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ARTICLE

Fine mapping of MHC region in lung cancer
highlights independent susceptibility loci by
ethnicity
Aida Ferreiro-Iglesias et al.#

Lung cancer has several genetic associations identi�ed within the major histocompatibility
complex (MHC); although the basis for these associations remains elusive. Here, we analyze
MHC genetic variation among 26,044 lung cancer patients and 20,836 controls densely
genotyped across the MHC, using the Illumina Illumina OncoArray or Illumina 660W SNP
microarray. We impute sequence variation in classical HLA genes, �ne-map MHC associa-
tions for lung cancer risk with major histologies and compare results between ethnicities.
Independent and novel associations within HLA genes are identi�ed in Europeans including
amino acids in the HLA-B*0801 peptide binding groove and an independent HLA-DQB1*06 loci
group. In Asians, associations are driven by two independent HLA allele sets that both
increase risk in HLA-DQB1*0401 and HLA-DRB1*0701; the latter better represented by the
amino acid Ala-104. These results implicate several HLA–tumor peptide interactions as the
major MHC factor modulating lung cancer susceptibility.
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Large scale genome wide association studies (GWAS) of lung
cancer revealed different susceptibility loci across the main
histological subtypes: adenocarcinoma (AD), squamous cell

carcinoma (SCC), and small cell lung cancer (SCLC)1,2. This
heterogeneity is particularly apparent for the Major Histo-
compatibility Complex (MHC), where associations have been
observed speci� cally for SCC at 6p21.33 (rs3117582) in
Europeans3,4, and for AC at 6p21.32 (rs2395185) in Asians5.

However, interpreting MHC associations is dif� cult as it is the
most gene-dense region of the genome, is highly polymorphic,
displays extensive linkage disequilibrium (LD), and genes are
clustered by related functions6. In addition, this extreme variation
is known to be shaped by population history and different
infectious exposures7,8. Imputation of classical Human Leukocyte
Antigen (HLA) at a four-digit resolution based on high-density
SNP genotyping is an accurate and fast alternative to traditional
HLA genotyping and permits the screening of large sample sets of
different ethnicities9,10.

Understanding the role of HLA in lung cancer is important, as
it may help to elucidate the causal aetiology beyond the pre-
dominant role of smoking. Class I and II HLA molecules are
known critical mediators in disease defense through presenting
intra- or extra-cellular peptides on the cell surface in a form that
can be recognized by the T cell receptors (TCR) and to then
activate a speci� c T cell response11. To avoid immune-mediated
elimination, cancer cells may lose their antigenicity due to dif-
ferent possibilities12. One is the immune selection of cancer cells
which lack or mutate immunogenic tumor antigens13. Therefore,
certain MHC alleles and polymorphisms may target particular
tumor antigens, resulting in the observed disease-speci� c asso-
ciations. A recent example is the association between an extended
HLA haplotype (HLA-DRB1*1301–HLA-DQA1*0103–HLA-
DQB1*0603) and protection against HPV associated oropharynx
cancer14, as well as cervical cancer15. These insights have the
potential to inform tumor-speci� c immune responses and thus to
be useful in developing immunotherapies. Tumor antigens can be
derived from viral proteins, proteins encoded by cancer-germline
genes, differentiation antigens and proteins arising from somatic
mutations or gene rearrangements16. Identifying polymorphisms

controlling expression of speci� c HLA molecules, affecting the
peptide binding groove or the contact surface with the TCR may
help to disentangle lung cancer MHC associations but also may
provide new insights into cancer risk and possible immunother-
apy targets12.

To this end, we analyze genetic variation in two populations of
European and Asian ancestry densely genotyped across the MHC
in relation to lung cancer risk. Our results suggest that the genetic
risk of the MHC region on lung cancer is different by population
and by histology which points to different exposures or
mechanisms interacting with HLA.

Results
Imputation of the HLA region. After completion of imputation
for the European and Asian series (18,924 cases/15,439 controls
and 2324 cases/1656 controls, respectively) (Table1), the� nal set
of imputed variants used in association analysis were of high
quality for Europeans, 92.5% of the variants hadR2 � 0.9, and
67.8% of the less common variants (MAF < 0.05) hadR2 � 0.9,
but overall quality was less apparent for Asians as 60.5% of the
total variants and 30.7% of the rare variants (MAF < 0.05) had
R2 � 0.9 for Asians. However common variants were well imputed
(75% of the common variants and 98% of common HLA alleles
(MAF > 0.05) hadR2 � 0.9). Given our sample size in Asians, our
primary focus was on common variants for which the current
imputation is satisfactory.

We also performed a laboratory validation of the variants
identi� ed by imputation using another genotyping platform,
Affymetrix Axiom exome array17, in a subset of 5742 individuals
from the European series. A separate laboratory validation was
not available for the Asian populations although we did replicate
our results among never smokers in an independent series and we
validated imputed HLA alleles using a completely different
imputation algorithm and reference panel. Statistical re-
imputation was done in a random 10% subset of the samples
(3000 European samples and 1000 Asian samples from
Oncoarray) using HIBAG18. The average concordance between
imputed genotypes and their validation results either from an

Table 1 Demographic characteristics of the participating studies after quality control � lters

European ancestry Asian ancestry

Case no. (%) Control no. (%) Case no. (%) Control no. (%)
OncoArray studies- passed QC 18,924 15,439 2324 1656
Age

� 50 2098 (11.1) 2084 (13.5) 242 (10.4) 154 (9.3)
>50 16,801 (88.8) 13,306 (86.2) 2080 (89.5) 1502 (90.7)

Missing 25 (0.1) 49 (0.3) 2 (0.1) 0 (0)
Sex
Male 11,685 (61.7) 9240 (59.8) 1578 (67.9) 1070 (64.6)
Female 7236 (38.2) 6196 (40.1) 746 (32.1) 586 (35.4)
Missing 3 (0.02) 3 (0.02) 0 (0) 0 (0)

Smoking status
Never 1830 (9.7) 4870 (31.5) 815 (35.0) 668 (40.3)
Ever 16,682 (88.2) 10,219 (66.2) 1503 (64.7) 983 (59.4)
Current 9459 (50.0) 4285 (27.8) 986 (42.4) 739 (44.6)
Missing 412 (2.2) 350 (2.3) 6 (0.3) 5(0.3)

Histology
Adenocarcinoma 7088 (37.5) — 1192 (51.3) —
Squamous cell carcinoma 4581 (24.2) — 641 (27.6) —
Small cell carcinoma 190 (10.5) — 94 (4.0) —
Othersa 5265 (27.8) 397(17.1)

aLarge Cell, Bronchioloalveolar Carcinoma, Non-Small Cell Carcinoma, Carcinoids, Others or Missing
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alternative genotyping platform or re-imputation was >95% for
all variants (Supplementary Table 10 and 11).

The best-guess genotype dosages (R2 � 0.7) for two- and four-
digit classical alleles, as well as amino acid polymorphisms and
SNPs in the MHC region were tested for association with overall
lung cancer and subtypes in European (Fig.1 and Table2) and
Asian ancestries (Fig.2 and Table3).

HLA region association analyses. Multiple association signals
were detected in Europeans within class I and class II regions for
lung cancer overall (Fig.1a). Strati� ed analyses showed that these
associations were restricted to SCC (Fig.1d) with little evidence of
associations for AD (Fig.1b) and SCLC (Fig.1c). In contrast,

MHC associations in Asians were less abundant in the overall
analyses (Fig.2a), and after stratifying by major histologies we
observed the top association signals for lung AD (Fig.2b).
Therefore, subsequent explanations for Europeans and Asians
will refer to SCC and AD results, respectively.

In Europeans, the most signi� cant allele was the GT allele of a
multiple nucleotide variation at Chr6: 31431982–31431983
(NCBI build 36), a complex variant affecting the� rst and second
nucleotides ofHLA-B codon 163 (OR= 1.20,p= 1.30 × 10� 11;
Fig. 1d. 1). This allele codes for Thr-163 or Glu-163 inHLA-B.
Thus, the strongest MHC signal mapped to an amino acid change
resulting in a Thr-163 inHLA-B, which is part of the sequence of
the four-digit alleleHLA-B *0801that showed an equivalent
association (Table2).
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Fig. 1 European regional association plots of variants in the MHC region and lung cancer overall and major histologies (a–d); plots of stepwise conditional
analyses for squamous cell carcinoma (d.1–d.3). Each panel on the left shows the association plot for each unconditioned analysis a lung cancer overall, b
adenocarcinoma, c small cell, d squamous cell carcinoma. The association for each locus used for conditioning is shown in green in each panel (d.1)
unconditioned, (d.2) conditioned on HLA-B*0801, (d.3) conditioned on HLA-B*0801 and HLA-DQB1*06. Detailed association results in Table 2 and
Supplementary Fig. 1. Circles represent –log10 (P values) for each binary marker using the imputed allelic dosage (between 0 and 2). The dashed black
horizontal lines represent the study-wide signi�cant threshold of P = 6 × 10� 6. The physical positions of HLA genes on chromosome 6 are shown at the
bottom. The color of the circles indicates the type of marker; light blue—SNPs outside HLA genes, green—classical HLA alleles and red—amino acid
polymorphisms of the HLA genes; deep blue—SNP within HLA genes)
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Other signals including HLA alleles were also detected across the
MHC (Table 2; Fig. 1d. 1). A stepwise conditional logistic
regression analysis was performed to identify variants that
independently in� uence lung SCC susceptibility in Europeans.
First, conditioning onHLA-B *0801, HLA-DQB1 *06remained as
the highest peak (OR= 0.85,p= 3.05 × 10� 8; Fig. 1d. 2), while
other variants were not signi� cant. In a second step, we included
bothHLA-B *0801andHLA-DQB1*06as covariates in the analysis
and did not detect any remaining independent signals (Fig.1d. 3).
In Asians from Oncoarray, we also observed several associations
along class I and class II (Fig.2b. 1). The A allele of rs3129860
located in an intergenic region within HLA class II was the top
associated marker. As this SNP was highly correlated withHLA-
DQB1*0401 (r2= 0.75) and apparently not showing a potential
regulatory function, we used this allele in subsequent steps. After
conditioning on classicalHLA-DQB1*0401allele, HLA-DRB1*0701
remained as the most signi� cant signal (Fig.2b. 2). When we
controlled for both alleles, rs2256919 (an HLA-A intronic variant)
remained associated (Figure2b. 3). Finally, after controlling for
HLA-DQB1*0401, HLA-DRB1*0701 and rs2256919 no additional
variants remained associated with AD risk with a signi� cance
threshold (conditionedP> 6 × 10� 6; Figure2b. 4).

Results of the strati� ed analyses by histology and by smoking
status for each of the independent variants found in Europeans
and Asians are summarized in Supplementary Fig. 1. We
observed no signi� cant differences by smoking status for any of
the analyzed variants. However, AH8.1 showed a risk effect in the
overall analysis as well as in the smoking groups, but a protective
effect (OR= 0.88) in the never-smoking group which involved a
signi� cant heterogeneity (phet= 0.006, Supplementary Fig. 1a).
We wanted to explore further the impact of this effect in the
overall analysis by adding smoking as a covariate for AH8.1 and
related markers, but also for the rest of associations in both
ethnithities. As can be seen in Supplementary Tables 8 and 9,
results are extremely similar to the original results in Tables2 and
3, indicating that adjustment by smoking makes little difference,
as expected. In consequence, we can consider all the associated
markers practically independent on smoking status.

No signi� cant result or trend was detected for the European
associated variants when we checked their association in Asians
or vice versa. A possible reason for certain alleles highlighted in

our analysis might be their different frequencies and meaning in
European and Asian populations (Tables2 and3; Supplementary
Tables 2 and 3). For example, European hits like class I alleles and
DQB1*06 are very rare in Asians (<2%) (Supplementary Table 2)
but common in Europeans (>10%) (Table2). However, other
alleles showed similar frequencies (>10%) in both populations
even they were associated just in one. Statistical power
calculations (Supplementary Tables 12 and 13) showed that the
Asian set sample size was insuf� cient for detecting some
European hits but not the opposite. This suggests ethnic-
speci� c effects due to population history although we cannot
discard the same effects in squamous cell carcinoma in both
populations. However, it seems that HLA is not playing a role in
adenocarcinoma in Europeans, unless the effects are hidden in
very rare variants

Haplotype analysis. Because of the broad LD of the region, we
wanted to assess the physical genetic boundaries of these asso-
ciations on the basis of haplotype patterns. Supplementary Figs. 2
and 3 include an overview of the haplotypes detected in cases and
controls of European and Asian ancestry, respectively. In Eur-
opeans, the most frequent haplotype and the only one associated
with any of the tested outcomes was the ancestral haplotype 8.1
(AH8.1) (~6 %). AH8.1 contains class I and class II HLA alleles
(A*0101 - B*0801 - C*0701 - DRB1*0301- DQB1*0201-
DQA1*0501) and showed increased risk for SCC in Europeans
(Table2; Supplementary Fig. 1a; Supplementary Fig. 2). Condi-
tional analyses considering AH8.1 andHLA-DQB1 *06in the
same model, revealed the independence of both effects (Table2).
However, no signi� cant differences were detected in haplotype
frequencies for any of the outcomes for Asians.

Analysis of polymorphic amino acid positions and best model
selection. Although we identi� ed a HLA haplotype and a 2-digit
allele group independently associated with SCC in Europeans we
aimed to answer the more re� ned question as to whether the
association within the MHC resides with HLA alleles only, amino
acids only, or a combination of both HLA alleles and amino acids.
To answer this, we searched for the best combination of amino
acids and/or HLA alleles that explained the HLA haplotype

Table 2 Top associations of the HLA alleles with squamous cell carcinoma of European ancestry

Locus HLA variant Frequency Unconditional analysisa Model including AH8.1 + HLA-
DQB1*06

Controlsc Casesc OR (95% CI) P value OR (95% CI) P value
AH 8.1 A1-B8-DR3-DQ2 0.06 0.07 1.30 (1.18-1.42) 4.78 × 10� 08 1.24 (1.14–1.37) 2.13 × 10� 06

HLA-A 01:01 0.15 0.17 1.18 (1.10-1.25) 9.36 × 10� 07

HLA-C 07:01 0.15 0.17 1.17 (1.10-1.25) 5.53 × 10� 07

HLA-B 08:01 0.10 0.12 1.25 (1.16-1.34) 9.01 × 10� 09

HLA-DRB1 03:01 0.11 0.14 1.25 (1.16-1.34) 6.38 × 10� 10

HLA-DQA1 05:01 0.20 0.29 1.18 (1.12-1.24) 1.33 × 10� 09

HLA-DQB1 02:01 0.11 0.14 1.25 (1.17-1.34) 4.45 × 10� 10

HLA-DQB1 06 globalb 0.24 0.21 0.85 (0.80-0.90) 3.05 × 10� 08 0.86 (0.78-0.91) 9.96 × 10� 08

06:01 0.01 0.01 0.87 (0.67-1.12) 0.3
06:02 0.12 0.10 0.90 (0.83-0.97) 0.007
06:03 0.07 0.06 0.84 (0.76-0.93) 5.06 × 10� 04

06:04 0.04 0.03 0.86 (0.75-0.99) 0.03
06:09 0.009 0.007 0.80 (0.61-1.06) 0.1

AH 8.1 ancestral haplotype 8.1, HLA human leucocyte antigen, OR odds ratio, 95% CI con�dence interval
aObtained from multivariate unconditional logistic regression assuming an additive genetic model with sex and principal components as covariates
bClassical two-digit allele accounting for the four digit alleles found (*0601,*0602,*0603,*0604,*0609)
c Number of samples included in the analysis: 4,581 cases and 15,439 controls
The study-wide signi�cant threshold was P = 6 × 10� 6 (Bonferroni correction)
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