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ABSTRACT

DNA damage and apoptosis lead to the release of
free nucleosomes—the basic structural repeating
units of chromatin—into the blood circulation sys-
tem. We recently reported that free nucleosomes that
enter the cytoplasm of mammalian cells trigger im-
mune responses by activating cGMP-AMP synthase
(cGAS). In the present study, we designhed experi-
ments to reveal the mechanism of nucleosome up-
take by human cells. We showed that nucleosomes
are first absorbed on the cell membrane through non-
specific electrostatic interactions between positively
charged histone N-terminal tails and ligands on the
cell surface, followed by internalization via clathrin-
or caveolae-dependent endocytosis. After cellular in-
ternalization, endosomal escape occurs rapidly, and
nucleosomes are released into the cytosol, maintain-
ing structural integrity for an extended period. The
efficient endocytosis of extracellular nucleosomes
suggests that circulating nucleosomes may lead to
cellular disorders as well as immunostimulation, and
thus, the biological effects exerted by endocytic nu-
cleosomes should be addressed in the future.

INTRODUCTION

In eukaryotic cells, genomic DNA is packed as chro-
matin, of which nucleosomes are the basic structural re-
peating units. A nucleosome is composed of a double-
stranded (dsDNA) fragment wrapped around a histone oc-
tamer (each with two H2A, H2B, H3 and H4 histones)
(1). Under certain pathological conditions, especially dur-
ing apoptosis, chromatin fragments leading to the release
of nucleosomes into the blood circulation system (2-4). In-
creased levels of circulating nucleosomes are observed in pa-
tients with autoimmune disease, which has generated inter-
est in revealing the linkage between nucleosomes and im-
munostimulation (5). Recently, a few research groups re-
ported that nucleosomes can bind cGMP-AMP synthase
(cGAS) (6-12), a cytoplasmic pattern-recognition receptor

of the mammalian innate immune system (13,14). Nucle-
osome binding stimulates cGAS to synthesize the second
messenger 2,5 -cyclic GMP-AMP (cGAMP). Although
nucleosome-bound cGAS shows reduced activity compared
with dsDNA-bound cGAS (6,7), these studies revealed a
potential pathway for the immunogenicity of circulating nu-
cleosomes.

To bind ¢GAS and trigger the immune response in
the cytoplasm, extracellular nucleosomes must be trans-
ported across the plasma membrane, which protects in-
tracellular components against the extracellular environ-
ment. Oligonucleotides and dsDNA fragments, due to their
negative charge and hydrophilic features, cannot easily en-
ter cells (15,16). In contrast, Lys- and Arg-rich histones
are positively charged small proteins that can be efficiently
taken up by mammalian cells (17,18). Complexing anionic
DNA with cationic polymers to form nanoparticles is an ad-
vanced strategy for inducing cellular uptake of DNA (19).
Nucleosomes themselves are DNA-histone complexes and
form zwitterionic nanoparticles. We thus argue that these
physicochemical features may allow nucleosomes to be di-
rectly taken up by mammalian cells. To this end, we have
demonstrated that extracellular nucleosomes can be taken
up by different types of mammalian cells, and after cellular
entry, these nucleosomes trigger innate immune responses
via cGAS activation in the cytosol (20). In the present study,
we designed experiments to address the mechanism of cel-
lular internalization of nucleosomes. We found that nucleo-
somes enter human cells mainly by clathrin- and caveolin-
dependent endocytic pathways, and after endocytosis, these
structures escape quickly from endosomes and remain in-
tact for an extended period in the cytosol.

MATERIALS AND METHODS
Materials and general methods

Dynasore and genistin (GE) were obtained from Aladdin
(Shanghai, China). Methyl-B-cyclodextrin (MBCD) was
purchased from TCI (Shanghai, China). Sucrose was pur-
chased from Meilun Biological (Dalian, China). Opti-
MEM (minimum essential media) was purchased from In-
vitrogen (MA, USA). ER (endoplasmic reticulum)-Tracker
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Red, Golgi-Tracker Red, Lyso-Tracker Red and West-
ern Lightning BeyoECL Plus were obtained from Bey-
otime (Shanghai, China). An anti-EEA1 (early endosome
antigen 1) mouse monoclonal antibody and horseradish
peroxidase-conjugated secondary antibody directed against
rabbit IgG, B-actin and caveolin-1 rabbit polyclonal anti-
body were purchased from Proteintech (Wuhan, China).
Clathrin heavy chain (CHC) rabbit pAb was purchased
from ABclonal (Wuhan, China). DyLight 649 goat anti-
mouse IgG (H + L) was purchased from Abbkine (Cali-
fornia, USA). DAPI, RIPA buffer and 5% BSA were pur-
chased from Solarbio (Beijing, China). Histone mutants
(Supplementary Table S1) were expressed in Escherichia coli
strain BL21 (DE3) as previously described (21).

Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) with 10% fetal bovine serum
(FBS) and 100 U/ml penicillin streptomycin (Invitrogen)
at 37°C and 5% CO,. THP-1 cells were cultured in RPMI-
1640 (Gibco) containing 10% FBS, 50 U/ml penicillin, 50
pg/ml streptomycin, 2 mM L-glutamine and 50 pM B-
mercaptoethanol at 37°C in 5% CO,.

Reconstitution of nucleosomes

The general procedure for preparing FAM-145 nucle-
osomes was described previously (20). Briefly, dsDNA
molecules were prepared by PCR amplification. After PCR
amplification, dsDNA was purified by 1.5% agarose gel
electrophoresis. The target bands were excised from the
gel and purified by a gel extraction kit (Tianmobio, Bei-
jing, China). dsDNA (100 pmol) and histone octamer (130
pmol) were combined in a Slide-A-Lyzer MINI Dialysis
Unit (3500 MWCO, Thermo Scientific) to a final volume
of 100 wl containing 2 M NaCl. The dialysis unit was then
placed inside another dialysis bag filled with ~20 ml of
buffer (2 M NaCl, 10 mM HEPES pH 7.5, | mM EDTA).
This bag was then placed in 2 1 of low-salt buffer (10 mM
HEPES, pH 7.5, 1 mM EDTA) and left to dialyze overnight
at 4°C. The sample was incubated at 37°C for 2 h, and any
precipitate was pelleted via a brief (10 min) centrifugation
at 7000 g. The solution was then transferred to a fresh sili-
conized tube, and the concentration of nucleosomes was de-
termined based on the A4 of dSDNA. A small aliquot was
removed and analysed by 1.5% agarose gel electrophoresis
for 30 min at 150 V in 0.2x TBE (Supplementary Figure
S1).

Cy3 labelling of nucleosomes

For labelling of the FAM-145 nucleosomes with Cy3, 0.6 .l
of Cy3-NHS (0.26 mM) was added to a solution of FAM-
145 nucleosomes (0.2 wM, 50 wl). The reaction mixture was
incubated at 35°C for 2 h. Excess Cy3-NHS was removed by
PD SpinTrap G-25 according to the manufacturer’s instruc-
tions. The structural integrity of the obtained FAM-Cy3-
145 nucleosomes was analysed by 1.5% agarose gel elec-
trophoresis performed for 30 min at 150 V in 0.2x TBE.
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DNase I footprinting of nucleosomes

FAM-145-nucleosomes or FAM-Cy3-145-nucleosomes (16
.l each) were mixed with 2 pl of 10x DNase I buffer and
treated with various amounts of DNase I (total ~20 wl) for
3 min at room temperature. The reaction was terminated
by heating at 95°C. Then, the sample was chilled on the
ice. The sample was digested with 2 wl of proteinase K (5
mg/ml). The obtained samples were analysed by 20% dena-
turing PAGE (40 x 32 x 0.04 cm, run under limiting power
(50 W) until the bromophenol blue band migrated to the
bottom).

Flow cytometry

HeLa cells were grown until 70-80% confluence in 48- or 24-
well tissue culture plates. Each well was incubated with nu-
cleosomes (20 nM). The cells were then detached by trypsin,
washed with serum-rich DMEM to neutralize trypsin ac-
tivity, and resuspended in 330-500 wl of PBS. The samples
were immediately analysed by flow cytometry (BD, USA).
BD LSRFortessa was used for acquisition, and FlowJo
V10 was used for data analysis. Mean fluorescence intensity
(MFTI) is an average linear value for events in the defined

population, defined as: X = ( Z X;)/n, where n = num-

ber of events in the populatlon and X; is a value for a par-
ticular parameter, where i = 1 to n. For THP-1, cells were
harvested and washed with an acidic solution (0.5 M Nad(l,
0.5% acetic acid, pH 3.0) before flow cytometry analysis.

Absorption assays

HeLa cells were seeded in 48-well plates. After overnight
culture on glass coverslips, the cells were incubated at 4°C
for 30 min. FAM-labelled nucleosomes (40 nM) were added,
followed by incubation for 30 min at 4°C. After the cells
were washed with PBS, they were fixed in 4% paraformalde-
hyde (PFA) for 15 min at room temperature. The fixed cells
were washed in PBS and stained with DAPI, and coverslips
were mounted onto clean glass slides. Image capture was
performed by laser scanning confocal microscopy (LSCM)
using an Olympus FV1000S-1X81 LSC microscope.

For trypsin treatment, the cells were treated with trypsin
for 1 min at 37°C, the trypsin was removed, and fresh
medium was added. After incubation at 4°C for 30 min,
FAM-labelled nucleosomes (40 nM) were added, followed
by incubation for 30 min at 4°C. The rest of the procedure
was the same as that described above.

For acid treatment, the cells were incubated at 4°C for 30
min. FAM-labeled nucleosomes (40 nM) were added, fol-
lowed by incubation for 30 min at 4°C. Then, the cells were
washed by acidic solution (0.5 M NaCl, 0.5% acetic acid,
pH 3.0) twice. The rest of the operation was the same as
that described above.

Chemical inhibition assays

HeLa cells were grown in 48-well tissue culture plates. Af-
ter the cell medium was changed to Opti-MEM, endocyto-
sis inhibitors, including dynasore (80 wM), GE (200 wM),
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MBCD (2 mM), sucrose (45 mM), NaNj3 (0.1%) or EIPA
(100 mM), were added to the medium and incubated for
1 h at 37°C. Then, the medium was changed to fresh me-
dia containing the inhibitors (except EIPA) plus 145-FAM-
nucleosomes (20 nM), and incubation was continued for 6
h at 37°C/5% CO,. The treated cells were analysed by flow
cytometry as described above.

siRNA inhibition assays

The small interfering RNA 5-AGACGAGCUGAGCG
AGAAGATdT-3' for knocking down caveolin-1 (siCAV),
siRNA 5-UAAUCCAAUUCGAAGACCAAUATAT-3
for knocking down clathrin heavy chain (siCHC), and a
negative control (siRNA CR) were purchased from Ribo-
Bio (Guangzhou, China). These siRNAs were transfected
into HeLa cells using Lipofectamine 2000 according to the
manufacturer’s instructions. After incubation for 48 h, the
cells were harvested, washed twice with PBS, and seeded in
48-well plates with DMEM. FAM-145 nucleosomes were
added to the medium (final 20 nM), and incubation was
continued for 10 h. The samples were analysed by flow
cytometry as described above.

Western blotting

HeLa cells were lysed with RIPA buffer. Whole-cell lysates
were collected after centrifugation at 10 000 x g for 15
min at 4°C. Total proteins of cell extracts were assayed us-
ing the bicinchoninic acid (BCA) Protein Quantification
Kit (Yeasen, Shanghai, China). Forty-microgram protein
samples were loaded in each lane of 12% SDS PAGE and
transferred to immunoblot PVDF membranes (Millipore).
The membrane was probed with anti-B-actin (1:2500), anti-
caveolin-1 (1:1000) or anti-CHC (1:1000) rabbit polyclonal
antibody and then incubated with horseradish peroxidase-
conjugated secondary antibody directed against rabbit IgG
(1:4000). After incubation with Western Lightning Bey-
oECL Plus, the membrane was visualized with a Tanon-
5500 Chemiluminescent Imaging System (Tanon Science
and Technology, Shanghai, China).

Colocalization assay of FAM-145 nucleosomes with transfer-
rin (Tfn) or cholera toxin subunit B (CTB)

HeLa cells were seeded in 48-well plates. After overnight
culture on glass coverslips, FAM-145-nucleosomes (40 nM)
together with Cy3-conjugated transferrin (Cy3-Tfn, 75
wg/ml) or Alexa Fluor 555-conjugated cholera toxin sub-
unit B (AF555-CTB, 1 pg/ml) were added to the medium.
The cells were incubated at 37°C for a certain period of time.
The cells were first washed with acidic stripping buffer (0.5
M NacCl, 0.5% acetic acid, pH 3.0) and then with PBS. The
cells were fixed in 4% paraformaldehyde (PFA) for 15 min at
room temperature. Then, coverslips were mounted on clean
glass slides, and image capture was performed by LSCM.

Colocalization assay of FAM-145 nucleosomes with endocy-
tosomes

HeLa cells were seeded in 48-well plates. After culture
overnight on glass coverslips, the cells were treated with 100

wl of Opti-MEM containing nucleosomes (final 40 nM) at
37°C for various times. After two washes with PBS, the cells
were fixed in 4% paraformaldehyde for 15 min at room tem-
perature, permeabilized for 10 min in 0.3% (v/v) Triton X-
100 and blocked with 5% BSA for 30 min at room tem-
perature. The cells were incubated with anti-EEA1 mouse
monoclonal antibody (1:50) overnight at 4°C. The cells were
washed twice with PBS and then incubated with DyLight
649 goat anti-mouse IgG (1:80) for 1 h at room tempera-
ture, and coverslips were mounted on clean glass slides. Im-
age capture was performed by LSCM.

Colocalization assay of FAM-145 nucleosomes with lyso-
somes, ER and Golgi

HelLa cells were seeded in 48-well plates. After culture
overnight on glass coverslips, the cells were treated with 100
pl of Opti-MEM containing nucleosomes (final 40 nM) for
various times. ER-Tracker Red (1 nM), Golgi-Tracker Red
(333 ng/ml), or Lyso-Tracker Red (75 nM) was added to
the medium according to the manufacturer’s instructions.
After the cells were washed with PBS, they were fixed in 4%
paraformaldehyde (PFA) for 15 min at room temperature.
Then, the fixed cells were washed in PBS and stained with
DAPI, and coverslips were mounted on clean glass slides.
Image capture was performed by LSCM.

Statistical analysis

We performed statistical analysis by Student’s t-test.
Significance levels of P > 0.05, 0.05 > P > 0.0l,
0.01 > P > 0.001 and 0.001 > P are denoted in graphs by
ns, a single, double, or triple asterisk, respectively.

RESULTS

Cellular internalization of nucleosomes through energy-
dependent endocytosis

In our previous study, using FAM-145 nucleosomes pre-
pared by complexing 145 bp Widom 601 DNA with his-
tone octamer (22-26), we demonstrated that nucleosomes
can be efficiently taken up by all the mammalian cells we
examined, including HeLa, HepG2, LO2, THPI, 1929 and
BMDM cells (20). In the present study, we used FAM-145
nucleosomes and HeLa cells to elucidate the cellular inter-
nalization mechanism in detail (Figure 1). The HeLa cell
line was chosen because (i) its endocytic machinery has
been well characterized and common endocytic pathways
are present and (ii) it is one of the most popular cell lines
used for endocytosis studies due to experimental tractabil-
ity (27).

We incubated HeLa cells with 145 nucleosomes contain-
ing FAM labelling at the 5'-end of one DNA strand (FAM-
145 nucleosome, Figure 1). Flow cytometric analysis re-
vealed that after incubation at 37°C for 6 h, 9% of the
cells showed fluorescence (Figure 2A & B), whereas <1%
of the control cells showed fluorescence (incubation with
FAM-labelled 145 bp dsDNA, FAM-145-dsDNA). FAM-
145-nucleosome treatment resulted in a 2-fold increase in
the mean fluorescence intensity (MFI, Figure 2C). Confocal
fluorescence microscopy analysis of the nucleosome-treated
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Figure 1. Schematic diagram of the nucleosomes used in the present study.

cells showed that fluorescent spots were located inside cells
(Figure 2D). These results are consistent with our previous
results and confirm that nucleosomes can be taken up by
HeLa cells.

Biomacromolecules are generally taken up by cells via en-
docytosis, which is energy-dependent and can be inhibited
by the presence of NaNj or at 4°C (28). We found that both
NaNj and incubation at 4°C substantially reduced the ef-
ficiency of cellular internalization of nucleosomes (Figure
2A-C), indicating that the majority of cellular internaliza-
tion of nucleosomes involves energy-dependent endocyto-
sis.

The binding of nucleosomes on the cell surface is driven by
nonspecific electrostatic interactions

Endocytosis is initiated by the binding of cargoes on the sur-
face of the cytoplasmic membrane, which is followed by an
internalization process (29). The binding step, in contrast
to the internalization step, is not inhibited by incubation at
4°C (30). We thus incubated HeLa cells with FAM-145 nu-
cleosomes at 4°C for 30 min, and confocal fluorescence mi-
croscopy confirmed that nucleosomes converged on the cell
surface (Figure 3A). The bound nucleosomes were stripped
off by a simple acid wash step (31). In addition, brief treat-
ment of the cells with trypsin before adding nucleosomes
substantially prevented nucleosome binding (Figure 3A and
B). These results suggest that nucleosomes are recruited to
cells by noncovalent interactions with ligands on the cellu-
lar surface.

DNA is poorly permeable in the cell membrane, but his-
tones can efficiently enter cells and have been used for gene
delivery (18). The potency of histones in gene delivery is
highly dependent on their positively charged N-terminal
tails (18,32,33). In nucleosomes, the N-terminal tails of hi-
stones extrude from the core particle (Figure 1). Thus, it is
reasonable to assume that the N-terminal tails are the driv-
ing force of nucleosome binding on the cell membrane. To
test this hypothesis, we prepared tailless FAM-145 nucle-

Tailless FAM-145-nucleosome
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osomes in which four wild-type histones were replaced by
tailless histone mutants (Figure 1) (34). Absorption of tail-
less FAM-145 nucleosomes on HeLa cells at 4°C was dra-
matically suppressed relative to that of wild-type FAM-145
nucleosomes (Figure 3C and D), confirming that histone N-
terminal tails play a major role in interactions with ligands
on the cell surface.

In general, recruitment of cargoes on the cell surface pro-
ceeds either by selective interaction with specific receptors
or by nonselective interactions, such as hydrophobic and
electrostatic interactions, with nonspecific ligands on the
cell surface (27). To determine by which type of interac-
tion the histone N-terminal tails bind on the cell surface,
we prepared FAM-185 nucleosomes by introducing 20 bp
linker DNA at both ends of FAM-145 nucleosomes (Fig-
ure 1). FAM-145 nucleosomes and FAM-185 nucleosomes
have the same histone octamer. If selective interaction be-
tween histone N-terminal tails and specific receptors is the
predominant driving force for the binding of nucleosomes
on the cell surface, similar binding efficiency would be ob-
served for FAM-145 nucleosomes and FAM-185 nucleo-
somes. However, the level of FAM-185-nucleosome bind-
ing was only 40% that of FAM-145-nucleosome binding.
Therefore, it seems that nonselective electrostatic inter-
actions between the positively charged N-terminal tails
and negatively charged ligands on the cell surface are
the main drivers of nucleosome recruitment on the cell
surface.

The Lys (K) to Arg (R) mutation changes the com-
position of histones but retains the overall charge under
physiological conditions (21). To further verify the key role
of electrostatic interactions on the binding of nucleosomes
to the cellular surface, we prepared four histone mutants in
which all Lys residues in the N-terminal tails were mutated
to Arg (Figure 4A). Folding of histone octamers using the
four histone mutants resulted in precipitation, precluding
the preparation of nucleosomes containing four K/R
mutated histones. Fortunately, 145 FAM nucleosomes con-
taining two histone mutants, the H3-K/R mutant and the
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H4-K/R mutant (FAM-145-nucleosome-H3,H4-K/R
MUT) or the H2A-K/R mutant and the H2B-K/R mu-
tant (FAM-145-nucleosome-H3,H4-K/R MUT), were
successfully prepared (Supplementary Figure S1D). The
binding of these two K/R mutated nucleosomes on the
HeLa cell surface at 4°C was similar to the binding of
WT FMA-145 nucleosomes (Figure 4B and C). Flow
cytometric analysis revealed that after incubation at 37°C
for 6 h, these K/R-mutated FAM-145 nucleosomes were
taken up by HeLa cells as efficiently as WT FAM-145
nucleosomes (Figure 4D and E). Collectively, these results
confirm that the binding of nucleosomes on the cell surface
proceeds mainly by electrostatic interactions between
histone N-terminal tails and nonspecific ligands on the cell
surface.

Endocytosis of nucleosomes is clathrin- and caveolae-
dependent

After binding on the cell surface, cargos undergo endo-
cytic internalization via many different mechanisms, such
as clathrin-dependent endocytosis, caveolin-dependent en-
docytosis, and macropinocytosis. We thus treated HelLa
cells with FAM-145 nucleosomes together with various
chemical inhibitors of endocytosis, including dynasore
and sucrose (inhibitors of clathrin-dependent endocytosis),
genistein (GE) and methyl-B-cyclodextrin (MBCD) (in-
hibitors of caveolin-dependent endocytosis), and ethyliso-
propylamiloride (EIPA, an inhibitor of macropinocyto-
sis) (35,36). The internalization of nucleosomes was sig-
nificantly inhibited by dynasore, sucrose, GE and MBCD
but was not affected by EIPA (Figure SA and B and
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Figure 5. Flow cytometric analysis of cellular uptake of FAM-145 nucleosomes by HeLa cells in the presence of different inhibitors. (A, B) In the presence
of chemical endocytosis inhibitors. (C, D) Knockdown of CHC and CAV by siRNA. MFI, mean fluorescence intensity. Error bars indicate the mean =+ stan-
dard deviation of at least three independent experiments. Statistical significance was determined based on Student’s #-test (ns, P > 0.05; *¥0.05 > P > 0.01;

**0.01 > P > 0.001; ***0.001 > P).

Supplementary Figure S2), suggesting that endocytosis
of nucleosomes is likely to follow clathrin- and caveolin-
dependent pathways.

Clathrin- and caveolin-dependent endocytosis is regu-
lated by clathrin heavy chain (CHC) and caveolin-1 (Cav-1),
respectively, and thus can be inhibited by the RNA silenc-
ing of CHC (siCHC) and Cav-1 (siCAV) (37). We found that
siCHC and siCAV suppressed the cellular uptake of FAM-
145 nucleosomes by ~50% (Figure 5C and D and Supple-
mentary Figure S2).

Transferrin (Tfn) and cholera toxin subunit B (CTB)
are two well-established endocytic markers that are taken

up by cells via clathrin-mediated endocytosis and caveolin-
mediated endocytosis, respectively (38). As a control ex-
periment, we verified the clathrin-dependent endocytosis
of Cy3-labeled Tfn (Cy3-Tfn) and caveolin-dependent en-
docytosis of Alexa Fluor 555-labeled CTB (AF555-CTB)
by siRNA inhibition (Supplementary Figure S3). Next, the
time-dependent cellular distribution of FAM-145 nucleo-
somes was studied with Cy3-Tfn and AF555-CTB as ref-
erences. After treatment of HeLa cells with FAM-145 nu-
cleosomes together with either Cy3-Tfn or AF555-CTB for
20 min, the medium was changed, and culturing was con-
tinued. The cellular distribution of FAM-145 nucleosomes,
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Figure 6. Time-dependent colocalization of FAM-145 nucleosomes with Cy3-Tfn and AF555-CTB in HeLa cells. (A) Confocal microscopy analysis of the
colocalization of FAM-145 nucleosomes with Cy3-Tfn. The time-dependent MCC of FAM-145 nucleosomes/Cy3-Tfn is shown in panel (C). (B) Confocal
microscopy analysis of the colocalization of FAM-145 nucleosomes with AF555-CTB. The time-dependent MCC of FAM-145 nucleosomes/AF555-CTB
is shown in panel (D). For all graphs, error bars indicate the mean =+ standard deviation of at least three independent experiments. Scale bar, 20 pm.

Cy3-Tfn and AF555-CTB was monitored by confocal flu-
orescence microscopy at different time points (Figure 6A
and B), and the level of colocalization between the two flu-
orophores was determined according to Manders’ colocal-
ization coefficient (MCC). Initially, 58% and 60% of the
FAM-145 nucleosomes were colocalized with Cy3-Tfn and
AF555-CTB, respectively. The colocalization percentages
gradually decreased with the extension of incubation time
(Figure 6C and D). Taken together, these results indicated
that some nucleosomes were internalized together with Tfn
via clathrin-dependent endocytosis and that others were
taken up together with CTB through caveolin-mediated en-
docytosis.

Nucleosomes escape quickly from endosomes

For both clathrin- and caveolin-dependent endocytosis, car-
goes are first transported to early endosomes, followed by
different intracellular trafficking. Early endosomes may tar-

get lysosomes, and ultimately, the contents are degraded
or fused with specific cellular organelles, such as the endo-
plasmic reticulum (ER) and Golgi apparatus. Some cargoes
have the capacity to overcome endosomal entrapment and
achieve cytosolic delivery (39).

Next, the intracellular trafficking of endocytic FAM-
145 nucleosomes was explored by confocal fluorescence mi-
croscopy. After Hela cells were cultured in the presence
of FAM-145 nucleosomes for 20 min, extracellular nucle-
osomes were washed away, and the culture was continued
with fresh medium. The cells were fixed at different time
points followed by staining with DyLight 649-labeled anti-
body against early endosome antigen 1 (EEA1). MCC anal-
yses of the FAM-145 nucleosomes with EEA1 confirmed
that nucleosomes were first entrapped in endosomes after
initial internalization (MCC = 0.82 £ 0.04, Figure 7A and
Supplementary Figure S4). With the extension of incuba-
tion time, the MCC values decreased gradually. After 60
min, only 12% of the nucleosomes were still colocalized with
EEA1 (endosomes).
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Figure 7. Time-dependent entrapment of FAM-145 nucleosomes in different cell compartments and cellular organelles after endocytosis. (A) MCC of
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osomes and Golgi-Tracker Red. (D) MCC of FAM-145 nucleosomes and ER-Tracker Red. Error bars indicate the mean + standard deviation of at least

three independent experiments.

Following endosome escape, translocation of nucleo-
somes into lysosomes, the ER and the Golgi apparatus
was observed. Entrapment of nucleosomes in these cellu-
lar organelles increased slightly with time, reached a max-
imum (MCC = 0.2-0.3) at 40-60 min, and then decreased
to negligible levels at 100 min (Figure 7B-D and Supple-
mentary Figures S5-S7). These results suggest that target-
ing endosome-entrapped nucleosomes to multiple cellular
organelles occurs to some extent, and these translocations
facilitate the escape of nucleosomes.

To determine the longer-term translocation and struc-
tural integrity of internalized nucleosomes, we prepared
FAM- and Cy3- dual fluorescence-labelled nucleosomes
(FAM-Cy3-145-nucleosomes) by treating FAM-145-
nucleosomes with Cy3-NHS ester (Figure 8A). Cy3-NHS
ester selectively reacts with accessible lysine residues on
histones (40). The amount of Cy3-NHS ester was carefully
controlled, which allowed us to obtain nucleosomes with
limited Cy3 tags attached on any one or several histones.
The structural integrity of the obtained FAM-Cy3-145

nucleosomes was confirmed by 1.5% agarose gel analysis
(Figure 8B). DNase I footprinting assays showed that
FAM-Cy3-145 nucleosomes had the same cleavage pat-
tern as FAM-145 nucleosomes (Supplementary Figure
S8), suggesting that Cy3 modifications cause negligible
structural disturbance to nucleosomes. After incubation of
HeLa cells with FAM-Cy3-145 nucleosomes for 1 h, extra-
cellular nucleosomes were washed away, and incubation
was continued with fresh medium. Confocal fluorescence
microscopy analyses showed that FAM and Cy3 were
mainly distributed in the cytoplasm up to 12 h (Figure
8C). The MCCs of FAM/Cy3 and Cy3/FAM were 0.9 and
0.8, respectively, at the beginning and slightly decreased
to 0.8 and 0.6 at 12 h (Figure 8D and Supplementary
Figure S9). Therefore, degradation and/or disassembly of
nucleosomes in the cytoplasm seems marginal for a rather
long time after their rapid escape from different cellular
organelles. Of note, we could not rule out the possibility
that Cy3 and FAM remain colocalized after nucleosome
degradation.
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Endocytosis of nucleosomes by THP1 cells

We have demonstrated that except for HeLa cells, a broad
range of mammalian cell lines can take up nucleosomes,
and the uptake efficiency varies in different cell lines (20).
This finding indicates that endocytosis of nucleosomes in
different cell lines may follow different pathways. Given the
potential linkage between circulating nucleosomes and im-
munostimulation, we investigated the endocytic mechanism
of nucleosomes by a monocyte- and macrophage-like cell
line, THP1. THPI is an immortalized cell line resembling
primary monocytes and macrophages in morphological and
functional properties and has been widely used to study im-
mune responses (41).

Flow cytometric analysis of the cellular uptake of FAM-
145 nucleosomes by THP1 cells revealed that the internal-
ization of nucleosomes was significantly inhibited by dy-
nasore and sucrose but not by GE and EIPA (Figure 9A
and Supplementary Figure S10A). In addition, we found
that siCHC but not siCAV suppressed the cellular uptake
of 145-FAM nucleosomes by THP1 cells (Figure 9B and
Supplementary Figure S10B and C). These results indicate
that endocytosis of nucleosomes by THPI cells mainly in-
volves the clathrin-dependent pathway, and the caveolin-
dependent pathway is not included. This finding is consis-
tent with the fact that THP-1 cells weakly express caveolin-
1; thus, caveolin-dependent endocytosis is absent (42). No-
tably, endocytosis of nucleosomes by THP1 cells was also
inhibited by MBCD, which is known to inhibit caveolin-
mediated endocytosis and lipid raft formation. Therefore,

some other endocytic pathways, e.g., lipid raft-dependent
pathways, may be involved in the internalization of nucleo-
somes in THP1 cells.

DISCUSSION

In this study, we studied the cellular entry mechanism of nu-
cleosomes using reconstituted nucleosomes and Hel a cells.
We demonstrated that extracellular nucleosomes can be ab-
sorbed on the cytoplasmic membrane and that this absorp-
tion is driven by nonspecific electrostatic interactions be-
tween the positively charged histone N-terminal tails and
the negatively charged ligands on the cell surface. Internal-
ization of adsorbed nucleosomes proceeds by clathrin- and
caveolae-dependent endocytosis, transporting nucleosomes
into endosomes. Rapid endosome escape leads to the release
of nucleosomes into the cytosol, where nucleosomes remain
intact for an extended period.

Nanoparticles facilitate endocytosis and have been
extensively used in cargo delivery into cells (27). The
cellular uptake efficiency and endocytic mechanism
of nanoparticles are affected by their physicochemi-
cal properties, such as size, surface charge and surface
hydrophobicity/hydrophilicity (43). In general, large
nanoparticles (>0.2 wm) are taken up by cells via
macropinocytosis, and small nanoparticles achieve cellular
entry by clathrin- and caveolae-dependent endocytosis.
Endocytosis of positively charged nanoparticles is generally
more efficient than endocytosis of zwitterionic and anionic
nanoparticles (29,44). Nucleosomes are nanoparticles with
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Figure 9. Flow cytometric analysis of the cellular uptake of FAM-145 nu-
cleosomes by THP1 cells in the presence of different inhibitors. (A) Chem-
ical endocytosis inhibitors. (B) Knockdown of CHC and CAV by siRNA.
Error bars indicate the mean + standard deviation of at least three in-
dependent experiments. Statistical significance was determined based on
Student’s ¢-test (ns, P > 0.05; *0.05 > P > 0.01; **0.01 > P > 0.001;
**%0.001 > P).

a diameter of 11 nm. The small size of nucleosomes is
favourable for clathrin- and caveolae-dependent endocy-
tosis but unfavourable for macropinocytosis. Regarding
the charge, the nucleosome is zwitterionic, and the total
number of anions slightly exceeds the number of cations.
However, the distribution patterns of anions and cations in
nucleosomes are different. Anions contributed by the phos-
phate linkage of DNA are evenly distributed on the outer
surface of the nucleosomes, whereas cations contributed
by the positively charged Lys and Arg residues are mainly
located at the N-terminal tails of histones that extrude

Nucleic Acids Research, 2021, Vol. 49, No. 21 12317

from the nanoparticle (Figure 1). As a result, the positively
charged N-terminal tails of histones are more readily
available for electrostatic interaction with the negatively
charged cell membrane, which facilitates the absorption
of nucleosomes on the cell surface and subsequent inter-
nalization via endocytosis. Collectively, the small particle
size and the unique charge distribution pattern render
nucleosomes prone to clathrin- and caveolin-dependent
endocytosis.

The time-dependent study of colocalization between nu-
cleosomes and different cell compartments after internal-
ization revealed that nucleosomes rapidly escaped from the
endosomes, lysosomes, ER and Golgi apparatus. In addi-
tion, in our previous study, we demonstrated that after cel-
lular entry, nucleosomes are bound by cGAS, a pattern
recognition receptor in the cytosol. Collectively, we can
conclude that after cellular internalization, nucleosomes
rapidly escape from endosomes and are released into the cy-
tosol.

Arg-rich polycationic peptides have been extensively used
in cellular delivery and show promising endosomal escape
through different mechanisms, such as vesicle collapse and
membrane destabilization effects (39,45). In this regard, it is
reasonable to attribute the rapid endosome escape of nucle-
osomes to the Lys- and Arg-rich, polycationic N-terminal
tails of histones. Although the exact mechanism of endo-
somal escape after nucleosome endocytosis remains to be
addressed in the future, it is clear that assembly of anionic
polymers with cationic peptides in a pattern similar to that
in nucleosomes facilitates endocytosis and rapid endoso-
mal escape. This strategy may be invaluable for constructing
nanoparticles for efficient delivery of therapeutic oligonu-
cleotides and genes.

Due to the weak expression of caveolin-1 in THP1 cells,
caveolin-dependent endocytosis of nucleosomes was ab-
sent, and clathrin-dependent endocytosis was the main
pathway. In addition, the possibility of clathrin/caveolin-
independent endocytosis, such as the lipid raft-dependent
pathway, cannot be ruled out in THP1 cells. Thus, the cel-
lular entry of nucleosomes into immune cells seems to fol-
low slightly different endocytic machinery than into epithe-
lial cells. Of note, although THP1 cells resemble primary
monocytes and macrophages in morphological and func-
tional properties, they are not primary cells. The mechanism
in primary cells remains to be validated in the future.

In conclusion, we demonstrated that extracellular nucleo-
somes can be taken up by various cell lines through multiple
endocytic pathways. These results suggest that trafficking
of circulating nucleosomes into different kinds of somatic
cells is a common phenomenon that may lead to diverse bi-
ological consequences. Apoptosis is a major source of cir-
culating nucleosomes. Thus, circulating nucleosomes may
contain mutated genes and aberrant DNA /histone modi-
fications, making them structurally different than host nu-
cleosomes. Internalized circulating nucleosomes in immune
cells may be recognized as pathogen-associated molecular
patterns or damage-associated molecular patterns trigger-
ing the immune response. This phenomenon provides a rea-
sonable explanation for the linkage between circulating nu-
cleosomes and systemic autoimmune diseases. In addition,
endocytosis of circulating nucleosomes by somatic cells



12318 Nucleic Acids Research, 2021, Vol. 49, No. 21

represents an efficient approach for translocation of
pathogenic genes into normal cells. Expression of the
pathogenic genes or homologous recombination of the
pathogenic genes into the host genome may lead to cellular
disorders. Thus, a considerable amount of work remains to
be conducted to further explore the biological consequences
of endocytic nucleosomes.
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