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ABSTRACT

Transcriptome remodeling in heart
disease occurs through the coordinated actions
of transcription factors, histone modifications
and other chromatin features at pathology-
associated genes. It remains unknown the extent
to which genome-wide chromatin reorganization
also contributes to the resultant changes in gene
expression. We examined the roles of two
chromatin structural proteins, CTCF (CCCTC-
binding factor) and HMGB2 (high mobility
group protein B2), in regulating pathologic
transcription and chromatin remodeling. Our
data demonstrate a reciprocal relationship
between HMGB2 and CTCF in controlling
aspects of chromatin structure and gene
expression. Both proteins regulate each other’s
expression as well as transcription in cardiac
myocytes: however, only HMGB2 does so in a
manner that involves global reprogramming of
chromatin accessibility. We demonstrate that the
actions of HMGB2 on local chromatin
accessibility are conserved across genomic loci,

whereas the effects on transcription are loci-
dependent and emerge in concert with histone
modification and other chromatin features.
Lastly, while both proteins share gene targets,
HMGB2 and CTCF neither bind these genes
simultaneously nor do they physically co-
localize in myocyte nuclei. Our study uncovers a
previously unknown relationship between these
two ubiquitous chromatin proteins and provides
a mechanistic explanation for how HMGB2
regulates gene expression and cellular
phenotype. Furthermore, we provide direct
evidence for structural remodeling of chromatin
on a genome-wide scale in the setting of cardiac
disease.

INTRODUCTION

The genome is organized hierarchically
with the functional unit being the nucleosome, a
heteromultimeric complex of 2 copies each of
four core histones around which ~147 base pairs
of DNA wrap (1). The histone tails can be
modified according to many combinations,
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resulting in recruitment of chromatin remodeling
complexes which in turn determine the spacing
of nucleosomes on the along the genome (2).
Additional structural regulation of transcription
is conferred by DNA methylation and
nucleosome packaging (3), and at a larger scale
by the formation of chromatin domains (4) and
chromosomal territories (5), which controls the
interaction of genes with distal regulatory DNA
sequences and chromatin modifying proteins.
Chromatin structural proteins in turn regulate
these multiple tiers of genomic structure to
influence cell type specific transcription,
although the mechanisms for this phenomenon
are poorly understood.

Transcriptome  remodeling  during
pathologic stress to the heart has been well
documented, as has the role of histone-
modifying proteins in this process (6-8). Yet,
chromatin structure remodeling in disease
requires coordination with other chromatin
features including DNA methylation (9) and
transcription factors (10). How chromatin
structure is reorganized in a genome-wide
manner to carry out disease-associated gene
expression remains poorly understood. In
cardiac development, the patterning of histone
modifications changes as the cell commits to a
lineage, molding the transcriptome for the
appropriate ~ phenotype  (11,12).  Similar
observations have been made in disease: in a
transverse aortic constriction (TAC) model of
heart failure in mice, alterations to cis-acting
histone post-translational modifications
coordinate expression changes of 325 genes
(13).

However, chromatin regulation in the
setting of cardiac disease involves features more
complex than the effects of a local histone
modification on gene expression—notably,
higher order chromatin structure—which
remains unexplored in the heart. Different cell
types ought to have different chromatin structure
underpinning their different transcriptomes,
although most of the knowledge on endogenous
chromatin structure (4,14,15) and the non-
nucleosome proteins that regulate it (16,17)
comes from non-cardiac cells, with some
exceptions (18). At the level of the whole
nucleus, we have reported a decrease in
trimethylation of lysine 9 on histone H3
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(H3K9me3), a marker of constitutively silenced
DNA (19), and an increase in H3K4me3
abundance, a marker of active expression (20),
in failing hearts after TAC (21). Similarly,
decreased H3K9me?2 and increased H3K4me?2 in
the heart was observed in a mouse model of
diabetes with glomerulosclerosis, a condition
which can lead to heart disease in humans and
induces hypertrophy of the cardiomyocytes in
mice (22). Nuclear organization in a larger
context is critical for cardiomyocyte function, as
evinced by cardiomyopathy resulting from
mutations in the nuclear envelope protein lamin
(23) and more recently, studies of high mobility
group nucleosome-binding domain-containing
protein 5 (HMGNS), indicating that chromatin
decompaction drives disease by upsetting the
normal role of heterochromatin to withstand the
forces of myocyte contraction (24). These
observations together suggest a more plastic
chromatin environment—on a genome wide
scale—underlies gene expression remodeling
during heart failure.

CCCTC-binding factor (CTCF) is an
eleven zinc-finger protein that organizes higher-
order chromatin structure by one or more of the
following actions: insulating genes from their
enhancers (25), orchestrating DNA looping to
bring together genes and their regulatory
elements (26) and/or localizing to the boundaries
between heterochromatin (compact and silenced
DNA) and euchromatin (loosely-packed and
accessible DNA) to prevent heterochromatin
spreading (27). Despite the well-established role
for CTCF in genome organization, virtually
nothing is known about its role in the normal or
diseased cardiomyocyte.

High mobility group protein B2
(HMGB2) is a non-nucleosomal chromatin
structural protein, which, by binding to and
bending DNA, can alter gene expression (28).
We previously found that HMGB2 abundance is
altered in heart disease (21) and sought to test in
the present study the molecular mechanisms for
its actions at the level of both the chromatin
fiber and entire genome. Herein we uncover a
previously unknown relationship between
HMGB?2 and CTCF, and use this relationship to
explore the role of chromatin architectural
proteins in regulating cardiac gene expression in
disease.
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RESULTS
HMGB?2 and CTCF are inversely regulated in
the heart

To uncover the contribution of CTCF
and HMGB?2 to cardiac phenotype, we analyzed
microarray data (29) from the hearts of 84
classical inbred and recombinant strains of mice
in the basal state and after three weeks of
treatment with isoproterenol, a beta-adrenergic
agonist which increases the inotropy of the heart
and is used to model hypertrophy and failure in
animal models (30). In the basal condition,
HMGB2 and CTCF mRNA levels are inversely
correlated with each other and this relationship
is weakened, but still significant, after
isoproterenol treatment (Figure 1A). This
correlation is striking given that 66 of the 84
strains down regulated CTCF, whereas the
response of HMGB?2 is genotype dependent (a
finding validated in NRVMs, in which CTCF
was down regulated at the protein level in
response to isoproterenol, phenylephrine or
endothelin-1 [data not shown], whereas the
response of HMGB2 is agonist dependent (21)).
HMGB2 mRNA abundance correlated with that
of neither HMGBI1 nor HMGB3 in the basal
setting or after isoproterenol (Figure 1A). Strains
that respond to isoproterenol by going into
failure exhibit a significant, direct correlation
between the ratio of CTCF to HMGB2 and heart
size, while mice that are resistant or develop
hypertrophy show the opposite trend (Figure
I1B). In support of these observations having
functional significance in the heart, microarray
data from the same panel of mice taken from
other tissues (73 strains analyzed for liver (31)
and 98 strains analyzed for macrophages (32))
showed that the relationship between HMGB2
and CTCF levels is organ-dependent (Figure
1C). Immunohistochemistry to label for
HMGB2 and CTCF in mouse cardiac tissue
sections confirmed that both proteins are
expressed in the nuclei of adult myocytes
(Figure 1D).

We next sought to functionally validate
the inverse regulation between HMGB2 and
CTCF. We used adenoviruses to overexpress or
siRNAs to knockdown HMGB2 and CTCF in
neonatal rat ventricular myocytes (NRVMs)
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(Figure 2). Increased HMGB2 expression
resulted in a dose-dependent reduction in CTCF
at the protein and mRNA level, whereas
HMGB2 knockdown caused up-regulation of
CTCF at the mRNA level with no change in
protein by 72hrs (Figure 2A and 2B). HMGB2
knockdown did not affect levels of Histone H1,
another chromatin structural protein (Figure 2B).
Likewise, CTCF knockdown up-regulated,
whereas CTCF overexpression down-regulated,
HMGB2 (Figure 2C). By microscopy, we
observed an increase in the overall abundance of
HMGB?2 in nuclei depleted of CTCF (Figure
2D). Finally, in cardiac-specific CTCF knockout
mice, we observe a doubling (204.9%) in
HMGB2 abundance by RNA-seq from isolated
adult cardiomyocytes. Together these findings
extend our observation of an endogenous inverse
relationship between CTCF and HMGB2 levels
in the mouse heart by demonstrating that this
relationship is dynamic and responsive to
experimental perturbation.

HMGB2 and CTCF target the same loci at
distinct times

We next examined available CTCF
chromatin immunoprecipitation and DNA
sequencing (ChIP-seq) data from human CD4"
cells (gene expression omnibus accession
GSM325895), adult mouse heart (UCSC
accession wgEncodeEM001684), mouse
embryonic stem cells (gene expression omnibus
accession GSM69916) and rat liver (33). We
performed our own ChIP-seq for HMGB?2 in
NRVMs and used liftOver to compare HMGB2
binding to CTCF peaks from the other four
samples. In all four comparisons, HMGB2 reads
were strongly enriched around CTCF binding
peaks as compared to a randomized set of reads
of similar length and number (Figure 3A). We
also compared CTCF ChIP-seq data in the heart
to HMGB2 binding peaks separated by whether
they fell in genes, promoters or intergenic
regions, and found the greatest enrichment in
intergenic regions using basal HMGB2 ChIP-seq
and promoter regions using HMGB1 ChIP-seq
from hypertrophic (phenylephrine treated)
NRVMs (Figure 3B). For comparison, we
mapped HMGB2 enrichment around peaks for
Nkx2.5, a cardiac transcription factor, in HL1
cells ((34) an atrial myocyte cell line) and did
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not see enrichment (Figure 3A). Together, these
suggest that HMGB2 and CTCF bind the same
regions of the genome and that a portion of
HMGB?2 peaks may be cell type independent.
We validated the HMGB2 ChIP-seq by
ChIP-PCR in NRVMs at 20 peaks that fell
within 2kb upstream of the TSS of a gene. In our
analysis, 19 of the 20 peaks showed enriched
pull down over an IgG control. ChIP-PCR for
CTCF showed CTCF binding 5 of the 19
promoter regions (Figure 3C). These 5
promoters also showed CTCF binding in the
adult mouse heart (UCSC  accession
wgEncodeEM001684). We then examined
whether HMGB2 and CTCF co-occupied these
promoters in cardiac cells using ChIP-reChIP
(Figure 3C). We immunoprecipitated CTCF
with one antibody, eluted the protein and DNA
complex from the beads, and then
reimmunoprecipitated for CTCF wusing a
different antibody. There was some loss of DNA
in this process, but in all cases, the ChIP-reChIP
successfully pulled-down the five promoter
sequences, serving as a positive control for the
assay. We then immunoprecipitated HMGB2
with one antibody, followed by
immunoprecipitation with a second HMGB2
antibody. In this case, the loss in sample was
greater, due to the poor utility of the second
HMGB2 antibody for immunoprecipitation.
Despite these limitations, we still achieved
enrichment of one of the five HMGB?2 targets.
Finally, we immunoprecipitated for HMGB2
followed by immunoprecipitation for CTCF
(and vice versa, with the first
immunoprecipitation for CTCF followed by
immunoprecipitation for HMGB2). In these
experiments, the better performing HMGB2
antibody was used. However, unlike the control
experiments using different CTCF antibodies
against the same protein, here we saw loss of
enrichment when immunoprecipitating for both
CTCF and HMGB2 on the same sample.
Together these experiments indicate that both
CTCF and HMGB2 bind these five regions, but
not at the same time, hence the ability of CTCF
and HMGB2 to pull down non-overlapping
pools of these DNA fragments. Super-resolution
imaging of immunolabeled HMGB2 and CTCF
in NRVM nuclei confirmed the lack of
colocalization of HMGB2 and CTCF in
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cardiomyocytes (Figure 3D); only ~9 percent of
the HMGB2 or CTCF puncta were within 50nm
of each other (we define colocalization as within
50nm based on the resolution of the microscope,
Figure 3E). HMGB2 and CTCF also did not
colocalize in 293T cells (data not shown). By
contrast, the ChIP-seq data predicts 20-24%
overlap of these two proteins (~41K total
HMGB?2 peaks, ~33K total cardiac CTCF peaks,
~8K overlapping HMGB2 and CTCF peaks
indicates ~20% of HMGB2 peaks and ~24% of
CTCF peaks should overlap).

HMGB?2 regulates ribosomal RNA transcription

To  characterize  the  phenotypic
implications of disrupting the balance of
HMGB?2 or CTCF in myocytes, we analyzed the
global effect of HMGB2 and CTCF on cardiac
gene expression. Previous studies in MEFs and
have shown that loss of CTCF increases
nucleolar area, however in that cell type,
nucleoli number decreased (35). Furthermore
CTCF depletion in ES cells causes a modest
decrease in ribosomal RNA transcripts (35).

In mammals, the ribosome is made up of
~85 proteins (30-50 for 40S subunit and 40-50
for 60S subunit) and 4 ribosomal RNAs
(rRNAs; 18S, 55, 5.85, 25S) (36). The
sequences of DNA encoding these rRNAs co-
localize within the nucleus, forming so-called
“nucleolar organizing regions” surrounding the
nucleolus (37). Mammalian genomes contain
>100 repeats of ribosomal DNA units (38). In
the rat, the 45S rDNA gene (the precursor for
18S, 5.8S, 28S) is clustered in repeats on
chromosomes 3, 11 and 12, with ~35 copies per
chromosome (NCBI and RefSeq 2012). Like
mRNA, rRNA expression is regulated by histone
post-translational modifications and DNA
methylation (39). The majority of gene copies
are silenced in mammalian cells (40).

5’fluoruridine is a uracil analogue that
incorporates into newly transcribed RNA when
added to the media of living cells. We
overexpressed GFP alone or HMGB2 or CTCF
tagged with GFP in 293T cells, incubated them
in 5’fluorouridine for 30 minutes and then
stopped the reaction, fixed the cells and used
immunocytochemistry to detect the localization
and intensity of 5’fluoruridine labeling. We
found no overt change to 5’fluoruirdine signal in
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either the CTCF or GFP-only overexpressing
cells. Similarly, CTCF knockdown in NRVMs
had only a modest effect (11% decrease in
5’fluoruridine intensity, p<0.001, n=264 control,
n=287 CTCF knockdown). By contrast we
found a stark absence of transcription in the
nucleoli of HMGB2 overexpressing cells (Figure
4A, open arrows). Cells in the same plate that
did not actively express the HMGB2 plasmid,
and which therefore were not green, also did not
show transcriptional inhibition (Figure 4A, solid
arrows). We quantified the top 250 cells with the
most GFP expression. There was >50%
reduction in the mean 5’fluoruridine intensity of
HMGB2 overexpressing cells (Figure 4B), and
an inverse relationship between 5’fluoruridine
intensity and GFP intensity in  the
overexpressing cells (Figure 4B). Both of these
observations were also true when analyzing all
(n=329) HMGB2 overexpressing cells, rather
than focusing only on the cells with the greatest
overexpression (reduction in median level of
5’FU by 49%, significant correlation between
GFP and 5°FU in overexpressing cells, p-value
<0.001). Analyses of HMGB2 overexpression in
NRVMs showed the same effect (Figure
4C&D).

This global reduction in transcription
agreed with our previous finding (21) that
HMGB2 knockdown in NRVMs increased the
abundance of H3K4methylation, a modification
associated with active promoters and enhancers
(20,41,42), whereas loss of HMGB2 decreased
the abundance of H3K9me3, a marker of
constitutively silenced DNA (19). In the current
study, we now show that HMGB2 knockdown
also decreases the abundance of H3K27me3
(Figure 4E), a marker of facultative
heterochromatin (43), that is, heterochromatin
more likely to be dynamically regulated over the
lifetime of the cell.

We repeated the global transcription
analyses in NRVMs after HMGB2 knockdown.
HMGB2 knockdown decreased nucleolar
transcription with no change in total
transcription (Figures S5Ai-ii), increasing the
ratio of nucleoplasmic transcription to nucleolar
transcription (Figure 5Aiv). Localization of
transcription was determined by co-staining for
Nucleolin to label nucleoli. We tested whether
the loss of nucleolar transcription could be due
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to alterations in the nucleolar structure and
found no significant difference in nuclear, or
nucleolar, size (Figures 5Bi-iii). However, we
did find fewer nucleoli on average per nuclei in
the  knockdown cells (Figure  5Biv).
Additionally, we observed a reduction in the
total levels of Nucleolin (Figure 5Bv). The ratio
of Nucleolin localized within the nucleoli versus
within the nucleoplasm did not change with
knockdown. This suggests that HMGB2
knockdown is disrupting rRNA transcription
without disrupting the gross morphology of the
nucleoli. Whether the decrease in Nucleolin
levels with HMGB2 knockdown is cause or
consequence of alterations in rRNA transcription
remains unknown.

During cardiac hypertrophy, both
translational efficiency (translational rate of
ribosomes) and translational capacity (number of
ribosomes) increase to support the elevated
protein synthesis necessary for cellular growth
(44). rRNA transcription and subsequent
synthesis of new ribosomes is necessary for
cardiomyocyte  hypertrophy  induced by
phenylephrine (45) and treatment with
endothelin-1 and angiotensin II also increase
rRNA synthesis (44). Thus, the regulation of
rRNA synthesis by HMGB2 could be one
mechanism by which HMGB2 regulates
hypertrophy.

We next sought to understand the
observation that both HMGB2 knockdown and
overexpression decreased ribosomal
transcription. We examined HMGB2 binding to
ribosomal genes and found enrichment across
rDNA gene bodies in NRVMs as compared to
the entire genome (Figure 5C). We hypothesized
that these differences could be explained by a
concentration-dependent functionality of
HMGB?2, such that baseline levels of HMGB2
are necessary to promote rRNA transcription (in
concert with other associated factors), however
an exorbitant amount of HMGB2 overloads
rDNA genes and promotes non-specific
chromatin condensation.

To test this, we partially digested
chromatin from NRVMs with micrococcal
nuclease, isolated heterochromatic, euchromatic
and intermediately-compacted DNA based on
the level of digestion, and used qPCR to amplify
a region of the rDNA gene (designated H42.1
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(35)) (Figure 5D; see also Figure 7A for a
schematic representation of this assay). We
normalized the distribution to the level of the
DNA sequence in the most heterochromatic
fraction, which accounted for the majority of the
cardiac genome. We then compared how this
ratio changed with HMGB2 knockdown or
overexpression and found that HMGB2
overexpression had minimal effect, while
phenylephrine treatment increased the ratio of
euchromatic to heterochromatic DNA (Figure
5D). HMGB2 knockdown caused an increase in
the ratio of intermediately compacted DNA as
compared to heterochromatin (Figure 5D),
illustrating that HMGB2 knockdown and
overexpression have opposing effects on rDNA
genes.

It was not previously known that
HMGB2 regulates nucleolar transcription. We
thus sought to further explore the specific
phenotypes regulated by HMGB2 acting on
rRNA transcription. We hypothesized that the
dramatic decrease in rRNA synthesis upon
HMGB2 overexpression would disrupt cell
growth. We labeled cells with crystal violet and
then gently washed the plate to remove dead
cells. In 3T3 cells, HMGB2 overexpression was
lethal, as predicted, however, this was not the
case in HeLa cells, where HMGB2 knockdown
but not overexpression resulted in a loss of cells
(Figure 5E). CTCF knockdown was also lethal
in HeLa cells (Figure 5E). In NRVMs, HMGB2
knockdown, HMGB2 overexpression, CTCF
knockdown or CTCF overexpression all had no
effect on cell death, possibly because the cells
are not dividing, and can therefore better
withstand disrupted rRNA synthesis (Figure 5E).
This observation is in agreement with data from
COS-1 cells, in which HMGB2 knockdown
suppresses cell division (46). Furthermore, the
cell type specific lethality of CTCF levels is also
in agreement with data showing that CTCF
knockout is embryonic lethal in mice (47,48).
CTCF depletion in isolated cells often affects
cell division or cell death processes, but in a cell
type dependent manner, potentially due to the
cell type specific localization of CTCF and
arrangement of  higher order structure
coordinated by the protein (49).

Mechanisms of chromatin structural regulation in disease

Interaction of CTCF and HMGB2 with local
chromatin features to influence gene expression

We previously found that HMGB2
regulated genes are enriched in pathways
important to cardiac hypertrophy (21). We next
asked how HMGB2 and CTCF regulate mRNA
expression to explain why some HMGB2-
regulated genes are up-regulated and others are
down-regulated in response to HMGB2
knockdown in cardiomyocytes (21). We used
ENCODE date from the adult mouse heart and
our HMGB2 ChIP-seq data. HMGB2 occupancy
was grossly similar between genes up-regulated
or down-regulated by HMGB2 knockdown, as
was CTCF enrichment at CTCF-regulated genes
(genes up-regulated or down-regulated by CTCF
knockout in the mouse heart; Figure 6A).
Compared to all genes and down-regulated
genes, genes that were up-regulated by HMGB2
knockdown had greater levels of the activating
marks H3K4me3 and RNA Pol II in their
promoters in the basal setting (1kb upstream of
TSS; Figure 6B), suggesting that removing
HMGB?2 potentiates the transcriptional effect of
the local epigenomic code specified through
histone post-translational modifications.
Remarkably, CTCF-regulated genes showed the
opposite pattern, with up-regulated genes
depleted in activating marks (Figure 6B). This
suggested that the interaction of these two
proteins with local chromatin environment could
have opposing effects on gene expression.

We next asked if the local chromatin
environment was also correlated with whether
CTCF or HMGB2 differentially bound to their
shared target loci. CTCF binding has been
shown to be sensitive to DNA methylation (50-
52) specifically in the context of cell-type
dependent binding events (53). We used our
bisulfite sequencing data from adult mouse
hearts (54) to assess the average DNA
methylation status of all CpGs across HMGB2
and CTCF binding sites. Bisulfite sequencing
data exhibits a bimodal distribution, with the
majority of CpGs either lowly methylated or
highly methylated, reflective, we posit, of a
relative entrainment of CpG methylation status
across the population of sampled cells (that is,
methylated or not). HMGB2 and CTCF shared
peaks that occur outside of genes were depleted
in highly methylated peaks (as compared to
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HMGB2-only or CTCF-only peaks), and were
furthermore slightly enriched in peaks of
intermediate methylation (Figure 6C). This is
also true when examining methylation data from
isoproterenol-treated mouse hearts. We thus
speculate that DNA methylation at these peaks
might be more dynamic and thus capable of
modulating HMGB2 and CTCF differential
binding.

Others have shown that depleting DNA
methylation promotes new CTCF binding at less
than 1.5% of CTCF’s consensus motifs (55),
suggesting DNA  methylation may be
insufficient to regulate differential binding of
CTCF to HMGB2 and CTCF shared peaks. This
previous study also found that the consensus
motifs which did recruit CTCF as a result of
depleted methylation were sites that would
otherwise have bound CTCF in other cell types
and were at newly formed DNase HS sites (55).
We thus asked whether HMGB2 and CTCF
shared peaks also had similar features:
specifically, the ability to bind CTCF in other
cells and an open chromatin phenotype. We
combined ENCODE ChIP-seq data for CTCF
from 10 adult mouse organs and mESC to define
a set of conserved CTCF binding sites. Only
15% of intergenic CTCF-only peaks in the heart
are also conserved CTCF binding sites in other
organs. By contrast, 64% of CTCF peaks shared
with HMGB2 overlapped with conserved CTCF
binding sites (data not shown). On average,
CTCF-only, and HMGB2 and CTCF shared
peaks, both overlap with 1 DNase HS site in the
mouse heart (ENCODE). These findings suggest
that other chromatin features may be responsible
for the differential binding of HMGB2 and
CTCF, and that DNA methylation could be one
such feature. A complementary interpretation is
that HMGB2’s ability to promote
heterochromatin and decrease accessibility (as
evidenced by our MNase assay, Figures 5 & 7)
could prevent CTCF binding. However, future
analyses are necessary to determine the temporal
regulation of other chromatin features that
influence the differential binding of HMGB?2 or
CTCEF to their shared sites in the heart.

HMGB2 and CTCF exert opposing effects on
promoter accessibility

Mechanisms of chromatin structural regulation in disease

We next sought to investigate direct
effects of HMGB2 and CTCF to structurally
modify local chromatin environment. We
isolated nuclei from NRVMs and treated them
with 0.001U of micrococcal nuclease (MNase),
an enzyme that preferentially digests DNA that
is accessible, i.e., not bound by nucleosomes.
The digested genome of control NRVMs, when
run on an agarose gel, gives bands of multiple
sizes: the smallest bands migrate around 150-
200 bp (the size of a mono-nucleosome); bands
migrating at increasing molecular masses
correspond to sections of chromatin which,
endogenously, reside in states of greater
compaction (Figure 7A, concept; Figure 7B,
data). Electrophoretically less mobile regions at
the top of the gel represent DNA that is more
compact and heterochromatic; those at the
bottom, more open and euchromatic. HMGB2
knockdown shifted the distribution of the
genome towards more euchromatic DNA
(Figure 7B), whereas CTCF knockdown or
phenylephrine treatment had minimal effect on
the global pattern of DNA compaction (Figure
7B).

To investigate the behavior of individual
genes, we repeated this experiment and we cut
the agarose gel containing the digested genome
into three sections representing DNA that had
been in  heterochromatic  environments
(compact), euchromatic environments (open) or
that came from an intermediate region of the
genome, and analyzed by qPCR the distribution
of specific promoter sequences for genes of
interest. Each plot represents the change in the
ratio of intermediate regions or open regions
divided by compact regions between basal and
treated cells. For all promoters tested (with the
exception of that for the gene Dhrs7c), the
alteration of local accessibility conferred by
phenylephrine was very similar to the effect of
HMGB2 knockdown (Figures 7C and 7D): that
is, phenylephrine and HMGB2 knockdown
made the chromatin more open (although in
some cases the effect of HMGB2 knockdown
was less pronounced), whereas HMGB2
overexpression had the antithetic effect. This
was true even for genes that had distinct
transcriptional responses to phenylephrine
treatment (56) and HMGB2 knockdown (21)
(Figure 7D). This observation suggests a
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partially transcription independent effect on
chromatin structure that is shared in both
HMGB2 knockdown-induced and
phenylephrine-induced hypertrophy, and which
we hypothesize can account for the fact that
HMGB2 knockdown can prime the genome for
hypertrophy in NRVMs by facilitating the
actions of other local chromatin features (Figure
6). Similar to HMBG2 overexpression, CTCF
knockdown generally resulted in more
heterochromatic packing of the promoter (Figure
7E), providing chromatin fiber level support for
the opposing relationship between these two
proteins described thus far in this study. We
hypothesize that CTCF forms chromatin
boundaries, with HMGB2 promoting
compaction within these boundaries (Figure 7F).

HMGB?2 binding overlaps CTCF at 3D domain
boundaries and cardiac enhancers to oppositely
regulate mRNA expression

We next investigated the role of CTCF
at the sites that both CTCF and HMGB2 can
bind. Previous work has shown CTCF is
enriched within 100kb of lamina-associated
domains (LADs, 0.1-10 Mb domains of DNA
interacting with the nuclear membrane and
associated with repressed transcription (57)).
Furthermore, analysis of LADs in four different
mouse cell types revealed 33% are shared
between cell types (58,59). We determined the
overlap for these four datasets and compared
their location to the proximity of HMGB2 peaks
that do not overlap with CTCF (HMGB?2 only),
CTCF peaks that do not overlap with HMGB2
(CTCF only) and sites than can be bound by
either HMGB2 or CTCF (HMGB2 and CTCF
shared peaks). This analysis confirmed
enrichment of CTCF only peaks at LAD
boundaries, and further revealed HMGB2 only
peaks enriched at boundaries, suggesting
possible new functionality for HMGB2.
However, HMGB2 and CTCF shared peaks
were not enriched to the same extent, suggesting
that the overlapping peaks correspond to a
different functional role of CTCF (Figure 8A &
&B).

Topologically  associating  domains
(TADs, megabase-scale domains [median in
mESC=880kb] of DNA enriched for self-
interaction) have CTCF enriched at their
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boundaries (15). Furthermore, TAD boundaries
are conserved between cell types (~69% shared
between cell types of the same species and
~65% shared between the same cell type in
mouse and human) (15). We compared our
peaks to TAD boundaries measured in the
mouse cortex and surprisingly found both
HMGB2 only, and HMGB2 and CTCF shared
peaks, enriched at the boundary (Figure 8C). We
further compared Rad21 (a known component of
the cohesin complex) mouse ChIP-seq data with
our CTCF peaks to assess the level of
enrichment of CTCF and cohesin shared peaks.
As expected these sites were enriched at TAD
boundaries, and the HMGB2 and CTCF shared
peaks were enriched to almost the same extent
(Figure 8C). These findings highlight novel
functionalities for HMGB2 (Figure 8A) to
regulate different types of heterochromatin as
well as endogenous genomic architecture.

CTCF has also been shown to act as an
enhancer blocker, although recent DNA
conformation capture data suggests that whether
CTCF promotes or blocks enhancer interaction
with its target gene can depend on whether the
interaction occurs within or between TADs (60).
We explored whether CTCF binding sites
regulating enhancer function overlapped with
HMGB2 binding, using cardiac enhancers
defined by H3K27ac in adult mouse
cardiomyocytes (13). Both CTCF only and
HMGB2 only peaks are enriched at these
enhancers, with HMGB2 and CTCF shared
peaks enriched the most (Figure 8D). This
supports a role for these ubiquitous proteins to
regulate cell type specific gene expression. We
then asked for HMGB2 or CTCF peaks close to
an enhancer (within 30bp), at a medium distance
(31-380bp) or at a far distance (381bp-1lkb),
what the effect was on the expression of the
nearest gene to the enhancer using RNA-seq
data from CTCF knockout mouse hearts and
microarray data from HMGB2 knockdown
NRVMs. Loss of CTCF from regions a medium
or far distance from an enhancer is biased
towards up-regulation of the target gene (though
the majority of genes do not change in
expression, Figure 8D), mimicking the expected
behavior of an enhancer blocker. The same is
seen when CTCEF is lost from sites that can also
bind HMGB2. At HMGB2 and CTCF shared
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peaks, loss of CTCF is 3x more likely to result
in up-regulation than down-regulation of the
nearest gene to the enhancer, while loss of
HMGB2 is 4x more likely to cause down-
regulated than up-regulation (Figure 8D). One
possible explanation is that loss of HMGB2
allows CTCF binding which promotes enhancer
blocking.

We then performed a similar analysis,
this time asking how HMGB2 or CTCF peaks
near genes regulate the expression of the nearest
gene. Firstly, we found that HMGB2 and CTCF
are just as likely to bind near (designated as
within 1kb of a gene but not within a gene) an
active gene as an inactive one, when using the
presence of an RNA Pol II promoter peak to
define active genes (ENCODE ChIP-seq
dataset). However, HMGB2 and CTCF shared
peaks are biased to binding near active genes
(Figure 8E, left panel). Secondly, we found that
for HMGB?2 only, CTCF only, and HMGB?2 and
CTCF shared, peaks that occur near a gene, loss
of CTCF was biased towards up-regulation of
the gene if the gene was also active in the basal
state (Figure 8E, right panel). However there
was bias for neither genes that did not have
RNA Pol II nor for genes where HMGB2 or
CTCF were binding within the gene as opposed
to near the gene (Figure 8A). This finding is
similar to our observation that HMGB2 target
genes are likely to be up-regulated if bound by
RNA Pol II in their promoter in the basal state
and also is in line with our observations from
enhancers, wherein CTCF binding near, but not
in, enhancers or genes is biased to being
repressive, a function that is conserved at sites
that can also bind HMGB2.

It remains unknown whether and how
HMGB2 binding can modulate the repressive
function of CTCF on nearby genes. We
hypothesize this action to involve mutually
exclusive binding of these two proteins, wherein
HMGB2’s binding prevents that of CTCF by
changing the chromatin landscape and/or
specifically promoting heterochromatin (Figure
7F).

Additionally, gene ontology (GO)
analysis of genes with a nearby (within 1kb)
shared HMGB2 and CTCF peak are enriched for
annotation relating to cytoskeleton, ribosome
and nucleus (enrichment score 4.14, 3.51 and
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3.25 respectively, DAVID), whereas GO
analysis for the nearest genes to enhancers with
HMGB?2 and CTCF shared peaks were enriched
for transcription (enrichment score 3.62,
DAVID), with no enrichment for any disease
processes after Bonferroni correction
(hypertrophic  cardiomyopathy and insulin
signaling were the two lowest p-values for
KEGG pathways, although not significant after
correction). These data suggest that while
HMGB?2 and CTCF target cardiac-specific genes
and can regulate pathologic pathways (21), their
shared binding sites may be more important for
regulating gross, rather than stress-responsive,
cardiac genome organization.

DISCUSSION

We propose a model (Figures 7F and
8A) whereby CTCF, acting in an insulator
capacity, serves as a boundary for
heterochromatin spreading. In the absence of
CTCF, heterochromatin can spread, silencing
nearby regions, a phenomenon that is
accompanied by increased presence of HMGB2,
which maintains the compact environment.
Inversely, increased abundance of HMGB2 can
promote heterochromatin spreading and thereby
evict CTCF from specific loci. By disrupting the
boundaries of heterochromatin, HMGB2 and
CTCF can affect multiple genes in a given
region, depending on the type and extent of
other modifications.

We favor this model, as opposed to one
in which HMGB2 preferentially targets (and
differentially regulates) individual genes,
because HMGB2 lacks DNA sequence
specificity and is not a cardiac-specific protein.
These observations, coupled with our new
understanding of the finely regulated balance
between HMGB2 and CTCEF, indicate that while
the overall chromatin structure of the myocyte
may not be regulated with single gene
resolution, this structure is critical for regulating
myocyte physiology in health and disease. It is
also important to note that the conclusions in
this study were made from a combination of in
vivo adult mouse models and isolated neonatal
ventricular myocytes. While this approach
provides some experimental advantages, there
are likely important differences in how adult and
neonatal cardiomyocytes package chromatin—
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related to differences in  regenerative,
proliferative and stress response capacities in
these cell populations—which will have to be
resolved by further experimentation.

An open question when we began these
studies was the molecular basis for how
HMGB2 ostensibly promotes the transcription
of some genes while inhibiting the expression of
others. Previous studies have implicated
HMGB2 in transcriptional activation or
repression (61-63), attributing these actions to
cooperation with distinct proteins. The
predominate hypothesis for the role of HMGBs
in gene expression is that they bend DNA to
promote binding by other proteins. HMGBs may
only transiently interact with these client
proteins (if at all), thereby acting as promiscuous
chaperones at different loci (28). Our data
support this model, indicating that HMGB2 has
locus-specific effects on gene expression
notwithstanding a conserved effect to compact
chromatin in a locus-independent manner.
Future studies using locus-specific proteomic
analyses will be required to determine which
HMGB2 binding partners encode, in a
combinatorial manner, different transcriptional
logic. While informative, this approach may
obfuscate the issue of trans effects, particularly
through non-coding regions of the genome, by
arbitrarily restricting examination of HMGB2’s
functions within the physical unit of a gene.

The increased DNA flexibility conferred
by HMGB2 binding (64) that facilitates
formation of locus-specific complexes can also
more generally facilitate tighter packaging of
DNA. Previous reports have shown HMGBI1 is
enriched in  euchromatic  regions  of
photoreceptor nuclei (65). However, HMGB1
and HMGB2 are also bound to highly
heterochromatic DNA formed during mitosis
(66). Compared to linker histone H1, HMGBI1
also compacts DNA, although to a lesser degree
(67) and can directly compete with histone H1
for binding to linker DNA (68). We show that
HMGB2 knockdown disrupts global measures
of heterochromatin (H3K27me3 abundance) and
the chromatin environment at specific genes
without altering global levels of histone H1. One
potential  explanation is that HMGB2
knockdown decreases nucleosome abundance.
Others have shown that HMGBI deficient
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mouse embryonic fibroblast cells (MEFs) have
reduced nucleosome number, and yeast deficient
in the HMGBI1 homologue display a shift to
euchromatin when assayed by MNase (69),
similar to what we observed following HMGB2
knockdown. Indeed, in vitro, HMGBI1 can
facilitate nucleosome deposition (70). However,
we see no difference in the abundance of histone
H3 with HMGB2 knockdown, though we did
not directly measure nucleosome assembly.
HMGB?2 can also alter nucleosome distribution
by facilitating nucleosome sliding via interaction
with  SWI/SNF  ATP-dependent chromatin
remodeling complexes, as shown in vitro (71).

Here we propose a model where
HMGB?2 targeting is partially regulated by the
distribution of heterochromatin, such that CTCF
mediates the boundaries between hetero- and
euchromatin, and HMGB2 maintains the
integrity of facultative heterochromatin, that is,
genes that are silenced in a given cell type. We
reason that the overlap between HMGB2 ChIP-
seq reads from rat cardiomyocytes with CTCF
ChIP-seq peaks in other species and tissues
indicates cell type independent functions of the
proteins. Indeed, CTCF is enriched at (15), and
critical for maintaining, topological domains
(72), which are largely conserved between cell
types and species (15). Unlike transcription
factors, CTCF does not preferentially localize to
genes that belong to a similar class (73). Yet we
see preferential binding of HMGB2 and CTCF
shared peaks to genes actively expressed in the
heart, suggesting that a subset of the HMGB2
and CTCF binding is cell type specific.
Furthermore, the changes to chromatin
accessibility at individual promoters induced by
HMGB2 knockdown largely mimic the effects
of phenylephrine treatment—especially
interesting, given that phenylephrine treatment,
unlike HMGB2 knockdown, does not cause
global changes in genome accessibility,
suggesting that alterations in chromatin
packaging, while important for phenotype, may
be decoupled from transcriptional changes.

We also find both CTCF and HMGB2
regulate nucleolar transcription in multiple cell
types, having particular implications for cardiac
cells. Nucleolar disruption occurs with cardiac
stress (74) and rRNA synthesis is up-regulated
in hypertrophy (75). Previous findings identified
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HMGB3 as a component of the T-cell nucleolar
proteome (76) and found evidence for
interaction between HMGB2 and Nucleolin
outside of the nucleolus (77).

The relationship between HMGB2 and
CTCF suggests a mechanism by which both
chromatin structural proteins are regulated (in
abundance and localization) in part by the
chromatin environment. CTCF, unlike HMGB?2,
has DNA binding consensus motifs, and perhaps
their co-regulation involves sequestering of
CTCF’s binding sites into heterochromatin by
HMGB?2 and/or is mediated through changes in
DNA methylation, although this will take
additional experiments to fully elucidate. Our
data also indicate that these two proteins confer
opposite regulation of chromatin accessibility
when they target the same promoters and
opposite regulation of gene expression when
they target the same cardiac enhancers.

In this model, CTCF organizes the
framework of the genome within which the cell
type specific chromatin factors operate. HMGB2
also acts within the boundaries of this model to
maintain heterochromatic regions (with a high
density of HMGB2 to allow for tight packaging)
and facilitate complex formation (with a low
density of HMGB2 priming DNA for binding by
other proteins) whose specific functions are
dependent on the cell type specific proteome. In
support of this model, we observe a promoter-
specific effect of HMGB2 knockdown on
transcription, but a uniform effect of HMGB2 to
regulate chromatin accessibility at the genomic
scale. Thus, in a cell type dependent way, the
nucleus regulates the regions established by
CTCF. However, alterations to balance between
HMGB2 and CTCF disrupt the boundaries of
heterochromatin, undoing the cell type specific
silencing. We hypothesize that the changes in
the ratio of HMGB2 to CTCF that we observe
with cardiac pathology and across genetic
backgrounds allow for varied genomic plasticity,
supporting a general theory in which global
chromatin  accessibility is an important
component to transcriptome remodeling in
disease.
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EXPERIMENTAL PROCEDURES
Analysis of the hybrid mouse diversity panel
(HMDP)

Microarray (RNA isolated from left
ventricle) and phenotypic data from 84 classical
inbred and recombinant strains of adult (aged 8-
10 weeks), female mice in the basal state or after
treatment with isoproterenol (ISO; Alzet
microosmotic pump releasing 30mg/kg/day) for
three weeks (29) were analyzed. These data (29)
were acquired from female mice for three
reasons. First, choosing a single gender removed
this as a variable and the scope of the study
prohibited repeating all the analyses in both
genders. Second, male mice are prone to
establishing societal hierarchies when housed in
the same cage, which could affect how the mice
responded to stress signaling, such as
isoproterenol. Third, pilot studies on both
genders revealed a more reproducible and
pronounced phenotype in female animals.
Transcript abundances were correlated to
determine an r-squared value, which was
converted to a p-value. Correlation of transcript
abundance in liver (31) and bone marrow (32)
was also assessed. Separately, the ratio of CTCF
to HMGB?2 (calculated by subtracting the log-
scaled HMGB?2 value from the CTCF value) was
plotted against cardiac phenotype, with different
plots for different subsets of strains. Strains were
grouped by whether upon isoproterenol
treatment they went into failure (n=13 strains),
developed cardiac hypertrophy (n=22), showed
minimal change (n=9), or showed phenotypic
traits inconsistent with a single disease state
(n=40).

Cell culture

HEK 293T and HeLa cell lines were
grown in DMEM (Gibco, 11965-092) with 10%
FBS. Primary neonatal rat ventricular myocytes
(NRVMs) from one day old rat pups were
isolated via enzymatic digestion and plated (1X
penicillin-streptomycin-glutamine/10%  horse
serum/5% newborn calf serum/1.68% M199
salts in DMEM) for 24 hours and transferred to
DMEM media containing 0.1% insulin-
transferrin-sodium selenite supplement.

Knockdown was performed with 50nM
total of two siRNAs per mRNA target (Qiagen:
HMGB2 mouse: SI01067773, SI01067759;
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HMGB2 rat S102877252, S102877266; CTCEF:
SI01503187,  SI01503208)  suspended in
lipofectamine (Invitrogen, NRVMs: 13778-075;
cell lines: 11668-027) at time zero. CTCF
siRNA treatment was repeated at 24 hours. Cells
were assayed at 72 hours. Control cells were
treated with lipofectamine alone to control for
toxicity.

Overexpression in  NRVMs  was
performed using adenovirus (Vector BioLabs:
HMGB2: Adv-290952 or CTCF: Adv-206223,
50 MOI) and assayed at 24 hours. In cell lines,
plasmid constructs with GFP tagged protein or
GFP alone (HMGB2: ProSpec, PRO-888, CTCF
and GFP: pEGFP-CTCF and pEGFP-C2) were
administered via lipofectamine 2000, and cells
were assayed at 24 hours.

To model hypertrophy, NRVMs were
treated with 10pM phenylephrine (PHE, Sigma,
P-6126) at time zero, and cells were assayed at
48 hours (21,78). To visualize cell density, cells
were submerged in crystal violet (EMD-
Millipore, 192-12) that was diluted (1% in
methanol) for two minutes, and then gently
rinsed.

Western blotting

Isolated cells were lysed (50mM Tris
pH 7.4/10mM ethylenediaminetetraacetic acid
[EDTA])/1% Sodium dodecyl sulfate
[SDS]/0.ImM  phenylmethanesulfonylflouride/
protease inhibitor cocktail pellet (Roche)/0.2mM
sodium orthovanadate/0.1mM sodium
fluoride/10mM sodium butyrate), sonicated, and
separated via SDS-PAGE using Laemmli buffer.
Detection was performed on the LI-COR
odyssey. Antibodies were as follows: CTCF
1:1000 (Active Motif, 61311, rabbit), HMGB?2
1:1000 (Abcam, ab67282, rabbit), Histone H1
1:1000 (Abcam, ab4269, mouse), H3K27me3
1:1000 (Abcam, ab6002, mouse), Histone H3
1:10,000 (Abcam, abl1791, rabbit), GAPDH
1:1000 (Santa Cruz Biotechnology, sc20357,
goat), Actin 1:1000 (Santa Cruz Biotechnology,
sc1616, goat), secondaries 1:10,000 (LI-COR,
IRDye conjugated).

Quantitative PCR

Cells were lysed in Trizol (Ambion,
15596018). cDNA was synthesized using iScript
cDNA Synthesis Kit (Bio-Rad, 170-8891).
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qPCR was performed using SsoFast EvaGreen
Supermix (Bio-Rad, 172-5201) on a BioRad,
C1000 thermocycler. Primers are listed at the
end of experimental procedures section.

HMGB2 ChIP-seq and bioinformatics analysis

HMGB2 was analyzed by chromatin
immunoprecipitation followed by massively
parallel DNA sequencing (ChIP-seq). NRVMs
were fixed (1% formaldehyde, 10 minutes),
lysed in lysis buffer (50mM HEPES
pH7.5/150mM NaCl/IlmM EDTA pHS8/1%
Triton X-100/0.1% sodium deoxycholate/0.1%
SDS, protease inhibitor cocktail tablet [Roche]),
sonicated to fragments of 500 bp and diluted in
RIPA buffer. DNA-bound protein was
immunoprecipitated using anti-HMGB?2
(Abcam, ab67282) and precipitated with protein
A conjugated magnetic beads (Millipore,
LSKMAGA10). Beads were washed (twice in
wash buffer: 0.1%SDS/1%Triton X-100/2mM
EDTA pHS8/150mM NaCl/20mM Tris-HCI pHS8;
once in 500mM NacCl in wash buffer). DNA was
eluted (1%SDS/100mM NaHCOj;, 15 minutes,
30°C) and phenol:chloroform purified. Samples
were ligated to sequencing adapters with
Illumina Paired-End sample prep kit and
sequenced on Illumina Genome Analyzer IIx
using paired-end sequencing. Reads were
aligned to the rat reference genome (rn4) using
Bowtie (0.12.7) (79), with a maximum of two
allowable mismatches in the seed region (first 28
nucleotides). Randomized reads of the same
length and number as the HMGB2 data set
served as control. MACS 1.4.1 (80) was used for
peak calling, with a p-value cutoff of 107,
Promoters were defined as 2kb upstream to
500bp downstream of the transcription start site
(TSS). LiftOver, from UCSC genome browser,
was used to convert to mouse and human
genomes. ChIP-seq data was deposited in Gene
Expression Omnibus (GSE80453).

HMGB2 data was compared with the
following data sets: CTCF ChIP-seq in human
CD4" cells, gene expression omnibus accession
GSM325895; CTCF ChIP-seq in adult mouse
heart, UCSC accession wgEncodeEM001684;
CTCF ChIP-seq in mouse ES cells, gene
expression omnibus accession GSM699165;
CTCF ChIP-seq in rat liver (33); cardiac
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transcription factor ChIP-seq in HL-1 (34);
HMGB2 knockdown microarray in NRVMs
(21); RNA-seq data for CTCF knockout mice
(unpublished, manuscript in preparation);
bisulfite sequencing from mouse heart (54);
DNase I hypersensitivity sites (DNase HS) from
mouse heart, ENCODE: ENCFF001PMI.

We used GenomicRanges in R to
determine the portion of HMGB2 peaks that
were overlapped by CTCF peaks and designated
them HMGB2 and CTCF shared peaks. We then
removed these from the other datasets to get
HMGB2 only and CTCF only peaks. We
compared the proximity of these peaks to other
genomic features (lamina-associated domains
(57), topologically associating domains (15), and
cardiac enhancers (13)) using BEDTools to
determine the distance between two features and
density plots to visualize the distribution of
distances of the HMGB2 or CTCF peaks to a
genomic feature (set to bp 0). We defined peaks
as being close (in or within 30bp of), medium
distance (31bp to 380bp) or far (381bp to lkb)
of a cardiac enhancer and then found the nearest
gene (nearest function in GenomicRanges) and
asked how the nearest gene’s expression
changed in response to CTCF knockout or
HMGB2 knockdown. Bar graphs indicate the
percent of genes up- or down-regulated at each
distance (with the remaining genes unchanged;
not plotted). We also found HMGB2 or CTCF
peaks within 1kb of, but not in, a gene and
plotted the percent of nearest genes that were
active or inactive (determined by the presence of
a RNA Pol II promoter peak, ENCODE:
ENCFF001YAH). For peaks within a gene, or
within 1kb of a gene, we asked how the
expression of the gene changed with CTCF
knockout depending on if the gene was active or
inactive in the basal state. Percentage indicates
percent of genes up- or down-regulated out of
the pool of all genes within that distance of a
peak and with the same Pol II binding status
(promoter peak or not). CTCF cell type
independent peaks were determined by finding
overlapping peaks in 10 adult mouse tissues,
including the heart, and mESC cells (ENCODE:

ENCFFO01YAF, ENCFFO001YAC,
ENCFFO01YAW, ENCFFO001YAY,
ENCFFO001YBA, ENCFFO001YAM,
ENCFFO001YALI ENCFF001XZU,
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ENCFF001YBC,
ENCFF001XZY).

HMGB2 ChIP-seq and microarray data
was  compared with  Hi-C  chromatin
conformation capture data (15), to identify genes
regulated by HMGB2 that fell in the same
topological domain. Genes regulated by
HMGB?2 in rat were found in the genomes of the
Hi-C data sets (mm9, hgl8). For domains with
more than one gene, each gene was compared to
every other gene to determine if they had
matching transcriptional responses to HMGB2
knockdown (either both up-regulated or both
down-regulated). As control, all RefSeq genes
were randomly sampled to create a mock list of
genes of the same size as our HMGB2-regulated
list, which were then randomly designated as up
or down-regulated, and used to determine the
percentage of inter-domain comparisons that
matched. This was repeated for a total of 70
times. In all cases, the average percentage that
matched plateaued (~50%) after 5-30 random
samples.

Genes regulated by HMGB2
(microarray) or CTCF (RNA-seq) were found in
the mouse genome and compared to ChIP-seq
data in the adult mouse heart from ENCODE
datasets: RNA Pol 1II, ENCFFOOILKL;
H3K4me3, ENCFFOOIKHV. Alignment of
ChIP-seq data across HMGB2-regulated genes
was performed using SeqPlots with the
following parameters: anchored features, 10bp
bins, extend targets 1kb up and downstream. As
control, alignment across all genes was
determined using RefSeq genes and gene
predictions for mm9 downloaded from UCSC
Genome Browser.

ENCFF001YAO,

ChIP-PCR and ChiP-reChIP

ChIP was performed (81) on 30 million
NRVMs fixed (1% formaldehyde, 10 minutes),
lysed (50mM Tris-HCI pH 8/10mM EDTA/1%
SDS/protease  inhibitor  cocktail Set I
CALBIOCHEM 1) and sonicated using an
EpiShear™ Multi-Sample Sonicator (Active
Motif), leading to fragments between 300 and
1000 bp. ChIP was performed using ChIP ITKit
(Active Motif, 53040). DNA-bound protein was
immunoprecipitated using anti-HMGB2
(Abcam, ab67282), anti-CTCF (Active Motif,
61311; Abcam, ab70303) or IgG (Santa Cruz,

9T0Z ‘TgdunC uo HY.LN 40 AINN e /610-2q [ mmmy/:diy wouy pepeojumoq


http://www.jbc.org/

sc2027). Results from both
immunoprecipitations were averaged.

For ChIP-reChIP experiments (35)
manufacturer guidelines for the ChIP kit were
followed up until elution. Elution was performed
in elution buffer shaken at 65°C for 30 minutes.
The second immunoprecipitation was performed
on elutant diluted in IP dilution buffer. ChIP-
reChIP experiments used anti-CTCF (Abcam,
ab70303) and anti-HMGB2 (Abcam, ab67282)
antibody except when the second
immunoprecipitation was for the same protein as
the first, in which case, the second
immunoprecipitation used anti-CTCF (Active
Motif, 61311) or anti-HMGB2 (Abcam,
ab55169) Primers target the promoter of the
indicated genes; negative control determined
from HMGB2 ChIP-seq. See Primers section of
experimental procedures section for primer
sequences.

anti-CTCF

Immunohistochemistry

Hearts from BALB/c mice (8-10weeks)
were fixed with formalin and paraffin
embedded. Coronal sections (4um thickness)
were deparaffinized with serial washes: xylene
(2x5 minutes), absolute ethanol (3x3 minutes),
95% ethanol (2x3 minutes), 70% ethanol (1x3
minutes) and distilled water (several rinses and 5
minutes). For work in isolated cells, samples
were fixed with formalin for 10 minutes. For
immunostaining, samples were washed with
PBS three times for 5 minutes and blocked and
permeabilized with 5% BSA and 0.1% Triton X-
100 in PBS for 30 minutes. Samples were
incubated with primary antibodies overnight at
4°C (1:100 in 2.5% BSA/PBS; HMGB2, Abcam
ab67282, rabbit or Abcam ab55169, mouse;
CTCF, BD 612148, mouse), washed with PBS,
and incubated with respective secondary
antibodies (confocal: 1:100 in PBS; Alexa Fluor
conjugated, Life Technologies; STED: 1:100 in
PBS; Atto 647N, Sigma for CTCF and Oregon
Green, Life Technologies for HMGB2). DAPI
(1:100) was used to demarcate the nucleus,
phalloidin (1:100) was used for cell size analysis
and wheat-germ agglutinin (1:100) was used to
label the cell membranes. Samples were
mounted with Prolong Gold.

5 Fluorouridine transcriptional run-on assay
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Cells were treated with 4mM
5’fluorouridine (5’FU, Sigma, F5130) for 30
minutes at 37°C (82), rinsed with 1X HEPEM
wash buffer (65mM PIPES/30mM HEPES/2mM
MgCl12-6H20/10mM EGTA) and fixed (3.7%
formaldehyde/1X HEPEM/0.05% Triton X-100,
10 minutes [NRVM] or 15 minutes [293T]).
Cells were washed for 5 minutes with 1X
HEPEM (twice), PBS and 0.05% Tween/PBS,
and then incubated with primary antibody (BrdU
1:50, Sigma, B8434, mouse) for 2 hours at 37°C.
Coverslips were washed with 0.05% Tween/PBS
twice and PBS, incubated with secondary
antibody (1:100 Alexa Fluor conjugated, Life
Technologies) for 1 hour at room temperature,
washed with PBS (3x5 minutes) and mounted
with Prolong Gold. DAPI (1:100) was used to
demarcate the nucleus, and Nucleolin (1:100,
Abcam, ab22758, rabbit) was used to mark the
nucleolus. P-values are based on Mann-Whitney
test.

Microscopy

Images were acquired on a Nikon AI1R
confocal microscope and analyzed in Imagel.
For colocalization analysis, super-resolution was
achieved using dual-color stimulated emission
depletion (STED) microscopy on a custom
STED instrument developed at UCLA.
Colocalization was measured using in-house
software to measure distances between clusters.

MNase digestion

NRVMs were lysed (10mM Tris-HCI
pH7.4/10mM NaCl2mM MgCl,/0.5% NP-40)
and centrifuged at max speed 5 minutes. Nuclei
were washed and resuspended in MNase
digestion buffer (10mM Tris-HCI pH7.4/15mM
NaCl/60mM KCl/ImM CaCl,) and treated with
0.001U  micrococcal  nuclease  (MNase,
Worthington, LS004798) for 5 minutes at 37°C.
Digestion was stopped with 240ul. MNase
digestion buffer, 60ul MNase stop buffer
(100mM EDTA/10mM EGTA pH7.5), 30uL
20% SDS and 9uL proteinase K (25mg/ml). The
sample was vortexed, left overnight at 37°C, and
phenol:chloroform purified.

Sug of digested DNA was loaded per
lane on a 1.5% agarose gel, and separated for ~6
hours at ~50 volts at 4°C. DNA was excised
from the gel as follows: 2kb-20kb (compact),
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700bp-1.5kb (intermediate) and 500-650bp +
300-500bp + 100-200bp (open) (boundaries
captured all prominent bands). DNA was
purified using QIAquick Gel Extraction Kit
(Qiagen, 28706). Equal volumes of DNA were
analyzed by quantitative PCR. See Primers
section below. Expression data for genes whose
promoters were analyzed came from microarray
for HMGB2 knockdown in NRVMs (21) or
phenylephrine treatment in NRVMS (56).

Primers

Quantitative PCR for mRNA: CTCF F-
CCCAGAGTGGTACCATGAAG, R-
ACAGCATCACAGTAGCGACA; HMGB2 F-
AAGCCGCGGGGCAAGATGTC, R-
TGCCCTTGGCACGGTATGCA; GAPDH F-
CCCACTAACATCAAATGGGG, R-
CCTTCCACAATGCCAAAGTT.

ChIP-PCR and MNase (primers target
promoters of following genes): Actal F-

CGCTTGCTCTGGGCCTCGTC, R-
CTGCGGACGCCCACCAACTAC; Brd2 F-
GCGCGTCCCTGAGCTCCCTT, R-
CCGAGGCAGAGCCTCCAGCA; Cabinl F-
CCTGAGCGCGACGGACCAAC, R-
TGCGCGCCAGACACACACAG; Casp2 F-
AAGGGGCTGATGGCGGCTGA, R-
CGCGGGACCAGGCCAAGAAG; Dhrs7c F-
TAAGACAGGCAGGACCCAAC, R-

ATCAGTGGTTTCCGATGGTC; Fgfl6 F-
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CCCCTTAAGCGCTCCCACCCT, R-
TCCCCTAGTCCCACTCCCCACC; H42.1 F-
GACGGAATGAGTGTGTGTGG, R-
CTTGCCTGTCACCCTCTCA; Hmgn2 F-
TGCGCGACACTGGGCACATC, R-
GCCAGGCCTCGCAAACCCCT; Ldha F-
CTGGGGTGGAGGTGCAGGGT, R-
CAGGCCCGCCATCCCCCTAA; Mmpl4 F-
AAGGAGGGCATTGGGGCGGG, R-
CGGCGAACTGAGTTGGAAGCCC; Nfkb2 F-
CTGAACCGGGCCGAAGCCAA, R-
ACCCACTCCCCCACACACCC; Nppa F-
CAGCTGAGATGCAAGCAGAG, R-
CCTCAGCTGCAAGAGTCACA; Nppb F-
ACCAGAGTGCCCGGAAGTGGTG, R-
AGGCCCTGCCCGGCTACCAA; Parpl  F-
CTGCGGCACGAGAGGGAGGA, R-
TGCGGAGCGAGTCCTTGGGG;  Por  F-
CCCGCGGTCCTGTAGGTCTCTG, R-
CCGCAGCCTTCTGGTCGGTG; Tgfb3 F-
CGCGATCCTGGCAGCGGTT, R-
CAGAGGGCACCCTCGGCCTT; Tnni3 F-
AACCCGTGGCCCAGAGAGGG, R-
AGCGACGTCGGACAGGAGCA; Tubada F-
TGGCTCAGGAGGGGGTGCTG, R-
GCGCGGGTTGGTGTTAGGGG;  Negative

control F-TGACAATGATGGCCCTAACA, R-
AACCGGGAACACATCATCTC.
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FOOTNOTES
The content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

ABBREVIATIONS

ChIP-seq- chromatin immunoprecipitation followed by DNA sequencing; CTCF-CCCTC-binding factor;
DNase HS-DNase I hypersensitivity site; GO-gene ontology; H3K4me3-histone H3 lysine 4
trimethylation; H3K9me3-histone H3 lysine 9 trimethylation; H3K27ac-histone H3 lysine 27 acetylation;
H3K27me3-histone H3 lysine 27 trimethylation, HMDP-hybrid mouse diversity panel; HMGB2-high
mobility group protein B2; ISO-isoproterenol; LAD-lamina-associated domain; MNase-micrococcal
nuclease; NRVM-neonatal rat ventricular myocyte; PHE-phenylephrine; RNA Pol II-RNA polymerase II;
rRNA-ribosomal RNA; TAC-transverse aortic constriction; TAD-topologically associating domain; TSS-
transcription start site.
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FIGURE LEGENDS

Figure 1. CTCF and HMGB2 are co-regulated in the mouse heart. A) HMGB2 and CTCF
abundances exhibit an inverse relationship in the basal state that is maintained after isoproterenol
treatment. Plotted are microarray data for HMGB2 (x-axis) and CTCF (y-axis) across 84 mouse strains in
the basal state or after treatment with isoproterenol. As controls, we found that HMGB2 abundance had
relationship to abundance of neither HMGB1 nor HMGB3 (yellow indicates p-value <0.01 [converted
from r-squared value], red line represents linear regression). B) Strains were grouped by their response to
isoproterenol: hypertrophy (n=22), failure (n=13), minimal change or resistant (n=9), unassigned (showed
traits of different disease states, n=40, not shown), and their cardiac phenotype compared to HMGB2 and
CTCF abundance (x-axis ratio of CTCF:HMGB2, y-axis heart/heart chamber mass normalized to body
weight). Total heart mass and left ventricular mass normalized to body weight showed significant positive
correlation with the ratio of CTCF to HMGB2 expression in the isoproterenol-treated hearts for failing
mice, but not for hypertrophic or resistant mice (p-value <0.05 indicated above each plot and color-coded
by strain subset; line represents linear regression). C) Unlike the heart, the liver (73 mouse strains)
showed no correlation between HMGB2 and CTCF abundance, and the bone marrow (98 mouse strains)
had a direct correlation. D) Immunohistochemistry demonstrates abundant nuclear expression of CTCF
(left) and HMGB?2 (right) in myocytes in tissue sections from adult mouse heart. Bar is 25 pm.

Figure 2. HMGB2 and CTCF co-regulate each other. A) HMGB2 overexpression (HMGB?2 virus for
24hr) or knockdown (HMGB?2 siRNA for 72hr) was carried out in NRVMs and confirmed by Western
blotting. B) qPCR revealed down-regulation of CTCF with HMGB2 overexpression, and up-regulation of
CTCF with HMGB2 knockdown (n=3, * indicates p-value <0.05 [t-test], error=standard deviation).
HMGB?2 knockdown caused no change in histone H1. C) Similarly, CTCF knockdown caused an up-
regulation of HMGB2 at the mRNA and protein level, while CTCF overexpression down-regulated
HMGB2 (n=5 overexpression, n=3 knockdown, ** indicates p-value <0.01, error=standard deviation).
HMGB?2 overexpression caused up-regulation of CTCF. D) Immunolabeling for HMGB2 and CTCF in
NRVMs confirmed an increase in HMGB2 abundance after CTCF knockdown. Bar is 5 um. All Westerns
and qPCR experiments are one representative experiment of at least 3. Images are one representative of
approximately n=100.

Figure 3. CTCF and HMGB2 can occupy the same loci, but not coincidently. A) ChIP-seq data for
HMGB2 in NRVMs was compared to published ChIP-seq data for CTCF in multiple tissues. HMGB2
reads (blue) are enriched around CTCF binding peaks (point 0 on x-axis), but not peaks for the cardiac
transcription factor Nkx2.5. Randomly generated reads of the same number and size as the HMGB2
dataset show no enrichment (red). B) HMGB2 ChIP-seq peaks were subset by whether they localized to
gene bodies, promoters (-2kb, +500bp of TSS) or intergenic regions. CTCF ChIP-seq reads from the adult
mouse heart were aligned across HMGB2 ChIP-seq peaks from basal or phenylephrine-treated NRVMs.
C) ChIP-reChIP experiments in NRVMs for CTCF and HMGB2 revealed both proteins could bind to the
promoter of the five indicated genes, however there was a loss of DNA recovery at these five loci when
immunoprecipitation for CTCF was followed by immunoprecipitation for HMGB2 (orange, white arrow),
but not when followed by a second CTCF immunoprecipitation (purple, black arrow) as compared to
CTCF (green) or HMGB2 (red) immunoprecipitation alone. This suggests CTCF does not bind these
regions at the same time as HMGB2. No binding was found in a negative control region, chosen based on
absence of reads in the HMGB2 ChIP-seq data. Data correspond to one representative ChlP assay from a
total of two independent assays, each of them with different NRVM isolates. Data are shown as average +
SD. Statistical significance was assessed by two-tailed Student’s t test: *p<0.05. D) Immunolabeling for
HMGB2 and CTCF in NRVMs was detected by STED microscopy (zoom in right panel) and confirmed a
lack of colocalization of these two proteins (colocalization would appear as yellow). Bar is 5 um. E) For
each HMGB2 cluster we calculated the distance to the closest CTCF cluster. Histogram represents
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distribution of all clusters across 6 nuclei. The same calculation was repeated for each CTCF cluster. Only
~9% of clusters showed colocalization (less than 50nm, the resolution of the STED microscope).

Figure 4. HMGB2 overexpression represses transcription. A) Control, HMGB2-GFP overexpressing
or CTCF-GPF overexpressing 293T cells were treated with 5’fluoruridine (5’FU) to label newly
transcribed RNA. HMGB2 overexpressing cells (green cells) exhibited a loss of nucleolar transcription
(5’FU in red) that was seen with neither the CTCF overexpression nor GFP overexpression alone. Bar is
10 um. Image representative of n>100; experiment repeated 4 times. B) There was a significant (yellow
indicates p-value <0.001 [Mann-Whitney]) inverse relationship between the intensity of HMGB2-GFP in
the nuclei, and the intensity of the 5’FU signal, which was not seen in the GFP-only treatment (n=top 250
cells with most GFP intensity; significance also true when compared to all n=329 cells measured; median
5’FU intensity indicated by labeled red line; one representative experiment of 3). C) We repeated these
analyses in NRVMs after 30 min of 5’FU labeling (red) in control (top panel) and HMGB2-GFP
overexpressing (middle and bottom panels) cells (bar is 5 pm), confirming that HMGB2 overexpression
decreases total 5’FU nuclear signal without affecting nuclear size (** indicates p-value <0.0001; one
representative experiment of 3; D). E) Western blotting confirmed a decrease in tri-methylation of lysine
27, a mark of facultative heterochromatin, supporting a role for large scale changes in HMGB2
concentration to modulate global transcriptional levels (n=3, blots quantified in ImagelJ; H3K27me3
normalized to H3 gave mean signal of 1.03 for lipofectamine control [std dev 0.16] versus 0.12 for
HMGB?2 knockdown [std dev 0.04], p-value = 0.0006 [two-tailed t-test]; one representative experiment of
3).

Figure 5. HMGB2 and CTCF influence nucleolar, rRNA transcription. A) Control or HMGB2
knockdown NRVMs were treated with 5’fluoruridine (5°’FU) to label newly transcribed RNA. HMGB2
knockdown decreased nucleolar transcription (nucleoli determined by co-staining for Nucleolin), while
increasing the ratio of nucleoplasmic to nucleolar transcription (n=186 control, 181 knockdown; **
indicates p<0.01 [Mann-Whitney]; one representative experiment of 3). B) The effect of HMGB2 on
nucleolar transcription could not be explained by changes to nucleolar morphology. (Nucleolar area
determined by Nucleolin co-staining. Nucleoli area represents area of individual nucleoli, while nucleolar
area represents total area of all nucleoli in a nucleus.) However, we found a decrease in the abundance of
Nucleolin levels (* indicates p<0.05, ** indicates p<0.01 [Mann-Whitney]; one representative experiment
of 3). C) HMGB2 ChIP-seq reads were aligned across ribosomal RNA genes showing HMGB2 is
enriched at these loci in the basal state and 48 hours after phenylephrine treatment. D) Partial chromatin
digestion by micrococcal nuclease was used to isolate euchromatic and heterochromatic DNA in NRVMs
followed by qPCR to determine the relative distribution of H42.1, a region of rDNA (see Figure 7A for
schematic). The ratio of intermediately packed chromatin to heterochromatin (center of plot) or
euchromatin to heterochromatin (right end of plot) was plotted as a change in the ratio after HMGB2
knockdown or overexpression as compared to basal cells. In the control setting, the majority of H42.1
sequences were in the most heterochromatic fraction. HMGB2 overexpression had little effect on the
ratios of heterochromatic and euchromatic rDNA, while HMGB2 knockdown increased the ratio of
intermediately packed to tightly packed DNA. 48 hours after phenylephrine, rDNA was shifted to a more
euchromatic environment (average of 3 separate experiments). E) Cell viability was assayed by labeling
with crystal violet, which stains living cells. While the effect of overexpression of HMGB2 was minimal
in NRVMs, in dividing 3T3 cells there was a dramatic cell killing effect. In contrast, CTCF or HMGB2
knockdown induced cell death in HeLa cells (representative example of 3 separate experiments).

Figure 6. Opposing effects of local chromatin environment, on HMGB2 versus CTCF-regulated
genes. A) HMGB?2 reads or CTCF reads were plotted across genes up-regulated or down-regulated by
HMGB?2 knockdown or CTCF knockout (left and right panels, respectively), or across all genes in the
genome, revealing that the distribution of HMGB2/CTCF is not the major determinant of whether a
gene’s expression will changes with depletion of these proteins (HMGB2 and CTCF regulated genes use
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expression data averaged from 3 experiments). B) Distribution of ChIP-seq (ENCODE, basal adult mouse
heart) reads across HMGB2-regulated genes suggests genes that are up-regulated by knockdown are
enriched in the activating marks H3K4me3 and RNA Pol II in the basal state as compared to genes that
are down-regulated by knockdown (top panel). Strikingly, the opposite is true for genes that are regulated
by CTCF (bottom panel;, ENCODE data represents 1 biological replicate). C) We next examined DNA
methylation from the mouse heart. Plotted is the biomodal distribution of average DNA methylation
across HMGB2 only and CTCF only peaks in intergenic regions. Shared peaks are less likely to have high
methylation, but rather show low or intermediate level methylation. This is true using DNA methylation
data from basal, adult mice and mice treated with isoproterenol for 3 weeks (DNA methylation is average
of 6 mice (83)).

Figure 7. HMGB2 and CTCF control gene accessibility in an antithetic manner at the level of the
chromatin fiber. A) Chromatinized genomic DNA was treated with micrococcal nuclease (MNase;
0.001U), resulting in partial digestion of the genome based on accessibility. B) HMGB2 knockdown
increased the abundance of highly digested, lower molecular weight fragments of DNA (representing
open chromatin), while decreasing the abundance of less-digested higher molecular weight fragments
(compact chromatin), suggesting a global increase in DNA accessibility. Such dramatic change in global
accessibility occurred with neither CTCF knockdown nor phenylephrine treatment (one representative
experiment of 6). C) After MNase digestion, DNA fragments were cut from the compact, intermediate,
and open regions of the agarose gel and analyzed by qPCR to determine the relative distribution of
individual promoter sequences for mRNA-coding genes of interest. Plotted is the change in the ratio of
open chromatin to heterochromatin, and intermediate chromatin to heterochromatin, between control and
treated cells: as shown in the first panel, these ratios are represented in the ensuing graphs as upward
inflections for a shift to more accessible chromatin by a given gene, and downward deflection for a gene
that shifts to more compact DNA. Gene expression for HMGB2 knockdown and phenylephrine from
microarray data in NRVMs (21) were used to distinguish between genes with similar expression changes
induced by HMGB?2 and phenylephrine (C) or genes regulated differently by HMGB2 and phenylephrine
(D). Interestingly, HMGB2 knockdown and phenylephrine showed similar trends for shifting promoter
sequences between these categories even when these stimuli (HMGB2 knockdown or phenylephrine) had
different effects on the transcription of the gene. E) Promoter sequences for the genes bound by CTCF
and HMGB2 by ChIP were also examined. In four of the five cases, CTCF knockdown shifted these
sequences to more compact regions of chromatin. (All MNase data is an average of at least 3
experiments.) F) Model for relationship between HMGB2 and CTCF. CTCF serves as a boundary
preventing the spread of heterochromatin, while HMGB2 promotes heterochromatin formation.

Figure 8. HMGB2 and CTCF target shared loci near 3D domain boundaries and cardiac
enhancers. A) CTCF is known to be enriched at LAD and TAD boundaries and serve as a blocker of
enhancer promoter interactions. We show HMGB2 and CTCF shared binding sites are also enriched at
TAD boundaries and near cardiac enhancers, with opposing effects on the transcription of genes near
these enhancers. B) HMGB2 peaks that do not overlap CTCF (HMGB?2 only, red), CTCF peaks that do
not overlap HMGB2 (CTCF only, green) and HMGB2 and CTCF shared peaks (blue) were examined to
determine their distance to the nearest conserved mouse lamina-associated domain (LAD, conserved
across 4 mouse cell types). Density plots display the distribution of distances, revealing enrichment of
both CTCF and HMGB2 at LAD boundaries, with overlapping peaks less enriched (highest peak is
further from site of LAD and peak is shorter and more broad). Signal at Obp represents peaks that fall
within LADs. C) Density plots display the distribution of distances between HMGB2 only, CTCF only,
and shared peaks to topologically associating domains (TAD, domain boundaries from mouse cortex but
we see similar results with boundaries from mESC). All three sets of peaks are enriched at TAD
boundaries (left panel). Cohesin (a complex including Rad21) is known to physically interact with CTCF
at TAD boundaries. HMGB2 and CTCF shared peaks show similar level of enrichment at TAD
boundaries as that exhibited by Rad21 and CTCF shared peaks (right panel). D) HMGB2 only and CTCF
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only peaks are enriched near cardiac enhancers (defined by H3K27ac from mouse adult cardiomyocytes),
with HMGB2 and CTCF shared peaks enriched to a greater degree (left panel). The nearest genes to
cardiac enhancers were found and grouped by the distance of the enhancer to a CTCF peak (green) or
shared peak (blue). Close (C) indicates peaks within 30bp of enhancer, Medium (M) indicates 31-381bp
distance and Far (F) indicates 381bp to 1kb. Plotted is the percentage of these nearest genes up- or down-
regulated by CTCF KO (middle panel) or HMGB2 KD (left panel) at each distance. When HMGB2 and
CTCF shared peaks are within 380bp-1kb of an enhancer, loss of CTCF is 3x more likely to cause the
nearest gene to be up-regulated than down-regulated, while loss of HMGB2 is 4x more likely to cause
down-regulation. E) For CTCF only, HMGB?2 only and shared peaks that occur within 1kb of a gene, but
not in a gene, we plotted the percent that were near active genes (P, presence of RNA Pol II peak in
promoter) or inactive genes (NP, no Pol II). Only the shared peaks showed bias towards being near active
genes (left panel). When HMGB?2 only, CTCF only or shared peaks are within 1kb of an active gene, loss
of CTCF is 2x more likely to cause up-regulation (dark color) than down-regulation (light color), but no
bias is seen for inactive genes, or peaks within genes. Rad21 and RNA Pol II ChIP-seq represent one
biological replication from ENCODE. Location of cardiac enhancers (84), LAD boundaries (85) and
TAD boundaries (15) come from published work which cite one, two, and multiple (number not
provided) biological replicates, respectively.
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Figure 1. CTCF and HMGB2 are co-regulated in the mouse heart. A) HMGB2 and CTCF abundances exhibit an inverse relationship in
the basal state that is maintained after isoproterenol treatment. Plotted are microarray data for HMGB2 (x-axis) and CTCF (y-axis)
across 84 mouse strains in the basal state or after treatment with isoproterenol. As controls, we found that HMGB2 abundance had
relationship to abundance of neither HMGB1 nor HMGB3 (yellow indicates p-value <0.01 [converted from r-squared value], red line
represents linear regression). B) Strains were grouped by their response to isoproterenol: hypertrophy (n=22), failure (n=13), minimal
change or resistant (n=9), unassigned (showed traits of different disease states, n=40, not shown), and their cardiac phenotype
compared to HMGB2 and CTCF abundance (x-axis ratio of CTCF:HMGB2, y-axis heart/heart chamber mass normalized to body
weight). Total heart mass and left ventricular mass normalized to body weight showed significant positive correlation with the ratio of
CTCF to HMGB2 expression in the isoproterenol-treated hearts for failing mice, but not for hypertrophic or resistant mice (p-value
<0.05 indicated above each plot and color-coded by strain subset; line represents linear regression). C) Unlike the heart, the liver (73
mouse strains) showed no correlation between HMGB2 and CTCF abundance, and the bone marrow (98 mouse strains) had a direct
correlation. D) Immunohistochemistry demonstrates abundant nuclear expression of CTCF (left) and HMGB2 (right) in myocytes in
tissue sections from adult mouse heart. Bar is 25 pum.
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Figure 2. HMGB2 and CTCF co-regulate each other. A) HMGB2 overexpression (HMGB2 virus
for 24hr) or knockdown (HMGB2 siRNA for 72hr) was carried out in NRVMs and confirmed by
Western blotting. B) qPCR revealed down-regulation of CTCF with HMGB2 overexpression,
and up-regulation of CTCF with HMGB2 knockdown (n=3, * indicates p-value <0.05 [t-test],
error=standard deviation). HMGB2 knockdown caused no change in histone H1. C) Similarly,
CTCF knockdown caused an up-regulation of HMGB2 at the mRNA and protein level, while
CTCF overexpression down-regulated HMGB2 (n=5 overexpression, n=3 knockdown, **
indicates p-value <0.01, error=standard deviation). HMGB2 overexpression caused up-
regulation of CTCF. D) Immunolabeling for HMGB2 and CTCF in NRVMs confirmed an
increase in HMGB2 abundance after CTCF knockdown. Bar is 5 um. All Westerns and qPCR
experiments are one representative experiment of at least 3. Images are one representative
of approximately n=100.
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Figure 3. CTCF and HMGB2 can occupy the same loci, but not coincidently. A) ChIP-seq data for HMGB2 in NRVMs was
compared to published ChlIP-seq data for CTCF in multiple tissues. HMGB2 reads (blue) are enriched around CTCF binding
peaks (point 0 on x-axis), but not peaks for the cardiac transcription factor Nkx2.5. Randomly generated reads of the same
number and size as the HMGB2 dataset show no enrichment (red). B) HMGB2 ChiIP-seq peaks were subset by whether they
localized to gene bodies, promoters (-2kb, +500bp of TSS) or intergenic regions. CTCF ChIP-seq reads from the adult mouse
heart were aligned across HMGB2 ChIP-seq peaks from basal or phenylephrine-treated NRVMs. C) ChiIP-reChIP experiments
in NRVMs for CTCF and HMGB2 revealed both proteins could bind to the promoter of the five indicated genes, however
there was a loss of DNA recovery at these five loci when immunoprecipitation for CTCF was followed by immunoprecipitation
for HMGB2 (orange, white arrow), but not when followed by a second CTCF immunoprecipitation (purple, black arrow) as
compared to CTCF (green) or HMGB2 (red) immunoprecipitation alone. This suggests CTCF does not bind these regions at the
same time as HMGB2. No binding was found in a negative control region, chosen based on absence of reads in the HMGB2
ChlP-seq data. Data correspond to one representative ChIP assay from a total of two independent assays, each of them with
different NRVM isolates. Data are shown as average + SD. Statistical significance was assessed by two-tailed Student’s t test:
*p<0.05. D) Immunolabeling for HMGB2 and CTCF in NRVMs was detected by STED microscopy (zoom in right panel) and
confirmed a lack of colocalization of these two proteins (colocalization would appear as yellow). Bar is 5 um. E) For each
HMGB2 cluster we calculated the distance to the closest CTCF cluster. Histogram represents distribution of all clusters across
6 nuclei. The same calculation was repeated for each CTCF cluster. Only ~9% of clusters showed colocalization (less than
50nm, the resolution of the STED microscope).
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Figure 4. HMGB2 overexpression represses transcription. A) Control, HMGB2-GFP overexpressing or CTCF-GPF
overexpressing 293T cells were treated with 5’fluoruridine (5’'FU) to label newly transcribed RNA. HMGB2 overexpressing
cells (green cells) exhibited a loss of nucleolar transcription (5'FU in red) that was seen with neither the CTCF
overexpression nor GFP overexpression alone. Bar is 10 um. Image representative of n>100; experiment repeated 4
times. B) There was a significant (yellow indicates p-value <0.001 [Mann-Whitney]) inverse relationship between the
intensity of HMGB2-GFP in the nuclei, and the intensity of the 5’FU signal, which was not seen in the GFP-only treatment
(n=top 250 cells with most GFP intensity; significance also true when compared to all n=329 cells measured; median 5'FU
intensity indicated by labeled red line; one representative experiment of 3). C) We repeated these analyses in NRVMs
after 30 min of 5’FU labeling (red) in control (top panel) and HMGB2-GFP overexpressing (middle and bottom panels)
cells (bar is 5 um), confirming that HMGB2 overexpression decreases total 5’'FU nuclear signal without affecting nuclear
size (** indicates p-value <0.0001; one representative experiment of 3; D). E) Western blotting confirmed a decrease in
tri-methylation of lysine 27, a mark of facultative heterochromatin, supporting a role for large scale changes in HMGB2
concentration to modulate global transcriptional levels (n=3, blots quantified in Imagel; H3K27me3 normalized to H3
gave mean signal of 1.03 for lipofectamine control [std dev 0.16] versus 0.12 for HMGB2 knockdown [std dev 0.04], p-
value = 0.0006 [two-tailed t-test]; one representative experiment of 3).
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Figure 5. HMGB2 and CTCF influence nucleolar, rRNA transcription. A) Control or HMGB2 knockdown NRVMs were treated with 5’fluoruridine (5’FU) to Iabel§

newly transcribed RNA. HMGB2 knockdown decreased nucleolar transcription (nucleoli determined by co-staining for Nucleolin), while increasing the ratio ofg
nucleoplasmic to nucleolar transcription (n=186 control, 181 knockdown; ** indicates p<0.01 [Mann-Whitney]; one representative experiment of 3). B) The &
effect of HMGB2 on nucleolar transcription could not be explained by changes to nucleolar morphology. (Nucleolar area determined by Nucleolin co-staining. %
Nucleoli area represents area of individual nucleoli, while nucleolar area represents total area of all nucleoli in a nucleus.) However, we found a decrease in <
the abundance of Nucleolin levels (* indicates p<0.05, ** indicates p<0.01 [Mann-Whitney]; one representative experiment of 3). C) HMGB2 ChlIP-seq reads 9
were aligned across ribosomal RNA genes showing HMGB2 is enriched at these loci in the basal state and 48 hours after phenylephrine treatment. D) Partial §
chromatin digestion by micrococcal nuclease was used to isolate euchromatic and heterochromatic DNA in NRVMs followed by gPCR to determine the relative §
distribution of H42.1, a region of rDNA (see Figure 7A for schematic). The ratio of intermediately packed chromatin to heterochromatin (center of plot) org
euchromatin to heterochromatin (right end of plot) was plotted as a change in the ratio after HMGB2 knockdown or overexpression as compared to basal &
cells. In the control setting, the majority of H42.1 sequences were in the most heterochromatic fraction. HMGB2 overexpression had little effect on the ratios 3
of heterochromatic and euchromatic rDNA, while HMGB2 knockdown increased the ratio of intermediately packed to tightly packed DNA. 48 hours after
phenylephrine, rDNA was shifted to a more euchromatic environment (average of 3 separate experiments). E) Cell viability was assayed by labeling with §
crystal violet, which stains living cells. While the effect of overexpression of HMGB2 was minimal in NRVMs, in dividing 3T3 cells there was a dramatic cell @
killing effect. In contrast, CTCF or HMGB2 knockdown induced cell death in Hela cells (representative example of 3 separate experiments).
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Figure 6. Opposing effects of local chromatin environment, on HMGB2 versus CTCF-regulated genes. A) HMGB2 reads or CTCF reads were plotted
across genes up-regulated or down-regulated by HMGB2 knockdown or CTCF knockout (left and right panels, respectively), or across all genes in the
genome, revealing that the distribution of HMGB2/CTCF is not the major determinant of whether a gene’s expression will changes with depletion of
these proteins. B) Distribution of ChIP-seq (ENCODE, basal adult mouse heart) reads across HMGB2-regulated genes suggests genes that are up-regulated
by knockdown are enriched in the activating marks H3K4me3 and RNA Pol Il in the basal state as compared to genes that are down-regulated by
knockdown (top panel). Strikingly, the opposite is true for genes that are regulated by CTCF (bottom panel; ENCODE data represent 1 biological replicate).
C) We next examined DNA methylation from the mouse heart. Plotted is the biomodal distribution of average DNA methylation across HMGB2 only and
CTCF only peaks in intergenic regions. Shared peaks are less likely to have high methylation, but rather show low or intermediate level methylation. This
is true using DNA methylation data from basal, adult mice and mice treated with isoproterenol for 3 weeks (DNA methylation is average of 6 mice (83)).
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Figure 7. HMGB2 and CTCF control gene accessibility in an antithetic manner at the level of the chromatin fiber. A) Chromatinized
genomic DNA was treated with micrococcal nuclease (MNase; 0.001U), resulting in partial digestion of the genome based on
accessibility. B) HMGB2 knockdown increased the abundance of highly digested, lower molecular weight fragments of DNA
(representing open chromatin), while decreasing the abundance of less-digested higher molecular weight fragments (compact
chromatin), suggesting a global increase in DNA accessibility. Such dramatic change in global accessibility occurred with neither CTCF
knockdown nor phenylephrine treatment (one representative experiment of 6). C) After MNase digestion, DNA fragments were cut
from the compact, intermediate, and open regions of the agarose gel and analyzed by qPCR to determine the relative distribution of
individual promoter sequences for mRNA-coding genes of interest. Plotted is the change in the ratio of open chromatin to
heterochromatin, and intermediate chromatin to heterochromatin, between control and treated cells: as shown in the first panel,
these ratios are represented in the ensuing graphs as upward inflections for a shift to more accessible chromatin by a given gene,
and downward deflection for a gene that shifts to more compact DNA. Gene expression for HMGB2 knockdown and phenylephrine
from microarray data in NRVMs (21) were used to distinguish between genes with similar expression changes induced by HMGB2
and phenylephrine (C) or genes regulated differently by HMGB2 and phenylephrine (D). Interestingly, HMGB2 knockdown and
phenylephrine showed similar trends for shifting promoter sequences between these categories even when these stimuli (HMGB2
knockdown or phenylephrine) had different effects on the transcription of the gene. E) Promoter sequences for the genes bound by
CTCF and HMGB2 by ChIP were also examined. In four of the five cases, CTCF knockdown shifted these sequences to more compact
regions of chromatin. (All MNase data is an average of at least 3 experiments.) F) Model for relationship between HMGB2 and CTCF.
CTCF serves as a boundary preventing the spread of heterochromatin, while HMGB2 promotes heterochromatin formation.
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Figure 8. HMGB2 and CTCF target shared loci near 3D domain boundaries and cardiac enhancers. A) CTCF is known to be
enriched at LAD and TAD boundaries and serve as a blocker of enhancer promoter interactions. We show HMGB2 and CTCF
shared binding sites are also enriched at TAD boundaries and near cardiac enhancers, with opposing effects on the transcription of
genes near these enhancers. B) HMGB2 peaks that do not overlap CTCF (HMGB2 only, red), CTCF peaks that do not overlap
HMGB2 (CTCF only, green) and HMGB2 and CTCF shared peaks (blue) were examined to determine their distance to the nearest
conserved mouse lamina-associated domain (LAD, conserved across 4 mouse cell-types). Density plots display the distribution of
distances, revealing enrichment of both CTCF and HMGB2 at LAD boundaries, with overlapping peaks less enriched (highest peak
is further from site of LAD and peak is shorter and more broad). Signal at Obp represents peaks that fall within LADs. C) Density
plots display the distribution of distances between HMGB2 only, CTCF only, and shared peaks to topologically associating domains
(TAD, domain boundaries from mouse cortex but we see similar results with boundaries from mEeSC). All three sets of peaks are
enriched at TAD boundaries (left panel). Cohesin (a complex including Rad21) is known to physically interact with CTCF at TAD
boundaries. HMGB2 and CTCF shared peaks show similar level of enrichment at TAD boundaries as that exhibited by Rad21 and
CTCF shared peaks (right panel). D) HMGB2 only and CTCF only peaks are enriched near cardiac enhancers (defined by H3K27ac
from mouse adult cardiomyocytes), with HMGB2 and CTCF shared peaks enriched to a greater degree (left panel). The nearest
genes to cardiac enhancers were found and grouped by the distance of the enhancer to a CTCF peak (green) or shared peak (blue).
Close (C) indicates peaks within 30bp of enhancer, Medium (M) indicates 31-381bp distance and Far (F) indicates 381bp to 1kb.
Plotted is the percentage of these nearest genes up- or down-regulated by CTCF KO (middle panel) or HMGB2 KD (left panel) at
each distance. When HMGB2 and CTCF shared peaks are within 380bp-1kb of an enhancer, loss of CTCF is 3x more likely to cause
the nearest gene to be up-regulated than down-regulated, while loss of HMGB2 is 4x more likely to cause down-regulation. E) For
CTCF only, HMGB2 only and shared peaks that occur within 1kb of a gene, but not in a gene, we plotted the percent that were
near active genes (P, presence of RNA Pol Il peak in promoter) or inactive genes (NP, no Pol Il). Only the shared peaks showed bias
towards being near active genes (left panel). When HMGB2 only, CTCF only or shared peaks are within 1kb of an active gene, loss
of CTCF is 2x more likely to cause up-regulation (dark color) than down-regulation (light color), but no bias is seen for inactive
genes, or peaks within genes. Rad21 and RNA Pol Il ChIP-seq represent one biological replication from ENCODE. Location of
cardiac enhancers (84), LAD boundaries (85) and TAD boundaries (15) come from published work which cite one, two, and
multiple (number not provided) biological replicates, respectively.
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