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Abstract
MHC class I expression levels inﬂuence the strength of immune responses and represent another variable in determining
outcome to disease beyond peptide binding alone. Identiﬁcation of the HLA loci that vary in allelic expression levels and
delineating the mechanism responsible for expression variation may provide the opportunity to modify their expression
therapeutically. We have examined the expression levels of allelic lineages at the HLA-A locus in a sample of 216 European
Americans using a real-time polymerase chain reaction assay, which ampliﬁes all HLA-A lineages speciﬁcally with equal
efﬁciency, and observed a gradient of expression that associates with HLA-A allelic lineage (R = 0.6, P = 5 × 10−25). DNA
methylation of the HLA-A gene appears to contribute to the variation in HLA-A mRNA expression levels, as a signiﬁcant inverse
correlation was observed between HLA-A mRNA expression levels in untreated cells and the degree to which expression is
increased after treatment of the cells with a DNA methyltransferase inhibitor (R = 0.6, P = 2.8 × 10−6). Further, deep-sequencing
and immunoprecipitation assays revealed allelic lineage-speciﬁc methylation patterns within the HLA-A promoter region
where increased DNA methylation levels correlated signiﬁcantly with reduced HLA-A expression levels (R = 0.89, P = 3.7 × 10−9).
These data demonstrate HLA-A allelic lineage-speciﬁc variation in expression levels, and DNA methylation as a likely factor in
contributing to this variation.

Introduction
The highly polymorphic HLA class I and class II genes map to the
human MHC and encode molecules that contribute to both the
adaptive and innate immune responses. Genome-wide association studies have identiﬁed the MHC as the most rich 4 Mb
region of the genome in terms of association with virtually all
types of complex human disease, and for many of these diseases,
they highlight this region as the most important in determining
disease risk genome wide (1,2). Increasing expression of MHC
class I molecules have been shown to improve the efﬁcacy of
antigen presentation and immune responses (3,4). In line with

these human and murine models, higher HLA-C expression
levels have been associated with enhanced human immunodeﬁciency virus (HIV) control, greater odds of generating HLA-Crestricted cytotoxic T lymphocyte (CTL) responses to the virus,
and stronger immune pressure on HIV as measured by viral
escape mutations (5,6). HLA-C expression levels also associate
with risk of Crohn’s disease, but in this case, low expression
appears to confer protection (5). Opposing effects of expression
levels on various diseases may indicate selection pressure to
maintain differential expression across HLA allelic lineages, a
model supported by genetic evolution analyses of the HLA-C
locus (7).
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distinguishing the evolutionary history of the classical HLA
class I loci.

Results
HLA-A mRNA expression levels vary as a function
of allelic lineage
The HLA-A mRNA expression levels, determined in 216 healthy
EA donors using quantitative polymerase chain reaction (qPCR)
primers that speciﬁcally amplify only the HLA-A gene, showed
signiﬁcant differential expression levels (Fig. 1). The expression
levels determined were an intrinsic characteristic of each allelic
lineage, as qPCR primers used to measure expression levels ampliﬁed all HLA-A lineages with equal efﬁciency and no signiﬁcant
correlation was observed between average mRNA expression
levels and the PCR efﬁciency for the respective lineage (Supplementary Material, Fig. S1; Spearman correlation coefﬁcient
R = 0.05; P = 0.87). The three pairs of qPCR primers that were
designed to amplify distinct coding regions in HLA-A mRNA
were strongly correlated with one another (exon 2 versus exon
1–2, R = 0.9, P < 0.0001; exon 2 versus exon 2–3, R = 0.87, P < 0.0001;
exon 1–2 versus exon 2–3, R = 0.87, P < 0.0001; Supplementary
Material, Fig. S2A–C), providing further conﬁrmation of accurate
measurement of intrinsic expression levels.
Our previous study estimated the effects of individual HLA-C
allelic lineages by simply calculating the raw average expression
levels among all genotypes in which alleles of each particular
lineage were found (5). Such expression estimates are heavily
dependent on the observed allelic pairings and are inﬂuenced
by the set of ‘other’ lineages present. Linear regression analysis
is preferred for determining the average expression level of
each lineage since it allows unbiased determinations of allelic
lineage effects from a pool of genotypic data. Supplementary
Material, Table S1 shows a comparison of estimates of lineage
effects made by each method (raw average expression or linear
regression) for the 14 lineages for which at least ﬁve individuals
were present (three donors with rare lineages were omitted).
As expected, linear regression gives a ﬁt (R 2 = 0.708, P < 10−54)
that slightly improves on that found for averaged expression
(R 2 = 0.678, P < 10−50) (see Fig. 1), with most of the difference attributable to extreme high or low-expression lineages.
To determine the stability of measured expression levels over
time and consistency in estimation of expression values, fresh

Figure 1. HLA-A gradient of expression across allelic lineages present in EAs. HLA-A mRNA expression level in 216 healthy donors was measured using qPCR. The average
expression level of HLA-A was normalized to β2M mRNA using the 2−ΔΔCt method. The relative expression value is plotted twice for each donor (i.e. once for each HLA-A
lineage present). Expression levels correlate signiﬁcantly with HLA-A lineage and are continuously distributed (R = 0.6, P = 5 × 10−25, ANOVA). Allelic lineages with ≥5
individuals are shown. The horizontal line indicates the raw average expression for the speciﬁc lineage. HLA-A homozygous individuals are marked in green dots. Red
dots represent linear regression estimates of average expression levels for each HLA-A allelic lineage (estimated as a diploid homozygote).
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While a minimal number of peptide–MHC complexes are sufﬁcient for CTL killing in vitro (8), increasing density of these interactions improves the efﬁciency of cytotoxicity and alters the
response to induce secretion of inﬂammatory cytokines (3,4).
IFN-γ-mediated upregulation of HLA expression on host cells is
a hallmark of the host response to acute infection (9), and exempliﬁes the impact that enhanced HLA expression levels have on
the immune response. Indeed, certain human cancers and
viruses have devised mechanisms to down-regulate HLA-class I
proteins (10–13), apparently as a means of avoiding host immune
recognition. There are two classical MHC class I genes within the
chicken genome, which are expressed at distinct levels on the cell
surface, and the locus encoding the low-expression type confers
resistance to certain infectious diseases in this species (14–16). In
this case, low expression correlates with greater promiscuity in
peptide binding (17), a situation that may be essential in order
to prevent overt self-reactivity. Overall, these data point to expression levels of MHC class I molecules as an important determinant in disease outcome, and when expression levels vary
by allelic lineage, as shown for the HLA-C locus, this constitutes
another speciﬁc characteristic of the lineage that may impact
its function in addition to peptide binding speciﬁcity.
A polymorphic microRNA binding site in the HLA-C 3′UTR accounts for part of the differential allele-speciﬁc expression level
of HLA-C allelic lineages (18). The HLA-A locus also has a miR148a binding site in its 3′UTR, but unlike HLA-C, the seed region
in the HLA-A locus is ﬁxed for the form that is inhibited by miR148a (7,18), so differential miR-148a binding cannot account for
variation in HLA-A expression levels. Several studies have identiﬁed DNA methylation as an epigenetic mechanism responsible
for varied expression levels of genes located within the MHC region (11–13,19–22). Variation in HLA-A methylation levels may
play a role in certain cancers (10–13), but these studies have not
addressed whether differential, allelic lineage-speciﬁc DNA
methylation patterns occur at the locus and whether they affect
HLA-A expression levels in a lineage-speciﬁc manner.
Here, we show that HLA-A mRNA expression levels vary signiﬁcantly by allelic lineage due at least in part to differential
DNA methylation patterns where low HLA-A expressing lineages
have higher DNA methylation levels, and vice versa, in healthy
European American (EA) donors. This mode of transcriptional
regulation is distinct from HLA-B and HLA-C, as all HLA-B and -C
lineages are completely unmethylated in spite of having the
similar CpG target sites for methylation as HLA-A, further
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Methylation affects HLA-A expression levels
Numerous CpG sites are located in the promoter, exon 1–3, and
intron 1–2 regions of the HLA-A gene (Fig. 2), including one CpG
island located in the promoter and another spanning the intron
1–exon 3 region. The methylation levels at these sites were estimated using the methylation DNA immunoprecipitation (MeDIp)
assay on DNA from healthy EA donors. Varying levels of methylated DNA as measured by qPCR after MeDIp for each individual
tested were present in the promoter region (Supplementary
Material, Fig. S3A), whereas the exon 2–3 and intron 2 regions
showed no signiﬁcant methylation levels in any of the HLA-A
lineages tested (Supplementary Material, Fig. S3A). This result
was conﬁrmed by sequencing the bisulﬁte converted DNA
(Supplementary Material, Fig. S3B and C). The HLA-A promoter
region contained several cytosines at CpG sites in the sequence,
indicating the presence of DNA methylation within the region
(Supplementary Material, Fig. S3C), but cytosines at CpG sites
were essentially absent from the gene body region that was analyzed (exon 2, intron 2 and exon 3; Supplementary Material,
Fig. S3B).
A deep-sequencing approach was employed to determine
methylated positions and the frequency of methylation at a
given site. A bisulﬁte converted DNA fragment ∼300 bp upstream
of the transcription start site was subjected to deep sequencing.
Individuals homozygous for either a high expressing lineage
(HLA-A*24) or a low expressing lineage (HLA-A*03) were selected

Figure 2. DNA methylation and CpG island locations throughout the HLA-A gene region. Using the 454 sequencing technique, the HLA-A promoter region showed variable
number of methylated sites between individuals homozygous for the highest and lowest HLA-A expression lineages, HLA-A*24 and -A*03, respectively. The percentage of
reads containing a methylated CpG site is shown as red vertical bars for each position. The asterisk illustrates the site in HLA-A*24 lacking a CpG as a result of
polymorphism.
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blood samples were collected a second time, one year later, from
43 of the initial 216 donors and HLA-A mRNA expression levels
were reassessed. Three distinct correlations were generated.
Firstly, the expression level determined directly for each
individual from the initial draw (year 1) was compared with
that from the second draw (year 2) for each of the 43 individuals
and a strong, highly signiﬁcant correlation was observed (Supplementary Material, Fig. S2D; R = 0.86, P < 0.0001). Secondly, individual allelic expression values at year 1 and at year 2 were
estimated by linear regression as described for all 215 donors,
but restricting the analysis to 39 of the 43 repeat donors, which
involved 11 distinct allelic lineages represented more than once
among the 43 donors (i.e. 4 of the 43 donors carried lineages
that were observed only once and these were not included in
the analyses). When these 11 estimated mean lineage expression
values were compared between year 1 and year 2 for each of
the 39 individuals, a correlation of R = 0.8628 was observed
(P = 0.0003). Finally, when the year 2 lineage expression values
(as estimated by regression from the 39 donors, 11 allelic
lineages) were compared with those previously obtained from
the whole cohort (i.e. 216 donors with year 1 expression values
estimated by regression), a correlation of 0.8006 was observed
(P = 0.0031). These analyses indicate two important features of
HLA-A expression levels: stability of expression levels over time
in any given individual and consistency in assigning expression
values, even when only a subset of 39 donors are employed for
determining expression levels for each allelic lineage.
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for sequence analysis (Fig. 2). The high-expression HLA-A*24
lineage showed only one methylated position in the promoter region that was present in 70 reads. On the other hand, one or more
individual CpG sites were found to be methylated in 74 of 289
reads (25.6%) across the promoter region of the low-expression
HLA-A*03 lineage. The frequency of sequences determined as
methylated is found to be signiﬁcantly different (P < 10−4, Fisher’’s exact test) for the two lineages tested. The percentage of
reads depicted above each CpG site (Fig. 2) illustrates that the
HLA-A*03 lineage possesses a higher number of reads in which
methylation was present compared with the HLA-A*24 lineage.
One CpG site is actually disrupted by a polymorphism present
in the HLA-A*24 lineage (indicated by asterisk, Fig. 2), slightly decreasing the number of potential methylation sites. Further, two
methylation sites located immediately within well characterized
transcription factor binding sites in the HLA class I regulatory

complex (CRC) (23,24) were identiﬁed for the HLA-A*03 lineage,
but no methylated site was observed in any of these motifs for
HLA-A*24 lineage (Supplementary Material, Fig. S4), raising the
possibility that allelic expression may be regulated differentially
depending on methylation status within the CRC.
5′-Aza-CdR is an inhibitor of DNA methyltransferase and
treatment with the drug results in greater expression of genes/
lineages that are more heavily methylated intrinsically. HLA-A,
-B and -C mRNA expression levels were measured on both
5′-Aza-CdR treated and untreated cells after 24 h of culture
(Fig. 3A–C). The fold change in expression levels on the treated
versus untreated cells was compared with the expression levels
at zero hour untreated cells (i.e. intrinsic expression levels) in
50 donors. Peripheral blood mononuclear cells (PBMCs) from subjects with intrinsically lower HLA-A expression (i.e. more heavily
methylated) showed a signiﬁcantly higher fold change in HLA-A
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Figure 3. HLA-A expression level negatively correlates with DNA methylation level. (A) HLA-A mRNA levels were measured in PBMCs from each of 50 healthy EA donors as
follows: immediately after collection of cells (i.e. pre-treatment); after culture for 24 h with 5-aza-2′-deoxycytidine (5′-Aza-CdR), a DNA methyltransferase inhibitor that
causes hypomethylation of DNA; after culture for 24 h in the absence of 5′-Aza-CdR. The fold change in expression level of 5′-Aza-CdR treated/untreated after 24 h in
culture correlated negatively with HLA-A expression level at pre-treatment. (B and C) HLA-B (B) and -C (C) mRNA levels were measured using the 50 healthy donors
treated with 5′-Aza-CdR as described in A. (D) Sonicated DNA fragments from 25 healthy EA donors were immunoprecipitated using a methylation speciﬁc antibody
(MeDIp assay). The MeDIp fragments were then quantiﬁed using qPCR and compared with levels of the input samples. A signiﬁcant inverse correlation between the
amount of methylated DNA and the level of HLA-A mRNA expression across donors was observed, where individuals that express HLA-A at lower levels have a higher
proportion of methylated DNA. In all plots, each dot represents a single donor.

Human Molecular Genetics

Discussion
Growing evidence over the past several years points to the importance of MHC class I and II lineage expression levels in an
effective immune response against both pathogens and tumors
(3–6,14–16,25), illustrating the need to determine consistent patterns of differential expression levels across allelic lineages of
each class I and II gene and to identify the mechanisms by
which differential expression occurs. This endeavor is hampered
by the extensive polymorphism at each HLA locus, which restricts the ability to obtain monoclonal antibodies (Mabs) that
recognize all lineages of a given locus with equal afﬁnity. On
the other hand, the degree of similarity across the genes poses
a problem in generating Mabs that speciﬁcally recognize a single
locus and do not cross-react with lineages of other loci. As such,
no HLA-A speciﬁc Mab is presently available, so we measured allelic lineage-speciﬁc expression levels for the HLA-A locus by targeting mRNA using HLA-A-speciﬁc primers that recognize all
HLA-A lineages with equal efﬁciency, which can be measured
deﬁnitively.
We identiﬁed DNA methylation in the HLA-A promoter region
as a factor regulating the expression of HLA-A, where higher
methylation levels were observed in low-expression HLA-A
lineages, and vice versa. This correlation is consistent with vast
literature linking higher methylation levels to inhibition of transcription, resulting in lower gene expression. Differential allelic
lineage-speciﬁc methylation patterns at the HLA-A locus result
in corresponding lineage-speciﬁc expression levels, endowing
each lineage with a distinguishing characteristic beyond peptide
binding speciﬁcity.
Allele-speciﬁc methylation patterns have previously been
linked to corresponding allele-speciﬁc expression levels at several other loci (26), as well. We identiﬁed locus-speciﬁc methylation within the MHC region, where differential lineage-speciﬁc
methylation patterns are observed within the HLA-A locus, but
not within the HLA-B and -C loci. While the classical class I
genes may be regulated by common means to some extent, distinct mechanisms of regulation between the genes are being
identiﬁed, including the differential miR-148A inhibition across
HLA-C lineages, but not across HLA-B or -A lineages (18), and

the mode by which interferon-γ regulates HLA-A expression as
compared with HLA-B and -C (27). Such distinctions in regulatory
mechanisms may reﬂect somewhat specialized functions across
the loci. For example, every HLA-C lineage is capable of regulating
natural killer (NK) cell activity by serving as a ligand for killer cell
immunoglobulin-like receptors (KIR) expressed on NK cells,
whereas most HLA-A and HLA-B lineages are not recognized by
KIR (28). Distinctions are also seen in the estimated intensity of
natural selection, with the selective coefﬁcient for HLA-B exceeding that of HLA-A and HLA-C by approximately 3-fold and 16-fold,
respectively (29). Thus, distinct regulatory mechanisms may
have evolved for the three class I loci in order to accommodate
specialized locus-speciﬁc functions.
Variation in cis-acting regulatory elements, including transcription factor binding sites, CpG dinucleotides, insulators
(which block the interaction between enhancers and promoters),
and variants that affect long-range chromosome structure (30,31)
have been identiﬁed as possible mechanisms affecting allelespeciﬁc methylation (30,31). The high-expression HLA-A*24
lineage, along with several other lineages, possess a polymorphism in the promoter region that disrupts a methylation site
(CpG→TpG), but this CpG site is intact and can be methylated in
the low-expression HLA-A*03 lineage. Such variation can potentially result in differential methylation levels between lineages,
contributing to lineage-speciﬁc expression levels. A CCCTC-binding factor (CTCF) binding site located about 1 kb upstream of the
HLA-A transcription start site was identiﬁed using the CTCF binding site database (CTCFBSDB) (32) (data not shown). The function
of CTCF bound DNA complexes can lead to gene repression, activation, silencing or chromatin insulation (33), so the role of this
variant in the CTCF binding site (minor allele frequency of 0.46)
upstream of HLA-A may result in HLA-A expression variation.
The presence of DNA methylation within a CTCF binding site
has been shown to cause a decrease in CTCF bound (34). Lineage-speciﬁc methylation patterns within the CTCF binding site
upstream of HLA-A could potentially contribute further to differential HLA-A lineage-speciﬁc expression levels.
Several mechanisms are likely to contribute to the variation in
expression levels of HLA-A lineages, and characterizing these
mechanisms may present the potential for HLA-A-speciﬁc regulation of expression levels as drug targets. The HLA-A expression
and methylation levels presented herein may be useful in genetic
association studies of diverse diseases.

Materials and Methods
HLA-A mRNA expression levels using real-time PCR
Healthy EA donors (n = 216) were recruited from the Research
Donor Program at the Frederick National Laboratory for Cancer
Research. The HLA-A mRNA expression levels were measured
using qPCR as previously described in detail (35). Total RNA was
extracted from PBMCs using RNeasy Universal kit (Qiagen), treated with RNAse-free DNAse to remove genomic DNA, and quantitated using HT RNA Lab Chip (Caliper, Life Sciences). The RNA
samples with a quality score of >8 were used for quantitative analysis of HLA-A mRNA expression. Reverse transcription was performed using the high capacity RNA to cDNA kit (Applied
Bioscience). Power SYBR green PCR mastermix (Applied Biosystems) was used to run the qPCR assay on the ABI7900HT machine
(Applied Bioscience). All primers sets used in this study are available upon request. HLA-A and the housekeeping gene beta-2
microglobulin (β2M) were ampliﬁed with the PCR conditions previously described (35). Primer speciﬁcity was veriﬁed by melt curve
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expression levels between treated and untreated cells after 24 h
in culture as compared with that from subjects with intrinsically
higher expression levels (R = 0.6, P = 2.8 × 10−6; Fig. 3A). However,
unlike HLA-A there was no effect of 5′-Aza-CdR treatment on
HLA-B and HLA-C expression, despite these loci having a similar
number of CpG sites (R = 0.05, P = 0.73, Fig. 3B and R = 0.15, P = 0.29,
Fig. 3C).
5′-Aza-CdR treatment results in genome-wide demethylation
and it is possible that demethylation of genes other than HLA-A
itself may account for the correlation shown in Figure 3A. For example, demethylation of a transcription factor that upregulates
HLA-A may enhance HLA-A expression levels, accounting for
higher HLA-A mRNA levels upon 5′-Aza-CdR treatment, rather
than demethylation of the HLA-A gene itself. In order to test directly for a correlation between methylation levels of the HLA-A
gene itself and levels of HLA-A mRNA expression, we measured
the methylation levels in 25 donors using the methylation specific antibody in a MeDIp assay and compared these values with intrinsic HLA-A expression levels in the same donors. We observed
a strong negative correlation between the MeDIp methylation
levels and HLA-A mRNA expression levels (R = 0.89, P = 3.7 × 10−9;
Fig. 3D), conﬁrming results from deep sequencing and the 5′AzaCdR assays.
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analysis and by sequencing the HLA-A PCR amplicons. PCR ampliﬁcation efﬁciencies were tested for all common HLA-A allelic
lineages (Supplementary Material, Fig. S1) using serial dilutions
of cDNA to generate standard curves. The HLA-A expression
level was normalized to β2M and calculated using the 2−ΔΔCt
method (36) (where Ct is the threshold cycle).
A primer-BLAST and sequencing of PCR amplicons ensured
that the primers ampliﬁed HLA-A speciﬁcally and that no HLAB, -C or any other non-classical class I lineages were ampliﬁed.
The reliability of the primers was veriﬁed by designing two additional sets of primers within the HLA-A locus, one set in exon 1–2
region and the second set in exon 2–3. The PCR ampliﬁcation efﬁciencies and HLA-A speciﬁcity for both sets of primers were
shown to be equal across HLA-A allelic lineages.

The CpG island prediction software MethPrimer (37) was used to
identify CpG islands within the HLA-A gene region, for which
default settings were applied (island size >100 bp, GC percentage
>50%, and the observed/expected CpG ratio >0.6 (37)). Based on
these predictions, appropriate PCR primers that are speciﬁc for
the promoter, exon 2, exon 3, and intron 2 of HLA-A were designed
using the MethPrimer (37) software ( primers available upon
request). Sodium bisulfite conversion was performed on genomic
DNA from PBMCs using the EZ DNA methylation™ Kit (Zymo
Research). In the presence of the sodium bisulfite reagent,
unmethylated cytosines are converted to uracil, whereas the
methylated cytosines are unreactive under the same treatment.
The bisulfite converted DNA was then ampliﬁed (95°C for
15 min, 45 cycles of 95°C for 30 s, 60°C for 45 s, 72°C for 30 s and
one cycle of 72°C for 10 min), which converts uracils to thymidines. Sanger sequencing was performed and the sequences
were analyzed using the Mutation Surveyor® software (Soft
Genetics).
454 sequencing (Roche) was employed both to verify methylated positions and to determine the frequency at which
each site was actually methylated in PBMC DNA from a given individual. Multiplex identiﬁers were used to barcode the PCR amplicons (Roche). PCR products using bisulfite-treated DNA as the
template were puriﬁed using the Qiaquick PCR Puriﬁcation Kit
(Qiagen), followed by measurement of the products using
Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen). After amplicon pooling, emulsion PCR was performed, and DNA-containing beads were recovered, enriched and sequenced using the 454
GS Junior Titanium Series as per manufacturer’s instructions
(Roche). Online Galaxy software was used to determine the
number of methylation sites for each HLA-A lineage tested.

Detection of DNA methylation by immunoprecipitation
assay
HLA-A methylation levels were measured in the promoter, exon2,
exon3 and intron 2 regions using the MagMeDIP Kit (Diagenode)
in 25 healthy EA donors. Genomic DNA was sonicated using the
Bioruptor ® (Diagenode) to an average size of 300 bp. Methylated
DNA was immunoprecipitated with a methylation speciﬁc antibody, anti-5meC. After several washes, the immunoprecipitated
DNA was used in a qPCR assay to determine methylation levels.
The enrichment of the HLA-A speciﬁc genomic regions targeted
was assessed relative to the input DNA as the percentage of
CtMeDIp/Ctinput, where CtMeDIp is the Cycle threshold for the
MeDIp sample and Ctinput is the Cycle threshold for the input
sample.

PBMCs from EA healthy donors (n = 50) were treated with 10 µM
5′-aza-2-deoxycytidine (5′-Aza-CdR; Sigma) or with dimethyl
sulfoxide (DMSO; treatment control). A subset of cells was stored
at time zero. The 5′-Aza-CdR or DMSO-treated cells were maintained at 37°C and 5% CO2 in RPMI (Lonza) with 10% fetal calf
serum (Lonza) for 24 h. RNA was then extracted from these and
from untreated cells that had been frozen at the zero hour time
point using the RNeasy Universal kit (Qiagen); HLA-A, HLA-B
and HLA-C expression levels were measured by qPCR. Data are represented as fold change of 5′-Aza-CdR treated versus DMSO
treated and compared with the time zero HLA-A expression
levels.

Statistical analyses
The linear regression function (lm) of the R package (38) was used
to determine the effects of individual lineages found among the
216 EA donors on HLA-A mRNA expression. For functional and
evolutionary considerations as well as for increased sample
size, we group alleles into their respective two-digit allelic
lineages, without further subdivision. The lineages of the two
alleles carried by each individual were used as explanatory variables in the linear regression. To enhance accuracy, only individuals having lineages present on at least ﬁve chromosomes in
the whole sample were considered in the analysis. There were
14 such lineages present among 213 of the 216 donors, representing the HLA-A*01, -A*02, -A*03, -A*11, -A*23, -A*24, -A*25, -A*26,
-A*29, -A*30, -A*31,-A*32,-A*33 and -A*68 lineages. Regression
values for each lineage were determined with intercept set to
zero. Coefﬁcients of determination (multiple R 2) were based on
deviations from the mean value and were used to test the goodness of ﬁt between predicted and observed donor HLA-A mRNA
expression. To avoid negative predictions for allelic lineage
expression levels, we slightly adjusted all regression values for
HLA-A lineages towards the mean expression level using an ad
hoc shrinkage correction (Supplementary Material, Table S1).
Spearman correlations and Mann–Whitney tests were performed
using GraphPad Prism software version 6 (GraphPad Software,
San Diego California USA).

Supplementary Material
Supplementary Material is available at HMG online.
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