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Genome-wide investigations have dramatically increased our understanding of nucleosome positioning and the
role of chromatin in gene regulation, yet some genomic regions have been poorly represented in human
nucleosome maps. One such region is represented by human chromosome 9p21-22, which contains the type I
interferon gene cluster that includes 16 interferon alpha genes and the single interferon beta, interferon epsilon,
and interferon omega genes. A high-density nucleosome mapping strategy was used to generate locus-wide
maps of the nucleosome organization of this biomedically important locus at a steady state and during a time
course of infection with Sendai virus, an inducer of interferon gene expression. Detailed statistical and com-
putational analysis illustrates that nucleosomes in this locus exhibit preferences for particular dinucleotide and
oligomer DNA sequence motifs in vivo, which are similar to those reported for lower eukaryotic nucleosome—
DNA interactions. These data were used to visualize the region’s chromatin architecture and reveal features that
are common to the organization of all the type I interferon genes, indicating a common nucleosome-mediated
gene regulatory paradigm. Additionally, this study clarifies aspects of the dynamic changes that occur with the

nucleosome occupying the transcriptional start site of the interferon beta gene after virus infection.

Introduction

EUKARYOTIC GENOMIC DNA is packaged by nucleosomes
to compact the DNA, control DNA replication, and reg-
ulate gene expression (Kornberg and Stryer 1988). Genome-
wide investigations in human cells and model organisms have
recognized fundamental features of nucleosome organization
important for gene regulation (Bernstein and others 2004;
Yuan and others 2005; Johnson and others 2006; Lee and
others 2007; Schones and others 2008; Kaplan and others
2009; Valouev and others 2011; Brogaard and others 2012).

Genome-wide studies of nucleosome positions have been
greatly facilitated by advancements in next-generation se-
quencing coupled with powerful statistical and computa-
tional analysis tools for mapping nucleosomes to reference
genomes (Zhang and Pugh 2011). These approaches have
been able to provide nucleosome positioning information
of at least moderate coverage for entire model organism
genomes and much of the human genome, yet some regions,
especially those with low complexity and genetic redun-
dancy, have been poorly represented in human nucleo-
some occupancy maps. Moreover, as the expression of
many biomedically relevant genes is rapidly and transiently

induced in response to specific extracellular or intracel-
lular stimuli, little information is available on specific
nucleosome-level dynamic changes that may accompany the
expression of acutely inducible genes, gene families, or gene
regulatory networks.

Most transcribed genes contain a nucleosome-depleted re-
gion (NDR) at their 5" promoter and 3’ transcriptional end site,
while some quiescent genes have regulatory nucleosomes po-
sitioned directly over their promoter preventing polymerase
access to the transcription start site (TSS). Genomic-scale
examination of chromatin architecture revealed that both un-
derlying DNA sequence preferences and ATP-dependent
chromatin remodeling processes guide nucleosomes to their
proper positions where they can alter DNA accessibility to
transcription factors and positively or negatively influence
gene expression (Kornberg and Lorch 1999; Lomvardas and
Thanos 2002; Richmond and Davey 2003; Whitehouse and
others 2007; Badis and others 2008; Hartley and Madhani
2009; Kaplan and others 2009; Zhang and others 2011; Bro-
gaard and others 2012; Yen and others 2012).

Interferon (IFN) refers to a group of cytokines that were
initially characterized as agents that interfere with virus
replication, but are now recognized as a diverse class of
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related and unrelated anti-microbial and immune regulatory
signaling molecules (Isaacs and Lindenmann 1957; Borden
and others 2007). The human type I IFN genes are clustered
within ~450kb on the short arm of human chromosome 9
(Fig. 1A) (Diaz and others 1994; Genin and others 2009).
The 16 members of this cluster are the /FNA genes (num-
bered Al, A2, A4, A5, A6, A7, A8, A10, Al3,Al4,Al6,Al7,
and A27) and the single IFNBI, IFNE, and IFNWI genes,
which are 53%-97% identical at the nucleotide level. All the
type I IFN genes are transcriptionally inactive unless in-
duced by innate immune signaling systems downstream of
acute virus infections, and they encode intronless mRNAs
that produce related IFN proteins that are >20% identical,
yet differ in their tissue-specific expression and signal
transduction potency (Thomas and others 2011). The diffi-
culty in accurately mapping short single-ended sequence
reads to regions of significant genetic similarity, and the
absence of an appropriate activating stimulus, such as virus
infection, leaves the IFN cluster poorly represented in
genome-wide nucleosome maps.

One of the type I IFN genes, encoding IFNBI, is among
the best-characterized inducible genes in higher eukaryotes
and provides an excellent model of virus-inducible tran-
scription regulation. Accumulated evidence has shown that at
steady state the /FNBI promoter contains a (4 1) nucleosome
positioned over the TSS, obscuring access to the TATA box,
adjacent to an NDR that harbors positive regulatory domains
(Zinn and others 1983; Goodbourn and others 1985). Co-
ordinated and cooperative actions of virus-induced tran-
scription factors, including ATF2/c-jun, NFxB, IRF3, and
IRF7, recruit transcriptional co-activators, including histone-
modifying enzymes CBP, p300, and GCNS, and chromatin
remodeling machines Swi/Snf and BRG1, to the NDR. These
co-activators mediate reorganization of the (+ 1) nucleosome,
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which has been inferred to “slide” to a position 36 nucleo-
tides downstream in response to virus infection (Lomvardas
and Thanos 2001). This nucleosome remodeling allows the
de novo assembly of the RNA polymerase II (Pol II) holo-
enzyme at the TSS (Agalioti and others 2000; Lomvardas and
Thanos 2002; Ford and Thanos 2010). The transcriptional
regulation of /FNBI biosynthesis underscores the importance
of local chromatin architecture and dynamics in regulating
gene expression in the innate antiviral response. The nucleo-
some positions of the remaining type I IFN family members
have not been described.

To investigate the organization of this biomedically im-
portant cytokine gene cluster, we generated a high-density
nucleosome profile at steady state and during a time course of
Sendai virus infection. The resulting nucleosome maps pro-
vide a visualization of chromatin architecture in this locus
and reveal that nucleosome obstruction of the TSS to be a
conserved feature of type I IFN promoters. Moreover, these
maps were of sufficient depth to reveal that well-positioned
nucleosomes in this locus reflect particular dinucleotide and
oligomer DNA sequence motif-binding preferences observed
in lower eukaryotes and model organisms.

Materials and Methods
Cell culture and virus infection

Human Namalwa cells (ATCC CRL-1432) were cultured in
RPMI 1640 medium (Life Technologies) containing 10%
cosmic calf serum (Hyclone), glutamine, | mM sodium pyru-
vate (Cellgro), and 1% penicillin/streptomycin (Life Tech-
nologies). Infection of cells with Sendai virus (Cantell strain,
Sendai virus, 3x10® pfu/mL) was performed at 5 plaque-
forming units per cell (pfu/cell) in serum-free media. After 1 h,
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cells were lightly spun down, washed, placed in growth media
supplemented with 2% CCS, and, finally, harvested at different
time points—up to 20 h—following infection.

Expression analysis

Namalwa cells were infected with Sendai virus (5 pfu/cell)
and 5x10° cells were harvested at each time point. Total
RNA was extracted using TRIzol Reagent (Invitrogen).
Samples were treated with DNase I (Life Technologies), and
1 ng of RNA was subjected to reverse transcriptase Super-
script III (Life Technologies) for cDNA synthesis. Quantita-
tive real-time PCR was carried out using the MX3000P
SYBR Green real-time PCR system (Agilent). Expression
was normalized against GAPDH and displayed as fold
change over mock conditions. The oligos used for this anal-
ysis are listed in Supplementary Table S1 (Supplementary
Data are available online at www .liebertpub.com/jir).

Isolation of mononucleosome core DNA fragments

To isolate mononucleosome core DNA, a crude nuclear
fraction was separated by washing 6x 107 cells 3 times with
MC lysis buffer [10mM Tris-HC1 pH 7.5, 10mM NaCl,
3mM MgCl,, and 0.5% (v/v) Igepal] at 4°C. Genomic DNA
in MNase reaction buffer [10 mM Tris-HCI pH 7.5, 10 mM
NaCl, 3mM MgCl,, 1 mM CaCl,, 4% (v/v) Igepal, and 1 mM
PMSF] was digested with 25 units of MNase (USB; 0.025 U/
pL final concentration) for 10 min at 37°C. The digestion was
stopped by the addition of EDTA, followed by phenol/chlo-
roform extraction and ethanol precipitation. The digested
DNA was run on a 3.3% agarose gel (Lonza) and the smear
of DNA fragments from ~ 135 to 170bp was excised from
the gel. The gel slabs were sliced into small pieces and di-
luted in crush-and-soak buffer (300mM sodium acetate,
1mM EDTA pH 8.0, 0.1% SDS). Once in solution, the
agarose pieces were rotated gently at room temperature for
48 h. Subsequently, the crush-and-soak buffer was collected
and filtered with an Amicon Ultra-15 filtration device (Mil-
lipore). The DNA was concentrated and filtrated with Ami-
con Ultra Centrifugal Filters (Millipore) and cleaned up using
a QIAquick PCR Kit (Qiagen) following the manufacturer’s
protocol with minor modifications.

Preparation of mapped DNA fragments
for ABI SOLID sequencing

The ends of isolated mononucleosomal-length DNAs
were processed using the DNATerminator Repair Kit (Lu-
cigen) according to the manufacturer’s protocol. Following
blunt-ending, DNA was purified using a QIAquick PCR Kit
(Qiagen) as noted above. ABI’s double-stranded P1 and P2
adaptors (for SOLiD 4 System) were ligated to the end-
repaired DNA with Quick Ligase (NEB) during a 5-min
reaction at room temperature. After adaptor ligation, DNA
was purified using a QIAquick PCR Kit (Qiagen) as noted
previously. The ligation reactions were separated on a 6%
native polyacrylamide gel, and the relevant bands were
isolated and purified as previously described.

Library amplification

The eluted adapter-ligated libraries were amplified with
17-18 cycles of PCR using the SOLiD P1 and SOLiD P2

FREANEY ET AL.

primer. The number of cycles used in the PCR amplification
was monitored and selected as described (Gu and Fire
2010). In summary, a series of PCRs with increasing cycle
numbers were carried out, and cycle numbers were carefully
chosen for which product levels have not saturated (i.e.,
product levels are still able to increase substantially with
additional cycles). This ensured that the majority of ampli-
fied segments were still annealed to a true complement and
avoided reannealing distortion in the resulting sequence li-
braries (Parameswaran and others 2007). PCR products
were separated and purified on a 2% agarose gel (Lonza),
eluted in the crush-and-soak buffer, and purified with the
QIAquick PCR kit as described above.

DNA sequencing and mapping

Nucleosome-protected DNA libraries were paired-end
sequenced using ABI’s SOLiD next-generation sequencing
system to produce 35-bp F3 reads and 25-bp F5-P2 reads.
All sequence data were mapped using the SOLiD software
pipeline against the human hgl9 assembly using the first
30bp from each F3 read and all 25 bp of the F5-P2 reads.
This was done to maximize the number of reference-mapped
reads as the quality of base calling dropped off farther into
the read. For all downstream analysis, only uniquely map-
ped reads were used to avoid ambiguity.

Bacterial artificial chromosome labeling
and hybridization

Essentially, bacterial artificial chromosome (BAC) DNA
labeling was performed as described previously (Bashiardes
and others 2005). In summary, the BAC DNA used
(~150ng) for the enrichment procedure was isolated using a
NucleoBond BAC 100 kit (Clontech) following the manu-
facturer’s protocol. To incorporate biotinylated residues into
the BAC DNA, a nick translation kit (Roche; according
to manufacturer’s protocol), biotin-dUTP (Enzo), and
(A-32P) dCTP were used. The isotope was included in a
parallel reaction as a tracer to confirm that the biotinylation
reaction proceeded efficiently and to confirm binding of the
BAC DNA to streptavidin-coated magnetic beads.

The biotinylated products were purified through a Se-
phadex G-50 spin column (GE) and the resulting solution
was lyophilized to dryness. The biotin-labeled DNA pellet
was then dissolved in Cot-1 DNA (2 pg/pL; Invitrogen) and
transferred to a 200-uL PCR tube. The human genome is
composed of many repetitive elements, and the use of Cot-1
DNA (placental DNA that is predominantly 50-300bp in
size and enriched for repetitive DNA sequences such as
the Alu and Kpn family members) drastically reduces the
number of these nonspecific DNA fragments from being
hybridized and subsequently sequenced.

The solution was overlayed with mineral oil (Sigma),
denatured by incubation at 95°C for 5min, and incubated
at 65°C for 15 min. About 5 pL of 2 hybridization buffer
(1.5M NaCl, 40mM sodium phosphate buffer pH 7.2,
10mM EDTA pH 8, 10x Denhardt’s, 0.2% SDS) was ad-
ded and incubated further at 65°C for 6 h.

To select and capture the hybrids, 2 g of adapter-ligated
genomic DNA was delivered in 5 pL. of water into a 200-pL
PCR tube and overlayed with mineral oil (Sigma). The DNA
was denatured at 95°C for 5 min and incubated at 65°C for
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15 min. About 5 pLL of 2x hybridization buffer was added,
and then the entire sample was transferred to the tube
containing the Cot-1-blocked BAC DNA. Following trans-
fer, the hybridization reaction was incubated at 65°C for a
further 72h. In a microcentrifuge tube, 100 uL of strepta-
vidin-coated beads (Invitrogen) was washed twice in 200 pL
Streptavidin bead binding buffer (10 mM Tris-HCI pH 7.5,
ImM EDTA pH 8, and 1M NaCl). The beads were re-
suspended in 150 pL Streptavidin bead-binding buffer, and
then the hybridization buffer was added to the bead sus-
pension. Binding was carried out at 25°C for 30 min with
periodic gentle mixing to ensure that the beads remained
evenly suspended. Beads were removed from the binding
buffer and washed once, at 25°C for 15min, in 1 mL of
1x SSC with 0.1% SDS, and then 3 times, each at 65°C for
15min, in 1mL 0.1x SSC with 0.1% SDS. The genomic
DNA hybridized to the BAC was eluted with the addition of
100 pLL of 0.1 M NaOH to the beads and incubation at 25°C
for 10min. The beads were removed from the elution
mixture, and then the supernatant was transferred to a fresh
microcentrifuge tube containing 100 pL. of 1M Tris-HCl
(pH 7.5) and desalted through a Sephadex G-50 resin.

Nucleosome data analysis

The nucleosome DNA sequences from MNase mapping
tend to have large variability in length (typically range from
100 to 200bp) because of MNase specificity and partial
unwrapping of nucleosomes. The variability in the length
can be problematic when trying to identify the precise nu-
cleosome centers, causing nucleosome boundaries to be
poorly defined. Reads lengths between 127 and 167 bp were
used to construct the nucleosome occupancy maps to
achieve better accuracy in defining nucleosome positions. In
addition, a center-weighted nucleosome occupancy curve
was constructed as follows: If a nucleosome DNA sequence
is of odd length, a Gaussian weight of exp [ —0.5(%)2] is
assigned to a position dbp away from the center of the
sequence for d<73. If a sequence length is even, then the
central 2 positions will be treated as the center in turn to
assign a weight 0.5 exp[—O.S(%)z] for a position dbp
away from the center (Brogaard and others 2012).

Density dot plot

For each data set, the nucleosome’s occupancy is based
on 127-167-bp fragments. For each fragment, nucleotides
+ 63 bp from the fragment center were given an even score
(i.e., 1). The occupancy scores, therefore, show how many
fragments covered each position. Only the core 127 bp of
each fragment was considered to avoid biases in nucleotide
distributions that may arise from the sequence specificity of
the MNase used to isolate the nucleosome. This way we do
not include statistics that are taken from the cut site of the
nuclease.

Nucleosome dyad coordinates for rotational
positioning analysis

The peaks selected represent the approximate nucleosome
centers. However, with the well-understood sequence pref-
erences of MNase, there may be systematic errors. If we
aligned DNAs solely from these peak positions, the pref-
erential dinucleotide and oligomer signals would either be-
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come negligible or even completely dissolve. To achieve
better signal, we effectively used a previously developed
strategy (Brogaard and others 2012). In short, we examined
for a 147-bp sequence nearest to the peak position within a
+ 10-bp region. If no such sequence existed, we sequentially
examined for sequences of lengths 148, 146, 149, 145, and
150 bp within a % 10-bp region until the first sequence was
identified. The center of the identified sequence was treated
as the nucleosome center to generate the AA/TT/TA/AT and
GG/CC/GC/CG frequency plots and the oligomeric and di-
nucleotide preference k-mer bias plots. If no sequence was
identified in + 10-bp region, the peak position was treated as
the true nucleosome center to generate the alignment.

Results

Sendai virus infection induces type |
IFN gene expression

Nearly every nucleated cell in the human body is able to
produce type I IFNs in response to virus infections, but the
expression of some type I IFN genes is restricted to specific
lymphocytes (Pestka and others 2004). In order to maximize
the expression of diverse type I IFN genes, the Namalwa B
lymphoid cell line was infected with the Cantell strain of
Sendai virus, a well-documented system to study the type I
IFN response (Sehgal and others 1982; Strahle and others
2006; Genin and others 2009).

Quantitative RT-PCR (RT-qPCR) analysis revealed the
immediate and robust expression of IFNBI, IFNWI, and a
set of tested I/FNA genes in response to Sendai virus infec-
tion (Fig. 1B). All genes examined were induced within 2 h
of infection with maximum mRNA abundance observed by
4 h post-infection (h.p.i.) after which the abundance of the
mRNAs gradually decreased. These observations confirmed
the rapid induction of diverse type I IFN genes in Namalwa
cells by Sendai virus infection and established that the type I
IFN genes are maximally transcribed before 4h.p.i. It is
noteworthy that while all the type I IFN genes were induced
with a similar time course, the IFN3 mRNA was detected at
much higher levels, peaking at >2 orders of magnitude
higher than the other mRNAs.

Nucleosome mapping by direct selection
of protected genomic fragments

To determine the nucleosome landscape of the human
type I IFN locus before and after Sendai virus infection,
nucleosome-protected DNA fragments from this region
were specifically and significantly enriched by hybridiza-
tion, and then subjected to next-generation sequencing
(Lovett and others 1991; Bashiardes and others 2005; Yigit
and others 2013a, 2013b). Cells (6 x 10’ per condition) were
mock-infected or infected with Sendai virus for 1, 2, and 4 h,
and then subjected to nuclear fractionation and limited di-
gestion with micrococcal nuclease (MNase) to produce
80%-90% mononucleosome-length DNA. The mono-
nucleosome-protected DNA was hybridized to an affinity
matrix consisting of type I IFN locus-specific DNA de-
rived from BACs. Three BACs, RP11-1P8 (Hu Chr 9:
21,073,242-21,226,920), RP11-956G20 (Hu Chr 9:
21,207,896-21,411,355), and RP11-158117 (Hu Chr O:
21,342,234-21,524,030), were used to span the entire type I
IFN locus. The enriched mono-nucleosome DNA was used
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to prepare libraries for paired-end sequencing using the ABI
SOLIiD platform (Supplementary Fig. S1).

Analysis of the uniquely mapped sequenced reads verified
the quality of each of the sequencing data sets (Fig. 2A) and
ensured a significant enrichment of nucleosome-protected
DNA fragments for the type I IFN locus. A great percentage
of sequence tags (~61%-85%) mapped to our region of
interest (Chr 9: 21,073,242-21,524,030), resulting in an
~4,200-5,800-fold enrichment, with an average depth of
coverage in the target region of 1,850-2,200 tags per nu-
cleotide. Additionally, the paired-end libraries allowed us to
precisely determine that >99.9% of the sequence tags have
an insert length between 120 and 180bp (Fig. 2B). Each
sample has a similar range and frequency of insert length
with a summit observed at ~150bp, demonstrating that
comparably sized nucleosome cores were purified from each
sample.

Global nucleosome landscape at the type |
IFN gene cluster

To determine if nucleosomes in the IFN locus are posi-
tioned with primary sequence preferences, observed nucle-
osome occupancies were compared with a predictive model
(Xi and others 2010) (Supplementary Fig. S2B). A good
correlation between the predicted and observed nucleosome
occupancy per base pair was observed in all samples (mock
infected, r=0.51; 1h.p.i.,, r=0.47; 2h.p.i., r=0.54; and
4h.p.i., r=0.50).

To systematically measure covariance across the type I
IFN locus, the Pearson correlation coefficient (r) was cal-
culated between the different nucleosome profiles. The nu-
cleosome organization of the mock-infected and Sendai
virus-infected cells (1, 2, and 4h) is comparable, although
not absolutely indistinguishable (Fig. 3A), with correlations
of 0.83, 0.92, and 0.96, respectively, between the nucleo-
some occupancy per base pair. Additionally, the correlation
coefficients are similar when comparing the 1-h-infected to
the 2-h- and 4-h-infected maps (r=0.72 and 0.93, respec-

A
Nucleosome Sequencing Statistical Analysis
Sample Readsin  Percent Fold Average depth
target  intarget enrichment of coverage
Mock Infected 28,972,958 76.94% 5,283 1,954
SeV-1hpi 382547778 84.63% 5812 2,203
SeV-2hpi 28,239,079 67.89% 4,662 1,894
SeV-4hpi 27,691,918 61.53% 4,225 1,858
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tively) and the 2-h-infected to the 4-h-infected maps
(r=0.85). The high degree of similarity between all of the
maps indicates that throughout the course of infection, when
all type I IFN genes are transcriptionally active, most nu-
cleosomes throughout the ~450-kb locus remain unaltered.
However, in a number of the comparisons with the sample
collected at 1h.p.i., 2 distinguishable nucleosome occu-
pancy profiles appear. This suggests that, at this point after
infection, a subset of nucleosomes alters their occupancy
profiles, consistent with heterogeneous transcriptional re-
sponses among the population of infected cells.

Local nucleosome landscape at the type |
IFN gene cluster

Nucleosome arrangements around specific genes in the
mapped locus were examined in greater detail. In addition to
the virus-induced type I IFN genes, a single constitutively
expressed gene, KLHL9, is encoded in this region. KLHL9
mRNA levels remain constant during Sendai virus infection
(Supplementary Fig. S2A). The nucleosome occupancy in
and around the KLHL9 gene is similar to that observed for
most transcribed human genes (Schones and others 2008;
Valouev and others 2011); an NDR is observed at the 5" and
3" ends of the gene, and well-positioned (+1) and (—1)
nucleosomes flank the NDR surrounding the TSS. This
nucleosome architecture does not change in response to
Sendai virus infection (Fig. 3C).

Comparison of the nucleosome occupancy patterns at the
KLHL9 gene (Fig. 3C) with that of the /IFNBI gene (Fig.
3D) highlights 2 distinctly different nucleosome organiza-
tion strategies. In the absence of virus activation, the nu-
cleosome organization around the /FNBI gene looks similar
to that of KLHL9, but there are some key differences in the
positioning of nucleosomes relevant to its expression. When
the IFNBI gene is inactive, we observe 5" and 3’ flanked by
well-positioned (+1) and (—1) nucleosomes. Distinct from
KLHLY, the well-positioned (+ 1) nucleosome tightly clus-
ters over ~ 160-bp encompassing nucleotide positions
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FIG. 2. Enrichment and sequencing of nucleosome protected DNA fragments in the type I IFN gene cluster. (A) Statistical
analysis of sequence data. See text for details. (B) Plot of the insert length distributions for the nucleosome protected
sequences with length between 120 and 180 bp in each sample.
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FIG. 3. Comparison of nucleosome maps reveals distinct chromatin organization in constitutive versus virus-activated
genes. (A) Density plots comparing the normalized nucleosome occupancy per base pair in the mock-infected cells versus
the infected cells. Color is used to represent the number of base pairs with occupancy scores mapping to that point in the
graph. Values above zero indicate nucleosome enrichment relative to the locus-wide average. The Pearson correlation (R)
between the maps is indicated. (B) Nucleosome occupancy in the human type I IFN gene cluster. Individual plots of
nucleosome occupancy per base pair across the ~450-kb locus are shown for the mock-infected cells and for the Sendai
virus-infected cells at 1, 2, and 4h.p.i. A scale bar representing the positions of relevant genes is illustrated above. (C)
Magnified view of the KLHL9 region. The KLHL9 gene is illustrated as a solid line, the TSS and directionality indicated by
an arrow, and the gene body indicated with a box. Each row below depicts nucleosome occupancy per base pair for mock
infected and 1, 2, and 4h SeV infected. Positions of 5" and 3 NDRs and +1 and — 1 nucleosomes flanking the TSS are
indicated. (D) Magnified view of the /FNBI region. The IFNBI gene is illustrated as a solid line, the TSS and directionality
indicated by an arrow, and the gene body indicated with a box. Each row below depicts nucleosome occupancy per base
pair. Positions of 5" and 3 NDRs and +1, —1, and —2 nucleosomes flanking the TSS are indicated. (E) Common
nucleosome organization in the type I IFN gene promoters. Normalized nucleosome occupancy scores are plotted with the
TSS designated ““0” for the IFNBI, IFNWI, and 13 IFNA genes. See also Supplementary Fig. S2.
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—84 to +76, completely obscuring access to the TSS. The
(—1) nucleosome is more heterogeneously positioned, and
appears to span ~ 190-bp encompassing nucleotide posi-
tions —386 to —196. In between the 2 nucleosomes is an
NDR that spans ~ 100 bp from nucleotide position — 192 to
—92. This pattern is maintained up to 1h following virus
infection. By 2h.p.i., as the virus infection is detected by
host signaling apparatus, the IFNBI gene becomes tran-
scriptionally active. At this time, the (+ 1) nucleosome be-
comes more heterogeneous and begins to occupy a larger
DNA footprint of ~190bp, expanding its footprint to nu-
cleotide positions —84 to +106. This heterogeneity is
suggestive of either population diversity or dynamic posi-
tion averaging, which means that a given nucleosome in a
cell can potentially query several different local genomic
positions in the cell population. Dramatically, this TSS-
obscuring nucleosome largely disappears by 4 h.p.i., dem-
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onstrating that the (+1) nucleosome is evicted to allow
for—or as a consequence of—robust /[FNBI gene expression
in the virus-infected cell (Fig. 3D, bottom row).

The features of nucleosome organization surrounding the
IFNBI gene promoter led us to explore the patterning
around the remainder of the type I IFN genes (Fig. 3E). In
uninfected cells all of the type I IFN genes, except IFNE,
have similar nucleosome arrangements, with 5" and 3" NDRs
flanked by positioned nucleosomes. Like IFNBI, they all
feature a well-positioned (+ 1) nucleosome that is posi-
tioned over their TSS. However, no specific alterations in
nucleosome protection patterns, evidence of nucleosome
eviction, or other disruption in the apparent position of this
nucleosome was observed as a result of virus infection (see
individual examples in Supplementary Fig. S2C and D).
This observation is consistent with the observed low mRNA
detection levels among the IFNo genes, and is in agreement

Oligomer preferences of nucleosome

FIG. 4. Rotational positioning
and nucleotide preferences of nu-
cleosomes in the type I IFN gene
cluster. (A) Frequency of dinucle-
otide and trinucleotide occurrences
as a function of distance relative to 3
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revealing signatures of rotational
positioning in vivo. The y-axis
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osome dyads at a given distance
normalized to expected nucleotide
frequency. The 10-bp-spaced peaks
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preferences in the type I IFN gene
cluster. Well-positioned nucleo-
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with the concept of incomplete penetrance or heterogeneity
within the population of infected cells.

Sequence features related to nucleosome
organization in the type I IFN locus

In vivo, nucleosomes are enriched for specific DNA se-
quence motifs, which span the length of nucleosomal DNA.
At approximately every 10th bp, when the DNA backbone
faces the histone core, AA/TT/AT/TA dinucleotides are
favored, and when the DNA backbone faces outwards, away
from the histone core, CC/CG/GC/GG dinucleotides are
preferred (Bernstein and others 2004; Hughes and Rando
2009; Tillo and others 2010). To characterize DNA se-
quences contributing to the consistent positioning of nu-
cleosomes in the type I IFN locus, we used the center-
weighted score data from each sample to identify and pool
together 3,996 well-positioned nucleosomes for analysis.
The weakest nucleosome affinity was found in DNA regions
enriched in A-polymers (AAA), while the strongest nucle-
osome preferences were exhibited by C-polymers (CCC), in
agreement with the general understanding that these se-
quences play key roles in nucleosome rotational positioning
(Fig. 4A, and Supplementary Fig. S3A and B). Likewise,
AT and TA dinucleotides displayed a negative preference
for nucleosomes, whereas GG, GC, CG, and CC dinucleo-
tides promoted the greatest nucleosome affinity. These se-
quence motifs were observed with 10-bp periodicity (Fig.
4B and C, and Supplementary Fig. S3B) that is reflective of
the helical preferences in nucleosome-DNA interactions
observed in model organism genomes (Segal and others
2006; Kaplan and others 2009; Brogaard and others 2012),
supporting evolutionary preservation of intrinsic nucleo-
some positioning signals (Gaffney and others 2012).

Discussion

This report describes high-density nucleosome position
analysis of human chromosome 9p21-22, providing a de-
tailed view of the chromatin packaging throughout the hu-
man type I IFN gene cluster. Comprehensive quantitative
and statistical analysis has demonstrated features of nucle-
osome organization in this locus that are shared with lower
eukaryotes, and both confirm and expand our understanding
of the packaging of the human IFNBI gene in vivo, before
and after virus infection. The /FNBI proximal promoter
contains an NDR flanked by nucleosomes including a well-
positioned (+ 1) nucleosome that occupies nucleotides — 84
to +76 of the IFNBI promoter at steady state, preventing
transcriptional activation in general agreement with prior
molecular biological studies. An identical arrangement of
promoter-obscuring (+ 1) nucleosomes was found for every
type I IFN gene, indicating that this is a universal regulatory
feature that has been conserved during IFN gene duplica-
tion. Results demonstrate a common mode of nucleosome
positioning for all the type I IFN genes throughout the locus,
suggesting a requirement for nucleosome displacement for
expression of these related cytokine genes.

These high-resolution nucleosome occupancy maps al-
lowed the observation of some previously unrecognized
features of the IFNBI gene promoter. Notably, while the
(+ 1) nucleosome obscuring the TSS adjacent to the TATA
box has been portrayed to slide 36 bp to allow for appro-
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priate IFNBI gene expression (Lomvardas and Thanos
2001, 2002), no evidence for nucleosome sliding to a new
position was found. Instead, the data are consistent with a
model in which the (+ 1) nucleosome is evicted to allow for
Pol II loading and productive transcription. Additionally, we
found that the 5 NDR and the (+ 1) and (— 1) nucleosome
are not as rigidly positioned as previously defined (Lom-
vardas and Thanos 2001). Rather, in a population of cells
these nucleosomes query a subset of different positions, with
the (—1) nucleosome appearing to be more promiscuous
than the (+ 1) nucleosome, which is more tightly positioned.

Dramatic (+ 1) nucleosome rearrangement was observed
only in IFNBI 4h.p.i. despite the robust mRNA increases
detected by RT-qPCR for each type I IFN gene during a
majority of the initial infection (Fig. 1). The type I IFN
genes, like other cytokines, are well known to display a
heterogeneous cellular response, even in clonal cell lines,
resulting in only 10%—-30% of the cells with active IFN gene
transcription despite uniform and high-multiplicity virus
infection of every cell (Kelly and Locksley 2000; Senger
and others 2000; Calado and others 2006; Hu and others
2007; Apostolou and Thanos 2008; Zhao and others 2012).
The lack of nucleosome movement in the bulk of the cell
population represents a large majority of IFN loci in a
quiescent state, masking the minority fraction of active IFN
genes. Additionally, each IFN promoter carries its own in-
trinsic binding specificity for virus-inducible transcription
factors, ultimately affecting the robustness of their tran-
scriptional response (Genin and others 2009). RT-qPCR
(Fig. 1B) demonstrates that IFNB1 mRNA level increases
1-3 orders of magnitude higher than the other type I IFN
mRNAs investigated. This observation indicates that a much
greater proportion of cells expressed IFNBI1 relative to the
other type I IFN gene family members (Apostolou and
Thanos 2008)—most significantly at 4 h.p.i.—and, in turn,
nucleosome rearrangements are more easily observed in the
IFNBI gene at this time.

The region’s sole constitutively expressed gene, KLHL9,
also has well-positioned (+ 1) and (— 1) nucleosomes. Un-
like the IFN genes, these nucleosomes do not obscure the
transcriptional start site, and an appropriate NDR is main-
tained that allows unhindered Pol II engagement. The
mechanisms governing nucleosome positioning have been
intensely studied and debated (Segal and Widom 2009; Iyer
2012), but current models acknowledge that both intrinsic
nucleosome DNA sequence preferences (Brogaard and others
2012; Gaffney and others 2012) and sequence-independent
processes (Zhang and Pugh 2011; Yen and others 2012)
participate in guiding nucleosomes to and from DNA desti-
nations. The IFN locus reflects both of these phenomena.
Periodic dinucleotide signatures known to influence nucleo-
some occupancy of lower eukaryotic genomes are readily
observed in our in vivo analysis in human lymphocytes.
These sequence preferences may have been overlooked in
previous analyses, but the combination of target enrichment,
paired-end sequencing, and rigorous computational analysis
used here resulted in sufficient depth of coverage to reveal
characteristic nucleosome rotational preference signatures.
Even with identifiable nucleosome sequence preferences, the
lower analytical performance of the human maps compared
with less complex eukaryotes is most likely explained by the
actions of more diverse chromatin remodelers, transcription
factors, or other ATP-facilitated mechanisms that have been
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shown to make significant contributions to nucleosome or-
ganization that often supersede intrinsic sequence preferences
(Zhang and others 2011; Yen and others 2012).

The steady-state nucleosome maps of the IFNA and
IFNWI gene promoters clearly resemble those of the /FNB1
gene, suggesting that they all use chromatin to inhibit
transcription in the absence of activating signal. As such, we
predict that, like IFNBI, transcriptional activation of these
genes requires promoter-specific recruitment of general and
gene-specific remodeling factors that will facilitate Pol II
intiation and elongation. The benefit of such a multilayered
control system is to provide substantial regulatory hurdles in
the form of nucleosome remodeling and Pol II recruitment,
which will prevent inappropriate transcriptional activation
of antiviral responses that lead to poor health outcomes such
as autoimmune disorders (Hall and Rosen 2010), and enable
efficient re-establishment of the steady-state quiescence
following signal resolution.

Data Access

Sequencing data have been submitted to the NCBI short
reads archive under project accession No. SRP015871 and
alias PRINA175783.
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