models 

suggest that heavy alcohol consumption is associated with greater proliferation of the rectal 

mucosa (20–22). Intriguingly, these studies indicate that alcohol may accelerate proliferation 

of the mucosa despite well-known biological antagonism of folate (23,24). Alcohol triggers 

folate catabolism in the large intestine (25) and reduces the expression of folate-transport 

proteins in multiple tissues (24). Currently, data are lacking from studies of alcohol intake 

and human CRC, and it is not known whether regular alcohol consumption is associated 

with accelerated cell proliferation in CRC tumors, or whether drinking alcohol modifies the 

proliferative effect of folate.

Better understanding the influence of folate and alcohol consumption on CRC tumor 

proliferation is important given mandatory folic acid fortification in the United States and 

across the world (26,27), high rates of folic acid supplementation (28), and alcohol use 

(29). One way to address this gap is to investigate associations between folate, alcohol 

consumption and the expression of Ki67 in CRC tumor samples, as Ki67 is an objective 

marker of tumor proliferation and consistently associated with mortality in epidemiological 

studies (see recent meta-analysis by Luo et al. (30)). In the present study, we report 
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associations between folate/folic acid consumption from diet and supplements and Ki67 

expression in CRC tumor samples, as well as associations and the combined impact of folate 

and alcohol intake alcohol. These results may shed light on the role of modifiable lifestyle 

factors underlying the molecular attributes of CRC.

Materials and methods

Study participants

Participants were recruited from the Southern Community Cohort Study (SCCS), a 

prospective study from the southeastern United States designed to investigate racial 

and socioeconomic disparities in health (31,32). The SCCS study design, aims, and 

recruitment have been described previously (31). In brief, more than 85,000 English-

speaking participants (age 40–79) were enrolled between 2002 and 2009. Upon enrollment, 

participants provided a serum sample and completed interviews and questionnaires 

concerning medical history, diet, lifestyle, physical activity, and demographic background. 

Incident CRC cases through December 31, 2017 were identified through linkage to state 

cancer registries (International Classification of Diseases-Oncology-3 (ICD-O-3) codes 

C180 – C189, C199, C209, and C260). There were 114 proximal tumors (ascending or 

transverse colon: ICD-O-3 codes C180-C185), 122 distal or rectal tumors (descending or 

sigmoid colon, rectum: C186, C187, C199, and C209), and 12 tumors with indeterminate 

site (C188, C189, or missing site). Tumor stage was determined via the TNM staging system 

(American Joint Committee on Cancer, Seventh Edition) (33). Tumor samples were obtained 

from formalin-fixed paraffin-embedded tissue blocks from the primary tumor. Samples were 

collected at the time of surgical resection from each case’s treating medical facility.

The Institutional Review Boards of Vanderbilt University Medical Center and Meharry 

Medical College provided approval for this study. All participants provided written informed 

consent, and all study procedures conformed to the tenets of the Declaration of Helsinki.

Participant eligibility and colorectal cancer assessment

Participants eligible for this analysis had an incident CRC tumor diagnosed subsequent to 

SCCS enrollment and an available tumor sample (n = 287). Participants were excluded who 

did not complete the food frequency questionnaire (FFQ) or had ≥ 10 missing FFQ items (n 

= 28), or reported unrealistic total energy intake (< 800 kcal/day or > 8,000 kcal/day) (n = 

11), leaving 248 cases for the analysis.

Dietary assessment and alcohol consumption

Typical diet from the past year was measured at enrollment via computer-assisted FFQ. 

The FFQ developed for the SCCS has been described previously (34) and consisted of 89 

line-items across 12 major headings. For each line-item, participants were asked to select 

from nine frequency categories, ranging from “never” or “rarely” up to “2+ servings/day”. 

While the FFQ did not query portion sizes, race and sex-specific portion size estimates 

were used to estimate nutrient intakes. The approach to estimate the nutrient composition 

for each FFQ item has been previously described and accounted for mandatory fortification 

of selected micronutrients (including folic acid) that began in 1998 (35). Dietary folate and 
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folic acid are reported as dietary folate equivalents (DFEs), a unit of measurement that 

accounts for greater bioavailability of folic acid relative to folate (DFEs = folate (mcg) 

+ (folic acid (mcg) * 1.7)) (11,36). In an independent sample of 255 SCCS participants, 

estimated dietary folate was validated against serum levels of total folate (measured via 

validated microbiological assay (37)), showing a modest correlation (partial correlation 

coefficient = 0.26) (38).

The FFQ also included questions about supplement use in the past year including 

multivitamins and other supplements containing folic acid, with response options ranging 

from “never” to “2 or more times per day”. Folic acid supplement use was defined 

as consumption of a multivitamin or other folic acid supplement at least once weekly, 

with a majority of these participants (84.2%) taking these supplements once daily. Total 

consumption of folate and folic acid (including diet and supplements) was calculated as 

DFEs, assuming 400 mcg folic acid (667 DFEs) per serving from supplements (36).

Alcohol use over the past year was also assessed via baseline questionnaire. Participants 

who reported consuming alcohol in the previous year were queried about their intake in 

five categories, including 1) light beer, 2) regular beer, ale, malt liquor, or stout, 3) white 

wine, 4) red wine, and 5) liquor or mixed drinks. For each category, participants reported 

the consumption frequency (nine categories from “never” to “2+ per day”) and the number 

of drinks per drinking occasion, with total daily drinks calculated through multiplication. 

Total alcohol consumption (as drinks per day) was calculated by summing across categories. 

Participants were categorized as “non-drinkers” (0 drinks/day), “light drinkers” (alcohol 

consumption > 0 and < 1 drink/day for women, and < 2 drinks/day for men), or “heavy 

drinkers” (≥ 1 drink/day for women, and ≥ 2 drinks/day for men).

Tumor immunohistochemistry

A tyramide signal amplification-based fluorescent multiplex immunohistochemistry 

(mIHC/IF) technique (39) was applied for the detection of Ki67 in CRC tissues, and the 

stained slides were imaged using an automated fluorescence multispectral imaging system 

consisting of an Olympus BX-61 motorized microscope with six filter sets, X-Cite XYLIS 

Fluorescence Illuminator and imaging software (Q-Capture, ImageJ, CellProfiler). Ki67 

staining, imaging, and quantification in CRC tumor samples have been described previously 

(40). The Ki67 tumor expression outcome was reported as the percentage of tumor cells 

expressing Ki67.

Statistical analysis

Multivariable linear regression was used to measure associations with tumor Ki67 

expression for dietary folate, folic acid supplement use (≥1x vs. < 1x per week), total 

folate intake, and alcohol consumption (non-drinker, light drinker, and heavy drinker), and 

interactions between total folate intake and alcohol. Estimates were obtained in the full 

sample of CRC cases and separately by tumor location (proximal colon vs. distal colon and 

rectum). For dietary folate and total folate, regression estimates (β-coefficient with 95% 

confidence interval) were obtained by quartile of exposure (with quartile 1 as reference) and 

per 1000 DFE increase to determine the linear trend, with p-trend was obtained utilizing the 
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continuous exposure variables. For alcohol consumption, estimates were obtained relative 

to the ‘non-drinker’ category, without test for linear trend. Model 1 was adjusted for age at 

enrollment (in 5-year categories), race (African American or non-African American), sex, 

and total energy intake (kcal/day). Models were adjusted for energy intake (as a continuous 

variable) to account for measurement error in the assessment of folate intake and to mitigate 

potential confounding by energy intake, physical activity, and body size (41). To identify 

additional confounding variables, additional covariates were added to model 1 and retained 

for model 2 if there was evidence for significant confounding (i.e. change in β-coefficient ≥ 

10%) across multiple associations of interest, including associations for dietary folate, folic 

acid supplement use total folate, and alcohol consumption. The following covariates were 

tested: tumor stage (0-I, II, III, IV, missing); alcohol consumption (folate models only); total 

folate intake (alcohol models only); smoking status (never, current, former); physical activity 

(metabolic equivalents per week), education (< 12 years, completed high school or GED, 

some college, or college graduate); income (< $15,000, $15,000–24,999, $25,000–49,999, 

or ≥ $50,000); diabetes (yes, no), body mass index (BMI, < 25.0, 25.0–29.9, 30.0–34.9, 

and ≥35.0 kg/m2); ever screened for CRC (yes, no); and family history of CRC (yes, 

no). Alcohol/folate and tumor stage met the criterion for confounding, and subsequently 

were included in model 2. As a sensitivity analysis, the potential for residual confounding 

was investigated by adding previously listed covariates to model 2. To test for interaction 

between total folate intake and alcohol consumption (categorized as ‘non-drinker’ vs. ‘light/

heavy drinker’), an interaction term was added to model 2. Likewise, to assess interactions 

with tumor site (‘proximal’ vs. ‘distal/rectal’) for each exposure, a separate model was run 

including an interaction term for tumor site with the exposure of interest.

For all models, residual plots were inspected to confirm that the assumptions required for 

linear regression analysis were met. To test for non-linearity in the relationship between 

continuous folate exposures and tumor Ki67, the linear models described above were 

compared to models with cubic-spline terms for dietary folate, total folate using Akaike’s 

information criteria (AIC) to evaluate model fit. Because the AIC statistic was consistently 

higher for the cubic-spline models (indicating no improvement in model fit), results from 

linear models are presented. As a relatively small proportion of covariate data was missing 

(less than 1–2% of observations), missing values for covariates were imputed using the sex 

and race-specific mode (for categorical categorical) or median (continuous covariates). All 

analyses were completed in the year 2022 using SAS version 9.4 (SAS Inc., Cary, NC). P < 

.05 was used as the threshold for statistical significance.

Results

Sample characteristics

In total, 248 CRC cases (40–78 years at enrollment) were analyzed (mean±standard 

deviation: 57±9 years). Cases were 56.0% female and 67.7% African American. The 

median time [inter-quartile range (IQR)] between enrollment and CRC diagnosis was 69.5 

[41.0–99.0] months, which was similar for proximal tumors (73.0 [46.0–103.0] months) 

and tumors of the distal colon and rectum (67.0 [39.0–94.0] months). Tumor staging and 

other demographic, lifestyle, and health history characteristics of this sample are shown 
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in Table 1. The median consumption of dietary folate was 586 DFE per day [IQR: 371–

857] and 795 DFE [IQR: 433–1257] for total folate. Seventy-six cases (30.6%) reported 

folic acid supplement use at least once weekly. There were 134 participants categorized 

as ‘non-drinkers’ (54.0%), 79 ‘light drinkers’ (31.9%), and 35 ‘heavy drinkers’ (14.1%). 

Higher total folate intake was positively associated with physical activity, fruit and vegetable 

consumption, fiber, total energy intake, and the healthy eating index score (Table 1). 

Covariate levels by quartile of tumor Ki67 expression are reported in Supplementary Table 

S1.

Folate consumption and Ki67

In the full sample (n = 248), there were modest, positive associations with tumor Ki67 

expression for dietary folate (β [95% CI]: = 1.2 [−0.6 – 2.9] per 200 DFE, p-trend=.18), 

folic acid supplement use (β [95% CI]: 1.9 [−2.0 – 5.8] compared to non-use, p=.34), and 

total folate intake (β [95% CI]: 0.4 [−0.5 – 1.3] per 200 DFE, p-trend=.34) after adjustment 

for covariates (Table 2). Results were similar in the subgroup of participants with proximal 

tumors (n = 114, p-trend≥.37 for all associations) (Table 3). Associations were similar after 

adjustment for additional covariates (Supplementary Table S3-S4).

Among cases with distal/rectal tumors (n = 122), folic acid supplement use was associated 

with higher tumor Ki67 expression in model 2 (β [95% CI]: 7.5 [1.2 – 13.8] compared to 

non-use, p=.02) (Table 3). For total folate intake, there was a positive but non-statistically 

significant association with Ki67 expression in distal/rectal tumors (β [95% CI]: 1.6 [0.0 

– 3.3] per 200 DFE, p-trend=.05), while a weaker association was observed for dietary 

folate (β [95% CI]: 1.3 [−1.5 – 4.2] per 200 DFE, p-trend=.36). Results were similar after 

adjustment for additional covariates (Supplementary Table S5). No significant interactions 

between folate exposures and tumor site were observed (p-interaction > .05 for all).

Alcohol consumption and Ki67, and interaction with folate

Heavy alcohol consumption was positively associated with tumor Ki67 expression in the 

full sample (β [95% CI]: 6.4 [1.0 – 11.9], compared to non-drinkers, p=.02) (Table 2) and 

in the subgroup of distal/rectal tumors (β [95% CI|: 10.4 [1.6 – 19.1], p=.02) (Table 3). A 

weaker association was observed in proximal tumors (β [95% CI|: 5.4 [−2.6 – 13.4], p=.18). 

The association between alcohol consumption and Ki67 expression was modestly attenuated 

after further adjustment for variables related to socioeconomic status (Supplementary Table 

S3-S5).

In the full sample, there was no interaction between alcohol consumption and total folate 

(p-interaction=.63, Supplementary Table S2). There was modest evidence for an interaction 

in distal/rectal tumors, with a positive association for total folate observed in ‘non-drinkers’ 

(β [95% CI|: 14.2 [0.4 – 28.0] for quartile 4 vs. 1), but not in ‘light/heavy’ drinkers 

(p-interaction=.06). No interaction was observed in proximal tumors (p-interaction=.45).

Discussion

In this cross-sectional analysis of CRC tumor samples from the SCCS, we observed modest 

evidence that use of folic acid supplements is associated with greater expression of Ki67 
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in tumors of the distal colon and rectum. These results give weight to the hypothesis that 

folate supports the proliferation of CRC tumors, not previously reported in epidemiological 

studies. Further, the observed positive association between heavy alcohol consumption and 

tumor Ki67 expression provides novel evidence that regular alcohol consumption may 

promote proliferative tumor phenotypes.

Consistent with our findings, results from animal models suggest that dietary folate may 

accelerate the growth and development of adenomas when administered after initiation (13–

15), potentially through the provision of methyl units required for rapid DNA synthesis 

(12). Likewise, increased risk for CRC or adenomas with folic acid supplements has been 

reported in some human clinical trials (16,17) though not all RCTS (42–44). Cole et al. 

(2007) reported that participants with a recent history of adenoma given high-dose folic 

acid supplements (1 mg/day) were more likely to develop an advanced adenoma after 6–

8 years of follow-up (risk ratio (RR) [95% confidence interval (CI)]: 1.67 [1.00–2.88]) 

compared to placebo, and had higher risk for developing three or more adenomas (RR 

[95% CI]: 2.32 [1.23–4.35]) (16). In the B-PROOF study, older adults (age 65+) given folic 

acid and vitamin B12 were more likely to develop incident CRC after long-term follow-up 

than participants given placebo (Hazard Ratio [95% CI]:1.77 [1.08–2.90]) (17). Conversely, 

epidemiological studies show that high folate intake is associated with 20–30% reduced 

risk for CRC compared to low intake (1–3,45), and this protective association is supported 

by a plausible biological mechanism whereby adequate cellular folate levels reduce uracil 

misincorportion into DNA in lieu of thymidine (6–8), thereby preventing DNA strand breaks 

(7,9). Consequently, a ‘dual effect’ of folate has been proposed, whereby folate may reduce 

risk for incident CRC by preventing chromosomal instability, but accelerate the growth 

of established neoplasms by participating in one-carbon metabolic pathways essential for 

nucleotide synthesis (12). The potential dual effect of folate is concerning given mandatory 

folic acid fortification in much of the world (46), high rates of folic acid supplement use 

(approximately 35% of U.S. adults (28)), and the high prevalence of adenomas in older 

adults, which may approach 30–40% of adults by age 70 (47).

However, to the authors’ knowledge there are currently no studies that directly investigate 

associations between folate exposures and molecular characteristics that reflect tumor 

growth and prognosis, which would be valuable to better understand the proposed dual effect 

of folate in CRC. In our analysis, we show that pre-diagnostic use of folic acid supplement 

was modestly associated with higher CRC Ki67 expression for distal/rectal tumors, while a 

positive but non-statistically significant association with Ki67 expression was observed for 

total folate intake (including dietary folate). These results suggest that consuming high doses 

of folic acid may accelerate the growth of existing neoplasms, as Ki67 is an objective marker 

of tumor proliferation (48). Higher CRC tumor Ki67 expression is associated with increased 

mortality and risk for liver metastasis in epidemiological studies (30,49), suggesting that 

excessive folate exposure may promote adverse outcomes in CRC patients. Our findings 

were specific to the distal/rectal tumor site, and it is worth noting that the mean (±SE) Ki67 

expression was higher in distal/rectal tumors compared to proximal tumors (22.9±1.3% vs. 

19.7±1.2%, respectively), and consequently these tumors may have been more dependent 

on folate to maintain high rates of cell division. There was approximately a six-month 

difference in the median incidence time for cases with proximal tumors vs. distal/rectal 
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tumors, and therefore it is possible that differences in the timing of dietary assessment may 

have influenced this result. Notably, we observed stronger positive associations for folic acid 

supplement use compared to dietary folate (although a positive trend was still observed for 

this exposure with Ki67 expression in distal/rectal tumors). This is unlikely to represent 

a distinct effect of folic acid relative to folate, as the dietary folate exposure includes 

substantial folic acid from fortification. However, this discrepancy may be related to the 

large dose of folic acid contained in dietary supplements, which is often 400 mcg folic acid 

per serving and more than 100% of the recommended dietary allowance. Importantly, the 

similar trends observed for dietary folate and folic acid supplements supports the hypothesis 

that high consumption of folate may drive proliferation of CRC tumors in the distal colon 

and rectum.

Greater alcohol consumption was independently associated with higher Ki67 expression, 

with a stronger association for distal/rectal tumors compared to tumors of the proximal 

colon. This finding is consistent with mechanistic studies that have demonstrated that 

alcohol exposure increases nuclear β-catenin, a key transcription factor in CRC that 

increases the expression of genes that regulate cell proliferation (50), as well as data 

showing greater proliferation of the healthy rectal mucosa from heavy drinkers (≥ 100 

g/day alcohol) compared to non-drinkers or moderate drinkers (20). Also consistent with 

our results, experimental studies in rodents show increased mucosal proliferation in the 

rectum after chronic alcohol treatment, but not in the colon (21,22). Likewise, large-scale 

epidemiological studies suggest that heavy alcohol use is more strongly associated with risk 

for distal/rectal tumors compared to proximal tumors (51–53). The influence of alcohol 

on mucosal proliferation is likely mediated by the extraordinary increase in intestinal 

acetaldehyde after alcohol consumption (54,55). Alcohol’s influence on acetaldehyde 

concentration appears to be more pronounced in the rectum compared to the colon (55,56), 

reflecting the higher concentration of alcohol metabolizing enzymes in the rectum (56,57). 

Acetaldehyde is classified by the International Agency for Research on Cancer (IARC) 

as ‘possibly carcinogenic to humans’ (58), and acetaldehyde concentrations in the distal 

colon and rectum have been shown to be directly associated with mucosal proliferation 

after alcohol administration in rodents (22). Although not fully understood, there is also 

growing evidence that heavy drinking (i.e. more than 2–3 drinks/day) is associated with 

increased mortality in individuals with CRC. In a meta-analysis of nine cohort studies, Cai 

et al. (2014) reported that heavy alcohol consumption (≥ 50 g/day) was associated with 

significantly increased risk for CRC-specific mortality compared to non-drinking (RR [95% 

CI] = 1.21 [1.01–1.46]) (59). While a more recent meta-analysis reported that pre-diagnostic 

heavy drinking was not associated with greater risk for overall or CRC-specific mortality 

(60), there was clear evidence for a J-shaped association between alcohol consumption 

and overall mortality, with increased risk for mortality at the higher end of the exposure 

distribution. Our data suggest that alcohol may increase mortality via increased tumor 

proliferation, which is associated with worse survival and higher risk for metastasis (30). 

Notably, heavy alcohol consumption was associated with greater CRC proliferation despite 

considerable biological evidence that alcohol antagonizes folate activity by increasing folate 

catabolism (25), decreasing folate absorption from the small intestine (61), decreasing renal 

reabsorption (62), and decreasing transport of folate into target tissues (24). Consistent with 
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these biological findings, we found evidence for effect modification such that total folate 

intake was positively associated with tumor Ki67 expression in distal/rectal tumors among 

non-drinkers only (Supplementary Table S2). Consequently, future studies concerning the 

relations between folate intake and CRC tumor proliferation may benefit from stratifying by 

alcohol consumption.

This study is attended by several limitations. Because our analysis is strictly observational, 

we are unable to make conclusions about causal relationships between folate, alcohol and 

tumor proliferation, despite the existence of plausible biological mechanisms and supportive 

evidence from experimental models. While it is possible that correlated dietary exposures 

(e.g. nutrients found in a multivitamin) may have partially confounded our results, we are 

unaware of any research to suggest that other micronutrients can independently drive tumor 

cell proliferation. In a previously published validation study from the SCCS, estimated 

dietary folate consumption was weakly associated with serum folate levels (Pearson’s R = 

0.26) (38). This may reflect the challenges of accurately measuring nutrient intake via FFQ 

or significant inter-individual variability in the absorption and metabolism of folate, both 

of which would be expected to cause exposure misclassification and bias towards the null 

hypothesis. Our analyses included adjustment for total energy intake, which is recommended 

for nutritional analyses to mitigate multiple sources of confounding and to correct for over 

or under-reporting in the exposure of interest (41). Total folate intake was strongly collinear 

with total energy intake in our sample (Pearson’s R = 0.62), which may have limited 

our ability to identify independent associations for folate in the multivariable model (63). 

However, in analysis of distal/rectal tumors, relatively strong associations for total folate 

intake and folate supplement use remained after adjusting for energy intake. Because alcohol 

is a source of energy, simultaneously including total energy intake in models for alcohol 

consumption may be an over-adjustment, or may indicate the effect of substituting other 

sources of energy for alcohol. However, estimates for the main effect of alcohol on tumor 

Ki67 expression, or interactions with folate were not substantially affected by adjusting for 

energy intake in our analyses. Our analysis is also limited by small sample size, which may 

have limited statistical power, especially for subgroup analyses. Despite evidence linking the 

MTHFR C677T variant to lower risk for colorectal cancer through effects on intracellular 

folate metabolism (10), we did not incorporate this polymorphism into our analysis due 

to its known rarity in African Americans (64) and because approximately half of SCCS 

participants did not provide a serum sample for genetic analysis (31). Lastly, we adjusted 

for race in multivariate models using broad categories (African American, yes/no), which 

may have led to residual confounding by race. However, only three participants self-reported 

non-African American, non-White racial ancestry, and consequently this is unlikely to lead 

to significant bias.

In conclusion, pre-diagnostic use of folic acid supplements by CRC cases was associated 

with higher tumor Ki67 expression in distal/rectal tumors, reflecting a more proliferative 

tumor phenotype that is consistent with folate’s role in one-carbon metabolism and DNA 

synthesis. A positive association between heavy alcohol consumption and tumor Ki67 

expression is consistent with earlier findings and adds to a growing body of evidence that 

excessive alcohol use may promote adverse outcomes for CRC patients.
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Figure 1. 
Representative images of Ki67 expression in colorectal cancer (CRC) tissue stained by 

multiplex fluorescent immunohistochemistry. The cancer cells, cell nuclei and Ki67 are 

labeled in green, blue and red, respectively. The Ki67 positive cells exhibit in both 

intratumoral (↑) and stromal (Δ) areas. A measurement pipeline is established using 

CellProfiler (v3.1.5) or automated quantification of Ki67 in cancer cells, excluding stromal 

tissues, as described in our previous study40. The images a, b and c are scored as 7.79%, 

19.87% and 32.54%, respectively, representing weak, moderate and strong expression levels 

of Ki67 in CRC cells.
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Table 1:

Covariate levels 
a
 by quartile of total folate consumption, including folate/folic acid from diet and supplements 

b

Total folate intake (DFE/day) 
b

All cases
N = 248

Q1
(125.7–429.9)

N = 62

Q2
(436.6–793.3)

N = 62

Q3
(797.1–1256.2)

N = 62

Q4
(1258.3–3146.0)

N = 62

Enrollment age (years) 57±9 56±9 57±9 57±10 58±9

Tumor stage

0-I 49 (20%) 6 (10%) 12 (19%) 16 (26%) 15 (24%)

II 42 (17%) 13 (21%) 10 (16%) 14 (23%) 5 (8%)

III 60 (24%) 17 (27%) 15 (24%) 10 (16%) 18 (29%)

IV 61 (25%) 15 (24%) 13 (21%) 13 (21%) 20 (32%)

Missing 36 (15%) 11 (18%) 12 (19%) 9 (15%) 4 (6%)

Sex

Female 139 (56%) 37 (60%) 34 (55%) 37 (60%) 31 (50%)

Male 109 (44%) 25 (40%) 28 (45%) 25 (40%) 31 (50%)

Race

White 77 (31%) 15 (24%) 20 (32%) 19 (31%) 23 (37%)

African American 168 (68%) 46 (74%) 42 (68%) 41 (66%) 39 (63%)

Hispanic/Latino 1 (0%) 0 (0%) 0 (0%) 1 (2%) 0 (0%)

Asian or Pacific Islander 1 (0%) 0 (0%) 0 (0%) 1 (2%) 0 (0%)

2+ race 1 (0%) 1 (2%) 0 (0%) 0 (0%) 0 (0%)

Education

< 12 years 72 (29%) 20 (32%) 19 (31%) 18 (29%) 15 (24%)

Completed HS or GED 76 (31%) 16 (26%) 22 (36%) 23 (37%) 15 (24%)

Some college 69 (28%) 21 (34%) 14 (23%) 17 (27%) 17 (27%)

College graduate 30 (12%) 5 (8%) 6 (10%) 4 (6%) 15 (24%)

Household income ($/year)

< $15,000 133 (55%) 32 (52%) 32 (52%) 38 (63%) 31 (53%)

$15,000–24,999 49 (20%) 13 (21%) 12 (20%) 13 (22%) 11 (19%)

$25,000–49,999 38 (16%) 10 (16%) 11 (18%) 7 (12%) 10 (17%)

≥ $50,000 21 (9%) 6 (10%) 6 (10%) 2 (3%) 7 (12%)

CRC screening (% yes) 66 (27%) 11 (18%) 22 (35%) 17 (27%) 16 (26%)

CRC family history (% yes) 23 (9%) 7 (11%) 5 (8%) 5 (8%) 6 (10%)

Aspirin in the last year (% yes) 78 (31%) 18 (29%) 23 (37%) 19 (31%) 18 (29%)

Body mass index (kg/m2) 30±7 30±6 31±8 30±6 31±7

Diabetes (% yes) 78 (31%) 16 (26%) 27 (44%) 13 (21%) 22 (35%)

Smoking status

Current 88 (35%) 24 (39%) 19 (31%) 24 (39%) 21 (34%)
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Total folate intake (DFE/day) 
b

All cases
N = 248

Q1
(125.7–429.9)

N = 62

Q2
(436.6–793.3)

N = 62

Q3
(797.1–1256.2)

N = 62

Q4
(1258.3–3146.0)

N = 62

Past 71 (29%) 20 (32%) 13 (21%) 22 (35%) 16 (26%)

Never 89 (36%) 18 (29%) 30 (48%) 16 (26%) 25 (40%)

Alcohol 
b,c

Non-drinker 134 (54%) 37 (60%) 36 (58%) 30 (48%) 31 (50%)

Light/moderate 79 (32%) 17 (27%) 18 (29%) 21 (34%) 23 (37%)

Heavy 35 (14%) 8 (13%) 8 (13%) 11 (18%) 8 (13%)

Physical activity (MET/wk) 22±18 17±13 23±20 21±17 26±19

Sedentary activity (Hours/day) 9±5 9±5 9±5 9±5 9±5

Energy intake (kcal/day) 2476±1403 1419±394 2140±675 2748±1246 3597±1790

Meat (servings/day) 2±1 2±1 2±1 2±1 2±1

Fruits/vegetables (servings/day) 3±2 3±1 3±1 3±2 4±2

Fiber (g/day) 23±14 12±4 19±6 23±11 36±18

Healthy Eating Index score 
d 60±13 58±13 60±13 58±14 65±11

Abbreviations: CRC – colorectal cancer, MET – metabolic equivalent, DFE – dietary folate equivalents

a
Data presented as mean±SD for continuous variables, or as N (%) for categorical variables

b
Consumption of alcohol and folate from diet and supplements was assessed for the year prior to enrollment.

c
Non-drinker: 0 drinks per day; Light-drinker: alcohol consumption > 0 and < 1 drink/day for women, < 2 drink/day for men; Heavy drinker: ≥ 1 

drink/day for women, ≥ 2 drink/day for men

d
Calculation of the Healthy Eating Index score, reflecting adherence to the Dietary Guidelines for Americans, has been described previously in the 

Southern Community Cohort Study (see reference 34).
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Table 2:

Colorectal tumor marker Ki67 expression (% positive) by consumption of dietary folate, use of folic acid 

supplements, total folate (including folate from diet and supplements) and alcohol consumption 
a
. Data 

presented as β (95% CI) relative to the reference level (N = 248)

Tumor Ki67 (% positive)

N Model 1 
b

Model 2 
c

Dietary folate (DFE)
a

Q1 (125.3–369.5) 62
19.8 (mean) - Ref

d
21.2 (mean) - Ref

d

Q2 (372.8–586.1) 62 1.5 (−3.5–6.5) 1.8 (−3.2–6.7)

Q3 (586.3–854.8) 62 2.2 (−3.4–7.9) 2.1 (−3.5–7.8)

Q4 (859.9–3146.0) 62 0.9 (−6.8–8.6) 0.5 (−7.3–8.3)

β (95% CI) per 200 DFE 248 0.7 (−1.0–2.4) 1.2 (−0.6–2.9)

P-trend .42 .18

Folic acid supplements
a

< 1x per week 172
20.5 (mean) - Ref

d
21.8 (mean) - Ref

d

≥ 1x per week 76 1.6 (−2.2–5.4) 1.9 (−2.0–5.8)

P-value .40 .34

Total folate (DFE)
a,e

Q1 (125.7–429.9) 62
20.7 (mean) - Ref

d
22.2 (mean) - Ref

d

Q2 (436.6–793.3) 62 0.7 (−4.4–5.7) 0.4 (−4.6–5.5)

Q3 (797.1–1256.2) 62 0.1 (−5.3–5.6) −0.4 (−5.9–5.1)

Q4 (1258.3–3146.0) 62 0.2 (−6.0–6.4) 0.8 (−5.5–7.2)

β (95% CI) per 200 DFE 248 0.3 (−0.6–1.1) 0.4 (−0.5–1.3)

P-trend .56 .34

Alcohol
a,f

Non-drinker 134
19.7 (mean) - Ref

d
19.8 (mean) - Ref

d

Light drinker 79 1.4 (−2.5–5.4) 1.5 (−2.5–5.4)

Heavy drinker 35 5.7 (0.4–11.0) 6.4 (1.0–11.9)

P-value (heavy vs. non) .04 .02

Abbreviation: CI – confidence interval; DFE – dietary folate equivalent

a
Consumption of alcohol and folate from diet and supplements was assessed for the year prior to enrollment.

b
Model 1: Adjusted for age at enrollment, race, sex, and total energy intake (kcal/day)

c
Model 2: Further adjusted for total folate (alcohol model only), alcohol (folate models only), and tumor stage

d
Values for the reference group are the mean value for quartile 1 adjusted for the covariates included in the statistical model.

e
Incudes dietary folate/folic acid and folic acid from supplements
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f
Non-drinker: 0 drinks per day; Light-drinker: alcohol consumption > 0 and < 1 drink/day for women, < 2 drink/day for men; Heavy drinker: ≥ 1 

drink/day for women, ≥ 2 drink/day for men
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