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Abstract

EIF2AK3 is a type | transmembrane protein that functions as an endoplasmic reticulum (ER)
stress sensor to regulate global protein synthesis. Rare mutations in EIF2AK3 cause Wolcott-
Rallison syndrome (OMIM 226980), an autosomal recessive disorder characterized by diabetes,
epiphyseal dysplasia, osteoporosis, and growth retardation. To investigate the role of common
genetic variation in EIF2AK3 as a determinant of bone mineral density (BMD) and osteoporosis,
we sequenced all exons and flanking regions and then genotyped 6 potentially functional single
nucleotide polymorphisms (SNPs) in this gene in 997 Amish subjects for association analysis,
with attempted replication in 887 Mexican Americans. We found that the minor allele of a
nonsynonymous SNP rs13045 had borderline associations with decreased forearm BMD in both
discovery and replication cohorts (unadjusted P = 0.036 and § = —0.007 for the Amish; unadjusted
P =0.031 and g = —0.008 for Mexican Americans). A meta-analysis indicated this association
achieved statistical significance in the combined sample (unadjusted P = 0.003; Bonferroni
corrected P = 0.009). Rs13045 and three other potentially functional SNPs, a promoter SNP
(rs6547787) and two nonsynonymous SNPs (rs867529 and rs1805165), formed two haplotypes (a
low-BMD associated haplotype, denoted haplotype B (minor allele frequency (MAF) = 0.311) and
a common haplotype A (MAF = 0.676)). There were no differences in mRNA expression from
lymphoblastoid cell lines between the two haplotypes. However, after treating lymphoblastoid cell
lines with thapsigargin to induce ER stress, cell lines with haplotype B showed increased
sensitivity to ER stress (P = 0.014) compared to cell lines with haplotype A. Taken together, our
results suggest that common nonsynonymous sequence variants in EIF2AK3 have a modest effect
on ER stress response and may contribute to the risk for low BMD through this mechanism.
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Introduction

Osteoporosis, which increases significantly with aging, is a major public health burden. It is
characterized by reduced bone strength and susceptibility to low trauma fractures [1].
Osteoporosis aggregates in families, and the heritability of BMD has been estimated to
range from 0.5 to 0.8 [2-5]. Genetic association studies have identified a number of
susceptibility loci and variants; however, these largely have very small effects and the
mechanisms whereby they act are poorly understood. Delineating the genetic influence in
osteoporosis and BMD is important to improve our understanding of the pathophysiology
and to provide better prevention and treatment for the disease.

Endoplasmic reticulum (ER) stress is the consequence of the deleterious accumulation of
unfolded proteins in the lumen of the ER, which exceeds the capacity of ER-associated
protein degradation [6]. There are three known ER stress-sensor proteins, IRE1, ATF6, and
EIF2AK3. While the Irel knockout is an embryonic lethal [7] and Atfé knockout mice have
no overt phenotype [8, 9], EIF2AK3 mutations in man and mice lead to severe
developmental defects. In humans, mutations in EIF2AK3 cause Wolcott-Rallison syndrome
(WRS, OMIM 226980), a rare autosomal recessive disorder characterized by infancy-onset
insulin dependent diabetes, multiple epiphyseal dysplasia, and osteoporosis [10]. Complete
loss-of-function mutations or deletions/insertions in EIF2AK3 segregated with WRS in
several families [11, 12]. Eif2ak3 knockout mice also exhibit insufficient proliferation of
pancreatic islets, which results in diabetes mellitus, and skeletal defects, including deficient
mineralization, osteoporosis, and abnormal compact bone development [13, 14]. Therefore,
EIF2AK3 is essential in bone and pancreas, two organs that have a high demand for protein
synthesis and processing and thus susceptibility to dysfunction by high and/or prolonged ER
stress with aging.

EIF2AK3 is a type | transmembrane protein and activated by ER stress [15-17]. Activation
of EIF2AK3 promptly leads to phosphorylation of its single known substrate, the alpha
subunit of eukaryotic translation initiation factor 2 (elF2a), on serine residue 51, which then
results in attenuation of the rate of translation and consequent repression of global protein
synthesis [18]. EIF2AK3 expression is ubiquitous but especially abundant in osteoblasts and
pancreatic islet cells [13, 14]. The ability of osteoblasts to cope with the high endogenous
levels of ER stress is critical for type | collagen synthesis to maintain bone mass. Therefore,
we hypothesized that common functional sequence variants in EIF2AK3 might alter
response to ER stress and thus influence BMD and susceptibility to osteoporosis. Here we
report a consistent association between common nonsynonymous EIF2AK3 variants and
BMD in two independent populations and further show that the low BMD haplotype marked
by the associated SNPs exhibits increased phosphorylation of elF2a during ER stress
compared to the alternate haplotype.

Materials and Methods

Old Order Amish Subjects

The Amish Family Osteoporosis Study (AFOS) was initiated in 1997 with the goal of
identifying the genetic determinants of osteoporosis in the Old Order Amish. Detailed
information about recruitment, phenotyping and clinical characteristics of participants has
been previously described [19, 20]. Briefly, any Amish individuals found to have a T score
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of —2.5 or less in either the hip or spine were recruited and designated as probands. The
probands' spouses and all first-degree relatives aged 20 years and over were invited to
participate in the study. Thirteen individuals diagnosed with osteogenesis imperfecta on the
basis of having a COL1A2 mutation were excluded from the analysis [21]. This report
contains data from 972 AFOS subjects (617 women and 385 men), including 57
osteoporotic probands. All AFOS participants can be connected into a single 14-generation
pedigree by including additional ancestors. BMD was measured by dual energy X-ray
absorptiometry (DXA), using a Hologic Model 4500 W (Hologic Inc., Bedford, MA). The
region of BMD measurements included the lumbar spine (L1-L4), hip (trochanter,
intertrochanter, femoral neck and total) and forearm (the radius and ulna combined
ultradistal, 1/3, midpoint, and total). The protocol was approved by the Institutional Review
Board of the University of Maryland.

Mexican American Subjects

Sequencing

Cell Culture

The San Antonio Family Osteoporosis Study (SAFOS) was initiated in 1997, with the goal
of identifying susceptibility genes for osteoporosis in Mexican Americans. Details of
sampling and recruitment procedures have been reported previously [5, 22]. A total of 887
individuals from 34 families were recruited, with ages ranging from 18 to 96 years. Prior to
participation, all subjects provided written informed consent under protocols approved by
the Institutional Review Board at the University of Texas Health Science Center at San
Antonio. Phenotypes including height, weight, BMD, physical activity and medical history
(such as diabetes status) were collected at the General Clinical Research Center located at
the Audie Murphy Veteran's Administration Hospital on the campus of the Health Science
Center in San Antonio. BMD was measured using a Hologic Model 1500W DXA (Hologic,
Inc., Bedford, MA) at the same sites as for the AFOS. Physical activity of each study
participant was scored into weekly metabolic equivalents (METS) using a modified version
of the Stanford 7-Day Physical Activity Recall Instrument [23, 24].

and Genotyping

EIF2AK3 is approximately 71 Kilobases (kb) in length, containing 16 exons. To capture
potentially functional variants, we sequenced approximately 7 kb of the 5' flanking region,
all exons, 5'and 3' UTR, splice junctions and 2 kb of the 3' flanking region. Genomic DNA
samples were obtained from 46 Amish subjects (23 with spine BMD Z-score > 2 and 23
with spine BMD Z-score < —2.5). Nineteen sets of primers were designed using Primer 3.0
software (Whitehead Institute for Biomedical Research, Boston, MA). PCR products were
amplified and then sequenced as previously described [25]. All SNP genotyping was
performed using TagMan SNP genotyping assays, according to the manufacturer's
instructions, and analyzed using SDS 2.1 software (Applied Biosystems, Foster City, CA).
The genotype concordance rate was greater than 98% in 180 duplicate samples for both the
Amish and Mexican American samples.

Epstein-Barr (EB) virus-transformed lymphoblastoid cell lines derived from haplotype-
selected Amish individuals were cultured in RPMI-1640 (Sigma) and grown at 37° C with
5% CO». The media was supplemented with 2 mM L-glutamine, 10% heat-inactivated fetal
bovine serum (Invitrogen), and antibiotics (penicillin/streptomycin, 100 units/ml,
Invitrogen).

Allele-Specific Expression

Allele-specific expression of the promoter SNP rs6547787 was examined in transformed
lymphoblasts from 7 individuals heterozygous for the coding SNP rs13045 (G/A) located
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within the mRNA sequence and in linkage disequilibrium (LD) with rs6547787 (r2 = 0.99).
Total RNA was obtained and was used for cDNA synthesis using the gene-specific primer
(GAACATCGATGACAAGCTTAGGTATCGATAATTTTCCTCCAACCAAAACAAC)
and Superscript 111 reverse transcriptase (Invitrogen). The 194 bp PCR products containing
rs13045 were amplified from both cDNA and genomic DNA (Forward:
TTGGGAATAAGATGATCATTCCTT,; Reverse: TTTCCACTATATGCACTGAGTCC). Allelic
expression of rs13045 in cDNA or genomic DNA was measured using Pyrosequencing
(sequencing primer: CATGCTTTCACGGTCT) and quantified using Allele Quantification
software (Pyrosequencing, Inc., Uppsala, Sweden) according to the manufacturer's methods.
The allelic expression ratio (G/A) in cDNA was obtained for each sample, and correction
was performed by dividing the mRNA ratio by the ratio obtained from amplification of
genomic DNA from the same heterozygous subject. Each sample was assayed 3 times and
the mean values calculated.

ER Stress and Immunoblot Analyses

To determine if three nonsynonymous variants affect EIF2AK3 function, we first measured
changes in phospho-elF2a levels in lymphoblasts before and after induction of ER stress by
thapsigargin (TG), an ER CaZ*-ATPase inhibitor [16, 17, 26, 27]. elF-2a is the only known
substrate of EIF2AKS3, and its phosphorylation levels have been widely used to measure
EIF2AK3 activity [16, 17, 26, 27]. Initially we carried out assay optimization studies in
which lymphoblastoid cells were cultured and treated with TG at different concentrations
and phospho-elF2A was measured at varying time intervals (see Supplementary Materials).

A total of 14 lymphoblastoid cell lines were selected from Amish participants with the two
major haplotypes based on both honsynonymous rs13045 and rs6547787 genotypes,
including 7 homozygotes for the major alleles (GG+AA; Haplotype A) and 7 homozygotes
for the minor alleles (AA+CC; Haplotype B). The 14 cell lines were randomly grouped into
7 pairs of haplotype A vs. haplotype B. Each pair was treated in parallel, and each cell line
was treated in duplicate. Cells were seeded onto 10-cm dishes at a density of ~2x10° /ml to
maintain low cell density after about 15 hours of growth [28]. To induce ER stress, cells
were treated with thapsigargin (TG, Calbiochem) dissolved in dimethysulfoxide (Sigma).
The TG concentrations and the treatment intervals are indicated in Figure 4. After treatment,
cells were pelleted by centrifugation and lysed in lysis buffer (100 ul/1x10° cells) (50 mM
Tris-HCI pH 6.8, 2% SDS with freshly added phosphatase inhibitors: 5 mM sodium
orthovanadate and 20 mM B-glycerophosphate). Lysates were boiled for 3 min, vortexed for
30 sec and frozen at —80 °C; the boiling-freezing process was then repeated. Lysates were
cleared by centrifugation at 14,000xg for 15 min at 4°C. The supernatant (20 pl of each
sample) were resolved by SDS-PAGE electrophoresis and transferred to polyvinylidene
difluoride membranes (Bio-Rad). Membranes were incubated with anti-phospho-elF2a
antibody (1:1000 dilution; Cell Signaling) or anti-EIF2AK3 (1:200, Santa Cruz
Biotechnology) overnight at 4°C and were detected using enhanced chemiluminescence
reagent (Thermo Fisher) and fluorography. Membranes were then stripped (Western Blot
Stripping Buffer, Thermo Fisher), reprobed anti-elF2a antibody (1:1000 dilution; Cell
signaling) for 2 h at room temperature, and detected as described. Densitometric
measurements were conducted using Quantity One software (Bio-Rad). Phospho-elF2a
levels were quantitated from the immunoblot analysis and were corrected for the level of
total elF2a. One of the cell lines treated with 2 uM TG was used as a control for each
immunoblot analysis to normalize for interexperimental variability in signal strength.

Statistical Analyses

Summary statistics of population characteristics and phenotypes were generated using SAS
version 9.1 (SAS Institute Inc, Cary, NC). Association analysis between SNPs and BMD
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were performed under a variance component model that evaluates the effect of each
genotype as an additive effect on BMD, while simultaneously estimating the effects of
measured environmental covariates and a polygenic component to account for phenotypic
correlation due to relatedness [29, 30]. When analyzing the Amish data set, age, age?, sex,
and BMI were included as covariates. The polygenic component was modeled using the
relationship matrix derived from the complete Amish pedigree structure available through
published genealogical records [31]. For analyses of the SAFOS data set, the relationship
matrix included 887 individuals from 34 families, and genotype effects were additionally
adjusted for the effects of physical activity (expressed as total METs) and diabetes status
(present/absent) because these variables were previously found to be significantly associated
with BMD in this population [5]. We used a Bonferroni approach to set a threshold for
statistical significance in which we divided the test-wide threshold of 0.05 by the number of
independent SNPs tested (r2<0.8) in the discovery sample. SNPs having P-values less than
0.05 in both discovery and replication populations and also having the same direction of
effect sizes were considered to be replicated. Statistical power, estimated using QUANTO
software [32], indicated that each of our family-based cohorts has 80% power to detect
common SNPs (MAF>0.05) accounting for approximately 2% of the quantitative
phenotypic variation at o = 0.017 level.

A meta-analysis of the combined Amish and Mexican American association results, was
performed using the METAL software, applying inverse-variance methodology to quantify
the heterogeneity between studies [33]. Population heterogeneity tests were conducted using
Cochran's Q-test as implemented in METAL (Supplementary Table 1) [34]. The random
effects model was used when heterogeneity test was significant; otherwise the meta-analysis
was conducted using fixed effects methods [35]. Pairwise LD correlation statistics (r2 and |
D'|) and haplotype frequencies were assessed using Haploview software
(http://www.broad.mit.edu).

In allele-specific expression, we tested for distortion of allelic ratios in cDNA by comparing
the observed sample mean to a hypothesized population mean (ug = 1). The Z statistic was
used to compute the P value. For immunoblot analyses, the results are presented as mean +
s.e.m. Statistical significance was estimated by a 2-tailed Student's t-test using GraphPad
PRISM version 5.00 for Windows (GraphPad Software, San Diego, CA).

BMD Association Studies

Characteristics of the discovery set (972 Amish) and the replication set (887 Mexican
Americans) are shown in Table 1. On average, the Amish subjects were about 8 years older
and had lower BMI than the Mexican-American subjects. The hip and spine BMDs of the
Amish were lower than those of Mexican Americans, whereas the forearm BMD was higher
in the Amish.

A total of 11 SNPs in EIF2AK3 were identified by sequencing, including four SNPs located
in the promoter region (rs2364564, rs6547787, rs7579242, and rs7605713), three
nonsynonymous polymorphisms (rs867529 (S136C), rs13045 (R166Q), and rs1805165
(S704A)), and one synonymous SNP (rs1805164 (Q579Q)) (Figure 1A). We genotyped six
potentially functional SNPs (four SNPs in the promoter, a nonsynonymous SNP rs13045,
and a synonymous SNP rs1805164) in 972 subjects from the AFOS and attempted
replication by genotyping these SNPs in 887 Mexican Americans. The other
nonsynonymous variants (rs867529 and rs1805165) were not genotyped because they were
in high LD (r2 > 0.94) with two genotyped SNPs (rs6547787 and rs13045). The genotype
frequencies of all SNPs were in Hardy-Weinberg equilibrium and were not significantly
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different between Amish and the HAPMAP CEU data (Figure 1A). As shown in Figure 2,
the 6 SNPs genotyped included 3 sets of highly correlated SNPs: set 1 (rs2364564 and
rs7605713), set 2 (rs6547787 and rs13045), and set 3 (rs1805164). SNP rs7579242 was not
highly correlated with either set, but had a MAF of only 0.02 in the Amish. Because of its
low allele frequency and subsequently low power to detect associations with this SNP in our
data, we adjusted for only 3 sets of “independent' comparisons in our analyses, leading to a
multiple adjusted significance threshold of 0.017 (0.05/3).

One of the six SNPs was significantly associated with BMD at the total hip (P < 0.017) in
the Amish, and three additional SNPs were nominally associated with variation in BMD at
one or more skeletal sites (P = 0.017-0.037) (Table 2 and Supplementary Table 1). Among
these, the association of a nonsynonymous SNP rs13045 with forearm BMD was nominally
replicated in Mexican-Americans (P = 0.031, Table 2). Although this association just missed
the Bonferroni-corrected threshold for statistical significance in both populations, the
direction of this association was the same and the effect sizes were similar in the two
populations (B = —0.007, P = 0.036 for the Amish, and B = —0.008, P = 0.031 for Mexican
Americans). A meta-analysis combining results from both populations revealed the minor
alleles of rs13045 (A allele) and rs6547787 (C allele) to be associated with decreased
forearm BMD (P = 0.003 for both) (Table 2 and Supplementary Table 1). These two SNPs
were in high LD and formed a haplotype that also included nonsynonymous SNPs rs867529
and rs1805165 (all r2 > 0.94; see Figure 2B). These 4 SNPs comprised two common
haplotypes (denoted haplotype A (ACGT, frequency = 0.676) and haplotype B (CGAG,
frequency = 0.311)) that accounted for over 98% of all haplotypes comprising these four
SNPs, consistent with the HAPMAP CEU data. We thus hypothesized that the associations
of rs13045 and rs6547787 with BMD could arise from functional haplotype B (CGAG)
leading to lower BMD.

Functional Analysis of EIF2AK3 Haplotypes

We performed functional studies to examine if expression or activity of the EIF2AK3
differed between the two common haplotypes defined by the promoter SNP and three non-
synonymous SNPs.

When a promoter variant and a coding SNP are in strong LD, the coding SNP may be used
to determine if there is differential expression resulting from the promoter variant by
examining the relative amounts of RNA transcripts produced by each allele in heterozygous
individuals (allelic distortion) [36, 37]. To test whether the promoter sequence variant
(rs6547787) is associated with altered gene expression, we compared the mRNA ratio of
two alleles of rs13045 (r2 = 0.99 with rs6547787) in lymphoblastoid cell lines derived from
Amish individuals heterozygous for both SNPs. The allelic ratio from genomic DNA from
the same individual was tested in parallel to cDNA and used for correction of possible
unequal amplification. In seven samples that we tested, the mean standardized ratio of G/A
(cDNA/DNA) for rs13045 was 0.93 + 0.03, which was not significantly different from 1 (P
= 0.14) (Table 3). Therefore, we did not observe a distortion in allele-specific expression
due to the presence of rs6547787.

EIF2AK3 is a serine/threonine protein kinase that spans the ER membrane. As shown in
Figure 3A, while rs1805165 is in an unknown functional region of the protein,
nonsynonymous variants rs867529 and rs13045 are located in a highly conserved region
encoding a WD40-like repeat (COG1520). Based on multispecies alignment, the amino
acids coded by common alleles of the two SNPs (serine for rs867529 and arginine for
rs13045) are highly conserved from zebrafish to human (Figure 3B). Furthermore, this
domain (amino acids 102-257) is responsible for dimerization of EIF2AK3 [16], functions
as an ER stress sensing domain, and shares homology with IRE1 [15, 17], another ER stress
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transducer. Therefore, we hypothesized that the amino acid changes in this domain might
affect kinase activity of EIF2AK3 by influencing its sensitivity to ER stress.

We obtained transformed lymphoblastoid cell lines from Amish individuals who are
homozygous for haplotype A or haplotype B and examined the changes in phospho-elF2o.
after ER stress in those cell lines (n = 7 for each haplotype). There were no differences in the
levels of the EIF2AKS3 protein between cell lines of the two haplotypes, either before or
after TG treatment (Figure 4A). We observed similar low basal levels of phosphorylated
elF2a in cells with the different haplotypes before TG treatment. After treatment with TG,
the relative amount of phosphorylated elF2a. in cells with haplotype B increased about 3-
fold, while those with haplotype A increased less than 2-fold, compared to basal levels (P =
0.014) (Figure 4B). We observed a similar response pattern with 2 uM TG treatment,
although it did not reach statistical significance (P = 0.076). These data suggest that
EIF2AKS3 activity is increased in response to ER stress in lymphoblast cells with haplotype
B in humans (i.e., cells harboring haplotype B are more sensitive to ER stress).

Discussion

Motivated by a large body of prior data suggesting that alteration of EIF2AK3 function
leads to abnormal bone phenotypes in both human patients and knockout mouse models, we
tested associations between common SNPs in EIF2AK3 and BMD. We observed several
associations in this region, including a nominal association between rs13045, which alters a
conserved amino acid in the ER sensing domain of the protein, and lower forearm BMD in
two independent populations, with an estimated effect size of ~0.07 g/cm?. This effect size
is well within the range (0.06-0.17) of the strongest associations of other loci reported from
recent BMD GWA studies in which over 10,000 study subjects were included [38-43].

To date, EIF2AK3 has not been identified by any published GWAS as a bona fide locus
associated with BMD even though the BMD-associated variants we identified in EIF2AK3
are common and well represented in the HAPMAP CEU data. However, forearm BMD has
not been included in many of the current BMD GWAS studies. The forearm is not affected
by weight bearing as are the spine and hip, and forearm BMD is less correlated with lumbar
spine and femoral neck BMD, both of which were studied by most BMD-GWAS. It is
possible that the SNPs we identified are more strongly correlated with BMD at the forearm
than they are with BMD at these other sites. Indeed, although we found rs13045 to be
associated with BMD at spine and total forearm in the Amish, only the association with
forearm BMD was replicated in Mexican Americans. Possibly, EIF2AK3 may have
differential effects on unique skeletal sites or different effects among different populations
with different genetic backgrounds or environmental exposures, although this is speculative.
BMD, particularly of the forearm, is regulated by parathyroid hormone (PTH), whose
concentrations are influenced by vitamin D. However, adjusting for serum intact PTH levels
did not alter the observed association of rs13045 and BMD (data not shown). We also
performed analyses without adjusting for BMI, and the association results remained the
same for forearm BMD and were more significant for femoral neck and spine BMD as we
expected (data not shown).

Of note, a GWAS meta-analysis recently identified a SNP rs11684404 in EIF2AK3 to be
associated with height (meta-analysis P = 9.9x10714) [44]. Rs11684404 is in perfect LD
with our BMD-associated rs13045 (r2 = 1 in HAPMAP CEU data). Since skeletal structure
is an important determinant of height, these data are consistent with our BMD data.
However, we did not replicate the association of rs13045 and height in our cohort, likely due
to limited study power. A recent progressive supranuclear palsy (PSP) study also identified a
genome-wide significant signal (rs7571971) in high LD with rs13045 (r2 > 0.8) [45]. This
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same study found that EIF2AK3 gene expression in brain tissue was not influenced by this
DNA variant [45], which is consistent with our finding that it is ER stress sensitivity, but not
protein expression, affected by SNPs in this LD block.

Bone cells such as osteoblasts and osteoclasts produce and secrete large amounts of proteins
and experience persistent ER stress to maintain proper protein synthesis and folding. Thus
defects in the ability to deal with ER stress may lead to dysfunction in global protein
synthesis [18], impaired cell viability and apoptosis [26, 27], and thus low BMD. During ER
stress challenge experiments in lymphablastoid cell lines from AFOS participants, we
observed that cell lines homozygous for the low BMD-associated haplotype B had more
elevated levels of phosphorylated elF2a than those cells homozygous for haplotype A,
suggesting that they were more sensitive to ER stress. Since this phenomenon was only
examined in lymphoblasts, we can only infer cell types such as osteoblasts and osteoclasts
would respond similarly. Therefore, further investigation will be necessary to clarify the
influence of haplotype B in the function of EIF2AK3 and bone homeostasis.

The amino acid change caused by rs867529 (S136C) is predicted by the Polyphen software
to be possibly damaging, while rs13045 (R166Q) and rs1805165 (S704A) are predicted to
be benign (http://genetics.bwh.harvard.edu/pph/index.html). However, these three
nonsynonymous variants are highly correlated with each other (r2 > 0.94) and constitute a
single functional haplotype. Therefore, we could not specify which particular SNP led to an
alteration in phosphorylation of elF2a in response to ER stress.

We did not observe a difference in expression between the two alleles of rs6547787, located
in the promoter region of EIF2AK3 and also in linkage disequilibrium with the
aforementioned nonsynonymous variants. Interestingly, as predicted by the Patch program
(http://www.gene-regulation.com/pub/programs.html#patch), the A-to-C substitution at
rs6547787 alters a polypurine tract (from GGAAG to GGCAG) that is a consensus DNA
binding site for nuclear factor of activated T-cells (NFAT). All NFAT family members bind
to similar DNA sequence sites [46], and NFATc1 has been recognized as a master
transcription factor to regulate osteoclast differentiation [47]. Therefore, it is possible that
rs6547787 or other unstudied SNPs in LD with rs6547787 may impact gene expression in
osteoclasts, but not in lymphoblastoid cells.

EIF2AK3 is highly expressed in both osteoblasts and islet cells, but it is not clear if it
functions in the same way in the two cell types. Recent studies showed that EIF2AK3 in
cells regulates insulin secretion by affecting proinsulin's ER-to-Golgi trafficking and
degradation, rather than by inhibiting protein synthesis. The Akita-Ins2 mutant mice with
decreased EIF2AK3 gene dosage (EIF2AK3*/) exhibited a delayed diabetic progression
compared with the same mutant mice with EIF2AK3*/*[48]. It has been suggested that
EIF2AK3 may function differently in response to demand for insulin under normal
physiological and stress conditions [49]. Unfortunately, we did not measure glucose and
insulin concentrations in this study to enable us to examine possible pleiotropic effects of
EIF2AK3 on both BMD and insulin secretion.

In summary, our study explored associations between BMD at various skeletal sites and
potentially functional variants identified in EIF2AK3. We found that the minor allele of a
nonsynonymous SNP rs13045 was nominally associated with low forearm BMD in two
independent populations (and significantly associated in a combined analysis), and that this
SNP tags a larger haplotype containing other potentially functional SNPs. In follow-up
functional studies, we observed that lymphoblastoid cell lines homozygous for the low
BMD-associated haplotype displayed increased sensitivity to TG-induced ER stress. Our
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results suggest that sequence variants in EIF2AK3 may have a modest effect on variation of
BMD and may contribute to risk of osteoporosis through this mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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152364564 156547787 | 157605713 15867529 rs13045 156750998 rs1805164 rs1805165 1533957402
u —te
1 2 34
Position Allele Minor Allele Frequency
Functional AA
SNP ID (dbSNP build (Major/ Mex. | HAPMAP
Location change Amish** .
130) Minor) Am. CEU
rs2364564* 88712576 5" flanking region €T 0.30 0.18 0.24
rs6547787* 88710851 5" flanking region A/C 0.35 0.39 0.32
1s7579242%* 88710180 5' flanking region TC 0.02 NA 0.11
rs7605713* 88709991 5" flanking region TG 0.30 0.19 0.24
rs867529 88694388 Exon 2 C/G Ser136Cys 0.31 NA 0.27
rs13045% 88676238 Exon 3 G/A Argl 66Gln 0.31 0.39 0.33
rs6750998 88664057 Intron 10 AT 0.35 NA 0.24
rs1805164* 88660246 Exon 11 A/G GIn597GIn 0.29 NA 0.35
rs1805165 88656006 Exon 13 TG Ser704Ala 0.32 NA 0.27
1533957402 88637362 3" flanking region C/G 0.35 NA NA
rs13018171 88637226 3" flanking region TC 0.34 NA 0.30
*Denotes SNPs that were genotyped in the full Amish cohort.

**In the Amish, minor allele frequency of each SNP was obtained from genotyping data (n=972) when it
was available, otherwise from the sequence data (n=46).

B

Figure 1.

Observed haplotypes Observed frequency
rs6547787-rs867529-rs13045-rs1805165 [ Amish | HAPMAP CEU
Haplotype A ACGT 0.676 0.646
Haplotype B CGAG 0.311 0.294
Haplotype C ACGG 0.013 NA
Haplotype D CCAT NA 0.029
Haplotype E ACAT NA 0.016

EIF2AK3 SNPs and haplotypes identified by DNA sequencing in the Amish.
(A) Diagram of the EIF2AK3 gene and location and frequency of SNPs. (B) Haplotypes
observed in the Amish and HAPMAP CEU dataset.
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Linkage disequilibrium plots of 11 SNPs in EIF2AK3 in the Amish presented as |D'| (A) and
2

r= (B).

Approximate location of each SNP is shown at the top. Value in each box indicates |D'| or r2

value between two SNPs (intersection) and ranges from 0 to 0.99. No value in the box
indicates complete LD (r2 = 1).

J Bone Miner Res. Author manuscript; available in PMC 2013 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Liuetal.

Figure 3.

ER Lumen

SP IREI related domain

™

Cytoplasm

Kinase

Kinase

il

]

[

| =

(.
rs867529 rs13045
SI136C  R1660

Human
Rhesus
Mouse

Dog
Elephant
Opossum
Chicken
X-tropicalis
Zebrafish

SIGE R R S S
nunununnnnn

RARRARARARAR
nunnn

nununununnnunn

=

Human
Rhesus
Mouse

Dog
Elephant
Opossum
Chicken
X-tropicalis
Zebrafish

RERXRXRRRZZXZ
nuuuuuunnn
T HEHEEEEEEM®

0

[CH N NN RN NN

nnnn

-
OUvuUvvVvuUvUovooooS

HFROOIOIIPIOND

w

nuuunuunununnn
d<<<d<dcdaa
GGG

wn

>

ol

WP PIHOIHOORD

mZUOUUOUDUODUODODUOOUO

-

N
an0unLLLLLLOL®

]
VOO0 OQ

®
N

oEZERI=II=I |
~
(=]

N
ODOOOOOOOOO

rs1805165
S$7044

—
=

cCunununununuuuLuLnn
[N NNl NN N
vovovuouovoououo
TEiZEEZI=E=

NOHOQOOOQAOQ

-
W< <<<4e
Novovovovovooouo

o0

~
o

LB B B B B B B B ]

[ N N

I <ZHHHHSH
mHOmmEmOmO mm O
Il MO MMM MM

|72}
®

Effect of three amino acid changing variants in EIF2AKS.
(A) The location of three nonsynonymous SNPs on the protein. SP, signal peptide; TM,
transmembrane domain. The diagram of the protein domains (*) was adapted from [16]. The

conserved domains (**) were predicted by multiple sequence alignments in the NCBI

Conserved Domain Database
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?seqinput=NP_004827.4).
(B) Multispecies alignment of amino-acid sequences around three nonsynonymous SNPs,
obtained from the UCSC genome browser.

ONRARRRRAR

(0]

J Bone Miner Res. Author manuscript; available in PMC 2013 February 1.

VOOOOOO OO &

N

RARRARRARR
WOODORRRRR

< e B B B B N )

o

wlmmmmmmmmq
o
w

WM mnm

704A)

Page 14


http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?seqinput=NP_004827.4

1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Liuetal.

A. Con 0.2uM 2uM

HapA HapB HapA HapB HapA HapB

Page 15

TG dose

Haplotype

Anti-phos-elF2a

Anti-elF2a

B 1.0 *
5
< 08
ol
I
L 0.69
) —
i—
044
N
L
FI) 0.2+
o
OO T T 1

Con 0.2uM 2uM

Figure 4.

Anti-EIF2AK3

[ Haplotype A
Bl Haplotype B

Activation of elF2a signaling in lymphaoblastoid cell lines with differing haplotypes.

(A) Lymphablastoid cells homozygous for the common haplotype A (HapA) or for the low-
BMD haplotype B (HapB) were untreated as control (Con.) or treated with indicated
concentrations of TG for 15 minutes. Shown are the typical results of phosphorylated elF2a,
total elF2a, and EIF2AK3, detected by Western blots with indicated antibodies. (B)
Densitometric analysis of phosphorylated elF2a (P-elF2a) and total elF2a (T-elF2a) (n=7
for each genotype). AU, arbitrary units. The basal levels were used as the correction for after

treatment levels. (* P = 0.014)
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Participant characteristics in the Amish and Mexican Americans (presented as mean and standard deviation).

Old Order Amish

Mexican Americans

Sample Size
Female (%)

Age (year)

BMI (kg/m?)

Spine BMD (g/cm?)

972

596 (61.3%)
50.4 +16.1
27.4+54

0.921 +0.149

Femoral Neck BMD (g/cm?) 0.831+0.148

Forearm BMD (g/cm?)
Spine Z-score

Femoral neck Z-score

0.603 + 0.087
—-0.57 (1.26)
—-0.17 (1.14)

887
528 (59.5%)
42.8+16.0
30.9+7.2
1.028 +0.147
0.860 + 0.139
0.581+ 0.079
0.08 (1.17)
0.19 (1.15)
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Table 3
Allele-specific expression of two alleles (G/A) of rs13045 in lymphoblastoid cell lines from heterozygous
individuals.
Sample ID Ratio of G:A In DNA template  Ratio of G:A In cDNA template  Standardized ratio of G/A (cDNA:DNA)
1 0.85 0.74 0.87
2 0.89 0.72 0.82
3 0.74 0.66 0.89
4 0.76 0.81 1.07
5 0.71 0.70 1.00
6 0.76 0.85 111
7 0.85 0.68 0.80
Mean £ s.e.m 0.93+0.03
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