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Abstract
The nucleosome, consisting of ~150bp of DNA wrapped around a core histone octamer, is a regulator 

of nuclear events that contributes to gene expression and cell fate. Nucleosome organization at promoters 
and their associated remodeling events are important regulators of access to the genome. Occupancy 
alone, however, is not the only nucleosomal characteristic that plays a role in genome regulation. 
Nucleosomes at the transcription start sites (TSSs) of genes show differential sensitivity to micrococcal 
nuclease (MNase) and this differential sensitivity is linked to transcription and regulatory factor binding 
events. Recently, lymphoblastoid cells treated with heat-killed Salmonella typhimurium were shown to 
exhibit increased MNase sensitivity specifically at genes implicated in immune responses. Increased 
sensitivity at the -1-nucleosome permitted transcription factor and RNA Pol II binding events. This system 
illustrates how cytoplasmic signals induce altered chromatin states to produce a specific cellular response 
to a stimulus. Innate immune activation is a longstanding model for inducible promoters, transcriptional 
activation, and differential nucleosomal sensitivity in response to immune activation and offers a model 
that may be largely applicable to other specific cellular responses including viral infection and cancer. 
Previous work has shown that early transformation events are associated with prolonged nucleosome 
occupancy changes that are not observed later in cancer progression. Herein, we propose a model in which 
we suggest that detailed studies of nucleosomal occupancy and sensitivity in response to specific stimuli 
will provide insight into the regulation of nuclear events in cancer and other biological processes.
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Nucleosome Position is a Classic Indicator of Gene Regulatory Potential 

The nucleosome has long been considered a regulator of nuclear events. Consisting of ~150bp of 
DNA wrapped 1.65 times around a histone octamer, the nucleosome serves as the functional subunit 
of chromatin [1]. Nucleosomal regulation of eukaryotic transcription was first recognized in the 
yeast PHO5 gene which is inactivated by nucleosome occupancy at upstream activating sequences. 
Low phosphate conditions disrupt these nucleosomes leading to gene activation [2-4]. Similar 
nucleosome-mediated gene regulation is present in the glucocorticoid receptor-activated promoter of 
the mouse mammary tumor virus long terminal repeat. Glucocorticoid binding results in nucleosome 
delocalization which modifies a transcription factor binding site to alter gene transcription [5,6]. 
More high throughput technologies, including DNA microarrays, established a pattern of nucleosome 
occupancy around transcription start sites (TSSs) characterized by a nucleosome-free region flanked 
by statistically positioned nucleosomes [7-9]. These studies indicate that nucleosomal promoter 
architecture and associated remodeling events are key to regulating access to genomic DNA for 
regulatory factors. These seminal papers provided the foundation for studies of nucleosome remodeling 
dynamics.

The availability of massively parallel sequencing technologies in the early 2000s allowed for 
more detailed studies that mapped nucleosome occupancy in a highly time-resolved manner and 
provided insights into the dynamics of nucleosome remodeling. Time-resolved studies demonstrated 
widespread transient changes in nucleosome occupancy in response to reactivation of Kaposi’s sarcoma 
associated herpesvirus (KSHV) to produce a transient intermediate chromatin conformation favorable 
to an immune response followed by a return to the basal state [10]. Similarly, widespread nucleosome 
remodeling was shown to be an early event in lung and colon adenocarcinoma progression [11,12] 
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with nucleosomes returning to their basal positions later in the 
progression of these cancers. Transient nucleosome remodeling 
appears to be a general feature of genome regulation as similar changes 
in nucleosome occupancy have also been noted, for example, in VDJ 
recombination [13], nicotine and cocaine stimulation [14], and the 
innate immune response in macrophages [15]. In each of these recent 
studies, the temporary nature of the nucleosome remodeling event 
suggests a window of opportunity that allows for specific cellular 
responses to stimuli and potentiate differential genomic regulation. 

This type of transient remodeling may also play a role in 
response to other stimuli including viral infections and resulting 
immune-mediated pathologies like those seen in acute SARS-CoV-2 
infections and persistent systemic symptoms classified as Post-Acute 
Sequelae of COVID-19 (PACS). Chromatin remodeling complexes 
are essential for viral infection and replication indicating a direct 
role for chromatin dynamics during viral infection [16]. Initial 
remodeling events, triggered by a response to immunomodulatory 
viral proteins [17], may poise host chromatin and initiate the 
immune pathophysiology associated with the disease [18]. Changes 
in nuclear architecture alter immediate gene expression as well as 
long-term outcomes which may contribute to persistent disease 
months after viral clearance. Despite a growing understanding of 
the implications of nuclear architectural changes, the role of these 
modifications in COVID-19 and viral infections is largely unknown.

Changes in Nucleosome Sensitivity Dynamics are 
Linked to Changes in Cell Fate

Nucleosome mapping is often achieved by digesting crosslinked 

chromatin in micrococcal nuclease (MNase) to produce ~150bp 
fragments which correspond to nucleosome-protected immune-
specific regions [19] (Figure 1). Biochemical properties of nucleosomes 
differ throughout the genome which alters nucleosome stability and 
thus sensitivity to MNase digestion [20-22]. Nucleosomes show 
differential sensitivity to digestion with MNase with a subset of 
nucleosomes released preferentially at low MNase concentrations 
while others are released only at higher concentrations (Figure 
1). The heterogeneous response to MNase titrations suggests an 
underlying difference in nucleosome accessibility seen in enzymatic 
digestion [23]. Although the relationship between MNase sensitivity 
and physiological DNA accessibility is unclear, differential sensitivity 
has been linked to altered transcription and regulatory factor binding 
states [24,25]. Nucleosome occupancy remains unchanged from 
the canonical promoter structure in GM12878 lymphoblastoid 
cells stimulated with heat-killed Salmonella typhimurium. However, 
increased sensitivity at the -1 nucleosome in highly expressed genes 
is observed 20 minutes after stimulation which is consistent with the 
timeframe for the innate immune response to bacterial stimulation 
[24,26]. MNase sensitive nucleosomes in stimulated cells flank 
specific Pol II and immune transcription factor binding sites 
indicating that early changes in chromatin structure allow for specific 
genomic responses mediated by regulatory factor and transcriptional 
machinery binding events [24]. The positioning of sensitive 
nucleosomes near transcription factor binding sites allows for rapid 
responses to stimuli to produce highly specific genomic responses 
associated with cell identity and fate. We suggest that nucleosome 
sensitivity dynamics are likely a more generalizable characteristic of 
cell fate and identity than nucleosome positioning alone.

 
  

Figure 1: Nucleosome sensitivity to MNase digestion. Sensitive nucleosomes and bound factors, indicated by the color yellow, are preferentially 
released under light MNase digestion conditions. Resistant nucleosomes, shown in blue, are resistant to light digest conditions and are cut under 
heavy MNase digestion. Heavy MNase digestion over digests sensitive nucleosomes and bound factors, shown in grey. The middle panel depicts 
the average normalized number of mapped reads to genomic regions from both heavy and light MNase digestion. In the bottom panel, MNase 
sensitivity is determined by calculating the log ratio of mapped reads from light and heavy digest conditions.
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Nucleosome Dynamics in Cancer Progression

Genomic instability and altered chromatin organization are 
the hallmark of the transformed phenotype and are associated 
with cancer progression. Features of chromatin organization (e.g., 
nucleosome assembly, nucleosome ejection and translocation, and 
substitution of nucleosome core subunits) are regulated by ATP-
dependent chromatin remodeling complexes [27]. Mutations 
in these complexes are drivers in cancer development [28] and 
their mutation is frequently observed in many cancer types [29-
32]. Aberrant regulatory interactions between these chromatin 
remodeling complexes and nucleosomes result in altered nucleosome 
dynamics likely leading to impaired gene regulation and cancer 
development. This proposition is supported by observations of 
nucleosomal dynamics in adenocarcinoma.

Early grade adenocarcinomas show widespread nucleosome 
depletion at transcription start sites particularly in genes associated 
with chromatin structure and cancer progression. While it is 
unknown exactly how long this remodeled state persists, an 
appealing explanation is that this remodeled state persists longer than 
physiologically expected due to dysregulation of ATP-dependent 
chromatin remodeling complexes. Consistent with this explanation, 
differential occupancy is reduced in higher grade tumors [11], 
hinting that, after some time, the remodeled nucleosome occupancy 
that is characteristic of early cancer progression returns to basal 
nucleosome occupancy later in cancer progression through some 
redundant or compensatory nucleosome remodeling mechanism. 
High-grade lung adenocarcinoma tissue shows genome-wide changes 
in nucleosome sensitivity to MNase compared to normal tissues 

suggesting that canonically positioned nucleosomes in high-grade 
cancer have differential accessibility [12]. The period of differential 
accessibility, as indicated by MNase sensitivity, opens a window of 
opportunity for regulatory factor binding and subsequent alterations 
in gene expression. Depletion upstream of the -1 nucleosome was 
noted in genes implicated in nucleosome assembly, metabolic 
processes, and cancer progression which supported earlier results 
from a subset of cancer and immune specific genes [11,12]. Changes 
in nucleosome architecture in early lung and colon adenocarcinomas 
altered transcription factor binding site accessibility suggesting 
that differential occupancy may play a role in cancer development 
[11]. While nucleosome remodeled states observed in early cancer 
samples eventually return to basal nucleosomal occupancy, changes 
in nucleosome sensitivity remain after nucleosomes return to 
basal positions. These observations comport with the relationships 
observed between nucleosome remodeling and sensitivity in the 
Salmonella example above. The longer-lived nucleosome sensitivity 
changes explain differential gene activation through altered 
regulatory factor accessibility in conditions, such as high-grade 
cancers, where nucleosome occupancy appears largely static.

Nucleosome Occupancy and Sensitivity as 
Determinants of Gene Expression and Cell Fate in 
Cancer

The above observations suggest that measurements of nucleosome 
occupancy and sensitivity will provide valuable insights into gene 
expression and cell fate outcomes in cancer progression. We propose 
a model to explain these relationships (Figure 2). In this model, the 
prospective cancer cell undergoes a mutation in a critical chromatin 

 
 
 
  

Figure 2: Proposed model for the roles of nucleosome remodeling and sensitivity in oncogenic transformation. Sensitive nucleosomes are 
depicted in yellow while resistant nucleosomes are shown in blue. Under normal conditions, chromatin remodelers return nucleosomes to basal 
positions with an appropriate sensitivity profile following a transcriptional response. Cancer cells have mutated remodeling profiles that result in 
inappropriate sensitivity profiles following transcriptional response. 

Citation: Benoit J, Sheikhbahaei MK, Dennis J. Chromatin dynamics: Nucleosome occupancy and sensitivity as determinants of gene expression and cell 
fate. J Cancer Biol 2021; 2(2): 51-55.



54J Cancer Biol 2021; 2(2): 51-55.

remodeling complex responsible for returning a remodeled 
nucleosome architecture to basal nucleosome occupancy. Upon 
receiving a stimulus for some gene regulatory event, the genome is 
appropriately remodeled for the cell-type specific response; however, 
the chromatin is not able to return to basal nucleosome architecture 
once the genomic response is complete because of the mutation in the 
critical chromatin remodeling complex. This prolonged remodeled 
state extends the window of opportunity allowing inappropriate 
genome regulatory factors access to the genome. Redundant and 
compensatory chromatin remodeling complexes eventually return 
the genome to its basal nucleosomal occupancy, but only after the 
inappropriate loading of regulatory factors has altered the gene 
expression and fate of the cell. The altered gene expression and fate 
of the cell may be evident in transformed nucleosome sensitivity 
patterns. This model reconciles observations across multiple systems 
and clarifies a role for chromatin remodelers in cancer progression. 
We suggest that time-resolved measurements of nucleosome 
occupancy and sensitivity will prove to be valuable biomarkers to 
characterize cancer progression and will ultimately play a role in the 
diagnosis and treatment of cancer in the near future.
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