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Abstract

Homol ogous sets of transcription factors direct conserved tissue-specific gene expression, yet
transcription factor binding events diverge rapidly between closely related species. We used
hepatocytes from an aneuploid mouse strain carrying human chromosome 21 to determine on a
chromosomal scale whether interspecies differencesin transcriptional regulation are primarily
directed by human genetic sequence or mouse nuclear environment. Virtually all transcription
factor binding locations, landmarks of transcription initiation, and the resulting gene expression
observed in human hepatocytes were recapitul ated across the entire human chromosome 21 in the
mouse hepatocyte nucleus. Thus, in homologous tissues, genetic sequence islargely responsible
for directing transcriptional programs; interspecies differences in epigenetic machinery, cellular
environment, and transcription factors themselves play secondary roles.

BACKGROUND

Higher eukaryotes are organized collections of different cell types, each of whichis created
from differential transcription of acommon genome (1). Evolutionarily conserved sets of
tissue-specific transcription factors establish each cell’ s transcription during devel opment
and maintain it during adulthood by binding to DNA in a sequence-specific manner (1-3).
These proteins typically recognize short consensus motifs, often between six and sixteen

"To whom correspondence should be addressed. duncan.odom@cancer.org.uk.

TThese authors contributed equally to thiswork

AUTHOR CONTRIBUTIONS

M.D.W.,N.B.M,, D.S,, D.T.O. and C.M.C. designed and performed experiments; N.B.M., M.D.W., and D.S. analyzed the data; L.V .,
V.T.,M.D.W., and E.F. created, prepared, and provided Tcl mouse tissues, and M.D.W., N.B.M., D.T.O., and S.T. wrote the
manuscript. D.T.O. oversaw the work.

The authors declare no competing interests.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Wilson et al.

Page 2

nucleotides, found at high frequency throughout a genome. How transcription factors
discriminate among nearly identical motifsis poorly understood, though chromatin state,
cellular environment, and surrounding regulatory sequences have all been suggested to
direct transcription factors to specific cognate sites (4, 5). Sequence comparisons alone can
identify only afraction of regulatory regions (6) because the protein-DNA binding events
linking transcription factors with genetic control sequences, and thus gene expression,
change on arapid evolutionary timescale (7-10). For instance, the targeted genes and precise
binding locations of conserved, tissue-specific transcription factors differ significantly
between mouse and human (7). Even when transcription factors bind near orthologous genes
in two species, the precise location of the large majority of the binding events do not align
(7, 9). In numerous cases, transcription factors frequently bind one highly conserved motif
near a gene in one species, and a diifferent conserved motif near the orthologous genein a
second species (7, 9). This divergence of transcription factor binding locations among
related speciesis awidely occurring phenomenon, and similar observations have been made
in yeast, Drosophila, and mammals (7-10). Thus, the mechanisms that determine tissue-
specific transcriptional regulation must be more complex than simple gain and loss of the
immediately-bound local sequence motifs.

Therolethat DNA sequence plays in directing histone modificationsis also not well
understood. It has been previously shown on human chromosomes 21 and 22, that, at the
seguence level, sites of H3K4 methylation are no more conserved relative to mouse genome
than background sequence (11). Genomic locations where H3K 4 methylation occurred in
both species did not show high levels of overall sequence conservation (11). One
interpretation of this observation is that sequence comparisons alone have alimited ability to
identify epigenetic landmarks.

Ultimately, transcription factor binding and epigenetic state contribute to tissue-specific
gene expression (4, 5). A complete understanding of the mechanisms underlying divergence
of transcriptional regulation and transcription itself is central to the debate surrounding the
relative roles that cis-regulatory mutations and protein coding mutations play during
evolution (12, 13).

Here, we isolate the role that genetic sequence plays in transcription by using a mouse
model of Down Syndrome that stably transmits human chromosome 21 (14). In this mouse,
we compare transcriptional regulation of orthologous human and mouse sequencesin the
same nuclei, and thereby eliminate most environmental and experimental variables
otherwise inherent to interspecies comparisons.

Tcl mice are partially mosaic, and approximately 60% of their hepatic cells contain human
chromosome 21, which we confirmed by quantitative genotyping (Fig S1). Historically,
human chromosome 21 has been extensively studied to explore transcription and
transcriptional regulation on a chromosome-wide basis (11, 15, 16), and the corresponding
orthologous mouse regions are located primarily in chromosome 16 with additional regions
in chromosomes 10 and 17 (14).

We chose liver as arepresentative tissue for these experiments because most liver cells are
hepatocytes that are easy to isolate and highly conserved in structure and function. A set of
conserved, well-characterized transcription factors (including HNFla, HNF4a, and HNF6)
are responsible for hepatocyte development and function (2, 17), and orthologous liver-
specific mouse and human transcription factors recognize the same consensus sequences (7).
Despite almost perfect conservation in their DNA binding domains, the mouse orthologs of
HNFla, HNF4a, and HNF6 can vary in amino acid composition by up to 5% from their
human orthologs in regions that could mediate protein-protein interactions (Table S1) (18,
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19). No liver-specific transcription factor genes we profiled reside on HsChr21; therefore,
binding events identified are due to mouse transcription factors.

Because approximately three-quarters of the conserved synteny between human
chromosome 21 and the mouse genome resides on mouse chromosome 16, we used genomic
tiling microarrays to obtain genomic information in four chromosome-nuclear combinations:
human chromosome 21 located in human hepatocytes (indicated as WtHsChr21), human
chromosome 21 located in Tcl mouse hepatocytes (TcHsChr21), mouse chromosome 16
located in Tcl mouse hepatocytes (TcMmChr16), and mouse chromosome 16 located in
wild-type mouse hepatocytes (WtMmChr16).

For every experiment, we subtracted all potentially mouse-human degenerate probes
computationally as well as experimentally by cross-hybridizing each platform with nucleic
acids from the heterologous species (detailsin Supporting Online Materials). Taken
together, our genomic microarrays could in principle interrogate over 28 Mb of human and
mouse DNA sequence shared between HsChr21 and MmChr16, which would capture
information on approximately 145 genes embedded in their native chromosomal context.
After subtraction of regions deleted from TcHsChr21, approximately 20 Mb and 105 genes
are interrogated herein.

Three aspects of this system are of particular note: (i) the primary Tcl hepatocytes used in
these experiments are indistinguishable in liver function, tissue architecture, and mouse-
genome-based gene expression and transcription factor binding from that profiled from
wild-type littermates (see below); (ii) TcHsChr21 and TcMmChr16 are in an identical
dietary, developmental, nuclear, organismal, and metabolic environment in Tcl hepatocytes;
(iii) as all profiled transcription factors arise from the mouse genome, species-specific
effects are eliminated for antisera used in chromatin immunoprecipitation (ChlP)
experiments.

We first confirmed that substantial divergence exists in transcription factor binding between
wild-type mouse and human hepatocytes by performing chromatin immunopreci pitations
against HNFla, HNF4a, and HNF6, which are members of three different protein families
(Fig 1). As expected, most transcription factor binding events were species-specific (7), and
located distal to transcriptiona start sites (10, 20). We define human-specific (or human-
unique) as ChiP enrichment on the human genome that does not have detectable signal in
the orthologous region of the mouse genome (and vice versa) (Fig 1A, Fig S2).

To determine the role that human DNA sequence can play in directing mouse transcription
factor binding, we performed ChiP experiments against HNFla,, HNF4a, and HNF6 in
hepatocytes from the Tcl mouse (Fig 2). For each transcription factor, we simultaneously
hybridized DNA from replicate ChlP-enrichment experiments to microarrays representing
human chromosome 21 and mouse chromosome 16 (Supporting Online Materials). We
found that transcription factor binding on TcMmChr16 and WtMmChr16 islargely
identical; thus, the presence of an extra, human chromosome does not perturb transcription
factor binding to the mouse genome (Fig S3).

We then asked whether transcription factor binding to transchromic TcHsChr21 aligned with
the positions found on (human) WtHsChr21 or (mouse) TcMmChr16. Though binding
events could also be present uniquely on TcHsChr21 that do not aign to either WtHsChr21
or TcMmChr16, thiswas rarely observed. If the transcription factor binding positions on
TcHsChr21 align with positions found on WtHsChr21, then this would indicate that this
binding islargely determined by cis-acting DNA sequences, as the transcription factors are
present in both mouse and human hepatocytes and regulate key liver functions. If more than
asmall number of binding events on TcHsChr21 were found at locations that align
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elsawhere in the genome (for instance, with binding events on TcMmChr16), then other
mechanistic influences besides genome sequence, such as chromatin structure, interspecies
differences in developmental remodeling, diet, and/or environment must contribute
substantially towards directing the location of transcription factor binding.

Remarkably, almost all of the transcription factor binding events on HsChr21 are found in
both human and Tc1 mouse hepatocytes (85%-92%) (Fig 2A, Fig $4). The few peaks that
appear to be unique to WtHsChr21 or TcHsChr21 are generally of lower intensity and
difficult to reliably evaluate using standard peak calling algorithms (Fig S5). Indeed, as can
be seen in Fig 3, the pattern of conservation and divergence in transcription factor binding
found between WtHsChr21 (located in human liver) and WtMmChr16 (located in mouse
liver) is recapitulated between TcHsChr21 and TcMmCh16 (both located in mouse liver)
(see also Fig S6 and Fig S7). Because transcription factors often bind to regions that do not
contain their canonical binding sequences (7, 9, 20), thisresult is further notable.

Despite the evolutionary divergence of primate and rodent lineages, mouse-genome encoded
transcription factors can bind to human sequences in an identical manner to the human-
genome coded transcription factors in a homologous tissue. These data €liminate the
possibility that protein concentration differences or small coding variations in the mouse
versions of transcription factors (or within larger transcriptional complexes) could redirect
transcription factor binding to locations different than those found in human. Taken
together, underlying genetic sequences appear to be the dominant influence on where
transcription factors bind in homologous mammalian tissues.

We then explored how the mouse chromatin remodeling machinery interacts with
TcHsChr21 (Fig 1) (21). Using chromatin immunopreci pitations, we isolated nucleosomes
containing the trimethylated lysine 4 of histone H3 (H3K4me3) to identify the genomic
anchor points for basal transcriptional machinery (11, 21-24). While most H3K4me3
enrichment occurs at transcription initiation sites and correlates with gene expression, it has
been recently shown that most transcription start sites are H3K4me3 enriched, regardless of
whether they are being actively elongated (11, 21-24). Depending on the cell type,
approximately a quarter of genes can show differential H3K4 methylation and many of these
genes have been shown to be cell-type specific (21).

We first identified how well trimethylation of the H3K4 position is shared between the wild-
type mouse and human hepatocytes. We found that 77% of the regions of H3K4me3
enrichment were shared between WtHsChr21 and WtMmChr16. These regions are similar in
anumber of features, including proximity to transcriptional start sites (TSS; 77/101) and
presence of CpG islands (80/101). Consistent with H3K4me3 serving as an anchor for the
basal transcriptional machinery, for aimost every shared region enriched for H3K4me3 in
human hepatocytes (97/101), RNA transcripts were found in the liver-derived cell line
HepG2 (15).

Regions enriched in trimethylation of H3K4 located distal to known TSS are thought to
represent un-annotated promoter regions (11, 24). The vast mgjority of the species-specific
regions enriched in H3K4me3 in human hepatocytes (28/36) and mouse hepatocytes (22/22)
weredistal to TSS (Fig 1, Fig S8). These species-specific sites of H3K4me3 enrichment
were less likely to have CpG idands (3/36 and 2/22 respectively) and showed somewhat
lower enrichment than the conserved regions (Fig S8). Consistent with their association with
unannotated TSS, human-specific regions enriched for trimethylation of H3K4 also showed
evidence of transcription in HepG2 (26/36 and 12/22 respectively). In sum, H3K4me3
enrichment was found to be shared between wild-type mouse and human hepatocytes at the
majority of TSS, yet largely divergent elsewhere.
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Based on presence of the trimethylated form of H3K4 in both mouse and human we
observed at TSS, we expected that a human chromosome subject to mouse developmental
remodeling would have enrichment of H3K4me3 at similar positions near transcription start
sites. It was unclear, however, whether the mouse transcriptional machinery would
successfully recreate the human-specific histone modifications at uncharacterized promoters
distal to known TSS. Observing H3K4me3 enrichment on TcHsChr21 at either (i) the
human-unique sites on WtHsChr21 or (ii) mouse-unique sites on WtMmChr16 could
suggest what mechanisms direct the location of transcriptional initiation.

We found that virtually all of the TSS and approximately three-quarters of non-TSS
H3K4me3 enriched regions on WtHsChr21 were found at the same |location on TcHsChr21
(Fig 2, Fig $4). We found a minority of cases (7/78) where H3K4me3 enrichment occurred
at sites on the TcHsChr21 that aligned with H3K4me3 enriched sites on TcMmChr16,
without significant signal in WtHsChr21 (Fig 2). While these could be examples where
human segquence in a mouse environment is handled in a mouse-specific manner, most are
marginally enriched for H3K4me3 (see Supporting Text 1). Taken as awhole, close
inspection of the patterns of enrichment of H3K4me3 on TcHsChr21 reveals that 85% of
H3K4me3-enriched regions found on WtHsChr21 were reproduced on TcHsChr21 (Fig $4);
the remarkable extent of this similarity is shown for the liver-expressed gene CL DN14as a
typical example (Fig 3). Independent ChlP-seq experiments confirmed 93% (77/82) of the
sites of H3K4me3 enrichment on TcHsChr21, and 73% of sites on TcMmChr16 (70/95); the
majority of non-confirmed sites on TcMmChr16 (20/25) were mouse-unique, half of which
(13/25) were found in the 77am1 gene (see Supporting Text 1 and Fig S9).

In addition to expanding the number of examples of functionally conserved H3K4me3 sites,
our results demonstrate that the regions of differential H3K4 methylation between divergent
species are primarily dictated by cis-acting genetic sequence. Neither the cellular
environment nor differences among the mouse and human chromatin remodeling complexes
substantially influence the placement of key chromatin landmarks associated with
transcriptionally active regions.

Having shown that transcription factor binding and transcription initiation occurred in
positions largely determined by underlying genetic sequences, we finally examined how the
Tcl mouse environment affects gene expression originating from the human chromosome.
Using human gene expression microarrays that had been computationally and
experimentally confirmed to be unaffected by the presence of mouse transcripts, we
identified a distinct set of human genes that was expressed reproducibly in Tcl mouse
hepatocytes (Fig 4A). Genes located in regions known to be deleted from TcHsChr21 were
not detected as expressed (Fig S10) (14). Unsupervised clustering and principal component
analysis of transcriptional data from the human gene expression microarrays clearly
separated Tcl and wild-type littermates by the presence of TcHsChr21 (Fig S10).
Conversely, we asked whether the presence of the human chromosome perturbs mouse-
genome based gene expression. No differential expression of mouse hepatocyte mRNA
between Tc1 mice and wild-type littermates was detected by mouse-specific [llumina
BeadArrays (Fig 4B; note vertical scale). Unsupervised clustering of the normalized mouse
array data accurately grouped mice by litter and strain, independently of the absence or
presence of the human chromosome (Fig S10).

We asked how well the transcripts originating from TcHsChr21 correlated with the
transcripts originating from WtHsChr21 in human hepatocytes (Fig 4C, Fig S11). Gene
expression in Tcl mouse hepatocytes originating from the human chromosome was
determined using the probes representing the 121 genes present on TcHsChr21, and then
compared with matching gene expression data for the same 121 genes obtained from human
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hepatocytes. We found a strong correlation between the expression levels of the human
genes located in Tcl mouse hepatocytes and their counterparts located in wild-type human
hepatocytes (Fig 4C, Fig S11). This correlation (Rqorr & 0.90) was sightly lower than that
found between replicate individual human livers (Fig S12), yet appears to be higher than
similar correlations previously reported between human and other primates (25, 26). The
expression of orthologous genes within Tcl hepatocytes (i.e. TcHsChr21 vs TcMmChr16) is
substantially more divergent, with Rqgr & 0.28 (Fig 4D). It is possible that the correlation
between mouse and human orthol ogs could be influenced by the experimental differences
between platforms as well as microarray design peculiarities. To address this concern, we
determined the relative rank-order of expression among the genes on WtHsChr21,
TcHsChr21 and TcMmChr16, and then compared the ranked results. We found correlation
trends similar to the above (Fig S11, Supporting Online Material).

Our results test the hypothesis that variation in gene expression is dictated by regulatory
regions, extending recent expression quantitative trait loci mapping studies and comparative
expression studies that have been confined to closely related species (25-29). The apparent
absence of overt trans influences could be explained by the modest amount of human DNA
provided by asingle copy of human chromosome 21 when compared to the complete mouse
genome as well as the absence of liver-specific transcriptional regulators on chromosome
21. The extent that protein coding and cis-regulatory mutations contribute to changes in
morphology, physiology and behavior is actively debated in evolutionary biology (3, 12,
13). Myriad points of control influence gene expression; however, it has also been an
unresolved question as to which of these mechanisms has the most influence globally. Here
we show that each layer of transcriptional regulation within the adult hepatocyte, from the
binding of liver master regulators and chromatin remodeling complexes to the output of the
transcriptional machinery, is directed primarily by DNA sequence. Although conservation of
motifs alone cannot predict transcription factor binding, we show that within the genetic
seguence there must be embedded adequate instructions to direct species-specific
transcription.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Transcriptiona regulation varies between human and mouse hepatocytes across a complete
chromosome. (A) Genome track showing chromatin immunoprecipitation enrichment of
HNF1a binding in wild-type mouse and human hepatocytes across 30 kb of genomic
seguence. The species of bound DNA sequences and ChiP signal isindicated by color:
purple represents human, orange represents mouse. Highlighted in green are HNF1a.-bound
regions that are shared by both species, human-unique, and mouse-unique. (B) The total
number of genomic regions occupied by three transcription factors (HNFla, HNF4a, and
HNF6) and the trimethylated form of histone H3K4 (H3K4me3) that are shared between the
species, human-unique, or mouse-unique. ChlP data was obtained in wild-type mouse and
human hepatocytes across the homol ogous regions of human chromosome 21 and mouse
chromosome 16.
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Comparison of the binding of the liver-specific transcription factors HNFla, HNF4a, and
HNF6, and enrichment of H3K4me3 on TcHsChr21 with the corresponding data obtained in
mouse TcMmChr16 and human WtHsChr21 regions. The color schemeisthe same asin Fig
1; notably, the primary difference from Fig 1 is the addition of the human chromosomein a
mouse environment, which is indicated as a purple bar (representing the human
chromosomal sequences) with an orange peak (from mouse transcription factor binding).
The binding events on TcHsChr21 are sorted into categories based on whether they align

with similar peaks in mouse and human (shared), align only with peaksin human (¢/s

directed), or align only with peaksin mice (frans-directed).
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Figure 3.

Patterns of transcription factor binding and transcription initiation are determined by genetic
sequence. ChIP enrichment for (A) HNF1a, (B) HNF4a, (C) HNF6, and (D) H3K4me3 are
shown across a 50 kb surrounding the liver-expressed gene CL DN14. The human
chromosome 21 coordinates, and the vertebrate sequence conservation track (Seq Cons;
genome.ucsc.edu) are shown flanking CL DN14. Each panel shows the species of genetic
seguence as a bar colored by species (human: purple, mouse: orange) below a track showing
ChlIP enrichment, similarly colored by species.
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Figure4.

Gene expression in the Tcl mouse originating from the mouse and human chromosomesis
largely indistinguishable from comparable wild-type nuclear environments. Volcano plots
(empirical Bayeslog odds of differential expression versusaverage log fold change)
demonstrating that (A) Tcl hepatocytes have high transcription occurring from the
transplanted human chromosome 21 using human genomic arrays and wild-type littermate
MRNA as areference (black probes map to human genes; blue probes map to genes located
on HsChr21; red probes map to regions absent from TcHsChr21); whereas (B) wild-type and
Tcl mouse gene expression on mouse genomic arrays have indistinguishabl e patterns of
transcription (black probes map to mouse genes). (C) Plot of the log expression of
TcHsChr21 (y-axis) transcripts versus WtHsChr21 (x-axis) transcripts (Rgorr ~ 0.90). (D)
Plot of the log expression of TcHsChr21 (y-axis) transcripts versus WtMmChr16 (x-axis)

orthologous transcripts (Rgorr ~ 0.28).
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