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Genetic studies have identified common variants within the intergenic region (HBS1L-MYB) between GTP-
binding elongation factor HBS1L and myeloblastosis oncogene MYB on chromosome 6q that are associated 
with elevated fetal hemoglobin (HbF) levels and alterations of other clinically important human erythroid 
traits. It is unclear how these noncoding sequence variants affect multiple erythrocyte characteristics. Here, 
we determined that several HBS1L-MYB intergenic variants affect regulatory elements that are occupied by 
key erythroid transcription factors within this region. These elements interact with MYB, a critical regulator 
of erythroid development and HbF levels. We found that several HBS1L-MYB intergenic variants reduce tran-
scription factor binding, affecting long-range interactions with MYB and MYB expression levels. These data 
provide a functional explanation for the genetic association of HBS1L-MYB intergenic polymorphisms with 
human erythroid traits and HbF levels. Our results further designate MYB as a target for therapeutic induction 
of HbF to ameliorate sickle cell and β-thalassemia disease severity.

Introduction
Approximately half of our blood volume is made up of erythro-
cytes, providing the oxygen and carbon dioxide transport necessary 
for cellular respiration throughout the body. Erythroid param-
eters (e.g., red blood cell count [RBC], mean cell volume [MCV], 
and mean cell hemoglobin [MCH] content) are routinely used for 
the diagnosis and monitoring of a wide range of disorders as well 
as overall human health. Significant variation in these parameters, 
which is highly heritable, occurs among humans (1, 2). Genome-
wide association studies (GWAS) and other studies have investi-
gated the genetic basis of variation in erythroid and other hema-
tological traits within different ethnic populations. As observed in 
the majority of association studies, some genome-wide, sequence 
variants modulating human traits are predominantly located in 
noncoding regions of the genome (3), complicating the functional 
interpretation of their effects. A set of common intergenic SNPs 
at chromosome 6q23 has been consistently identified as highly 
associated with clinically important human erythroid traits (4–13)  
(Table 1). Prominent among these traits is the persistence of fetal 
hemoglobin (Hb) in adults (HbF, measured as %HbF of total Hb 
or as proportion of red blood cells carrying HbF [%F cells] (4, 14, 
15)). General diagnostic erythroid parameters such as RBC, MCV, 
MCH, and others (5, 7, 8, 10, 13) have also been found to be high-
ly associated with the presence of the 6q23 variants. Traits with 

weaker, but significant association are packed blood cell volume 
(PCV, also referred to as hematocrit) (7, 10, 13), total Hb (13), 
HbA2 (12), and even nonerythroid traits (i.e., monocyte and plate-
let counts) (5, 10). The genetic regulation of HbF levels is of par-
ticular therapeutic interest, as increased HbF levels significantly 
ameliorate disease severity of the 2 main β-hemoglobinopathies —  
β-thalassemias and sickle cell disease (16, 17) — which repre-
sent some of the most common human genetic disorders (18). 
Erythroid-trait associated SNPs (Table 1) reside within a 126-kb 
intergenic region between the HBS1L and MYB genes (Figure 1A). 
As originally reported in studies investigating the genetic basis of 
variation in HbF levels (4, 15), a small number of these SNPs were 
shown to display an especially strong association; these observa-
tions were largely confirmed for the other erythroid phenotypes 
investigated (7, 8, 10, 13). These SNPs are closely linked with 
each other and span a region of about 24 kb (originally termed 
HBS1L-MYB intergenic polymorphism block 2 [HMIP-2]) (4, 7, 11). 
Association of these HMIP-2 SNPs with the erythroid traits has 
been replicated and validated in populations from diverse ethnic 
backgrounds (6–8, 10). Despite extensive genetic evidence, a clear 
mechanistic basis for the association between the intergenic SNPs 
and erythroid biology has remained elusive, although the 2 flank-
ing genes (HBS1L and MYB) are candidate target genes (4, 19–22).

Whereas the function of HBS1L in red blood cell development is 
uncharacterized, the MYB gene (encoding the c-MYB transcription 
factor [TF]) is a key regulator of hematopoiesis and erythropoiesis 
(23, 24). c-MYB plays an essential role in controlling the erythroid 
cellular proliferation/differentiation balance (25) and regulates 
HbF levels through an undefined mechanism (19, 20). The func-
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tional importance of the intergenic region was first observed when 
transgene insertion within the murine Hbs1l-Myb intergenic region 
almost completely abolished Myb transcription and resulted in 
severe anemia (22). A recently reported follow-up investigation 
mapped the location of transgene insertion to the HMIP-2 orthol-
ogous region and showed elevated levels of embryonic globin 
genes in splenic erythroid cells of these transgenic mice (21), con-
firming the importance of the intergenic region for globin gene 
regulation in the mouse. We previously identified several distal 
regulatory elements in the mouse Hbs1l-Myb intergenic region that 
regulate Myb transcription by physically interacting with the Myb 
promoter and first intron in erythroid progenitors via chromatin 
looping (26, 27). In humans, microarray-based experiments have 
demonstrated the presence of erythroid-specific transcription and 
active histone modifications in this region (28). We therefore set 
out to characterize the regulatory potential of the human HBS1L-
MYB intergenic region in detail and to investigate the functional 
impact of the erythroid phenotype–associated variants.

Results
Regulatory activity at the human HBS1L-MYB intergenic region strictly 
correlates with MYB expression levels. Genome-wide data sets gener-
ated by the ENCODE consortium (29) were inspected to explore 
gene expression and intergenic regulatory potential within the 
HBS1L-MYB region for a number of cell lines representing a vari-
ety of tissues. This showed that high-level MYB expression was 
restricted to hematopoietic cells (erythroid K562 and lymphoid 
GM12878 cells), while HBS1L was expressed at similar levels 
in all cell types (Figure 1B and Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI71520DS1), confirming previous observations (28). Next, 
intergenic regulatory activity was assessed using a combination 
of genome-wide histone modification, DNaseI hypersensitivity, 
and genomic footprinting data sets (30–32). A strong positive cor-
relation between MYB expression levels and intergenic regulatory 
activity emerged (Figure 1, B and C, and Supplemental Figure 1). 
In erythroid K562 cells, which express the highest levels of MYB, 
the intergenic interval contains numerous enhancer chromatin 
signatures. Lymphoid Gm12878 cells expressing lower levels of 
MYB display fewer areas of regulatory activity. Finally, cell types 
not expressing MYB (i.e., HUVEC, NHEK, HepG2) display hetero-
chromatinized or polycomb-repressed intergenic regions with an 
absence of DNAseI-hypersensitivity while still expressing HBS1L at 

high levels (Figure 1, B and C, and Supplemental Figure 1). These 
observations suggest that the HBS1L-MYB intergenic region is 
likely to contain MYB-specific regulatory elements.

Erythroid TF complexes occupy regulatory sequences in the HBS1L-MYB 
intergenic region and are required for MYB expression. To identify reg-
ulatory elements controlling MYB expression more precisely, we 
profiled chromatin occupancy of the key erythroid LDB1 TF com-
plex (33) in primary human erythroid progenitors (HEPs) using 
ChIP coupled to high-throughput sequencing (ChIP-Seq) and 
quantitative PCR (ChIP-qPCR). We detected an intergenic cluster 
containing 7 binding sites for the LDB1 complex, characterized by 
strong binding and co-occupancy of core complex proteins LDB1, 
GATA1, TAL1, and ETO2 (Figure 2, A and B, marked by their dis-
tance from the MYB transcriptional start site (TSS). Furthermore, 
we found one of these sites to be co-occupied by the erythroid-
specific TF KLF1 (Figure 2C), a protein that was found to bind the 
murine intergenic region (26, 34). These TFs are critical regulators 
of erythroid development (33, 35, 36), are positive regulators of 
murine Myb expression (26), and have been implicated in estab-
lishing long-range promoter-enhancer communication (37–40).

The emerging TF-binding profile is reminiscent of the one 
observed in mouse erythroid cells (26). When LDB1 ChIP-Seq 
profiles from mouse and HEPs were compared, a core region of 4 
highly conserved binding sites emerged, which included the single 
LDB1/KLF1 co-occupied site 84 kb upstream of the MYB TSS (Fig-
ure 2D). Interestingly, as previously observed in mouse erythroid 
cells (26), these 4 conserved core sites (at positions –87, –84, –71 
and –63) displayed strong enhancer signatures (41) in K562 and 
HEPs (Figure 3, A–C, Supplemental Figure 2). Furthermore, sever-
al of these putative regulatory elements showed enhancer activity 
in luciferase reporter assays (Figure 3D). These data suggest that 
the HBS1L-MYB intergenic interval contains enhancer elements 
bound by erythroid TFs.

Depletion of LDB1, TAL1 and KLF1 in K562 cells using RNA 
interference (RNAi) resulted in a specific downregulation of MYB 
expression while leaving HBS1L levels unaffected (Figure 3, E and F),  
demonstrating that the erythroid TFs occupying the intergenic 
enhancers are required for MYB expression.

Intergenic TF-bound regulatory elements spatially cluster around the 
MYB gene in primary erythroid cells. To test whether the intergenic 
regulatory elements indeed act as long-range enhancers to regulate 
MYB in primary human cells, we analyzed the in vivo 3D chromatin 
structure of the locus using chromosome conformation capture 
(3C) coupled to high-throughput sequencing (3C-Seq) (42). We 
also profiled CTCF occupancy within the locus, a protein known 
to be important for chromatin looping (43, 44) that has recently 
been implicated in regulating Myb expression in mouse erythroid 
cells (26). Several strong chromatin coassociations between the 
MYB promoter and intergenic sequences were detected, almost all 
of which correlated with TF-binding events (Figure 4A). Impor-
tantly, the highest interaction density was observed within the 
conserved core region, further strengthening the importance of 
the TF-bound regulatory elements within this region. Performing 
3C-Seq using the –84 LDB1 complex/KLF1–binding site as a view-
point produced a similar pattern of long-range chromatin interac-
tions within the intergenic region and around the MYB promoter 
(Figure 4A). 3C-qPCR analysis on HEP and K562 cells confirmed 
the nuclear proximity between MYB, the –84 regulatory element, 
and a CTCF site in between (Figure 4B and Supplemental Figure 3),  
which was not observed in cells expressing very low levels of MYB 

Table 1
Human erythroid phenotypes associated with HBS1L-MYB  
intergenic variants

Erythroid phenotype References 
Hb 13
MCH 5, 7, 10, 13
MCHC 7, 10, 13
MCV 5, 7, 8, 10, 13
PCV/Hct 7, 10, 13
RBC 5, 7, 8, 10, 13
HbF 4, 6, 9, 11, 14, 15
HbA2 12

Only variants with P < 10–8 (99 in total) were selected for further study. 
MCH, mean cell hemoglobin; MCHC, Mean cell hemoglobin concentra-
tion; Hct, hematocrit.
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(HeLa, Figure 4, B and C) Thus, in vivo, the intergenic regulatory 
elements cluster in the nuclear space and are involved in long-
range interactions with the active MYB gene.

Common variants modulating human erythroid traits colocalize with 
TF-bound intergenic regulatory elements. Next, we set out to compare 
the locations of the TF-bound regulatory sequences with those 
of the SNPs reported to be associated with erythroid phenotypes. 

This trait-associated variation involves more than 100 SNPs and 
small deletions spanning the entire interval between HBS1L and 
MYB (Figure 5). The locus was first identified as associated with 
HbF persistence (4). It was subsequently shown (5, 7, 8, 13) that 
an analogous pattern of association exists with routine diagnostic 
hematological parameters, especially MCV, MCH, and RBC, but 
also other erythroid and hematological nonerythroid parameters. 

Figure 1
The erythroid/hematopoietic-specific regulatory signature of the HBS1L-MYB intergenic region associated with HbF levels and other human 
erythroid traits. (A) Intergenic SNPs associated (P < 10–8) with different erythroid phenotypes (listed in Table 1) as reported by published GWAS 
(Table 1) are plotted below the HBS1L-MYB locus. (B) Locus-wide expression, DNaseI hypersensitivity, and enhancer chromatin signature data 
for 4 different cell types representing erythrocytes (K562), lymphocytes (Gm12878), endothelial cells (HUVEC) and keratinocytes (NHEK). The 
y axis represents sequence tag density. (C) Locus-wide digital genomic footprinting data shown for an erythroid cell line (K562) expressing both 
MYB and HBS1L (HBS1L pos/MYB pos) and for a liver cell line (HepG2) expressing only HBS1L (HBS1L pos/MYB neg). The y axis represents 
sequence tag density. Genome-wide data sets were obtained from the ENCODE consortium and accessed through the UCSC Genome Browser 
(http://genome.ucsc.edu/). DNaseI-HS, DNaseI hypersensitivity.
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A distinct small subset of these variants is set apart by their par-
ticularly strong association with these traits and with each other 
(linkage disequilibrium [LD]) in individuals of European and 
Asian descent. This LD block of SNPs (termed HMIP-2; ref. 4) is 
distributed over a physical area of 24 kb (Figure 5).

From published GWAS (Table 1), we identified 17 common 
HMIP-2 variants (15 SNPs and a 3-bp deletion/SNP combina-
tion, detailed in Methods) that showed an exceptionally strong 
genetic association across the erythroid traits. These 17 vari-
ants, or a subset of them, are most likely functionally involved in 
modulating erythroid biology. We subsequently investigated the 
physical and functional relationship of these candidate variants 
to key sequences of TF-binding and regulatory activity within the 
HBS1L-MYB intergenic interval.

Strikingly, the sequence area spanned by our candidate variants 
(analogous to the HMIP-2 block) is largely identical to the con-
served core region containing the TF-bound regulatory elements 
(Figure 5). Of our 17 candidate variants, 5 were located within 

sequences showing both enhancer signatures and protein-binding 
features (Figures 2, 3, and 5). Four of these 5 variants are positioned 
directly under LDB1 complex ChIP-Seq peaks: 2 are located within 
the –84 LDB1 complex/KLF1–binding site (rs66650371, a 3-bp 
deletion and rs7775698, a SNP located inside its nondeleted allele) 
and 2 within the highly enriched –71 LDB1 complex binding site 
(SNPs rs6920211 and rs9494142) (Figure 5). Both these conserved 
TF-binding sites displayed typical active enhancer signatures (Fig-
ures 2 and 3) and showed high-interaction frequencies with the 
MYB gene in 3C assays (Figures 4 and 5). The 2 overlapping variants 
at the center of the –84 LDB1 complex–binding site (rs66650371/
rs7775698) are located in the immediate vicinity of a TAL1 and 
GATA1 motif, as noted before (11). In individuals of European 
descent, these 2 polymorphisms are in complete LD (4) and there-
fore the association cannot be distinguished. Observations in indi-
viduals of African descent showed that of the 2 variants, the 3-bp 
deletion is the actual associated one (ref. 11 and discussed below). 
Additionally, one of the SNPs in the –71 binding site (rs9494142) 

Figure 2
The HBS1L-MYB intergenic region contains regulatory elements bound by erythroid TFs. (A) LDB1 ChIP-Seq data from primary HEPs. LDB1 
peaks were marked by their distance to the MYB TSS. (B and C) ChIP-qPCR data (HEPs) showing enrichment (n = 3) for LDB1 complex mem-
bers (B) and KLF1 (C) at the intergenic binding sites. IgG serum was used as control (IgG); the HBG1/2 promoter for normalization. (D) Compari-
son of mouse and human LDB1 ChIP-Seq data from erythroid progenitors. Binding sites not conserved are marked (*). The region containing the 
4 conserved sites (conserved core) is highlighted in purple. Error bars display SEM. FL E13.5, 13.5 dpc fetal liver erythroid progenitors.
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is located directly adjacent to a GATA1 motif. These observations 
suggest that the variants falling in these regions may affect long-
range MYB regulation and through this mechanism exert their 
influence on human erythroid blood parameters.

In individuals of African descent, the link between the HMIP-2 
variants is less rigid, and the block breaks down into 2 independent-
ly associated groups of variants (6). Interestingly, the “upstream” 
group is located at and immediately next to the –84 LDB1 complex–
binding site (including rs9399137 and the rs66650371 3-bp dele-
tion, while the overlapping rs7775698 SNP is not associated with 
erythroid traits). The “downstream” HMIP-2 association signal in 
African-descended populations was found to be strongest in the 

middle of the conserved region of regulatory elements (rs4895441 
and rs9402686; refs. 6, 9), but extended across the region to include 
the –71 LDB1 complex–binding site with SNPs rs6920211 and 
rs9494142 (S. Menzel et al., unpublished observations).

rs66650371 affects TF binding, enhancer activity, and promoter-enhancer  
communication in erythroid cells. To begin probing the functional 
impact of one of the most prominent variants, the rs66650371 
3-bp deletion (Figure 5 and ref. 11), we designed allele-specific 
assays (see Methods and Supplemental Figure 4) using K562 
cells, which are heterozygous for this –84 variant (Supplemental 
Figure 4A and ref. 11), but not informative for rs9494142 (data 
not shown). First, using allele-specific ChIP, we observed dimin-

Figure 3
Erythroid TFs bind intergenic enhancer regions and are required for MYB expression. (A) Alignment of LDB1-binding sites (HEPs) to enhancer 
chromatin signature, DNaseI-HS, and footprinting data from erythroid (K562) and endothelial (HUVEC) cell lines. (B) Table summarizing the 
comparison between LDB1 sites (HEPs) and enhancer marks (K562). Arrowheads denote conserved sites with highly enriched enhancer signa-
tures. (C) H3K27 acetylation as measured by ChIP-qPCR in HEPs for indicated LDB1-binding sites (n = 2). Enrichments were corrected for total 
H3 levels and normalized to the AMY2A promoter (AMY prom.). (D) Luciferase reporter assays in MEL cells measuring (n = 3) enhancer activity 
of the –84-kb and –71-kb elements. Promoter activity without enhancer (empty) was set to 1. (E and F) Gene expression analysis (n = 3) on K562 
cells depleted for the indicated TFs by RNAi. A scrambled shRNA was used as control (Ctrl). Error bars display SEM.
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ished (25%–50%) binding of LDB1, GATA1, TAL1, and KLF1 to 
the rs66650371 allele carrying the deletion (as compared with the 
nondeleted reference allele, Figure 6A), showing that rs66650371 
affects local TF binding. Allele-specific mapping of K562 TAL1 
ChIP-Seq reads further confirmed the detrimental effect of this 
3-bp deletion on TF binding (Figure 6B). Second, using an allele-
specific 3C analysis (see Methods and Supplemental Figure 4), we 
showed reduced interactions between the rs66650371-deleted –84 
allele and MYB compared with the nondeleted –84 allele (Figure 
6C). Finally, we measured the impact of the rs66650371 deletion 
on –84 enhancer activity in erythroid (murine erythroleukemia 
[MEL]) and nonerythroid (human embryonic kidney [HEK]) cells 

using luciferase reporter assays. In MEL cells, a significant reduc-
tion in promoter activation was observed when the rs66650371 
minor allele was present in the –84 enhancer element (Figure 6D). 
In contrast, the –84 region did not show any enhancer activity in 
HEK cells, regardless of which rs66650371 allele was present (Fig-
ure 6D). Together, these results suggest that the minor allele of 
a highly associated intergenic variant negatively affects enhancer 
function and MYB regulation in erythroid cells.

Trait-associated intergenic variants affect TF binding, chromatin loop-
ing, and MYB expression in humans. To validate and further expand 
our observations made in erythroid cell lines, we obtained pri-
mary erythroid cells from high HbF individuals homozygous for 

Figure 4
3C analysis of the HBS1L-MYB locus reveals long-range interactions between intergenic elements and the MYB gene. (A) 3C-Seq analysis 
performed on primary HEPs from 3 different donors using the MYB promoter (green bar) or the –84 regulatory element (blue bar) as a viewpoint 
(VP). LDB1 and CTCF ChIP-Seq results from primary HEPs and gene locations are shown at the top. Gray shading highlights regions of coincid-
ing protein binding and chromatin looping. The y axis represents relative crosslinking frequencies per BglII fragment as measured by sequence 
tag density. (B) 3C-qPCR experiments on primary HEPs (red, n = 5) and HeLa cells (gray, n = 3) using the same viewpoints as in A. The locus 
is plotted on top, with the different 3C restriction fragments (BglII) used for PCR indicated. A schematic depicting the location of the primers on 
the chosen restriction fragments is shown. Interaction frequencies between 2 fragments within the ERCC3 locus were used for normalization. 
(C) Gene expression analysis (n = 3) of MYB transcript levels in the different cell types used for the 3C analysis. ACTB levels were used for 
normalization. Error bars display SEM.
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all minor alleles of the phenotype-associated HMIP-2 block (SNP/
SNP, containing the –84-kb and –71-kb intergenic variants in the 
conserved core), and normal HbF individuals homozygous for 
the absence of the phenotype-associated HMIP-2 variants (WT/
WT). Cells cultured ex vivo from SNP/SNP individuals showed 
consistently lower MYB levels throughout phase II of the cul-
ture as compared with WT/WT control cells (37% lower MYB on 
average; Figure 7A). To further strengthen the observed negative 
correlation between the presence of the enhancer variants and 
MYB expression, we measured MYB expression in HEPs from a 
larger cohort of healthy individuals with different genotypes (4 
SNP/SNP, 9 WT/SNP, and 8 WT/WT; Figure 7B). Linear regres-
sion analysis revealed a highly significant correlation between 
the presence of the variants and reduced MYB levels (P = 0.005, 
allelic effect size = –0.113). Moreover, we observed accelerated 

differentiation kinetics in late-stage SNP/SNP cultures as well 
as an increased percentage of CD14+ monocytes (Supplemental 
Figure 5). This is in agreement with the phenotype observed in 
HEPs depleted for MYB by RNAi (20). ChIP experiments carried 
out in primary erythroid progenitors harvested at day 7 showed 
reduced binding of GATA1 and KLF1 at the –84 and –71 regula-
tory elements (containing the associated variants) in SNP/SNP 
compared with WT/WT individuals (Figure 7C). Similar results 
were obtained using erythroid progenitors harvested at later 
stages of differentiation (i.e., day 11; Supplemental Figure 6 and 
data not shown). Because of the reduced cell numbers (data not 
shown), reduced intergenic TF enrichments (Supplemental Fig-
ure 6A), and accelerated differentiation of SNP/SNP cultures 
(Supplemental Figure 5), we decided to perform further experi-
ments on cells harvested at day 7. Allele-specific ChIP assays using 

Figure 5
Intergenic polymorphisms associated with HbF and other erythroid parameters localize to the intergenic regulatory elements. All published 
intergenic SNPs associated with human erythroid traits (P < 10–8; blue) and the most highly associated (P < 10–65 and 3 or more major erythroid 
parameters [%HbF, MCV, MCH and RBC]; red) variants are shown directly under MYB and HBS1L gene locations. Below, a zoom-in picture of the 
LDB1 binding-site cluster and its regulatory signature is further compared with the location of the conserved core (gray), HMIP-2 block (dark blue) 
and the 17 highly associated candidate SNPs. Chromatin looping with the MYB promoter (Figure 4A) is depicted on a white (no interaction) to red 
(strong interaction) color gradient. Two additional zoom-in pictures display the locations of the SNPs relative to the TF-binding motifs (identified 
by JASPAR) within the –84 and –71 sites. Within the –84 element, rs66650371 is the actual associated variant (in red; see Results for details).
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SNaPshot analysis (45) showed reduced GATA1 binding to the 
minor rs9494142 C allele in erythroid cells cultured from healthy 
heterozygous donors (SNP/WT; Figure 7D), confirming the ChIP 
results on erythroid chromatin from HEPs of SNP/SNP and WT/
WT individuals. 3C-qPCR assays on cultured SNP/SNP and WT/
WT cells demonstrated diminished looping between the –84 ele-
ment and the MYB promoter in SNP/SNP individuals (Figure 7E). 
Finally, we determined whether the allele-specific effects observed 
at the regulatory elements resulted in an allelic imbalance of MYB 
transcripts. HEPs from several healthy unrelated individuals 
heterozygous for the –84 and –71 intergenic variants were used 
as test samples, while cells from individuals homozygous (WT/
WT and SNP/SNP) for the variants were used as controls. We uti-
lized the intronic rs210796 MYB variant (heterozygous in all test 
and control individuals) to assess allele-specific MYB expression 
levels. Transcript levels in HEPs heterozygous for the phenotype- 
associated variants indeed showed an allelic imbalance that was 
not observed in homozygous control cells, which showed a 1:1 
allelic ratio (Figure 7F). A correlation between allelic expression 
imbalance and the presence of the intergenic variants was not 
detected for HBS1L (data not shown), further confirming the spe-
cific effect of the intergenic variants on MYB regulation. Taken 
together, these data show that HBS1L-MYB intergenic variants 
affect MYB expression by reducing TF binding to its regulatory ele-
ments and disrupting long-range enhancer gene communication.

Discussion
Features of red blood cells, such as their number, size, and Hb con-
tent, are subtly different among healthy human individuals. Map-
ping of the underlying genetic variability has identified candidate 
genes and loci affecting iron metabolism, cytoskeleton function, 
globin regulation, and other critical processes controlling erythro-
poiesis and red cell function. However, direct mechanistic interpre-
tation of the effects of the identified variants is often obscured by 
their nongenic localization, implying that the majority of the asso-
ciated genetic variation affects noncoding regulatory sequences (3).  
Detailed investigations of these loci are thus required to fully 
understand the genetic basis of human trait variation and disease 
risk (46), as exemplified by the in-depth studies of GWAS-identi-
fied SNPs at the MYC (47, 48) and OCA2 (49) loci. Several GWAS 
(4–13) have identified a cluster of common variants in the inter-
val between HBS1L and MYB that modulate a broad spectrum of 
hematological traits, in particular erythroid phenotypes, suggest-
ing that this locus may have a key role in the regulation of eryth-
ropoiesis. However, molecular insight into how these intergenic 
polymorphisms could affect erythroid parameters remains elusive.

Here we have characterized the regulatory potential of the 
HBS1L-MYB intergenic region in detail and identified a cluster 
of erythroid-specific enhancers controlling the expression of 
MYB (Figures 1–4), a critical regulator of erythropoiesis (23, 25). 
Common variants affecting human erythroid traits were found 

Figure 6
rs66650371 affects protein binding, chromatin looping, and enhancer activity within the erythroid HBS1L-MYB locus. (A) Allele-specific ChIP 
experiments for the rs66650371 alleles in K562 cells heterozygous for this variant. Occupancy of rs66650371 (within the –84 element) by LDB1, 
GATA1, TAL1, and KLF1 was measured by ChIP-qPCR (n = 2, normalized against AMY2A promoter values), followed by an allele-specific 
read-out using MaeIII digestion (n = 2, see Methods and Supplemental Figure 4). Allelic abundance was expressed as a rs66650371 (minor)/
reference (major) ratio, which was set to 1 for genomic DNA (gDNA). A ratio of less than 1 is the result of a relative lower abundance of the 
rs66650371 minor allele in the ChIP samples. (B) TAL1 ChIP-Seq was performed in K562 cells, and sequence reads were mapped against the 
reference and rs66650371 (containing the minor 3-bp deletion allele) genomes. K562 input genomic DNA was PCR amplified (amplicon span-
ning rs66650371) and cloned into a plasmid; colonies were sequenced (n = 20). (C) Allele-specific quantification (n = 3) of chromatin looping 
between the –84 element and the MYB promoter in K562 cells. A long-range PCR approach was combined with an MaeIII digestion-based 
read-out for quantification (see Methods). (D) Luciferase reporter assays measuring enhancer activity of the reference (ref.) and rs66650371 
minor –84 enhancer alleles in erythroid (MEL) and nonerythroid (HEK) cells. Error bars display SEM. Statistical significance was determined 
using Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 7
Intergenic variants affect TF binding, chromatin looping, and MYB expression in primary HEPs. (A) HEPs from individuals homozygous for the 
minor allele of the phenotype-associated variants (HMIP-2 LD block variants; SNP/SNP) and WT control individuals (WT/WT) were cultured 
and assayed for MYB expression at indicated days (left: representative experiment, right: n = 4). (B) Correlation between intergenic genotype 
and MYB expression was determined using HEPs from 21 individuals (WT/WT, WT/SNP, and SNP/SNP intergenic genotypes; see Methods). 
Circle represents single data point considered to be an outlier. (C) ChIP-qPCR (n = 3) for GATA1/KLF1 using SNP/SNP and WT/WT HEPs. 
Enrichments were normalized to IgG and α-globin HS40 values (WT/WT set to 1). (D) Allele-specific measurement of GATA1 binding to 
rs9494142 (T/C) alleles using SNaPshot on heterozygous individuals (n = 4). rs9494142 C is the phenotype-associated minor allele. (C-allele 
set to 1). (E) Interaction frequencies between the –84 element and MYB promoter were measured (n = 5) using 3C-qPCR in SNP/SNP and 
WT/WT HEPs. (F) Allele-specific expression measured by SNaPshot in HEPs from individuals heterozygous (n = 5) or homozygous (n = 5) for 
the intergenic SNPs; rs210796 SNP (T/A) was used for quantification. (G) Proposed model explaining the effect of trait-associated intergenic 
SNPs on MYB regulation. Transcription factor-bound regulatory elements cluster around MYB to form an ACH, stimulating transcription (left). 
Intergenic SNPs reduce TF binding and chromatin looping, partially destabilizing the ACH and reducing MYB transcription (right). Lower MYB 
levels subsequently affect red cell traits. Error bars display SEM. Statistical significance was determined using linear regression analysis or 
Student’s t test. *P < 0.05; **P < 0.01.
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erythroid cells reported that cell-cycle progression was slower and 
accelerated differentiation kinetics were observed in later stages 
of erythroid development (19, 20, 61). In accordance with these 
results, ChIP-Seq experiments (29) detected c-Myb binding to key 
cell-cycle regulators (i.e., Bcl2, Cdk6, Myc) in murine erythroid pro-
genitors (Supplemental Figure 7B). Furthermore, several of these 
genes were found to be misregulated in an analysis of published 
MYB  loss-of-function studies (20, 21, 61) in HEPs (Supplemen-
tal Figure 7C). Accelerated differentiation in an environment of 
lower MYB levels could favor premature cell-cycle termination 
during the proliferation cycles of adult erythropoiesis, producing 
more erythroid cells that synthesize predominantly HbF (“F-cells”) 
before the switch to adult Hb synthesis occurs (Supplemental Fig-
ure 7D) (62). In this context, lower MYB levels will lead to lower 
RBC (resulting from the reduced number of proliferation cycles) 
and higher MCV as the erythrocytes are younger red cells (Supple-
mental Figure 7D) (5, 63); indeed, these traits are genetically asso-
ciated with the minor alleles of the intergenic SNPs (5).

Alternatively, recent studies suggest that the c-MYB TF plays an 
important role in the emerging TF network governing γ-globin 
expression, in which the BCL11A and KLF1 proteins play key repres-
sive roles (17, 64–67). Remarkably, we noticed that c-Myb in murine 
erythroid progenitors occupied the β-globin locus and many of the 
established γ-globin repressor genes, including Bcl11a and Klf1 (Sup-
plemental Figure 7A). Analysis of previous c-MYB loss-of-function 
studies (20, 21, 61) indeed showed that several of the c-Myb–bound 
γ-globin repressor genes (i.e., Bcl11a, Klf1) are downregulated upon 
MYB depletion (Supplemental Figure 7C). These observations sug-
gest that c-MYB directly activates key γ-globin repressor genes and 
thus fulfills an important role within the established molecular HbF 
repression mechanisms (Supplemental Figure 7D).

Direct targeting of TFs that regulate γ-globin expression to 
induce HbF production in adults has remained challenging, as 
conventional TFs not highly signal dependent (such as BCL11A 
or c-MYB) have been very difficult drug targets (68). However, the 
ongoing revolution in genome engineering methods (e.g., custom-
made zinc-finger or TALE-mediated targeting; ref. 69) has made it 
possible to specifically target genomic sites of interest. Two recent 
studies (70, 71) have provided examples of how to exploit genome-
editing technology to modulate gene expression by interfering with 
enhancer function. Such strategies could also be applied to the 
erythroid-specific MYB enhancers described in our current work. 
Targeted repression (or perhaps even deletion) of the –84 and/or 
–71 MYB enhancers could reduce MYB expression specifically in 
erythrocytes (analogous to the effect of the high-HbF–associated 
variants), resulting in elevated HbF levels. Although MYB is essen-
tial for proper erythroid development, moderately reduced MYB 
levels seem to be well tolerated by the erythroid system (19, 24, 72).

As elevated HbF levels ameliorate the severity of β-thalassemia 
and sickle cell anemia, induction of HbF in adults has been a major 
focus of research in the past decades (16, 17). Our work provides 
the essential mechanistic basis and enhancer characterization that 
are necessary for the potential future development of therapeutic 
strategies aimed at inducing HbF by reducing MYB levels via its 
intergenic regulatory elements.

Methods
Subjects and analyses of blood samples. A total of 50 healthy unrelated adults 
of diverse ethnic backgrounds were recruited as well as selected members 
of the Asian-Indian kindred (73). HbF levels were measured using high- 

to cluster close to or within the enhancers (Figure 5), where they 
disrupt enhancer activity through the attenuation of TF binding 
and enhancer-promoter looping, resulting in reduced MYB expres-
sion levels (Figures 6 and 7). These experiments provide what we 
believe is the first causal link among the intergenic variants, MYB 
regulation, and their influence on erythroid traits.

Regulatory control of the MYB gene in erythroid cells has thus 
far remained incompletely defined, although it involves regula-
tion via its proximal promoter region (50, 51) and microRNAs 
(20, 52, 53). Our experiments show that MYB is additionally con-
trolled distally by enhancer elements more than 80 kb upstream 
of its promoter, illustrating the high degree of regulatory com-
plexity that governs MYB expression. It has been postulated that 
enhancers cluster in the nuclear space to form active chromatin 
hubs (ACH) to stimulate target-gene transcription (54), a process 
likely to involve the concerted action of TFs. Our observations of 
in vivo clustering of enhancers around MYB suggest the presence 
of a MYB ACH (Figure 7G), similar to that observed in murine 
erythroid progenitors (26). Intergenic polymorphisms, through 
their detrimental effect on TF recruitment to the enhancers, 
could partially destabilize the MYB ACH, in turn resulting in 
decreased transcriptional output and a subsequent modulation 
of erythroid traits (Figure 7G).

The most significantly associated variants (Figure 5) cluster 
within a discrete 24-kb region that appears to function as an 
erythroid-specific long-range MYB enhancer. In this core regula-
tory region, 5 of the polymorphisms are located within 2 regula-
tory elements 84 and 71 kb upstream of the MYB TSS. There they 
alter nucleotides adjacent to or within E-Box/GATA TF binding 
motifs used to recruit the LDB1 complex (35, 55) and affect the 
spacing between these motifs. Spacing between TF-binding motifs 
within enhancer sequences has been reported to be a constraint 
for optimal binding (56, 57), and reduction of E-box/GATA motif 
spacing by the rs66650371 3-bp deletion in the –84 element could 
underlie the diminished TF binding and enhancer activity of the 
deleted rs66650371 allele (Figures 6 and 7). In addition, sequences  
flanking core binding motifs are known to be important for opti-
mal TF binding (57). For example, a stretch of A or T residues 
adjacent to core motifs was observed as a specificity determinant 
(57). The rs9494142 minor allele (C) disrupts a stretch of 3 A/T 
residues adjacent to the “TATC” core GATA1 motif, providing a 
possible explanation for the reduced observed GATA1 binding to 
the rs9494142 minor allele (Figure 7, C–D). Alternatively, the vari-
ants might affect TF binding indirectly, for example, through local 
changes in chromatin structure (58) or by creating a new TF-bind-
ing site that might affect LDB1 complex–binding through com-
petition (59). Even though the individual effects of the enhancer 
variants on TF binding and chromatin looping were modest, it is 
likely that several of the most significantly associated enhancer 
variants (which are in strong LD, i.e., rs66650371 and rs9494142) 
act in concert to cause the observed significant reduction in MYB 
expression levels (Figure 7B). Indeed, a recent study (60) showed 
that such an “additive enhancer variant mechanism” takes place 
at several other loci identified in GWAS.

Exactly how c-MYB controls HbF levels and the many other ery-
throid traits is not yet fully understood. A clear anticorrelation 
between MYB and HbF levels has emerged (19, 20), which was 
further confirmed by the reduced MYB expression we observed 
in erythroid cells from high HbF individuals (Figure 7A). Studies 
investigating the effects of lower MYB levels in mouse and human 
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Statistics. Statistical significance was determined using an unpaired, 
2-tailed Student’s t test unless stated otherwise. Linear regression analysis 
was performed using SPSS Statistics software (IBM), including an ANOVA 
test for statistical significance. MYB expression measurements used for 
regression analysis were performed in 2 batches, and the systematic dif-
ferences between them were corrected for in the statistical analysis (and in 
Figure 7B). P < 0.05 was considered significant.

Study approval. Investigations using human blood samples conformed 
to the principles outlined in the Helsinki Declaration of the World Medi-
cal Association. Written informed consent was received from participants 
prior to inclusion in the study. This study was approved by the Local Ethical 
Committee (LREC no 10/H0808/035) of King’s College Hospital, London.
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performance liquid chromatography (BioRad Variant; BioRad) and F cells as 
previously described (19), using blood in EDTA. Genomic DNA was isolated 
from peripheral blood of these individuals and genotyped for the relevant 
HBS1L-MYB intergenic variants and for the intronic rs210796 SNP on chro-
mosome 6q23. Individuals with the appropriate intergenic and MYB intron 
4 genotypes were selected for culture studies. HEPs were cultured from 21 
individuals with certain combinations of the trait-associated HBS1L-MYB 
intergenic variants (8 homozygous for the reference alleles WT/WT, 9 
heterozygous WT/SNP, and 4 homozygous for the minor alleles SNP/SNP), 
as appropriate for allele-specific ChIP and allele-specific expression studies.

Cell culture. HEPs were cultured from buffy coats or whole blood in EDTA 
(as previously described; refs. 19, 74) using a 2-phase culture system. K562, 
MEL, HEK, and HeLa cells were maintained in DMEM supplemented with 
10% fetal calf serum and penicillin/streptomycin. Cells were counted with 
an electronic cell counter (CASY-1; Schärfe System).

ENCODE and expression microarray data mining. A detailed description of 
ENCODE project and expression microarray data mining can be found in 
the Supplemental Methods.

Intergenic SNP selection and TF motif prediction. HBS1L-MYB intergenic com-
mon DNA variants associated with erythroid traits (Figure 1) were identi-
fied from published data (Table 1). A more detailed analysis of SNP selec-
tion and TF motif prediction can be found in the Supplemental Methods.

ChIP and ChIP-Seq. ChIP experiments were carried out according to pro-
cedures described before (35). Antibodies used have been described before 
(26). KLF1 antibody was provided by Sjaak Philipsen (Department of Cell 
Biology, Erasmus Medical Centre). High-throughput sequencing of ChIP 
DNA libraries was performed on the Illumina GAII or HiSeq2000 plat-
forms and analyzed using the NARWHAL (75) pipeline. Data were visual-
ized using a local mirror of the UCSC genome browser (hg18).

Luciferase reporter assays, RNAi, and gene-expression analysis. Details on 
reporter assays, RNAi, and expression analysis can be found in the Supple-
mental Methods. Primer sequences can be found in Supplemental Table 1.

3C and 3C-Seq. 3C and 3C-Seq experiments were essentially carried out 
as described (26, 42). For all experiments, BglII was used as the primary 
restriction enzyme. See Supplemental Methods for additional information 
on data normalization. For 3C-Seq library preparations, we used NlaIII as 
a secondary restriction enzyme. Initial 3C-Seq data processing was per-
formed as described elsewhere (42). Detailed analysis and visualization 
was carried out using r3Cseq software (76). Primer sequences can be found  
in Supplemental Table 1.

Allele-specific ChIP, ChIP-Seq, 3C, and SNaPshot analysis. Allele-specific ChIP, 
ChIP-Seq, 3C, and SNaPshot strategies are further described in the Supple-
mental Methods. Primer sequences can be found in Supplemental Table 1.

FACS analysis. FACS analysis was performed as previously described (19).
Accession codes. ChIP-Seq and 3C-Seq data sets were deposited in the GEO 

repository (GSE52637).
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