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The spring-loaded genome: Nucleosome redistributions
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Nucleosome occupancy plays a key role in regulating access to eukaryotic genomes. Although various chromatin reg-
ulatory complexes are known to regulate nucleosome occupancy, the role of DNA sequence in this regulation remains
unclear, particularly in mammals. To address this problem, we measured nucleosome distribution at high temporal
resolution in human cells at hundreds of genes during the reactivation of Kaposi’s sarcoma–associated herpesvirus
(KSHV). We show that nucleosome redistribution peaks at 24 h post-KSHV reactivation and that the nucleosomal re-
distributions are widespread and transient. To clarify the role of DNA sequence in these nucleosomal redistributions, we
compared the genes with altered nucleosome distribution to a sequence-based computer model and in vitro–assembled
nucleosomes. We demonstrate that both the predicted model and the assembled nucleosome distributions are concordant
with the majority of nucleosome redistributions at 24 h post-KSHV reactivation. We suggest a model in which loci are held
in an unfavorable chromatin architecture and ‘‘spring’’ to a transient intermediate state directed by DNA sequence
information. We propose that DNA sequence plays a more considerable role in the regulation of nucleosome positions
than was previously appreciated. The surprising findings that nucleosome redistributions are widespread, transient, and
DNA-directed shift the current perspective regarding regulation of nucleosome distribution in humans.

[Supplemental material is available for this article.]

The position and density of nucleosomes can regulate access to

DNA, thereby influencing all nuclear processes, such as transcrip-

tion, replication, recombination, and repair (Kornberg and Lorch

1999). Protein complexes that act in trans, by covalently modify-

ing histones or by altering the relationship of the DNA to the

histone octamer, are critical in the formation of these chromatin

architectures (Kingston and Narlikar 1999). In addition, the DNA

sequence acting in cis can affect the DNA conformation required

to form a nucleosome and thereby regulate nucleosome occu-

pancy (Drew and Travers 1985). This raises the question of what

role cis- and trans-acting factors play in the redistribution of

nucleosomes.

Recent studies have demonstrated that there is an interplay

between chromatin remodeling and DNA-directed nucleosome

occupancy in yeast (Fazzio and Tsukiyama 2003; Whitehouse and

Tsukiyama 2006; Gkikopoulos et al. 2011). However, the extent to

which DNA-directed nucleosome positioning signals play a role in

the redistribution of nucleosomes, as families of human genes re-

spond to a common stimulus, remains largely unexplored. DNA

sequences containing naturally occurring nucleosome-positioning

signals, such as the mouse mammary tumor virus long terminal

repeat and the Xenopus 5S rDNA, have been investigated for years

and have served as key models for our current understanding of

the role of nucleosome position in transcription (Gottesfeld

and Bloomer 1980; Richard-Foy and Hager 1987). Computational

models have been derived that identify strong, DNA-directed (cis-

acting) nucleosome-positioning signals (Segal et al. 2006; Gupta

et al. 2008; Yuan and Liu 2008). DNA-encoded nucleosome posi-

tion signals are static values, while nucleosome distributions are

dynamic.

The role that DNA sequence plays in regulating in vivo nu-

cleosome redistributions has been debated for several years (Segal

et al. 2006; Albert et al. 2007; Kaplan et al. 2009, 2010; Zhang et al.

2009, 2010). In this study, we investigated the role that DNA se-

quence plays in nucleosome redistribution. Three formal possi-

bilities relate DNA sequence to nucleosome redistributions. (1) The

DNA-encoded nucleosome distribution will disagree with both

basal and redistributed nucleosome architecture, suggesting that

DNA sequence does not play a significant role in nucleosome

distribution. (2) The DNA-encoded nucleosome distribution will

agree with the basal architecture, suggesting that DNA sequence

plays a role in the architecture of the basal state. (3) The DNA-
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encoded nucleosome distribution will agree with the redistributed

architecture, suggesting that DNA sequence plays a role in the ar-

chitecture of the redistributed state.

Here we use the well-studied reactivation of Kaposi’s sarcoma–

associated herpesvirus (KSHV) as a model for a set of genes

responding to a common stimulus. The immune response is a well-

characterized acute response in which

certain genes are induced to undergo

chromatin structural changes by patho-

gen infection or other environmental

stresses (Agalioti et al. 2000; Ramirez-

Carrozzi et al. 2006, 2009; Foster et al.

2007). KSHV is a human DNA tumor virus

and the etiological agent of several hu-

man cancers, including Kaposi’s sarcoma,

primary effusion lymphoma, and multi-

centric Castleman’s disease (Chang et al.

1994; Mesri et al. 2010). Upon infection,

KSHV characteristically establishes la-

tency, during which the viral genome is

tethered to the host chromosome and

replicated episomally by the host ma-

chinery. To spread within an individual

or to new hosts, the virus must periodi-

cally reactivate to enter a lytic cycle,

during which most viral genes are

expressed, resulting in the production of

infectious progeny and ultimately cell

death. Despite its cell-destructive nature,

the lytic cycle is believed to play key roles

in the development of KSHV malignan-

cies (Ganem 2010). The study of host

responses to KSHV lytic replication is

therefore crucial for understanding KSHV

pathogenesis.

We measured the nucleosome distri-

bution at high temporal resolution during

KSHV lytic reactivation. Upon KSHV reac-

tivation, there is a concerted, widespread,

and transient nucleosomal redistribution

that is facilitated by the DNA sequence, as

nucleosome redistributions change in a

manner predicted by DNA sequence. We

therefore propose that a genetically di-

rected ‘‘spring-loaded’’ redistribution of

nucleosomes on these promoters facili-

tates the concerted action that is critical

for the genomic response.

Results

Reactivation of KSHV resulted
in widespread, transient nucleosome
redistribution

To assess the relationship between nucleo-

some distribution and the reactivation of

KSHV, we investigated the transcription

start sites (TSSs) of 472 immunity-related

genes (Supplemental Fig. 1; Supplemen-

tal Table 1). We chose to study the well-

characterized iSLK system for the reac-

tivation of KSHV (Vieira and O’Hearn

2004; Myoung and Ganem 2011). We

used control cells (iSLK/mock), and cellsFigure 1. (Legend on next page)
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with latent KSHV infection (iSLK.219), induced both cell lines with

doxycycline, and measured nucleosome distribution at the TSS of

these 472 genes at 6, 12, 24, and 48 h post-KSHV reactivation. We

confirmed that maximal reactivation of the virus occurs 48 h post-

induction by measuring protein levels of RTA, ORF45, and PF8

(Supplemental Figs. 2, 3).

We identified widespread nucleosome distribution changes

by calculating the correlation between the untreated cells (0 h) in

their basal state and KSHV-reactivated time points (Fig. 1A). We

used a correlation threshold (r = 0.7) to identify loci with nucleo-

some distribution changes at each time point (Supplemental Figs.

4–6; Girimurugan and Chicken 2013). Nucleosome distribution

changes peaked at 24 h post-reactivation, where 226 genes (49%)

had altered nucleosome distribution, showing that these changes

are widespread (Fig. 1B). Remarkably, a majority of these changes

were transient, with 158 of the 226 loci (70%) returning to the

basal architectures at 48 h post-reactivation (Fig. 1B; Supplemental

Fig. 7). Doxycycline induced no significant nucleosome distribution

changes in the control cells (mock), verifying that the changes resul-

ted solely from the reactivation of KSHV (Supplemental Figs. 8, 9).

Identification of these widespread and transient changes

provided the unique opportunity to determine whether the nu-

cleosome distribution at the TSS is altered in a concerted manner.

To determine whether the changes in nucleosome distribution

reflected a concerted response, we measured the range of nucleo-

some distribution values across each locus and analyzed the

changes in nucleosome occupancy strength. An increase in the

intensity of the nucleosome-free signals and concomitant increase

in the intensity of the nucleosome occupied signals would suggest

stronger nucleosome positioning. A significant increase in nucleo-

some occupancy occurs post-reactivation, with maximal occupancy

occurring at 24 h (Supplemental Fig. 10). These data suggest that the

nucleosomes are becoming more positioned at the 24-h time point.

To illustrate the widespread and transient changes, we show

three of the loci showing the greatest degree of nucleosome re-

distribution (Fig. 1C,D; for exemplar unchanged loci please see IL7,

REL, and TNFSF9 in Supplemental Fig. 1). We observed progressive

nucleosome redistribution from 0 h (basal state), with the greatest

difference occurring at 24 h (transient state). The nucleosome

redistributions were transient and returned to their basal state

nucleosome distributions by 48 h. We next focused our analy-

ses on the underlying forces that influenced the nucleosome

redistributions.

Nucleosome redistributions are temporally associated
with induction of BRG1

Nucleosome distribution is the result of the interplay between

chromatin regulatory complexes, such as ATP-dependent remod-

elers, and features of the underlying DNA sequence (Gupta et al.

2008; Fincher and Dennis 2011). Because BRG1, the motor protein

of the SWI/SNF ATP-dependent remodeling complex, is recruited

to the promoter region of several genes investigated in this study

(Agalioti et al. 2000; Ramirez-Carrozzi et al. 2006, 2009), we

expected that chromatin remodelers would play a role in the nu-

cleosome redistributions post-KSHV reactivation. Therefore, we

measured levels of BRG1 to determine whether global levels of

remodelers were altered in the reactivation of KSHV. BRG1

levels increased at 6 and 12 h post-reactivation, peaked at 24 h,

and then fell to background levels by 48 h (Fig. 2A). Protein

levels of BRG1 were concordant with the changes in nucleo-

some distributions.

Nucleosome redistributions are determined
by the underlying DNA sequence

We next assessed the role of DNA sequence in determining the

nucleosome distributions in the basal or in the transient state.

Specifically, we compared our observed nucleosome distributions

(in vivo) to the computationally predicted nucleosome occupancy

scores based on DNA sequence (in silico), using a well-character-

ized and tested model (Gupta et al. 2008; Tanaka and Nakai 2009;

Fincher et al. 2013). We calculated the difference of the correlation

value between 24 h with the predicted model, and the correlation

between 0 h with the predicted model. By definition, a positive

value resulting from this calculation indicates greater agreement

between 24 h and the predicted model (Supplemental Figs. 6, 11).

Of the 226 loci showing maximal nucleosome redistributions at

24 h (Fig. 1B), 140 loci (62%) showed greater agreement with the

predicted model, indicating that the changes at these loci are di-

rected by the underlying DNA sequence. These 140 loci were

classified as DNA-directed, while the remaining 86 loci were clas-

sified as DNA-independent (Fig. 2B; for exemplar DNA-independent

loci, please see TNFRSF6B, IL13RA2, and CD1C in Supplemental

Fig. 12). The predicted model and observed nucleosome distribution

at 24 h are strikingly concordant for the 140 DNA-directed loci

(Supplemental Fig. 12; Supplemental Table 2). To illustrate the DNA-

directed nature of the nucleosome distribution changes, we plotted

the nucleosome distribution at 0 and 24 h with the predicted dis-

tribution for the three loci previously shown in Figure 1D (Fig. 2C).

To ensure that the similarities between the predicted model and the

observed 24-h data were not exclusive to any particular in silico

model, we compared our observed nucleosome distributions to

three other models of DNA encoded nucleosome distribution and

found the same agreement at 24 h (Supplemental Figs. 13, 14).

If DNA sequence is a major determinate of nucleosome re-

distribution, then the measured nucleosome distributions of a salt

dialysis assembly (in vitro), in the absence of nuclear machinery,

should reconstitute the nucleosome distributions observed at

24 h (in vivo). Salt gradient dialysis is known to produce nucle-

osomes near their sequence-determined

locations on fragments of DNA (Lee and

Narlikar 2001; Thastrom et al. 2004;

Fincher and Dennis 2011; Gkikopoulos

et al. 2011). Indeed, both the assembled

and predicted nucleosome distribution

profiles are concordant with the observed

24-h nucleosome distributions (Fig. 2D;

Supplemental Fig. 15). These results sup-

port a substantial role for DNA sequence

driving the genomic response, and led us

to investigate the generality of this response.

Figure 1. Reactivation of KSHV resulted in widespread, transient nucleosome redistribution. (A) Boxplot
of the correlation values for the 472 loci nucleosome distributions between the 0-h time point and the
time points following KSHV reactivation. (B) Number of loci with nucleosome distribution changes (r <
0.7) at 6, 12, 24, and 48 h post-reactivation of KSHV. The greatest number of nucleosome distribution
changes occurred at 24 h, and the nucleosome redistributions transiently return to the basal state nu-
cleosome distribution (0 h) at 48 h. (C ) The correlation values between the nucleosome distributions of
the 0-h and post-KSHV reactivation time points for the IL12A, IL1RAP, and IL6R TSSs. (D) The nucleosome
distribution from latent (black lines) and reactivated (red lines) post-KSHV time points for three genes:
IL12A, IL1RAP, and IL6R loci. The x-axis represents genomic position showing 2 kb centered on a TSS. The
y-axis is the log2 ratio of nucleosomally protected DNA to genomic DNA signal at each probe on the
microarray. Gene models from the RefSeq annotations are shown below each gene column.
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Figure 2. Nucleosome redistributions are determined by the underlying DNA sequence. (A) Western blots with the specified antibodies, at various times (in
hours) after KSHV reactivation (hpr), of iSLK.219 cells treated with 0.2 mg/mL doxycycline. BRG1 protein levels peaked at 24 h. The RTA immunoblot is included
to confirm KSHV reactivation. Beta-actin is included as a loading control. (B) Relative proportions of DNA-directed and DNA-independent nucleosome re-
distributions at 6, 12, 24, and 48 h post-KSHV reactivation. Approximately two-thirds of the genes with altered nucleosome occupancy at 12 h and 24 h were
DNA-directed. (C ) Observed and predicted (Gupta et al. 2008) nucleosome distributions. The nucleosome distributions from basal (black lines) KSHV, 24 h post-
KSHV reactivation (red lines), and DNA-sequence-based prediction (cyan lines) for the same three genes shown in Figure 1D. The x-axis represents genomic
position showing 2 kb centered on a TSS. The y-axis is the log2 ratio of nucleosomally protected DNA to genomic DNA signal at each probe on the microarray.
These plots show strong agreement between the sequence-based model and the reactivated state. Gene models from the RefSeq annotations are shown below
each gene column. (D) Measured and assembled nucleosome distributions. The nucleosome distributions from latent (black lines) KSHV, 24 h post-KSHV
reactivation (red lines), and assembly (blue lines) for the same three genes shown in Figure 1D. The x-axis represents genomic position showing 2 kb centered on
a TSS. The y-axis is the log2 ratio of nucleosomally protected DNA to genomic DNA signal at each probe on the microarray. These plots show strong agreement
between the assembled and the reactivated state. Gene models from the RefSeq annotations are shown below each gene column.
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The role of DNA sequence in the
concerted, widespread, and transient
redistribution of nucleosomes

To reveal inherent overarching TSS ar-

chitecture features, we averaged the ob-

served nucleosome distribution of the

140 loci classified as DNA-directed for the

0-h and 24-h time points. At 0 h, DNA-

directed loci were characterized by high

overall nucleosome occupancy but showed

a dip in nucleosome occupancy upstream

of the TSS. At 24 h, nucleosome occu-

pancy remained high and is centered on

the TSS (Fig. 3A, left panels). We then

averaged the observed nucleosome dis-

tribution of the 86 loci classified as DNA-

independent for the 0-h and 24-h time

points. In contrast to the DNA-directed

loci, the 86 loci classified as DNA-inde-

pendent were characterized by particu-

larly low nucleosome occupancy (Fig. 3A,

right panels). In addition, the average

nucleosome occupancy for both the pre-

dicted and assembly agreed with the 24-h

nucleosome occupancy profiles (Fig.

3B,C). Altogether, DNA-directed loci had

relatively high nucleosome occupancy,

DNA-independent loci had relatively low

nucleosome occupancy, and loci that

showed no changes had intermediate

nucleosome occupancy (Supplemental

Figs. 16, 17). This analysis confirms a

concerted response in the loci classified as

DNA-directed in which nucleosome oc-

cupancy increases over the TSS in the

genomic response. These results reveal an

important role for DNA sequence direct-

ing nucleosome distribution during a re-

sponse to a stimulus.

Features intrinsic to the DNA se-

quence that confer nucleosome forming

or inhibitory characteristics are complex

(Fincher and Dennis 2011), and the pre-

dictive model encompasses this complexity.

Given this complexity, we next wanted to

refine the potential sequence characteristics

of DNA-directed and DNA-independent

loci. We calculated the percentage of each

nucleotide at each position for the 2000 bp

surrounding the TSS. The DNA-directed

loci showed enrichment in GC content;

conversely, the DNA-independent loci

showed enrichment in ATcontent (Fig. 3D).

The degree to which GC content drives

nucleosome distribution has generated

substantial discussion, and our results sup-

port a role for this simplified regulatory

code (Hughes and Rando 2009; Tillo and

Hughes 2009). We show herein that loci

with high GC content have higher nu-

cleosome occupancy, which are directed Figure 3. (Legend on next page)
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by features intrinsic to the DNA sequence. In contrast, loci

with low GC content show lower nucleosome occupancy and

are not directed by features intrinsic to the DNA sequence

(Fig. 3D).

Discussion
Upon KSHV reactivation, widespread nucleosome redistributions

peaked at 24 h. These changes in nucleosome distribution were

transient and returned to their basal state nucleosome distribution

at 48 h. The widespread and transient nucleosome redistributions

post-KSHV reactivation were directed by the DNA sequence. The

results presented herein are consistent with the notion that some

loci are held in a chromatin state that is unfavorable and different

from the transient intermediate state directed by DNA sequence

information. We suggest that a spring-loaded redistribution of

nucleosomes in a DNA-directed manner is a fundamental step in

response to a stimulus.

Nucleosome redistributions are widespread and transient

These results confirm that nucleosome redistributions are wide-

spread and that the nucleosomes at the TSS deviate from their basal

distributions only fleetingly. We suggest the nucleosome redis-

tributions are not rare events, as prior literature would indicate, but

widespread. What distinguishes the present study from the liter-

ature is the high-temporal resolution, which allows for the de-

tection of the widespread and transient nucleosome redistribution

events.

Despite decades of study, relatively little is known about the

role that nucleosome distribution plays in gene regulation. The

expectation that nucleosome distributions would accompany

genome response has been informed by several single-locus

studies including: PHO5, MMTV, IFNB1, and HOX (Richard-Foy

and Hager 1987; Agalioti et al. 2000; Boeger et al. 2003; Reinke

and Horz 2003; Woo et al. 2010). This expectation has been un-

fulfilled as whole-genome studies reveal that nucleosome distri-

butions are remarkably similar between different cell types

(Supplemental Fig. 18; Gaffney et al. 2012; Kundaje et al. 2012;

Teif et al. 2012). Whole-genome studies have demonstrated that

transcribing RNA polymerase is associated with lower nucleoso-

mal occupancy and that conserved noncoding sequences may

be sites of regulatory nucleosomes (Schones et al. 2008). It has

also been shown that mammalian genomes have relatively few

strongly positioned nucleosomes (Valouev et al. 2011). Our fun-

damentally distinct observation that nucleosome redistributions

are widespread and transient is an important advance. The tran-

sient nature of the redistribution explains why advances in un-

derstanding and characterizing nucleosome distribution have

lagged behind other measures of more enduring chromatin reg-

ulatory features, such as histone post-translational modifications

and DNase I sensitivity (The ENCODE Project Consortium 2012).

Our observation paves the way to transform nucleosome-mapping

studies.

The DNA dependency of loci suggests a functional
complementarity between cis- and trans-acting factors

This study makes steps toward reconciling models that invoke

prevailing roles for either genetically encoded (cis) or ATP-dependent

remodeler (trans)–driven nucleosome distribution. We propose

a functional complementarity between these cis- and trans-acting

factors. An interesting observation arising from our study is that

loci classified as DNA-directed have higher GC content; while loci

classified as DNA-independent have lower GC content. It has been

previously demonstrated that GC content confers different re-

quirements for ATP-dependent chromatin remodelers (Ramirez-

Carrozzi et al. 2006, 2009; Moshkin et al. 2012).

SWI/SNF-independent genes have greater GC content around

the TSS, whereas SWI/SNF-dependent genes have lower GC con-

tent. A majority of the genes previously characterized as SWI/SNF-

independent were classified as DNA-directed in our assay, and the

SWI/SNF-dependent genes are largely DNA-independent in our

assay (Ramirez-Carrozzi et al. 2009). We speculate that the nucleo-

some positioning information content within the DNA sequence

at the DNA-directed loci contains information that reduces the

need for SWI/SNF activity; likewise, the lack of nucleosome posi-

tioning information content of the DNA sequence at the DNA-

independent loci increases the need for SWI/SNF activity. This

speculation is borne out in the well-characterized IFNB1 promoter

enhancer, which has a transient association with BRG1 correlating

with the remodeling of a promoter nucleosome (Agalioti et al.

2000). Consistent with this model, the IFNB1 locus was classified

as DNA-independent in our assay.

Our results indicate that the loci that adopt DNA-directed

positions have greater GC content and are SWI/SNF-independent.

This observation is consistent with multiple studies that have in-

vestigated a role for the ISWI family of chromatin remodelers.

Genomic targets of ISWI family members have increased GC

content (Moshkin et al. 2012). Additionally, studies in yeast and

flies have shown that in the absence of ISWI complexes, nucleo-

somes adopt DNA-encoded positions (Gkikopoulos et al. 2011;

Moshkin et al. 2012). It is interesting to speculate a role for ISWI at

the DNA-directed loci in which this ATP-dependent remodeler

‘‘pushes’’ nucleosomes away from genetically encoded positions in

the basal state (Moshkin et al. 2012). Upon a regulatory stimulus,

ISWI is lost, providing the opportunity for another class of

remodelers to move the nucleosomes to DNA-directed positions.

In aggregate, these results suggest a functional complementary be-

tween DNA sequence (cis) and ATP-dependent remodelers (trans) in

regulating a genomic response.

A spring-loaded genome for a concerted, widespread,
and transient genomic response

Our results show that some loci are held in a chromatin state dif-

ferent from the state directed by DNA sequence information. We

hypothesize that chromatin regulatory complexes, such as ATP-

dependent remodelers, acting in trans, maintain chromatin archi-

tecture. Upon KSHV reactivation, there is

a concerted, widespread, and transient

chromatin reorganization that appears to

be facilitated by features intrinsic to the

DNA sequence, as nucleosome occupancy

changes in a manner predicted by DNA

sequence. In fact, these results are in com-

plete agreement with recent conclusions

Figure 3. DNA sequence determined the concerted, widespread, transient redistribution of nucleo-
somes. (A) Average values for all genes identified as DNA-directed and DNA-independent, calculated by
alignment of loci to the TSS for 0 h (black) and 24 h (red). (B) Average values for all genes identified as
DNA-directed and DNA-independent, calculated by alignment of loci to the TSS for the predicted
(cyan). (C ) Average values for all genes identified as DNA-directed and DNA-independent, calculated by
alignment of loci to the TSS for the assembly (blue). (D) Average GC (blue) and AT (red) content at each
position is represented as a sequence logo below each column.

Sexton et al.

256 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on May 22, 2014 - Published by genome.cshlp.orgDownloaded from 

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


from a lung adenocarcinoma study in which widespread nucleo-

some distribution changes are limited to low-grade tumors and are

not observed in high-grade tumors (Druliner et al. 2013). We

therefore propose that a genetically directed ‘‘spring-loaded’’

repositioning of nucleosomes, from the basal state, to the transient

intermediate state, and returning to the basal state, facilitates the

concerted response (Fig. 4).

The widespread, concerted changes observed in the transient

intermediate state suggest a possible hierarchical mechanism for

genomic regulation. In this hierarchical organization, we speculate

that a superset of genomic loci is made available for regulatory li-

censing in the transient intermediate state. Gene loci in the

superset in a physiology with the appropriate regulatory machin-

ery will be licensed, and those without the regulatory machinery

will not be affected. This hierarchical organization maximizes the

potential for a concerted response of multiple loci with a limited

number of genomic architectures, particularly when one considers

the DNA-directed nature of the response.

The conventional wisdom surrounding gene regulation in-

volves chromatin regulatory machinery that responds to a physio-

logical cue to move nucleosomes. Our results indicate that chro-

matin regulatory machinery acting in trans might hold nucleosome

architecture in a state unfavorable to regulation. These results have

allowed the development of a model in which DNA sequence

features play a considerable role in directing nucleosome archi-

tecture in genome response (Fig. 4). Upon the appropriate physi-

ological cue, mechanisms acting in cis—encoded by the DNA

sequence—drive a concerted, widespread, and transient chroma-

tin reorganization leading to architecture favorable for the neces-

sary response. Thus, interplay between enzymatic complexes reg-

ulating nucleosome distribution and DNA sequences dictating

nucleosome distribution drives the regulation of these loci. The

surprise is that the transient intermediate state, not the basal state,

is favored by DNA sequence. We propose that DNA sequence is

more broadly used to direct nucleosome redistribution than pre-

viously described and that it can function to facilitate regulation in

ways not previously envisioned.

Methods

Cell growth and KSHV reactivation
iSLK.219 (clone 10), derived from iSLK, was latently infected with
a recombinant rKSHV.219 virus (Vieira and O’Hearn 2004) and
cultured and maintained as described previously (Myoung and
Ganem 2011). One day before induction of KSHV reactivation, 5 3

106 cells were seeded into a 150-mm dish. The next day, the me-
dium was replaced with DMEM containing 1% FBS, and doxycy-
cline was added to a final concentration of 0.2 mg/mL. Cells were

harvested at the designated times after doxycycline addition. The
0 h was treated identically to the 6 h except that doxycycline was
not added.

Cell harvest and nucleus purification

iSLK and iSLK.219 cell lines were harvested at 2.5 3 107 cells. The
cells were cross-linked in 1% formaldehyde in PBS and incubated
for 10 min at room temperature. The cross-linking reaction was
stopped with 125 mM glycine. The nuclei were then isolated in
nucleus isolation buffer (0.3 M sucrose, 2 mM MgOAc2, 1 mM
CaCl2, 1% Nonidet P-40, 10 mM HEPES at pH 7.8) by centrifuga-
tion at 1000g for 5 min at 4°C.

In vitro assembly of nucleosomes

Nucleosome arrays were assembled using HeLa histones as pre-
viously described, except that total genomic DNA sonicated to an
average length of 500 bp was used (Lee and Narlikar 2001).

MNase cleavage and mononucleosomal-protected
DNA purification

All MNase nucleosome-mapping experiments were performed
with two biological replicates from completely independent
growths and treatments of cells (Supplemental Fig. 19). iSLK.219
nuclei or in vitro–assembled nucleosomes were digested with a ti-
tration of MNase (Worthington Biochemical Corp.) for nucleo-
some-distribution experiments. The concentrations for the MNase
titration were 4 units/mL, 2 units/mL, 1 unit/mL, and 0.5 unit/mL
of MNase in MNase cleavage buffer: 5 mM KCl, 4 mM MgCl2, 1 mM
CaCl2, 12.5% glycerol, and 50 mM Tris-Cl (pH 7.4). The MNase
reaction occurred at a titration of MNase concentration to ensure
equivalent representation of the early- and late-digesting fractions
of the genome. These reactions were performed for 5 min at 37°C,
and the reactions were stopped with 50 mM EDTA. We then treated
the MNase-digested nuclei with 0.2 mg/mL proteinase K, 1% so-
dium dodecyl sulfate, and incubated overnight at 60°C to reverse
the protein–DNA cross-links.

Following the separation of nucleosomal ladder on a 2%
agarose gel, mononucleosomally protected DNA (;150 bp) was
isolated by excision of the specific sample’s band, and the DNA was
purified by electroelution. For each sample, mononucleosomally
protected DNA of all MNase concentrations were combined.
Mononucleosomal DNA was extracted with phenol-chloroform,
precipitated with alcohol, and dissolved in TE (10 mM Tris-Cl at pH
8.0, 0.1 mM EDTA). Bare genomic DNA (reference) was isolated
from iSLK and iSLK.219 by resuspension of the cells in a 0.2 mg/mL
proteinase K and 1% SDS solution and incubated overnight at
55°C.

Antibodies and Western blotting

The BRG1 antibody (#4081) was purchased from Abcam. Mono-
clonal antibodies against KSHV, ORF45, and PF8 were described
previously (Zhu et al. 2005). A monoclonal antibody against beta-
actin was purchased from Sigma-Aldrich. Whole-cell extract
equivalent to 0.1 3 106 cells was resolved on SDS-PAGE 10% Bis-
Tris gels (Invitrogen) and transferred to nitrocellulose membranes.
The membranes were blocked in 5% dried milk in PBS containing
0.2% Tween 20 (PBST) followed by an overnight incubation with
diluted primary antibodies at 4°C. Anti-rabbit or anti-mouse im-
munoglobulin G antibody conjugated to horseradish peroxidase
was used as the secondary antibody. The SuperSignal West Dura

Figure 4. Model of chromatin regulation in which nucleosome distri-
butions move from a basal state architecture, to a transient intermediate
state, then return to the basal architecture, in response to a common
stimulus. The transient intermediate state’s architecture is directed by
features intrinsic to the underlying DNA sequence (cyan).
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Chemiluminescent Substrate (Pierce) was used for detection of
antibody–antigen complexes.

Microarray design and processing

We used a custom-designed high-resolution DNA microarray that
covers 2 kb flanking the TSS 472 immunity- and inflammation-
related genes. Only unique probes were printed on the microarray,
and repeats were masked around the TSS. Both forward and reverse
DNA strands were printed on the microarray. The 60-mer oligo-
nucleotide probes were tiled with an average 47-bp overlap. We
used NimbleGen’s 12-plex and HD2 design for our microarrays.
Each locus on the microarray contains ;180 probes of a median
spacing of 12.5 bp. Samples were labeled (nucleosomally protected
DNA Cy3 and genomic DNA Cy5) and hybridized to the custom
tiling microarray (Roche) according to manufacturer’s instructions.

Data processing and analysis

The resulting microarray data were normalized, the log2 ratio of
nucleosomally protected DNA to genomic DNA signals was com-
puted for each probe, and replicate probes at each chromosomal
position were averaged. Analysis of nucleosome distribution data
was performed in the R environment for statistical computing and
graphical output using our lab-developed software, drawGff.R. To
calculate correlation on a per-locus basis, all probes were compared
for each condition and a correlation value was calculated. To cal-
culate nucleosome signal strength on a per locus basis, all probes
were compared for each condition and an interquartile range (IQR)
value was calculated.

Computer model scores

Computational model scores were derived from algorithms pre-
viously described (Gupta et al. 2008). We applied models derived
from nucleosome distribution data from A375 human melanoma,
THP1 human monocytic leukemia, and Zea mays tissue.

Data access
Microarray data have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion numbers GSM1267162–GSM1267166.
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