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Summary
Homozygotes for the higher penetrance hemochromatosis risk allele,HFE c.845G>A (p.Cys282Tyr, or C282Y), have been reported to be at a

2- to 3-fold increased risk for colorectal cancer (CRC). These results have been reported for small sample size studies with no information

about age at diagnosis for CRC. An association with age at diagnosis might alter CRC screening recommendations. We analyzed two large

European ancestry datasets to assess the association of HFE genotype with CRC risk and age at CRC diagnosis. The first dataset included

59,733 CRC or advanced adenoma cases and 72,351 controls from a CRC epidemiological study consortium. The second dataset included

13,564 self-reported CRC cases and 2,880,218 controls from the personal genetics company, 23andMe. No association of the common he-

reditary hemochromatosis (HH) risk genotype and CRC was found in either dataset. The odds ratios (ORs) for the association of CRC and

HFE C282Y homozygosity were 1.08 (95% confidence interval [CI], 0.91–1.29; p ¼ 0.4) and 1.01 (95% CI, 0.78–1.31, p ¼ 0.9) in the two

cohorts, respectively. Age at CRC diagnosis also did not differ by HFE C282Y/C282Y genotype in either dataset. These results indicate no

increased CRC risk in individuals with HH genotypes and suggest that persons with HH risk genotypes can follow population screening

recommendations for CRC.
Introduction

The majority of adult-onset hereditary hemochromatosis

(HH; MIM: 235200) cases are associated with pathogenic
1University ofWashingtonMedical Center, Seattle, WA, USA; 2Fred Hutchinson
4Northwestern University, Evanston, IL, USA; 5Vanderbilt Medical Center, Atlan

ier Universitaire (CHU) Nantes, France; 8National Cancer Institute, National In

ville, VA, USA; 10Johns Hopkins Bloomberg School of Public Health, Baltimore,

versity of Utah, Salt Lake City, UT, USA; 13Division of Human Nutrition and H
14Medical University Vienna, Vienna, Austria; 15American Cancer Society, A

Oncology (ICO), Bellvitge Biomedical Research Institute (IDIBELL), Consortiu

and Department of Clinical Sciences, Faculty of Medicine, University of Barcel

Medicine, Czech Academy of Sciences, Biomedical Center, Medical Faculty P
18German Cancer Research Center (DKFZ), Heidelberg, Germany; 19Nutritio

(IARC-WHO), Lyon, France; 20Gastroenterology Department, Institut d’Investi

Biomédica en Red de Enfermedades Hepáticas y Digestivas (CIBEREHD), Hospi
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variants in the HFE gene (MIM: 613609; GenBank:

NM_000410.3). The highest penetrance pathogenic

variant is HFE c.845G>A (p.Cys282Tyr, or C282Y;

rs1800562), which has a minor allele frequency (MAF)
Cancer Research Center, Seattle, WA, USA; 323andMe, Sunnyvale, CA, USA;

ta, GA, USA; 6Liver Institute Northwest, Seattle, WA, USA; 7Centre Hospital-

stitutes of Health, Bethesda, MD, USA; 9University of Virginia, Charlottes-

MD, USA; 11University of Hawaii Cancer Center, Honolulu, HI, USA; 12Uni-

ealth, Wageningen University and Research Wageningen, the Netherlands;

tlanta, GA, USA; 16Oncology Data Analytics Program, Catalan Institute of

m for Biomedical Research in Epidemiology and Public Health (CIBERESP)

ona (UB), L’Hospitalet, 08908, Barcelona, Spain; 17Institute of Experimental

ilsen and 1st Medical Faculty, Charles University, Prague, Czech Republic;

n and Metabolism Section, International Agency for Research on Cancer
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~4%–6% in mixed European-ancestry populations.1,2 This

allele is more common in Northern European ancestry

populations and less frequent in Southern European

ancestry populations.3 Homozygosity for this variant ac-

counts for ~85% of individuals with HH.4,5 A more com-

mon European ancestry allele is rs1799945C>G (p.Hi-

s63Asp, or H63D; rs1799945; MAF ¼ 17% in the 1000

Genomes European population); however, it has lower

penetrance and is infrequently associated with HH, unless

found in the compound heterozygous form C282Y/H63D.

HFE-HH has incomplete penetrance; most C282Y homozy-

gotes do not develop HH. Penetrance is markedly higher in

males. The Electronic Medical Records and Genomics

(eMERGE) network recently reported a diagnostic rate of

HH in males of 24.4% for p.C282Y homozygotes and

3.5% for p.C282Y/H63D compound heterozygotes; these

rates were 14.0% and 2.3%, respectively, for females. A

study from Melbourne found iron-overload-related disor-

ders in 28.4% of males and 1.2% of females with the HFE

C282Y/C282Y genotype and found <1% of C282Y/H63D

compound heterozygotes to be similarly affected.5 Rarely,

other genes6,7 or other HFE variants8 are associated

with HH.

Dietary iron is absorbed in the proximal intestine in a

regulated fashion. The C282Y pathogenic variant leads to

abnormal folding and cellular localization of the HFE pro-

tein, which ultimately leads to decreased production of the

iron regulatory hormone hepcidin, resulting in inappropri-

ately increased absorption of iron from the duodenum.9

Increased tissue iron deposition results in organ damage,

particularly to the liver and heart, which has been well

described in HH.10 Most circulating iron is bound to trans-

ferrin, while iron in cells is bound to ferritin. Serum ferritin

is generally considered the best marker of total body iron

stores and is evaluated and followed in individuals with

HH.10 Individuals with iron overload are treated with ther-

apeutic phlebotomy to reduce iron stores, decreasing risk

of organ damage.11

The relationship between iron and colorectal cancer

(CRC) and other cancers remains under investigation.

Free iron has been proposed to be linked to carcinogenesis.

It has been hypothesized that the association of red meat

consumption with CRC12 is due in part to heme iron pro-

moting reactive oxygen species through the Fenton reac-

tion13 and lipid peroxidation.14 Dietary iron was found

to be associated with CRC risk in ameta-analysis;15 howev-

er, the same authors found an inverse relationship between

serum ferritin and CRC risk. Increased iron load in individ-

uals with HH, who over-absorb iron, has been hypothe-

sized to lead to a higher constitutive free-radical burden,

promoting carcinogenesis. Thus, the relationship between

cancer andHFE genotypes that increase iron absorption of-

fers another approach to understanding the relationship

between iron and cancer.

The association of HH and hepatocellular carcinoma is

well established.16,17 Associations of HH and CRC and

breast cancer are less clear. Possible associations of HH in
2 Human Genetics and Genomics Advances 1, 100010, October 22, 2
other cancers, including colon cancer, are less clear.

Increased CRC risk for carriers of either the HFE C282Y or

the H63D HH risk-associated variants versus wild-type ho-

mozygotes (WT/WT) was reported in 2003; this was

observed in a relatively small sample size of 475 CRC cases

and 833 controls, and no increased risk was found for the

variants separately or for any genotype.18 A 2013 meta-

analysis, which included 9 studies of European ancestry

participants, with 7,588 CRC cases and 81,571 controls, re-

ported an increased risk of CRC (odds ratio [OR], 2.00; 95%

confidence interval [CI], 1.32–3.04) in HFE C282Y homo-

zygotes, although, notably, 7 of the 9 included studies

did not provide significant evidence of association, and

publication bias was not evaluated.19 A second 2016

meta-analysis also reported that HFE C282Y homozygosity

was associated with excess CRC risk (OR, 1.69; 95% CI,

1.04–2.75, not adjusted for multiple contrasts, including

5 different cancer phenotypes and a sixth other cancer

group).20 It considered 10 studies with 286 CRC cases

and 36,263 controls across 7 studies and included all of

the papers considered by the 2013 meta-analysis except

the large Asberg et al.21 dataset discussed below, plus three

additional papers.20

The association of clinical HH and CRC has not been

studied in large samples, but one smaller study of 1,847 in-

dividuals with HH and 5,973 of their first-degree relatives

found no association.17 The reported HFE genotype associ-

ation with CRC is based on small sample sizes18–21 and has

not been incorporated into clinical genetics or gastroenter-

ology care. Additionally, the possible relationship between

hemochromatosis risk genotypes or phenotype and CRC

raises the question of appropriate CRC screening ages for

individuals with the risk of genotype. Previous studies

have not evaluated the association ofHFE genotype or clin-

ical HH phenotype with the age at CRC diagnosis. There-

fore, we evaluated both the association of HFE genotype

with both CRC case versus control status and age at CRC

diagnosis in two large datasets, one a large CRC epidemio-

logical study consortium and the other a personal geno-

mics company. Specifically, our primary analyses con-

trasted HFE C282Y homozygotes with participants with

no C282Y or H63D allele, which we refer to as wild-type

homozygotes or WT/WT genotype.
Subjects and methods

Participants, phenotyping, and genotyping
The first dataset, CRC case-control (CRC C-C), includes data from

The Colon Cancer Family Registry (CCFR),22,23 Colorectal Cancer

Transdisciplinary Study (CORECT),24,25 and Genetics and Epide-

miology of Colorectal Cancer Consortium (GECCO).26,27 Details

about the studies, genotyping quality, and imputation are

described elsewhere.27 The CRC case-control and genotype status

of this dataset is reported by platform in Table S1. All studies were

approved by their respective institutional review boards, and

proper consent was obtained. Given that hemochromatosis pri-

marily affects individuals of European ancestry, we limited our
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Table 1. OR for association of CRC status with HFE C282Y/C282Y
genotype versus WT/WT

Beta SE OR 95% CI p value

CRC C-C

Overall 0.079 0.091 1.08 (0.91–1.29) 0.386

Male �0.061 0.129 0.94 (0.73–1.21) 0.638

Female 0.200 0.127 1.22 (0.95–1.57) 0.116

23andMe

Overall 0.010 0.132 1.01 (0.78–1.31) 0.938

Male 0.017 0.188 1.02 (0.70–1.47) 0.930

Female 0.005 0.187 1.00 (0.70–1.45) 0.981
analyses to that ancestry group to reduce risk of population strat-

ification. The dataset included 59,733 CRC or advanced adenoma

cases (46.5% female, 8.5% advanced adenoma), of which 54,211

had age-at-diagnosis data, and 72,351 controls (49.6% female),

who had European ancestry assigned by imputation. CRC pheno-

type was confirmed as invasive colorectal adenocarcinoma or

advanced adenoma by medical record, pathology report, or death

certificate. Henceforth this phenotype will be referred to as CRC.

Control participants were selected based on study-specific eligi-

bility and matching criteria (e.g., sex and age). HH diagnosis was

not available for this dataset. Ancestry was determined genetically,

using principal component analysis. HFE variants rs1800562 and

rs1799945 were either directly genotyped or imputed using the

TOPMed28 panel as reference. Imputed allele dosages were con-

verted to genotype calls using dosage <0.5 and >1.5 thresholds.

The second dataset was drawn from research participants among

clients of the personal genetics company, 23andMe (Sunnyvale,

CA, USA). Participants provided informed consent and answered

online surveys under a protocol approved by Ethical and Indepen-

dent Review Services, an independent Association for the Accred-

itation of Human Research Protection Programs (AAHRPP)-ac-

credited institutional review board. CRC phenotype was

determined by self-report response to the online survey question

‘‘What type(s) of cancer were you diagnosed with or treated for?

Please select all that apply:’’ with the selection of ‘‘Colon/colo-

rectal cancer.’’ Self-report of colon cancer has been reported to

be reasonably accurate in prior studies.29,30 Similarly, HH diag-

nosis phenotype was assessed by self-report (‘‘Have you ever

been diagnosed with, or treated for, hemochromatosis?’’) and con-

trasted with HFE genotype and self-report of phlebotomy (‘‘Did

your doctor ever remove your blood regularly in order to treat he-

mochromatosis?’’). The 23andMe CRC dataset was restricted to

2,893,782 participants inferred to be of greater than 97% Euro-

pean ancestry, based on local ancestry, with age between 30 and

90 years. It included 13,564 CRC cases (50.1% female) and

2,880,218 non-CRC controls (55.5% female). A total of 11,270 par-

ticipants reported HH, of whom 89 also reported CRC. HFE geno-

types for rs1800562 and rs1799945 variants were determined by

five different Illumina genotyping platforms (call rate > 99.95%

for both variants). DNA extraction and genotyping were per-

formed on saliva samples by LabCorp.
Statistical analyses
We conducted a CRC case-control analysis in the CRC C-C dataset

using logistic regression to estimate the OR of CRC associated with
Human
the exposure of C282Y/C282Y genotype versus no HH risk allele

genotype (WT/WT), adjusted for age, sex, genotyping platform,

and 3 ancestry principle components. Our analysis assumes the

known recessive model for HH and only considers the highest

penetrance risk genotype, which is expected to have the largest ef-

fect size. A secondary analysis contrasted participants with either

C282Y/H63D or C282Y/C282Y risk genotypes to participants

with no risk allele (WT/WT). Given that hemochromatosis pene-

trance is higher in males, sex-specific sensitivity analyses were

also performed. We tested whether HFE C282Y/C282Y genotype

is associated with age at CRC diagnosis using a two-sample t test.

Similar analyses were undertaken in the 23andMe dataset. Lo-

gistic regression was used to predict the outcome of prevalent

CRC status for the exposure of C282Y homozygosity versus no

risk allele (WT/WT); covariates included age, sex, genotyping plat-

forms, and ancestry principle components. To test the association

of C282Y homozygosity versus WT/WT on age at CRC diagnosis,

Cox proportional hazard analysis was performed.
Results

CRC C-C dataset

The OR of CRC risk, including covariates age, sex, genotyp-

ing platform, and 3 ancestry principle components, was

1.08 (95% CI, 0.91–1.29; p¼ 0.39; see Table 1 for summary

of CRC-HFE genotype association tests). The analyses

included 580 participants who were HFE C282Y homozy-

gotes and 114,053 participants who had no C282Y or

H63D alleles (WT/WT genotype; Table S1). The analysis

had 80% power to detect an OR of 1.24. Stratified analyses

by sex identified no increased risk in males (OR, 0.94; 95%

CI, 0.73–1.21; p ¼ 0.64) or females (OR, 1.22; 95% CI,

0.95–1.57; p ¼ 0.12). Secondary analyses combining N ¼
2,307 participants who were C282Y/H63D compound het-

erozygotes (967 CRC cases and 1,340 controls) with the

C282Y homozygotes versus WT/WT also detected no asso-

ciation of genotype with CRC risk; this yielded an OR of

1.00 (95% CI, 0.92–1.08; p ¼ 0.99).

The distribution of age at CRC diagnosis also did not

differ between HFE C282Y/C282Y and WT/WT genotype;

the mean age at CRC diagnosis was 64.2 years for 199

C282Y/C282Y genotype individuals and 64.7 years for

34,832 non-carriers (p ¼ 0.6; age at CRC diagnosis for all

genotypes is reported in Table 2). Genotype was not associ-

ated with age at CRC diagnosis in either males or females

in stratified analyses.

23andMe dataset

HFE C282Y homozygosity versus WT/WT genotype was

not associated with history of CRC (OR, 1.01; 95% CI,

0.78–1.31; p ¼ 0.94). The analyses included 11,678 partic-

ipants who were HFE C282Y homozygotes and 1,806,905

participants who had no C282Y or H63D alleles (WT/WT

genotype). Secondary analyses considering both C282Y

homozygotes and C282Y/H63D compound heterozygotes

combined versusWT/WTshowed no association with CRC

as well (OR, 0.93; 95% CI, 0.83–1.05; p ¼ 0.25). Similarly,

no association of C282Y homozygote genotype with age
Genetics and Genomics Advances 1, 100010, October 22, 2020 3



Table 2. Age at CRC diagnosis stratified by HFE C282Y and H63D
genotype and HH phenotype

Genotype Sample size
Mean CRC
onset age Onset age SD

CRC C-C all

C282Y/C282Y 199 64.2 10.5

C282Y/H63D 839 64.5 11.9

H63D/H63D 1,168 64.7 11.5

C282Y/WT 4,630 64.4 11.1

H63D/WT 12,543 64.5 11.3

WT/WT 34,832 64.7 11.5

CRC C-C male

C282Y/C282Y 97 63.6 9.16

C282Y/H63D 440 64.1 11.3

H63D/H63D 625 64.7 11.2

C282Y/WT 2,388 64.1 10.7

H63D/WT 6,565 64.5 10.8

WT/WT 18,687 64.6 11.1

CRC C-C female

C282Y/C282Y 102 64.9 11.6

C282Y/H63D 399 64.9 12.4

H63D/H63D 543 64.8 11.2

C282/WT 2,242 64.7 11.5

H63D/WT 5,978 64.6 11.9

WT/WT 16,145 64.8 11.8

23andMe all

C282Y/C282Y 58 52.3 12.6

C282Y/H63D 234 56.0 11.4

C282Y/WT 1,376 56.4 12.3

H63D/H63D 287 55.6 11.6

H63D/WT 3,137 56.2 12.1

WT/WT 8,472 56.5 12.2

23andMe male

C282Y/C282Y 29 51.9 12.1

C282Y/H63D 118 57.0 11.2

H63D/H63D 144 55.5 12.1

C282Y/WT 676 57.1 12.1

H63D/WT 1,541 56.6 11.8

WT/WT 4,257 57.1 12.0

23andMe female

C282Y/C282Y 29 52.6 13.2

C282Y/H63D 116 55.1 11.6

H63D/H63D 143 55.8 11.1

C282Y/WT 700 55.6 12.4

Table 2. Continued

Genotype Sample size
Mean CRC
onset age Onset age SD

H63D/WT 1,596 55.8 12.4

WT/WT 4,215 55.8 12.4
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at diagnosis of CRC was detected using survival analysis

(OR, 1.07; 95% CI, 0.82–1.40; p ¼ 0.63; Table 2).

We considered testing the association of self-reported

HH with CRC in the 23andMe dataset; however, evalua-

tion of the self-reported data suggested poor phenotype

quality. 23andMe participants’ self-report of HH pheno-

type was compared with HFE C282Y and H63D allele

counts. Of the 89 participants who reported having both

CRC and HH, only 39 had genotypes consistent with an

HH diagnosis (20 C282Y/C282Y, 12 C282Y/H63D, and 7

H63D/H63D), and 50 (52.2%) did not have genotypes

consistent with the HH diagnosis (20 WT/WT, 20 WT/

H63D, and 10 WT/C828Y). Of the 11,178 reporting HH

but not CRC, 6,131 (54.9%) did not have compatible geno-

types. While there are rare non-HFE causes of HH in adults

and rare HFE variants that were not genotyped here that

can cause HH, it is likely that the majority of these partic-

ipants without a risk genotype are misreporting HH or mis-

diagnosed, as HH rarely occurs in WT/WT European

ancestry individuals.31 We evaluated whether use of a sup-

plemental question regarding treatment with phlebotomy

would improve accuracy of self-report of HH; however,

even in genotypes not consistent with HH, over 40% of

participants self-reporting HH also reported phlebotomy.

Therefore, the self-report of HH and phlebotomy were

considered to poorly reflect actual HH to analyze further.
Discussion

Our analyses, in two very large datasets, detect no associa-

tion of HFE C282Y/C282Y genotype with CRC. The upper

limit on the 95% CI of the OR in both cases was ~1.3.

While we cannot rule out a more modest association of

this genotype with CRC, these results conflict with prior

reports of 2- to 3-fold excess risk or the 2016 meta-analysis

estimate of an OR of 1.7.20 Our secondary analyses of HFE

C282Y/C282Y or C282Y/H63D genotype versus WT/WT

genotype also did not find an HFE genotype association

with CRC. The less-penetrant H63D allele has generally

not been associated with CRC risk,20,32 and we also did

not see any association of this allele with CRC in our ana-

lyses. Additionally, we found no association of HH risk ge-

notype with age at CRC diagnosis, consistent with the lack

of HFE CRC association.

A positive CRC-HFE association found in the larger 2013

meta-analysis appears to be primarily driven by a dispro-

portionately large single report of a Norwegian cohort by

Asberg et al.21 In that study, Asberg et al. did not genotype

all participants but only genotyped 622 individuals who
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had a ‘‘high’’ non-fasting serum transferrin saturation (TS

55% [men, normal 15%–50%] or TS 50% [women, normal

12%–45%])33 and also a subsequent ‘‘high’’ fasting serum

TS. Of participants with two ‘‘high’’ TS measures, 49%

tested positive for HFE C282Y homozygosity; of partici-

pants homozygotes, mean serum TS was 70% in females

and 79% in males. Participants without such abnormal

iron studies (64,616 individuals) were assigned a ‘‘non-ho-

mozygous’’ genotype without any genetic testing. Thus,

with respect to genotype classification, their study relied

more on iron studies thanmeasuredHFE genotype, as non-

penetrant C282Y homozygotes would be misclassified for

genotype, and other causes of elevated iron would be mis-

classified as positive for genotype. This appears to be the

reason it was excluded from the 2016 meta-analysis.20

The only other study that concluded excess risk of CRC

with the HFE C282Y/C282Y genotype, Osborne et al.,34

was included by both meta-analyses.19,20 Osborne et al. re-

ported an OR of 2.31 (95% CI, 1.24–4.32), finding 10 inci-

dent CRC cases with that genotype. The supplemental ma-

terial of a recent phenome-wide association study

(PheWAS) has reported no positive association of CRC (In-

ternational Classification of Diseases, Ninth Revision

[ICD9] 153.2) with any iron-related SNPs, specifically re-

porting negative results for rs1800562 (HFE p.C282Y) as

beta ¼ 0.01 and p ¼ 0.8, and rs1799945 (HFE H63D) of

beta ¼ �0.07 and p ¼ 0.04, uncorrected for 909 tests.35

A limitation of this work is that the 23andMe history of

CRC diagnosis status and age at diagnosis are self-reported.

Prevalent CRC status is susceptible to survival bias. While

they differ in the design and assessment of CRC, the results

fromthe twodatasetsareconsistent infindingnoassociation

of HFE genotype with CRC or age at CRC diagnosis. Lack of

reliable data on HH diagnosis is an additional limitation, as

we could not assess risk of CRC in penetrant HH. Given the

incomplete penetrance of HH, a true association that relies

on elevated iron stores as a mechanism might be very small

and, thus, difficult to detect, even in this large sample size;

however, the CIs here rule out a large increased risk of

CRC. Our analyses are limited to individuals of European

ancestry and may not be generalizable to other ancestry

groups. Strengths of the current study include the large sam-

ple sizes and the use of two very different ascertainment sys-

tems: a consortium of existing CRC case-control studies and

nested case-control studies and the large population-based

23andMe dataset, where enrollment is likely not correlated

with CRC status or HH risk.

In summary, we do not find any evidence of an HFE

C282Y/C282Y genotype association with CRC in two large

and complementary datasets, the first ascertained by CRC

case-control status and the second ascertained indepen-

dently of either CRC or HH diagnoses status. Further, we

see no association of HH risk genotypes on CRC age at

diagnosis. These results indicate no increased CRC risk in

individuals with HH genotypes and suggest that persons

with HH risk genotypes can follow population screening

recommendations for CRC.32,36,37
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