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HLA-C Level Is Regulated by a Polymorphic
Oct1 Binding Site in the HLA-C Promoter Region

Nicolas Vince,1,2 Hongchuan Li,1 Veron Ramsuran,1,2 Vivek Naranbhai,2,3,4 Fuh-Mei Duh,1

Benjamin P. Fairfax,3 Bahara Saleh,1 Julian C. Knight,3 Stephen K. Anderson,1 and Mary Carrington1,2,*

Differential HLA-C levels influence several human diseases, but the mechanisms responsible are incompletely characterized. Using a

validated prediction algorithm, we imputed HLA-C cell surface levels in 228 individuals from the 1000 Genomes dataset. We tested

68,726 SNPs within the MHC for association with HLA-C level. The HLA-C promoter region variant, rs2395471, 800 bp upstream of

the transcription start site, gave the most significant association with HLA-C levels (p ¼ 4.2 3 10�66). This imputed expression quanti-

tative trait locus, termed impeQTL, was also shown to associate with HLA-C expression in a genome-wide association study of 273 do-

nors in which HLA-CmRNA expression levels were determined by quantitative PCR (qPCR) (p ¼ 1.83 10�20) and in two cohorts where

HLA-C cell surface levels were determined directly by flow cytometry (n ¼ 369 combined, p < 10�15). rs2395471 is located in an Oct1

transcription factor consensus binding site motif where the A allele is predicted to have higher affinity for Oct1 than the G allele.

Mobility shift electrophoresis demonstrated that Oct1 binds to both alleles in vitro, but decreasedHLA-C promoter activity was observed

in a luciferase reporter assay for rs2395471_G relative to rs2395471_A on a fixed promoter background. The rs2395471 variant accounts

for up to 36% of the explained variation of HLA-C level. These data strengthen our understanding of HLA-C transcriptional regulation

and provide a basis for understanding the potential consequences of manipulating HLA-C levels therapeutically.
Variation in theMHC associates with an extensive number

of human diseases and traits, with about 500 (30%) re-

ported in the human genome-wide association study

(GWAS) catalog,1 particularly that occurring within the

HLA class I and II genes. Extreme polymorphism of the

HLA loci2 along with their central importance in both

the acquired and innate immune response accounts for

this over-representation relative to the rest of the genome.

HLA class I and II molecules bind and present an extensive

array of antigenic peptides to cytotoxic T lymphocytes and

CD4 T cells, respectively, in order to initiate the acquired

immune response.3,4 The class I molecules also serve as li-

gands for killer cell immunoglobulin-like receptors (KIR)

expressed on natural killer cells.5 Relative to HLA-A

(MIM: 142800) and -B (MIM: 142830), HLA-C (MIM:

142840) exhibits limited diversity, lower cell surface

level,6,7 and a more widely distributed role as ligands for

KIR. HLA-C alleles are associated with many disease

traits,1 primarily with regard to autoimmune diseases.8,9

High HLA-C level associates with better HIV control

(MIM: 609423), but also with increased risk of developing

Crohn disease (MIM: 266600).10 Hence, understanding the

mechanisms that determine HLA-C level could provide

important insights into the management of complex hu-

man disease.

An insertion/deletion polymorphism in the 30 UTR of

HLA-C determines the binding and inhibition of HLA-C

expression by the microRNA miR-148a (MIR148A [MIM:

613786]), contributing to differential HLA-C levels.11,12

However, this polymorphism accounts for only 9% of the

explained variation in HLA-C level, indicating that addi-
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tional mechanisms participate in determining allele-spe-

cific expression levels at this locus. In the current study,

we identified variants within and near HLA-C that signifi-

cantly associate with imputed HLA-C levels among indi-

viduals from the 1000 Genomes dataset (1KG).10,13,14

The most significant variant was then tested for its

association with both RNA expression and cell surface

HLA-C levels measured directly, validating the imputation

approach, and the mechanism underlying this association

was shown to involve the transcription factor (TF) Oct1.

HLA-C levels vary in an allele-specific manner over a

range of 7-fold in a pattern that is consistent between Afri-

can and European Americans and highly reproducible

across study groups.10 Based on the level value character-

istic for each given HLA-C allotype as determined previ-

ously (Table S1), we imputed HLA-C levels for 228

European 1KG individuals who have previously been

typed for HLA-C.14 We restricted our analysis to Europeans

with homogeneous ancestry background (Figure S1),

which included 52 CEU (Utah residents with Northern

and Western European ancestry), 87 GBR (British in En-

gland and Scotland), and 89 TSI (Toscani in Italy).

Imputed HLA-C levels were tested as a continuous vari-

able for association with 68,726 SNPs within the MHC

using linear regression in order to identify cis-acting vari-

ants that may cause (or mark) differential level of HLA-C.

The peak association was centered in the HLA-C promoter

region (Figure 1A), and correction for population structure

did not alter the results.17 The top signal identified

was rs2395471 (p ¼ 4.2 3 10�66), which is 800 bp up-

stream of the transcription start site (Figure 1B), and
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Figure 1. HLA-C Level Is Associated with rs2395471 in the Promoter Region of HLA-C
(A) Association between SNPs located in a 200 kbwindow aroundHLA-C and imputedHLA-C level. TheManhattan plot was createdwith
LocusZoom.15 Each dot represents a SNP for which the color depicts the linkage disequilibrium (LD) score (r2) computedwith PLINK16 in
the European 1KG dataset (n ¼ 228). A complete list of LD scores between rs2395471 and the surrounding 1 Mb SNPs is presented in
Table S2. Logistic regression tests for association between the 68,726 SNPs in theHLA locus and HLA-C level was performed in R (version
3.2.4) using the imputed HLA-C level values as a continuous variable.
(B) A list of HLA-C lineages that carry either the A or G at the rs2395471 SNP and a map of the HLA-C promoter region are shown.
only one other neighboring SNP, rs2249741, showed a

similar level of significance (p ¼ 2.0 3 10�60). The A

versus G frequency at rs2395471 was fairly evenly distrib-

uted across HLA-C alleles (Figure 1B). We term these

variants ‘‘imputed expression quantitative trait loci’’

(impeQTL) to distinguish them from those associating

with expression levels of genes that were measured

directly. impeQTL can only be used to identify candidates

of expression modifiers in cis of the gene when its expres-

sion or protein level is imputed.

Genotyping of rs2395471 in two independent cohorts

where HLA-C levels were measured directly by flow cytom-

etry confirmed the association between this SNP and cell

surface levels of HLA-C on CD3-positive cells: p ¼ 9.3 3

10�16 in a cohort of 195 African Americans for whom

levels were determined previously10 (Figure 2A) and

p ¼ 2.9 3 10�17 in a cohort of 174 European Americans

(Figure 2B). The explained variation based on the R2 indi-

cated that rs2395471 accounts for 28% and 36% of the

HLA-C level variation in the African American and Euro-

pean American, respectively.18 The rs2395471_A allele,
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whichmarks high level of HLA-C and is the ancestral allele,

has a global frequency of 53% in the 1KG dataset ranging

from 46% in East Asia to 62% in South Asia.

The association between rs2395471 and HLA-C expres-

sion was independently corroborated by a genome-wide

expression quantitative trait loci (eQTL) study of HLA-C

expression measured by qPCR in peripheral blood mono-

nuclear cells (PBMCs) from 273 donors of European

descent from Great Britain.19 A locus containing two vari-

ants spaced 20 bp apart and inmoderate linkage disequilib-

rium (r2 ¼ 0.6), namely rs2249741 (effect allele frequency

[EAF] 48%, p ¼ 1.8 3 10�24) and rs2395471 (EAF 36%,

p ¼ 1.8 3 10�20), was the most significantly associated

locus genome wide, demonstrating that this locus prob-

ably represents the strongest eQTL for HLA-C expression

across the genome (Figure S2A). We note that the differ-

ences in allele frequency may account for the relative

difference in degree of statistical significance, but the

effect sizes are comparable (rs2395471: beta ¼ 0.72; SE ¼
0.074 versus rs2249741: beta ¼ 0.74; SE ¼ 0.071).

The mean expression level of individual HLA-C alleles in
mber 1, 2016



Figure 2. Association between rs2395471 and HLA-C Cell Sur-
face Level
Cell surface level was measured directly in two independent co-
horts of (A) 195 African Americans and (B) 174 European Ameri-
cans. HLA-C cell surface level was measured on CD3þ cells from
peripheral blood by flow cytometry. For each plot, the p value
from linear regression and R2 (the level of variation explained by
the SNP) are provided. The rs2395471 genotypes were determined
by Sanger sequencing. The mean with standard deviation is repre-
sented. The National Health Institutes office of human subjects
research protection approved this study.
this eQTL study (Figure S2B) was highly correlated with

that published previously12 (p ¼ 0.001, R ¼ 0.95),

underscoring the reproducibility of the expression level

measurements.

Given the location of the rs2395471 and rs2249741 var-

iants in the promoter region of HLA-C, the possibility that

one or both may alter TF binding was considered using the

AliBaba online prediction tool.20 A potential TF binding

site for POU, a family of TFs containing well-conserved

homeodomains,21 was predicted to overlap with the

rs2395471 variant. No TF binding site was predicted for

rs2249741. The presence of a TF binding site within a

sequence containing the rs2395471_A/G variant was

confirmed by an electrophoretic mobility shift assay

(EMSA) using rs2395471_A versus _G oligonucleotides

and HeLa cell nuclear extracts (Figure 3A). POU-specific an-

tibodies showed that Oct1 (POU2F1 [MIM: 164175]), but

not Oct2 (POU2F2 [MIM: 164176]) or Oct3/4 (POU5F1

[MIM: 164177]), can bind to the promoter region contain-

ing rs2395471 (Figure 3A). Further, the intensity of Oct1

binding was lower in the presence of oligonucleotide con-
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taining the G allele relative to that containing the A allele

(Figures 3A and 3B). These experiments were reproduced

using Jurkat cell line nuclear extract (Figure S3). Nuclear

extracts of PBMCs from two healthy donors also demon-

strated Oct1 binding within the region containing the

rs2395471 variant (Figure 3C).

Given the limitations in terms of sensitivity and in vitro

application, we proceeded to design a luciferase reporter

assay to evaluate whether the rs2395471 alleles differen-

tially impact HLA-C promoter activity. The promoter

regions of two high expression HLA-C alleles that carry

the rs2395471_A allele, C*0102 and C*0401, were

cloned into a pGL3 plasmid and alternates containing G

at this position were generated by site-directed mutagen-

esis. In addition, the lower expression alleles C*03:04

and C*08:02, both of which carry rs2395471_G, were

used to generate a pGL3 construct together with an

alternate that contains A at this position. Luciferase

activity was assayed 48 hr after transfection of HeLa cells,

revealing a significant decrease in promoter activity upon

the single base pair change from A to G in a C*01:02, as

well as a C*04:01 background (Figure 4). These results

strongly suggest that rs2395471 has a direct effect on

HLA-C expression by impacting the binding affinity

of the Oct1 TF. The promoter activities of the wild-type

C*03:04 and C*08:02 alleles (i.e., rs2395471_G) were

similar to the activity of C*01:02 or C*04:01 after the A

residue in the Oct1 site was changed to G. However,

replacement of the G residue with A in the Oct1 binding

site of C*03:04 and C*08:02 did not increase the promoter

activity of either allele (Figure 4), indicating that negative

regulatory factors can dominate over the enhancer activity

of the Oct1 binding site. Of note, wild-type C*08:02 pro-

moter activity was lower than that of C*04:01 (Figure 4),

in spite of their virtually identical levels observed previ-

ously on CD3þ cells.10 This discrepancy may be due to

escape of C*08:02 from miR-148a downregulation due to

a deletion polymorphism in the 30 UTR of this allele,11

whereas C*04:01 binds and is inhibited by miR-148a.

These data demonstrate the complexity of HLA-C regula-

tion, and this complexity further illustrates the remark-

able observation that the Oct1 binding site variant has

the most significant association with cell surface levels

across HLA-C alleles overall.

Here we have shown that imputation of HLA-C level

data allowed the identification of the cis variant

rs2395471, located in the HLA-C promoter region, that

contributes to determining allele-specific HLA-C mRNA

expression and HLA-C cell surface levels. The association

involving this impeQTL was confirmed in three indepen-

dent cohorts (cumulative n ¼ 694) with HLA-C expression

and cell surface levels measured directly by either qPCR or

flow cytometry. Importantly, this locus has themost signif-

icant effect onHLA-C expression levels genome wide based

on qPCR data in which GWAS data were also available,

indicating that it is likely the leading regulator of HLA-C

levels.
rnal of Human Genetics 99, 1353–1358, December 1, 2016 1355



Figure 3. The Oct1 Transcription Factor Binds to the Genomic Region Containing rs2395471
Electrophoretic mobility shift assay (EMSA) was performed using nuclear protein extract from HeLa cell line (A and B) and PBMCs (C).
Two oligonucleotides were designed, one containing the rs2395471_G allele and one containing the rs2395471_A allele (detailed
methods can be found in Li et al.,22 primers are available upon request).
(A) The presence of a shift (arrow) indicates that the genomic region containing rs2395471 binds a protein from the HeLa nuclear
extract. A supershift is observed when anti-Oct1 antibodies (2 different clones) are added, but not anti-Oct2, anti-Oct3/4, or anti-Sp1
antibodies, indicating that Oct1 is a transcription factor that binds to the rs2395471 genomic region.
(B) HeLa nuclear extract binds to oligonucleotides containing rs2395471_A more strongly than it does to rs2395471_G.
(C) Nuclear proteins derived from PBMCs of two donors were extracted and incubated with the oligonucleotides and antibodies to anti-
Oct1 and anti-Oct3/4. A supershift was detected only in the presence of the anti-Oct1 antibody, confirming the specificity of this TF
binding site for Oct1.
POU2F1 (Oct1) is ubiquitously expressed across cell

types23–25 and recognizes the octamer DNA element

ATGCAAAT and variations of it.26 Its activity results in

exceptionally diverse biological outcomes. Consistent

with its ubiquitous expression, Oct1 is implicated in basal

transcription regulation,24,27,28 and it also appears to have

a crucial role during embryogenesis, as Oct1 knockout

mice are not viable.29,30 Increased activity of Oct1 has

been implicated in tumorigenesis, particularly epithelial

tumors such as gastric (MIM: 613659) and breast (MIM:

114480) cancers,31–35 and importantly in the context of

HLA-C levels, Oct1 is linked to immune regulation of

B cells, macrophages, T cells, and NK cells31 by targeting

production of cytokines (e.g., IL2),36,37 pro-inflammatory

mediators (e.g., NOS2),38 and immunoglobulins.39 Oct1

also has a role in signal response by serving as an adaptor

for other TFs such as NF-kB.28,40 An NF-kB binding site is

predicted 633 bp downstream of the Oct1 binding site in

the HLA-C core promoter region, raising the possibility

that Oct1 may have a dual function in controlling HLA-C

expression levels by regulating its basal expression and

enhancing NF-kB-mediated effects on HLA-C expression

levels upon cell activation.

Imputing HLA-C levels has led us to identify a locus,

rs2395471, that accounts for up to 36% of the explained
1356 The American Journal of Human Genetics 99, 1353–1358, Dece
variation in HLA-C level. This SNP is not in significant

LD with the insertion/deletion polymorphism in the

30 UTR of HLA-C (r2 ¼ 0.25), which was previously shown

to account in part for differential HLA-C levels as well.11

The rs2395471 variant in combination with the HLA-C

30 UTR variant explains up to 40% of the observed vari-

ability in measured HLA-C levels in European Americans.

The approach described herein could be extended to other

imputed expression or protein level data (e.g., additional

HLA genes) in order to further our understanding of hu-

man gene regulation and their impact on disease.
Supplemental Data

Supplemental Data include three figures and two tables and can be

found with this article online at http://dx.doi.org/10.1016/j.ajhg.

2016.09.023.
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Figure 4. Impact of the rs2395471 on the HLA-C Promoter Activ-
ity Estimated by Luciferase Assay
TheHLA-Cpromoters of twoalleles carrying rs2395471_A,C*01:02
and C*04:01, and two alleles carrying rs2395471_G, C*03:04 and
C*08:02, were cloned in a pGL3 plasmid.Wemutated this position
by site-directed mutagenesis to obtain new plasmids with a G
nucleotide at the rs2395471 position for C*01:02 and C*04:01
and an A at this position for C*03:04 and C*08:02 (detailed
methods can be found in Li et al.,22 primers are available upon
request). Both HLA-C*01:02 and C*04:01 promoters in which
rs2395471_A was mutated to rs2395471_G show a significant
decrease in promoter activity. BothHLA-C*03:04 andC*08:02 pro-
moters in which rs2395471_G was mutated to rs2395471_A show
no significant difference in promoter activity. Two-way ANOVA.
**p < 0.01, ****p < 0.0001. WT: wild-type. The mean of four repli-
cated experiments with standard error is represented.
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