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ABSTRACT

The extent to which non-genetic environmental factors, such as diet, con-
tribute to carcinogenesis has been long debated. One potential mechanism
for the effects of environmental factors is through epigenetic modifica-
tions that affect gene expression without changing the underlying DNA
sequence. However, the functional cooperation between dietary factors and
cancer-causing epigenetic regulation is largely unknown. Here, we use a
mouse model of age-dependent p16 epimutation, in which the p16 gene ac-

tivity is directly controlled by promoter DNA methylation. We show pI6

Introduction

Mammalian one-carbon (1C) metabolism, which provides the methyl groups
for synthesis and methylation of DNA, is highly dependent on dietary fac-
tors such as folate and other B vitamins (1). Notably, over the past 25 years,
the general U.S. population has been exposed to a significant increase in fo-
late intake, due to both an increase of the allowable supplement dosage by the
FDA and mandatory food fortification of folic acid which is a synthetic form
of folate to prevent neural tube birth defect in pregnant women (2). In addi-
tion, a high folate diet has been used in clinical trials to prevent age-related
chronic diseases, including colon cancer. However, in several large, randomized

studies, individuals who supplemented folate were as likely to develop cancer
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epimutation is modulated by folate and cofactors in dietary supplementa-
tion, which leads to increased colon cancer risk. Importantly, our findings
provide functional evidence concerning the safety of folate fortification in

the general population.

Significance: Our study demonstrates that dietary folate and cofactors
modulate tumor-suppressor gene methylation to increase intestinal tu-
morigenesis. Our findings highlight the need for monitoring the long-term

safety of folate fortification in high-risk individuals.

and precancerous tumors as placebo controls (3, 4). Furthermore, clinical stud-
ies suggest long-term supplementation with folate and vitamin B12 may alter
gene-specific DNA methylation in aging populations (5-7). However, to date,
no study has directly evaluated the epigenetic effects of dietary intervention on

colon cancer outcomes.

To perform functional studies, we developed a mouse model of colon cancer
that replicates two common genetic and epigenetic events observed in human
colorectal cancers: Apc mutation and pI6 epimutation (8, 9). Our previous work
showed that age-dependent pI6 epimutation cooperates with mutant Apc to
modulate the tumor immune microenvironment and accelerate intestinal tu-
morigenesis, thus directly linking colorectal cancer development to a defined
epigenetic driver event (8). The current study aims to determine whether spe-
cific nutrients related to 1C metabolism can modulate pI6 epimutation and
increase susceptibility to colon cancer.

Materials and Methods
Mice and Diets

All experiments were performed in the Apc™™/+; p16°/°* mice carrying a com-
bined Apc mutation (RRID: MGI:1856318) and pl6 epimutation (RRID: MGI:
5660270). The ApcMin/+; p16°*/ mice were generated previously (8). Both
control NIH-31 (TD.95262) and supplemented NIH-31 (TD.10769) diets were
made by Envigo-Harlan and kept in the refrigerator upon arrival. All animal
research was approved by the Baylor College of Medicine Animal Care and Use

Committee.
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Metabolomic Analysis

Untargeted metabolomics analysis by LC/MS was performed as described pre-
viously with minor modifications (10). Briefly, all mice used were at 15 weeks of
age (n = 7-9 per group). A total of 6 mg of liver and tumor samples and 10 pL
of serum, were collected and used for polar metabolite extraction. A Vanquish
Horizon ultra-high-performance liquid-chromatography system coupled with
Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific) was used

for metabolite separation and detection.

Histologic Analysis

Colon tissues from 15 weeks old mice (n = 4 per group) were fixed in 4%
paraformaldehyde. Tumor sections were stained with hematoxylin and eosin
and IHC antibodies: Ki-67 (Thermo Fisher Scientific, catalog no. MA5-14520,
RRID: AB_10979488, 1:100), CD45 (Thermo Fisher Scientific, catalog no. 14-
0451-82, RRID: AB_467251, 1:200), CD68 (Cell Signaling Technology, catalog
no. 97778, RRID: AB_2928056, 1:200), F4/80 (Cell Signaling Technology, cata-
log no. 70076, RRID: AB_2799771, 1:200). All antibody staining was performed
overnight at 4°C, followed by incubation with either anti-rabbit or anti-goat
secondary antibody. Slides were developed using a 3,3'-Diaminobenzidine
(DAB) kit (Thermo Fisher Scientific, catalog no. 34065), and nuclei were coun-
terstained with hematoxylin. Images were captured using Olympus imaging
software, cellSens standard version 2 (RRID: SCR_014551). The average num-
ber of Ki-67% cells per mm? of tumor area was counted in individual tumors
from at least five randomly selected microscopic field at high magnification
(40x). The methods for assessing of tumor-infiltrating lymphocytes (TIL) were
determined on the basis of the recommendation provided by the Interna-
tional TILs Working Group (11). The average number of CD45", CD68™, and
F4/80" TILs was counted and analyzed separately in either intratumoral or

tumor-surrounding stromal compartments.

Single-cell RNA Sequencing Analysis

Colon tumors and adjacent normal tissues were collected and processed on
the same day for single-cell RNA sequencing (scRNA-seq) as described pre-
viously (8). Prior to conducting the sequencing, samples were screened for
high quality (viability >90% and live cells >10,000). After passing the qual-
ity control, we were able to analyze 10 tumors from 3 supplemented mice (19
to 24 weeks old). Cell Ranger pipeline (10x Genomics, default settings, v3.1.0,
RRID:SCR_017344) was used to process the raw sequencing files. Unsupervised
discovery of cellular clusters was performed in R using Seurat v4.1.0 R pack-
age (RRID:SCR_016341; ref. 12). Individual clusters were identified on the basis
of proximity of the clusters in a t-distributed stochastic neighbor embedding
(tSNE, RRID:SCR_024305) or uniform manifold approximation and projec-
tion (UMAP) (RRID:SCR_018217) plot and expression patterns for key marker
genes. Cell clusters were annotated on the basis of expression of marker genes,
as drawn from the literature and published cellular marker gene lists related to
immune cells (13) and small intestinal epithelium (14). In addition, to detect the
subpopulations of normal and tumor epithelial cells, we included the previously

published scRNA-seq data on normal colonic mucosa (8).

Colonic Tumor Organoid Culture

Detailed procedures to grow and maintain tumor organoids from mouse colons
were described previously (8). Tumorigenic organoids were cultured in NE
medium containing Noggin and EGF, and without Wnt-3A and R-spondin
(provided by Texas Medical Center Digestive Diseases Center Core). We used

the organoids at passage 2 for further analysis.

AACRJournals.org

Diet Affects Driver Epimutation and Colon Cancer Risk

DNA Methylation Analysis

For quantitative DNA methylation measurements, bisulfite pyrosequencing
was performed using a PyroMark Q48 instrument (Qiagen) as described pre-
viously (8, 9). Primer sequences and sequencing assays are available upon

request.

Statistical Analysis

GraphPad Prism (RRID:SCR_002798) was used to perform statistical analyses.
Significance of differences were determined by Kaplan-Meier survival analy-
sis, log-rank test, and two-tailed Student ¢ test. P values <0.05 were considered

statistically significant.

Data Availability

All scRNA-seq data have been uploaded to Gene Expression Omnibus and are
available at the accession number GSE214032. The other data are available upon

request from the corresponding author.

Results

The diet compositions are summarized in Fig. 1A. To mimic the food fortifica-
tion program, we provided the diet to female mice before conception, during
pregnancy, and in offspring throughout life. We used an amino acid-defined
NIH-31 diet supplemented with extra choline, betaine, folic acid, and vitamin
BI2, based on previous studies showing that maternal supplementation in-
creases locus-specific DNA methylation in offspring (15, 16). More importantly,
the modest amount of supplemented folic acid (~3-fold increase) is equiva-
lent to FDA-mandated folate fortification (17). Of note, in our previous study
(8), we used a LabDiet (5V5R) that varied substantially in macronutrients and
micronutrients from the current NIH-31 diet (Supplementary Table S1). Mice
carrying both Apc mutation and pl6 epimutation were assigned randomly to
either the control NIH-31 diet (N = 35) or supplemented NIH-31 diet (N = 36).
As shown in Fig. 1B, we found mice on the supplemented diet had a signifi-
cantly shortened overall survival compared with those on the control diet (P =
0.002, log-rank test). To determine whether dietary supplements affect neoplas-
tic transformation at an early stage, we assessed whole bowel tumor formation
from additional cohorts of mice at 15 weeks of age (N = 5-7 per group) using a
dissecting microscope. Consistent with the survival analysis, we detected more
tumors within the middle and distal regions of the small intestine in supple-
mented mice relative to controls (Fig. 1C). Interestingly, in both small intestines
and colons, the supplemented mice displayed a significantly higher number of
large tumors (diameter >3 mm) compared with controls (P < 0.05 by two-
tailed Student ¢ tests, Fig. 1D). Moreover, the average size of colon tumors from
supplemented mice was above 3 mm, significantly higher than those from the
control mice (~2 mm, P = 0.006; Supplementary Fig. S1). Collectively, these
data demonstrate dietary folate and cofactors exacerbate the tumor phenotype

in our mouse model of colon cancer.

To gain further insights into the cause-and-effect relationship, we performed
comparative metabolomic analysis across a panel of samples including liver,
serum, and tumor. On the basis of fold changes (>1.5 or <0.67) and P val-
ues (<0.05), we detected the most differentially expressed metabolites in the
liver (57/78 were upregulated with dietary supplementation), and to a lesser ex-
tent in the serum (23/25 were upregulated with dietary supplementation) and
tumors (8/16 were upregulated with dietary supplementation; all data are in-
cluded in Supplementary Tables S2-S4). As predicted, because liver is the major
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FIGURE 1 Dietary supplementation of folate and cofactors drives an aggressive intestinal tumor phenotype in mice carrying combined Apc mutation
and p76 epimutation. A, Diet formulations are shown for both control (ctr.) and supplemented (suppl.) diets. The supplemented ingredients are
denoted in blue and red font. B, Compared with controls, mice administered a supplemented diet exhibit significantly shorter overall survival. Survival
was compared using the Kaplan-Meier method and P values were determined by a log-rank test. C, Mice on the supplemented diet display a
significantly increased number of tumors in the middle and distal regions of small intestines (SI) at 15 weeks of age. D, Mice on a supplemented diet
develop substantially more large tumors based on maximum diameter throughout the entire intestinal tracts at 15 weeks of age. All data are presented

as mean & SEM. P values were determined by two-tailed Student ¢ tests.

metabolic organ in the body, we detected significantly increased metabolites in
the 1C metabolism with food supplementation, including choline, methionine,
S-adenosyl-L-homocysteine (SAH), and N,N-dimethylglycine (DMG; Supple-
mentary Fig. S2A). Of particular interest, DMG is a metabolic intermediate in
the 1C transfer cycle which has the potential to maintain a high state of trans-
methylation (Fig. 2A). Indeed, across all samples analyzed, the supplemented
diet led to an approximately 3-fold increase in the abundance of DMG relative
to controls (Fig. 2B). The ratio of S-Adenosyl-methionine (SAM) to SAH is also
a well-established marker to indicate the likelihood of hypermethylation. Con-
sistently, we saw increased SAM/SAH ratios in the tumors from supplemented
mice (Supplementary Fig. S2B). Together, our data confirm that, in response to

diet, an enhanced 1C metabolic pathway contributes to tumor growth.

Next, we asked whether the epigenetic effects of diet could explain the observed
tumor phenotype for mice on the supplemented diet. pI6 epimutation is well
known for promoting cell cycle progression through the p16-cyclin D-CDK4/6-
RB pathway. In addition, we previously showed that colon tumors with
accelerated pl6 epimutation are characterized by extensive tumor-infiltrating
immune cells throughout tumor progression (8). Therefore, we performed
histologic assessments of colon tumors from the cohorts of 15 weeks old
mice. To quantify the rate of tumor cell proliferation, we used IHC stain-
ing of Ki-67. To determine the number of TILs, we used IHC staining of
CD45 (pan-leukocyte marker), CD68 (pan-macrophage marker), and F4/80

(monocyte-macrophage marker). Consistent with the aggressive tumor pheno-
type, we found that Ki-67-positive tumor cells were significantly higher under
dietary supplementation compared with controls (P < 0.05 by two-tailed Stu-
dent ¢ tests; Supplementary Fig. S3A). Interestingly, comparing the two groups,
the infiltrating CD45™ leukocytes were similar in both intratumoral and sur-
rounding stromal areas (Supplementary Fig. S3B). In contrast, colon tumors
from the supplemented mice contained significantly more macrophages in the
tumor stroma relative to those on the control diet (P values for CD68 and F4/80
are 0.01 and 0.03, respectively, by two-tailed Student ¢ tests; Supplementary
Fig. $3B). Furthermore, scRNA-seq analysis allows a high-resolution charac-
terization of tumor-associated macrophages within the supplemented colon
tumors (Supplementary Fig. S4A and S4B). Consistently, we found the remark-
able infiltration of immune cells (Supplementary Fig. S4C) and the majority of
non-tumor epithelial cells were monocytes (Supplementary Fig. $4D), includ-
ing tumor-associated macrophages (SppI™ and Clg™ macrophage populations)
which are clinically associated with immunosuppression and poor prognosis in

patients with colorectal cancer (18, 19).

To directly assess the tumor-cell autonomous effects, we generated colonic tu-
mor organoids from age-matched mice fed either control or supplemented
diets. First, we analyzed DNA methylation at two generic repetitive elements:
intracisternal A particle (IAP) and long interspersed element-1 (Linel; Fig. 2C).

While methylation levels of IAP were similar between the two diets, Linel
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FIGURE 2 Dietary supplementation increases methyl-donating metabolites that promote p76 promoter methylation in colon tumors. A, A simplified
scheme of the 1C metabolism with DMG as an intermediate metabolite in the 1C transfer cycle, which is available for further methyl donation. Dietary

supplements are highlighted in red. B, Dietary folate and cofactors significantly increase the concentrations of DMG across all tissues analyzed. C, DNA
methylation status at repetitive elements. D, Promoter DNA methylation analysis of two Wnt antagonist genes. E, Promoter DNA methylation analysis

of other colorectal cancer-related tumor suppressor genes. All data are presented as mean + SEM. P values were determined by two-tailed Student
t tests. DMG: N,N-dimethylglycine; ns: not significant; SAH: S-adenosyl-L-homocysteine;.

methylation, on the other hand, was significantly reduced in tumors from
supplemented mice (P = 0.03). This result is consistent with the known phe-
nomenon that highly proliferative and aggressive tumors are characterized by

loss of Linel methylation (a surrogate marker of global methylation; ref. 20).
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We next compared the changes in promoter methylation in a panel of tumor
suppressor genes that are commonly methylated in human colorectal cancer,
including two Wnt regulators (Sfrpl and Sfrp4), a transcription factor (Gata4), a
mismatch repair gene (MIhI), a DNA repair enzyme (Mgmt), and p16. As shown
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in Fig. 2D, there was no significant difference in promoter methylation of Sfrpl
or Sfrp4 in mice receiving dietary supplementation compared with controls. In
the Gata4, Mihl, and Mgmt promoters, we found significantly increased, albeit
low, levels of methylation in mice receiving dietary supplementation compared
with controls. Consistent with the driver role of p16 epimutation, we observed
substantially increased pI6 promoter methylation in mice on the supplemented

diet compared with controls (Fig. 2E).

Discussion

DNA methylation as an epigenetic mechanism is functionally important be-
cause it plays a critical role in regulating gene expression. We focus on the
pl6, because, analogous to genetic mutation, pI6 epimutation is a stable change
in promoter DNA methylation that occurs in a subset of aging individuals or
in a subset of proliferative cells (8, 9). It is known that developmentally pro-
grammed genes, when DNA methylation is being established, are vulnerable to
environmental exposures, leading to interindividual variability in methylation
(21). Here, our findings expand the classic view of environmental influences
on epigenetics. Importantly, we provide direct evidence that dietary nutrients
can modulate age-related variations in DNA methylation, thereby serving as a

natural selection mechanism for cancer-causing epigenetic regulation.

Mammals cannot make their own folate and cofactors and must obtain them
from diet to produce methyl groups for DNA methylation reactions. There-
fore, the ontogenic periods, when DNA methylation is being established, are
vulnerable to dietary influences. Indeed, we observed increased promoter
methylation following dietary supplementation at several genes that are prone
to de novo methylation during colorectal cancer tumorigenesis. Notably, the
pl16 promoter had the highest methylation and this can be explained by a com-
bination of two reasons: increased cellular proliferation (i.e., replicative aging)
and clonal expansion of cells that have pI6 methylated (i.e., selective advan-
tage). On the other hand, our results support a model that tumor-intrinsic pI6
epimutation modulates the tumor immune microenvironment. We previously
showed that reversal of epigenetic modification at the pI6 locus suppresses in-
testinal tumor growth and promotes durable response to immune checkpoint
blockade (8). Recent studies also demonstrated that the expression of p16 was
significantly associated with senescence-associated secretory phenotype, re-
cruitment of immune cells, and inflammatory responses (22-24). It is possible
that pI6 epimutation modulates tumor immunity independent of the canonical
CDK4/6-RB pathway and further work, including identification of p16 interact-
ing proteins and single-cell and spatial transcriptomics, is still needed to clarify

the role of p16 epimutation in this process.

This work also addresses the emerging concerns regarding folic acid food forti-
fication and colon cancer risk: one of the most common cancers and the second
leading cause of cancer death in the United States. Notably, age is the biggest
single risk factor for colon cancer and strongly correlated with changes in DNA

References

1. Sapienza C, Issa JP. Diet, nutrition, and cancer epigenetics. Annu Rev Nutr
2016;36: 665-81.

2. Honein MA, Paulozzi LJ, Mathews TJ, Erickson JD, Wong LY. Impact of folic acid
fortification of the US food supply on the occurrence of neural tube defects.
JAMA 2001;285: 2981-6.

Cancer Res Commun; 4(1) January 2024

methylation (25, 26). Indeed, our results show age-related p16 promoter methy-
lation is modulated by dietary folate and cofactors, leading to enhanced colon
cancer risk. Thus, our findings highlight the need for monitoring the long-term
safety of folate fortification and resulting epigenetic effects, particularly given
the rising incidence of early-onset colorectal cancer in the United States over
the past two decades (27).

Authors’ Disclosures

C.J. Creighton reports grants from NIH during the conduct of the study. L. Shen
reports grants from U.S. Department of Agriculture, National Institute of Child
Health and Human Development, and NCI during the conduct of the study. No
disclosures were reported by the other authors.

Authors’ Contributions

L. Yang: Data curation, formal analysis, investigation, writing-original draft,
writing-review and editing. R.C. Peery: Data curation, writing-review and
editing. L.M. Farmer: Data curation, investigation, writing-review and edit-
ing. X. Gao: Formal analysis, methodology, writing-review and editing. Y.
Zhang: Data curation, formal analysis. C.J. Creighton: Data curation, formal
analysis, writing-original draft, writing-review and editing. L. Zhang: Data cu-
ration, investigation, writing-review and editing. L. Shen: Conceptualization,
resources, formal analysis, supervision, funding acquisition, writing-original

draft, writing-review and editing.

Acknowledgments

This work was supported by grants from the U.S. Department of Agricul-
ture (CRIS 3092-51000-060 to L. Shen) and the NIH (ROIHD100914 and
RO1ICA233472 to L. Shen). We also acknowledge funding support from
NIH/NCI RO0CA237618, USDA 3092-51000-064-05, and the Cancer Preven-
tion and Research Institute of Texas (CPRIT Scholar in Cancer Prevention and
Research Award PR210056) to X. Gao. The authors thank the shared resources
provided by the Cellular and Molecular Morphology core at Texas Medical
Center Digestive Disease Center (NIH/NIDDK P30 DK056338), the Gulf Coast
Center for Precision Environmental Health (NITH/NIEHS P30ES030285), and
the Cancer Center Core Grant (NIH/NCI P30CA125123).

Note

Supplementary data for this article are available at Cancer Research Comm-

unications Online (https://aacrjournals.org/cancerrescommun/).

Received August 16, 2023; revised September 28, 2023; accepted January 03,
2024; published first January 19, 2024.

3. Cole BF, Baron JA, Sandler RS, Haile RW, Ahnen DJ, Bresalier RS, et al. Folic acid
for the prevention of colorectal adenomas: a randomized clinical trial. JAMA
2007;297: 2351-9.

4. Figueiredo JC, Grau MV, Haile RW, Sandler RS, Summers RW, Bresalier RS, et al.
Folic acid and risk of prostate cancer: results from a randomized clinical trial. J
Natl Cancer Inst 2009;101: 432-5.

https://doi.org/10.1158/2767-9764.CRC-23-0356 | CANCER RESEARCH COMMUNICATIONS


https://aacrjournals.org/cancerrescommun/

. Kok DE, Dhonukshe-Rutten RA, Lute C, Heil SG, Uitterlinden AG, van der Velde

N, et al. The effects of long-term daily folic acid and vitamin B12 supplemen-
tation on genome-wide DNA methylation in elderly subjects. Clin Epigenetics
2015;7:121.

. Sanchez H, Hossain MB, Lera L, Hirsch S, Albala C, Uauy R, et al. High levels

of circulating folate concentrations are associated with DNA methylation of
tumor suppressor and repair genes p16, MLH1, and MGMT in elderly Chileans.
Clin Epigenetics 2017;9: 74.

. Wallace K, Grau MV, Levine AJ, Shen L, Hamdan R, Chen X, et al. Association

between folate levels and CpG Island hypermethylation in normal colorectal
mucosa. Cancer Prev Res 2010;3: 1552-64.

. Yang L, Chen X, Lee C, Shi J, Lawrence EB, Zhang L, et al. Functional char-

acterization of age-dependent p16 epimutation reveals biological drivers and
therapeutic targets for colorectal cancer. J Exp Clin Cancer Res 2023;42: 113.

. Yu DH, Waterland RA, Zhang P, Schady D, Chen MH, Guan Y, et al. Targeted

p16(Ink4a) epimutation causes tumorigenesis and reduces survival in mice.
J Clin Invest 2014;124: 3708-12.

. Gao X, Sanderson SM, Dai Z, Reid MA, Cooper DE, Lu M, et al. Dietary methion-

ine influences therapy in mouse cancer models and alters human metabolism.
Nature 2019;572: 397-401.

. Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, et al. As-

sessing tumor-infiltrating lymphocytes in solid tumors: a practical review for
pathologists and proposal for a standardized method from the international
immuno-oncology biomarkers working group: part 2: TILs in melanoma, gas-
trointestinal tract carcinomas, non-small cell lung carcinoma and mesothelioma,
endometrial and ovarian carcinomas, squamous cell carcinoma of the head and
neck, genitourinary carcinomas, and primary brain tumors. Adv Anat Pathol
2017;24: 311-35.

. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al.

Integrated analysis of multimodal single-cell data. Cell 2021;184: 3573-87.

. Bindea G, Mlecnik B, Tosolini M, Kirilovsky A, Waldner M, Obenauf AC, et al.

Spatiotemporal dynamics of intratumoral immune cells reveal the immune
landscape in human cancer. Immunity 2013;39: 782-95.

. Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, et al. A single-cell

survey of the small intestinal epithelium. Nature 2017;551: 333-9.

AACRJournals.org

17.

20.

21.

22.

23.

24,

25.

26.

27.

Diet Affects Driver Epimutation and Colon Cancer Risk

Waterland RA, Jirtle RL. Transposable elements: targets for early nutritional
effects on epigenetic gene regulation. Mol Cell Biol 2003;23: 5293-300.

Wolff GL, Kodell RL, Moore SR, Cooney CA. Maternal epigenetics and methyl
supplements affect agouti gene expression in Avy/a mice. FASEB J1998;12: 949-
57.

Choumenkovitch SF, Selhub J, Wilson PW, Rader JI, Rosenberg IH, Jacques PF.
Folic acid intake from fortification in United States exceeds predictions. J Nutr
2002;132: 2792-8.

Qi J, Sun H, Zhang Y, Wang Z, Xun Z, Li Z, et al. Single-cell and spatial analy-
sis reveal interaction of FAP™ fibroblasts and SPP1T macrophages in colorectal
cancer. Nat Commun 2022;13: 1742.

Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, O’Brien SA, et al. Single-
cell analyses inform mechanisms of myeloid-targeted therapies in colon cancer.
Cell 2020;181: 442-59.

Baylin SB, Jones PA. Epigenetic determinants of cancer. Cold Spring Harb
Perspect Biol 2016;8: a019505.

Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility.
Nat Rev Genet 2007;8: 253-62.

Balli D, Rech AJ, Stanger BZ, Vonderheide RH. Immune cytolytic activity strat-
ifies molecular subsets of human pancreatic cancer. Clin Cancer Res 2017;23:
3129-38.

Buj R, Leon KE, Anguelov MA, Aird KM. Suppression of pl16 alleviates the
senescence-associated secretory phenotype. Aging 2021;13: 3290-312.

Tu Z, Wang X, Cai H, Sheng Y, Wu L, Huang K, et al. The cell senescence regulator
p16 is a promising cancer prognostic and immune check-point inhibitor (ICI)
therapy biomarker. Aging 2023;15: 2136-57.

Maegawa S, Hinkal G, Kim HS, Shen L, Zhang L, Zhang J, et al. Widespread
and tissue specific age-related DNA methylation changes in mice. Genome Res
2010;20: 332-40.

Shen L, Toyota M, Kondo VY, Lin E, Zhang L, Guo Y, et al. Integrated genetic and
epigenetic analysis identifies three different subclasses of colon cancer. Proc
Natl Acad Sci U S A 2007;104: 18654-9.

Siegel RL, Fedewa SA, Anderson WF, Miller KD, Ma J, Rosenberg PS, et al. Col-
orectal cancer incidence patterns in the United States, 1974-2013. J Natl Cancer
Inst 2017;109: djw322.

Cancer Res Commun; 4(1) January 2024

169




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


