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ABSTRACT

The histone chaperone FACT (FAcilitates Chromatin
Transcription) plays an essential role in transcrip-
tion and DNA replication by its dual functions on nu-
cleosome assembly to maintain chromatin integrity
and nucleosome disassembly to destabilize nucleo-
some and facilitate its accessibility simultaneously.
Mono-ubiquitination at Lysine 119 of H2A (ubH2A)
has been suggested to repress transcription by pre-
venting the recruitment of FACT at early elongation
process. However, up to date, how ubH2A directly
affects FACT on nucleosome assembly and disas-
sembly remains elusive. In this study, we demon-
strated that the dual functions of FACT are differ-
ently regulated by ubH2A. The H2A ubiquitination
does not affect FACT’s chaperone function in nucle-
osome assembly and FACT can deposit ubH2A–H2B
dimer on tetrasome to form intact nucleosome. How-
ever, ubH2A greatly restricts FACT binding on nucle-
osome and inhibits its activity of nucleosome disas-
sembly. Interestingly, deubiquitination of ubH2A res-
cues the nucleosome disassembly function of FACT
to activate gene transcription. Our findings provide
mechanistic insights of how H2A ubiquitination af-
fects FACT in breaking nucleosome and maintaining
its integrity, which sheds light on the biological func-

tion of ubH2A and various FACT’s activity under dif-
ferent chromatin states.

GRAPHICAL ABSTRACT

INTRODUCTION

Genomic DNA in eukaryotes is packaged into chromatin by
histones, which provides a structural platform for all DNA-
related processes, including transcription and DNA replica-
tion. Nucleosome, the basic unit of chromatin, is composed
of a histone octamer with two copies of each histone H2A,
H2B, H3 and H4, which is wrapped with 147 base pairs
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(bp) of DNA about 1.7 turns in a left-handed manner (1,2).
Nucleosomes generally act as repressors to limit the access
of nuclear proteins to DNA. During the chromatin-based
processes, the nucleosome barrier needs to be temporarily
removed to expose DNA, and then rapidly restored after-
wards to preserve the original epigenetic identity (3,4). The
FACT (FAcilitates Chromatin Transcription) complex, ini-
tially identified as a chaperone of histone H2A–H2B dimer
(5), is highly conserved among eukaryotes and essential for
cell viability (6,7). Previous studies have found that FACT
not only facilitates the progression of DNA and RNA poly-
merases on chromatin templates (5,8), but also functions
to maintain the genome-wide integrity of chromatin (9–15).
Recently, the in vitro structural and single-molecular inves-
tigations have revealed the functions of FACT by facilitat-
ing both the nucleosome disassembly and re-assembly (16–
18). FACT has been found to tether both the (H3–H4)2
tetramer and H2A–H2B dimer on DNA by its two sub-
units SPT16 (Suppressor of Ty 16) and SSRP1 (Structure-
specific recognition protein-1), which function distinctly but
coordinately to mediate nucleosome assembly/disassembly.
However, how the dual functions of FACT in nucleosome
assembly and disassembly are regulated by different epige-
netic factors remains unclear.

H2A mono-ubiquitination is a prevalent post-
translational modification of histone H2A, in which
the 76 amino acid protein ubiquitin is covalently attached
through its C-terminus to the ε-amino group of lysine 119
of H2A (ubH2A). About 5–15% of total H2A has been
reported to be ubiquitinated in higher eukaryotes (19).
H2A ubiquitination has been reported to tightly associate
with transcription, replication and DNA damage repair
(20,21). The H2A ubiquitination site Lysine 119 is located
at the beginning of the C-terminal tails of H2A at DNA
entry/exit point of nucleosome and also at the end of the
H2A docking domain (residues 80–119) which accounts
for the binding of H2A–H2B dimer to the (H3–H4)2
tetramer in histone octamer (2). Single-molecular inves-
tigation has shown that ubH2A dramatically stabilizes
the nucleosome by blocking DNA peeling from histone
octamer (22). Genome-wide analysis in mammalian cells
have revealed that ubH2A is broadly distributed on the
genome, and mostly associated with repressed genes (23).
H2A ubiquitination has been found to prevent H3K4 di-
and tri-methylation by methyltransferase MLL3, which are
reported to activate gene transcription (24). Furthermore,
a strong correlation between ubH2A and the polycomb
repressive complexes PRC1 (the major H2A ubiquitination
ligase), as well as gene repression marker H3K27me3
(methylated by PRC2), has been observed in stem cells
and other cell types (25–29). In addition, the chromatin
immunoprecipitation (ChIP) analysis in RAW 264.7 cells
have revealed that ubH2A might block SPT16 recruitment
on chemokine genes to inhibit RNA polymerase II release
at the early stage of elongation (30). But to date, how
ubH2A directly regulates FACT on nucleosome dynamics
is still poorly understood.

In this work, we directly investigated the effects of ubH2A
on the functions of FACT by manipulating nucleosomes
with magnetic tweezers at the single molecule level. We re-
vealed that the functions of FACT on nucleosome assem-

bly and disassembly are differently regulated by ubH2A.
H2A ubiquitination inhibits FACT binding on nucleosome
and blocks FACT disassembling nucleosome. Deubiquiti-
nation of ubH2A nucleosome rescues the role of FACT in
nucleosome disassembly in vitro. Genome-wide and specific
gene analysis also identified that ubH2A inhibits the bind-
ing of FACT to repress gene transcription and the deubiq-
uitination of ubH2A induces the binding of FACT to ac-
tivate gene. Strikingly, we revealed that FACT can deposit
ubH2A–H2B dimer on tetrasome to form intact nucleo-
some. H2A ubiquitination does not affect FACT’s chaper-
one function on nucleosome assembly. Different regulation
of ubH2A on the functions of FACT on nucleosome assem-
bly and disassembly, provides a detailed molecular mecha-
nism by which histone chaperone and histone modification
coordinately remodel the nucleosome dynamics during gene
transcription.

MATERIALS AND METHODS

Nucleosome reconstitution

Recombinant histones H2A, H2B, H3, H4 were cloned and
purified as previously described (31). ubH2A protein was
purchased from Hefei KS-V Peptide Biological Technology
Co., Ltd, which is chemically synthetized by utilizing stan-
dard solid phase peptide synthesis (SPPS) and peptide frag-
ments ligation reactions. 409 bp DNA template contain-
ing a single 601 sequence for magnetic tweezers’ analysis
(the constructs of the DNA template was shown in Sup-
plementary Figure S1C) was prepared by PCR using a bi-
otin (bio)-labeled forward primer and a three-digoxigenin
(3 dig)-labeled reverse primer. Respective histone octamers,
tetramers and dimers were reconstituted as previously de-
scribed (32). Equimolar amounts of individual histones in
unfolding buffer (7 M guanidinium HCl, 20 mM Tris–HCl,
pH 7.5, 10 mM DTT) were dialyzed into refolding buffer (2
M NaCl, 10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 5 mM
2-mercaptoethanol), and purified using Superdex 200 col-
umn. Nucleosomes and tetrasomes were assembled using
the salt-dialysis method as previously described (32). His-
tone octamers/tetrasomes and DNA templates were mixed
in TEN buffer (10 mM Tris–HCl, pH 8.0, 1 mM EDTA, 2
M NaCl) and dialyzed for 16–18 h at 4◦C in TEN buffer,
which was continuously diluted by slowly pumping in TE
buffer (10 mM Tris–HCl, pH 8.0, 1 mM EDTA) to lower
the concentration of NaCl from 2 to 0.6 M. Samples were
collected after final dialysis in HE buffer (10 mM HEPES,
pH 8.0, 0.1 mM EDTA) for 4 hr. The stoichiometry of hi-
stone octamer to DNA template was determined by AFM
and gel shift analysis.

Purification of FACT

For the purification of FACT, Sf9 cells were infected with
baculovirus containing Flag-SPT16, or His6-SSRP1 and
incubated at 27◦C for 72 h. SPT16 and SSRP1 were co-
expressed for FACT complex. Proteins were purified as
previously described with minor modifications (16). The
infected cells were collected by centrifugation and resus-
pended with lysis buffer (20 mM Tris–HCl, pH 8.0, 150 mM
NaCl, 5% glycerol, 1 mM PMSF). The recombinant FACT
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complex was purified in two steps. First, the cell extracts
were incubated with anti-Flag M2-agarose (Sigma) beads at
4◦C for 8 hr, and then eluted in the presence of 0.5 mg/ml
Flag peptide (Sigma). Second, the proteins were further pu-
rified through Heparin HP column. The purified proteins
were dialyzed against BC-100 buffer (100 mM NaCl, 10
mM Tris–HCl, pH 8.0, 0.5 mM EDTA, 20% glycerol, 1 mM
DTT, 1 mM PMSF) and stored at −80◦C.

Mono-nucleosome Pull-down assay

Biotin-labeled DNA was prepared by PCR with biotin-
labeled primer. 1 �g Biotin-labeled mono-nucleosomes and
streptavidin-agarose-beads (10 �l) were mixed in BC300
buffer (20 mM Tris–HCl, pH 7.5, 10% glycerol, 300 mM
NaCl, 0.1% NP-40, 500 �g/ml BSA), then incubated with
the FACT complexes overnight at 4◦C. Then the beads were
washed with the wash buffer (20 mM Tris–HCl, pH 7.5,
10% glycerol, 300 mM NaCl, 0.5% NP-40) for 3 times, 10
min each time. The proteins were eluted with SDS-loading
buffer (50 mM Tris, pH 6.8, 2% SDS, 0.1% Bromophenol
blue, 10% glycerol, 1% beta-mercaptoethanol) and analyzed
by western blot.

SILAC mass spectrometry

For the SILAC pull-down assays, mono-nucleosomes were
immobilized on dynabeads Myone C1. Immobilized H2A
mono-nucleosomes were incubated with light nuclear ex-
tract and immobilized ubH2A mono-nucleosomes were in-
cubated with heavy nuclear extract in binding buffer (20
mM Tris–HCl, pH 7.6, 10% glycerol, 150 mM KCl, 0.1%
NP-40, 1 mM DTT, 50 ng/�l BSA, protease inhibitors).
After 2 hr incubation, pull-down materials were washed
with binding buffer for 5 times, and then eluted with SDS-
loading buffer. Equal amount of H2A (light) and ubH2A
(heavy) pull-down samples were combined and subjected
to in-gel digestion and LC–MS/MS analysis. In the reverse
experiment, immobilized ubH2A mono-nucleosomes were
incubated with light nuclear extract and immobilized H2A
mono-nucleosomes were incubated with heavy nuclear ex-
tract. Samples were analyzed on a Q Exactive equipped with
an Easy n-LC 1000 HPLC system (Thermo Scientific). The
raw data were analyzed with Proteome Discovery version
2.2.0.388 using Sequest HT search engine for protein identi-
fication and Percolator for FDR (false discovery rate) anal-
ysis. The Uniprot human protein database (updated on Oc-
tober 2017) was used for searching the data, and then ana-
lyzed by R (http://www.r-project.org/).

Flag-IP assay

10 �l anti-Flag M2-agarose (Sigma) beads for each reaction
was washed by PBS twice and pre-cleaned in BC300 buffer
(20 mM Tris–HCl, pH 7.5, 10% glycerol, 300 mM NaCl,
0.1% NP-40, 500 �g/ml BSA) for 1 h at 4◦C. Then FACT,
H2A–H2B dimer and ubH2A–H2B dimer were added. Af-
ter overnight incubation at 4◦C, beads were washed 3 times
with the wash buffer (20 mM Tris–HCl, pH 7.5, 10% glyc-
erol, 300 mM NaCl, 0.5% NP-40), 10 min each time. Finally,
proteins were eluted by SDS-loading buffer and analyzed by
western blot.

In vitro histone deubiquitination assays

In vitro histone deubiquitination assays were performed as
described previously with some modifications (33). 1 �g
mono-nucleosomes (ubH2A) were incubated with recom-
binant USP21 in deubiquitination reaction buffer (50 mM
Tris–HCl, pH 7.5, 50 mM NaCl, 5 mM DTT) at 30◦C for
1 h. The reaction was terminated by the addition of SDS–
loading buffer and proteins were resolved on SDS–PAGE
and blotted with the anti-H2A antibody and anti-USP21
antibody.

Binding assay

Tetrasomes were reconstituted on 87 bp 601 DNA frag-
ments using the salt-dialysis method as described above
(32). FACT was preincubated with H2A–H2B dimer or
ubH2A–H2B dimer for 30 min at 4◦C, and then mixed with
the reconstituted tetrasomes in the binding buffer (10 mM
HEPES, pH 8.0, 1 mM EDTA, 60 mM NaCl) at 30◦C for
1 hr. The samples were analyzed by 5% native PAGE elec-
trophoresis in 0.25× TBE buffer (22.5 mM Tris, pH 8.0, 22.5
mM boric acid, 0.5 mM EDTA) for 1 hr at 80 V.

AFM analysis

Reconstituted nucleosome samples were prepared in HE
buffer with DNA concentrations of 20 ng/�l. The samples
were fixed with 0.1% glutaraldehyde (Fluka) in HE buffer
on ice for 30 min. Rinse the mixture with 500 �l HE buffer
for 2–3 times in a vivaspin500 column. Spin the column at
15 000 g for 2–5 min at 4◦C to get rid of the liquids. Then
dilute the sample solution in HE buffer with concentrations
of 0.5–1 ng/�l. Drop 20 �l spermidine (1 mM) onto newly
cleaved mica surface and incubate for 10 min. Then rinse
the mica with 200 �l ddH2O for 4 times and blow dry mica
surface briefly with nitrogen gas. Add 10 �l sample solu-
tion onto mica surface, incubate for 10–15 min. Finally,
wash the mica with 200 �l ddH2O for 3 times and blow
dry gently. The prepared AFM samples were examined us-
ing ScanAsyst Mode of AFM (MultiMode 8 SPM system,
BRUKER).

Single-molecule magnetic tweezers analysis

The single-molecule stretching experiments were performed
by magnetic tweezers. As shown in Figure 1C, the two ends
of the 409 bp DNA construct were tethered via digox-
igenin and anti-digoxigenin ligation to a glass coverslip
and via biotin-streptavidin ligation to a 2.8 �m diameter
Dynabeads (M280, Invitrogen Norway). Two small NdFeB
magnets on the DNA constructs were controlled to pull on
the Dynabeads and thus stretch the DNA molecule. The
real time position of the bead was monitored by a CCD
camera (MC1362, Mikrotron) at 200 Hz through an in-
verted microscope objective (UPLSAPO60XO, NA 1.35,
Olympus). The extension (end to end distance) of the DNA
construct was determined at nanometer resolution by ana-
lyzing the diffraction pattern of Dynabeads (34).

To anchor the nucleosome sample, the surface of cover-
slip needs to be functionalized. The coverslips were cleaned

http://www.r-project.org/
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Figure 1. ubH2A inhibits the binding of FACT on nucleosome and blocks the remodeling function of FACT. (A) Quantitative SILAC-based mass spec-
trometry analysis of mono-nucleosome pull-down assays. H2A and ubH2A nucleosomes were incubated with heavy or light nuclear extracts of HEK293T
cells (n = 4 biologically independent experiments). (B) Mono-nucleosome pull-down assay of H2A and ubH2A mono-nucleosome incubated with the
purified FACT. The immunoblots are representative of three independent experiments. (C) A schematic representation of single-molecule stretching exper-
iment (not to scale): a single H2A or ubH2A mono-nucleosome is tethered between a coverslip and a superparamagnetic bead. (D–G) Repeated stretching
measurements of H2A and ubH2A mono-nucleosome without (D, E) and with (F, G) FACT. The cartoons below represent the relative dynamic process of
the nucleosome, respectively. In each stretching cycle, the force is increased up to 32 pN at a loading rate of 0.1 pN/s.
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in Piranha Solution for 2 h, and then coated with 70 �l Sig-
macote (Sigma-Aldrich) for 5 s. After that, the polystyrene
beads (2 �m, QDSpher) were pipetted on the coverslip and
put on a hot plate at 150◦C for 5 min to melt on the cov-
erslip. These firmly bound beads were served as reference
beads for drift correction. To coat the coverslip with anti-
digoxigenin, the flow cell was incubated with 100 �l anti-
digoxigenin (0.1 mg/ml) at 37◦C for 2 h. To avoid the non-
specific bond between samples and the coverslip, the flow
cell was incubated with passivation buffer (10 mg/ml BSA,
1 mM EDTA, 10 mM phosphate buffer, pH 7.4, 10 mg/ml
PluronicF127 surfactant (Sigma-Aldrich), 3 mM NaN3)
overnight at 37◦C. The flow cell was ready for measurement.

To anchor the nucleosome to the coverslip in the flow cell,
we first injected the nucleosome into the flow cell and incu-
bated for 15 min. The digoxin-labeled end of the nucleo-
some was bound to the anti-digoxin coated coverslip. Then,
we rinsed away the unbound nucleosome with HE and in-
jected the beads (M280 Invitrogen Norway) into the flow
cell and incubated for 15 min. The bio-labeled end of nucle-
osome was anchored to the streptavidin-coated beads (35).

The applied tensions on the super paramagnetic beads
arise from the strong magnetic field gradient of the two mag-
nets. The tensions are tuned by adjusting the magnets posi-
tion in z-direction. Based on the geometry of a pendulum,
the stretching force on the nucleosome in z-direction was
calculated as F = kBTl

〈δx2〉 , according to the equipartition the-
orem, where l is the extension of DNA and δx is the fluctu-
ation of the bead in x-direction (36). However, the camera
acquisition frequency is finite. The measurement of 〈δx2〉
in real space appears systematic error at forces greater than
∼10 pN. In our LabView software, the improved force cali-
bration based on the power-spectral-density (PSD) analysis
by considering both the translational and the rotational mo-
tions of the beads is achieved (37). To calibrate the force in
the force-extension measurement, the force calculation for
a 10 000 bp DNA tethered between the bead (M280) and
the coverslip was carried out. At each magnet position, the
x-position of the bead was recorded for 5 min and the corre-
sponding force was calibrated by improved power-spectral-
density (PSD) analysis. We repeated force measurements
for 10 independent DNA tethers. The relationship between
force and magnet position can be fitted well with a single
exponential function (38).

The real-time position (x, y, z) of the bead at various
forces was recorded by comparing the diffraction pattern of
the bead with calibration images at various distances from
the focal point of the objective. In our LabView software,
the quadrant-interpolation (QI) algorithm was applied to
trace the three-dimensional position of the beads in the
flow cell (39). The QI algorithm enables highly parallel sin-
gle molecule experiments and reduces the pixel bias. In our
measurements, we can trace about 50 samples simultane-
ously. These parallel measurements help us to trace the dy-
namics of folding and unfolding at high-throughput level.
All measurements were carried out at 25◦C.

To trace the conformation transition of nucleosome, the
force-extension curve was measured (Figure 1D and E). To
reveal the detail of the structural transition, we tuned the
magnets position in z-direction by moving the magnets at

0.1 pN/s continuously and the corresponding force on the
nucleosome changed from 0.1 to 32.0 pN, during which
the extension of the nucleosome was recorded. After that,
force was reduced to 0.1 pN rapidly and waited for 3 min,
and then repeated the stretching cycle on the same nucle-
osome. More than 100 measurements were carried out for
H2A and ubH2A nucleosomes. To investigate how FACT
affects the nucleosome dynamics, we anchored the nucleo-
some on magnetic tweezers, injected FACT and incubated
for 30 min, and then rinsed away the unbound FACT with
HE buffer. To investigate how FACT mediates nucleosome
assembly, we anchored the tetrasome on magnetic tweez-
ers, injected FACT with or without (ub)H2A–H2B dimer
and incubated for 30 min, and then rinsed away the un-
bound proteins with HE buffer.The real-time trajectories of
the individual nucleosomes or tetrasomes were then traced
by magnetic tweezers. The statistics for the stretching ex-
periments, including the number of stretching repeats and
the fraction of nucleosome shown the behavior as indicated
in the relative figure, are listed in the Supplementary Ta-
ble S1. The commercial magnetic beads (M280, Invitrogen)
contain anisotropic and nonuniformly distributed magnetic
nanoparticles (40). Under the external magnetic field, the
overall anisotropy axis of the beads aligns with the exter-
nal field resulting in an off-axis movement. In our experi-
ments, the diverse mechanical response of the nucleosome
samples under small tensions is due to the bead’s rotation in
the external field, which has little effects on the mechanical
disruptions of nucleosomes under large tensions.

Real-time measurement of deubiquitylating process for
ubH2A nucleosomes

To investigate the real-time deubiquitinated process, a com-
bination of force-clamp measurement force-ramp measure-
ment was performed. We firstly changed the force continu-
ously from 0 to 7 pN and held at 7 pN for 3 min. Then, we in-
jected 50 �l mixture of USP21 (40 nM) and FACT (50 nM)
into the flow cell and continued to hold at 7 pN for longer
time to capture the deubiquitinating process. After observ-
ing the real-time deubiquitinating process, we carried out
the force-ramp measurement three times on the same sam-
ple from 0 to 32 pN at 0.1 pN/s to confirm whether FACT
can bind deubiquitinated ubH2A nucleosome.

mESC cell line

For the HA-AID-Ring1B mESCs, we first established Tir1
(E3 ligase for AID) stable expression cell line. Then we
knocked a HA-AID coding sequence into the endogenous
Ring1b locus by CRISPR-Cas9-mediated genome editing.
The guide sequence was 5′-GCACAGCCTGAGACATTT
CT-3′. To more efficiently decrease ubH2A, we further
knocked out Ring1a using the guide sequence: 5′-CACAG
AATGCCAGCAAAACG-3′. IAA (25 ug/ml) was used to
degrade HA-AID-Ring1B.

ChIP

ubH2A ChIP and SSRP1 ChIP were performed as previ-
ously described (41). mESCs were fixed with 1% formalde-
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hyde for 10 min at room temperature. Fixation was stopped
by adding glycine to 0.125 M. Fixed mESCs were resus-
pended in nuclei lysis buffer (50 mM Tris–HCl, pH 8.0, 10
mM EDTA, 1% SDS, protease inhibitors) and sonicated
to 300–500-bp-sized fragments. Protein A Dynabeads and
protein G Dynabeads (Life Technology) were pre-incubated
with ubH2A antibody (CST, #8240) and SSRP1 antibody
(BioLegend, 609710) for 6 h at 4◦C. Then sonicated chro-
matin was incubated with beads coated with ubH2A anti-
body and SSRP1 antibody overninght at 4◦C. The beads
were subjected to extensive washes with RIPA150 (50 mM
Tris–HCl, pH 8.0,150 mM NaCl, 1 mM EDTA, pH 8.0,
0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate)
once, RIPA500 (50 mM Tris–HCl, pH 8.0, 0.5 M NaCl,
1 mM EDTA, pH 8.0, 0.1% SDS, 1% Triton X-100, 0.1%
sodium deoxycholate) twice, RIPA-LiCl (50 mM Tris–HCl,
pH 8.0, 1 mM EDTA pH 8.0, 1% NP-40, 0.7% sodium de-
oxycholate, 0.5 M LiCl) twice and 1× TE twice. The beads
were resuspended with freshly made direct elution buffer
(10 mM Tris–HCl, pH 8.0, 300 mM NaCl, 5 mM EDTA,
pH 8.0, 0.5% SDS). The mix was vortexed at 65◦C for 30
min, then placed on a magnetic stand for 2 min; the super-
natant was then collected and de-crosslinked by adding SDS
to a final concentration of 1% and incubated at 65◦C for 6
hrs, followed by treatment with RNase A and proteinase
K. DNA was extracted with phenol:chloroform:isoamyl
(25:24:1) and precipitated with 75% ethanol and 300 mM
NaAc followed by qPCR analysis. 50 and 100 �g chro-
matin were used for ubH2A and SSRP1 ChIP respectively.
All the qPCR experiments were performed on the real-
time PCR (ABI 7300, USA) using FastStart Universal
SYBR Green Master (ROX). The primer pairs used for the
qPCR experiments were the following: Hsf5: sense 5′-GTT
CTGAAACCTCCGCTGGC-3′, antisense 5′-CGACACA
AGGCTACCTTCGC-3′; Foxn4: sense 5′-GTCGCAGCT
CGATCCGTTT-3′, antisense 5′-CCGCCCGCTGAAA
TCTCCTT-3′; Lrrfip1: sense 5′-CTATCGGATCGCGGC
TGTCA-3′, antisense 5′-TTAGCTGGAACCACACCGC
A-3′; Rasd2: sense 5′-GTAACGTAAGCTGCCAGGC
G-3′, antisense 5′-AGCCAGGTGCTCGAAGGTTT-3′.
ChIP enrichment are normalized to the input. The relative
% of input: ubH2A samples are normalized to the last time
point, SSRP1 samples are normalized to the first time point.
The results were calculated by three independent replica-
tions.

RNA-seq

The total RNA was extracted with TRIzol reagent (In-
vitrogen) according to the manufacturer’s instruction. For
poly(A) RNA-seq, libraries were prepared according to the
Illumina TruSeq protocol and sequenced using a HiSeq2000
system at Berry Genomics.

RNA-seq and gene expression analysis

The pair-end RNA-seq reads were mapped to the Mus mus-
culus mm9 gene annotation model using Subread (42), with
the default parameters, and the only uniquely mapped reads
were used for further analysis. The normalization was per-
formed with R package DEseq2 (43).

ChIP-seq analysis

The SSRP1 and ubH2A ChIP-seq data were downloaded
from Gene Expression Omnibus (GEO: GSE90906, PR-
JNA604675) (41,44). All the ChIP-seq data were mapped
to the mouse genome (mm9) using bowtie2 (45) with the de-
fault parameters. Low quality reads were removed by sam-
tools (46) and only uniquely mapped reads which mapping
to a unique genomic location and strand were kept. En-
riched peaks were called using MACS (47). The p-value cut-
off for peak detection was 1e-5 with MACS14.

RESULTS

H2A ubiquitination inhibits the binding of FACT on nucleo-
some

As previously investigated by coimmunoprecipitation (Co-
IP) studies of endogenous SPT16 with unmodified Flag-
H2A or Flag-ubH2A stably expressed in HEK293 cells,
SPT16 has been found to specifically interact with H2A, but
not with ubH2A (30). To reveal how ubH2A affects FACT
binding to nucleosome, the mono-nucleosomes contain-
ing unmodified H2A or ubH2A were assembled on biotin-
labelled 601 DNA template, and incubated with SILAC
(Stable Isotope Labelling with Amino acids in Cell culture)
-treated nuclear extracts of HEK293T. The SILAC-based
mass spectrometry with mono-nucleosomes pull-down as-
says were conducted to identify the unmodified H2A or
ubH2A specific binding protein factors (please find details
in Methods). As shown in Figure 1A, the two subunits of
FACT, SPT16 and SSRP1 are both enriched on unmodified
H2A mono-nucleosome, as compared to ubH2A mono-
nucleosome. To exclude the indirect effect in nuclear ex-
tracts, the recombinant FACT with SPT16 and SSRP1 were
purified and incubated with biotin-labeled H2A or ubH2A
mono-nucleosomes (Supplementary Figure S1A and B).
The mono-nucleosomes pull-down assays verified that the
purified FACT has a higher affinity for the H2A nucleo-
some (Figure 1B). The results indicated that H2A ubiqui-
tination directly inhibits the binding of FACT at the nucle-
osome level.

H2A ubiquitination blocks FACT disassembling nucleosome

To further investigate how ubH2A affects FACT’s func-
tions on nucleosome dynamics, single-molecule magnetic
tweezers were employed to trace the structure transition
of unmodified H2A and ubH2A mono-nucleosome. The
H2A and ubH2A mono-nucleosomes were reconstituted
onto a 409 bp DNA fragment with one Widom 601 nucle-
osome positioning sequence, as characterized by AFM im-
ages (Supplementary Figure S1C). Two ends of DNA frag-
ment were modified with digoxin and biotin to specifically
tether with coverslip and paramagnetic bead respectively
(Figure 1C). The real-time trajectories of the individual nu-
cleosomes were traced while the tension was continuously
increased up to 32 pN. For each nucleosome, three repeated
stretching cycles were performed to quantitatively assess the
stability and reversibility of H2A and ubH2A nucleosomes.

In the absence of FACT, two extension jumps corre-
sponding to disruptions of the outer and inner DNA wrap
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were observed in the force-extension curves for both H2A
and ubH2A nucleosome (Figure 1D and E, Repeat 1), con-
sistent with previous results of ours (16,22,48) and others
(49,50). As defined by previous work, the nucleosome core
particle, composed of a histone octamer wrapped by DNA
about 1.7 turns, typically displays a well-characterized two-
step unfolding dynamics. The first step at lower force with
step size of about 21 nm, corresponds to the unravel-
ing of outer nucleosomal DNA wrap, which mainly sta-
bilized by the interacion between H2A/H2B dimer with
DNA; and the second one at higher force with step size
of about 25 nm, is associated with the unraveling of inner
DNA wrap, stabilized by the interacion between H3/H4
with DNA (16,22,48). For H2A nucleosome, the rupture
forces, indicating the mechanical stability of nucleosome,
were observed at 3.1 ± 1.2 pN (mean ± standard devi-
ation) and 22.2 ± 4.1 pN for the outer and inner DNA
wrap respectively (Figure 1D, Repeat 1). Concurrently, in
line with our previous work (22), the two-step disruption
of the ubH2A nucleosome occurring at much higher forces
of 14.6 ± 5.6 pN and 24.0 ± 5.0 pN (Figure 1E, Re-
peat 1), indicating the much higher mechanical stability of
ubH2A-nucleosome. The rupture forces for the H2A and
ubH2A nucleosome were statistically analyzed as shown in
Supplementary Figure S1D. As for the repeated stretch-
ing experiments, the reassembly properties of the H2A and
ubH2A nucleosome were examined (Figure 1D and E). For
both H2A and ubH2A nucleosome, only the first stretch-
ing cycle showed the typical two-step disruption of in-
tact nucleosome (Supplementary Figure S1E), which in-
dicated that the nucleosome structure cannot be reassem-
bled correctly due to the displacement of core histones from
DNA (51).

To investigate how FACT affects the nucleosome dy-
namics, we anchored the nucleosome on magnetic tweez-
ers, injected FACT and incubated for 30 mins, and then
rinsed away the unbound FACT with HE buffer. The real-
time trajectories of the individual nucleosomes were then
traced by magnetic tweezers. After incubation with FACT,
the H2A nucleosome was disrupted at much lower forces
(<10 pN), indicating that FACT greatly impairs the stabil-
ity of H2A nucleosome (Figure 1F). More importantly, in
the repeated stretching measurements with magnetic tweez-
ers, H2A nucleosome maintains the unfolding pathway with
similar force response in each stretching cycle, suggesting
that FACT tethers the histones to the DNA and allows
the reassembly of H2A nucleosome when the nucleosome
is fully disrupted, which is consistent with our previous re-
sults (16). Intriguingly, FACT does not affect the unfold-
ing dynamics of ubH2A nucleosomes. No matter with or
without the incubation with FACT, the ubH2A nucleo-
somes present a similar unrepeated unfolding pathway: ir-
reversible two-step extension jumps at 14.2 ± 8.1 pN for
disruption of the outer wrap and 24.4 ± 3.5 pN for dis-
ruption of the inner wrap. The statistics for the stretching
experiments are shown in Supplementary Figure S1D, E
and Supplementary Table S1. The results strongly implied
that ubH2A inhibits the binding of FACT onto nucleo-
some and blocks the function of FACT on nucleosome
(Figure 1G).

Deubiquitination of ubH2A rescues the remodeling function
of FACT on nucleosome

We have shown that FACT cannot bind to ubH2A nucle-
osome to regulate the nucleosome dynamics. To further
confirm whether the inhibition is caused by H2A ubiqui-
tination, we repeated the experiments after deubiquitina-
tion of the ubH2A nucleosome. The deubiquitination of
ubH2A nucleosome was performed using USP21, a well-
defined deubiquitinase for ubH2A (52). The ubH2A nucle-
osomes were successfully deubiquitinated by USP21 in vitro
with high efficiency, as examined by western blot experi-
ments (Figure 2A). Force-extension measurements showed
that the disruption mode for deubiquitinated ubH2A-
nucleosomes restores to that for H2A-nucleosome, with
the rupture force at 3.6 ± 1.6 pN for the outer wrap and
23.2 ± 2.4 pN for the inner wrap (Figure 2B). Likewise,
FACT can remodel the deubiquitinated ubH2A nucleo-
somes effectively as H2A-nucleosomes, by breaking the nu-
cleosome stability (<10 pN) and maintaining its integrity
in repeated stretching cycles as shown in Figure 2C. The
rupture forces and reassembly property for the deubiquiti-
nated ubH2A nucleosome were statistically analyzed (Sup-
plementary Figure S2A and B).

To further confirm that deubiquitination of ubH2A nu-
cleosome rescues the remodeling function of FACT on
the nucleosome, the real-time deubiquitinating process of
USP21 on ubH2A nucleosomes and its effect on FACT’s
function on nucleosome dynamics were traced (Figure 2D).
The real-time deubiquitinating process of ubH2A nucleo-
some was monitored at a constant force of 7 pN. Before
introducing USP21, no extension jump was observed be-
cause of the higher stability of ubH2A nucleosome. After
additions of USP21 and FACT, a ∼20 nm extension jump
was observed, corresponding to the disruption of the outer
wrap due to the deubiquitination of ubH2A. After that, the
repeated force-extension measurements were performed on
the same nucleosome from 0 to 32 pN. Two extension jumps
were identically observed at lower force <10 pN in each
stretching cycle, indicating FACT could remodel the deu-
biquitinated ubH2A nucleosome (Figure 2B). As a control,
if USP21 was introduced alone, the real-time deubiquitina-
tion process can be observed, but the structure of deubiq-
uitinated ubH2A nucleosome was irreversible in the sub-
sequent stretching cycles (Supplementary Figure S2C). On
the other hand, if FACT was added alone, no deubiquitina-
tion process can be observed, and a typical unfolding pro-
cess of the ubH2A nucleosome was observed in the subse-
quent stretching experiments, which indicated that FACT
cannot remodel ubH2A nucleosome (Supplementary Fig-
ure S2D). Taken together, these results showed that the deu-
biquitination of ubH2A nucleosome rescues the remodeling
functions of FACT on the nucleosome, which further re-
vealed that ubH2A acts as an inhibitor to prevent FACT’s
binding and remodeling at nucleosome level.

FACT can deposit ubH2A–H2B dimer to form intact nucle-
osome

We have shown that ubH2A inhibits FACT’s function on
the nucleosome disassembly. How does ubH2A regulate
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Figure 2. Deubiquitination of ubH2A rescues the remodeling function of FACT on nucleosome. (A) In vitro deubiquitination assay for ubH2A nucleosome
incubated with increasing amounts of USP21. Western blot experiments show that ubH2A-nucleosomes are successfully deubiquitinated by USP21 with
high efficiency. (B, C) Repeated stretching measurements of deubiquitinated ubH2A-nucleosome without (B) and with (C) FACT. (D) The real-time trace
of the deubiquitinating processes of USP21 on one ubH2A nucleosome and its effect on FACT’s function. The tension first increases to 7.0 pN continuously
at 0.1 pN/s, and then holds at 7.0 pN for 3 min before USP21 and FACT introduced. The deubiquitination process of USP21 on ubH2A nucleosome was
observed by the 20 nm extension jump corresponding the disruption of outer DNA wrap of deubiquitinated ubH2A nucleosome at 7 pN. Then the tension
was released to 0 pN for 3 min and stretched to 32 pN at 0.1 pN/s for three times to observe the remodeling function of FACT on the same nucleosome.

the nucleosome assembly function of FACT? To address
this question, we investigated the FACT’s deposition abil-
ity of ubH2A–H2B dimers onto the (H3–H4)2 tetrasome
(the particles made of an (H3–H4)2 tetramer wrapped with
DNA). We first checked the binding property of FACT to
H2A–H2B dimer or ubH2A–H2B dimer. The recombinant
FACT with Flag-SPT16 and SSRP1 were purified and in-
cubated with recombinant H2A–H2B dimer or ubH2A–
H2B dimer. The immunoprecipitation assays showed that
ubH2A does not affect the binding property of FACT to
ubH2A–H2B dimer. FACT binds both H2A–H2B dimer
and ubH2A–H2B dimer with the similar efficiency (Figure
3A). We then examined whether ubH2A affects the deposit
of the FACT-ubH2A–H2B on the (H3–H4)2 tetrasome. The
gel electrophoresis analysis showed that FACT can promote
the loading of H2A–H2B as well as ubH2A–H2B to the
tetrasomes to form a ternary complex with the FACT-H2A–
H2B and the (H3–H4)2 tetrasome, indicating the ubH2A
does not affect the loading of the FACT-ubH2A–H2B com-
plex on the (H3–H4)2 tetrasome (Figure 3B). The results
indicated that FACT promotes the deposit of ubH2A–H2B
and H2A–H2B dimer onto the (H3–H4)2 tetrasome with
the similar efficiency.

We further confirmed the effect of ubH2A on the
FACT-mediated nucleosome assembly by magnetic tweez-

ers. Mono-(H3–H4)2 tetrasomes were reconstituted in vitro
onto the 409 bp DNA fragment with one Widom 601 nu-
cleosome positioning sequence. The reconstituted mono-
tetrasomes were well positioned in the middle of DNA,
as characterized by AFM images (Supplementary Fig-
ure S3A). Repeated force-extension measurements of the
mono-tetrasomes showed the irreversible one-step exten-
sion jump corresponding to the unwrapping of tetrasome,
with the rupture force at 22.3 ± 5.2 pN, similar to the
unfolding of the inner wrap of nucleosome (Figure 3C).
To investigate how ubH2A affects the FACT-mediated nu-
cleosome assembly, we anchored the tetrasome on mag-
netic tweezers, injected FACT with or without H2A–H2B
dimer and incubated for 30 min, and then rinsed away the
unbound proteins with HE buffer. After incubation with
FACT only, one-step extension jump was observed repeat-
edly with the lower rupture force 7.2 ± 2.8 pN (Figure 3D),
indicating that FACT can interact with the tetrasome to im-
pair its stability and maintain its integrity (Supplementary
Figure S3B). After incubation with both FACT and H2A–
H2B dimer, the repeated two-step extension jumps were ob-
served at 5.6 ± 2.1 and 7.7 ± 3.4 pN respectively, indi-
cating that FACT can deposit H2A–H2B dimers onto the
tetrasome to form an intact nucleosome, and keep modu-
lating the stability and reversibility of the reassembled nu-



Nucleic Acids Research, 2021 9

Figure 3. FACT can deposit ubH2A–H2B dimer onto tetrasome to form intact nucleosome. (A) Immunoprecipitation assays of the recombinant FACT
with Flag-SPT16 and SSRP1 incubated with recombinant H2A–H2B or ubH2A–H2B dimer. The results showed that ubH2A does not affect the binding
property of FACT on H2A–H2B dimer. (B) The gel electrophoresis analysis of the binding of FACT-H2A–H2B or FACT-ubH2A–H2B with (H3–H4)2
tetrasome, which showed that FACT can promote the binding of H2A–H2B to tetrasomes to form a ternary complex with FACT-H2A–H2B and (H3–H4)2
tetrasome, and the ubH2A does not affect the binding of FACT-H2A–H2B on (H3–H4)2 tetrasome. (C–F) The repeated stretching measurements of the
mono-tetrasome alone (C), with FACT alone (D), with FACT and H2A–H2B dimer (E), and with FACT and ubH2A–H2B dimer (F), respectively. The
cartoons below represent the relative dynamic process of the tetrasome or nucleosome, respectively.

cleosome (Figure 3E), which are consistent with our pre-
vious results (16). Interestingly, after incubation with both
FACT and ubH2A–H2B dimer, we can observe an irre-
versible two-step extension jumps with the rupture forces
at 15.0 ± 7.1 and 22.9 ± 5.8 pN, similar to the unfolding
process of the ubH2A nucleosome (Figure 3F). The rupture
forces and reassembly property for the FACT-deposited
H2A and ubH2A nucleosome were statistically analyzed as
shown in Supplementary Figure S3C and D. The results
indicated that FACT can deposit the ubH2A–H2B dimers
onto the tetrasome to form intact ubH2A nucleosome. Once
the intact ubH2A nucleosome is formed, FACT is excluded
from the nucleosome, as revealed in the stretching cycles. In
conclusion, ubH2A does not affect the nucleosome assem-
bly property of FACT to mediate the deposition of H2A–
H2B dimers onto the tetrasome to form intact nucleosome.

H2A ubiquitination inhibits the binding of FACT to repress
gene transcription

To further explore how ubH2A cooperates with FACT to
regulate gene expression, we analyzed the genome-wide cor-

relation between the levels of ubH2A and SSPR1 (one sub-
unit of FACT complex). We performed ChIP-seq analysis
for ubH2A and SSRP1 in mESCs (41,44). A total of 20
844 ubH2A and 7840 SSRP1 enrichment sites were identi-
fied by model-based analysis of ChIP-seq peak calling (Fig-
ure 4A). Among them, 3174 ubH2A peaks overlapped with
2850 SSRP1 peaks (overlapped region in Figure 4A). We
analyzed the gene expression level between the genes rel-
atively enriched with ubH2A only, SSRP1 only, and both
ubH2A/SSRP1 overlapped. Our results showed that FACT
facilitates gene transcription, with SSRP1 only enriched
genes significantly more active than the relative ubH2A
only enriched and ubH2A/SSRP1 overlapped genes; while
ubH2A inhibits gene transcription, with ubH2A only en-
riched genes significantly more repressed than the SSRP1
only and ubH2A/SSRP1 overlapped genes (Figure 4B for
the whole genome and Figure 4C for specific gene regions),
consistent with previous studies.

The genes in the ubH2A/SSRP1 overlapped region in
Figure 4A are the genes regulated by both ubH2A and
FACT. But the static enrichment data from ChIP-seq anal-
ysis of cell polulation cannot give imformation of the
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Figure 4. Genome-wide and specific gene analysis on the correlation of ubH2A and FACT on gene transcription. (A) Venn diagram showing the overlap
of ubH2A (red) and SSRP1 (blue) peaks in mESCs. A total of 3147 ubH2A peaks overlapped with 2,850 SSRP1 peaks; the majority of ubH2A peaks
(17 697) and SSRP1 peaks (4990) did not overlap. (B) Genome-wide analysis on the expression level of genes relatively enriched with ubH2A only, rel-
atively enriched with SSRP1 only, and ubH2A/SSRP1 overlapped.**Significant difference (P < 0.01) according to Wilcoxon signed-rank test. (C) The
distribution of ubH2A and FACT at indicated genes as well as their corresponding expression levels, for genes relatively enriched for ubH2A only (left
column), ubH2A/SSRP1 overlapped (middle column), and relatively enriched for SSRP1 only (right column). The chromatin regions enriched for FACT
are correlated with low level of ubH2A and associated with highly transcribed genes. (D, E) ChIP-qPCR analysis of the level of ubH2A and SSRP1 on the
promoter regions of Hsf5 and Foxn4 (up) and the RNA-seq analysis of gene expression level with FPKM (fragments per kilobase of transcript per million
fragments sequenced) related RNA-seq analysis (bottom) after IAA addition. The data represent means ± S.D. ChIP enrichments are normalized to the
input. Relative % of input: ubH2A samples are normalized to the last time point, SSRP1 samples are normalized to the first time point.
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Figure 5. Mechanism model proposed for the regulation of H2A ubiquitination on the function of FACT on nucleosomes. (A) H2A ubiquitination stabi-
lizes the nucleosome and inhibits the binding of FACT to completely block the remodeling effect of FACT to repress gene transcription. (B) UbH2A does
not affect FACT to chaperone H2A–H2B onto (H3–H4)2 tetrasome to form intact nucleosome. For gene activation, ubH2A nucleosome needs to be deu-
biquitinated, which will destabilize the nucleosome and further activate the binding of FACT to remodel the nucleosome and facilitate gene transcription.

dynamic interplay of ubH2A and FACT on transcription.
To further explore the dynamic regulation of ubH2A and
SSRP1 on the gene transcription, several genes from the
overlapped region were selected to investigate by time-
course ChIP-qPCR analysis. We dynamically decreased the
level of ubH2A by degrading the endogenous Ring1B (the
major H2A ubiquitination ligase) in Ring1a–/– mESC us-
ing an auxin-inducible degradation system (AID), and then
monitored the related effect on FACT recruitment and gene
expression level. Our results showed that ubH2A decreased
significantly within 2 h after the addition of IAA (indole-
3-acetic acid) (Supplementary Figure S4A). We then exam-
ined the dynamic regulation of ubH2A and SSRP1 on sev-
eral genes selected in the overlapped regions which can be
regulated by both ubH2A and FACT, with the typical exam-
ples of Hsf5, Foxn4, Lrrfip1 and Rasd2 shown in Figure 4D–
E and S4B–C. Time-course ChIP-qPCR analysis revealed
that the rapidly decrease of ubH2A at the promoter region
was accompanied by gradually increased SSRP1 after IAA
addition, which was also accompanied by the activation of
gene transcription as demonstrated by RNA-seq analysis.
The results confirmed that ubH2A inhibits the binding of
FACT to repress gene transcription and the deubiquitina-
tion of ubH2A induces the binding of FACT to activate
gene.

DISCUSSION

In eukaryotes, organisms and cells inherit genetic informa-
tion encoded in DNA sequence, as well as epigenetic in-
formation from parental generation, which regulates the
activity of gene expression. The histone chaperone FACT
has been found to play essential roles in nucleosome disas-
sembly and assembly during many chromatin-related pro-
cesses, including gene transcription, DNA replication, and
repair. In these processes, the nucleosome barrier needs to
be temporarily disassembled to expose DNA for process-
ing, and then be rapidly reassembled to protect the DNA
and preserve the original epigenetic identity (3,4). Previ-

ous studies have found that FACT appears to function not
only in destabilizing nucleosome to facilitate the progres-
sion of DNA and RNA polymerases on chromatins, but
also in establishing and maintaining the genome-wide in-
tegrity of chromatin structure (9–15). In addition, recent in
vitro structural and single-molecular investigations have re-
vealed that FACT can tether both the (H3–H4)2 tetramer
and H2A–H2B dimer on DNA by its two subunits SPT16
and SSRP1, which functions distinctly but coordinately on
the nucleosome disassembly and assembly (16–18). FACT
has been shown to functionally correlate with different his-
tone modifications or variants in distinct processes, includ-
ing cooperating with ubH2A and ubH2B in gene transcrip-
tion, associating with CENP-C or CENP-T/-W to function
at centromeres, or promoting H2A.X deposition in DNA
repair (30,53–56).

Mono-ubiquitination at Lysine 119 of H2A, as the
first identified histone ubiquitination, is a prevalent post-
translational modification in higher eukaryotic organisms
with about 5–15% of total H2A ubiquitinated (19,57). The
ubH2A are primarily associated with gene repression in the
context of chromatin, with a strong correlation to the poly-
comb repressive complexes PRC1, the major H2A ubiq-
uitination ligase, and H3K27me3 methylated by PRC2 in
many cell types (25–29). Previous study has revealed that
ubH2A might block the recruitment of Spt16 at protein
level, in which the effect of ubH2A on the binding of FACT
was investigated by coimmunoprecipitation (Co-IP) studies
of endogenous SPT16 with unmodified Flag-H2A or Flag-
ubH2A stably expressed in HEK293 cells (30). However,
how ubH2A directly regulates the functions of FACT on
nucleosome dynamics is poorly understood.

Here, we revealed the different regulation of H2A ubiq-
uitination on the functions of FACT in nucleosome dis-
assembly and assembly. On one hand, we found that
ubH2A directly inhibits the binding of FACT on nucleo-
some and blocks the FACT’s function in nucleosome disas-
sembly. Our SILAC-based mass spectrometry with mono-
nucleosomes pull-down assays showed that both the two
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subunits of FACT, SPT16 and SSRP1 are preferentially en-
riched on unmodified H2A mono-nucleosomes compared
to ubH2A mono-nucleosomes, indicating ubH2A may in-
hibit the binding of FACT on nucleosomes. The results were
verified by the mono-nucleosomes pull-down assays using
purified FACT complex, which also showed that ubH2A di-
rectly inhibits the binding of FACT on nucleosomes, which
completely blocks the nucleosome disassembly function of
FACT. Using single-molecule magnetic tweezers, we found
that no matter with or without FACT, the ubH2A nucleo-
somes display a similar unfolding pathway: irreversible two-
step transitions at higher forces of about 15 pN for disrup-
tion of the outer wrap and about 24 pN for disruption of
the inner wrap. The results indicated that the H2A ubiquiti-
nation completely blocks the nucleosome disassembly func-
tion of FACT. As a comparison, for the unmodified H2A
nucleosomes, FACT greatly impairs the stability of H2A nu-
cleosome and helps to maintain the integrity of H2A nucle-
osome when the nucleosome is fully disrupted. In line with
this, real-time tracking of the deubiquitination process and
its effect on FACT functions on the same ubH2A nucleo-
some in vitro showed that the deubiquitination of ubH2A
nucleosome can rescue the nucleosome disassembly func-
tion of FACT. Genome-wide and specific gene analysis also
showed that ubH2A inhibits the binding of FACT to repress
gene transcription and the deubiquitination of ubH2A in-
duces the binding of FACT to activate gene. On the other
hand, we found that ubH2A does not affect the FACT’s
chaperone function in nucleosome assembly. Binding as-
says showed that the ubH2A does not affect both the bind-
ing between FACT and H2A–H2B dimer, as well as the
loading of the FACT-H2A–H2B complex onto the (H3–
H4)2 tetrasome. In addition, magnetic tweezers experiments
showed that ubH2A does not affect the chaperone property
of FACT to mediate the deposition of H2A–H2B dimers
onto the tetrasome to form intact nucleosome.

How does the ubH2A affect the binding of FACT on
nucleosome? The modified ubiquitin on the site of Ly-
sine 119 at the beginning of H2A C-terminal tails and
at the end of the H2A docking domain, is located at
DNA entry/exit point of nucleosome (2), which dramati-
cally stabilizes the nucleosome by blocking DNA peeling
from histone octamer as we previously showed (22). Re-
cent structural analysis on the FACT with nucleosome has
revealed that the SPT16 middle domain may interact with
one H2A/H2B dimer and SSRP1 middle domain holds the
other H2A/H2B dimer at this point (17). These analysis
suggested that the ubiquitin modified at this site may clash
with the middle domain of SPT16 and SSRP1, and exclude
the binding of FACT with nucleosome.

The distinct regulation of ubH2A on the FACT’s func-
tions in nucleosome disassembly and assembly, as we re-
vealed here, may help to safeguard the formation of ubH2A
nucleosome and maintain the gene suppression property of
ubH2A. The ubH2A on nucleosome inhibits the binding of
FACT, which completely blocks the nucleosome disassem-
bly function of FACT (Figure 5A). When the ubH2A–H2B
dimer is eventually displaced from the nucleosome, the un-
stable sub-nucleosome may recruit FACT, which may func-
tion as a ‘rescue squad’, to deposit the ubH2A–H2B dimer
to form an intact ubH2A nucleosome and maintain the re-

pressed state of genes. In addition, the ubH2A has been
found to be stably inherited during cell division for main-
taining cell identity (41). The functional activity of FACT
to chaperone ubH2A–H2B dimers may help to recycle and
maintain the modified histones during DNA replication. To
activate gene transcription, the ubH2A nucleosome needs
to be deubiquitinated, which destabilizes the nucleosome
and further recruits FACT to facilitate gene transcription
by destabilizing the nucleosome (Figure 5B).

Taken together, we revealed a different regulation of
ubH2A on FACT’s functions in nucleosome dynamics,
which provides a new insight to understand how the FACT’s
functions in nucleosome dynamics are regulated by differ-
ent epigenetic factors. It will be of great interest to investi-
gate the regulation of FACT’s functions in nucleosome dy-
namics by other related epigenetic factors, such as histone
variants or chromatin remodelers, which may help to pro-
pose an unified model for FACT’s activity at the different
chromatin states with different epigenetic information.

DATA AVAILABILITY

The RNA-seq data generated and analyzed in this study
have been submitted to the NCBI Sequence Read Archive
(SRA) database, under accession code PRJNA760283.
Mouse ES cell ubH2A and SSRP1 ChIP-seq data were
downloaded from PRJNA604675, GSE90906 respectively
(41,44) and re-analysed. SILAC mass spectrometry data
have been submitted to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier
PXD017105.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank T. Yao (National Laboratory of Biomacro-
molecules, Institute of Biophysics, Chinese Academy of Sci-
ences) for ordering reagents, and M. Zhang and J. Wang
(Laboratory of Proteomics, Institute of Biophysics, Chinese
Academy of Sciences) for SILAC mass spectrometry. We are
also indebted to the colleagues whose work could not be
cited due to the limitation of space.

FUNDING

Ministry of Science and Technology of China
[2019YFA0508903 to J.Z., 2018YFE0203302 to P.C.,
2017YFA0504202 to G.L.]; National Natural Science
Foundation of China [31991161, 31630041 to G.L.,
32022014, 31871290 to P.C., 11874414 to W.L., 11774407 to
S.-X.D., 21991133, 11874415 to P.-Y.W., 31770812 to L.M.,
32070604 to J.Z., 32100470 to C.L.]; Beijing Municipal
Science and Technology Committee [Z201100005320013 to
G.L.]; Chinese Academy of Sciences (CAS) Key Research
Program on Frontier Science [QYZDY-SSW-SMC020
to G.L., QYZDB-SSW-SLH045 to W.L.]; CAS Strate-
gic Priority Research Program of Chinese Academy of
Sciences [XDB37000000 to M.L.]; National Laboratory

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab1271#supplementary-data


Nucleic Acids Research, 2021 13

of Biomacromolecules [2020kf02 to W.L.]; National Key
Research and Development Program [2016YFA0301500
to P.-Y.W.]; China Postdoctoral Science Foundation
[2020M680711 to C.L.]; Guangdong Basic and Applied
Basic Research Foundation [2019A1515110282 to Y. W.];
Elite Young Scientists Program of CAAS, Agricultural
Science and Technology Innovation Program; HHMI
International Research Scholar grant [55008737 to G.L.].
Funding for open access charge: National Key Research
and Development Program.
Conflict of interest statement. None declared.

REFERENCES
1. Kornberg,R.D. (1977) Structure of chromatin. Annu. Rev. Biochem.,

46, 931–954.
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