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Rationale: Shifts in the gene expression of nuclear protein in chronic
obstructive pulmonary disease (COPD), a progressive disease that is
characterized by extensive lung inflammation and apoptosis, are
common; however, the extent of the elevation of the core histones,
which are the major components of nuclear proteins and their con-
sequences in COPD, has not been characterized, which is important
because extracellular histones are cytotoxic to endothelial and air-
way epithelial cells.

Objectives: To investigate the role of extracellular histones in COPD
disease progression.

Methods: We analyzed the nuclear lung proteomes of ex-smokers
with and without the disease. Further studies on the consequences
of H3.3 were also performed.

Measurements and Main Results: A striking finding was a COPD-
specific eightfold increase of hyperacetylated histone H3.3. The
hyperacetylation renders H3.3 resistant to proteasomal degradation
despite ubiquitination; when combined with the reduction in pro-
teasome activity that is known for COPD, this resistance helps
account for the increased levels of H3.3. Using anti-H3 antibodies,
we found H3.3 in the airway lumen, alveolar fluid, and plasma of
COPD samples. H3.3 was cytotoxic to lung structural cells via a
mechanism that involves the perturbation of Ca?" homeostasis
and mitochondrial toxicity. We used the primary human airway
epithelial cells and found that the antibodies to either the C or N
terminus of H3 could partially reverse H3.3 toxicity.

Conclusions: Our data indicate that there is an uncontrolled positive
feedback loop in which the damaged cells release acetylated H3.3,
which causes more damage, adds H3.3 release, and contributes to-
ward the disease progression.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Several mechanisms involved in the development of chronic
obstructive pulmonary disease (COPD) have been de-
scribed, including the expression of proinflammatory mol-
ecules, increased lung cell death, and tissue remodeling.
However, the mechanism behind the progression of the
disease has not been established.

What This Study Adds to the Field

We found increased histone 3 expression in COPD lungs,
which correlated with the progression of the disease. Analysis
of posttranslational modifications identified a specific histone
3.3 (H3.3) isoform with hyperacetylation, methylation, and
ubiquitination patterns. The hyperacetylated H3.3 was re-
sistant to proteasomal degradation. Extracellular H3.3 was
present in the lumen of the airway and was also prominent in
the bronchoalveolar lavage fluid and the plasma of subjects
with COPD. Moreover, H3.3 was cytotoxic to lung structural
cells by a mechanism that was driven by perturbation of Ca**
homeostasis and mitochondrial toxicity. These points sug-
gest that free H3.3 participates in a self-sustaining cell death
process that contributes to COPD progression; we observed
that blocking this process could be therapeutic.

The prevalence of chronic obstructive pulmonary disease (COPD)
is increasing in industrialized countries (1, 2). COPD is the third
leading cause of death worldwide (3). In 2011, the CDC esti-
mated that 15 million adults in the United States had COPD,
which contributed to $49 billion in direct and indirect healthcare
costs (4, 5). Disease management can relieve symptoms and pro-
long life, although there are no treatments to stop the disease
progression, which ultimately results in death.

Although the molecular pathophysiology that underlies
COPD has not been established, it is known that the expression
of proinflammatory molecules, lung cell death, and tissue remod-
eling play critical roles (2, 6-8). Shifts in transcription factor
activation and epigenetic markers, such as altered histone acet-
ylation, are associated with changes in signaling proteins up-
stream of regulatory genes and in the assembly of nuclear
chromatin complexes (9, 10). Core histones H2A, H2B, H3,
H4 and their variants are key components of nuclear chromatin,
the scaffolding that controls interactions between DNA with
transcription factors and RNA polymerase, thereby regulating
gene expression (11). Post-translational modification of histones
causes chromatin remodeling, which alters these interactions
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(12-14). COPD is associated with a reduced histone deacetylase
(HDAC) activity, which results in increased histone acetylation
that might contribute to COPD-associated lung inflammation
(15-17). Hyperacetylation of histone lysine is reportedly asso-
ciated with inflammatory gene expression (15-17), but the na-
ture of other post-translational modifications and amino acids
involved is poorly understood. In addition to their role in chro-
matin regulation, histones released in the circulation can induce
lung inflammation, and extracellular histones are cytotoxic to
human lung cells (18). Significantly, extracellular histones are
mediators of trauma-associated lung injury (19). Although the
elevation of extracellular nuclear protein, such as HMGBI in
COPD, has been reported (20), the role and consequences of
extracellular histones have not been examined. Our studies are
designed to address these gaps in knowledge with an overall
goal of understanding the disease progression in COPD. Our
results support the hypothesis that extracellular, degradation-
resistant, hyperacetylated H3.3 is elevated in COPD. The H3.3
binds to the cell membranes and induces cellular calcium influx
and endoplasmic reticulum (ER) calcium depletion which, results
in mitochondrial toxicity by repetitive alteration of the mitochon-
dria membrane potential. Several results that support our hy-
pothesis have been previously reported in abstract form (21).

METHODS

Human Lung Tissue Samples

We obtained frozen lung tissues (n = 82) from the region’s transplant
network, Life Inc., and the Temple University Lung Tissue Bank, both
under a protocol approved by the Temple University Institutional Re-
view Board. The subjects’ demographic information, including smoking
history and lung function, are shown in Table E1 in the online supple-
ment. Additionally, we obtained bronchoalveolar lavage fluid (BALF)
(n = 20) and plasma (n = 15) samples from 15 subjects with COPD
(Global Initiative for Chronic Obstructive Lung Disease [GOLD] stage
II for BALF [n = 10] and stage IV for plasma [n = 5]); there were 15
subjects without COPD (BALF [n = 10] and plasma never-smokers
[n = 5] and current smokers [n = 5]) (see Table E3).

Lung Tissue Proteomic Analysis

Lung tissues were subjected to nuclear protein extraction and were pro-
cessed for gel electrophoresis-liquid chromatography-mass spectros-
copy analysis. The levels of the protein identified were assessed by
label-free quantitation. The mass spectroscopy analysis was used for
the identification of histone post-translational modifications. Extensive
details are provided in the online supplement.

Immunochemistry

We evaluated H3.3 protein levels in the lung tissue, BALF, and plasma using
Western blots, slot blots, ELISA, immunohistochemistry, and immunopre-
cipitation analysis. Extensive details are provided in the online supplement.

Mechanism of Increased H3.3 Levels in COPD

We evaluated the H3 family mRNA expression levels by TagMan quan-
titative polymerase chain reaction assays. The impaired proteosomal
degradation of hyperacetylated H3.3 in subjects with COPD and control
subjects was determined using the Western blot analysis. Extensive
details are provided in the online supplement.

Histones Cytotoxicity Assays

We used the primary human bronchial epithelial cells to evaluate
in vitro the cytotoxicity effect of H3.3 purified from subjects with COPD
and human recombinant histones H2B, H3.3, and H4 (New England
Biolabs, Ipswich, MA). We performed the proteomic analysis to eluci-
date the mechanisms that are implicated in H3 cytotoxicity. Extensive
details are provided in the online supplement.
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Figure 1. (A) Verification of the proteomic results by Western blotting
of the individual samples used to comprise the pool of the discovery
groups. (B) Quantitation of the Western blot results from the verifica-
tion groups (*P < 0.001). (C) H3.3 is elevated in chronic obstructive
pulmonary disease (COPD) and is not altered in other lung inflamma-
tory diseases. The H3.3 levels were determined in Global Initiative for
Chronic Obstructive Lung Disease (GOLD) IV and GOLD I-lll, never-
smokers, ex-smokers, and smokers using ELISA. The differences in H3.3
between the cohorts were assessed using the Kruskal-Wallis test; P <
0.02 values were obtained when GOLD I-lll were compared with the
four control groups and GOLD IV was compared with the four control
groups.

H3.3-mediated Ca®" Signaling and Mitochondrial Toxicity

We performed simultaneous measurements of cytoplasmic and mito-
chondrial Ca?* changes ([Ca®*]. and [Ca®**],,) in human lung endo-
thelial cells by confocal microscopy. Extensive details are provided in
the online supplement.

Statistical Analysis

Significant variation in the data within groups was determined using ei-
ther the Kruskal-Wallis test or analysis of variance. The Mann-Whitney
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Figure 2. (A) Immunohistochemical analysis of the lungs of
Global Initiative for Chronic Obstructive Lung Disease
(GOLD) IV and ex-smokers, showing the presence of extra-
cellular H3.3 in the lumen of the airway inside the plug of
mucus together with cell debris; these free histones are at-
tached to the cilia of the epithelial cells (red arrowheads).
(B) The Western blot quantitation of H3.3 in the bronchoal-
veolar lavage fluid (BALF) of GOLD Il and ex-smoker subjects
(see Figure E3). (C) Plasma H3.3 levels in subjects with GOLD
IV as compared with current and never-smokers as deter-
mined by Western blot analysis (see Figure E3). P < 0.05
using the Kruskal-Wallis test.
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U test with Bonferroni correction was used to compare the difference
between both groups, unless otherwise specified. Extensive details are
provided in the online supplement.

RESULTS
H3.3 Levels Are Elevated in COPD

Because the COPD-associated changes likely affect the nuclear
proteome, we examined the nuclear proteins from the lung sam-
ples of subjects that were classified by GOLD to have advanced
disease (GOLD 1V), and we compared the results with those
from a control group composed of ex-smokers who had normal
lung function. To eliminate complications caused by the direct
effects of smoking, both cohorts comprised ex-smokers with sim-
ilar smoking histories (see Table E1).

P <0.05
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When the GOLD IV subjects were compared with the
ex-smoker control subjects, we found proteome elevations in
several nuclear proteins, including several proteins that were
involved in gene expression control, several proteins that were
major components of the nucleosome core, and proteins that me-
diated the inflammatory processes and ion transport (see Table
E2). The eightfold increase in histone H3.3 was the most
marked change (see Table E2). Because the proteomic analysis
in individual samples was not feasible, we used the methods
dependent on anti-H3 antibodies. The H3 family is composed
of H3.1, H3.2, and H3.3 variants, which are highly conserved
(see Figure E2). The available antibodies are likely to cross-
react among the three variants, and we used the monoclonal
antibody that recognizes C-term of these variants. We verified
our pooled proteomic results by the Western blot analysis in

Figure 3. Comparison of gene expression levels of H3.3,
H3.1, and H2B in the individual lung tissue from subjects
with chronic obstructive pulmonary disease (Global Initia-
tive for Chronic Obstructive Lung Disease [GOLD] Il and
IV) and control subjects (ex-smokers), as determined by
the TagMan quantitative polymerase chain reaction assay
system, to measure mRNA. Gene expression levels were
not different when GOLD Il was compared with control
subjects. Only twofold increase in H3.3 genes expression
(H3F3A and H3F3B) was observed when GOLD IV was
compared with the control subjects. P < 0.05 by Kruskal-
Wallis.
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each of the five individual samples. The H3.3 was increased by
eightfold (i.e., similar to the proteomic results) (Figures 1A and
1B). To confirm this increase and to determine the H3.3 levels
in other COPD stages, we used an ELISA assay to examine the
lung tissue from subjects classified as GOLD IV (n = 24);
GOLD I-III (n = 12); and ex-smokers (n = 9). We also included
never-smokers (n = 14) and current smokers (n = 11). The
results showed COPD-significant H3.3 elevations between
the GOLD IV and the four control groups (P < 0.02 using
the Kruskal-Wallis test) and between GOLD I-III and control
subjects (P < 0.02 using the Kruskal-Wallis test) (Figure 1C).
Because the severity of pathologic changes in COPD is classi-
fied by spirometric measurements, we also correlated the H3.3
levels to FEV; and FEV{/FVC by performing linear regression
analysis. The H3.3 levels correlated poorly with either FEV; or
FEV/FVC (R? = 0.06648 and R? = 0.1169, respectively) (see
Figure E3).

H3.3 Is Present Extracellularly in the Airway in COPD

Because extracellular histones exert biologic effects that could
be relevant to COPD (22), the presence of extracellular H3.3
in the lung was assessed with immunohistochemistry using the
anti-H3 antibody that was used for ELISA studies (Figure 2A).

As expected, all of the cell nuclei demonstrated H3.3 immu-
noreactivity. The specificity of the immunohistochemistry was
assessed by preincubation of the H3 antibody with 2 g of
human recombinant H3.3 (New England Biolabs) protein, and

no signal was observed. Notably, the H3.3 staining was also
present in the mucus plugs in the airway lumen and in the cell
debris attached to the cilia of airway epithelial cells in severe
COPD (n = 4). Additionally, monocytes also demonstrated cy-
toplasmic and nuclear staining for H3.3 in severe COPD. In
contrast, H3.3 immunoreactivity was present in the control sub-
jects in only the lung cell nuclei (n = 4). These data indicate the
extracellular and intracellular presence of H3.3 in the airways
and lung parenchyma of subjects with COPD.

H3.3 Is Present in the Cell-Free BALF and Plasma in COPD

Given the presence of increased amounts of H3.3 in the COPD
lung and the presence of extracellular H3.3 in advanced COPD,
we sought to determine whether this histone was also present in
BALF in subjects with milder COPD. Accordingly, we obtained
BALF from the stable subjects with COPD with moderate dis-
ease (GOLD II; n = 10), and from normal, never-smokers (n =
10) who served as control subjects (see Table E3). There was
a significant increase in H3.3 in the BALF supernatant among
the subjects with COPD relative to the never-smokers (Figure
2B; see Figure E4A).

Because H3.3 was present in BALF, we also sought to deter-
mine whether H3.3 was secreted into the systemic circulation. In
fact, H3.3 was present threefold higher in the plasma of the sub-
jects with COPD (n = 5) compared with the current (n = 5) and
never-smokers (Figure 2C; see Figure E4B).
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Figure 5. Ribbon diagram of histone H3.3 showing a comparison of
acetylated (blue spheres) or ubiquitylated (red spheres) residues in Global
Initiative for Chronic Obstructive Lung Disease IV (chronic obstructive
pulmonary disease [COPD]) and ex-smokers (Control), as identified by
mass spectroscopy.

H3.3 Gene Expression in COPD

To explore the mechanisms that underlie an increase in H3.3, we
compared the mRNA levels of histone H3.3 (H3F3A and
H3F3B), H3.1 (1H3B), and H2B (H2B2) in the lung tissue sam-
ples from patients who were classified as ex-smokers (n = 8),
GOLD II (n = 8), and GOLD IV (n = 8). Using the validated
commercial TagMan quantitative polymerase chain reaction
assays we observed twofold increases in H3F3A mRNA and
H3F3B mRNA (P < 0.05 using the Kruskal-Wallis test) in GOLD
IV relative to ex-smokers (Figure 3), but no significant differences
between GOLD II and ex-smokers for these mRNAs or between
other mRNAs and any groups, which is further supported by
previous microarray studies (23, 24). Collectively, these results
indicate that gene expression alone does not fully explain the
increase in the levels of H3.3 proteins seen in the entire spectrum
of COPD severity.

Mechanism of H3.3 Increase in COPD Involves
Impaired Degradation

To further understand the mechanism by which H3.3 is in-
creased, we focused on the impaired degradation of H3.3. Be-
cause it is known that the proteasomal activity is reduced in
COPD (25) and our proteomic-based histone modification data
revealed H3.3 ubiquitination at lysine 57 and 123 (Figures 4 and
5; see Table E4 and Figure E7), modifications are expected to
reduce sensitivity to proteasome degradation. The combination
of reduced proteasome activity with resistance to proteasome
degradation supports the hypothesis that impaired degradation
leads to increased H3.3. To explore the ubiquitinated H3.3
accumulation, we purified nuclear histones from the pooled
samples of five GOLD IV and five ex-smoker subjects and sub-
sequently prepared the Western blots using antiubiquitin and
anti-H3 antibodies. The accumulation of ubiquitinated H3.3 (H3.3-
Ubiy) in GOLD IV samples shown by the Western blot was

confirmed by reciprocal immunoprecipitation (Figure 4A). Of
note, the 37-kD band showing ubiquitination and H3.3 identity
observed in the Western blots is consistent with the mass spectros-
copy data for H3.3 (Figure 4B; see Table E4 and Figure E7).

Previous COPD studies using the Western blot analysis and
chromatin immunoprecipitation (ChIP) assays demonstrated in-
creased acetylation of histones 3 and 4, which was attributed to
the decreased HDAC expression and activity (10, 16, 22). Be-
cause our mass spectroscopy analyses revealed missed trypsin
cleavages that correlated with acetylation sites (see Table ES and
Figure E8), we investigated whether H3.3 might be differentially
acetylated in COPD.

We confirmed a previously reported COPD-associated his-
tone N-terminal hyperacetylation, identifying the specific resi-
dues that are acetylated as those that are at Lys 10, 15, 19,
and 24 in H3.3 (Figures 5 and 6), and the extent of this acety-
lation in COPD (Figure 7). Our results indicated approximately
2.5-fold increase in H3.3 acetylation in COPD. We also found
a previously unreported C-terminal acetylation at Lys 116
(Figure 5; see Tables E4 and Table ES5 and Figure E8). We
confirmed the effect of acetylation on proteasome degradation,
using histones that were purified from A549 cells treated with
a combination of HDAC inhibitors (trichostatin, MS-275, and
suberoylanilide hydroxamic acid) to produce hyperacetylated
histones (26). In Figure 8, the Western blots show that hyper-
acetylated H3.3, which is purified from the treated cells, is less
sensitive to degradation by 20S proteasomes than H3.3 from the
control cells. The confirmation of proteasomal dependency was
demonstrated using the specific proteasome inhibitor MG132.
Figure 8B shows that the effect of acetylation remains prominent
even after 16 hours of proteasome exposure. Using matrix-assisted
laser desorption ionization time-of-flight mass spectroscopy, we
also determined that all four N-terminal H3.3 acetylation played
a role in obtaining maximal resistance to proteosomal degrada-
tion (see Figures ESA and E5B).

H3.3 Levels Are Not Affected by Glucocorticoids and
Cigarette Smoke Condensate

The H3.3 expression was similar in ex-smokers and current
smokers without COPD, which suggests that the change may
not be a direct consequence of smoking per se. To further
investigate the effect of smoking, we treated the primary lung
cells with cigarette smoke condensate and found that the H3.3
levels were unchanged in the treated group compared with the
untreated control subjects (Figure 8C).

Because several subjects in the COPD groups were treated
with glucocorticoids, bronchodilators that can alter histone acet-
ylation (27, 28), we compared the effect of theophylline and
dexamethasone on H3.3 and its acetylation. The untreated pri-
mary lung cells and the cells treated with a combination of HDAC
inhibitors were used as negative and positive controls, respectively.
These drugs had no effect on either the H3.3 levels or Ac K10H3
(Figure 8C).

Extracellular H3.3 Induces Apoptosis by Perturbing Calcium
Homeostasis and Inducing Unfolded Protein Response
and Mitochondrial Toxicity

Extracellular histones are products of cell death and are known
to have diverse effects. Although not usually considered to be nox-
ious, they can induce lung inflammation, and cultured human pul-
monary artery endothelial cells can undergo apoptosis when
exposed to free core histones (18, 19, 29), effects that could relate
to the pathogenesis of COPD. Using primary human airway ep-
ithelial cells exposed to H3.3 that is purified from GOLD IV lung
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tissue and using commercially sourced human H3.3, we found that
both histones were equally cytotoxic to these primary human lung
cells (Figure 10A). These data indicated that acetylation alone
might not play a role in the toxicity of histones. Therefore, for
the remainder of the studies, we used commercially available
H3.3. We found that H3.3 was localized in the cell membrane
(Figure 9) and could induce concentration-dependent apoptosis
(Figure 10B). We used a H3.3 concentration (10 wg/ml) that was
similar to the concentrations found in the epithelial lining fluid of
COPD lungs. On comparing histones elevated in COPD, we
found the following relations: the toxicity of H3.3 greater than
H4 greater than H2B (Figure 10C). To address whether the in-
tracellular H3.3 or extracellular H3.3 was responsible for cytotox-
icity, we compared the extent of cell death caused by the primary
lung cells endogenously overexpressing recombinant H3.3 to the
cells transfected to secrete recombinant H3.3. Figure 10D shows
the dramatic increase in cell death associated with the secreted
recombinant H3.3 compared with the intracellular H3.3 and nor-
mal cells (P < 0.001 using the analysis of variance test).

If the extracellular histones exert toxicity by binding to the
cell membrane and thereby inducing apoptosis, we hypothesized

that this mechanism could be blocked by anti-H3 antibodies. For
a preliminary test, we used primary human airway epithelial cells
and found that antibodies to either the C or N terminus of H3
could partially block H3.3 toxicity (Figure 10E).

Previous studies indicated that histones in the extracellular
milieu induced apoptosis of human pulmonary endothelial cells
by the activation of TLR2 and TLR4 (29), affected Ca®" ho-
meostasis (19, 30), and effect the mitochondrial function (30);
the full pathway has not been described. To study this pathway,
we analyzed proteome changes in the human primary airway
epithelial cells that were exposed to H3.3. The data indicated
that apoptosis is driven by the unfolded protein response (UPR),
eukaryotic translation initiation factor-2a (eIF2a), and Ca* sig-
naling (see Table E6). The UPR involvement is indicated by the
elevation of chaperones GRP78, GRPY94, and foldase protein
disulfide isomerase (PDI) A4 (Figure 11; see Table E6). PERK-
dependent initiation is revealed by increased phosphorylated
elF2a, C/EBP-homologous protein (CHOP), and cleaved caspase
7 with cytoplasmic translocation in a time-dependent manner (Fig-
ure 11B). Increases in cleaved caspases 3 and 9 (Figure 11A)
provide additional evidence of UPR-driven apoptosis. UPR can
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Figure 7. Histone 3.3 acetylation detection by slot blotting. (A) Detec-
tion of the expression levels of H3.3, H3 AcK10, H3 AcK19, and H3
AcK24 in individual lung lysates (n = 6, each) from Global Initiative for
Chronic Obstructive Lung Disease (GOLD) IV, current smokers, never-
smokers, and ex-smokers as determined by slot blot. (B) The total
acetylation levels were determined by quantitative densitometry; the
values were normalized against the total H3.3 and are shown as the
average of each group. The blue diamond represent H3 AcK24, red
circles H3 AcK19, and black triangles H3 AcK10; P < 0.005 by Kruskal-
Wallis test.

be triggered by perturbation of Ca®* flux. Our results showed
elevations of primary endothelial cell cytoplasmic (Figure 12A)
and mitochondrial Ca** levels (Figure 12B) in response to treat-
ment with H3.3. The [Ca®"]. and [Ca®"],, elevations are persistent
even after the depletion of the extracellular Ca®* (see Figure E6),
which indicates that UPR is involved in H3.3-mediated Ca’"
signaling. Significantly, the increase in mitochondrial Ca®"
resulted in a loss of mitochondrial membrane potential in a dose-
dependent manner (Figures 12C and 12D). These results sup-
ported and extended earlier work on lung tissue lysates, which
linked UPR to COPD (25); they also connected Ca" signal-
ing, impaired mitochondrial function, and H3.3 toxicity (18,
19, 30-32).

Endoplasmic reticulum stress that is associated with UPR is
also a major producer of reactive oxygen species (33-35), which

can cause tissue damage similar to that seen in COPD. The cells
defend against reactive oxygen species with pathways that are
initiated by the Nrf-2 network, and the proteome data (see
Table E6) showed that this network is activated in human
epithelial lung cells that are exposed to H3.3, thereby providing
a further tie between extracellular H3.3 and COPD.

DISCUSSION

COPD is characterized by extensive lung inflammation, cell
apoptosis, and tissue remodeling, changes that are commonly
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Figure 8. Impaired proteasomal degradation of hyperacetylated H3.3
in chronic obstructive pulmonary disease. (A) Western blots showing
in vitro evaluation of H3.3 degradation with and without hyperacety-
lation. Both acetylated and nonacetylated histones were purified from
A549 cells treated with and without histone deacetylase inhibitors.
Hyperacetylation of H3.3 was confirmed by Western blotting (Lanes
1 and 2). A 20S proteasome degradation assay was performed on these
two samples, which showed that hyperacetylated H3.3 was resistant to
degradation (Lanes 3 and 4). Proteasomal-specific degradation of H3.3
was determined by the addition of proteasome inhibitor MG132 (Lane
5). (B) Comparison of the effect of H3.3 proteasomal degradation over
16 hours with and without hyperacetylation, as quantitated by Western
blotting and densitometry analysis. All of the data are expressed as the
mean * SEM for at least three independent experiments. For all of the
comparisons P < 0.001. (C) Western blots showing the effect of ciga-
rette smoke condensate 200 pg/ml (Lane 2), dexamethasone 1 pM
(Lane 3), and theophylline 5 pg/ml (Lane 4) on H3.3 and its acetylation
in the primary lung cells. Untreated cells and the cells treated with
a combination of histone deacetylase inhibitors (Lanes 1 and 5) were
used as negative and positive controls, respectively.
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associated with shifts in gene expression that are induced by
increases in proinflammatory transcription factors (e.g., NfkB),
impaired expression of antioxidant transcription factors (e.g.,
Nrf2), and epigenetic alterations in the chromatin structure that
affects histone acetylation (36, 37). Because such changes sug-
gest histone proteome shifts that alter cell function, we pre-
dicted that a better understanding of the histone expression
would contribute to a better understanding of COPD disease
progression and perhaps new approaches to treatment. We
tested this prediction by comparing the protein composition of
a nuclear-enriched fraction of peripheral lung lysates from sub-
jects with advanced COPD (i.e., GOLD IV) to control prepara-
tions from ex-smokers with normal lung function. To eliminate
the complications that can be caused by current smoking
behavior, both groups comprised ex-smokers with similar
smoking histories.

Our results showed that several nuclear proteins that are
known to affect gene expression are elevated in the lungs of sub-
jects with COPD, the most notable being those that belong to the
core histones, especially H3.3. Relative to control subjects, the
lung samples from subjects with COPD showed increased
H3.3 in extracellular spaces, cellular debris, airway lumen mu-
cous, BALF, and plasma. We were unable to demonstrate the
origin of extracellular H3.3 in COPD lung samples; however,
the following points suggested that they are products of apopto-
sis. Core histones H2A, H2B, H3, and H4 are known to increase
early in apoptosis and can be found in the cytoplasm and exposed
on the cell surface (38). The lungs affected by COPD showed
increased apoptosis among the structural and inflammatory cells
(39). Histones are reported to be elevated in neutrophils that
are found in expectorated sputum and in alveolar pneumocytes
and pulmonary artery endothelial cells, which provides addi-
tional evidence of increased apoptosis (18, 40). Moreover, the
circulating core histones have been demonstrated to be media-
tors of trauma-associated lung injury (19). Core histone

DAPI

Merge

Figure 9. (A) H3.3 cytotoxicity
in the primary lung cells. Indirect
immunofluorescence detecting
H3.3 attached to the membrane
of the primary lung cells. The
cells were incubated with puri-
fied recombinant H3.3 (10
wg/ml) for 1 hour and were ex-
tensively washed with phosphate-
buffered saline. (B) The primary
lung cell damage was mea-
sured 24 hours after incubation
with recombinant H3.3 (10
wrg/ml) using fluorescent detec-
tion of annexin V binding and
propidium iodide incorporation.

acetylation affects gene expression by enhancing the transcrip-
tional complex access to chromatin DNA (11). Previous ChIP
assays of COPD lung tissue demonstrated increased acetylation
of H3 and H4, which are changes that are attributed to de-
creased HDAC expression and activity (10, 15, 16). Using mass
spectroscopy, a completely different methodology, we were able
to map the entire sequence and characterize with fine detail the
post-translational modifications of H3.3 in ex-smokers with and
without COPD; we found hyperacetylation of H3.3 with a pat-
tern of N-terminal lysine hyperacetylation (Lys 10, 15, 19, and
24) in four of the six acetylation targets (41). We also reported
a novel observation of C-terminal lysine acetylation (Lys 116).
Although we have not studied the effect of Lys 116 acetylation
directly, a reduction in the histone-positive charge from acety-
lation is known to enhance chromatin unwinding and lead to an
increased transcription of the inflammatory proteins that are
associated with COPD (41). Acetylation reduces the sensitivity
to proteasome degradation (42, 43); thus, Lys 116 acetylation
could contribute to the observed H3.3 increase. Resistance to
proteasome degradation caused by H3.3 acetylation is supported
by our in vitro assays (Figure 8; see Figures ESA and E5B), which
demonstrated that histone modifications, especially acetylations,
promote resistance to 20S proteasome degradation; these results
were in agreement with a previous report (25).

Because previous studies have shown that core histones are
cytotoxic to endothelial cells and our results show 8.2-fold in-
crease for H3.3 (see Table E2), compared with 1.8- and 1.9-fold
for H4 and H2b (Figure 10C), and H4 and H2b were 26% and
89% less toxic than H3.3, we chose to pursue the mechanism of
cytotoxicity of H3.3. It is possible that H4 and H2b could play
a minor role in inducing cellular toxicity and their effect has to
be pursued in future studies. Post-translational modification
analysis indicates a greater modification of H3.3 (see Table
E4; Figure 5), which suggests greater resistance to proteasome
degradation and helps to account for the higher levels of H3.3.
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Histones H3.1, H3.2, and H3.3 have cell cycle functions with
expression patterns (44), but H3.3 has been reported to be
expressed independent of the cell cycle stage, with protein
translocation to active gene transcription regions (45).

Our data suggested that molecular modifications of histones
and their release from apoptotic cells could trigger further
apoptosis, thus creating a pathogenic cascade. The addition of
H3.3 to cultured human airway epithelial cells produces dose-
and time-dependent caspase activation (Figure 11), a finding
that is consistent with earlier studies that reported that free core
histones cause cultured human pulmonary artery endothelial
cells to undergo apoptosis (18, 19, 29, 40).

Core histones bind to and disrupt cell membranes, causing an
increase in Ca* influx (19) and mitochondrial toxicity (30). Our
results support these studies and show specifically that H3.3-
induced apoptosis involves binding to cell membrane, induction
of Ca®* influx, emptying of ER Ca®" pools, induction of UPR,
elevation of [Ca?*],,, and mitochondrial toxicity.

expressed as the mean * SEM
of at least three independent
experiments.

UPR has prosurvival and proapoptotic signaling pathways. If
prosurvival signaling allows resolution of the stress condition, the
cell survives; if prosurvival signaling fails, the proapoptotic path-
ways dominate and the cell undergoes apoptosis. One prosurvival
response is the increase in ER-resident chaperones, such as GRP78/
calreticulin/calnexin/GRP94 and GRP170, and foldases, such as PDI
(46). We find that H3.3 exposure causes an elevation in ER chap-
erones GRP78 and GRP94, and the foldase PDI A4 (see Table E6).
One proapoptotic pathway is triggered by the activation of PERK,
which leads to enhanced translation of transcription factor CHOP
(47). CHOP inhibits the expression of the antiapoptotic factor BCL-
2 and activates the ER-resident caspase 7 (48, 49), an apoptosis
enzyme. We show that H3.3 exposure results in the activation of
CHOP and also phosphorylation of elF2a (Figure 11), which is
evidence of apoptosis induction by PERK signaling. Phosphorylated
elF2a is crucial for the proapoptosis path because it facilitates the
translation of selected mRNAs simultaneously globally repressing
the translation of others. Inhibition of eIF2« allows up-regulation of
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Figure 11. (A) Western blots showing the cleavage of the apoptotic
markers caspase 3 and 9, and the unfolded protein response apoptotic
markers CHOP, elF2«, and GRP78, from primary cells that were treated
with H3.3. The concentration of H3.3 (10 pg/ml) that was used was
similar to the concentration that was present in the epithelial lining
fluid of chronic obstructive pulmonary disease lungs, based on the
calculations from the amounts in the bronchoalveolar lavage fluid.
(B) Measurement of time-dependent caspase 7 activation by Western
blotting of endoplasmic reticulum (ER)-enriched and cytoplasmic frac-
tions to determine the mechanism that is implicated for H3.3 cytotox-
icity. The primary cells were incubated with H3.3 (10 pg/ml) for the
time period indicated and were subsequently subjected to subcellular
fractionation, to separate ER-enriched and cytoplasmic fractions.
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the prosurvival factor ATF4, which enhances ER chaperone expres-
sion, thus helping to resolve the stress of misfolded proteins
in the ER. Our proteome data also indicate the activation of
Nrf2, which up-regulates the expression of antioxidant and
xenobiotic metabolizing enzymes (50). PERK also directly
phosphorylates Nrf2, which facilitates its dissociation from
the cytoplasmic inhibitor, KEAP1, and its translocation to
the nucleus (51).

We reported several COPD-specific changes in lung histones
that include an overall increase in H3.3, the presence of extra-
cellular H3.3, H3.3 hyperacetylation, and a novel H3.3 acetyla-
tion site. We confirmed that hyperacetylation reduces H3.3
sensitivity to proteasome degradation which, in combination
with the reported reduction of proteasome activity in COPD
lungs and increased H3.3 transcription, helps to account for
the increase in lung H3.3. We also confirmed the presence of
H3.3 on lung cell membranes and the ability of this histone
to induce apoptosis in the primary cultures of human airway
epithelial cells and lung endothelial cells. Our data for the first
time indicated that H3.3-induced apoptosis is driven, at least in
part, by a UPR response and, in part, by Ca?*-induced mito-
chondrial toxicity. We conclude that COPD disease progres-
sion includes a positive feedback, self-sustaining cascade of
apoptosis that results in the release of degradation-resistant
histones, especially H3.3, which induce further lung cell
apoptosis.
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Figure 12. Changes in human endothelial cell cytoplasmic and mitochondrial matrix [Ca?*] in response to H3.3 were simultaneously measured by
fluo-4 and rhod-2 imaging, respectively. (A) Representative images of human endothelial cells showing cytosolic (green) and mitochondrial (red)
[Ca®*] before, during, and after histone 3.3 exposure. (B) Changes in cytoplasmic (green) and mitochondrial matrix (red) [Ca®"] responses in
response to H3.3 (10 ng). n = 3. (C) Representative images showing TMRE (mitochondrial membrane potential indicator) fluorescence in human
endothelial cells treated with 10, 20, or 50 pg/ml of H3.3 for 24 hours. Untreated cells served as controls. (D) Bar chart represents the quantitation of
nuclear TMRE fluorescence (indicator of membrane potential loss). n = 3.
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