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DNA sequence variation has been associated with quantitative changes in molecular phenotypes
such as gene expression, but its impact on chromatin states is poorly characterized. To understand
the interplay between chromatin and genetic control of gene regulation, we quantified allelic
variability in transcription factor binding, histone modifications, and gene expression within
humans. We found abundant allelic specificity in chromatin and extensive local, short-range, and
long-range allelic coordination among the studied molecular phenotypes. We observed genetic
influence on most of these phenotypes, with histone modifications exhibiting strong context-dependent
behavior. Our results implicate transcription factors as primary mediators of sequence-specific regulation
of gene expression programs, with histone modifications frequently reflecting the primary
regulatory event.

Functional genomic elements have been linked
to specific chromatin signatures in different
cell types (1), illustrating control of transcrip-

tional processes through multiple layers of genome
organization. Although allele-specific gene ex-
pression is widespread (2), it has been difficult to
pinpoint the upstream cis-regulatory variants and
how they affect chromatin states. We performed
chromatin immunoprecipitation (ChIP) of five
histone posttranslational modifications (hPTMs)
(H3K4me1, H3K4me3, H3K27ac, H3K27me3,
and H4K20me1), three transcription factors (TFs)
(TFIIB, PU.1, and MYC), and the second largest
RNA polymerase II subunit RPB2 (POLR2B)
(fig. S1) in lymphoblastoid cell lines (LCLs) de-
rived from two parent-offspring trios (3). A subset
of the ChIP assays was also performed in eight ad-
ditional unrelated individuals. We further profiled
one of the trios with global run-on sequencing
(GRO-seq ), which measures nascent transcription
at all transcribed regions (fig. S2), and examined
available deoxyribonuclease I (DNase I)–seq and

CCCTC-binding factor (CTCF) ChIP-seq data
(4). All 14 individuals were additionally pro-
filed for mRNA expression (5). Clustering of the
molecular phenotypes along promoters and en-
hancers was consistent with published reports (1)
(figs. S3 to S5).

We identified sites of allele-specific (AS) TF
binding, hPTM, and transcription for all assays
(5), ranging from 11 to 12% for TFs (4, 6) to 6 to
30% for hPTMs at heterozygous sites accessible
for the analysis (median across all individuals)
(Fig. 1A and fig. S6). Notably, in the two trios,
fewerAS effectswere observed inmRNA (mRNA-
seq, 5%) than in nascent transcripts (GRO-seq,
27 to 28%) (5), likely reflecting posttranscriptional
modifications.

Multiple heterozygous single-nucleotide poly-
morphisms (SNPs) overlapping regions of TF
activity showed high consistency in allelic direc-
tion within individuals (Fig. 1B and fig. S7, A
and B). Allelic consistency in nascent transcripts
and histone modifications was high even with
sites several kilobases apart and decreased with
genomic distance (logistic regression, P < 0.05;
fig. S7C). The strongest AS effects were enriched
at promoters, whereas the allelic signals of marks
of enhancer activity (PU.1, H3K4me1, H3K27ac)
or heterochromatin (H3K27me3) showed a more
dispersed distribution (fig. S8). We also analyzed
all accessible heterozygous SNPs overlapping known
expression quantitative trait loci (eQTLs) from the
1000 Genomes phase 1 populations (5, 7) and ob-
served an enrichment of allelic bias at eQTLs
relative to non-eQTLs for TFs (P= 0.016, Mann-
WhitneyU test) but not for hPTMs (fig. S9); this
finding suggests that a TF binding change is often
causal to the gene expression change.

Linking hPTM signatures with specific DNA
sequence features has proven difficult (8), but
for sequence-specific TFs it is possible to assess
whether the observed AS effects are due to motif-
disrupting variants (fig. S10). Categorization of
significant AS binding sites, with respect to pre-
dicted TF motifs, revealed three classes of bind-
ing SNPs (B-SNPs): B-SNPs located either within
(class I) or adjacent to (class II) predicted PU.1
and MYC consensus TF motifs, or B-SNPs in
motif-devoid peaks (class III). Class I sites were
enriched for B-SNPs relative to the other two
classes (fig. S11, A and B, for PU.1; fig. S12, A
and B, for MYC), which suggests that SNP-
mediated disruption of the TFmotif is likely causal
to the observed AS binding activity. However,
most TF AS binding events (70%, PU.1; 97%,
MYC) appear triggered through TF consensus
motif–independent mechanisms (figs. S11A and
S12A) (6, 9). For example, allelic binding coop-
erativity tests (5) revealed four additional motifs
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Fig. 1. Allele-specific (AS) activity within transcriptional and chromatin layers. (A) Propor-
tion of accessible heterozygous SNP sites showing significant AS activity (median across all in-
dividuals, n = 3 to 14). (B) Consistency of allelic effects within genomic regions of TF binding and
histone modification. Bars represent the proportion of peaks with a consistent allelic direction at
two or more SNP sites.
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(NFKB1, POU2F2, PRDM1, and STAT2), located
proximal to the PU.1-bound site, that show covar-
iancewithASPU.1binding activity [false discovery
rate (FDR) = 5%; Fig. 2A and fig. S13] and col-
lectively explain another 7.5% of AS PU.1 binding
activity.

Despite a strong correlation between motif
score differences and AS binding (figs. S11C and
S12C; >90% expected direction), we observed
that the majority of motif-disrupting SNPs do not
show significant allelic effects (figs. S11A and
S12A). Therefore, we tested whether homotypic

TF motifs (i.e., multiple motifs for the same TF)
located within PU.1-bound regions might buffer
the effects of motif-disrupting SNPs (5, 10, 11)
and found that TF-bound regions with homotypic
motifs exhibit fewer allelic effects (41% versus
25%; P = 0.0087, Mann-Whitney U test). In ad-
dition, the impact of SNPs on TF motifs scales
with the likelihood of observing significant AS
effects (Fig. 2B and fig. S12D), but this trend is
not significant if a second, unaffected homotypic
TF motif is located nearby (Fig. 2B and fig.
S11D). These results suggest that homotypic mo-
tif clusters buffer the effect of genetic variation
over several similar binding sites.

We investigated the genetic component of
allele-specific chromatin and binding signals by
(i) comparing the direction of allelic bias at shared
significant AS sites across 10 unrelated individ-
uals (Fig. 3A), and (ii) testing for transmission
of allelic effects from parents to children (Fig. 3B
and fig. S17) (4). Allelic directions at shared sig-
nificant AS sites in the unrelated individuals were
significantly correlated (P < 0.05, Spearman cor-
relation; fig. S16A), with mRNA showing the
highest degree of consistency in allelic directions
between individuals, followed by TF binding
and histone modification, respectively (Fig. 3A
and figs. S14 to S16). We observed evidence of
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Fig. 3. Genetic component of allele-specific tran-
scriptional and chromatin activity. (A) Distribution
of pairwise correlation coefficients of significant AS
sites between all unrelated individuals of European
origin (CEU, n = 10) for each molecular phenotype.
Correlation of the reference allele ratio at shared sig-
nificant AS SNP sites was calculated using Spearman
rank correlation. (B to D) Correlation of the paternal
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and the child has a significant allelic effect. (B) Examples
of transmitted PU.1 andH3K27ac SNP sites. (C) Genome-
wide transmission results. GRO-seq signal was analyzed
separately for each strand (filled and empty points,
forward and reverse strand, respectively; P value represents
combined data). (D) Transmission results of H3K4me1
and H3K27ac near dsQTLs (T1 kb window around the
dsQTL).
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significant parental transmission with all three
regulatory TFs (r = 0.44 to 0.75, P ≤ 0.02,
Spearman correlation; Fig. 3C and fig. S17), con-
sistent with their strong sequence dependence
(4, 6). For hPTMs, evidence of transmission was
detected for the active histone marks H3K4me1,
H3K4me3, and H3K27ac (r = 0.12 to 0.21; P ≤
0.02), but their level of transmission was lower
than for TFs. Transmission signals for mRNA
levels and nascent transcription were significant
and comparable to TFs (r = 0.46 and 0.50; P =
0.0008 and P = 1.3 × 10–7, respectively). We
observed only weak transmission for POLR2B
(fig. S17), possibly due to the distinct activity
states of the polymerase (12). We determined the
genetic control of the transmission signal of his-
tone marks at known eQTLs (7) and DNase I
sensitivity QTLs (dsQTLs) (13), respectively, be-
cause the former are enriched within TF bind-
ing sites (13). Transmission of the active marks
H3K4me1, H3K4me3, and H3K27ac was stron-
ger near eQTLs and dsQTLs (r = 0.31 to 0.57)
than genome-wide (Fig. 3D and fig. S20), which
suggests that the transmission behavior of the
overall chromatin state depends on the properties
of the underlying sequence. Collectively, these
findings indicate coordinated and genetically driv-
en changes between TF binding and histone mod-
ifications, and suggest that TFs are the primary
determinants of regulatory interactions (14–16).

To further assess the extent of allelic coordi-
nation (AC) between distinct genomic regulatory
layers, we calculated the correlation between AS
effects across pairs of molecular phenotypes (fig.
S21). We observed that each testable phenotype

exhibits significant correlation in allelic ratios
with one or multiple phenotypes (Spearman cor-
relation, P < 0.05). The majority of AC events
reflect relationships between distinct regulatory
layers that have also been observed quantitatively
[e.g., POLR2B-H3K4me3 at promoters (1, 17, 18);
GRO-seq–H3K4me1–H3K27ac at putative en-
hancers (19)] (Fig. 4A and fig. S21). These results
support a strong allelic (i.e., local) interconnectivity
among regulatory and general TFs, histone mod-
ifications, and transcription.

eQTLs are often located distal to their target
genes (20), indicating that allelic signals within
regulatory layers might extend over short and long
distances. We examined haplotypic coordination
(HC)—defined as long-range coordination in al-
lelic direction on the same chromosome—of AS
effects at nonoverlapping heterozygous sites (5)
(Fig. 4B and fig. S21), and found that every TF
and histone mark exhibits HC with one or more
regulatory layer(s) around genes and their flank-
ing regions (fig. S21; Spearman correlation, P <
0.05). The degree of coordination varied between
regulatory layers, ranging from –0.24 (GRO-seq–
CTCF; P = 0.03) to 0.64 (MYC-mRNA; P = 2.9 ×
10–8). The majority (>90%) of significant HC
events were positive; that is, the allelic bias co-
occurred on the same haplotype (Fig. 4B and fig.
S21). For 25% of assay pairs tested, the strength
of HC was significantly correlated with the ge-
nomic distance between SNP pairs (logistic regres-
sion, P < 0.05; odds ratio = 0.19 to 2.2) (fig. S22).
For example, the enhancer-associated histone
marks H3K4me1 and H3K27ac showed allelic
consistency up to 200 kbwith the TF PU.1. Thus,

a single or few variant(s) likely trigger long-
distance allelic effects over many of the regu-
latory layers acting on a genomic region.

Our work has revealed abundant allele-specific
activity across all regulatory layers. Parental trans-
mission of the allelic effects suggests that DNA
sequence variations affecting transcription, TF
binding, and histone modifications are largely
transmitted from parents to children, with allelic
histone effects showing more context-dependent
behavior compared to TFs. Coordinated allelic and
haplotypic behavior at different functional ele-
ments of the genome suggest that TF binding,
histone modifications, and transcription operate
within the same allelic framework. This is con-
sistent with the fact that a few TFs can induce cel-
lular reprogramming and massive changes in the
chromatin landscape (21), and that the mainte-
nance of a transcription-permissive environment
and transcriptional memory are independent of
histone modifications (22). Both histone mod-
ifications and TF binding are under genetic con-
trol, but histone modifications are more prone to
stochastic, possibly transient effects and likely
reflect (23), rather than define, coordinated regu-
latory interactions.
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Identification of Genetic Variants
That Affect Histone Modifications
in Human Cells
Graham McVicker,1,2* Bryce van de Geijn,1,3* Jacob F. Degner,1,3 Carolyn E. Cain,1

Nicholas E. Banovich,1 Anil Raj,1,4 Noah Lewellen,2 Marsha Myrthil,2

Yoav Gilad,1† Jonathan K. Pritchard1,2,4,5†

Histone modifications are important markers of function and chromatin state, yet the DNA
sequence elements that direct them to specific genomic locations are poorly understood. Here,
we identify hundreds of quantitative trait loci, genome-wide, that affect histone modification or
RNA polymerase II (Pol II) occupancy in Yoruba lymphoblastoid cell lines (LCLs). In many cases,
the same variant is associated with quantitative changes in multiple histone marks and Pol II, as
well as in deoxyribonuclease I sensitivity and nucleosome positioning. Transcription factor binding
site polymorphisms are correlated overall with differences in local histone modification, and
we identify specific transcription factors whose binding leads to histone modification in LCLs.
Furthermore, variants that affect chromatin at distal regulatory sites frequently also direct
changes in chromatin and gene expression at associated promoters.

Variation at noncoding regulatory sequences
contributes to the genetics of complex
traits (1–3), yet we still have limited under-

standing of the primary mechanisms by which
they act. One possibility is that regulatory var-
iants affect histone modifications that have down-
stream consequences on chromatin remodeling
or transcription (4). There are many possible post-
translationalmodifications of histones (i.e., “histone
marks”) (4), and sets of these co-occur in distinct
chromatin states (5–9), are associated with func-
tional elements (2, 10, 11), and are sensitive in-
dicators of changes in gene regulation (9, 12).
However, we still do not know whether histone
modifications are generally a cause or a conse-
quence of gene regulation or which DNA elements
direct cell type−appropriate histone marking
(7, 13). Thus, studies of genetic variants that dis-
rupt transcription factor binding sites (TFBSs)
may illuminate whether histone modifications
enable transcription factor binding or whether the
binding of transcription factors results in histone
modification.

We performed chromatin immunoprecipitation
followed by sequencing (ChIP-seq) for RNA poly-
merase II (Pol II) and four posttranslational modi-
fications of histone H3 (H3K4me1, H3K4me3,
H3K27ac, and H3K27me3) in 10 unrelated Yoruba
lymphoblastoid cell lines (LCLs). H3K4me3
(trimethylation of lysine 4) is primarily asso-
ciated with active promoters; H3K4me1 (mono-
methylation of lysine 4) is associated with active
chromatin outside of promoters (e.g., enhancers);
H3K27ac (acetylation of lysine 27) is associated
with both active promoters and enhancers (6, 14);
and H3K27me3 (trimethylation of lysine 27) is
associated with silencing by the polycomb re-
pressive complex 2 (PRC2) (15, 16). Wemapped
the ChIP-seq reads to the human genome, con-
trolling for mapping biases introduced by poly-
morphic sites (17). Comparisons with ENCODE
(1) showed consistent distributions of each mark
(fig. S1).

To identify genetic associations with histone
marks and Pol II, we developed a “combined hap-
lotype test” that uses both read depth and allelic
imbalance to enable mapping of cis–quantitative
trait loci (QTLs) with small sample sizes (17).
We applied the combined haplotype test to hun-
dreds of thousands of polymorphic sites with
sufficient read depth (i.e., sites within ChIP-seq
peaks) and identified more than 1200 histone
mark and Pol II QTLs at a false discovery rate
(FDR) of 20% (Fig. 1, A and B, and fig. S3). After
merging overlapping regions, we identified a to-
tal of 27 distinct QTLs for H3K4me1, 469 for

H3K4me3, 730 for H3K27ac, 118 for Pol II, and
2 for H3K27me3 (which tends not to fall into
strong peaks) (table S2). At an FDR threshold of
10%, we identified 582 distinct histone mark
and Pol II QTLs (table S2). In principle, some of
these signals might be due to imprinting (8) or
random allelic inactivation; however, several lines
of evidence indicate that most of the regions that
we identify are conventional QTLs (supplemen-
tary text).

Many of the histone mark QTLs overlap pre-
viously identified QTLs for deoxyribonuclease
(DNase I) sensitivity (denoted “dsQTLs”) (18).
DNase I sensitivity is an indicator of open chro-
matin, and DNase I hypersensitive sites (DHSs)
typically mark active regulatory regions that are
associated with active histone marks and tran-
scription factor binding (19). Indeed, we found
an enrichment of low P values when testing for
QTL associations with Pol II and all four histone
marks at dsQTLs, compared to the genome-wide
set of tested single-nucleotide polymorphisms
(SNPs) (Fig. 1, A and B, and fig. S3). Never-
theless, although most histone mark and Pol II
QTLs are within 1 kb of a DHS (table S5), many
are far from known dsQTLs (fig. S8). This sug-
gests that histone modifications may provide
more power to detect differences in chromatin
state beyond that of DNase I sensitivity.

We plotted aggregate ChIP-seq read depth
around DHSs associated with dsQTLs (Fig. 2),
grouping read counts according to whether an in-
dividual carries the genotype associated with high,
medium, or low sensitivity at a dsQTL. Most of
the dsQTLs lie outside promoters, and the aver-
age histone mark read depths at dsQTL DHSs fol-
low qualitative expectations for distal enhancers
(6), with higher levels of H3K4me1 and lower
levels of H3K4me3 and Pol II as compared to
promoters. High-sensitivity genotypes tend to have
reduced nucleosome occupancy within the DHS
(20); higher levels of transcription factor binding
(18); higher levels of the activemarks H3K4me1,
H3K4me3, and H3K27ac; and higher Pol II oc-
cupancy. The relation between DNase I and the
repressive mark H3K27me3 is more complicated,
as we find both positive and negative associa-
tions.We find no opposite-direction effects between
DNase I and either H3K4me1, H3K4me3, or
H3K27ac (fig. S5).

At expression QTLs (eQTLs) (21), we strat-
ified the samples by the genotype of the most
significant eQTL SNP and found overall patterns
similar to those at dsQTLs (Fig. 2). Individuals
who are homozygous for the high-expression
genotype generally have higher levels of DNase I
sensitivity, H3K4me3, H3K27ac, and Pol II
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