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a b s t r a c t

Silver nanoparticles (nanosilver, AgNPs) have been shown to induce toxicity in vitro and in vivo; however,
the molecular bases underlying the detrimental effects have not been thoroughly understood. Although
there are numerous studies on its genotoxicity, only a few studies have investigated the epigenetic
changes, even less on the changes of histone modifications by AgNPs. In the current study, we probed the
AgNP-induced alterations to histone methylation that could be responsible for globin reduction in
erythroid cells. AgNP treatment caused a significant reduction of global methylation level for histone 3
(H3) in erythroid MEL cells at sublethal concentrations, devoid of oxidative stress. The ChIP-PCR analyses
demonstrated that methylation of H3 at lysine (Lys) 4 (H3K4) and Lys 79 (H3K79) on the b-globin locus
was greatly reduced. The reduction in methylation could be attributed to decreased histone methyl-
transferase DOT-1L and MLL levels as well as the direct binding between AgNPs to H3/H4 that provide
steric hindrance to prevent methylation as predicted by the all-atom molecular dynamics simulations.
This direct interaction was further proved by AgNP-mediated pull-down assay and immunoprecipitation
assay. These changes, together with decreased RNA polymerase II activity and chromatin binding at this
locus, resulted in decreased hemoglobin production. By contrast, Ag ion-treated cells showed no alter-
ations in histone methylation level. Taken together, these results showed a novel finding in which AgNPs
could alter the methylation status of histone. Our study therefore opens a new avenue to study the
biological effects of AgNPs at sublethal concentrations from the perspective of epigenetic mechanisms.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid growth of nanotechnology brings great impacts on
industries and many aspects of the society. Meanwhile, a wealth of
studies suggest that exposure to artificial nanomaterials could incur
injuries to various organisms, including health risk to humans
[1e4]. To date, mounting evidence demonstrates that both metal-
and carbon-based nanomaterials would elicit neurotoxicity,
immunotoxicity, developmental toxicity and genotoxicity [5e8].
For genotoxicity, many studies indicate that nanomaterials, such as
sjliu@rcees.ac.cn (S. Liu).
carbon nanotubes, graphene and graphene derivatives, and silver
nanoparticles (AgNPs), might lead to DNA damage by generating
oxidative stress, associated with cell death [3,9]. Relative to a larger
number of studies on genotoxic features of nanomaterials, only a
few studies have been done to look into their capability to alter
epigenetic integrity [10]. Considering the current reports on
epigenetic alterations by nanomaterials, most studies were per-
formed with focus on non-coding RNAs, such as miRNAs [10,11]. By
contrast, very few studies have been carried out to assess histone
modifications [10,11]. For example, gold nanoparticles and CdTe
QDs were found to affect histone modifications, such as lysine
methylation [12e14]. Although similar studies are still rare, these
findings indicate the important contribution of histone modifica-
tions to the nanomaterial-induced biological effects.

Genetic and epigenetic mechanisms are closely intertwined, and
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feed off each other in maintaining cellular identities [15,16].
Epigenetic mechanisms determine the chromatin structures, and
include DNA methylation, RNA modifications, histone modifica-
tions and non-coding RNAs [17]. The nucleosome, the fundamental
building unit of chromatin, is made up of four histone proteins (i.e.
H2A, H2B, H3 and H4). Histone modifications (mainly methylation
of arginine and lysine residues) greatly affect the chromatin
structure associated with the formation of active and inactive re-
gions of the genome [18]. For instance, the lysine methylation on
histone 3 (H3) has been demonstrated to activate the gene
expression on Lys4 (K4), Lys36 (K36) and Lys79 (K79) or restrain
gene expression on Lys9 (K9) and Lys27 (K27) [19e21]. Disorders of
epigenetic regulation would yield inappropriate repression and/or
depression of certain cellular signaling pathways, likely resulting in
disorders, such as cancers [22].

To ensure an accurate balance between hemoglobin production
and red blood cell (RBC) formation, globin expression is fine-tuned
at multiple levels including genetic and epigenetic regulation [23].
For example, the transcription of b-globin has been documented to
be concertedly regulated by histone methylation on its gene locus.
Transcription of b-globinwas activated by increased methylation at
K4 and K79 of H3 [21,24,25]. However, little is known about the
influence of AgNPs on b-globin transcription through epigenetic
regulations thus far. In the current study, we aimed to investigate
the potential effects of AgNPs on histone modifications and rele-
vant gene expression in erythroid cells at sublethal concentrations.
Our results together demonstrated that AgNPs reduced b-globin
transcription through diminishing methylation of H3K4me3 and
H3K79me1 in erythroid cells, devoid of oxidative stress. This study
thus unearthed a novel finding that AgNPs induced low hemoglo-
bin count in RBCs involves alterations in histone methylation.

2. Methods and materials

2.1. Characterization of AgNPs

AgNPs with polyvinylpyrrolidone (PVP)-coating (25 nm) was
purchased from Huzheng Nanotechnology Co., Ltd. (Shanghai,
China). AgNP solution was freshly prepared by high-speed centri-
fugation (20,000 g) and resuspension in deionized H2O to remove
Ag ions prior to experiments. AgNPs were characterized by trans-
mission electron microscopy (TEM, Hitachi H7500, Japan), and the
hydrodynamic diameter and zeta potential in cell culture media
were determined with a Zetasizer (Malvern Nano series, Malvern,
U.K.). The rate of Ag ion dissolutionwas carried out at different time
points, as described previously [26].

2.2. Cell culture

Mouse erythroleukemia (MEL) cells were purchased from the
Cell Resource Center of the Institute of Basic Medical Sciences
(CAMS, China). MEL cells were cultured in suspension with RPMI
1640 medium (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 2 mM L-glutamine (Hyclone, USA) at 37 �C
with 5% CO2. To induce differentiation, MEL cells were cultured in
the presence of 1.5% dimethylsulfoxide (DMSO, Solarbio, China) for
72 h.

2.3. Cytotoxicity assessment

The cell viability was assessed by Alamar Blue assay. In brief,
MEL cells were seeded into 96-well plates with 3.0 � 104 cells/well.
Cells were treated with AgNPs or Ag ions at a range of concentra-
tions for 72 h. Then, the resazurin reagent (Sigma, USA) was added
into each well at a final concentration of 10% and incubated for
additional 2 h at 37 �C. Finally, the fluorescence intensity was
recorded with an excitationwavelength at 530 nm and an emission
wavelength at 590 nm on a microplate reader (Thermo, USA).

2.4. Real-time qRT-PCR analysis

Total RNAs fromMEL cells were isolated with Trizol according to
the manufacturer's instruction (Invitrogen, USA). Mouse b-globin
gene expression was determined using SYBR Green qPCR mix
(Promega, USA) on an Mx3005P qRT-PCR machine (Bio-Rad, USA).
Primer sequences for qRT-PCR are as following, mouse b-globin,
forward: 50-GGAAAGGTGAACGCCGATGAA-30, reverse: 50-GGGTCCA
AGGGTAGACAACC-30; mouse GAPDH, forward: 50-TGGCAAAGTG-
GAGATTGTTGCC-30, reverse: 50-AAGATGGTGATGGGCTTCCCG-30.
GAPDH was used as an internal control.

2.5. Molecular dynamics simulation (MDS)

The structure of H3eH4 dimer is obtained from the RSCB pro-
tein data bank (ID: 1KX5) [27]. The simulation system setup and
parameter settings are constructed based on the reported studies of
peptide adsorption to gold nanoparticles [28,29]. They investigated
the role of dynamics on adsorption of peptides to gold surfaces
using all-atom MDS in explicit solvent. In the present study, AgNPs
were built as a face-centered cubic crystal with a lattice constant of
4.0855 Å. As the diameter of AgNPs (25 nm in medium) were much
bigger than the size of H3eH4 dimer (3e4 nm), a flat silver surface
was used. The Ag (001) surface was chosen and only 4 layers of
atoms were considered since the van der Waals (VdW) potential
was narrowly ranged. To match the experimental conditions, a
saline solutionwas used in MDS. The size of the simulation box was
100 � 100 � 111 Å3. Periodic boundary conditions were applied
along all three directions. The simulations were performed using
the MDS package Nanoscale Molecular Dynamics (NAMD) [30], and
the CHARMM-METAL force field parameters were used [31]. The
VdW interactions were modified at the distances beyond 10 Å so
that they smoothly became zero at 12 Å. The Particle-Mesh Ewald
method was used for the long-rang electrostatic interactions. The
Ag atoms were fixed through the simulations and the temperature
was maintained at 295 K using Lowe-Andersen thermostat. The
system was minimized for 4000 steps first, followed by a NPT
equilibration at one atmosphere using the Langevin piston method
for 700 ps to adjust the system size in the direction perpendicular
to the Ag surface. The system was then equilibrated for more than
120 ns in the NVT ensemble. The forces between H3/H4 and Ag
surface were calculated during the last 20 ns using the pair inter-
action calculation tool in NAMD. The visualization was performed
using VMD [32].

2.6. ChIP assay

The ChIP assay was carried out with a ChIP assay Kit following
the protocol from the manufacturer (Millipore, USA), with modifi-
cations for cells cultured in suspension. Briefly, MEL cells were fixed
with 1% formaldehyde for 10 min at 37 �C, and washed twice with
ice-cold PBS containing 1mM PMSF (Solarbio, Beijing, China). Then,
the fixed cells were re-suspended in lysis buffer, and subjected to
sonication to trim DNA into fragments with the length range from
200 to 1000 bp. After centrifugation (12,000 g for 5 min), an aliquot
of chromatin was saved as an input control, whereas the rest was
diluted in ChIP dilution buffer. The diluted chromatin was incu-
bated with 2 mg anti-H3K4me3 antibody (Ab), anti-H3K79me1 Ab,
anti-RNA polymerase II Ab, or normal IgG. Thereafter, the immu-
noprecipitated DNA was purified and amplified by PCR. The PCR
products were separated by agarose gel electrophoresis (1%), and
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visualized with ethidium bromide staining. The primer sequences
targeting the exon2 of bmaj-globin gene locus for PCR are as
following, forward: 50-ACCTGACTGATGCTGAGAAGG-30, reverse: 50-
CCCTTGAGGCTGTCCAAGTG-30. Quantification was performed with
the software Image J (NIH, US. http://rsb.info.nih.gov/ij/). The
relative level of H3K4me3, H3K79me1 and RNA polymerase II oc-
cupancy on this locus was normalized to that of their correspond-
ing input.

2.7. Western blotting and hemoglobin quantification

Western blotting was performed, as previously described
[26,33]. MEL cells were collected after washing with ice-cold PBS,
and then lysed in RIPA lysis buffer (Solarbio, Beijing, China) con-
taining the protease inhibitor cocktail (Roche, Switzerland). An
equal amount of protein for each lysate was subjected to 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Bio-Rad, USA), and then transferred to nitrocellulose
membranes. Antibodies were against mouse-GAPDH (1:1000,
Zhong Shan Jin Qiao, China), MLL (1:500, Santa Cruz Biotechnology,
USA), DOT-1L (1:1000, Abcam, USA), H3K4me3 (1:1000, Abcam,
USA), H3K79me1 (1:500, Abcam, USA), RNA polymerase II (1:1000,
Sigma, USA) and Histone H3 and H4 (1:200, Bioss, China). SDS-
PAGE followed by coomassie blue staining was used to quantify
the mass of globin concentration, as described [1,5e7]. Quantifi-
cation was performed with the software Image J.

2.8. Pull-down assay for the binding of AgNPs to H3 and H4

MEL cells were induced with DMSO for 72 h, and then nuclear
extracts were prepared using a nucleoprotein extraction kit
(Solarbio, China). The nuclear extracts were added into the binding
buffer with a final volume of 400 mL, as previously described [26].
Subsequently, AgNPs (1, 8 mg/mL) or Ag ions (0.8 mg/mL) were
added and incubated at 30 �C for 2 h. After the incubation, the
complexes were centrifuged at 17,000 g at 4 �C for 1 h. The pellets
were washed twice with ice-cold PBS, and the bound proteins were
dissolved in 20 mL of denaturing buffer (100 mM DTT, 5% SDS),
followed by Western blotting.

2.9. Immunoprecipitation and inductively coupled plasma mass
spectrometry (ICP-MS) analysis

Immunoprecipitation assay was performed as described previ-
ously [26]. MEL cells were cultured in the presence of DMSO for
72 h with or without the treatment of AgNPs (8 mg/mL)/Ag ions
(0.8 mg/mL). The nuclear extracts were prepared, and then incu-
bated with 2 mg anti-H3, anti-H4, anti-H3K4me3, anti-H3K79me1
or normal IgG at 4 �C for overnight. Afterwards, the immunopre-
cipitates were collected with Gamma-Bind A Sepharose beads (GE
Healthcare, UK), and the immunoprecipitated proteins were
determined by Western blot assays. Thereafter, the co-
immunoprecipitated AgNPs was quantified by an Agilent 7500
ICP-MS (Agilent, USA), as previously described [34].

2.10. ROS determination

To assess the generation of intracellular ROS, MEL cells were
treated with 8 mg/mL AgNPs in the presence of DMSO for different
times. Thereafter, 10 mM 2, 7-dichlorodihydrofluorescein diacetate
(DCF-DA, Sigma) was added into culture medium. After incubation
for 30 min in the dark, cells were subjected to fluorescence
detection at 525 nmwith excitation at 488 nm. Here, 0.1% H2O2 was
used as a positive control.
2.11. Statistical analysis

Independent t-test or one-way ANOVA test was used to analyze
experimental data. Data were shown in mean ± SE. In the study,
statistical significance was determined with P value less than 0.05.

3. Results

3.1. Screening of sublethal concentrations of AgNPs in MEL cells

In terms of potential risk for humans upon exposure to nano-
materials, blood cells are certainly the first line of defense against
foreignparticles through either biomedical applications or daily and
environmental absorption. Among blood cells, RBCs are the most
prominent type of cells, anddamage to red cellswould lead to severe
disorders including various types of anemia. Thus, the study of red
cell impairment upon nanomaterials treatments is highly linked to
human exposure situations, and would be able to reflect potential
risk for human beings under the exposure of nanomaterials. MEL
cells are the erythroid precursor cells at the period proerythroblast,
and can be induced to differentiate into mature red cells by DMSO
[35]. Regarding b-globin, a highly expressed gene in differentiated
erythroblasts, is an ideal model for the investigation of epigenetic
regulation including histone methylation [18,23,36e38]. Therefore,
we chose MEL cells as a model system to study the effects of AgNPs
on histone methylation at the locus of b-globin gene.

Prior to cellular experiments, AgNPs were characterized thor-
oughly. The TEM images demonstrated that the AgNPs used here
were spherical with no agglomerations, and the average diameter
was 25 nm (Fig.1A). The hydrodynamic diameter of AgNPs in culture
mediumwith 10% FBS at 8 mg/mL was about 25 nmwithin 24 h, and
became slightly larger (approximately 30nm) at 48 and72h (Fig.1B),
indicating that AgNPs were well dispersed in culture medium. The
slight increase of hydrodynamic size should be due to the formation
of protein corona on AgNPs [39,40]. The zeta-potential analysis
showed that AgNPswere negatively charged in culturemedium over
the time course (Fig. 1C), analogous to those used in our past studies
[26,41]. We performed cytotoxicity screening in MEL cells treated
with AgNPs at various concentrations. We deliberately made an
effort to select sublethal concentrations that would not induce overt
cytotoxicity to mask the subtle epigenetic changes. Here, we
employed theAlamar Blue assay,which is especially suitable for cells
cultured in suspension. As shown in Fig. 2A, AgNPs did not signifi-
cantly reduce the viability of MEL cells until the concentration
reached 12 mg/mL, similar to our previous finding [26,41]. As a result,
sublethal concentrations at 8 mg/mL and lower were chosen in the
current study. AgNPs did not trigger ROS production at 8 mg/mL
(Fig. 2B), in support of the results of cell viability assessment (Fig. 2A).

Since dissolved silver ions (Ag ions) play amajor role in the overt
toxicity induced by AgNPs [42], we looked into the likely effects
from Ag ions. The measurement of particle dissolution showed that
the rate of Ag ion release was less than 10% in culture medium for
72 h (Fig. 2C), consistent with our recent study [26]. For intracel-
lular ion dissolution, our recent study also demonstrated that the
majority of AgNPs stay in the form of nanoparticles with only a
small portion of ion dissolution in MEL cells, evidenced by cloud
point extraction for separation [26]. Here, Ag ions were found to
have no significant toxicity to cells up to 1.2 mg/mL (Fig. 2D).
Therefore, Ag ions at 0.8 mg/mL (referring to a concentration of the
maximal ion dissolution, i.e. 10%) were used as a control in the
following experiments throughout the whole study.

3.2. AgNPs repress expression of b-globin

Our previous study demonstrated that the expression of b-
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Fig. 1. Characterization of AgNPs. (A) Representative TEM images of AgNPs. The scale was 50 nm, and the original magnification was �400,000. Size distribution of AgNPs was
shown in the right panel. Profiles of (B) the hydrodynamic diameter distribution and (C) the zeta potential of AgNPs at 8 mg/mL in culture medium supplemented 10% FBS over the
time course (n ¼ 3).
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globin was significantly repressed when MEL cells were treated
with AgNPs post induction of differentiation for 72 h [26]. To
interrogate whether AgNP exposure could inhibit b-globin
expression within the first 72 h of differentiation, cells were
exposed to AgNPs simultaneously with the addition of DMSO for
72 h. The qRT-PCR analysis showed that the relative level of b-
globin mRNA was reduced by approximately 20% and 50% upon
AgNP treatment at 1 and 8 mg/mL, respectively, compared to un-
treated cells (Fig. 3A, P < 0.05). Consistent with the reduction of the
mRNA level, the globin protein level was also greatly reduced,
evidenced by coomassie blue staining (Fig. 3B). However, Ag ions
did not diminish globin content at the mRNA and protein levels
(Fig. 3). Analogous to our previous data [26], these results sug-
gested that AgNPs significantly inhibited b-globin transcription in
MEL cells, and the inhibition was not found in Ag ion-treated cells.

3.3. AgNPs reduce the global level of H3 methylation and histone
methyltransferases

Although the inhibition of AgNPs on globin expression was
demonstrated to bemediated by an interaction between AgNPs and
RNA polymerase in our previous study [26], globin gene tran-
scription is actually regulated at multiple levels including epige-
netic mechanisms [23,36]. Modification on H3 and H4 have been
reported to have an important role in regulating the transcription of
b-globin gene [18]. To test whether AgNP treatment could change
histone modifications, we first looked into the global level of H3
methylation through Western blotting. Since the methylation of
H3K4 trimethylation (H3K4me3) and H3K79 monomethylation
(H3K79me1) is highly associated with active transcription of genes,
we looked at global methylation of H3K4 and H3K79 in cells upon
AgNPs. As shown in Fig. 4A, the total content of H3K4me3 and
H3K79me1 was diminished in AgNP-treated cells, relative to un-
treated cells. However, the concentration of total H3 did not change
in cells upon AgNPs (Fig. 4A).

To look for the molecular mechanisms responsible for the global
reduction of H3 methylation, we accessed histone methyl-
transferases. The myeloid/lymphoid or mixed-lineage leukemia 2
(MLL2) methyltransferase complex is crucial for H3K4 trimethyla-
tion, and is necessary for the maximal transcription of the murine



Fig. 2. Cell viability assessment. (A) Cell viability was assessed with the Alamar Blue assay. When MEL cells were induced for differentiation by DMSO, cells were simultaneously
treated with AgNPs at various concentrations for 72 h (n ¼ 6). (B) Relative intracellular ROS level was reflected by the intensities of DCF fluorescence in cells upon AgNPs at 8 mg/mL
at different time points (n ¼ 6). H2O2 was used as positive control. (C) The rate of Ag ion dissolution from AgNPs at 8 mg/mL in culture medium for 72 h (n ¼ 3). (D) Cell viability of
MEL cells upon Ag ions at a variety of concentrations was assessed (n ¼ 4), as described in (A). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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b-globin locus [24]. Similar toMLL2, disruptor of telomere silencing
1 (Dot-1L), a unique histone methyltransferase that specifically
methylates H3 at K79, serves as a vital regulator of differentiation
during early hematopoiesis [43]. MLL-rearranged leukemia is
largely attributable to dysregulation of H3K79 methylation by Dot-
1L [44]. We studied the changes of histone methyltransferases,
DOT-1L and MLL, specific for H3K79 and H3K4, respectively. As
shown in Fig. 4B, the levels of both DOT-1L and MLL were dimin-
ished upon AgNPs, suggesting that the alteration of H3 methylation
by AgNPs could be due to repressed histone methyltransferases.
3.4. Reduced H3K4me3 and H3K79me1 within the b-globin locus
upon AgNPs treatment

In addition, we evaluated the level of H3K4me3 and H3K79me1
at the exon2 (�400 bp downstream of the transcription state site)
of the bmaj-globin gene transcription region within the murine b-
globin locus [24] with ChIP-PCR assay. With regard to this specific
type of histone modification, H3K4me3, a typical marker within H3
tail, correlates with transcriptional activation [25], and has been
reported to have a significant role in enhancing the transcription of



Fig. 3. Hemoglobin content upon AgNPs in MEL cells. After cells were treated with
8 mg/mL AgNPs for 72 h, as described in Fig. 2, an equal number of cells were collected
from each group. (A) Relative expression of b-globin was measured by qRT-PCR and (B)
the protein level of hemoglobin was determined by coomassie blue staining. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Reduction of global H3 methylation in MEL cells upon AgNPs. MEL cells were
treated with AgNPs at a concentration of 8 mg/mL, as described in Fig. 2. (A) The global
level of H3K4me3, H3K79me1 and total H3 in cells was determined by Western
blotting analysis. (B) The protein concentrations of MLL and DOT-1L determined by
Western blotting. GAPDH was used a loading control.
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the coding region of the active bmaj-globin gene during erythroid
differentiation for MEL cells [24]. In addition, compared to mono-
and dimethylation, the trimethylation of H3K4 is more associated
with gene activation in vivo [45]. As demonstrated in Fig. 5A, the
H3K4me3 level at the exon2 of b-globin gene locus was signifi-
cantly reduced by >50% in cells treated with 8 mg/mL AgNPs, rela-
tive to untreated cells. These results were in agreement with a
contribution of H3K4me3 to activate gene expression, as reduced
level of H3K4me3 at b-globin locus led to a decline of b-globin
expression [24].

Similar to methylation of H3K4, H3K79 is often methylated to
enforce gene transcription [21,46]. As a marker for gene activation,
H3K79me1 has a strong tie with H3K4me3 [47]. Moreover,
H3K79me1 is also highly required for the activation of the coding
region of the bmaj-globin gene [21]. The level of H3K79me1 at the
exon2 of the bmaj-globin gene locuswas alsomeasured in cells upon
AgNPs through the ChIP-PCR analysis. As shown in Fig. 5B, the ChIP-
PCR results showed that the level of H3K79me1 at the exon2 of the
bmaj-globin gene locus was reduced by approximately 50% in cells
treated with AgNPs, compared to untreated cells. This result was in
parallel to a previous study that demonstrated that low H3K79me1
level resulted in b-globin gene repression [21].

Due to the overlaps of genomic distribution between active
marks and RNA polymerase II, the methylation of H3K4 and H3K79
is highly associated with the occupancy of RNA polymerase II in
driving transcription [48e50]. It would be reasonable to presume
that the loss of H3K4me3 and H3K79me1 induced by AgNPs might
also undermine the recruitment of RNA polymerase II. Therefore,
we examined the occupancy of RNA polymerase II at the exon2
through the ChIP-PCR method. Analogous to the alterations of
H3K4me3 and H3K79me1, the occupancy of RNA polymerase II was
reduced by approximately 60% in cells treated with AgNPs,
compared to untreated cells (Fig. 5C). The reduced occupancy of
RNA polymerase II at the exon2 of the bmaj-globin gene locus
further supported the inhibited b-globin expression in AgNP-
treated cells, as described above (Fig. 3). It should be stated that
Ag ion treatment did not change the content of H3K4me3 and
H3K79me1 both at the global level and at the exon2 of the bmaj-
globin gene locus (Figs. 4 and 5).

3.5. MDS indicates potential binding of AgNPs to H3 and H4

Based on the above results, it would be reasonable to postulate
an interaction of AgNPs with histone proteins. Our recent study
demonstrated that AgNPs could enter nucleus in MEL cells and
release Ag ions through the “Trojan horse” effects [26], and we
further confirmed their nuclear localization through TEM analysis
(data not shown). Thereafter, all-atom MDS was employed to
investigate the possible interaction of AgNPs with histones. The
interactions between H3eH4 dimer and Ag surface were simulated
in a 0.154MNaCl aqueous solution. As shown in Fig. 6A, four frames
of the simulation trajectory showed that the H3eH4 dimer
approached and directly contacted the Ag surface in solution. Visual
inspection of the trajectory confirmed that the H3eH4 dimer was
able to be strongly adsorbed and bounded to the Ag surface with
the unstructured loops of H3 and H4 (Fig. 6A). To determine the
fraction of adsorbed atoms, we considered an atom adsorbed if it is
within 5 Å of the silver surface. Approximately 20% of atoms of all



Fig. 5. Reduced H3 methylation at the b-globin locus in MEL cells upon AgNPs. ChIP-
PCR results showed the level of (A) H3K4me3 and (B) H3K79me1 at the exon2 within
the b-globin locus. (C) The occupancy of RNA polymerase II was assessed at the exon2
within the b-globin locus using ChIP-PCR analysis. Comparisons for the levels of
H3K4me3, H3K79me1 and the occupancy of RNA polymerase II at the exon2 within the
b-globin locus were determined relative to those in untreated cells.

Fig. 6. Prediction analysis of interaction between H3eH4 dimer and Ag surface by
MDS. (A) Snapshots of the simulation trajectory at different time points. In the last
frame, alpha carbon atoms of K4 and K79 in H3 are shown as purple and orange
spheres, respectively. For a clear view, water and ions are not drawn here. (B) Quan-
tified data of forces along the z-direction between the Ag surface and H3 and H4 after
adsorption becomes stable. (C) Snapshot of MDS system between H3 and H4 and Ag
ions after the adsorption between the Ag surface and H3eH4 dimer becomes stable.
H3 is drawn in blue with H4 in green, Ag ions in pink and Ag atoms of the AgNP surface
in gray. Water molecules and sodium and potassium ions are not drawn for the sake of
clarity.
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types in H3eH4 dimer were adsorbed to the Ag surface. To quantify
the strength of adsorption, the forces between the silver atoms and
these two histone proteins were calculated after the adsorption
became stable. As presented in Fig. 6B, the two fluctuating forces in
the direction were normalized to the surface. Time-averaging
forces between the silver surface and H3 and H4 were 56.87 and
20.87 kcal/mol/Å, respectively, indicating that the H3eH4 dimer
was able to bind to Ag and the strength of adsorption on Ag surface
for H3 wasmuch stronger than that for H4. Moreover, H3 tail rather
than H4 was predicted to have more likelihood to interact with the
Ag surface (Fig. 4). Additionally, K4 of H3 was unraveled to have
closer interaction with the Ag surface than other sites (such as K79
of H3) on the basis of the simulation (Fig. 6A). Furthermore, to
estimate the effect of Ag ions (Agþ), we modified the system by
replacing half of the sodium ions with Ag ions. As shown in Fig. 6C,
Ag ions hardly affected the adsorption between the H3eH4 dimer
and AgNP surface, and no Ag ionwas adsorbed by the H3eH4 dimer
while excess Ag ions went back to the AgNP surface. Together, the
simulationwork suggested a seeming interaction of AgNPs with H3
and H4, particularly for H3, and Ag ions could hardly bind to H3 or
H4. These data also implied that the binding of AgNPs to the H3 tail
may contribute to damp the methylation of H3K4 and H3K79 at the
exon2 of the b-globin gene locus, and consequentially reduce the
occupancy of RNA polymerase II in this region. As the simulation
study indicated, K79 was located in the loop within the globular
domain of H3 instead of its N-terminal tail (Fig. 6A), and we thus
would assume that the core area of H3 (where K79 is in) could
hardly interact with AgNPs. To this end, the low H3K79me1 level
upon AgNPs could be due to the reduced level of H3K4me3 [47];
however, a direct interruption of H3K79 methylation by AgNPs
could not be excluded.
3.6. An active binding between AgNPs and H3 or H4

In an effort to shed light on the binding of AgNPs to histones, a
pull-down assay was carried out for AgNPs in incubation with
nuclear extracts from MEL cells. The Western blot assay demon-
strated that H3 was successfully precipitated into the pellets by
AgNPs at 1 mg/mL, especially at 8 mg/mL, with an Ab against total H3
(Fig. 7A). H4 was also successfully precipitated into the pellets by
AgNPs at 1 mg/mL, particularly at 8 mg/mL, with an Ab against H4.
However, the protein concentration of precipitated H4 was much
less than that of H3 (Fig. 7A and B), in agreement with the MDS
results as described in Fig. 6. The successful precipitation of H3 by
AgNPs were also evidenced with Abs against H3K4me3 or
H3K79me1 (Fig. 7C and D). Ag ions failed to precipitate either H3 or
H4 (Fig. 7), in support of the MDS results (Fig. 6C). These findings
suggested an active binding between AgNPs and histones, espe-
cially for H3.

To substantiate these findings, we inversely performed immu-
noprecipitation. As shown in Fig. 8A, H3 and H4 were successfully



Fig. 7. Pull-down assay for the binding of AgNPs to H3 and H4. The pull-down assay of nuclear extractions from MEL cells by AgNPs or Ag ions. Pellets and supernatants were
subjected to Western blotting with Abs against (A) total H3, (B) total H4, (C) H3K79me1 and (D) H3K4me3.
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precipitated from the nuclear extracts in cells with or without
AgNP/Ag ions treatment by the Abs against total H3, total H4,
H3K4me3 or H3K79me1. However, normal IgG failed to precipitate
H3 and H4 proteins. The immunoprecipitates were then subjected
to the ICP-MS analysis. Ag could be detected only in the co-
immunoprecipitated nucleoproteins from AgNP-treated cells with
Abs against total H3, total H4, H3K4me3 or H3K79me1 (Fig. 8BeD).
A greater amount of Ag (over 50%) was detected in the co-
immunoprecipitated nucleoproteins by the Ab against total H3
than that by the Ab against total H4 (Fig. 8B, P < 0.05), indicting a
stronger binding of AgNPs to H3 than H4. These data further sup-
ported the above findings on the differential binding between H3
and H4 to AgNPs (Figs. 6 and 7). No Ag could be detected in
immunoprecipitated nucleoproteins from untreated cells, Ag ion-
treated cells or immunoprecipitated nucleoproteins with normal
IgG. Thus, these results suggested an active binding of AgNPs to H3
and, to a less extent, to H4 inside the cells.

4. Discussion

Due to the antimicrobial properties, AgNPs are extensively used
in a wide spectrum of fields including medicine, personal care
products [51e53]. Although AgNPs offer great benefits to our lives,
the large-scale applications may increase the risk to environment
and human health. It should be stated that the dose of AgNPs
exposed to humans is expected to be low under the environmental
or daily-life setting. However, most previous studies looked into
overt toxic effects of AgNPs with high-dose exposure, and did not
evaluate the biological effects under sublethal exposure, which is
more relevant to the real life situations [42]. Moreover, the current
understanding of the mechanisms responsible for AgNP-induced
cytotoxicity mainly derives from experiments with high-dose
exposure, such as oxidative stress and Ag ion-mediated toxicities
[54,55]. Thesemechanismsmay not accurately reflect the biological
effects induced by AgNPs at low doses [42]. Therefore, more
attention should be paid to investigate the biological effects of
AgNPs under low concentrations (at least sublethal concentrations
which do not elicit significant damage to cell survival) [42]. This
would help in identifying the hazards of AgNPs under the envi-
ronmental and daily-life exposure settings [42]. We recently
demonstrated that AgNPs could directly bind to RNA polymerase,
leading to interruption of the transcription machinery and thus a
drop of overall RNA synthesis in MEL cells at low concentrations
without triggering detectable ROS [26]. Moreover, we demon-
strated that AgNP treatment reprogrammed cellular energy ho-
meostasis by switching from oxidative phosphorylation-based
aerobic metabolism to anaerobic glycolysis in order to satisfy the
basal energy demand for cell survival in both tumor cells and non-
tumor cells in response to sublethal AgNPs [41]. These findings
highlight the potential toxicity of AgNPs to various cells at sublethal
concentrations. However, whether epigenetic mechanisms (such as
histone modifications) are involved in AgNP-mediated biological
effects has not been investigated to date. In this study, we
embarked on the effects of AgNPs on histone methylation at b-
globin locus and relevant biological impacts in erythroid progenitor
cells.

Histone methylation has been reported to play a crucial role in
regulating both chromatin function and gene expression [56]. A
number of studies have documented that the markers of gene
activation, both H3K4 and H3K79 methylation, are frequently
detected at the coding region of the b-globin locus during the dif-
ferentiation of erythroid cells [21,57,58]. Deregulated histone
modifications are implicated in various anemias (e.g. aplastic ane-
mia), leukemias and other myelodysplastic disorders [18,59]. His-
tone methylation is performed by histone methyltransferases that
add methyl groups to histone residues, and this process is reversed
by demethylases. Thus, the methylation level of lysine in histone is
determined by the net activity of histone lysine methyltransferases
and demethylases [43,60]. Dysfunction of these enzymes would
give rise to abnormal histone methylation, possibly associated with
disordered gene expression and even development of various dis-
eases [59,61,62]. However, little effort has been made to elaborate a
likely disturbance of histone methylation by nanomaterials. In the
current study, a significant reduction of both DOT-1L and MLL was



Fig. 8. Immunoprecipitation assay of the binding for AgNPs to H3 and H4. (A) After cell treatment, as described in Fig. 2, nuclear extractions were immunoprecipitated with Abs
against total H3, total H4, H3K4me3 or H3K79me1. Immunoprecipitated complexes were subjected to Western blotting. (B) The content of Ag in co-immunoprecipitated complexes
was quantified by the ICP-MS assay for those with Abs against (B) H3 and H4, (C) H3K4me3 and (D) H3K79me1 (n ¼ 3). Normal IgG was used here as a negative control. ND indicates
not detectable.
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observed in cells treated with AgNPs. To further explore the mo-
lecular mechanisms, we used a nano-quantitative structur-
eeactivity relationship (QSAR) model, NAMD, to unveil the
molecular interaction between histone and AgNPs. The theoretical
simulation investigation revealed a strong interaction of AgNPs
with H3. We further confirmed this interaction with AgNP-
mediated pull-down assay and immunoprecipitation assay. These
findings thus indicated that the decline of H3methylation by AgNPs
could be accounted for by reduced histone methyltransferases and
AgNP-histone binding-mediated steric hindrance as well. These
changes together thus resulted in reduced RNA polymerase II oc-
cupancy at exon2 of the b-globin locus and consequential down-
regulation of b-globin transcription.

On the other hand, our previous study has verified an interac-
tion of AgNPs to RNA polymerase II [26], which could also explain
the reduced occupancy of RNA polymerase II at b-globin locus and
the consequential drop of b-globin expression. To this end, we
could imagine that the overall mechanisms are rather complex, and
these two mechanisms (i.e. inhibition of RNA polymerase II and H3
hypomethylation by AgNPs) are likely interwined and both are
involved in AgNP-mediated suppression on globin expression. In
fact, histone methylation is crucial for the efficient recruitment of
RNA polymerase II, as H3K4 and H3K79 methylation promotes RNA
polymerase II occupancy and H3K4 and H3K79 hypomethylation
reversely inhibits RNA polymerase II occupancy [21,63,64]. How-
ever, the relative contribution of these two mechanisms to the
eventual suppression of globin expression is still unclear, and
further investigation therefore becomes necessary to elucidate the
detailed molecular mechanisms underlying AgNP-mediated alter-
ation to histone methylation status.

5. Conclusions

Although reports on the alterations of the epigenetic integrity
by nanoparticles are burgeoning, little efforts have been devoted to
probe the impacts of AgNPs on histone modification [10]. Only one
study previously reported a particular tropism for CdTe QDs in
binding to histone, although no biological impacts were assessed
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[13]. This current study unearthed that AgNPs reduced b-globin
transcription through diminishing methylation of H3K4me3 and
H3K79me1 in erythroid cells, devoid of intracellular oxidative
stress. The molecular mechanisms involve at least, 1) the decline of
histone methyltransferase DOT-1L and MLL; 2) the direct AgNP-
histone binding that provides steric hindrance effects preventing
methylation. These changes, along with decreased RNA polymerase
II activity [26], resulted in impairment of RNA polymerase II dock-
ing to its transcription region. It should be noted that Ag ion-treated
cells did not show changes in histone modifications; however, the
role of Ag ions could not be completely ruled out because of
intracellular presence of Ag ions due to the Trojan horse's effects of
AgNPs [26]. These data overall signify the contribution of deregu-
lated histone methylation by AgNPs to the development of globin
deficit. Since AgNP-mediated biological effects are rather complex,
histone modification changes by AgNPs could also be accounted for
by other mechanisms, which warrants future investigation.
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