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Abstract

To identify polymorphisms associated with variability of iron overload severity in HFE-associated 

hemochromatosis, we performed exome sequencing of DNA from 35 male HFE C282Y 

homozygotes with either markedly increased iron stores (n=22; cases) or with normal or mildly 

increased iron stores (n=13; controls). The 35 participants, residents of the U.S., Canada, and 

Australia, reported no or light alcohol consumption. Sequencing data included 82,068 single 
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nucleotide variants, and 10,337 genes were tested for a difference between cases and controls. A 

variant in the GNPAT gene showed the most significant association with severe iron overload (p = 

3×10−6, p=0.033 by the likelihood ratio test after correction for multiple comparisons). Sixteen of 

22 participants with severe iron overload had GNPAT polymorphism p.D519G (rs11558492) (15 

heterozygotes, one homozygote). No control participant had this polymorphism. To examine 

functional consequences of GNPAT deficiency, we performed siRNA-based knockdown of 

GNPAT in the human liver-derived cell line HepG2/C3A. This knockdown resulted in a >17-fold 

decrease in expression of the mRNA encoding the iron regulatory hormone hepcidin. Conclusion: 

GNPAT p.D519G is associated with a high-iron phenotype in HFE C282Y homozygotes and may 

participate in hepcidin regulation.

Keywords

hemochromatosis; hepatic iron concentration; HepG2/C3A; iron overload; hepcidin

HFE-associated hemochromatosis (HH) is an autosomal recessive disorder in which excess 

iron reaches toxic levels by middle life in some patients.1 Organ damage occurs via 

oxidative tissue injury that may cause hepatic cirrhosis, arthropathy, hypogonadism, diabetes 

mellitus, and cardiomyopathy.1–4 These complications can be prevented by early diagnosis 

and phlebotomy therapy.5, 6 Approximately 90% of persons with HH are homozygous for a 

polymorphism in HFE (rs1800562), which causes substitution of tyrosine for cysteine in the 

HFE protein at position 282 (Cys282Tyr; p.C282Y).7 C282Y homozygotes with HH have 

excessive iron absorption due to inappropriately low levels of the iron regulatory hormone 

hepcidin.8, 9

Approximately five persons per 1,000 of Northern European descent are C282Y 

homozygotes.10–14 This includes approximately one million persons in the U.S.10 A 

minority of C282Y homozygotes accumulate enough iron to cause organ damage.15 Thus, it 

has been proposed that C282Y homozygosity is necessary but not sufficient to cause severe 

iron overload and that other genetic or environmental factors modify the phenotype.16 

Mutations in other genes of iron metabolism have been associated with variations in iron 

stores among C282Y homozygotes and normal individuals.17–25 Such mutations 

demonstrate that modifier genes account for differences in severity of iron overload in some 

kinships but do not explain the variability in iron overload observed across most unrelated 

C282Y homozygotes.

We hypothesized that variants of genes other than HFE and those previously associated with 

hemochromatosis and iron overload phenotypes are involved in the regulation of iron 

metabolism and modulate expression of iron overload in HFE C282Y homozygotes. To 

examine this hypothesis, we studied HFE C282Y homozygotes at the extremes of 

phenotypic expression based on serum ferritin concentration, liver iron concentration, and 

the amount of iron removed by therapeutic phlebotomy to achieve iron depletion.
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Materials and Methods

Study population

Consortium study sites identified HFE C282Y homozygotes in clinical practice settings 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. Approval for human studies was obtained from: 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.

Clinical and laboratory data collection

Information on demographics, iron supplements, alcohol consumption, clinical observations, 

and laboratory biochemical tests was obtained from medical records of participants 

identified through clinical practice and from the NIH BioLincc biorepository for HEIRS 

Study participants.

Selection of participants with extreme iron phenotypes

Inclusion criteria were: 1) HFE C282Y homozygosity, 2) participant was unrelated to other 

subjects, 3) participant did not withdraw consent, 4) participant did not refuse blood storage, 

and 5) male sex. We excluded women to eliminate any effect of female sex on limiting iron 

accumulation. Criteria for selection of HFE C282Y homozygotes with increased iron stores 

included serum ferritin >1000 μg/L at diagnosis and either (a) hepatic iron concentration 

>236 μmol/g dry weight (reference range 0–36 μmol/g) or (b) mobilized body iron >10 g by 

quantitative phlebotomy.26 Criteria for HFE C282Y homozygotes with normal or mildly 

elevated iron stores included (a) serum ferritin <300 μg/L or either (a) age ≥40 y with ≤2.5 g 

iron removed by phlebotomy to achieve serum ferritin <50 μg/L, or (b) age ≥50 y with ≤3.0 

g iron removed by phlebotomy. Alcohol consumption was characterized as “former 

drinker”, “never” or “light drinker” (less than 20 g alcohol per day), “moderate drinker” 

(20–60 g alcohol per day), and “heavy drinker” (>60 g alcohol per day).27 Participants who 

reported current or past moderate or heavy alcohol consumption were excluded to prevent 

confounding.

Exome sequencing

Quality control of sample DNA—Initial quality control performed on all samples 

included sample quantification using PicoGreen (Molecular Probes, Inc., Eugene, OR) and 

sex determination using a TaqMan assay (Applied Biosystems, Carlsbad, CA).28 All 

samples were genotyped using a high-frequency cosmopolitan 96-plex genotyping assay to 

ensure integrity of tracking throughout the sample preparation and sequencing pipeline.

Exome capture and sequencing—Approximately 1 μg of genomic DNA was used for 

a series of shotgun library construction steps, including acoustic fragmentation (Covaris, 

Inc., Woburn, MA), end-polishing and A-tailing, ligation of sequencing adaptors, and 
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polymerase chain reaction (PCR) amplification. Sample shotgun libraries were captured for 

exome enrichment using the Roche/NimbleGen (Madison, WI) SeqCap EZ Cap v2 (~44 

Mb) according to the manufacturer’s instructions. Enriched libraries were sequenced on an 

Illumina HiSeq 2000 (San Diego, CA) using paired-end 50bp runs.

Sequence Kernel Association Test—After quality control filtering, the dataset 

included 82,068 single nucleotide variants and 1,403 insertions/deletions (indels). 

Differences in the distribution of variants were tested between the case and control groups 

for each gene separately using the small sample adjusted sequence kernel association test 

(aSKAT-O) that includes rare and common variants but downweights the contribution of 

common variants to the test statistic.29 Only non-synonymous variants were included in the 

by-gene tests, and genes for which less than five individuals had polymorphisms were 

excluded because statistical power can be near zero for genes with such little variation in the 

sample. Principal components (PCs) were constructed from the exome variants to adjust for 

possible confounding by ancestry and to confirm no ancestral outliers. PCs 1 and 2 were 

included in the SKAT model. The likelihood ratio test (LRT) was applied for the most 

significant gene from the SKAT analysis.30 This test has more statistical power than SKAT 

but it is applied only to genes with low p-values detected by SKAT, as it requires Monte 

Carlo sampling with two million samples per gene to determine an accurate p-value with 

imbalanced sample sizes. Specifically, we used the parametric bootstrap to determine the 

null distribution of the LRT to obtain an accurate p-value and then adjusted for testing of 

multiple genes via the Bonferroni method. The positive False Discovery Rate (FDR) was 

estimated using the “qvalue” package in R (http://www.r-project.org).

Functional studies of GNPAT

GNPAT knockdown—A human liver-derived cell line, HepG2/C3A (CRL-10741, 

American Type Culture Collection, Manassas, VA), was used for functional studies. Cells 

were grown in MEM + Glutamax supplemented with 10% fetal calf serum (Life 

Technologies, Mulgrave, VIC, Australia). Control non-specific siRNA (si.NS) and siRNA 

specific for GNPAT (si.GNPAT; 10 pmol, GenePharma, Shanghai, China) were transfected 

into 1×105 HepG2/C3A cells in triplicate with Lipofectamine RNAimax (Life Technolgies) 

according to the manufacturer’s recommendations for reverse transfection at approximately 

30% cell confluency. After 72 hours, RNA was isolated using Trizol (Life Technologies) 

and reverse transcribed with SuperScript III (Life Technologies). Quantitative PCR (qPCR) 

was performed on a Viia7 (Life Technologies) using SYBR green master mix (Roche, 

Castle Hill, NSW, Australia) for GNPAT, HAMP, ID1, and SMAD7, and expression levels 

were compared to the geometric means of reference genes ACTB and HPRT1 using 2−ΔCT. 

Primer pairs (Integrated DNA Technologies, Coralville, IA) used for quantitative PCR and 

GNPAT siRNA oligonucleotide sequences are shown in Table 1. For BMP6 treatment, cells 

were serum deprived for 6 hours in Opti-mem medium (Life Technologies), before the 

addition of recombinant human BMP6 (R&D Systems, Minneapolis, MN) (10 ng/mL; 4 

hours) followed by harvesting.
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Western blotting—SMAD 1/5/8 phosphorylation was assessed as described previously,31 

using anti-phospho-SMAD1/5/8 at 1:1000 (Cell Signaling Technology, Danvers, MA 

#9511S), and anti-actin at 1:35,000 (Sigma-Aldrich, #A2066).

Statistical analysis—Differences between groups for qPCR of si.NS vs si.GNPAT, 

proliferation and viability assays were assessed by independent sample t-tests. Differences 

between qPCR and Western quantification of si.NS vs si.GNPAT with or without BMP6 

treatment were assessed using two-way analysis of variance (ANOVA) and post-hoc 

analyses were performed using the Bonferroni multiple comparisons procedure with 

multiplicity-adjusted P values. Fisher’s exact test was used to compare the allele frequencies 

of men with high- and low-iron phenotypes to that of European Americans. A comparison-

wise significance level of 0.025 was used to maintain an overall significance level of 0.05.

Results

Clinical and laboratory data

We identified participants with high-iron phenotypes (high expressers) and low-iron 

phenotypes (low expressers) through a unique international consortium of collaborating 

centers. Most high expressers and some low expressers were treated at associated clinics, 

whereas other low expressers were identified through population screening.10 The study 

schema is displayed in Figure 1. There were 48 males who met the basic inclusion criteria 

and had DNA submitted for exome sequencing. Of these, 47 met quality control tests. At 

diagnosis, 12 participants reported former alcohol consumption or current moderate or 

heavy alcohol consumption and were excluded. Of the remaining 35 participants who 

reported no or light alcohol consumption, 22 were C282Y male homozygotes with markedly 

increased iron stores (high expressers) and 13 were C282Y male homozygotes who had 

either normal or very mildly increased iron stores (low expressers). Based on iron 

parameters from C282Y homozygotes identified by population-based screening,10, 32 we 

estimate that, among light alcohol users or non-users, the present high expressers were 

among the highest 1% in terms of both serum ferritin and amount of iron removed to 

achieve iron depletion. The low expressers were among the lowest 4%.

Exome sequencing and statistical analysis

We tested 10,337 genes to determine if there were differences between iron phenotype 

expression groups. The most significant gene identified was GNPAT (also known as 

DHAPAT or DAPAT), encoding the peroxisomal enzyme glyceronephosphate O-

acyltransferase (SKAT test p = 7.4×10−6; likelihood ratio test with bootstrap p = 3×10−6, 

p=0.033 corrected for multiple comparisons; estimated false discovery rate = 0.04).33 The 

quantile-quantile (Q-Q) plot (Figure 2) compares the observed distribution of −(log10p-

values) from 10,337 genes to the expected uniform distribution if there were no variants 

modifying severity of iron phenotype.

In this cohort, inspection of the two variants included in the test of GNPAT showed that 16 

of 22 high-iron expressers carried GNPAT p.D519G (1556A>G; exon 11; chromosome 

1q42; rs11558492). Fifteen were GNPAT p.D519G heterozygotes and the other was a 
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homozygote. The GNPAT p.D519G homozygote presented at age 26 years with severe iron 

overload but no cirrhosis. One GNPAT p.D519G heterozygote presented at age 36 years 

with severe iron overload and cirrhosis. None of the low expressers had p.D519G. When 

SKAT was applied to each variant individually, GNPAT p.D519G was the most significantly 

different variant between groups with a nominal p-value similar to that of the by-gene 

analysis (p = 7.8×10−6), indicating that the by-gene signal is driven by this single variant. 

The geographic distribution of study sites contributing HFE C282Y homozygotes is 

displayed in Table 2. GNPAT p.D519G was present in 50%–85% of C282Y homozygotes 

with markedly increased iron stores submitted from four clinics in three countries and from 

HEIRS Study sites. C282Y homozygous low expressers, none of whom had p.D519G, were 

also identified at all study sites and in population screening studies.

Examination of fibrosis or cirrhosis as potential confounding variables

Because fibrosis/cirrhosis is expected to be uncommon among the low expressers and 

common among high expressers, we considered whether the GNPAT results might be driven 

by a causal association with fibrosis/cirrhosis. To assess this possibility, we tested for 

association between the GNPAT p.D519G variant and the presence of fibrosis/cirrhosis. 

Because only one of 13 low expressers had liver biopsy information, the association test was 

performed among high expressers only. Seventeen of 22 high expressers had liver biopsies; 

6 of these 17 had fibrosis, without cirrhosis (35%), and 6 of 17 (35%) had cirrhosis (Table 

3). The GNPAT p.D519G variant was observed in 3 of 6 with fibrosis (50%), 5 of 6 with 

cirrhosis (83%), and 4 of 5 without fibrosis/cirrhosis (80%) (p=0.53). Thus, the frequency of 

the variant is nearly equal in those with and without cirrhosis or fibrosis. We also observed 

no significant differences in frequency of the variant among high expressers with or without 

hepatomegaly or other clinical manifestations (Table 3).

Allele frequencies of GNPAT p.D519G

We compared the allele frequencies of GNPAT p.D519G in the 22 men with high-iron 

phenotypes and the 13 men with normal or mildly increased iron phenotypes with that of 

4300 European Americans in the NHLBI Exome Sequencing Project Exome Variant 

Server.34 The allele frequency in men with high-iron phenotypes was greater than that of 

European Americans (38.6% vs. 20.6%, respectively; Fisher’s exact test, nominal p = 

0.0076). The allele frequency in men with normal or mildly increased iron phenotypes was 

significantly lower (0% vs. 20.6%, Fisher’s exact test, nominal p = 0.0054).

To determine whether other known mutations influence iron phenotypes, the exome data 

were used to screen for mutations in HAMP, HJV, TFR2, FPN1, and TMPRSS6. One high 

expresser was heterozygous for HJV p.G320V. He was among the six high expressers who 

did not have GNPAT p.D519G. No other known or probable mutations35–39 causing 

differences in expression between groups were found. The observed allele frequency of 

p.G320V in our cohort was 1 of 22 high expressers compared to 4 of 4300 European 

Americans (Fisher’s exact test, p = 0.025 with an odds ratio of 50.6). Because p.G320V 

possibly influences phenotype, we removed the data for this subject and performed an 

additional by-gene test, resulting in an increase in significance for GNPAT (p=1×10−6 by the 

LRT, p=0.0103 after adjustment for multiple testing).
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We searched the Genome Variant Server (http://gvs.gs.washington.edu/GVS138) for 

variants in high linkage disequilibrium (LD) with GNPAT p.D519G that could potentially be 

causative variants that were tagged by GNPAT p.D519G. There are no non-synonymous 

coding variants within 250Kb of this site with r2 > 0.03. Our by-variant analysis of exome 

variants would have identified any coding variant in tight LD with GNPAT p.D519G that is 

statistically associated with the variant, but none were identified. Only four non-coding 

variants within 250Kb of GNPAT p.D519G had r2 > 0.30, and none were in GNPAT or its 

introns.

GNPAT p.D519G results in an aspartic acid (acidic) to glycine (nonpolar) substitution at 

position 519. Standard functional predictions conflict: SIFT prediction from ANNOVAR 

suggests that the change is deleterious, while Polyphen2 suggests that the change is benign. 

A more comprehensive functional prediction tool, Combined Annotation Dependent 

Depletion (CADD),40 predicts this variant to be among the 10% most deleterious 

substitutions in the human genome with a CADD score of 11.8.

Functional studies of GNPAT

GNPAT was efficiently knocked down by its siRNA (~85% knockdown compared to control 

siRNA) (Figure 3A). This knockdown resulted in a >17-fold decrease in HAMP mRNA 

expression (Figure 3B). Expression of two genes co-ordinately regulated with HAMP, ID1 

(inhibitor of DNA-binding protein 1) and SMAD7 (SMAD family member 7),41 was also 

decreased (Figure 3C and 3D), although the magnitude of the decrease was less. Cell 

proliferation and viability were similar in cells treated with si.GNPAT and those treated with 

control si.NS. Bone morphogenetic protein 6 (BMP6) is a major regulator of hepcidin.42 

HepG2/C3A cells transfected with si.NS or si.GNPAT were serum starved, treated with or 

without BMP6, and analyzed for mRNA expression of HAMP, ID1 and SMAD7. We 

observed no effect of BMP6 treatment on GNPAT levels (Figure 4A). Treatment with BMP6 

significantly induced expression of HAMP, ID1 and SMAD7, but only the induction HAMP 

was blunted by GNPAT knockdown (Figure 4B, 4C, 4D). To determine whether GNPAT 

exerted its effects on hepcidin through the BMP-SMAD pathway, we examined phospho-

SMAD1/5/8 (pSMAD1/5/8) levels in cells treated with si.NS or si.GNPAT, with or without 

BMP6 (Figure 5). Knockdown of GNPAT under basal conditions (without BMP6) resulted 

in decreased pSMAD1/5/8, whereas GNPAT knockdown had no effect on pSMAD1/5/8 

levels when cells were treated with BMP6.

Discussion

In light of the marked differences in clinical penetrance among HFE C282Y homozygotes, 

the existence of a common genetic variant that interacts with the C282Y mutation or C282Y 

protein to produce more severe penetrance is plausible. In the present study, GNPAT 

p.D519G was found in 16 of 22 HFE C282Y homozygotes with high-iron phenotypes who 

did not consume large quantities of ethanol and in none of the C282Y homozygotes with 

low-iron phenotypes. Most of the men with high-iron phenotypes were GNPAT p.D519G 

heterozygotes, although one was a GNPAT p.D519G homozygote. The allele frequency of 

GNPAT p.D519G in men with high-iron phenotypes was significantly greater than in 4300 
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European Americans, and the allele frequency in men with normal or mildly increased iron 

phenotypes was significantly lower than that of European Americans. This is consistent with 

the postulate that GNPAT p.D519G is associated with high-iron phenotypes in C282Y 

homozygotes. It is also possible that a haplotype tightly linked with GNPAT is involved, but 

we did not identify any potentially deleterious mutations in LD with GNPAT p.D519G. 

Among the HFE C282Y homozygotes with high-iron phenotypes who had undergone liver 

biopsy, there was no statistically significant association between fibrosis/cirrhosis and the 

presence of GNPAT p.D519G.

The increased intestinal iron absorption in hemochromatosis is mediated at the level of 

mucosal transfer of iron into the circulation.43 This is attributable to increased ferroportin 

concentration on the basolateral membrane of duodenal enterocytes, resulting from a 

deficiency of hepcidin, which normally inhibits iron absorption by binding to ferroportin and 

causing its internalization and degradation.8 Hepcidin is central to the regulation of iron 

homeostasis, and decreased hepcidin levels are associated with most inherited iron overload 

disorders.8 In HH, upregulation of the hepcidin gene (HAMP) does not occur despite 

significant hepatic iron loading.9 Our observations suggest that loss of GNPAT expression or 

single nucleotide variants which affect GNPAT expression/activity affect HAMP expression 

and that GNPAT is a potential genetic modifier of hemochromatosis iron phenotypes. 

Although hepcidin is downregulated in HFE C282Y homozygotes, hepcidin expression is 

lower in C282Y homozygotes who also have HAMP, HJV, or TFR2 mutations,44 implying 

that further downregulation is possible. Thus, GNPAT variants such as GNPAT p.D519G 

identified in the current study could cause further downregulation of hepcidin.

Rare deleterious GNPAT point mutations or deletions in either homozygous or compound 

heterozygous configuration (but not GNPAT p.D519G) result in rhizomelic 

chondrodysplasia punctata (RCDP) type 2, (MIM#222765). Severe anomalies present at 

birth in RCDP type 2 include skeletal dysplasia, facial deformities, cataracts, and severe 

mental retardation. Iron overload has not been reported to be part of this group of rare 

disorders. The combined incidence of RCDP types 1–3 is <1:100,000. Extensive in vitro 

studies based on two siblings with RCDP type 2 revealed that GNPAT is required for ether-

lipid and plasmalogen synthesis and that GNPAT deficiency impairs cholesterol distribution 

and formation of caveolae and clathrin-coated pits, resulting in reduced transferrin receptor 

recycling.45 Other GNPAT mutations/deletions have been found in persons with 

peroxisomal disease, a class of disorders in which increased hepatic iron is observed.46

GNPAT knockdown did not have any clear influence on the BMP-SMAD pathway. The 

BMP-SMAD pathway appears to be operating normally in this situation, because treatment 

with exogenous BMP6 increases phosphorylation of SMAD1/5/8 and ID1 and SMAD7 

mRNA expression. GNPAT silencing had no effect on these components of the pathway. 

HAMP mRNA expression was significantly lower in GNPAT silenced cells treated with 

BMP6, suggesting that GNPAT-mediated effects on HAMP may be independent of the 

BMP-SMAD pathway. HAMP is regulated by many factors, such as hypoxia, erythroid 

factors and inflammation that act through signaling pathways independent of BMP-

SMAD.47–50 It is possible that GNPAT knockdown modifies components of any or a 
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combination of these pathways, with consequent downstream effects on hepcidin and 

ultimately iron homeostasis, such as the regulation of intestinal iron absorption.

GNPAT p.D519G is common among people of European descent (allele frequency 

20.6%).34 Our data indicate that co-inheritance of GNPAT p.D519G in some men with 

C282Y homozygosity is associated with high-iron phenotypes. The participants in this study 

represented a wide geographic distribution. GNPAT p.D519G was present in high expressers 

at study sites in Australia, Canada, and the United States, and 50–85% of the high expressers 

from the clinical practice sites and screening studies in these areas were heterozygous or 

homozygous for the GNPAT variant. It is important to confirm the association of GNPAT 

p.D519G with high-iron phenotypes in male HFE C282Y homozygotes from other 

geographic areas and in female C282Y homozygotes. Based on the effect of GNPAT 

knockdown on hepcidin expression in a cell system, it is plausible that GNPAT p.D519G has 

sufficient functional effect, perhaps on membrane receptor localization or recycling, to alter 

the hemochromatosis phenotype by indirectly stimulating iron absorption. GNPAT p.D519G 

has been reported by Thai and colleagues,45 who found that introduction of this mutation 

into control DHAPAT (GNPAT) cDNA resulted in a 70% reduction of enzyme activity.

A limitation of the current study is a lack of available serum samples collected at study entry 

that would be suitable for measurement of hepcidin levels. Thus, we could not study steady-

state, pre-treatment hepcidin levels in the present cohort.

Statistical power to discover variants of interest in cohorts of 13 and 22 subjects per group is 

relatively low. A post-hoc power calculation showed that the power to find GNPAT 

p.D519G is about 42% at a Bonferroni-corrected p-value of 0.05, assuming the distributions 

are as observed.

Although this is not a prospective study, our results demonstrate that GNPAT p.D519G is 

associated with greater iron overload and may be relevant to severity and prognosis. 

Identifying GNPAT p.D519G in young C282Y homozygotes could predict the potential 

severity of iron overload later in life and inform clinical recommendations regarding 

initiation of phlebotomy therapy and long-term follow-up of iron stores and related 

manifestations. More work will be needed to confirm a prognostic role for GNPAT p.D519G 

by testing specificity and sensitivity in a larger sample including subjects with intermediate 

iron phenotype, a large proportion of C282Y homozygotes. It is possible that GNPAT 

variants influence other iron-related conditions including iron deficiency, anemia of chronic 

disease, and secondary iron overload, although this is unproven. Six of the 22 C282Y 

homozygotes with a high-iron phenotype that we studied did not have GNPAT p.D519G, 

consistent with the possibility that other modifier alleles exist. The present evidence for 

GNPAT p.D519G as a significant phenotype modifier of HFE C282Y homozygosity 

indicates that common modifier alleles could be a major source of variable phenotype 

penetrance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study Schema

*Alcohol consumption was characterized as “former drinker”, “never” or “light drinker” 

(less than 20 g alcohol per day), “moderate drinker” (20–60 g alcohol per day), and “heavy 

drinker” (>60 g alcohol per day).
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Figure 2. Results of sequence kernel association test
Quantile/quantile plot for SKAT p-values from the by-gene comparison of 13 low-iron 

expressers vs 22 high-iron expressers (all male C282Y homozygotes).
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Figure 3. Representative graphs of siRNA mediated knockdown of GNPAT in HepG2/C3A cells 
transfected with either 10 pmol non-specific siRNA (si.NS) or 10 pmol GNPAT-specifc siRNA 
(si.GNPAT) for 72 hr
Experiments were performed four times. Relative expressions of (A) GNPAT, (B) HAMP, 

(C) ID1 and (D) SMAD7 mRNA were analyzed by using qPCR and normalized to the 

geometric mean of ACTB and HPRT1. Error bars represent the standard error of the mean 

(SEM). P-values for fold change were calculated using Student’s two-tailed t-test; * 

indicates a p-value <0.05, ** p <0.01 and *** p < 0.001.
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Figure 4. Representative graphs of siRNA mediated knockdown of GNPAT in HepG2/C3A either 
treated with or without BMP6
HepG2/C3A cells were treated with control (si.NS) or GNPAT-specific siRNA (si.GNPAT). 

Cells were serum starved for 6 hours and then treated with vehicle or BMP6 (10ng/mL for 

four hours). Experiments were performed four times. Relative expressions of (A) GNPAT, 

(B) HAMP, (C) ID1 and (D) SMAD7 mRNA were analyzed using qPCR and normalized to 

the geometric means of ACTB and HPRT1. Error bars represent the standard error of the 

mean (SEM). P-values for fold change were calculated using two-way ANOVA with a 

Bonferroni multiple comparison test post-hoc with multiplicity adjusted P-values; a = 

p<0.0001 comparing si.GNPAT to si.NS within treatment group, b = p<0.001 comparing 

control to BMP6 treated within si.RNA group.
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Figure 5. Western blot of phosphoSMAD1/5/8 and associated quantification following siRNA 
mediated knockdown of GNPAT in HepG2/C3A either treated with or without BMP6
Experiments were performed twice. HepG2/C3A cells were treated with control (si.NS) or 

GNPAT-specific siRNA (si.GNPAT). Cells were serum starved for 6 hours and then treated 

with vehicle or BMP6 (10ng/mL for four hours). (A) Representative Western Blot of 

phosphoSMAD1/5/8. (B) Quantification of phosphoSMAD1/5/8 relative to the reference 

gene β-actin. Error bars represent the standard error of the mean (SEM). P-values for fold 

change were calculated using two-way ANOVA with a Bonferroni multiple comparison test 

post-hoc with multiplicity adjusted P-values; b = p<0.01 comparing control to BMP6 treated 

within si.RNA group.
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Table 1

Primer pairs used for quantitative PCR and GNPAT siRNA oligo sequences used for knockdowns.

Gene Sequence

ACTB-forward CAGGCACCAGGGCGTG

ACTB-reverse GCCCACATAGGAATCCTTCTGA

HPRT1- forward GAAAGGGTGTTTATTCCTCAT

HPRT1-reverse CCCATCTCCTTCATCACAT

GNPAT- forward ACATTT TTGTGCGCCCATCC

GNPAT-reverse TCACGTAG AAGCGA AAG CA

HAMP- forward CCACAACAGACGGGACAAC

HAMP-reverse AAAATGCAGATGGGGAAGTG

ID1- forward TGG AGC TGA ACT CGG AAT CCG

ID1-reverse GAC ACA AGA TGC GAT CGT CCG

SMAD7- forward TCACCTTAGCCGACTCTGCG

SMAD7-reverse GTTTCAGCGGAGGAAGGCAC

siRNA Oligonucleotide sequence

GNPAT- forward GGGCUGUAUUCUCUGAAUATT

GNPAT-reverse UAUUCAGAGAAUACAGCCCTT
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Table 3

Association between clinical characteristics and presence of GNPAT p.D519G in 22 HFE C282Y 

homozygotes with markedly increased iron stores

Markedly Increased Iron Stores (N=22)

Characteristic
N (%)

Number with GNPAT p.D519G 
polymorphism (%)

Fisher’s Exact Test P-
value

Clinical Assessment

 Self-report of arthritis Present 13/22 (59.1%) 9/13 (69.2%) 1.00

Absent 9/22 (40.9%) 7/9 (77.8%)

 Self-report of diabetes Present 3/22 (13.7%) 1/3 (33.3%) 0.17

Absent 19/22 (86.4%) 15/19 (79.0%)

 Chronic fatigue/weakness Present 9/22 (40.9%) 6/9 (66.7%) 1.00

Absent 12/22 (54.6%) 9/12 (75.0%)

Physical Exam

 Hepatomegaly Present 9/22 (40.9%) 8/9 (88.9%) 0.33

Absent 13/22 (59.1%) 8/13 (61.5%)

 Swollen or tender metacarpophalangeal joints Present 13/22 (59.1%) 10/13 (76.9%) 0.66

Absent 9/22 (40.9%) 6/9 (66.7%)

Related Conditions

 Fibrosis/Cirrhosis*† Fibrosis 6/17 (35.3%) 3/6 (50.0%) 0.53

Cirrhosis 6/17 (35.3%) 5/6 (83.3%)

Absent 5/17 (29.4%) 4/5 (80.0%)

*
Data from five patients were excluded because no liver biopsy had been performed.

†
When data from biopsies showing fibrosis only (n=6) and those with cirrhosis (n=6) were combined, eight of the 12 (66.7%) had the GNPAT 

P.D519G polymorphism and there was still no significant association between presence of fibrosis and the GNPAT variant (Fisher’s Exact Test p-
value = 1.00).
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