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Whole-genome maps of USF1 and USF2 binding
and histone H3 acetylation reveal new aspects
of promoter structure and candidate genes
for common human disorders
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for Bioinformatics, Uppsala University, SE-75185 Uppsala, Sweden; 3Affymetrix, Inc., Santa Clara, California 95051, USA;
4Interdisciplinary Centre for Mathematical and Computational Modelling, Warsaw University, 02-106 Warsaw, Poland

Transcription factors and histone modifications are crucial regulators of gene expression that mutually influence
each other. We present the DNA binding profiles of upstream stimulatory factors 1 and 2 (USF1, USF2) and
acetylated histone H3 (H3ac) in a liver cell line for the whole human genome using ChIP-chip at a resolution of 35
base pairs. We determined that these three proteins bind mostly in proximity of protein coding genes transcription
start sites (TSSs), and their bindings are positively correlated with gene expression levels. Based on the spatial and
functional relationship between USFs and H3ac at protein coding gene promoters, we found similar promoter
architecture for known genes and the novel and less-characterized transcripts human mRNAs and spliced ESTs.
Furthermore, our analysis revealed a previously underestimated abundance of genes in a bidirectional conformation,
where USFs are bound in between TSSs. After taking into account this promoter conformation, the results indicate
that H3ac is mainly located downstream of TSS, and it is at this genomic location where it positively correlates with
gene expression. Finally, USF1, which is associated to familial combined hyperlipidemia, was found to bind and
potentially regulate nuclear mitochondrial genes as well as genes for lipid and cholesterol metabolism, frequently in
collaboration with GA binding protein transcription factor alpha (GABPA, nuclear respiratory factor 2 [NRF-2]).
This expands our understanding about the transcriptional control of metabolic processes and its alteration in
metabolic disorders.

[Supplemental material is available online at www.genome.org. The microarray data from this study have been
submitted to ArrayExpress under accession no. E-TABM-314.]

Familial combined hyperlipidemia (FCHL) is the most common
lipid metabolism disorder, affecting 1%–2% of the general popu-
lation, and is observed in 20% of individuals with premature
coronary heart disease. Affected cases have high serum choles-
terol and/or triglycerides levels (Shoulders and Naoumova 2004).
Recently, intronic SNPs in the USF1 gene were associated with
FCHL (Pajukanta et al. 2004; Coon et al. 2005; Huertas-Vazquez
et al. 2005), the metabolic syndrome (Ng et al. 2005), and the risk
of cardiovascular disease (Komulainen et al. 2006). USF1 and
USF2 belong to the basic helix-loop-helix leucine zipper family of
transcription factors (TFs). They have a conserved C-terminal do-
main responsible for dimerization and DNA binding and a more
variable N-terminal domain responsible of transactivation. USF1
and USF2 can form both homo- and heterodimers, although the
USF1-USF2 heterodimer is the major DNA binding form, which
recognizes the canonical E-box sequence CACGTG. Key genes in
lipid and carbohydrate metabolism are known to be regulated by

USF1 and/or USF2 (Shoulders and Naoumova 2004; Corre and
Galibert 2005).

Recent studies have shown that a large portion of the ge-
nome is actively transcribed and that the number of promoters
exceeds the number of genes (Carninci et al. 2005, 2006; Cheng
et al. 2005; Kapranov et al. 2007). Improvements in array tech-
nology have allowed genome-wide studies of protein–DNA inter-
actions to be performed (Kim et al. 2005, 2007; Carroll et al.
2006; Lee et al. 2006; Yang et al. 2006). By use of this strategy, all
the sites in the genome where a TF bind can be identified, irre-
spective of whether it is in a known promoter of a protein coding
gene (PCG), upstream of a less-characterized transcript, or in an
enhancer or other distal regulatory element.

Transcription factors interact with DNA in a chromatin con-
text, where most of the transcription factor binding sequences
are occupied by nucleosomes. Through post-translational modi-
fications of histones and/or nucleosome remodeling, some of
these sites can become accessible (Li et al. 2007). Once bound to
DNA, some transcription factors can recruit proteins that further
modify and/or remodel histones (Li et al. 2007). Despite this
mutual relationship between TFs and histones, most large-scale
in vivo studies in humans have separately investigated these
components of transcriptional regulation (Bernstein et al. 2005;
Kim et al. 2005, 2007; Carroll et al. 2006; Lee et al. 2006; Yang et
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al. 2006). In a pilot study we mapped the binding sites for USF1
and H3ac in 1% of the genome in the liver cell line HepG2 using
ChIP-chip (Rada-Iglesias et al. 2005). We found that most USF1-
bound regions were close to PCG TSSs and enriched in H3ac.
However, the limited resolution of the arrays did not allow clear
structural insights into the identified regulatory elements. Com-
pared with yeast (Yuan et al. 2005; Segal et al. 2006), most ChIP-
chip studies in mammalian organisms to date provide a limited
structural view of promoters and other regulatory sequences
(Ozsolak et al. 2007).

In the present study, we have generated a detailed view of
USF1, USF2, and H3ac binding profiles in HepG2 cells by analyz-
ing the whole human genome using oligonucleotide arrays
with 35-bp resolution and ChIP DNA fragmented to ∼300 bp.
The combination of high-resolution data and a large number of
bound loci allowed us to understand the spatial and functional
relationship of these proteins. Since most binding events oc-
curred in proximity of TSS, we present important features of
human promoter architecture, for both novel and well-
characterized genes, including a previously underestimated
abundance of genes with a bidirectional conformation, and a set
of candidate genes for FCHL.

Results

Study design

Extensive experiments were performed in this and previous stud-
ies (Rada-Iglesias et al. 2005) in order to establish the specificity
and suitability of all the antibodies used for ChIP (Supplemental
Fig. S1). ChIP was performed in HepG2 cells in three biological
replicates for USF1, USF2, and H3ac. We also performed ChIP
using IgG as a negative control (Supplemental Figs. S2, S3). ChIP
DNAs and input DNAs were sonicated to an average size of 300
bp to generate sharply defined peaks of enrichment and were
then hybridized to a genomic tiling seven-array set representing
the nonrepetitive part of the human genome at 35-bp resolution,
yielding >700,000,000 data points. We have developed a method
to find regions with signals significantly higher than the null
distribution, i.e., ChIP using IgG, by applying a statistical mod-
eling approach (Smyth 2004; Rada-Iglesias et al. 2005). The qual-
ity of the ChIP-chip experiments was extensively validated, in-
cluding comparisons to previous data as explained in the Supple-
mental material (Supplemental Figs. S4–S6; Supplemental Tables
S1, S2). A summary of the ChIP-chip results is presented in Table
1. Most of our analyses were performed on the stringent results
data sets, which we estimated to contain <1% false positives. A
parallel relaxed data set was created to compensate for false nega-
tives in the stringent data set.

USFs preferentially bind to TSS of active genes

Overall, USF1 and USF2 shared most of their binding sites (Table
1; Supplemental Fig. S7), in agreement with previous estimates
indicating that USF1-USF2 heterodimers represent 76% of the
binding activity in HepG2 cells (Viollet et al. 1996). Furthermore,
previous studies have shown that most enriched regions for USF1
(Rada-Iglesias et al. 2005) and H3ac (Bernstein et al. 2005) are
close to TSS. We therefore annotated our genome-wide data
against a hierarchy of transcript annotations ranging in the de-
gree of experimental support as previously described (Harrow et
al. 2006).

Concerning well-annotated PCGs, i.e., known genes/
Ensembl/RefSeq, 41% and 50% of USF1 and USF2 targets were
within 1 kb of a TSS (Fig. 1A,B). When considering also human
mRNAs, spliced ESTs, and human ESTs, the proportion of bind-
ing sites within 1 kb of a TSS increased to 75% for USF1 and 81%
for USF2, suggesting that these less-characterized transcripts have
bona fide promoters. Finally, USFs enriched regions were mapped
relative to transfrags generated in HepG2 cells and detected on
high-resolution tiling arrays (Kapranov et al. 2007). Seventy-two
percent of USF1 and 70% of USF2 bindings not assigned to a TSS
were within 1 kb of such transcripts, indicating that they could
represent undetected TSSs (Supplemental Fig. S8). Short RNAs
(<200 bp) detected on the high-resolution arrays identified a new
class of short RNAs called promoter associated short RNAs
(PASRs) (Kapranov et al. 2007) generated on both strands around
the TSS of well-annotated active genes. The position and fre-
quency profiles of these short RNAs in USF-bound regions further
confirmed that most USFs bind close to TSSs (Supplemental Fig.
S8).

For H3ac we found that 53% of enriched regions were
within 1 kb of a PCG TSS and 91% were within 1 kb of a TSS when
human mRNA/spliced EST/human ESTs were also considered
(Fig. 1C). When combining the information, we found that a
significant fraction of USF1 (45%) and USF2 sites (56%) were
acetylated in H3 (Table 1). The colocalization of the combined
signals was clearly centered to PCG TSS; e.g., 69% of regions
positive for USF1 and H3ac were within 1 kb of PCG TSS and 93%
were within 1 kb when all transcript annotations were consid-
ered (Fig. 1D).

This suggested that USFs frequently bind to promoters of
transcriptionally active genes. Therefore, we collected HepG2 ex-
pression data for ∼18,000 genes and compared them with our
ChIP-chip signals within 1 kb of their TSS (Supplemental Meth-
ods). As shown in Figure 1E, PCG, whose promoters were bound
by USF1 or USF2, and especially by H3ac, showed significantly
higher mRNA expression than the overall levels (P < 10�70 in all
cases). Finally, we observed that not only are USFs and H3ac
frequently bound to promoters of highly expressed genes, but

Table 1. Overall number of bound regions and overlaps between data sets

Stringent USF1
(2518)

Relaxed USF1
(3771)

Stringent USF2
(1351)

Relaxed USF2
(4206)

Stringent H3ac
(10,900)

Relaxed H3ac
(17,443)

Stringent USF1 1058 (42%) 1800 (71%) 1145 (45%) 1442 (57%)
Relaxed USF1 1049 (28%) 2107 (56%) 1588 (42%) 2039 (54%)
Stringent USF2 984 (73%) 1029 (76%) 751 (56%) 908 (67%)
Relaxed USF2 1736 (41%) 2094 (50%) 1828 (43%) 2267 (54%)

Regions in the left column are compared with regions on the top row. The window size was 1 kb for comparisons between USFs data sets or 2 kb when
comparing USFs with H3ac. Significance of the different overlaps were calculated assuming a hypergeometric distribution of the different data sets and
for all overlaps, P < 1 � 10�308.
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Figure 1. Mapping of USFs and H3ac binding sites to different gene and transcript annotations and correlation with expression levels. Pie charts are
presented for USF1 (A), USF2 (B), H3ac (C), and USF1+H3ac (regions enriched both for USF1 and H3ac) (D). In each case, mapping of sites to the
different genomic location was first established for known genes/Ensembl/RefSeq; subsequently for RNA genes, human mRNAs/spliced ESTs; and lastly
for human ESTs. In each annotation, the regions mapping within 500 bp or 1 kb of TSS were not mapped in the following annotation and are indicated
by the black portions in the charts. The number of regions corresponding to each genomic location category is presented next to the pie chart fractions.
(E) The expression level of ∼18,000 genes was collected from Gene Expression Omnibus (Supplemental methods). The box plots show the overall
expression (in log2 scale) for all 18,000 genes and for the genes bound by the proteins indicated at the bottom of the graph within �1 kb of their TSS.
P-values from two-tailed t-tests between each group of genes compared with all genes are given above the box plots. (F) Genes were ranked in
descending order according to the maximal ChIP-chip signals within �1 kb from TSS for USF1, USF2, or H3ac experiments. As a control, we also ranked
genes according to their genomic positions. Within each ranking (X-axes), we plotted the mean expression levels (Y-axes) of groups of 500 genes.
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also their binding signals, as inferred from the ChIP-chip enrich-
ment ratios, are positively correlated with expression levels (Fig.
1F). Knockdown of USF1 by siRNA was performed primarily as
control of the specificity of the antibody (Supplemental Fig. S1).
Subsequently and as an attempt to demonstrate that USF1 regu-
lates the expression of its bound genes, we analyzed expression of
some of the potential USF1 targets genes by RT-PCR after USF1
siRNA. We did not observe any major changes despite a reduc-
tion in USF1 binding at promoter regions (Supplemental Fig.
S6a,b). These results might be explained by a compensatory effect
exerted by USF2 (Supplemental Fig. S6a,b; Supplemental mate-
rial), the binding of which was not affected by reduced USF1
levels or by the inability to remove all USF1 from the cell (Supple-
mental Fig. S1). This is not unexpected and has been found also
in studies of other TFs (Xu et al. 2007). Interestingly, preliminary
results analyzing effects of SNPs that disrupt USF1/USF2 binding
suggest functional relevance of USFs binding sites (Supplemental
material).

H3ac footprints around different TSS annotations—influence
by CpG islands

We wanted to determine the profile of H3ac signal around the
TSS of different annotations, and given the strong association
between TSS and CpG islands (Carninci et al. 2006; Kim et al.
2005), we were interested to see how that affected the signals. We
generated footprints of H3ac signals for PCG, human mRNAs,
and spliced ESTs and in each group separated between CpG+ and
CpG� TSSs (Fig. 2). For PCGs, we found the highest signal down-
stream of the TSS peaking around +500/+800, a minor peak sym-
metrically located upstream and a trough between (Fig. 2A),
probably associated with nucleosome depletion and preinitiation
complex (PIC) formation (Heintzman et al. 2007). The presence
of PASRs generated from both strands around the TSS further
supported the association to active promoters (Supplemental Fig.
S8; Kapranov et al. 2007). CpG+ genes showed the same pattern,
but the CpG� genes displayed a unique and lower downstream
peak (Fig. 2A), probably as a result of a lower frequency of bidi-
rectional conformation and slightly lower expression among
these genes (Supplemental Fig. S9; Supplemental Table S3).

The CpG+ human mRNAs showed a downstream peak re-
sembling that of PCGs, whereas the CpG� human mRNAs
showed a lower and plateau formed enrichment over a couple of
Kb (Fig. 2B). The CpG+ spliced ESTs showed a slightly lower peak
than the human mRNAs, whereas the CpG� signal was low and
covered a couple of Kb around the TSS (Fig. 2C). Our conclusion
is that the height and location of H3ac around CpG+ human
mRNAs TSS support that a majority of them are active TSSs, and
to some degree that also is true for the CpG+ spliced ESTs TSS.
The broader signal at CpG� mRNAs and spliced ESTs can arise
due to the presence of 5�-truncated cDNA in these libraries and,
consequently, less well defined TSS in these annotations.

H3ac signals at TSS of genes with bidirectional conformation

Pairs of PCGs with a bidirectional conformation are divergently
transcribed and with their TSS separated by less than 1 kb. This
type of conformation, also known as head-to-head, is common
in the human genome, and ∼10% of PCG are organized in this
manner (Trinklein et al. 2004). When considering pairs of genes
with one member being a PCG and the other a PCG or human
mRNA, the proportion of PCG with bidirectional conformation is
17%, and when including spliced ESTs encoded in the opposite

direction, the frequency increased to 31% (Supplemental Table
S3). In the subset of PCGs with H3ac within 1 kb of their TSSs,
30% have an adjacent PCG/human mRNA and an additional

Figure 2. H3ac profile around TSSs. H3ac profiles around TSS of PCGs
(A), human mRNAs (B), and spliced ESTs (C) depending on the presence/
absence of CpG islands. All genes are bound by H3ac within 1 kb of their
TSSs. H3ac binding profiles were created for each group by plotting the
H3ac ChIP-chip binding signals (in log2 scale, Y-axes) around the TSS of
each transcript, using a window of �2 kb (X-axes, positive numbers are
downstream of TSS; negative numbers are upstream of TSS).
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17% have a spliced EST encoded in the opposite strand (Supple-
mental Table S3), giving a total of 47% PCGs in bidirectional
conformation.

To see how this high proportion of PCGs in a bidirectional
conformation might affect the shape of the H3ac footprints, we
first confirmed that 80% of the PCG found in bidirectional con-
formation were of nonoverlapping type and that in the majority
of cases the distance between the two TSSs is 100–300 bp (Fig.
3A), in agreement with previous observations (Trinklein et al.
2004). We then generated H3ac footprints for all PCG and sepa-
rately for those in a bidirectional conformation and for those
without any kind of anti-sense transcript within 1 kb of their TSS,
which we called unidirectional PCG. The peak downstream of
the TSS is in essence the same in all groups (Fig. 3B). However the
bidirectional group gave an upstream peak that was higher and
more extended in the upstream direction. Furthermore, if we
considered PCGs with a spliced EST as the anti-sense transcript,
the upstream peak was also higher than for all PCGs. The unidi-
rectional PCGs displayed an upstream peak that was lower than
for all genes and for the bidirectional groups. We also generated
footprints specific for bidirectional PCGs part of overlapping or
non-overlapping pairs and found that the non-overlapping
group explained the overall double symmetric peak pattern with
the through at �100/�200 bp (Fig. 3C; Supplemental Fig. S10).

One potential explanation for the higher upstream peak in
the bidirectional group could be that these pairs of genes are
divergently transcribed, resulting in two distinct H3ac peaks. An-
other possibility is that only one gene in each case is transcribed,
but at higher levels than unidirectional genes, resulting in ex-
tended H3ac to upstream locations. However, we did not observe
significant expression differences between bidirectional and uni-
directional PCG (Supplemental Fig. S11). We wanted to use an
independent data set to verify that the prominent double peak
pattern is generated downstream of the respective TSS at promot-
ers with bidirectional/divergent conformation and therefore
made use of CAGE-tags (cap analysis of gene expression) data,
which identify the 5�-ends of capped mRNAs, generated in dif-
ferent cell lines including HepG2 (Carninci et al. 2006). We de-
termined the proportion of bidirectional and unidirectional
PCGs positive for H3ac that presented bidirectional CAGE-tags
(Methods) within 1 kb of their TSSs (Supplemental Table S4). The
proportion of bidirectional CAGE-tags was clearly higher in PCG
with bidirectional conformation compared with unidirectional
PCG in HepG2 cells (78%, 1291 out of 1661, vs. 25%, 746 out of
2930). We also generated H3ac signal profiles for all PCGs, sepa-
rating them in groups based on the presence of bidirectional
CAGE-tags within 1 kb of their TSS, and the results are very simi-
lar to Figure 3B; interestingly, the upstream H3ac signal in the
unidirectional group is even less evident (Fig. 3D).

Furthermore, the observation of 25% of unidirectional PCG
overlapping with a bidirectional CAGE in HepG2 cells suggests
that we might have underestimated the proportion of PCGs posi-
tive for H3ac and with bidirectional conformation. In order to in-
vestigate this, we separated unidirectional PCG in those overlap-
ping with any bidirectional CAGE-tag, with HepG2 bidirectional
CAGE tags, or non-overlapping (unidirectional CAGE), and then
we created H3ac signal profiles for each of the groups. Once
again, the upstream H3ac signal was higher in the HepG2 bidi-
rectional CAGE-tags group than in the unidirectional CAGE-tags
group, where the upstream peak has almost disappeared (Fig. 3E).

Once we understood the origin of the H3ac double peak
pattern, we investigated how the H3ac signals are correlated to

expression levels, by generating H3ac footprints depending on
the expression pattern of the respective genes. Footprints were
generated for all PCGs and separately for those belonging to uni-
directional and bidirectional groups that were positive for H3ac
within 1 kb of their TSS. In all cases, the downstream peak was
positively correlated with expression levels (Fig. 4A–C), while the
upstream peak was affected only to a small degree in all groups.
The lack of correlation between upstream H3ac and expression
even for bidirectional PCGs could suggest that pairs of genes in
bidirectional conformation, although frequently transcription-
ally active (Supplemental Table S4), can be expressed at quite
different levels. We investigated the correlation in expression
between pairs of PCG in a bidirectional conformation and en-
riched in H3ac and compared with randomly sampled pairs of
PCG, and we found that in the majority of cases, both PCG in a
bidirectional pair shared the same transcriptional state, typically
highly active, in accordance with the CAGE-tag data, although
the correlation of the expression levels was low (Fig. 4D).

The conclusion from this analysis is that H3ac signal is lo-
cated downstream of the TSSs, and the peak located upstream of
the TSS to a large degree is associated to previously unrecognized
adjacent transcripts on the opposite strand. By our definition,
53% of PCGs positive for H3ac have unidirectional conforma-
tion, and their remaining upstream signal could be associated to
still unrecognized transcripts as indicated by CAGE-tag data (Fig.
3E; Carninci et al. 2005; Kapranov et al. 2007), which suggests
that the frequency of PCGs in bidirectional conformation could
be even higher.

Relationship between USFs and H3ac signals at USF-bound loci

To gain further insight into the relationship between the DNA-
binding proteins, combined binding profiles for the both USFs
and H3ac were generated for the promoters of PCGs. The peak for
USF1 and USF2 signals was found immediately upstream of the
TSS at �300/�100 bp, close to the peak of the frequency of
occurrence of perfect E-boxes and with the H3ac signal being
essentially the same as seen for all genes (Fig. 5A). When sepa-
rating PCG in CpG+ and CpG�, the USF1 signal was slightly
different, but the accompanying H3ac footprint became clearly
lower in the CpG� group (Supplemental Fig. S12), correspond-
ing to significantly lower expression of these genes (Supplemen-
tal Fig. S9).

Since 25% of USF1-bound PCGs were found in bidirectional
conformation (Supplemental Table S3), we created footprints for
the unidirectional and bidirectional subsets. The USF1 signal is
the same in the two subgroups, but in the bidirectional group,
the H3ac upstream peak is higher and shifted further upstream
from the TSS. As for H3ac, the majority of USF1-bound bidirec-
tional PCGs involved pairs of non-overlapping transcripts.
Therefore we created footprints for H3ac and USF1 centered on
the midpoint between the TSSs of these non-overlapping tran-
scripts. The H3ac signal peaks at 500–800 bp downstream of the
respective TSS and the USF1 signal are maximal between the
TSSs, which is where most E-boxes are found and where the
trough in H3ac is located, probably corresponding to a nucleo-
some free region (NFR) (Fig. 5B).

Properties of USF enriched regions concerning chromatin
and sequence

After showing the spatial and functional association between
H3ac and USF proteins, we wanted to get a broader picture of
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how other components of chromatin affect the binding of the
TFs. We therefore analyzed various components of euchromatin
(e.g., H3K4me3, H4ac, RNA polymerase II [POLR2A]), hetero-

chromatin (e.g., H3K27me3), and other factors in 26 regions, 23
positive for USFs and three unbound negative controls, by ChIP
and qPCR. Regions and proteins were clustered based on absolute

Figure 3. H3ac profiles around TSS are influenced by bidirectional conformation. (A) Histogram showing the distances between the two TSSs in each
bidirectional pair. PCGs bound by H3ac within 1 kb of their TSS and with at least one anti-sense PCG or human mRNA TSS within 1 kb of their TSS were
considered. Negative distances correspond to overlapping TSSs. (B) H3ac signals around PCGs separated into bidirectional (at least one anti-sense PCG
or human mRNA TSS within 1 kb of their TSS), bidirectional-ESTs (at least one anti-sense spliced EST TSS within 1 kb of their TSS) or unidirectional (no
anti-sense PCG, human mRNA, or spliced EST TSS within 1 kb of their TSS). (C) H3ac binding signals for all PCGs (black line), all PCGs with bidirectional
conformation (red), overlapping bidirectional conformation (blue), and non-overlapping bidirectional conformation (green). (D,E) H3ac signal profiles
were generated for different groups of PCGs (D) and unidirectional PCGs (E), as indicated by color codes and that were created based on CAGE-tag data.

Whole-genome binding maps of USF1, USF2, and H3ac

Genome Research 385
www.genome.org

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


qPCR signals, and pairwise correlation coefficients were calcu-
lated (Fig. 6A; Supplemental Figs. S13, S14). All but one of the
USF-bound regions could be separated from the negative con-
trols. This was not just due to the USFs signals since similar
clusters were obtained when the USFs were excluded from the
analysis (Supplemental Fig. S13). USFs binding occurred in
domains with high levels of one or more of the euchromatic
marks and low levels of H3K27me3. They could be further sub-
divided in two groups (I and II). Group I consisted mainly of
regions close to TSS with high levels of H3ac, H3K4me3, and
POLR2A. Group II contained most of TSS distal regions ana-
lyzed, which contained other marks such as H4ac or HNF4A
but lower levels of H3ac and H3K4me3, although higher than
unbound regions, suggesting that USFs can participate in dis-
tal transcriptional regulation (West et al. 2004). Among this
second group, there were a few TSS proximal regions (subgroup
II.1) with POLR2A levels similar to group I, but lower H3ac/
H3K4me3, which together with the high correlation between
USFs and POLR2A bindings (Supplemental Figs. S13–S15),
suggest that USFs main function is POLR2A recruitment in
a promoter context. This functional role of USFs is supported
by the discovery of heterozygous SNPs occurring in USF bind-

ing sites, where USFs preferential binding to one of the alleles
is accompanied by higher POLR2A binding to that same allele
(A. Ameur, A. Rada-Iglesias, J. Komorowski, and C. Wadelius,
unpubl.; Supplemental material).

To get further knowledge of the sequence preference for
USF1 and USF2, we used ab initio and candidate scanning ap-
proaches. All USF1- and USF2-bound sequences in the stringent
data set were divided in groups based on log2 values and analyzed
using Bioprospector (Liu et al. 2001). For both USF1 and USF2,
clear E-boxes were found in regions with strong enrichment,
down to log2 values of 1.25 (Fig. 6B), extending the established
motif from CACGTG to CACGTGAC, as previously suggested
(Corre and Galibert 2005). We have verified several regions with
log2 values <1.25 using qPCR (five for USF1 and 19 for USF2, with
one and three having matches with CACGTGAC sequences, re-
spectively), so the absence of the established consensus is not due
to false positives. In the groups with lower enrichment, we in-
stead found polypyrimidine-rich sequences resembling initiator
elements. The positive correlation between E-box sequences and
the strength of USF–DNA interactions was also confirmed after
counting occurrences of perfect E-box matches among USFs tar-
gets (Fig. 6C; Supplemental Fig. S16).

Figure 4. Positive correlation between H3ac downstream of PCG TSS and expression levels. (A) H3ac profiles of PCGs divided in five equal numbered
groups based on their expression levels. All PCGs bound by H3ac within 1 kb of their TSS and where expression data were available were considered.
Similar H3ac profiles when separating the PCGs above in bidirectional (PCG+PCG or human mRNA) (B) or unidirectional (C). (D) PCGs bound by H3ac
(blue) or USF1 (red) within 1 kb of their TSS, found in non-overlapping bidirectional conformation and with available expression data for the two PCGs
involved in each bidirectional pair were considered; 1500 pairs of PCG were randomly sampled, and their expression levels were similarly represented
(gray). The dotted lines indicate the average level of expression for the randomly sampled PCGs. Pearson correlation (R) values for USF1, H3ac, and
randomly sampled data sets expression levels are in the upper right corner. The expression data was log2 transformed.
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Regions bound by USF2 define at set of distal regulatory
elements

USF1 and USF2 shared most of their targets, suggesting that they
bind as a heterodimer (Table 1; Supplemental Fig. S7). However,
there was clear evidence for a subset of regions bound only by
USF2 (Supplemental Fig. S7), and based on USF2/USF1 signal ra-
tios, we identified 240 sites that were unique to USF2 and 627
sites bound by USF1–USF2 heterodimers (Fig. 7A). The USF2-
unique sites were less frequently found close to PCG TSS than
sites bound by both USFs (45% vs. 62% within 1 kb) (Supplemen-
tal Fig. S17). Also, a motif similar to HNF4A and FOXA2 (HNF3B)

consensus sequences was found (Fig. 7B) to be most abundant
among weak USF2-unique targets (Supplemental Fig. S17) that
tend to be far from TSSs (Supplemental Fig. S18). Eight regions
with perfect matches to HNFs consensus were investigated by
ChIP for HNF4A, FOXA2 (HNF3B), and FOXA1 (HNF3A). All re-
gions were bound by HNF4A, and seven of eight were bound by
all proteins (Supplemental Fig. S19), confirming a new type of
distal regulatory module involving USF2 and the three HNFs.

Candidate genes for FCHL

Alleles of USF1 are associated with FCHL (Pajukanta et al. 2004),
and out of the genes that are potentially regulated by this factor,
we wanted to find the most relevant ones. We selected genes
with USF1 or USF2 binding within 5 kb or 500 bp of their TSS and
performed gene ontology (GO) analysis comparing with the
whole genome. This was done for cellular compartment, molecu-
lar function, and biological process of GO categories and of the
overrepresented groups; the one most relevant to the phenotype
contained nuclear mitochondrial genes, especially enzymes in-
volved in energy production and ATP biosynthesis (Supplemen-
tal Fig. S20; link to the complete GO analysis can be found in
Supplemental Methods). In all three ontologies, mitochondrial
terms were overrepresented. Also other genes involved in energy
homeostasis are bound by USF1, e.g., the transcription factors
HNF4A and PPARG and the signaling proteins PTEN and SIRT1.
Among the genes bound by USF1, we also searched for functional
candidates and found several genes involved in triglyceride, li-
poprotein, and cholesterol metabolism and a large group in-
volved in fatty acid beta-oxidation (Supplemental Table S5).

GABPA (NRF-2) is known to regulate mitochondrial genes
(Scarpulla 2006), and we found an overrepresentation of its con-
sensus binding sequence in strong and TSS proximal USFs targets
(Supplemental Fig. S21). We wanted to see if GABPA coregulated
mitochondrial and other types of USF-bound genes and investi-
gated GABPA binding by ChIP in nine USF-bound gene promot-
ers containing perfect GABPA consensus sequences and six USF-
bound mitochondrial gene promoters, with no perfect match to
GABPA consensus. In five out of nine and four out of six cases,
there was evidence of GABPA binding, indicating that USFs fre-
quently cooperate with GABPA in a promoter context (Supple-
mental Fig. S21).

Discussion

Recent studies in yeast have resolved the structure of RNA poly-
merase II promoters at a single nucleosome resolution, conclud-
ing that active promoters present a NFR of ∼200 bp upstream of
TSSs flanked by well-positioned nucleosomes (Yuan et al. 2005;
Segal et al. 2006). In this context, histone acetylation preferen-
tially occurs downstream of TSSs and spans several hundred base
pairs (Liu et al. 2005; Pokholok et al. 2005). In human cells, this
basic promoter architecture seems conserved, with the NFR oc-
cupied by PIC when genes are actively transcribed or poised for
transcription (Kim et al. 2005; Heintzman et al. 2007). However,
it is believed that histone acetylation upstream of TSS plays an
important role in active promoters, although histone acetylation
downstream of TSS is also observed (Heintzman et al. 2007). Our
high-resolution analysis shows a double symmetric peak of acety-
lation 500–800 bp upstream and downstream of the TSS, simi-
larly as previously reported for this and other histone marks (Bir-
ney et al. 2007; Guenther et al. 2007; Heintzman et al. 2007).

Figure 5. Architecture of USFs bound promoters. (A) PCGs bound by
USF1 (left) or USF2 (right) within �1 kb of their TSS. The ChIP-chip
signals (in log2 scale, right Y-axes) of USF1 or USF2 and H3ac were plotted
around TSS. Profiles are presented for all USF1- or USF2-bound PCG (all),
bidirectional PCGs (at least one anti-sense PCG or human mRNA TSS
within 1 kb of their TSS), or unidirectional PCGs (no anti-sense PCG,
human mRNA, or spliced EST TSS within 1 kb of their TSS). Histograms of
perfect matches to E-box consensus sequence (CACGTGAC, left Y-axes)
are presented for all USF1- or USF2-bound genes in 50-bp windows. (B)
All PCGs in a non-overlapping bidirectional conformation bound by USF1
within �1 kb of their TSSs were selected. The binding profiles (left Y-axes)
of USF1 and H3ac were plotted around 2 kb of the middle position
between the two transcripts in each bidirectional pair. The red dotted
lines show the median size of the intergenic region between TSSs in each
bidirectional pair. The histogram shows E-box consensus occurrences
(right Y-axes).
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However, no functional distinction between the two peaks has
been established, which leads to the assumption that both peaks
are functionally associated to the nearest gene. When we take
into account that at least 30% of H3ac-positive PCG promoters

have a head-to-head configuration with a preferred distance of
100–300 bp between TSSs, we see that the H3ac signal upstream
of the TSS is drastically decreased at genes with unidirectional
conformation, and the preponderant downstream location of

Figure 6. USFs binding determinants. (A) Twenty-six selected regions were clustered based on qPCR signals for the indicated transcription factors and
histone modifications. The column colors indicate the qPCR signal from high (yellow) to low (blue) values. The genomic coordinates of the analyzed
regions are presented to the right, while the genomic location of each region is indicated by the color to the left. Plus (+) and minus (�) signs next to
the genomic coordinates for regions proximal to PCG TSS indicate CpG+ or CpG� regions, respectively. The genomic positions are based on Human
Mar. 2006 (hg18) assembly (NCBI Build 36.1). (B) The top enriched motifs identified ab initio for USF1 and USF2 in groups based on their log2
enrichments values. The number of regions in each group is presented. (C) Candidate scanning approaches were used to search for the E-box (i.e.,
CACGTGAC) among USF1- or USF2-bound regions, ranked in descending order according to their log2 enrichment values. For both USF1 and USF2,
we considered either the total number of E-box occurrences with a maximum of four per region or just one occurrence per region. To see how many
occurrences are expected in a background data set, we also generated a similar slope from IgG-positive regions.
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H3ac is also supported by independent CAGE-tag data. Therefore,
a majority of upstream histone acetylation is present down-
stream of adjacent transcripts on the opposite strand. Further-
more, although positive correlation between H3ac and gene ex-
pression has been previously reported, here we demonstrate
that it is the downstream H3ac that mainly explains this corre-
lation.

The double peak pattern of H3ac resembles those observed
for H3ac and H3K4me3 (Ng et al. 2003; Pokholok et al. 2005) in
yeast and for H3.3 (Mito et al. 2005) in Drosophila. Localization of
H3K4me3 at the 5� end of genes is dependent on elongation
factors and POLR2A ser5 phosphorylation (Ng et al. 2003). Inter-
estingly, H3K4me3 serves as a recruitment mark for HATs and is
an optimal substrate for histone acetylation (Pray-Grant et al.
2005; Taverna et al. 2006). Elucidating that the H3ac associated
with a particular gene is located largely downstream of its TSS
leads us to propose that the observed H3ac patterns could be
transcription dependent and follow H3K4me3 patterns. H3ac
can be restricted from 3�end gene regions by HDACs coupled to

H3K36me dependent on POLR2A ser2 phosphorylation. This
H3ac pattern could be part of a short transcriptional epigenetic
memory (Ng et al. 2003; Kouskouti and Talianidis 2005) but
could also facilitate the transition between transcription initia-
tion and elongation, which is rapid in eukaryotic organisms com-
pared with prokaryotes (Reppas et al. 2006). This model does not
contradict the generalized view of HAT recruitment to promoter
regions by TFs, since an initial sequence/gene-specific recruit-
ment of HAT complexes can be followed by complex stabiliza-
tion and catalytic activation in a transcription-dependent man-
ner (Ruthenburg et al. 2007).

Under the described structure for active promoters, the NFR
not only accommodates the PIC but transcription factors and
their binding sequences seem to preferentially occur within these
regions as well (Yuan et al. 2005; Segal et al. 2006; Ozsolak et al.
2007). In agreement with this, USFs bindings and E-boxes are
clearly overrepresented within the predicted NFR. This is best
exemplified by the subset of genes with bidirectional conforma-
tion that have a binding site for USF1 within 1 kb of their TSS and
where we see that USF1 binds in between the two TSSs.

The relationship between USF binding and H3ac seems to be
mainly restricted to promoter regions of actively transcribed
genes. For example, CpG� PCG promoters bound by USFs had
lower H3ac and expression levels than did their CpG+ counter-
parts. These genes might be poised for transcription in some
cases (Radonjic et al. 2005) and could be induced under the ap-
propriate conditions, illustrating the tissue-specific expression
patterns typical of CpG� genes (Yamashita et al. 2005; Sandelin
et al. 2007). GO analysis of USF-bound CpG� genes compared
with all genes or all USF-bound genes identified an overrepresen-
tation of genes involved in regulation of NF-�B cascade, which is
inducible and that could involve genes in transcriptionally
poised states (data not shown). Finally, USF binding patterns best
correlated with POLR2A, which, together with previous reports,
suggests that the major transactivating mechanisms of USF pro-
teins is the interaction with the TFIID complex and the RNA
polymerase II machinery (Meisterernst et al. 1990; Chiang and
Roeder 1995), which is also supported by our analysis of regula-
tory SNPs disrupting USF binding (A. Ameur, A. Rada-Iglesias, J.
Komorowski, and C. Wadelius, unpubl.).

Besides functional and structural data, our study also pro-
vides a better understanding of the major determinants of USF–
DNA interactions. USF binding sites are restricted to chromatin
rich in euchromatic marks and depleted of H3K27me3. This
agrees with reports indicating that CpG methylation at CACGTG
E-box sequences abrogates USF–DNA interactions (Fujii et al.
2006), and given the connections between DNA methylation and
H3K27me3 (Vire et al. 2006) may explain tissue-specific gene
expression of USF-regulated genes.

Once USF–DNA interaction is allowed by the chromatin
context, the strength of such interaction depends on the under-
lying DNA sequences, with most intense/frequent interactions
occurring with canonical E-box sequences that are most common
in promoter regions. However, weaker interactions do not to de-
pend on E-boxes, but instead cooperative or indirect binding
with other proteins seems more important (Carroll et al. 2006;
Yang et al. 2006; Kim et al. 2007). This is exemplified by weaker
USF1 binding sites, where we found polypyrimidine-rich se-
quences resembling initiator elements. USF proteins have been
reported to bind to such elements either directly or indirectly
through GTF2I (Roy et al. 1991; Du et al. 1993). Also among weak
and distal USF2-unique targets, we confirmed an overrepresenta-

Figure 7. USF2 binds a subset of unique targets. (A) For USF1 (top) and
USF2 (bottom) the log2 ratios between USF1/USF2 and USF2/USF1 signals
were calculated (X-axes) and shown in histograms. The vertical gray lines
demarcate the regions deviating >�3 SD from the median of the USF1/
USF2 distribution. (B) USF2-bound regions were divided based on the
log2 USF2/USF1 signal ratios in A, in those with ratios higher than 0.5
(USF2 unique) or lower than –0.5 (USF2–USF1 heterodimers). Enriched
motifs were identified ab initio for all USF2-unique and USF2–USF1 re-
gions, and after dividing them in groups based on log2 enrichment sig-
nals.
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tion of HNF4A and FOXA1/FOXA2 sites, where all these proteins
seem to bind together.

Finally, our data suggest a previously unknown regulatory
role for USFs in mitochondrial activity. Given the major role of
mitochondrial function in energy homeostasis and its role in
diabetes, metabolic syndrome, or insulin resistance (Auwerx
2006), it is tempting to speculate that alteration of the transcrip-
tional control of mitochondrial activity can be one major hall-
mark associated with USF variation. As an example, USFs were
bound to promoters of PPARGC1A, which is a key regulator of
mitochondrial biogenesis and respiration (Wu et al. 1999), and
PPARGC1A regulator SIRT1 (Rodgers et al. 2005), suggesting a
feed-forward regulatory loop. Furthermore, USFs and GABPA
(NRF-2), a major regulator of nuclear mitochondrial genes, co-
occupy the promoters of various genes not restricted to mito-
chondrial function, resembling the scenario suggested for E2F4
and NRF1 proteins (Cam et al. 2004). This might be explained by
the fact that GABPA binding, like USF1, seems overrepresented in
PCGs with bidirectional conformation (Lin et al. 2007), and in-
terestingly, mitochondrial genes are also one of the most over-
represented functional categories when considering bidirectional
PCG (Trinklein et al. 2004).

In conclusion, our characterization of USF binding profiles
across the entire human genome in a liver cellular model repre-
sents a valuable resource in order to expand our knowledge of the
transcriptional control of metabolic processes and its alteration
in metabolic disorders.

Methods

ChIP-chip analysis
Chromatin immunoprecipitation was performed as previously
described (Rada-Iglesias et al. 2005), but sonication conditions
were optimized to obtain smaller fragments (∼300 bp) to further
improve the resolution of our experiments. The antibodies
against USF1 (H-86, sc-8983) and USF2 (C-20, sc-862) were from
Santa Cruz Biotechnology; anti-Histone H3 acetyl K9/14 (06–
599) and normal rabbit IgG (12–370) were purchased from Up-
state. Three completely independent biological replicates were
performed for each antibody, obtaining the corresponding input
as total genomic DNA reference. DNA amplification, fragmenta-
tion, and labeling were performed according to Affymetrix rec-
ommendations. Hybridizations were performed using Affymetrix
GeneChip Human Tiling 2.0R Array set (seven arrays set). Array
data files for USF1, USF2, H3ac, and IgG were normalized against
corresponding input arrays using Affymetrix Tilling Array Soft-
ware (TAS) two-group normalization. The resulting signals for
USF1, USF2, and H3ac were then grouped together with IgG sig-
nals, and an empirical Bayes algorithm (Smyth 2004) was run on
the combined data. In this way, three B-values were calculated for
each probe measuring the reproducibility of the data and the
probability that the probe contains a significantly higher enrich-
ment for USF1, USF2, and H3ac, respectively, when being com-
pared with IgG. A high B-value indicates that the enrichment at
a probe is similar between the three biological replicates of one of
the investigated proteins, while the corresponding signals are
different on the IgG arrays.

Enriched regions were defined as a window containing at
least four (three) probes with (1) log2-signal at least 3 SD above
mean, (2) B-value at least 6 SD (2 SD) above mean, and (3) maxi-
mum log2-signal above 0.8 (0.7). The maximum allowed gap be-
tween two probes passing the criteria above is 110 bases, and the

distance between two different peaks is required to be at least
400. In parenthesis are the cut-offs used for the relaxed results.
The log2 cut-off was lowered to 0.6 in the USF2 relaxed data set
since we have noted that USF2 gives an overall lower signal than
USF1 for their common targets, due to higher ChIP background
level associated with the USF2 antibody (Supplemental material).
Average probe level intensities and identified positive regions for
USF1, USF2, and H3ac can be viewed in the UCSC Genome
Browser (http://genome.ucsc.edu/).

When comparing two sets of genomic regions from ChIP-
chip data sets, first we calculated the center positions in the first
set. An overlap was reported if any base within a fixed window
around the center position was shared with some genomic region
in the second set. The window size was 1 kb or 2 kb in each
direction around the center position.

Mapping enriched regions to different gene and transcript
annotations
Enriched regions were grouped according to the distance to the
closest transcript in a hierarchical manner. Regions were first
compared with gene coordinates for PCG. If a TSS was found
within 500 bases of the center of the enriched region, then the
region was put in the TSS 500-bp category. If not, the region was
sequentially matched to the categories TSS 1 kb, TSS 5 kb, 3� END
1 kb, 3� END 5 kb, and intragenic. Regions not belonging to any
of the classes above were categorized as intergenic. In the next
step, all regions at more than 1 kb distance of TSS were matched
to the human mRNA coordinates. The remaining regions were
then matched to spliced ESTs and finally to the human EST co-
ordinates.

PCGs, human mRNAs, or spliced ESTs with their TSS within
at most 1 kb of a ChIP-chip enriched region were grouped into
different classes based on the surrounding genomic context.

Bidirectional/unidirectional
We started from all PCG having their TSS within 1 kb of an
enriched region. One of those PCGs was defined as bidirectional
if one other PCG or human mRNA was found on the opposite
strand with at most 1 kb separating the two TSSs. PCGs not de-
fined as bidirectional were classified as “bidirectional ESTs” if
instead a spliced EST met the same criterion. PCGs not falling in
any of the bidirectional groups were considered unidirectional.
Bidirectional PCGs were then further separated into overlapping
and non-overlapping, depending on whether any base was
shared by the two transcripts or not.

CpG+/CpG−
Enriched regions were defined as CpG+ if there was an overlap-
ping CpG island in a 1-kb window (how overlaps are calculated is
described above) and as CpG� otherwise. TSSs with some CpG+
region within 1 kb were grouped into the CpG+ category, while
the others were considered to be CpG�. Coordinates for genes
and CpG islands were downloaded from the UCSC Genome
Browser (http://genome.ucsc.edu/).

CAGE-tags
We downloaded the human CAGE primary database (Kawaji et
al. 2006) from the FANTOM3 site (http://fantom.gsc.riken.go.jp)
to get an independent bidirectional/unidirectional classification
of our PCG TSS. We then removed those TSSs not supported by
any CAGE-tag within �1 kb and partitioned the remaining TSSs
into three classes based on CAGE-tag data for the opposite strand
in a 1-kb window. In the first group were TSSs matching some
bidirectional CAGE-tag from HepG2 cells, and in the second were
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those of the remaining TSSs that matched in some other cell
type. The third group consisted of those with no bidirectional
CAGE-tag at all.

ChIP-chip signal profile around TSSs
Each position in a 2-kb window of a TSS was assigned the mean
ChIP-chip signal intensity of all probes in the immediate neigh-
borhood (the probe center at most 20 bases away). The procedure
was repeated for all TSSs in a specific group, e.g., enriched by
USF1, USF2, H3ac, and so on. The final profile was then calcu-
lated as the mean value at each position for all TSSs in the group.

Motif discovery
USF1 and USF2 enriched regions were extended so they con-
tained at least 500 bases. The resulting sequences were divided
into different categories depending on ChIP-chip signal strength
and genomic localization. Each category was then analyzed in-
dividually using 200 BioProspector (Liu et al. 2001) iterations
(default settings) to detect overrepresented DNA motifs.

Consensus sequences for some selected TFs (USF1, FOXA2,
HNF4A, and GABPA) were matched to all enriched regions. The
exact genomic localizations and number of occurrences in each
sequence were reported.
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