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Abstract

Background—GNPAT p.D519G positivity is significantly increased in HFE p.C282Y
homozygotes with markedly increased iron stores. We sought to determine associations of
p.D519G and iron-related variables with iron stores in p.C282Y homozygotes.

Methods—We defined markedly increased iron stores as serum ferritin >2247 pmol/L (>1000
ug/L) and either hepatic iron >236 umol/g dry weight or iron >10 g by induction phlebotomy (men
and women). We defined normal or mildly elevated iron stores as serum ferritin <674.1 pmol/L
(<300 pg/L) or either age =40 y with iron <2.5 g iron by induction phlebotomy or age =50 y with
<3.0 g iron by induction phlebotomy (men only). We compared participant subgroups using
univariate methods. Using multivariable logistic regression, we evaluated associations of markedly
increased iron stores with these variables: age; iron supplement use (dichotomous); whole blood
units donated; erythrocyte units received as transfusion; daily alcohol consumption, g; and
p.D519G positivity (heterozygosity or homozygosity).

Results—The mean age of 56 participants (94.6% men) was 55 * 10 (SD) y; 41 had markedly
increased iron stores. Prevalences of swollen/tender 2nd/3rd metacarpophalangeal joints and
elevated aspartate or alanine aminotransferase were significantly greater in participants with
markedly increased iron stores. Only participants with markedly increased iron stores had
cirrhosis. In multivariable analyses, p.D519G positivity was the only exposure variable
significantly associated with markedly increased iron stores (odds ratio 9.9, 95% CI [1.6, 60.3], p
=0.0126).

Conclusions—GNPAT p.D519G is strongly associated with markedly increased iron stores in

p.C282Y homozygotes after correction for age, iron-related variables, and alcohol consumption.

Key words for indexing
hemochromatosis; iron overload; rs11558492; rs1800562

1.0 Introduction

HFE hemochromatosis is an autosomal recessive condition attributed to homozygosity for
the p.C282Y mutation (rs1800562) of the HFE gene (chromosome 6p21.3) [1,2]. p.C282Y
homozygosity occurs in 0.3-0.6% of persons of European descent and accounts for ~90% of
hemochromatosis iron phenotypes in whites [2,3]. Decreased hepcidin expression and
consequent excessive iron absorption cause iron overload in p.C282Y homozygotes [4],
although clinical penetrance of iron overload in many p.C282Y homozygotes is mild [5,6].
Among persons diagnosed to have hemochromatosis and p.C282Y homozygosity in non-
screening venues, the prevalence of iron overload and associated complications such as
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diabetes, other endocrinopathy, cirrhosis, primary liver cancer, and cardiomyopathy is
relatively high [3]. In contrast, the results of population screening studies in whites in
European and derivative countries reveal that the proportions of p.C282Y homozygotes who
have or develop iron overload and related complications varies but is relatively low [5-8].
Thus, p.C282Y homozygosity is necessary but not sufficient to cause hemochromatosis iron
phenotypes [9].

Gender, age, diet, and blood loss account in part for iron phenotype variability in persons
with hemochromatosis [10-12]. Modifier mutations in non-HFE iron-related genes
described to date explain iron phenotype variability in a small proportion of p.C282Y
homozygotes [3,13]. Accordingly, it is assumed that other acquired or environmental factors
and non-HFE polymorphisms of unreported or unconfirmed effect on iron absorption or iron
stores account for much of the remaining unexplained iron phenotype variability among
p.C282Y homozygotes [14].

GNPFPAT (chromosome 1g42.2) encodes the peroxisomal enzyme glyceronephosphate O-
acyltransferase [15]. The GNPAT polymorphism p.D519G (rs11558492) is a candidate
modifier of iron phenotypes in p.C282Y homozygotes [16,17]. In an initial p.D519G report,
we described 35 men with p.C282Y homozygosity who did not report moderate or heavy
daily alcohol consumption [16]. Positivity for p.D519G was significantly greater in the 22
men with markedly increased iron stores than in the 13 other men with normal or mildly
elevated iron stores [16]. These results suggested that p.D519G modifies iron phenotypes in
men with p.C282Y homozygosity without a history of moderate or heavy daily alcohol
consumption either by enhancing iron absorption or because p.D519G is linked to a putative
iron absorption promoter on chromosome 1q.

To learn more, we evaluated the significance of GNPAT p.D519G as a putative modifier of
iron phenotypes in 56 participants with p.C282Y homozygosity who were evaluated with
exome sequencing. The present cohort (n = 56) included the original 35 men, of whom 22
had markedly increased iron stores [16], 12 other men (11 of whom had markedly increased
iron stores) who were excluded from our initial report because they reported moderate or
heavy daily alcohol consumption [16], and 9 additional p.C282Y homozygotes (6 men, 3
women) whose exome sequencing had not been performed at the time of our initial report
[16]. Of the 9 additional subjects, 8 had markedly increased iron stores (5 of the 6 men and
all 3 women). We applied univariate statistical techniques to compare general observations
in the 41 participants with markedly increased iron stores to those of the 15 other
participants who had normal or mildly elevated iron stores. Using multivariable statistical
techniques, we determined the significance of available variables, including positivity for
p.D519G, which could contribute to the development of markedly increased iron stores. We
discuss the present results in the context of other reports of p.D519G and iron phenotypes in
persons with p.C282Y homozygosity and other HFE genotypes.
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2.0 Methods

2.1. Study performance

This study was performed in accordance with the Declaration of Helsinki. Approval was
obtained from appropriate review boards at: University of California, Irvine; University of
Western Ontario; QIMR Berghofer Medical Research Institute; Rochester General Health
System; the Cancer Council Victoria; and Department of Veterans Affairs Long Beach
Healthcare System. Written informed consent was obtained from all participants.
Consortium study sites identified p.C282Y homozygotes in clinical practice settings
associated with the investigators or by population screening through the Hemochromatosis
and Iron Overload Screening (HEIRS) Study and a study of the Prevalence of Iron Overload
and Frequency of the Hemochromatosis Gene conducted at the Department of Veterans
Affairs Long Beach Healthcare System.

2.2. Clinical and laboratory data collection

Information on demographics, blood donation, alcohol consumption, clinical observations,
biochemical tests, and interpretation of liver biopsy specimens was obtained from medical
records of participants identified through clinical practices and from the National Institutes
of Health BioLincc biorepository for HEIRS Study participants [16]. Observations recorded
at diagnosis of hemochromatosis included: age; sex; diabetes diagnoses; use of iron
supplements; lifetime units of whole blood donation; lifetime units of erythrocytes received
as transfusion; estimated daily alcohol consumption, g; body mass index; swollen/tender
2nd/3rd metacarpophalangeal joints; serum levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST); and biopsy-proven cirrhosis. Elevated ALT and AST was
defined as >0.67 ukat/L (>40 IU/L) for both.

2.3. Exome sequencing

Quality control of sample DNA, exome capture and sequencing, and performance of
sequence kernel association tests were performed at the University of Washington (Seattle,
WA) as described in detail elsewhere [18].

2.4. Participant selection

Inclusion criteria included: 1) p.C282Y homozygosity confirmed at exome sequencing; 2)
participant was unrelated to other participants; 3) participant did not withdraw consent; and
4) participant did not refuse blood storage. Participants with markedly increased iron stores
included men and women. By design, all participants with normal or mildly elevated iron
stores were men, in order to avoid possible confounding effects of unquantifiable iron losses
in women [16]. The participant selection schema is displayed in Fig. 1.

2.5. Classification of iron phenotypes

Induction phlebotomy was defined as the amount of iron removed to achieve serum ferritin
(SF) <112.4 pmol/L (<50 pg/L) [19]. Criteria for markedly increased iron stores were: SF

>2247 pmol/L (>1000 ug/L) at diagnosis and either hepatic iron >236 pmol/g dry weight or
iron >10 g by induction phlebotomy [20]. Criteria for normal or mildly elevated iron stores
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were: SF <674.1 pmol/L (<300 pg/L) or either age =40 y with iron <2.5 g iron by induction
phlebotomy or age =50 y with <3.0 g iron by induction phlebotomy [16].

2.6. Statistics

We used observations for 56 participants in the present analyses. For one participant who
reported having received erythrocyte transfusions of unknown number, we imputed a value
of one unit of erythrocyte transfusion. Descriptive data are displayed as enumerations,
percent (n), mean + 1 standard deviation (SD), or odds ratios with 95% confidence limits
obtained by inverting the Wald Test of the null hypothesis. To compare characteristics of
those with markedly increased iron stores to those of participants with normal or mildly
elevated iron stores we used Fisher's exact test and the Wilcoxon Rank-Sum test, as
appropriate, and also applied univariate logistic regression models. We used multivariable
logistic regression to estimate the magnitude of the association between markedly increased
iron stores (dependent variable) and exposure variables that could influence iron phenotypes:
age at diagnosis; use of iron supplements (dichotomous); units of whole blood donation;
units of erythrocytes received as transfusion; estimated daily alcohol consumption, g; and
positivity for GNPAT p.D519G (heterozygosity or homozygosity). We used SAS® v.9.4
(Statistical Analysis System, Cary, NC).

3.0 Results

3.1. General characteristics of participants

There were 56 participants (94.6% men); 55 participants were white and one was African
American. Mean age at hemochromatosis diagnosis was 55 + 10 (SD) y. Forty-one
participants (73.2%) were classified as having markedly increased iron stores. Seven
participants (12.5%) were diagnosed to have diabetes. Use of iron supplements was reported
by 12 participants (21.4%). Mean units of blood donation was 4 + 9 (range 0 — 50). Six
participants (10.7%) reported that they had received erythrocyte transfusion.

Mean estimated daily alcohol consumption was 8 + 15 g (range 0 — 75). Mean body mass
index was 28.0 + 5.2 kg/m? (range 18.5 — 47.2). Swelling and/or tenderness of the 2nd/3rd
metacarpophalangeal joints was reported in 23 participants (41.8%). Elevated ALT and AST
levels at diagnosis were observed in 27 participants (51.9%) and 23 participants (41.8%),
respectively. GNPAT p.D519G was detected in 26 participants (3 homozygotes, 23
heterozygotes). One woman was a GNPAT p.D519G heterozygote and the other two women
were negative for p.D519G.

3.2. Participants with and without markedly increased iron stores

SF values in the two iron phenotype groups are displayed in Table 1. Comparisons of
general characteristics between the two phenotype groups are displayed in Table 2.
Prevalences of swollen/tender 2nd/3rd metacarpophalangeal joints, elevated ALT, and
elevated AST were greater in participants with markedly increased iron stores (Table 2).
Cirrhosis was diagnosed in 40.5% of 37 participants with markedly increased iron stores
who underwent liver biopsy. Two participants with normal or mildly elevated iron stores
who underwent liver biopsy did not have cirrhosis. Positivity for GNPAT p.D519G was
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greater in participants with markedly increased iron stores (Table 2). Twelve participants
were excluded from the original study because they reported moderate/heavy alcohol
consumption. Eleven had markedly increased iron stores and five of the eleven had p.D519G
(3 heterozygotes, 2 homozygotes). The one patient without markedly increased iron stores
was a p.D519G heterozygote.

3.3. Logistic regression on markedly increased iron stores

We evaluated these variables as possible contributors to markedly increased iron stores: age
at diagnosis; use of iron supplements; whole blood units donated; units of erythrocytes
received as transfusion; estimated daily alcohol consumption, g; and GNPAT p.D519G
positivity (heterozygosity or homozygosity). The odds of participants with p.D519G
positivity having markedly increased iron stores were 9.2 times higher (95% CI [1.8, 46.1])
than those of participants without p.D519G (Table 3). In a multivariable model, p.D519G
positivity was significantly associated with markedly increased iron stores (odds ratio 9.9,
95% CI [1.6, 60.3], p = 0.0126). There was no significant association of other exposure
variables with markedly increased iron stores. The area under the curve for the multivariable
logistic regression model was 0.82.

4.0 Discussion

GNPAT p.D519G positivity (or a putative linked allele on chromosome 1q) could account
for increased iron absorption in p.C282Y homozygotes with markedly increased iron stores.
The present results confirm and extend observations in an initial phase of this study from
univariate analyses of p.D519G allele frequency in smaller subsets of men classified by iron
stores as defined herein [16]. The present findings are also consistent with observations that
p.D519G positivity detected by SNP analysis was significantly associated with increased
iron stores (>5 g mobilized within the first year of phlebotomy therapy) in univariate and
multiple regression models of observations in p.C282Y homozygotes in southern France
[17]. The allele frequency of GNPAT p.D519G (rs11558492) was also significantly greater
in 77 unrelated French men with p.C282Y/p.H63D and severe iron phenotypes than in two
European population control cohorts [21].

GNFAT p.D519G positivity detected by SNP analysis was not significantly associated with
increased iron stores represented by SF or quantities of iron removed by phlebotomy to
achieve iron depletion in a large cohort of unselected p.C282Y homozygotes in northern
France [22] and in 26 Canadian p.C282Y homozygotes [23] and was not associated with SF
>2247 pmol/L (=1000 pg/L) at diagnosis in Irish or Canadian p.C282Y homozygotes
[23,24]. Analyses of observations in subgroups of men in two reports also yielded negative
results [22,24]. In one report, SF 2247 pmol/L (>1000 ug/L) at diagnosis was the only
definition of increased iron stores [24], unlike the more stringent definitions of markedly
increased and normal or mildly elevated iron stores used in our initial-phase study [16], in a
confirmatory investigation [17], and in the present study. SF is a surrogate measure of
storage iron and diverse non-iron conditions [25]. Comparison of SF levels at diagnosis with
quantities of iron removed by phlebotomy to achieve iron depletion in 54 p.C282Y
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homozygotes revealed that “the SF level does provide some information regarding total iron
burden but even in the case of C282Y homozygotes, the correlation is not very strong” [26].

The prevalence of swollen/tender metacarpophalangeal joints, a proxy for hemochromatosis
hand arthropathy [3], was significantly greater in the present participants with markedly
increased iron stores. This is consistent with a report that the prevalence of hand arthropathy
is greater in p.C282Y homozygotes with SF >2247 pmol/L (>1000 pg/L) [27]. The
proportion of participants with markedly increased iron stores who had elevated AST was
significantly higher than that of participants with normal or mildly elevated iron stores.
Elevated AST in patients with hemochromatosis and iron overload is generally interpreted to
be a consequence of hepatic injury, especially cirrhosis [28,29]. Cirrhosis was diagnosed in
41% of the 37 present participants with markedly increased iron stores who underwent liver
biopsy, consistent with the association of cirrhosis and markedly elevated hepatic iron
concentrations in other white adults with hemochromatosis who did not have alcoholism
[30].

Use of iron supplements was reported by more than 20% of the present participants,
consistent with a survey of a large number of hemochromatosis patients [31]. Whether
ingestion of supplemental inorganic iron increases iron overload severity in typical p.C282Y
homozygotes is controversial. The present analyses did not detect a significant association of
reports of supplemental iron use with markedly increased iron stores. In 213 screening
p.C282Y homozygotes, no significant relationship between reports of supplemental iron use
and SF levels was found [32]. In an unusual case, a man with hemochromatosis, p.C282Y
homozygosity, and p-thalassemia minor who ingested ferrous sulfate tablets daily absorbed
much iron [33].

The number of units of whole blood donated in a lifetime was not significantly associated
with iron phenotype classification of the present participants. In a previous study of 124 non-
screening hemochromatosis probands with p.C282Y homozygosity, numbers of units of
whole blood donated before diagnosis were not significantly related to the numbers of units
of therapeutic phlebotomy required to achieve iron depletion [34]. In another study, there
was no significant difference in self-reported initial mean SF levels between non-screening
hemochromatosis probands with p.C282Y homozygosity who were volunteer blood donors
before diagnosis and those who were not [35]. In the present study and in previous reports
[34,35], the proportions of persons who donated blood before hemochromatosis diagnoses
were small.

Twelve of the present men reported former or current moderate or heavy daily alcohol
consumption at the time of enrollment in our original study [16]. They were excluded from
the original analyses because it was postulated that their alcohol consumption may have
modified their iron phenotypes [16]. The strong univariate association of p.D519G positivity
with markedly increased iron stores in the present study is consistent with our original report
[16], from which the same 12 subjects with moderate or heavy alcohol consumption were
excluded. In a review of three large studies of patients with classic hemochromatosis or
hemochromatosis with p.C282Y homozygosity, Fletcher and Powell concluded that it was
unlikely that heavy alcohol consumption increased either dietary iron intake or iron
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absorption [36]. In 129%x1/SvJ mice with wild-type Hfe genotypes, alcohol treatment
increased iron absorption significantly, whereas heterozygosity or homozygosity for a Hfe
knockout abrogated the alcohol-induced iron absorption response [37]. It was deduced that
either the Hfe knockout causes maximal suppression of hepcidin levels or Hfe is a
component of a pathway utilized by alcohol to decrease hepcidin production and increase
iron absorption [37]. Alcohol treatment did not enhance the iron absorption of C57BL/6J
and AKR/J mice [37].

Alcohol can be hepatotoxic. It was estimated that the daily consumption of 30 g [38,39] or
>60 g [36,40] of alcohol can worsen iron-related liver injury. In persons with cirrhosis, daily
consumption of these amounts of alcohol may also increase the risk of hepatocellular
carcinoma [36,39]. Persons with hepatic injury due to iron overload associated with
hemochromatosis may benefit by abstaining from consuming alcohol.

Limitations of the present study include the small number of women with markedly
increased iron stores whose data were available for analysis. Thus, it is unknown whether
GNPAT p.D519G positivity would be significantly associated with markedly increased iron
stores in a larger cohort that included more women. The doses and schedules of
supplemental iron ingested and durations of supplemental iron use by the present
participants are unknown. Although GNPAT siRNA treatment markedly decreased hepcidin
expression in HepG2/C3A cells [16], the mechanism(s) by which p.D519G (or a putative
linked allele on chromosome 1q) promotes iron absorption in white p.C282Y homozygotes
[16,17] and in French men with p.C282Y/p.H63D and severe iron phenotypes [21] or
increases serum iron levels in Taiwanese women without p.C282Y [41] has not been
reported.

Conclusions

GNPAT p.D519G is strongly associated with markedly increased iron stores in p.C282Y
homozygotes after correction for age, iron-related exposure variables, and alcohol
consumption.
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49 men with HFE p.C282Y homozygosity
underwent exome sequencing* (6 men, 3 women)

T

exome sequencing

9 other p.C282Y homozygotes
underwent

2 men excluded*
e 1 suboptimal
DNA quality
e 1p.C282Y
heterozygote

Fig. 1.

35 men with p.C282Y homozygosity
reported*®

and
12 other men with p.C282Y
homozygosity and moderate/heavy
alcohol consumption previously

excluded*

PRESENT COHORT: 56 PARTICIPANTS

e 38 men, 3 women with markedly
increased iron stores

e 15 men with normal/mildly increased
iron stores

Schema of participant selection. Asterisk refers to McLaren CE et al. Hepatology 2015; 62:
429-439 [16]. Exome sequencing of the DNA of the nine additional participants (6 men, 3
women) was performed after out report of the initial 49 men [16].
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Table 1

Serum ferritin (SF) levels at diagnosis in 56 p.C282Y homozygotes!

Iron phenotype (n) Median SF, éMean SE2 (9594 confidence Range,

pmol/L (MG/L)  interval], pmol/L (pg/L) pmol/L (ug/L)
Markedly increased iron stores (41) 6265 (2788) 6184 [5218, 7256] (2752 [2322, 3229])  2337-20794 (1040-9254)
Normal or mildly elevated iron stores (15) 710 (316) 679 [431, 1063] (302 [192, 473]) 148-1849 (66-823)

Criteria for markedly increased iron stores were: SF >2247 pmol/L (>1000 pg/L) at diagnosis and either hepatic iron >236 yumol/g dry weight or
iron >10 g by induction phlebotomy. Criteria for normal or mildly elevated iron stores were: SF <674.1 pmol/L (<300 pg/L) or either age 240 y
with iron <2.5 g iron by induction phlebotomy or age =50 y with <3.0 g iron by induction phlebotomy.

2 I . ] . .
SF values are not normally distributed. Thus, we computed the means of log &SF values and corresponding 95% confidence intervals and display
the corresponding antilogse.
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Table 2

Characteristics of 56 HFE p.C282Y homozygotes?

Page 14

Characteristic

Mean age, y (SD)
Male, % (n)
Use of iron supplements, % (n)

Mean whole blood units donated (SD)

Mean erythrocyte units received as transfusion (SD)

Mean estimated daily alcohol consumption, g (SD)

Diabetes diagnosis, % (n)

Mean BMI, kg/m?2 (SD)
Swollen/tender MCP joints, % (n)
Elevated ALT, % (n)

Elevated AST, % (n)

Positivity for GNPAT p.D519G, % (n)®

Markedly increased

iron stores?
(n=41)

54 (10.6)
93 (38)

15 (6/41)
4.2 (9.61)
0.2 (0.99)
9.8 (17.04)
12 (5/41)
27.9 (5.54)
56 (23/41)
68 (25/37)
57 (23/40)

59 (24/41)

Normal or mildly

elevated iron stores2
(n=15)

57 (9.6)
100 (15)
40 (6/15)
4.4 (7.61)
0.2 (0.56)
42(7.77)
13 (2/15)
28.5 (4.43)
0 (0/14)
13 (2/15)
0 (0/15)

13 (2/15)

Value of
p

0573
0.56%
0.0644
0713
0733
0.853
1.004
0.633
0.00014
0.0014
<0.00014

0.0034

1 . . . . .
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; MCP, metacarpophalangeal.

ZMarkedIy increased iron stores: SF >2247 pmol/L (>1000 ug/L) at diagnosis and either hepatic iron concentration >236 pmol/g dry weight
(reference range 0 — 36 pmol/g) or mobilized body iron >10 g by induction phlebotomy. Normal or mildly elevated iron stores: SF <674.1 pmol/L
(<300 pg/L) or either age 240 y with <2.5 g iron by induction phlebotomy, or age =50 y with <3.0 g iron by induction phlebotomy.

3Wi|coxon Rank-Sum test.
4.
Fisher’s exact test.

5Heterozygosity or homozygosity.
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