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Abstract Transmembrane protease, serine 6 (TMPRSS6),
is likely to be involved in iron metabolism through its
pleiotropic effect on hepcidin concentrations. Recently,
genome-wide association studies have identified common
variants in the TMPRSS6 gene to be linked to anaemia and
low iron status. To get a more precise evaluation of iden-
tified TMPRSS6 single nucleotide polymorphism associa-
tions with iron status in cohorts of differing continental
ancestry, we conducted a systematic review with meta-
analyses. We searched the literature using HuGE Naviga-
tor, Pubmed and Scopus databases for primarily genome-
wide association studies using TMPRSS6 as a free term.
Fixed-effects meta-analysis was used to obtain summary
estimates of associations. Eleven studies comprised Cau-
casian populations, four included an Asian population and
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one study included an African-American population. Dif-
ferences in minor allele frequencies of 8 TMPRSS6 SNPs
(rs855791, rs4820268, rs2111833, rs1421312, rs228921,
rs228918, rs228919 and rs575620) across ethnic groups
were observed, with the MAF of rs855791 significantly
higher in Asian populations than in Caucasians (0.55 vs
0.42, P < 0.0001). In the meta-analysis, the A allele of
rs855791 was associated with lower Hb and ferritin con-
centrations in all populations. This allele was also associ-
ated with increased serum transferrin receptor and
transferrin concentrations. We observed similar associa-
tions for the G allele in rs4820268. Clear disparities in
associations were found for the African-American popu-
lation, although not statistically significant. Associations
between TMPRSS6 SNPs and anaemia are consistent
across Caucasian and Asian populations. This study high-
lights the need to conduct studies in African populations

where iron deficiency is of wutmost public health
significance.
Keywords Systematic review - Meta-analyses -

TMPRSS6 - Iron status

Introduction

Iron deficiency has previously been hypothesized to orig-
inate entirely from dietary and/or other environmental
factors. However, several discoveries regarding disorders
of iron metabolism have indicated that there is a genetic
contribution to the development of iron deficiency (Leb-
oeuf et al. 1995; Morse et al. 1999; Finberg 2009). In
particular, polymorphisms in the Trans Membrane Protease
Serine 6 (TMPRSS6) gene have been implicated as influ-
encing iron metabolism in both animal and human studies.
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In the mask mutant mouse, loss of the catalytic domain of
matriptase-2 (protein produced due to TMPRSS6 expres-
sion) results in an increase in hepcidin expression in the
liver, lowered dietary iron absorption and severe micro-
cytic anaemia (Du et al. 2008). Similar findings have been
observed in TMPRSS6 knockout mice (Tmprss6 2/2; Fol-
gueras et al. 2008) and in zebrafish overexpressing mutant
matriptase-2 (Silvestri et al. 2008). Contrariwise, overex-
pression of wild-type matriptase-2 in human hepatoblas-
toma (HepG2) cells has been observed to result in
suppression of hepcidin gene promoter activation (Du et al.
2008). Mutations in the TMPRSS6 gene have also been
implicated in iron deficiency anaemia refractory to oral
iron therapy within Caucasian populations (Finberg et al.
2008; Guillem et al. 2008; Melis et al. 2008). Further
evidence of the association of TMPRSS6 polymorphisms
with iron status in persons not affected by overt genetic
disorders of iron metabolism have been observed in several
GWAS though not all findings are consistent across studies
(Benyamin et al. 2009; Chambers et al. 2009; Ganesh et al.
2009; Tanaka et al. 2010).

At the population level, various studies have observed a
geographic disparity in iron status leading to the hypothesis
that dissimilarities in genetic alterations across ethnicities
may indeed contribute to differences in iron status (Gor-
deuk et al. 1992; Barton et al. 1995; Wurapa et al. 1996;
Moyo et al. 1998). Specifically, studies have shown that
Asia and Africa have the highest proportion of individuals
affected by anaemia according to the WHO regional
prevalence estimates (WHO 2008). Furthermore, in studies
conducted in the US, African-Americans appear to have
lower haemoglobin concentrations and serum transferrin
saturation (TS) as compared to Caucasians (Williams 1981;
Jackson et al. 1983; Perry et al. 1992; McLaren et al. 2001;
Beutler et al. 2003). Disparities in iron status have also
been observed between Mexican-American and non-His-
panic white women of childbearing age (Looker et al.
1997). It is not known, however, if these differences con-
tain a genetic component.

In order to shed light on the contradictory findings from
GWAS and to evaluate the role of ethnicity as an explan-
atory factor, we performed a systematic review with meta-
analysis on TMPRSS6 loci identified in cohorts of differing
continental ancestry.

Methods
Search strategy
An electronic literature search was conducted using HuGE

Navigator which is a database of published population-
based epidemiological studies of human genes extracted
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and curated from PubMed since 2001. The search term
‘tmprss6 x [Text MesH]” was used. The latest search was
conducted on 31st August 2013. In addition, the PubMed
and Scopus databases were searched to include any articles
that may have been published on the topic prior to 2001.
Searches in both databases were conducted with TMPRSS6
as a free term. Manual searching of reference lists of ori-
ginal articles was also conducted.

Eligibility criteria

The first step in the study selection was exclusion of dupli-
cates followed by examination of titles and abstracts
obtained. Articles were included when they were: original
research articles; conducted in humans; and when testing for
TMPRSS6 SNP associations with iron status measures i.e.
haemoglobin (Hb), serum or plasma ferritin (SF/PF) and/or
serum transferrin receptor (sTfR), was undertaken. In
addition, we included studies on associations of dichoto-
mous outcomes (anaemia, iron deficiency, or iron deficiency
anaemia) with TMPRSS6 SNPs. Animal, single patient
studies and studies on disorders of iron metabolism [iron-
refractory iron deficiency anaemia (IRIDA), hemojuvelin,
hereditary hemochromatosis] were excluded. The full text of
each remaining study was reviewed to establish eligibility,
and all relevant information and data were extracted.

Data extraction

Data extraction was conducted by one author (WGW) and
repeated by two other authors (AMB and EJF) for 30 % of
the papers that met the inclusion criteria. The latter was
done for quality control purposes. For each article, infor-
mation on authors, publication year, sample size, ethnicity,
health status of the population (e.g. type 2 diabetes type
patients), study design, mean age, gender distribution,
minor allele frequencies, genotyping platform, call rate,
beta values, standard errors, confidence intervals, reported
measure of variance, agreement with Hardy—Weinberg
equilibrium and model adjustments were extracted. In the
case of GWA studies, information on the main and repli-
cation study was reported separately. Additionally, where
several cohorts were included in a study, information on
each cohort was reported separately. In the case that
information provided was missing, insufficient or unclear,
authors were contacted for further information. Any
recalculation of values required prior to meta-analyses was
performed by one author (WGW).

Statistical methods

Meta-analyses were performed on genetic variants with
information from more than two studies or cohorts and
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Fig. 1 Study selection process

results ordered by ethnicity. Results were presented at the
sub-group and overall levels. The sub-groups were desig-
nated as Caucasian, Asian and Mixed, with Mixed imply-
ing that the study results presented were from more than
one ethnicity.

All data for specific iron status measures i.e. Hb, SF/PF
and sTfR were transformed into identical units before
meta-analyses. In the case where all extracted values had
different transformations, values were back transformed to
comparable units to enable comparison. New standard error
values were obtained by calculating the ratio between the
untransformed beta values and their standard errors and
applying this ratio to the recalculated beta value.

Our goal in conducting the meta-analyses was to com-
pute the common effect size for the identified populations,
and not to generalize the findings to other populations.
Additionally, the studies with complete information were
few. For these reasons, we used the fixed-effects model to
assign study weights as well as combine summary statis-
tics. We also conducted a random-effect analyses to check
for heterogeneity between studies.

An estimate of potential publication bias was carried out
by generating funnel plots. The symmetry of the funnel
plot was assessed both visually and formally by using

o
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Egger’s test (Egger et al. 1997). The Chi square test was
conducted to test for heterogeneity and I*values reported.
We conducted an independent samples 7 test on summary
estimates per SNP for each outcome measure to determine
whether differences observed between ethnicities were
statistically significant.

The R program for statistical computing version 2.15.2
(R Core Team 2013) was used to perform all analyses.

Results

We found 20 articles through HuGE Navigator, 84 articles
through PubMed and 86 articles through Scopus and four
articles through manual search of the references.’ In total
we obtained 14 articles that contained information from
various cohorts (Fig. 1; Table 1). Articles identified as
eligible for meta-analyses (n = 14) contained complete

' For Figs. 1, 2, 3,4, 5, 6, 7 and 8, black squares are point estimates
for each study, horizontal lines are 95 % CIs, black diamonds are
summary estimates with the lateral tips of the open diamond
indicating the standard errors for the summary estimates. Subtitle
Mixed refers to a cohort consisting of more than one ethnicity. Effect
allele is A for all associations involving rs855791.
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Table 2 Minor allele frequencies of TMPRSS6 SNPs in various populations

SNP Cohort Ethnicity MAF References
rs855791 (A) - Han (East) 0.53 An et al. (2012)
- Han (North) 0.55 An et al. (2012)
- Zhuang 0.63 An et al. (2012)
- Han 0.53 Gan et al. (2012)
CHARGE + HAEMGEN Caucasian 0.39 Ganesh et al. (2009)
InCHIANTI + BLSA + WHAS I + WHAS 1I Caucasian 0.41 Tanaka et al. (2010)
Australian Twin families Caucasian 0.42 Benyamin et al. (2009)
LOLLIPOP Caucasian 0.34 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.53 Chambers et al. (2009)
SAPPHIR Caucasian 0.43 Kloss-Brandstatter et al. (2012)
NBS Caucasian 0.46 Kloss-Brandstatter et al. (2012)
- Mixed 0.37 Lee (2009)
ValBorbera study Caucasian 0.45 Traglia et al. (2011)
NBS Caucasian 0.46 Galesloot et al. (2013)
154820268 (G) - Han (East) 0.51 An et al. (2012)
Han (North) 0.53 An et al. (2012)
Zhuang 0.61 An et al. (2012)
- Han 0.50 Gan et al. (2012)
InCHIANTI + BLSA + WHAS I + WHAS 1I Caucasian 0.46 Tanaka et al. (2010)
Caucasian 0.47 Benyamin et al. (2009)
LOLLIPOP Caucasian 0.43 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.55 Chambers et al. (2009)
SAPPHIR Caucasian 0.45 Kloss-Brandstatter et al. (2012)
NBS Caucasian 0.47 Kloss-Brandstatter et al. (2012)
rs2111833 (T) HEIRS Caucasian 0.34 McLaren et al. (2012)
HEIRS African-American 0.39 McLaren et al. (2012)
HEIRS Hispanic 0.20 McLaren et al. (2012)
HEIRS Asian 0.31 McLaren et al. (2012)
rs1421312 (G) HEIRS Caucasian 0.40 McLaren et al. (2012)
HEIRS African-American 0.61 McLaren et al. (2012)
HEIRS Hispanic 0.34 McLaren et al. (2012)
HEIRS Asian 0.31 McLaren et al. (2012)
InCHIANTI + BLSA 4+ WHAS I + WHAS 1I Caucasian 0.39 Tanaka et al. (2010)
LOLLIPOP Caucasian 0.46 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.54 Chambers et al. (2009)
rs228921 (G) LOLLIPOP Caucasian 0.41 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.48 Chambers et al. (2009)
1228918 (C) LOLLIPOP Caucasian 0.47 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.48 Chambers et al. (2009)
15228919 (T) LOLLIPOP Caucasian 0.40 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.48 Chambers et al. (2009)
1s5756520 (A) LOLLIPOP Caucasian 0.41 Chambers et al. (2009)
LOLLIPOP Indian Asians 0.48 Chambers et al. (2009)

information on two TMPRSS6 variants. In addition, 11
articles on MAF comparisons and 3 articles on 4 TMPRSS6
variants were included in the systematic review (Fig. 1).
Only one study corrected for iron intake in association

@ Springer

analyses. Additional data on covariates considered in
association analyses in the various studies can be found in
Table 1. The majority of the articles were based on studies
conducted entirely in subjects of Caucasian ethnicity
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Author and Year N Beta [CI]
Caucasian

Traglia,2012 1131 i -0.09[-0.18 ,-0.01]
Traglia,2012 1657 =4 -0.05[-0.12, 0.03]
Chambers, 2009 6316 =i -0.11[-0.15,-0.07]
Benyamin 2009 3188 n -0.08 [-0.09 . -0.08 ]
Benyamin, 2009 2468 n -0.14[-0.15,-0.14]
Tanaka,2010 194 i -0.08 [-0.30, 0.14]
Tanaka,2010 375 H— 0.15[-0.05, 0.35]
Tanaka,2010 713 —— -0.11[-0.27, 0.05]
Tanaka,2010 1206 r—-—i -0.12[-0.22,-0.02]
Ganesh,2009 9457 el -0.08[-0.12,-0.05]
Ganesh,2009 23146 W -0.10[0.12,-0.07 ]
RE Model for Subgroup " -0.03[-0.23,0.17]
Asian

Chambers,2009 9685 bt -0.14[-0.18 ,-0.10]
Gan,2012 1574 = -0.14[-0.23 ,-0.06 ]
An.2012 630 —— -0.09[-0.26, 0.09]
An,2012 354 i -0.26 [-0.50 , -0.03 ]
An,2012 1141 — -0.23[-0.35,-0.12]
RE Model for Subgroup ¢ -0.10[-0.12,-0.08]
Mixed

Lee.2011 48 = 0.07[ 0.01, 0.14]
Chambers,2009 16001 b= -0.13[-0.17,-0.09 ]
RE Model for Subgroup ¢ -0.15[-0.18 ,-0.12]
RE Model for All Studies ¢ -0.10[-0.13,-0.07]

| 1
1.39 0 1.39
Beta

Fig. 2 Fixed-effects meta-analysis of observational studies evaluating association of rs855791 with haemoglobin concentration (g/dL)

(n = 11; 73 %). Three studies had multiple ethnicities as
part of the cohorts investigated (Chambers et al. 2009; Lee
2009; McLaren et al. 2012). We did not find any studies
conducted among individuals from the African population
(Tables 1 and 2). No publication bias was present in the
meta-analyses performed except for the association
between 1s855791 and transferrin in the Caucasian
population.

In rs855791, MAF was higher in the Asian than in
Caucasian populations (0.55 vs 0.42, P < 0.0001). The
MAF of the rs2111833 SNP ranged from 0.20 in the His-
panic population to 0.47 in the Caucasian population, while
the MAF of rs1421312 was 0.31 in the Asian population
and 0.47 in the Caucasian population. MAF for rs228921,
rs228918, 1s228919 and rs575620 were comparable in
Caucasian and Indian Asians (Table 1).

Associations of rs855791 with Hb and iron status
The rs855791 (c.2207T>C) SNP causes the matriptase-2

valine to alanine amino acid substitution (p.Val736Ala; Nai
et al. 2011). In our association analyses we considered the

A allele which is the minor allele on the reverse strand
(similar to the T allele on the forward strand). The meta-
analysis of the association of rs855791 with Hb indicates
that each A allele (encoding for Valine [Val]) was asso-
ciated with 0.11 g/dL (95 % CI —0.11, —0.10) lower Hb
concentrations overall, with values of —0.08 (95 % CI —
0.11, —0.04), —0.15 (95 % CI —0.18, —0.12) and —0.11
(95 % CI —0.11, —0.10) g/dL in the Caucasian, Asian and
mixed populations, respectively (Fig. 2). The difference in
the effect estimates between Caucasian and Asian popu-
lations, based on 11 and 5 separate study populations,
respectively, was not significant (P = 0.85). Heterogeneity
was high among the studies within the Caucasian popula-
tion (I2 = 96.2 %, P = <0.0001, n = 11) and in the mixed
populations (I2 =96.3 %, P <0.0001, n = 2), but was
absent for the Asian cohorts (I2 =0.00 %, P=0.47,
n =>5).

Data from 13 study populations were available to study
the associations of the A allele and serum ferritin con-
centration. Overall, a reduction of 3.71 pg/L (95 % CI —
4.12, —3.31) was observed, without significant differences
between ethnicities (P > 0.05; Fig. 3). As for Hb,

@ Springer
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Author and Year N Beta [CI]
Caucasian
Kloss,2012 1726 - -16.10 [ -28.59 , -3.61]
He 2012 3221 ——i -6.41[-12.70 , -0.12]
Benyamin,2009 3188 ——i—i -4.23[-15.26, 6.80]
Benyamin,2009 2468 — -2.18[-16.19, 11.83]
Tanaka,2010 194 > 6.10[-13.85, 26.05]
Tanaka, 2010 375 > 548[-15.84 , 26.80 ]
Tanaka, 2010 713 — -7.15[-20.01, 5.71]
Tanaka,2010 1206 — -6.54[-17.67 . 4.59]
RE Model for Subgroup <& -5.95[-9.91,-1.99]
Asian
Gan,2012 1574 — -8.62[-13.87 ,-3.37]
An,2012 630 =— 6.84[ -5.10, 18.78 ]
An,2012 354 | -3.70[ -4.11,-3.29]
An,2012 1141 =~ -2.93[ -7.07, 1.21]
RE Model for Subgroup } -3.71[4.12,-3.30]
Mixed
Lee, 2011 48 = -0.57[ -5.84, 4.70]
RE Model for Subgroup <> -0.57[-5.84,4.70 ]
RE Model for All Studies } -3.71[ -4.12,-3.31]
1
-23.03 0 23.03
Beta

Fig. 3 Fixed-effects meta-analysis of observational studies evaluating association of rs855791 with ferritin (pg/L)

heterogeneity was high in the Caucasian population
(> = 65.2 %, P = 0.02) but not in the Asian populations
(P = 0.00 %).

Associations of rs855791 with serum transferrin recep-
tor concentration were only conducted within the Cauca-
sian population. Based on three study populations, the
estimate shows that the A allele was associated with an
increase of 0.02 mg/dL (95 % CI 0.01, 0.02) in serum
transferrin receptor concentration (Fig. 4). Heterogeneity
between the studies was low (7 = 0.00 %, P = 0.93).

In determining the association with transferrin, overall
meta-analysis of five study populations indicated that the A
allele had no effect 0.00 mg/dL (95 % CI —0.05, 0.06;
Fig. 5). Heterogeneity between the studies was high
(I2 = 99.7 %, P = 0.01). Publication bias was detected in
the meta-analyses performed (P = 0.01).

Associations of rs4820268 with Hb and iron status

The minor allele at the rs4820268 (c.1563C>T) leads
to a synonymous change at nucleotide position 521

@ Springer

(p-Asp521Asp). In our association analyses, we considered
the G allele which is the minor allele on the forward strand
(similar to the C allele on the reverse strand). The meta-
analysis of the association of rs4820268 with Hb and fer-
ritin within the Caucasian and Asian ethnicities indicated
that the G allele results in lower concentrations of Hb by
0.12 g/dL. (95 % CI —0.16, —0.01) and 0.16 g/dL (95 %
CI —-0.22, —0.10), respectively (Fig. 6). The difference in
the effect estimates between four Caucasian and Asian
populations was not significant (P > 0.05). We observed a
non-significant amount of heterogeneity within studies in
both the Caucasian (12 = 6.20 %, P = 0.34) and Asian
population (I* = 0.61 %, P = 0.23).

We obtained data from 13 study populations on the
associations of the G allele and serum ferritin concentra-
tion. The G allele resulted in an increased ferritin con-
centration of 0.12 pg/LL (95 % CI —6.16, 6.39) in the
Caucasian population and a decrease of 3.69 pg/L (95 %
CI —9.09, 1.72) in the Asian population (Fig. 7). There was
no significant difference in the effect estimates between
Caucasian and Asian populations (P > 0.05). We observed
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Author and Year N Beta [C]]
Caucasian :

He, 2012 3221 u 0.02[ 0.01,0.02]
Blanco-Rojo,2011 270 = : » 0.11[-1.83,204]
Oexle, 2011 5464 ' 0.01[-0.01,0.04]
RE Model i 0.02[ 0.01,0.02]

| T 1
-1.39 0 1.39

Beta

Fig. 4 Fixed-effects meta-analysis of observational studies evaluating association of rs855791 with serum transferrin receptor (mg/dL)

Author and Year N Beta [CI]
Caucasian

Benyamin, 2009 2512 —_——— 2.89[ 0.78,4.99]
Benyamin,2009 2299 e S 297[ 0.35,56.58]
Traglia, 2012 1652 0.00[-0.07,0.07]
Traglia, 2012 1130 0.00[-0.08,0.09]
He,2012 3221 > 4.33[-1.26,9.92]
RE Model —_— 1.30[-0.27,287]

1
-1.39 1.39
Beta

Fig. 5 Fixed-effects meta-analysis of observational studies evaluating association of rs855791 with rs855791 with transferrin (mg/dL)

a significant amount of heterogeneity in the studies within
the Caucasian population (I2 = 65.15 %, P = 0.02), but
not in the Asian studies (I2 = 0.00 %, P = 0.43).
Associations of rs4820268 with sTfR concentration
were only conducted in three studies within the Caucasian
population. The G allele was associated with a reduction by
0.08 mg/dL. (95 % CI —0.10, —0.06) in the Caucasian
population (Fig. 8). There was a significant amount of
heterogeneity detected (I* = 65.15 %, P = 0.02).

TMPRRS6 variants not eligible for meta-analysis

Since the associations of rs2111833 (c.1083G>A) and
rs1421312 (c.659-1988T>C) with iron status among Cau-
casians, Asians, Hispanics and African-Americans was
described in only one study by McLaren and McLachlan
(McLaren et al. 2012), these variants were not eligible for
the meta-analysis. In this study, MAF across the

populations for rs211833 indicated that the T allele has the
lowest frequency among the Hispanic population (20 %)
while the Caucasian, Asian and African-American popu-
lations had a MAF of approximately 30 % (Table 2). When
investigating the association of rs2111833 with serum
ferritin, the T allele was associated with an increase in
serum ferritin concentrations across all ethnicities. For
rs2111833 and sTfR, the estimates in each ethnicity indi-
cated an association of the T allele with a decrease in
concentrations (McLaren et al. 2012). However, none of
the observations were significant (P > 0.05).

The SNP rs1421312 was also studied in four ethnicities.
The MAF of this SNP in the African-American population
was 0.61, higher than that in the Caucasian population
0.40, Asian population 0.41, and Hispanic population, 0.34.
Overall, the G allele of rs1421312 was associated with a
non-significant decrease in serum ferritin concentration.
However, each additional G allele resulted in a non-
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Author and Year N Beta [CI]
Caucasian
Tanaka.2010 194 = -0.06[-0.28. 0.16]
Tanaka.2010 375 i—-—l 0.08[-0.12. 0.28]
Tanaka.2010 713 e -0.11[-0.27 . 0.05]
Tanaka.2010 1206 H -0.12[-0.22 . -0.02]
RE Model for Subgroup 2 0.08[-0.16 . -0.01]
Asian
Gan.2012 1574 a -0.13[-0.21.-0.05]
An.2012 630 e -0.06[-0.24. 0.12]
An.2012 354 l—-—i -0.34[-0.57 . -0.10]
An.2012 1141 HH -0.20[-0.32 . -0.09]
RE Model for Subgroup * 0.16[-0.22.-0.10]
RE Model for All Studies 0 -0.13[-0.17 . -0.08 ]
T i |
-1.39 0 1.39
Beta

Fig. 6 Fixed-effects meta-analysis of observational studies evaluating association of rs4820268 with haemoglobin concentration (g/dL)

significant decrease of 30.75 pg/L (95 % CI —159.62,
98.12) in SF concentrations within the African-American
population, but in increase in the other ethnic populations.
For sTfR, this SNP was associated with non-significant
negative associations in Caucasians (—0.23 (95 % CI
—0.45, —0.01) and Asians (—0.25 (95 % CI —0.78, 0.28)
and a positive association in African-Americans (0.88
(95 % CI —0.04, 1.80) and Hispanics [0.19 (95 % CI
—0.48, 0.86; McLaren et al. 2012].

We also identified studies in the Chinese population that
have observed rs855791 and rs4820268 polymorphisms as
genetic risk factors for developing anaemia, iron deficiency
and iron deficiency anaemia (An et al. 2012; Gan et al.
2012). We additionally identified another study conducted
among Danish blood donors that has observed that the T
and G alleles of rs855791 and rs4820268, respectively, are
not associated with low serum ferritin (Sorensen et al.
2012).

Discussion
To our knowledge, this is the first review to focus on the

association of TMPRSS6 genetic variants with iron-related
parameters in different ethnic groups. Sample sizes
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included in the meta-analyses were sufficient to investigate
the research question. We observed that the A allele of
rs855791 is associated with lower concentrations of Hb and
ferritin across all populations. Additionally, this allele is
associated with increased sTfR and transferrin concentra-
tions. Based on our meta-analyses, the overall effect esti-
mate of the Asian studies indicates that for each A and G
allele of rs855791 and rs4820268, respectively, an addi-
tional decrease in Hb values of 0.07 and 0.12 g/dL is
observed, as compared to the Caucasian population. Sim-
ilarly, ferritin concentration is lowered by an additional
2.24 and 3.85 pg/L, respectively, in the Asian populations.
The directions and magnitudes of associations were iden-
tical in both fixed-effects and random-effects model.

Although the observed differences in iron status may not
be impressive from a clinical point of view, it may be of
significance on the population level especially in popula-
tions that already have marginal iron status due to low
dietary iron intake.

The exact mechanism through which TMPRSS6 action
is exerted is still under investigation. It had generally been
thought that TMPRSS6 polymorphisms affect hepcidin
transcription, thereby altering hepcidin concentrations in
response to systemic iron concentrations (Du et al. 2008;
Finberg et al. 2008; De Falco et al. 2013). However, two
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Author and Year N Beta [CI]
Caucasian

Kloss.2012 1726 -— -18.19 [ -30.62 , -5.76 |
Tanaka,2010 194 —_— 0.25[-19.74 , 20.24 ]
Tanaka,2010 375 ——t—> 264[-18.90 , 24.18 |
Tanaka 2010 713 R 1119 -1.86 , 24.24 ]
Tanaka,2010 1206 - 577 -5.13 , 16.67 ]
RE Model for Subgroup — 0.16[-11.00 , 11.32]
Asian

Gan,2012 1574 —a— -1.04[-11.98, 9.90]
An,2012 630 —t—— 3.27(-12.04 , 18.58 ]
An,2012 354 - -12.30 [ 25.10, 0.50 ]
An,2012 1141 - 3.64[-11.68, 4.40]
RE Model for Subgroup ‘ -3.69[-9.09, 1.72]
RE Model for All Studies - 79[ -7.99 . 4.42]

i I
2303 0 2303
Beta

Fig. 7 Fixed-effects meta-analysis of observational studies evaluating association of rs4820268 with ferritin (png/L)

Author and Year Beta [CI]
Caucasian ;

Oexle,2011 6616 I -0.10[-0.13,-0.08]
Pichler,2011 1330 H -0.09 [-0.13,-0.05]
Pichler,2011 1181 H -0.02[-0.06, 0.02]
RE Model 0 -0.07[-0.12,-0.02 ]

I 1 1
-1.39 0 1.39
Beta

Fig. 8 Fixed-effects meta-analysis of observational studies evaluating association of rs4820268 with serum transferrin receptor (mg/dL)

recent studies (Traglia et al. 2011; Galesloot et al. 2013)
did not confirm an intermediate role for hepcidin in the
SNP-iron status parameters associations. These studies
instead indicate pleiotropic SNP effects on hepcidin and
iron status parameters. Currently, it is proposed that ma-
triptase-2 could regulate hepcidin expression by cleaving

HJV to decrease BMP-SMAD signalling (Meynard et al.
2014). Further studies are required to elucidate the role of
hepcidin in TMPRSS6—-iron status parameter associations.

We have observed similar directions of the effect esti-
mates between rs855791 and rs4820268 in associations
with iron status parameters. This is probably because these
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two SNPs are in linkage disequilibrium (Nai et al. 2011).
However, we also observed differences in the direction of
association of the risk allele in rs1421312 with body iron,
serum ferritin and serum iron in African-Americans. Sim-
ilar alleles in different ethnic groups could result in vari-
ations in the expression of genes (Spielman et al. 2007).
This further strengthens the need to conduct ethnicity-
specific studies when considering the role of genetics in
disease outcome.

We observed that the risk allele frequencies of rs§55791
and rs4820268 were as high as 63 % in the Asian popula-
tions, while in the Caucasian populations, it was generally
less than 45 %. This difference in MAF across ethnicities
has also been observed in the SNPs rs211833 and
rs1421312. Indeed, allele frequencies for SNPs can vary
greatly across ethnic groups (Ioannidis et al. 2004), and this
may impact the prevalence and incidence of disease across
ethnic groups in case of associations (Lan et al. 2007; Myles
et al. 2008). The high frequency of the risk alleles of the
rs855791 and rs4820268 SNPs in Asian populations and the
stronger negative associations with Hb and ferritin predis-
pose this population to iron deficiency. Environmental
factors such as a diets low in bioavailable iron and high
inflammation burden further aggravate this predisposition.
In this regard, it would have been interesting to include in
this review studies conducted within the African population
as well. However, at the time the search was completed,
there were no studies conducted within the African popu-
lation other than the one performed in the African-Ameri-
can population. However, this is an admixed population
(Parra et al. 1998), and therefore, observations are not
readily transferrable to the African population. Besides this,
it may be that the phenotypic expression for the same alleles
investigated are different within the genetically diverse
African population (Tishkoff et al. 1996; Tishkoff and
Williams 2002; Tishkoff and Verrelli 2003; Tishkoff and
Kidd 2004; Frazer et al. 2007; Garrigan et al. 2007; Ja-
kobsson et al. 2008; Li et al. 2008; Tishkoff et al. 2009).

Several limitations of our study need mentioning. We
focussed on SNP-iron status measure associations that
were investigated in at least two studies and in more than
one ethnicity. Consequently, significant SNP—iron status
measure associations that have only been researched in one
ethnicity were not described. Additionally, since we only
included SNPs described in greater than two cohorts and
more than one ethnicity, we were only able to include two
genetic variants from the selected SNPs in the meta-anal-
yses. For this reason, there may be ethnic differences in
other genetic variations that have not been included in this
review.

Secondly, high heterogeneity was observed among the
Caucasian studies. We attribute this to the variation in
population characteristics and study designs. Most studies
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that were conducted within the Caucasian populations have
previously been designed to study other outcomes, whereas
the studies within the Asian population were specifically
designed to study genetic influences of iron metabolism
and are fewer in number.

Thirdly, in conducting association analyses, only one
study (Gan et al. 2012) included dietary iron as a predictor
of iron status within the model. This investigation on the
interactions between SNPs and the environment is crucial
in order to quantify the contribution of genetic alterations
to the development of iron deficiency. Further to this, only
two studies considered inflammation as a potential con-
founder in association analyses. These studies either
excluded subjects with CRP levels above a pre-defined cut-
off (Traglia et al. 2011; An et al. 2012; Gan et al. 2012) or
corrected for inflammation (McLaren et al. 2012). Cor-
rection for inflammation or exclusion of values of inflamed
subjects would ensure that what is observed is a true
association. Ferritin and Hb are influenced by inflammation
and sTfR concentrations might also be influenced nega-
tively by inflammatory cytokines (Seiser et al. 1993).

In conclusion, we observe that the risk alleles A and G
in rs855791 and rs4820268 are associated with a reduction
in Hb and serum ferritin concentrations and an increase in
transferrin and serum transferrin receptor concentrations in
most populations investigated. Our study highlights key
information gaps in several areas regarding the associations
of SNPs in TMPRSS6 and iron status. First of all, more
information on the (factors involved in) regulation of
TMPRSS6 is required as well as how exactly TMPRSS6
exerts its effects on body iron. Moreover, our study also
highlights the need to conduct further studies in ethnicities
or populations where iron deficiency is of public health
significance. The question is whether populations with high
prevalence of risk alleles may require higher recommen-
dations for iron intake in order to maintain normal eryth-
ropoiesis. This is especially relevant in combination with
unfavourable environmental conditions such as diets with
low bioavailable iron and high inflammation burden.
Knowledge of genetic factors influencing iron status could
improve care and advice given to populations at risk for
iron deficiency.
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