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IMPORTANCE Hereditary hemochromatosis is predominantly caused by the HFE p.C282Y
homozygous pathogenic variant. Liver carcinoma and mortality risks are increased in
individuals with clinically diagnosed hereditary hemochromatosis, but risks are unclear in
mostly undiagnosed p.C282Y homozygotes identified in community genotyping.

OBJECTIVE To estimate the incidence of primary hepatic carcinoma and death by HFE
variant status.

DESIGN, SETTING, AND PARTICIPANTS Cohort study of 451186 UK Biobank participants of
European ancestry (aged 40-70 years), followed up from baseline assessment (2006-2010)
until January 2018.

EXPOSURES Men and women with HFE p.C282Y and p.H63D genotypes compared with those
with neither HFE variants.

MAIN OUTCOMES AND MEASURES Two linked co-primary outcomes (incident primary liver
carcinoma and death from any cause) were ascertained from follow-up via hospital inpatient
records, national cancer registry, and death certificate records, and from primary care data
among a subset of participants for whom data were available. Associations between
genotype and outcomes were tested using Cox regression adjusted for age, assessment
center, genotyping array, and population genetics substructure. Kaplan-Meier lifetable
probabilities of incident diagnoses were estimated from age 40 to 75 years by HFE
genotype and sex.

RESULTS A total of 451186 participants (mean [SD] age, 56.8 [8.0] years; 54.3% women)
were followed up for a median (interquartile range) of 8.9 (8.3-9.5) years. Among the 1294
male p.C282Y homozygotes, there were 21incident hepatic malignancies, 10 of which were in
participants without a diagnosis of hemochromatosis at baseline. p.C282Y homozygous men
had a higher risk of hepatic malignancies (hazard ratio [HR], 10.5 [95% Cl, 6.6-16.7]; P < .001)
and all-cause mortality (n = 88; HR, 1.2 [95% Cl, 1.0-1.5]; P = .046) compared with men with
neither HFE variant. In lifetables projections for male p.C282Y homozygotes to age 75 years,
the risk of primary hepatic malignancy was 7.2% (95% Cl, 3.9%-13.1%), compared with 0.6%
(95% Cl, 0.4%-0.7%) for men with neither variant, and the risk of death was 19.5% (95% Cl,
15.8%-24.0%), compared with 15.1% (95% Cl, 14.7%-15.5%) among men with neither variant.
Among female p.C282Y homozygotes (n = 1596), there were 3 incident hepatic malignancies
and 60 deaths, but the associations between homozygosity and hepatic malignancy

(HR, 2.1[95% Cl, 0.7-6.5]; P = .22) and death (HR, 1.2 [95% Cl, 0.9-1.5]; P = .20) were not
statistically significant.

CONCLUSIONS AND RELEVANCE Among men with HFE p.C282Y homozygosity, there was a
significantly increased risk of incident primary hepatic malignancy and death compared with
men without p.C282Y or p.H63D variants; there was not a significant association for women.
Further research is needed to understand the effects of early diagnosis and treatment.
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n European ancestry groups, the iron overload con-

dition hereditary hemochromatosis is predominantly

caused by HFE gene variants (OMIM #613609)%; a meta-
analysis from 20102 suggested that 81% of patients with
hemochromatosis have the p.C282Y variant and 5% have
the p.C282Y/p.H63D compound heterozygote genotype. The
p.C282Y variant is carried by 10% to 15% of the population of
northern European descent,® with 0.64% of people of
European ancestry in the UK being p.C282Y homozygous.*
In the Hemochromatosis and Iron Overload Screening
(HEIRS) study® of primary care patients from 5 North
American clinical centers, p.C282Y homozygosity preva-
lence was 0.44% in non-Hispanic White patients and 0.11%
in Native American patients, and less common in other racial
groups. Hereditary hemochromatosis is the most common
autosomal recessive disorder among individuals of northern
European ancestry, with a prevalence of 1in 300 to 1in 500
individuals.® Hemochromatosis-associated iron overload
can lead to liver cirrhosis and liver cancers, mainly hepato-
cellular carcinomas,” which are a major cause of premature
death in untreated hereditary hemochromatosis.® Hepatic
morbidity is more common in men who are p.C282Y
homozygous,* with women partly protected by menstrual
iron losses.® However, hereditary hemochromatosis is easily
managed with phlebotomy'?; if started before irreversible
end organ damage, treatment can regress liver fibrosis and
reduce risks of liver cancer.!"1?

Elevated liver enzymes (especially alanine aminotrans-
ferase and aspartate aminotransferase) are common in com-
munity-screened p.C282Y homozygotes.'> However, progres-
sion rates to liver disease and carcinoma are unclear. Because
iron accumulates with age, clinical expression is best esti-
mated as a lifetime incidence. Grosse et al'* estimated the life-
time incidence of severe liver disease (cirrhosis or hepatocel-
lular carcinoma) was 9% (95% CI, 2.6%-15.3%) in 152 untreated
male p.C282Y homozygotes in 4 cohort studies.

Given the limited information on key outcomes, follow-up
data from a large genotyped community sample were used to es-
timate the incidence of primary hepatic carcinomas and deaths
by HFE variant status in participants of European descent.

Methods

This analysis used UK Biobank data,'® which received ethi-
cal approval from the North West Multi-centre Research
Ethics Committee. Participants gave written informed con-
sent for data collection, genotyping, and linkage to elec-
tronic medical records through electronic signature at base-
line assessment. The current cohort analysis was approved
under Biobank application 14631.

Study Population

A total of 502 492 community volunteers were recruited who
were aged 40 to 70 years at baseline and living near 22 assess-
ment centers in England, Scotland, and Wales.'® Baseline as-
sessments (from 2006 to 2010) included information about de-
mographics, lifestyle, and disease history. Participants were
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Key Points

Question What are the risks of primary hepatic malignancies or
death by age 75 years in hemochromatosis HFE p.C282Y
homozygotes identified in genotyping in a community sample?

Findings In this cohort study that included 451186 individuals,
the risk of primary hepatic malignancy among 1294 male
homozygous participants compared with men without pathogenic
variants was 7.2% vs 0.6%, and the risk of all-cause death was
19.5% vs 15.1%; both differences were statistically significant.
There were no statistically significant associations for women.

Meaning Among men, HFE p.C282Y homozygosity was
significantly associated with increased risk for incident primary
hepatic malignancy and excess mortality.

notified of relevant health related findings at the baseline as-
sessment, but individuals are not notified of subsequent find-
ings, including genotyping.

Genotyping

Genotyping data were available from Affymetrix microarrays
(800 000 markers directly genotyped); however, because HFE
p.C282Y (dbSNP rs1800562) was not directly genotyped, stan-
dard imputation methods were applied'® (see eMethods in the
Supplement for details). HFE p.H63D (dbSNP rs1799945) was
directly genotyped in the microarray data.

Baseline Variables

Participants self-reported alcohol use frequency, smoking sta-
tus, and physician-diagnosed disease at baseline (including
hepatitis, cirrhosis, and diabetes). Body mass index and waist
circumference measures were from baseline assessment. Base-
line liver enzyme concentrations were measured using Inter-
national Federation of Clinical Chemistry standards (on Beck-
man Coulter AU5800 series analyzer'”), with concentrations
dichotomized (normal vs above reference ranges) in analyses
for alanine aminotransferase (ALT; >50 U/L!®) and aspartate
aminotransferase (AST; >45 U/L'°). Hemoglobin concentra-
tion and hematocrit percentage were from baseline, with poly-
cythemia defined as elevated hemoglobin (>16.5 g/dL for men
and >16 g/dL for women) and hematocrit (>49% for men and
>48% for women).?° No data were available on ferritin con-
centrations or transferrin saturation.

Outcomes

Prevalent diagnoses were derived from baseline question-
naires plus International Classification of Diseases, 10th
Revision (ICD-10) coded hospital inpatient data (National
Health Service Hospital Episode Statistics) from 1996 to the
time of the baseline assessment. Incident disease diagnoses
were from the baseline assessment (2006-2010), with
follow-up from hospital inpatient (to March 2017), national
cancer registry (to March 2016), and death registration (to
January 2018) data. Given the literature, the 2 linked
co-primary outcomes of interest were any incident primary
liver cancer (ICD-10 code C22*) and all-cause death, with
excess mortality related to hemochromatosis mainly linked
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to liver complications.?! Secondary outcomes included
any noncancer liver disease (K70-K77%*), alcoholic liver
disease (K70%*), fibrosis and cirrhosis (K74*), chronic
hepatitis (K73*), hepatitis B (B16*, B17.0, B18.0, B18.1,
B19.1), hepatitis C (B17.1, B18.2, B19.2), hepatocellular carci-
noma (C22.0), and intrahepatic bile duct carcinoma/
cholangiocarcinoma (C22.1). These diagnoses were not
mutually exclusive, and individuals could be counted as
having more than 1 category of disease. Because unman-
aged hemochromatosis tends to progress from mild liver
fibrosis through liver cirrhosis to malignancy and then to
higher death rates, these outcomes cannot be separated.

Primary Care Data

Primary care records were available for a participant subset,
providing additional incident disease diagnoses after base-
line until 2016 or 2017 (depending on the computer system sup-
plier of the general practice). Liver outcomes listed above were
ascertained in primary care “Read codes” (a hierarchical cod-
ing system including ICD diagnoses?®?).

Statistical Analysis

Baseline characteristics of participants with and without pri-
mary care follow-up data were compared (final follow-up in
January 2018) using logistic regression for categorical vari-
ables and t tests for continuous variables. Cox proportional
hazards regression models tested sex-specific genotype asso-
ciations with incident liver outcomes and mortality. Incident
liver outcomes excluded participants with each baseline
prevalent diagnosis for each outcome only (eg, participants
with noncancer liver disease at baseline were excluded from
incident noncancer liver disease analyses, but other partici-
pants were included irrespective of other studied baseline
diagnoses). Models were adjusted for age, assessment center,
genotyping array, and 10 genetic principal components gen-
erated in participants of European descent, accounting for
population genetics substructure. Proportional hazards
assumptions for the main outcomes were tested with
Schoenfeld residuals, which did not indicate violation of the
assumption. Kaplan-Meier curves provided probabilities of
incident liver outcomes by age, within genotypes, and by sex.
Lifetable probabilities of incident outcomes were estimated
from age 40 to 75 years in 5-year bands, by HFE genotypes
and sex, applying observed incidence rates in each age group
to a notional cohort, estimating cumulative incident case
numbers from age 40 to 75 years.

Given the literature, the 2 linked co-primary outcomes
of interest were incident primary liver carcinoma and death
from any cause in male p.C282Y homozygotes vs men with
neither p.C282Y or p.H63D HFE variants. The 2 co-primary
outcomes were not adjusted for multiple comparisons
because they are linked and not independent. Because of
the potential for type I error due to multiple comparisons,
findings for analyses of secondary end points should be
interpreted as exploratory. In the main text, results are pre-
sented for the higher-risk p.C282Y homozygotes and
p.C282Y/p.H63D genotypes vs neither HFE variants
(see eTables and eFigures in the Supplement for full
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results). All P values were 2-sided, with statistical signifi-
cance set at P <.05. All analyses were performed using Stata,
version 15.1 (StataCorp).

Sensitivity Analysis

Potential confounding factors?? (sex, high alcohol intake,
smoking, body mass index, waist circumference, and diabe-
tes) were tested for interactions with genotypes in sensitiv-
ity analyses. An additional sensitivity analysis excluded par-
ticipants diagnosed with hemochromatosis at baseline to
provide separate estimates for community-identified undi-
agnosed participants.

Missing Data

For the 451186 included participants of European descent
with HFE p.C282Y genotypes, all of the main variables used
in analyses had complete data (genotype, age, sex, assess-
ment center, genotyping array, and the first 10 genetic prin-
cipal components). Data were complete for incident liver
outcomes and death based on ascertainment through clini-
cal data sources (hospital admissions, cancer registry, and
death records). Less than 0.3% of participants has missing
data for covariates used in sensitivity analyses, including
self-reported baseline disease diagnoses, alcohol intake,
smoking status, or waist circumference. Less than 5% of
participants had missing data for biological measurements
from blood assays (ALT, AST, hemoglobin, or hematocrit),
but these variables were used for descriptive purposes only
and not in the main analyses. Given the low level of missing
data, we excluded participants with specific missing data
from each analysis as needed.

.|
Results

Characteristics of Participants
Analyses included 451186 participants of European descent
aged 40 to 70 years at baseline with available HFE p.C282Y
(rs1800562) genotype data (mean [SD] age, 56.8 [8.0] years;
244 834 [54.3%] women), including 209 811 (46.5%) with ad-
ditional primary care data available. Characteristics of partici-
pants with and without primary care data were similar, al-
though large sample sizes resulted in statistically significant,
but clinically unimportant, differences (eg, mean age of 56.7
years for participants with primary care data vs 56.8 for par-
ticipants without; P < .001; see eTable 1in the Supplement for
details). Overall, 2890 (0.6%) participants were p.C282Y ho-
mozygous (including 1382 in the subset of participants with
primary care data available) (Table 1; see eTable 2 in the
Supplement for details of all HFE genotypes). To check impu-
tation quality, imputed p.C282Y genotypes (rs1800562) were
compared with exome sequencing genotypes available for
49772 participants. There was high sequencing vs imputa-
tion correlation (r>= 0.998), and only 1 of 231 (0.4%) imputed
p-C282Y homozygotes was incorrectly classified (sequenced
genotype = p.C282Y heterozygote).

At baseline, 156 of 1294 male (12.1%) and 54 of 1596
female (3.4%) p.C282Y homozygotes were diagnosed with
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Table 1. Baseline Characteristics of Participants in a Study of the Association of Hemochromatosis HFE p.C282Y Homozygosity

With Hepatic Malignancy (N = 451186)°

No. (%)
Men Women

Characteristics C282Y +/+° C282Y+/H63D+ No variants C282Y +/+° C282Y+/H63D+ No variants
Total participants 1294 4955 122860 1596 5746 145719
Participants 612 2297 56425 770 2754 67916
with primary care
records
Age at baseline, 56.9(8.2) 57.0(8.1) 57.0(8.1) 56.9(8.0) 56.5(7.9) 56.6 (7.9)
mean (SD), y
Obesity (BMI >30) 295 (22.8) 1223 (24.7) 31767 (25.9) 354 (22.2) 1353 (23.6) 33997 (23.3)
Waist circumference, 96.9(11.1) 97.0(11.3) 97.0(11.3) 84.6 (12.5) 84.9(12.6) 84.6 (12.5)
mean (SD), cm
Current smoker 189 (14.6) 612 (12.4) 14953 (12.2) 138(8.7) 509 (8.9) 12837 (8.8)
Consuming alcohol 324(25.1) 1231(24.9) 32471 (26.5) 256 (16.0) 932 (16.2) 24603 (16.9)
daily
Polycythemia 35(2.8) 191 (4.0) 2386 (2.0) 1(0.1) 13(0.2) 131(0.1)
(from baseline
blood counts)©
Liver enzymes
Alanine 181(14.7) 338(7.1) 7197 (6.1) 62 (4.1) 139(2.5) 3041 (2.2)
aminotransferase [12.8-16.9] [6.4-7.9] [6.0-6.3] [3.1-5.2] [2.1-3.0] [2.1-2.3]
>50 U/L [95% CI]
Aspartate 129(10.6) 226 (4.8) 4814 (4.1) 54 (3.6) 135(2.5) 2792 (2.0)
aminotransferase [8.9-12.4] [4.2-5.4] [4.0-4.2] [2.7-4.6] [2.1-2.9] [1.9-2.1]
>45 U/L [95% CI]
Prevalent disease

Diabetes 113(8.7) 311(6.3) 7876 (6.4) 59(3.7) 193 (3.4) 4478 (3.1)

(any type)

Hepatitis (any) 5(0.4) 24(0.5) 675 (0.6) 5(0.3) 30(0.5) 648 (0.4)

Cirrhosis 6(0.5) 2(<0.1) 85(0.1) 1(0.1) 3(0.1) 93(0.1)

Abbreviation: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared).

2 p.C282Y heterozygous, p.H63D heterozygous, and p.H63D homozygous
individuals are not shown (see eTable 2 in the Supplement for details).

®HFE p.C282Y homozygosity.

¢ Polycythemia defined as elevated hemoglobin (>16.5 g/dL for men; >16 g/dL
for women) and hematocrit (>49% for men; >48% for women).2°

hemochromatosis (Table 2); the median (interquartile
range) age of diagnosis was 55.2 (48.8-59.5) years for men
and 58.1 (52.2-61.8) years for women. Obesity was slightly
less common in male p.C282Y homozygotes (22.8%) than in
men with neither p.C282Y or p.H63D variants (25.9%)
(P = .01). Mean waist circumference was 97.1 cm among
men and 84.6 cm among women, with no differences
between p.C282Y homozygotes and those with no patho-
genic variants (P = .59 for men and P = .97 for women). Male
p-C282Y homozygotes were more likely than men with nei-
ther variant to have diabetes (8.7% vs 6.4%; P < .001) and be
smokers (14.6% vs 12.2%; P < .01). Overall, 26.3% of men
and 16.8% of women consumed alcohol daily, with male
p-C282Y heterozygotes (25.7%) and men with p.C282Y and
p-H63D variants (24.9%) slightly less likely to drink daily
(P =.02 and P = .01) than men with neither variant (26.5%).
Polycythemia was more common in p.C282Y homozygote
men than men with neither variant (2.8% vs 2.0%). Hepati-
tis diagnoses were not more common in male or female
p-.C282Y homozygotes than in those with neither variant.
Cirrhosis was more common in male p.C282Y homozygotes
than in men with neither variant (0.5% vs 0.1%), with no
significant difference for women. Liver enzyme concentra-
tions above clinical cut points were more common in
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p.C282Y homozygote men than in men with neither variant
(ALT: 14.7% [95% CI, 12.8%-16.9%] vs 6.1% [95% CI, 6.0%-
6.3%]; AST: 10.6% [95% CI, 8.9%-12.4%] vs 4.1% [95% CI,
4.0%-4.2%]), with smaller differences among women
(Table 1; see eTable 2 in the Supplement for details of all
HFE genotypes).

Hazard Ratios for Incident Liver Outcomes

By the end of follow-up (median [interquartile range], 8.9 [8.3-
9.5] years), 25.3% of p.C282Y homozygote men and 12.5% of
female homozygotes had hemochromatosis diagnoses (Table 2;
eTable 3 in the Supplement).

During follow-up, 48 of 1294 male homozygotes (3.7%)
were diagnosed with incident noncancer liver diseases vs
1598 of 122 860 men with neither variant (1.3%) (difference,
2.41% [95% CI, 1.4%-3.6%]; hazard ratio [HR] for male
p-.C282Y homozygotes, 2.90 [95% CI, 2.18-3.87]; P < .001),
excluding baseline noncancer liver disease, irrespective of
hemochromatosis diagnoses (Table 2; Figure 1; eTables 3
and 4 in the Supplement). Incident primary hepatic malig-
nancies were diagnosed in 1.55% (20 of 1294) of p.C282Y
homozygous men vs 0.14% (174 of 122 860) of individuals
with neither HFE variant (difference, 1.41% [95% CI, 0.73%-
2.10%]; HR, 10.47 [95% CI, 6.56-16.69]; P < .001), excluding
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Table 2. Incident Disease and Death During Follow-up in a Study of the Association of Hemochromatosis HFE p.C282Y Homozygosity

With Hepatic Malignancy?

No. (%)
Males Females
Characteristics C282Y +/+ C282Y+/H63+ No variants C282Y +/+ C282Y+/H63+ No variants
Total participants® (n=1294) (n = 4955) (n=122860) (n=1596) (n =5746) (n=145719)
Hemochromatosis diagnosis 156 (12.1) 29(0.6) 30(<0.1) 54 (3.4) 12(0.2) 8(<0.1)
at baseline
Hemochromatosis diagnosis 327(25.3) 89(1.8) 74(0.1) 200 (12.5) 35(0.6) 25(<0.1)
at the end of follow-up
(baseline or incident)
Follow-up time, 8.9(8.3-9.5) 8.9(8.3-9.5) 8.9(8.3-9.5) 9.0(8.4-9.5) 8.9(8.3-9.5) 8.9(8.3-9.5)
median (IQR), y
Incident diagnoses
Noncancer liver disease 48 (3.7) 80 (1.6) 1598 (1.3) 23(1.5) 68(1.2) 1433 (1.0)
Fibrosis and cirrhosis 17 (1.3) 16 (0.3) 264 (0.2) 4(0.3) 9(0.2) 229(0.2)
Alcoholic liver disease 8(0.6) 18 (0.4) 309 (0.3) 4(0.3) 2(<0.1) 77 (0.1)
Chronic hepatitis 1(0.1) 2(<0.1) 23(<0.1) 1(0.1) 1(<0.1) 26 (<0.1)
Hepatitis B 0 3(0.1) 44 (<0.1) 1(0.1) 1(<0.1) 11(<0.1)
Hepatitis C 0 2(<0.1) 53(<0.1) 1(0.1) 0 14 (<0.1)
Liver carcinomas (primary) 20(1.6) 10(0.2) 174 (0.1) 3(0.2) 4(0.1) 129 (0.1)
Hepatocellular carcinoma 14(1.1) 7(0.1) 81(0.1) 1(0.1) 0 30(<0.1)
Intra_hepatic bile duct 5(0.4) 3(0.1) 63(0.1) 0 3(0.1) 69 (0.1)
carcinoma
Death
All-cause 88 (6.8) 260 (5.3) 6560 (5.3) 60 (3.8) 154 (2.7) 4362 (3.0)
Noncancer liver disease 1(0.1) 5(0.1) 141(0.1) 0 2(<0.1) 43 (<0.1)
Liver carcinomas 14(1.1) 6(0.1) 102 (0.1) 3(0.2) 3(0.1) 78(0.1)
Participants with primary care records® (n=612) (n=2297) (n =56425) (n=770) (n =2754) (n=67916)
Incident diagnosis
Noncancer liver disease 42(7.1) 64 (2.8) 1448 (2.6) 22(2.9) 70(2.6) 1305(1.9)
Fibrosis and cirrhosis 14 (2.3) 10(0.4) 148 (0.3) 4(0.5) 6(0.2) 151 (0.2)
Alcoholic liver disease 9(1.5) 12 (0.5) 272 (0.5) 4(0.5) 4(0.2) 72(0.1)
Liver carcinomas (primary) 12 (2.0) 3(0.1) 75(0.1) 1(0.1) 1(<0.1) 62 (0.1)
Hepatocellular carcinoma 6(1.0) 3(0.1) 31(0.1) 0 0 16 (<0.1)
Intrahepatic bile duct 4(0.7) 0 31(0.1) 0 1(<0.1) 31(0.1)

carcinoma

2 Excluding individuals with each prevalent diagnosis at baseline only
(eg, the incident liver cancer analysis included participants with baseline
noncancer liver disease). p.C282Y heterozygous, p.H63D heterozygous and
p.H63D homozygous individuals are not shown (see eTable 3 in the
Supplement for details).

b Total sample (n = 451186) with follow-up data from Hospital Episode
Statistics, the Cancer Registry, and death records.

¢ Subset of participants (n = 209 811) with additional follow-up data available
from primary care records.

participants with liver cancers at baseline. Seven of the 20
male p.C282Y homozygotes with hepatic malignancies had
(noncancer) liver disease at baseline, but none had hepatitis
diagnoses at baseline or during follow-up (including chronic
hepatitis, hepatitis B, or hepatitis C). Eleven of the 20 male
p-C282Y homozygotes with hepatic malignancies had
hemochromatosis diagnoses at baseline (9 were undiag-
nosed). Of the hepatic malignancies, the majority were
hepatocellular (n = 14 in p.C282Y homozygote men; HR,
15.54 [95% CI, 8.76-27.57]; P < .001 vs individuals with nei-
ther variant), and there were 5 homozygote men with intra-
hepatic bile duct carcinoma/cholangiocarcinoma (HR, 7.18
[95% CI, 2.87%-17.99%]; P < .001) (Figure 1; eTable 4 in the
Supplement).

In the subsample of 209 811 participants with additional
primary care data (46.5%), there was 1 additional hepatic ma-

JAMA November 24,2020 Volume 324, Number 20

lignancy recorded in a male homozygote (ie, a total of 21 male
p.C282Y homozygotes with incident hepatic malignancy as-
certained) (male homozygote [vs men with neither variant] HR,
14.11[95% CI, 7.62-26.12]; P < .001) (Figure 1; eTable 5 in the
Supplement). Ten of the 21 male p.C282Y homozygotes with
incident hepatic malignancies were undiagnosed with hemo-
chromatosis at baseline.

The incidence of hepatic malignancies (n = 3; HR, 2.06
[95% CI, 0.66-6.49]; P = .22) in female p.C282Y homozygotes
and women with neither variant was not significantly differ-
ent, but female p.C282Y homozygotes did have a signifi-
cantly increased risk of alcoholic liver disease diagnoses (HR,
4.21[95% CI, 1.54-11.54]; P = .01). Male p.C282Y heterozy-
gotes also had a significantly increased risk of alcoholic liver
disease (HR, 1.48 [95% CI, 1.18-1.87]; P = .001). There was no
significant increase in risk of incident liver outcomes in either
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Figure 1. Hazard Ratios for Incident Liver Outcomes Comparing p.C282Y Homozygous Genotype

With Individuals With No HFE Variants

No. of individuals/person-years

p.C282Y Hazard ratio
Outcome No HFE variants homozygous  (95% Cl)
Men
Liver disease (any)
Total cohort 1598/968897  48/9916 2.90(2.18-3.87)
Primary care subset 1448/439531  42/4578 2.80(2.06-3.80)
Alcoholic liver disease
Total cohort 309/975393 8/10221 2.26 (1.12-4.56)
Primary care subset  272/444633 9/4782 2.91 (1.49-5.66)
Fibrosis and cirrhosis
Total cohort 264/975954 17 /10079 5.98 (3.65-9.79)
Primary care subset  148/445246 14/4713 8.14 (4.69-14.13)
Liver cancer
Total cohort 174/865267 20/9111 10.47 (6.56-16.69)
Primary care subset 75/396487 12/4314 14.11(7.62-26.12)
Hepatocellular carcinoma
Total cohort 81/865309 14/9115 15.54 (8.76-27.57)
Primary care subset  31/396507 6/4319 16.78 (6.94-40.57)
Intrahepatic bile duct carcinoma
Total cohort 63/865306 5/9126 7.18 (2.87-17.99)
Primary care subset  31/396505 4/4316 11.18(3.87-32.24)
Liver cancer mortality
Total cohort 102/1074517  14/11271 11.91(6.77-20.97)
Women
Liver disease (any)
Total cohort 1433/1160712 23/12783 1.42 (0.94-2.15)
Primary care subset 1305/534640 22/6124 1.47 (0.97-2.25)
Alcoholic liver disease
Total cohort 77/1168875 4/12905 4.21(1.54-11.54)
Primary care subset  72/540835 4/6209 4.85(1.77-13.31)
Fibrosis and cirrhosis
Total cohort 229/1167594  4/12877 1.55(0.58-4.18)
Primary care subset  151/540199 4/6186 2.28(0.84-6.17)
Liver cancer
Total cohort 129/1033722 3/11436 2.06 (0.66-6.49)
Primary care subset 62/480508 1/5522 1.44(0.20-10.41)
Hepatocellular carcinoma
Total cohort 30/1033754 1/11436 3.00(0.41-22.06)
Primary care subset  16/480540 0/5522
Intrahepatic bile duct carcinoma
Total cohort 69/1033717 0/11437
Primary care subset  31/480517 0/5522
Liver cancer mortality
Total cohort 78/1286786 3/14152 3.36 (1.06-10.67)

-
e
m
e
m
[
I
L w
. m
[ B
B Hazard ratios adjusted for age,
assessment center, genotyping array,
and population genetics substructure
- = using principal components.
Individuals with each prevalent
diagnosis at baseline only were
= excluded (eg, the incident liver
cancer analysis included participants
with baseline noncancer liver
disease). The participants in the total
cohort had incident diagnoses taken
from Hospital Episode Statistics, the
Cancer Registry, and death records
= (n = 451186) (see eTables 4, 5,and 7
in the Supplement for details of all
N e SN HFE genotypes). Participants in the
0.2 1 10 70  primary care subset had primary care

Hazard ratio (95% Cl) data available from general practices

(n=20981M).

male or female p.C282Y/p.H63D compound heterozygotes
(eTable 4 in the Supplement).

Lifetable Risks of Incident Clinical Liver Diagnoses

During Follow-up

Kaplan-Meier curves for diagnosis of liver carcinoma in male
p-C282Y homozygotes, from age 40 to 75 years, can be seen
in Figure 2 (see eFigures 1to 4 in the Supplement for other out-
comes and groups).

jama.com

In lifetable estimates based on observed 5-year age group-
specificincidence rates from age 40 to 75 years (including pri-
mary care data), 22.7% (95% CI, 17.1%-29.9%) of p.C282Y ho-
mozygote men were projected to develop (noncancer) liver
disease by age 75 years compared with 10.2% (95% CI, 9.5%-
10.9%) of men with neither HFE variant (difference, 12.5% [95%
CI, 7.6%-19.0%]) (eTable 6 in the Supplement). Similarly, 7.2%
(95% CI, 3.9%-13.1%) of male p.C282Y homozygotes were pro-
jected to develop primary hepatic carcinomas by age 75 years
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Figure 2. Kaplan-Meier Curve for Incidence of Diagnosed Liver Cancer
in Male HFE p.C282Y Homozygotes Compared With Those
With No Variants in Subset of Participants With Primary Care Data

8-

Hazard ratio, 14.11 (95% Cl, 7.62-26.12); P<.001
S 67
=4
g R
=5
= o
=5 4
G
i)
o = p.C282Y homozygotes
S
EREY
No variants
0+ T T 7 T T T !
40 45 50 55 60 65 70 75
Age,y
No. of individuals at risk
p.C282Y homozygotes 67 98 111 137 203 177 47
No variants 5523 9734 11183 13655 18393 16431 4159

Incident diagnosis from Hospital Episode Statistics, the Cancer Registry, death
records, and primary care data (n = 209 811). Participants with prevalent liver
cancer diagnosis at baseline were excluded, but those with noncancer liver
disease at baseline were included. Median (interquartile range) follow-up time
was 7.2 (6.5-7.8) years for p.C282Y homozygotes and 7.1 (6.5-7.7) years for those
with no variants.

compared with 0.6% (95% CI, 0.4%-0.7%) of men without HFE
variants (difference, 6.6% [95% CI, 3.5%-12.3%]) (Table 3).

All-Cause and Liver-Related Mortality

During follow-up, 6.8% (88 of 1294) of p.C282Y homozygous
men died, compared with 5.3% (6560 of 122 860) of men with
neither HFE variant (difference, 1.5% [95% CI, 0.1%-2.8%]; HR,
1.24 [95% CI, 1.004-1.53]; P = .046) (Table 2; eTables 3 and 7
in the Supplement). Based on death certificates, 14 male
p-C282Y homozygotes were recorded as having liver carcino-
mas vs 102 men with neither variant (HR, 11.91[95% CI, 6.77-
20.97]; P < .001). There were 60 deaths among female p.C282Y
homozygotes (n = 1596), but there was no significant associa-
tion for all-cause mortality (HR, 1.18 [95% CI, 0.91-1.52];
P =.20). However, significantly more female homozygotes had
liver carcinomas specifically noted on their death certificates
(n = 3) than women with neither variant (HR, 3.36 [95% CI,
1.06-10.67]; P = .04) (Figure 1; eTable 7 in the Supplement).
Both male and female p.C282Y heterozygotes showed no ex-
cess mortality.

In lifetable estimates from age 40 to 75 years in a cohort
of male p.C282Y homozygotes, 19.5% (95% CI, 15.8%-24.0%)
were projected to die (of any cause) by age 75 years compared
with 15.1% (95% CI, 14.7%-15.5%) among individuals with nei-
ther variant (difference, 4.4% [95% CI, 1.2%-8.5%]). Among fe-
male p.C282Y homozygotes, 11.7% (95% CI, 9.1%-15.0%) were
projected to die by age 75 years compared with 9.0% (95% CI,
8.7%-9.3%) among women with neither variant (difference,
2.7%) (Table 3).

Sensitivity Analysis
Statistical interactions were tested between p.C282Y homo-

zygotes vs individuals with neither HFE variant and potential
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confounding clinical factors (obesity [body mass index >30],
waist circumference, prevalent diabetes, current smoking, and
daily alcohol consumption) for incident liver carcinoma, but
there were no significant statistical interactions in men or
women (P > .05), implying that risks are additive rather than
multiplicative. There was a statistically significant interac-
tion between p.C282Y homozygote genotype (vs individuals
with neither HFE variant) and male sex for risk of liver cancer
(HR, 5.37 [95% CI, 1.56-18.45]; P = .01), but no significant in-
teraction for all-cause mortality (P = .70). The association be-
tween male p.C282Y homozygosity and incident liver cancer
remained significant after excluding 354 participants with he-
mochromatosis diagnosed at baseline from the total sample
(n = 450832) (HR, 5.42 [95% CI, 2.77-10.63]; eTable 8 in the
Supplement).

.|
Discussion

In the UK Biobank community cohort, male HFE p.C282Y
homozygotes had significantly increased risks of incident
hepatic carcinomas (including hepatocellular and intrahe-
patic bile duct carcinomas) and mortality (all-cause and
from hepatic malignancy) compared with individuals with-
out the 2 studied HFE variants. In female HFE p.C282Y
homozygotes, there were no significant increases in the risk
of incident primary hepatic malignancy or all-cause mortal-
ity, but there was a significant increase in risk of death with
hepatic malignancy noted on death certificates.

Direct comparisons with large prospective community
studies are difficult to make. Findings from this analysis
were consistent with the HEIRS study, which examined
cross-sectional associations in 299 p.C282Y homozygotes
and found 3-fold increases in risk of any liver disease in
male p.C282Y homozygotes.®> The results for hepatocellular
carcinoma in male homozygotes (whole sample HR, 15.54
[95% CI, 8.76-27.57]; P < .001) were within the CIs of the
meta-analysis of 202 mainly cross-sectional hemochroma-
tosis studies, which reported that p.C282Y homozygotes
(men and women together) had an odds ratio of 11.0 (99%
ClI, 3.7-34.0) for hepatocellular carcinoma.?* The lifetable
estimate (7.2% [95% CI, 3.9%-13.1%]) of male p.C282Y
homozygotes developing liver cancer by age 75 years was
difficult to compare, given the paucity of similar data,
although it was comparable in magnitude to the study by
Grosse et al,'* which estimated that the lifetime incidence
of severe liver disease (cirrhosis or hepatocellular carcinoma
combined) was 9% (95% CI, 2.6%-15.3%) in untreated male
HFE p.C282Y homozygotes.

A potential problem in assessing the increased inci-
dence of liver malignancies in p.C282Y homozygotes is
whether this group may have had high rates of viral hepati-
tis. A 2019 study?® reported that chronic hepatitis C viral
infection prevalence in referred HFE p.C282Y homozygous
adults in North America was similar to that of controls with-
out the variant. In the current analysis, none of the male
p-C282Y homozygotes with incident liver cancers had diag-
noses of hepatitis.
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Table 3. Lifetable Estimates for Incident Liver Cancer and Mortality by Sex and HFE Genotypes

No variants

C282Y homozygotes

Incident diagnosis

Outcome Cases Survival function (95% Cl), %*

Incident diagnosis

Cases Survival function (95% Cl), %* Difference, %

Liver cancer”

Male age group, y

40-45 0 1.0000
46-50 1 0.9999 0.0(0.0-0.1)
51-55 3 0.9996 0.0(0.0-0.1)
56-60 8 0.9990 0.1(0.1-0.2)
61-65 11 0.9983 0.2(0.1-0.3)
66-70 25 0.9969 0.3(0.2-0.4)
71-75 21 0.9944 0.6 (0.4-0.7)
Female age group, y
40-45 0 1.0000
46-50 3 0.9997 0.0(0.0-0.1)
51-55 1 0.9997 0.0(0.0-0.1)
56-60 2 0.9995 0.0(0.0-0.1)
61-65 16 0.9988 0.1(0.1-0.2)
66-70 19 0.9979 0.2(0.2-0.3)
71-75 17 0.9964 0.4(0.3-0.5)
Mortality©
Male age group, y
40-45 18 0.997
46-50 131 0.990 1.0(0.8-1.3)
51-55 286 0.980 2.0(1.8-2.3)
56-60 504 0.965 3.5(3.2-3.9)
61-65 980 0.943 5.7 (5.4-6.1)
66-70 1814 0.909 9.1(8.8-9.5)
71-75 2086 0.849 15.1(14.7-15.5)
Female age group, y
40-45 22 0.997 0.3(0.2-0.5)
46-50 90 0.993 0.7 (0.5-0.9)
51-55 240 0.986 1.4(1.2-1.6)
56-60 380 0.977 2.3(2.1-2.5)
61-65 711 0.964 3.6 (3.4-3.8)
66-70 1176 0.945 5.5(5.3-5.8)
71-75 1271 0.910 9.0(8.7-9.3)

0 1

0 1

1 0.9909 0.9(0.1-6.3) 0.9
0 0.9909 0.9(0.1-6.3) 0.8
2 0.9799 2.0(0.6-6.3) 1.8
4 0.9617 3.8(1.8-8.1) 35
4 0.9279 7.2(3.9-13.1) 6.6
0 1

0 1

0 1

0 1

0 1

1 0.9962 0.4(0.0-2.7) 0.2
0 0.9962 0.4 (0.0-2.7) 0.0
0 1.000

3 0.985 1.5 (0.5-4.6) 0.5
3 0.975 2.5(1.1-5.6) 0.5
4 0.963 3.7 (2.0-6.9) 0.2
17 0.927 7.3(5.0-10.7) 1.6
27 0.880 12.0(9.2-15.6) 2.9
27 0.805 19.5(15.8-24.0) 4.4
0 1.000

2 0.993 0.7 (0.2-2.8) 0.0
2 0.988 1.2(0.5-3.3) -0.1
7 0.973 2.7 (1.5-4.9) 0.4
8 0.959 4.1(2.6-6.5) 0.6
15 0.936 6.4 (4.5-8.9) 0.8
24 0.883 11.7 (9.1-15.0) 2.7

2 Lifetable projections based on observed 5-year age group-specific incidence
rates from ages 40 and 75 years (eg, in male p.C282Y homozygotes, 7.2%
were projected to develop liver cancer by age 75 years compared with 0.6% of
men without HFE variants; difference, 6.6%).

b Liver cancer estimates are based on the subset of participants with primary

care data (n = 209 811). Individuals with prevalent diagnosis at baseline
were excluded.

¢ All-cause mortality estimates based on total cohort (n = 451186).

Mortality data for large numbers of mostly undiagnosed
(and therefore untreated) community p.C282Y male homozy-
gotes are scarce; for example, the Atherosclerosis Risk in
Communities study analysis reported no excess mortality,
but was based on combining data on 21 male and 24 female
p.C282Y homozygotes, and CIs (rate ratio, 0.97 [95% CI,
0.39-2.00])%¢ overlap estimates from the current analysis,
which shows moderately increased mortality in 1294 male
p-C282Y homozygotes. Reports of p.C282Y homozygote
prevalence in older adults were also based on small samples.
For example, Willis et al>” reported 4 p.C282Y homozygotes
among 600 (1:150) English men aged 70 to 97 years, while, in

jama.com

a study by Van Aken et al,?® 2 homozygotes were found
among 1265 (1:633) Dutch adults older than 85 years. CIs
around such estimates would be very wide and would not
exclude limited excess mortality.

The p.C282Y allele frequency in the current study (7.3%)
was similar to other UK studies reported in dbSNP,?° includ-
ing the Avon Longitudinal Study of Parents and Children
(7.9%) and the TwinsUK study (6.9%), and homozygosity
prevalence (0.64%) was similar to the 0.68% prevalence
reported from a sample of 10 000 Welsh blood donors.2° The
age-specific and sex-specific rates of hemochromatosis diag-
nosis were also comparable to the eMERGE study that
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included 7 US hospitals (n = 98 homozygotes).?! By the end
follow-up in the current study (mean age, 65.3 years), 25.3%
of male p.C282Y homozygotes and 12.5% of female homozy-
gotes were diagnosed with hemochromatosis compared with
approximately 22% of male p.C282Y homozygotes and 14%
of female homozygotes by age 70 years in the eMERGE
study.® The prevalence of elevated liver enzymes was also
similar to UK general population studies. For example, in the
Health Survey for England of 5049 adults with blood
samples, 2.7% of men and 1.3% of women aged 55 to 64 years
had an ALT above a cut point of greater than 60 U/L*?; using
the same age group and cut point in the current study, 2.7%
of men and 1.4% of women had increased liver enzyme lev-
els. Therefore, overall there was no evidence of significant
bias in the analyses presented.

Limitations

This study has several limitations. First, participants were
somewhat healthier than the general population®? at base-
line, but estimates were from incident disease during
follow-up and should be less influenced by baseline charac-
teristics. Second, genotype status for p.C282Y was based
on imputation, but on comparison with sequencing data in
a subset, only 1 p.C282Y homozygote was misclassified as a
p-.C282Y heterozygote, thus slightly “diluting” the excess

Association of Hemochromatosis HFE p.C282Y Homozygosity With Hepatic Malignancy

risks with the homozygote genotype. Third, given the evi-
dence for excess liver cancers and the controversy regarding
a possible mortality excess in male p.C282Y homozygotes,
these were the 2 primary outcomes of the analyses, and other
estimates were included for completeness and should be
regarded as exploratory. Fourth, primary care data were only
available for a subset of participants, so estimates of cumula-
tive penetrance to liver outcomes based on hospital data only
were likely to be underestimated. Fifth, the European ances-
try sample studied may be relatively ancestrally homoge-
neous, and the results of this study may not generalize to
more diverse populations. More research is needed on
longer-term liver outcomes, especially in women with HFE
pathogenic variants.

. |
Conclusions

Among men with HFE p.C282Y homozygosity, there was a
significantly increased risk of incident primary hepatic
malignancy and death compared with those without
p.C282Y or p.H63D pathogenic variants; there was not a sig-
nificant association for women. Further research is needed
to understand the effects of early diagnosis and treatment
in preventing these outcomes.
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