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Chronic obstructive pulmonary disease (COPD) involves aberrant airway inflammatory responses to cigarette 
smoke (CS) that are associated with epithelial cell dysfunction, cilia shortening, and mucociliary clearance 
disruption. Exposure to CS reduced cilia length and induced autophagy in vivo and in differentiated mouse 
tracheal epithelial cells (MTECs). Autophagy-impaired (Becn1+/– or Map1lc3B–/–) mice and MTECs resisted 
CS-induced cilia shortening. Furthermore, CS increased the autophagic turnover of ciliary proteins, indicating 
that autophagy may regulate cilia homeostasis. We identified cytosolic deacetylase HDAC6 as a critical regu-
lator of autophagy-mediated cilia shortening during CS exposure. Mice bearing an X chromosome deletion 
of Hdac6 (Hdac6–/Y) and MTECs from these mice had reduced autophagy and were protected from CS-induced 
cilia shortening. Autophagy-impaired Becn1–/–, Map1lc3B–/–, and Hdac6–/Y mice or mice injected with an HDAC6 
inhibitor were protected from CS-induced mucociliary clearance (MCC) disruption. MCC was preserved in 
mice given the chemical chaperone 4-phenylbutyric acid, but was disrupted in mice lacking the transcription 
factor NRF2, suggesting that oxidative stress and altered proteostasis contribute to the disruption of MCC. 
Analysis of human COPD specimens revealed epigenetic deregulation of HDAC6 by hypomethylation and 
increased protein expression in the airways. We conclude that an autophagy-dependent pathway regulates cilia 
length during CS exposure and has potential as a therapeutic target for COPD.

Introduction
Chronic obstructive pulmonary disease (COPD) contributes sub-
stantially to the global burden of disease as the fourth leading 
cause of morbidity and mortality worldwide (1). The pathogenesis 
of COPD remains poorly understood, but involves aberrant inflam-
matory and cellular responses of the lung caused by chronic ciga-
rette smoke (CS) exposure (2). The complex pathology of this dis-
ease results in two major clinical phenotypes: bronchitis associated 
with airway inflammation and mucus obstruction and emphysema 
characterized by loss of alveolar surface area for gas exchange (3).

Epithelial cells lining the airways and alveoli represent a primary 
target of inhaled CS. The mechanisms underlying CS-induced epi-
thelial cell injury and dysfunction remain unclear, but may include 
a protease/antiprotease imbalance, inflammation, oxidative stress, 

and programmed cell death (2–4). Recent studies have suggested 
additional pathway mechanisms involving altered protein homeo-
stasis (proteostasis) (5, 6), including ER stress, inhibition of the 
ubiquitin-proteasome system (7–9), and autophagy (10–13), all of 
which potentially contribute to the pathogenesis of chronic lung 
diseases and emphysema (5).

Autophagy refers to a dynamic process by which cytoplasmic 
organelles and proteins are sequestered into autophagosomes 
that subsequently fuse with lysosomes, leading to the degrada-
tion of cargo by lysosomal hydrolases (14, 15). At least thirty 
autophagy-related (Atg) proteins regulate autophagy in eukary-
otes (16). Among these, beclin 1 (the mammalian homolog of 
yeast Atg6) represents a major upstream autophagic regulator 
(17). Beclin 1 associates with a macromolecular complex that 
includes the class III phosphatidylinositol-3 kinase (Vps34), 
which produces phosphatidylinositol-3-phosphate, a second 
messenger that regulates autophagosomal nucleation (18). 
Microtubule-associated protein light chain (LC3, a homolog of 
yeast Atg8), a ubiquitin-like protein, assimilates into maturing 
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autophagosomes (19). Conversion of LC3-I (cytosolic form) to 
its phosphatidylethanolamine-conjugated form (LC3B-II) rep-
resents a key step in autophagosome formation (19).

While the ubiquitin-proteasome system functions as the pri-
mary mechanism for cellular protein turnover (20), ubiquitinated 
or misfolded proteins that are not degraded by the proteasome 
form insoluble aggregates that are degraded by autophagy (21). 
The specialized degradation of denatured proteins by autophagy 
involves a selective pathway (aggrephagy) by which ubiquitinated 
protein aggregates are organized into inclusion bodies (aggre-
somes) and then targeted to autophagosomes by specific adaptor 
proteins (e.g., p62/SQSTM1) (22–24).

In the lungs, the mucociliary escalator acts as a primary innate 
defense mechanism, in which motile ciliated epithelial cells elimi-
nate particles and pathogens trapped in mucus from the airways. 
Disruption of airway epithelial cell function upon CS exposure 
results in impaired mucociliary clearance (MCC) (25–27). In 
patients with COPD, impaired airway clearance may promote 
susceptibility to respiratory infections (2). Disruption of MCC in 
response to CS exposure is attributed to a reduction in epithelial 
cell cilia length and airway epithelial cell death (4, 25–27), followed 
by reepithelialization dominated by goblet cells, resulting in excess 
mucus production (28). The mechanisms by which CS-induced 
epithelial cell dysfunction leads to cilia shortening and altered air-
way function in vivo remain unclear. Currently, few advances have 
been made to alleviate MCC disruption and bronchitis associated 
with the pathogenesis of COPD, with most therapeutic options 
focusing on inhaled bronchodilators and corticosteroids (29).

Ciliated cells of the respiratory tract have large numbers of 
motile cilia, each nucleated by a basal body, from which extends 
the ciliary axoneme (30). Motile cilia are dynamic organelles 
that depend on ATP-driven motor proteins for motility and 
on intraflagellar transport for structural maintenance (31). 
Recent observations in single-celled organisms suggest that 
cilia resorption or shortening requires the ubiquitination of 
ciliary proteins followed by cytoplasmic translocation for deg-
radation (32). Primary cilia disassembly and shortening have 
been previously attributed to several signaling molecules, 
including the human enhancer of filamentation protein 1  
(HEF1), aurora A (AurA), histone deacetylase 6 (HDAC6) and gly-
cogen synthase kinase β (GSK3β) (33, 34). Little is known about 
the processes that regulate motile ciliary length in human airways.

Recent studies suggest that cytosolic and/or histone deacety-
lases (HDACs) represent novel therapeutic targets for modula-
tion of the autophagic pathway (35). Among these, the cytosolic 
deacetylase HDAC6, which contains ubiquitin-binding and 
dynein-interacting domains, has emerged as a pleiotropic regu-
lator of cellular function. HDAC6 controls diverse cellular pro-
cesses through deacetylating and destabilizing microtubules 
(33), facilitating the retrograde transport of ubiquitinated pro-
teins into aggresomes (36, 37) and enhancing autophagosome- 
lysosome fusion (38). The roles of HDAC6 in motile cilia of 
the airways, in cellular responses to CS exposure, and in COPD 
pathogenesis have not been previously studied.

We have previously demonstrated increased autophagic protein 
expression and autophagosome accumulation in cultured epithe-
lial cells and in the lungs of COPD patients (10). In the current 
study, we examined the mechanism(s) by which autophagy reg-
ulates airway function and ciliated epithelial cell length during 
CS exposure. We also examined the mechanisms by which ubiq-

uitination and/or autophagy can promote the turnover of mam-
malian ciliary proteins in experimental and human COPD. We 
report here that HDAC6 and other regulators of the autophagic 
pathway adversely impact cilia length, phenotypic responses, and 
functional airway outcomes during CS exposure in a process we 
term “ciliophagy.” Our findings suggest new therapeutic targets 
for improving airway function during chronic lung diseases such 
as COPD through the maintenance of epithelial cell proteostasis 
and modulation of the autophagic pathway.

Results
CS causes cilia shortening in primary airway epithelial cell cultures asso-
ciated with a proautophagic phenotype. We sought to understand the 
mechanisms by which CS exposure disrupts the function of cili-
ated epithelial cells of the respiratory tract and their impact on 
airway function. As cultured epithelial cell lines or primary cell 
lines cannot form motile cilia, we developed a physiologically 
relevant model of highly differentiated mouse tracheal epithelial 
cells (MTECs) grown at the air-liquid interface (ALI). To simu-
late the effects of CS on cilia homeostasis in the lung, we used 
a novel microenvironment total particulate matter–controlled 
(TPM-controlled) chamber in which the apical surface of MTEC 
cultures was exposed to mainstream CS (39). Using this model, we 
observed that CS exposure exerted dose-dependent effects on the 
morphology and viability of MTECs.

Immunofluorescence imaging using acetylated α-tubulin 
demonstrated dose-dependent changes in ciliated cell morphol-
ogy in MTECs after a 24-hour exposure to CS (50–100 mg/m3). 
Cultures exposed to 50 mg/m3 CS displayed cilia shortening, 
whereas substantial ciliated cell loss occurred only at a dose of 
100 mg/m3 CS (Figure 1A). Immunofluorescence analysis did 
not reveal evidence of detached cilia in apical washes (H.C. Lam, 
unpublished observations).

Cultures that were treated with CS at a TPM dose of 50 mg/m3  
recovered epithelial integrity and retained viability 24 hours 
after treatment. However, cultures exposed to CS at 100 mg/m3 
lost integrity and viability, as determined by the decline in tran-
sepithelial electrical resistance (TER) (Supplemental Figure 1A;  
supplemental material available online with this article; 
doi:10.1172/JCI69636DS1), increased lactate dehydrogenase 
(LDH) release into the media (Supplemental Figure 1B), and 
loss of cellular ATP (Supplemental Figure 1C). Furthermore, 
a dose of 50 mg/m3 CS did not induce apoptosis, whereas  
100 mg/m3 increased the number of apoptotic cells as deter-
mined by annexin V–positive and propidium iodide–negative 
staining (Supplemental Figure 1D) or scanning electron micros-
copy (SEM) of cell morphology (Supplemental Figure 1E).

To further understand the effect of CS on cilia morphology, we 
analyzed cilia length in MTECs subjected to CS by SEM imaging and 
quantification (Figure 1, B–C). CS exposure at doses of 50 mg/m3  
(Figure 1, B–C) and 100 mg/m3 (data not shown) dramatically 
increased the population of cells with shortened cilia. CS caused 
a dose-dependent reduction in mean cilia length (Figure 1C). To 
accurately assess the extent of cilia shortening in MTEC cultures, 
we used an empiric threshold of 0.6 AU to filter the cilia length fre-
quency histogram (Figure 1B) into “short” and “long” cilia length 
morphology (40) (see detailed description in Methods). Using this 
analysis, we show that CS dose-dependently reduced the number of 
epithelial cells scoring for long cilia morphology. Taken together, 
these data indicate that cilia shortening, rather than ciliated  
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epithelial cell death, is the major phenotype of epithelial cells 
exposed to acute 50 mg/m3 CS exposure and that loss of epithelial 
cell integrity occurs at the higher dose of 100 mg/m3 CS exposure.

Next, we performed ultrastructural analysis of MTECs sub-
jected to CS exposure using transmission electron microscopy 
(TEM). CS exposure (50 mg/m3) increased autophagosome for-
mation in ciliated cells (Figure 1D). Consistently, CS exposure 

at this dose caused increases in GFP-LC3 puncta formation in 
MTECs isolated from GFP-LC3B mice, indicative of autopha-
gosome formation (Figure 1E). Consistent with our toxicological 
observations (Supplemental Figure 1), TEM analysis of MTECs 
exposed to CS at 100 mg/m3 demonstrated cellular degeneration 
with excess autophagic vacuole formation and significant ciliary 
degeneration (Figure 1D).

Figure 1
Cigarette smoke causes cilia loss and shortening and increased autophagy in primary cultured epithelial cells. (A) Cells exposed to 50 or 100 mg/m3 
were harvested 24 hours after exposure and analyzed for the cilia marker acetylated α-tubulin, F-actin, and Hoechst staining by confocal xy- or z-stack 
analysis. Scale bar: 10 μm. Arrows indicate intact cilia; arrowheads indicate shortened cilia. Dara are representative of three independent experiments. 
Quantification of ciliated cells (right) was performed based on the morphological appearance of acetylated α-tubulin–positive cells normalized to total 
nuclei. (B) Distribution of cilia lengths by SEM in MTECs 24 hours after exposure to 50 mg/m3 CS. Distributions were constructed by creating histo-
grams from 0.2 AU bins, equally weighting each sample. (C) Average cilia length and change in the number of cells with cilia lengths of 0.6 AU or more 
in MTECs exposed to 50 or 100 mg/m3 CS. Cilia lengths were calculated from 10 SEM images/MTEC culture (n = 3). The number of MTECs with cilia 
lengths of 0.6 AU or more were calculated from 5 SEM images per sample (n = 4 cultures/group) normalized to controls. (D) Ciliated MTECs were 
analyzed for ultrastructural changes 24 hours after exposure to CS at the indicated doses. Red arrows indicate autophagosomes/autophagolysosomes. 
a, axoneme; bb, basal body; m, mitochondria. Scale bar: 500 nm. Image is representative of 45 images (n = 1 MTEC culture). (E) Autophagosome-as-
sociated GFP-LC3 puncta were imaged and quantified (right) by confocal microscopy in control- and CS-treated (50 mg/m3) MTECs (5 images/culture 
from 3 MTEC cultures). All data are the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA followed by a Bonferroni’s post test. 
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To determine whether increased autophagosome formation 
correlated with autophagic activity in MTECs treated with  
50 mg/m3 CS, we implemented in vitro autophagic flux assays. 
These assays were designed to provide an estimate of intrinsic 
autophagic activity present in the MTECs following CS expo-
sure by assessing the steady-state levels of the autophagic sub-
strates LC3B and p62 in the absence and presence of chloroquine 
(CQ), an inhibitor of lysosomal acidification (41–43). Analysis of 
autophagic flux in MTECs treated with CS (50 mg/m3) revealed 
that CS caused an immediate increase in the lysosomal degrada-
tion of LC3B and p62, suggestive of increased autophagic activity 
(Supplemental Figure 2, A–C).

Similar to observations in MTECs, autophagosome accumula-
tion in conjunction with cilia shortening was observed in differen-
tiated human epithelial cell cultures exposed to aqueous cigarette 
smoke extract (CSE) by TEM and SEM of the apical cell surface 
(Supplemental Figure 3, A and B). Taken together, these results 
indicate that CS can cause cilia shortening and concomitant 
increases in markers of autophagy, whereas elevated doses of CS 
(e.g., 100 mg/m3) cause epithelial cell death.

CS causes cilia shortening in the airways in vivo that is associated with 
increased autophagy. To study the effects of CS on airway mor-
phology, we used an in vivo model of CS exposure. C57Bl/6 mice 
were exposed in modular chambers to room air (RA) or to CS for  
2 hours per day (150 mg/m3), 5 days per week for up to 6 months. 
Using this model, we assessed the effects of CS on the ultrastruc-
ture of ciliated cells of the airway using TEM. Similar to our in 
vitro observations, viable airway cells exposed to CS for 1 week 
displayed increased numbers of autophagosomes, whereas some 
individual cells displayed morphological features of cell death, 
were devoid of ciliary axonemes, and contained numerous degra-
dative autophagic vacuoles (Figure 2A).

Quantification of cilia from H&E-stained lung sections 
containing large airways (diameter >200 μm) revealed that 
2 months of CS exposure dramatically increased a popula-
tion of cells with shortened cilia and caused a reduction in 
mean cilia length (Figure 2B). Immunohistochemical stain-
ing of airway epithelia using the ciliary protein IFT88 revealed 
marked cilia shortening and loss after 3 months of CS exposure  
in vivo (Figure 2C).

Figure 2
CS causes cilia shortening and 
increased autophagy in vivo. (A) Cil-
iated mouse tracheal cells were ana-
lyzed by TEM after a 1-week exposure 
to CS or RA in vivo. Image is represen-
tative of 15 EM fields taken from 2 to  
3 mice. Scale bar: 500 nm. Red arrows 
indicate autophagosomes. n, nuclei; 
m, mitochondria; black arrows indicate 
mitochondrial cristae. (B) Distribu-
tion of cilia lengths and the average 
cilia length of H&E-stained airways 
exposed to RA or CS for 2 months. Dis-
tributions were constructed by creating 
histograms from 0.4 AU bins, equally 
weighting each sample. The aver-
age cilia length (right) was calculated 
by measuring a minimum of 3 cilia in 
every multiciliated cell and normalizing 
to CTL (n = 3–4/group, 10 H&E-stained 
images/sample). (C) Ciliated cells of 
mouse respiratory epithelium follow-
ing 3 months of RA or CS exposure 
were immunohistochemically labeled 
by IFT88. Scale bar: 10 μm. Arrows 
indicate intact airway cilia; arrowheads 
indicate shortened airway cilia. Image 
is representative of 3 to 4 determina-
tions. (D) Autophagic flux, as measured 
by LC3B turnover in the lungs of mice 
exposed to RA (n = 3) or CS (n = 3) for 
1 week or 2 months, was determined 
immediately after the final exposure 
to CS (t = 0 hours) or 24 hours later  
(t = 24 hours) by injecting with 
the autophagic inhibitor leupeptin  
(40 mg/kg), as described in Methods. 
All data are the mean ± SEM. *P < 0.05 
and ***P < 0.001 by an unpaired Stu-
dent’s t test (B), or by one-way ANOVA 
followed by a Bonferroni’s post test (D).
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To determine whether increased autophagosome formation cor-
related with autophagic activity in the lungs of CS-treated mice, 
we implemented in vivo autophagic flux assays developed in our 
laboratory (44). These assays were designed to provide an estimate 
of intrinsic autophagic activity present in the tissue immediately 
following and the first 24 hours after smoking cessation. Mice 
subjected to RA or CS for 1 week or 2 months received a single 
i.p. injection of leupeptin, which inhibits lysosomal degradation 
of proteins, at 0 hours or 24 hours following smoking cessation. 
Subsequently, mice were sacrificed 2 hours after injection, and 
the lungs were harvested for protein. Autophagic flux was calcu-
lated as the difference in steady-state levels of LC3B in the absence 
or presence of leupeptin. Analysis of LC3B steady-state levels in 
a lysosome-enriched fraction of lung homogenates revealed the 

time-dependent increase in leupeptin-sensitive LC3B degradation 
in vivo, which persisted 24 hours after CS exposure (Figure 2D 
and Supplemental Figure 2D). These results support the conclu-
sion that CS caused a cumulative increase in autophagic flux in 
lung tissue. Taken together, these results indicate that CS causes 
ciliated epithelial cell shortening and cilia dysfunction in vivo in 
association with increased autophagy.

Becn1+/– epithelial cells are resistant to CS-induced cilia shortening. 
Given that increased indicators of autophagy correlated with 
cilia shortening in response to CS, we hypothesized that modula-
tion of the autophagic pathway could affect cilia length. To study 
the relationship between autophagy and cilia length, we used a 
mouse model of autophagy deficiency with beclin 1 heterozygous 
knockout mice (Becn1+/–) (45). Becn1+/– mice were confirmed to 

Figure 3
Autophagy impairment prevents cilia shortening in response to CS. (A) Autophagosomes per area were quantified from TEM images  
(10–15 images/mouse) of ciliated airway epithelial cells in Becn1+/+ and Becn1+/– mice exposed to RA or CS for 6 months (n = 2–4 /group).  
(B) Autophagic flux was assessed by LC3B turnover in Becn1+/+ and Becn1+/– mice exposed to CS or RA for 6 months (n = 3–4 mice/group). 
(C) Representative SEM in Becn1+/+ and Becn1+/– MTECs 24 hours after treatment with CS (50 mg/m3). Red arrows indicate intact cilia; red 
arrowheads indicate shortened cilia. Scale bar: 500 nm. (D) Change in cilia length and (E) cells with cilia lengths of 0.6 AU or more in Becn1+/+ 
and Becn1+/– MTECs 24 hours after treatment with CS (50 mg/m3). (F) Change in cilia length and (G) cells with cilia lengths of 0.6 AU or 
more in Map1lc3b+/+ and Map1lc3b–/– MTECs 24 hours after treatment with CS (50 mg/m3). MTEC cilia lengths were calculated from 10 SEM 
images per experiment (n = 3). The number of MTECs with cilia lengths of 0.6 AU or more were calculated from 5 SEM images per sample  
(n = 4 cultures/group) normalized to controls. (H and I) Change in cilia length in (H) Becn1+/+ and Becn1+/– mice or (I) in Map1lc3b+/+ and 
Map1lc3b–/– mice exposed to CS for 2 months (n = 4 mice/group; 10 H&E-stained images/mouse). The average cilia length per image was  
calculated by measuring >3 cilia for every ciliated cell and normalizing to controls. All data are the mean ± SEM. *P < 0.05, **P < 0.01,  
and ***P < 0.001 by one- or two-way ANOVA and Bonferroni’s post tests.
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be impaired with respect to the CS-induced autophagic response 
based on decreased lung tissue autophagosome numbers and 
decreased autophagic flux after CS exposure (as assessed by elec-
tron microscopy and lysosomal turnover of LC3B, respectively) 
(Figure 3, A and B, and refs. 10, 44). Subsequently, we isolated 
MTECs from Becn1+/– mice and subjected them to CS exposure 
at the ALI. Using SEM to evaluate cilia morphology, we found 
that WT (Becn1+/+) MTECs sustained greater cilia shortening in 
response to CS relative to Becn1+/– MTECs. Quantification of SEM 
images of WT MTECs confirmed that CS caused a reduction in 
mean cilia length and reduced the number of epithelial cells with 
long cilia (using an empirical cutoff of 0.6 AU; see Methods). In 
contrast, Becn1+/– MTECs were protected from CS-induced cilia 
shortening (Figure 3, C–E). Similarly, Map1lc3b–/– MTECs, which 

are deficient in the autophagic protein LC3B, were protected 
from CS-induced cilia shortening relative to their correspond-
ing WT MTECs (Figure 3, F and G). We also examined the effect 
of autophagy proteins on cilia length in vivo in mice exposed to 
CS for 2 months. Becn1+/– (Figure 3H) or Map1lc3b–/– (Figure 3I) 
mice were resistant to cilia shortening in airway sections relative 
to their corresponding WT mice after 2 months of CS exposure.

As primary cilia are present on most quiescent cells and are 
formed in response to starvation (46), we also confirmed the role 
of beclin 1 in primary cilia regulation using starvation to pro-
mote cilia formation in fibroblasts (Supplemental Figure 4A).  
In this model, primary cilia of Becn1+/– fibroblasts were pro-
tected from CSE-induced, but not growth factor–induced, pri-
mary cilia resorption compared with Becn1+/+ cells, suggesting 

Figure 4
HDAC6 deficiency prevents cilia shortening in response to CS. (A) HDAC6 colocalized with acetylated α-tubulin (arrows) in mouse airway cryo-
sections. Image is representative of three to four determinations. Scale bar: 10 μm. (B) Autophagosomes were quantified in tracheal epithelial 
cells of Hdac6+/Y (n = 4/group) and Hdac6–/Y mice (n = 2/group) exposed to RA or CS for 6 months. (C) Autophagic flux was assessed by LC3B 
turnover in the lungs of Hdac6+/Y and Hdac6–/Y mice (n = 3–4/group) following 6 months of CS exposure. (D) Hdac6+/Y and Hdac6–/Y MTEC con-
trol cultures or MTECs exposed to 50 mg/m3 CS were analyzed by SEM. Arrows indicate ciliated cells and arrowheads indicate shortened cilia.  
(E) Change in cilia lengths of Hdac6+/Y and Hdac6–/Y MTECs exposed to 50 mg/m3 CS (n = 3 experiments; 10 SEM images/sample; average 
cilia length/image was calculated by measuring a minimum of 3 cilia for every multiciliated cell and normalizing to Hdac6+/Y untreated control cul-
tures). (F) Number of Hdac6+/Y and Hdac6–/Y MTECs with cilia longer than 0.6 AU 24 hours after exposure to 50 mg/m3 CS (n = 3 cultures/group;  
5 SEM images/sample normalized to Hdac6+/Y control cultures) (G) Change in cilia lengths in Hdac6+/Y and Hdac6–/Y mice exposed to CS for  
2 months (n = 3–4 mice/group; 10 H&E-stained images/mouse; average cilia length/image was calculated by measuring a minimum of 3 cilia in 
every ciliated cell and normalizing to WT RA controls). All data are the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one- or two-way 
ANOVA with Bonferroni’s post tests.
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that autophagy plays a critical role in stress-induced primary 
cilia resorption (Supplemental Figure 4, A and B).

Protection against cilia shortening in Becn1+/– MTECs in response to 
CS is independent of cell death regulation. Although autophagy is a 
prosurvival response during starvation, we previously reported 
that increased expression of autophagic proteins was associated 
with apoptotic cell death in CS-exposure models (10, 11, 47). 
We therefore assessed the relative role of cell death in the effects 
of autophagy on cilia length during CS exposure using WT or 
Becn1+/– MTECs. Exposure to 50 mg/m3 CS, which caused cilia 
shortening in MTECs (Figure 1), did not cause loss of cell viabil-
ity, as measured by TER and LDH release (Supplemental Figure 5,  
A and B), or apoptosis, as evaluated by SEM and caspase-3 cleavage 
(Supplemental Figure 5, C and D) in either WT or Becn1+/– MTECs.

At elevated CS exposure levels (100 mg/m3 CS), however, which 
cause loss of cell integrity and apoptosis (Supplemental Figure 1),  
the Becn1+/– cultures were protected from injury relative to Becn1+/+ 
MTECs, as measured by TER and LDH release (Supplemental 
Figure 5, A and B), and displayed reduced apoptotic cells and 
caspase-3 cleavage relative to Becn1+/+ MTECs (Supplemental 
Figure 5D). Similar results were obtained with LC3B knockout 
(Map1lc3b–/–) MTECs exposed to 100 mg/m3 CS (Supplemental 
Figure 5, D and E). Interestingly, treatment of MTECs with the 
general autophagy inhibitor 3-methyladenine (3-MA) attenuated 
CS-induced caspase-3 cleavage after 100 mg/m3 CS treatment 
(Supplemental Figure 5F).

CS modulates the expression of proteins involved in cilia regulation in 
epithelial cells. In addition to modulation of autophagy as a general 
mechanism, we next sought to determine whether CS can affect 
the expression of proteins known to regulate primary cilia length. 
Using human bronchial epithelial (HBE) cells as a primary screen, 
we examined the effects of CS on the expression of AurA, HEF1, and 
HDAC6. HBE cells were treated with 20% CSE (approximately equiv-
alent to 50 mg/m3 CS for 24 hours). CSE increased the expression 
of AurA and HDAC6 in a time-dependent manner (Supplemental 
Figure 6A). Furthermore, CSE caused a time-dependent increase in 
the inhibitory phosphorylation of GSK3β, a protein involved in pri-
mary cilia maintenance (34). Interestingly, CSE increased levels in 
HBE cells of acetylated α-tubulin, a known HDAC6 substrate (Sup-
plemental Figure 6A). CSE had no effect on the expression of HEF1 
in HBE cells. Consistent with these findings, exposure to 50 mg/m3 
CS caused a time-dependent increase in HDAC6 protein expression 
in primary MTECs (Supplemental Figure 6B).

Hdac6–/Y mouse tracheal epithelial cells, which are deficient in autoph-
agy, were resistant to CS-induced cilia shortening. HDAC6, known to 
regulate primary cilia resorption, has also been shown to regu-
late autophagy at the step of autophagosome-lysosome fusion in 
mouse embryonic fibroblasts (38). We therefore sought to deter-
mine whether changes in HDAC6 expression and the associated 
regulation of autophagy could regulate airway epithelial cilia 
length in vitro and in vivo. We first examined the regulation of 
HDAC6 in the airways of mice after CS exposure. Importantly, 
in vivo analysis of airway epithelia revealed that HDAC6 local-
ized to the apical cell surface and costained with the cilia marker 
acetylated α-tubulin (Figure 4A). We then chose to further study 
the functional role of HDAC6 in ciliary responses to CS exposure 
with a loss-of-function approach using mice deficient in HDAC6 
expression (Hdac6–/Y). We determined that Hdac6–/Y mice were 
autophagy deficient, as shown by reduced autophagosome forma-
tion (Figure 4B) and decreased autophagic flux in response to CS 

exposure (Figure 4C). We isolated MTECs from Hdac6–/Y mice and 
exposed them to CS in vitro. SEM analysis revealed that Hdac6–/Y 
MTECs were resistant to cilia shortening in response to CS com-
pared with the WT Hdac6+/Y cultures (Figure 4D). CS caused a 
reduction in mean cilia length and reduced the number of epithe-
lial cells with long cilia (using a cutoff of 0.6 AU) in WT cells. In 
contrast, Hdac6–/Y MTECs were protected from CS-induced cilia 
shortening (Figure 4F). Hdac6–/Y mice were resistant to cilia short-
ening in the airways after exposure to CS in vivo for 2 months, as 
determined by quantification of cilia from H&E images of large 
airways (Figure 4G).

We also examined the role of HDAC6 in CS-induced epithe-
lial cell death. Similar to observations using Becn1+/– MTECs, 
Hdac6–/Y cultures displayed no differential phenotype relative 
to WT cultures with respect to cell death at 50 mg/m3 CS. In 
response to 100 mg/m3 CS exposure, Hdac6–/Y cultures were pro-
tected from injury, as measured by LDH release (Supplemental 
Figure 7A), and exhibited reduced apoptotic cells, as determined 
by SEM and caspase-3 cleavage relative to Hdac6+/Y MTECs (Sup-
plemental Figure 7, B and C). Taken together, these results indi-
cate that in addition to core autophagic proteins (e.g., beclin 1), 
the cytosolic deacetylase HDAC6 plays a role in cilia shortening 
in the airways in response to CS.

CS-induced autophagic processing of ubiquitinated proteins is reg-
ulated by HDAC6. In addition to the regulation of autophagy, 
HDAC6 is also implicated in the efficient autophagic processing 
of ubiquitinated protein aggregates in diverse models, includ-
ing mouse embryonic fibroblasts, human A549 and 293T cells, 
and Drosophila melanogaster (36, 37, 48, 49). We therefore assessed 
the role of HDAC6 in protein aggregation and clearance after 
CS exposure. CS, a potent prooxidant agent, is known to alter 
protein homeostasis by causing the oxidative modification of 
proteins, the disruption of protein folding, as well as altered pro-
tein processing in the ER, leading to the formation of protein 
aggregates (7–9). Consequently, protein aggregates may be solu-
bilized by protein chaperones and removed by proteosomal deg-
radation, or organized in centralized aggresomes and removed by 
the autophagic pathway (50). Consistently, we observed that CS 
induced global protein ubiquitination in WT MTECs (Figure 5A).  
In contrast, MTECs deficient in HDAC6 (Hdac6–/Y) displayed 
increased levels of protein ubiquitination under basal conditions 
as well as after CS exposure relative to WT MTECs (Figure 5A).  
Staining of WT MTECs with a stain specific for aggregated pro-
tein revealed that CS exposure causes the formation of large 
perinuclear cytosolic aggregates (aggresomes) in ciliated cells 
(Figure 5B and Supplemental Figure 8A). Conversely, Hdac6–/Y 
ciliated MTECs displayed increased diffuse cytosolic staining for 
protein aggregation without evidence of aggresome formation  
(Figure 5B and Supplemental Figure 8A).

The incidence of protein aggregate puncta induced by CS 
in MTECs could be further augmented by treatment with CQ  
(Figure 5C). Similar results were observed in cultured epithelial 
cells in which CQ treatment increased the steady-state levels of 
ubiquitinated protein to a greater extent in CSE-exposed cells rel-
ative to control cells (Supplemental Figure 8B). Confocal analysis 
revealed that protein aggregates induced by CS colocalized with 
the autophagosome marker LC3B (Supplemental Figure 8C). 
These results, taken together, suggest that ubiquitinated protein 
aggregates induced by CS are cleared in part through HDAC6-
mediated autophagic pathway processing.
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Nrf2 deficiency increases HDAC6 expression. We hypothesized 
that HDAC6 may be regulated in response to increased protein 
ubiquitination. We therefore examined the relationship between 
protein ubiquitination and HDAC6 expression using a genetic 
model of susceptibility to oxidative stress (51). Mice genetically 
deficient in nuclear factor erythroid 2–related factor (Nrf2–/–), a 
master regulator of the cellular antioxidant response, have been 
previously shown to display impaired proteasomal activity and 
heightened ER stress (8) as well as increased susceptibility to air-
space enlargement after chronic CS exposure (51). Furthermore, 
NRF2 expression has been shown to be decreased in the lungs of 
patients with COPD (8, 52, 53). We found that cells isolated from 
Nrf2–/– mice exhibited high basal levels of HDAC6, which were 
further augmented upon CS exposure (Supplemental Figure 9A).  
Similarly, Nrf2–/– mice displayed elevated basal expression of 
HDAC6 in the lungs, which was further increased in response 
to 2 weeks of CS exposure (Figure 5D). Increased basal and CS- 

inducible protein ubiquitination was also observed in lungs from 
Nrf2–/– mice (Figure 5E). CS exposure in mice increased an associ-
ation between HDAC6 and high molecular weight ubiquitinated 
protein in mouse lung homogenates (Supplemental Figure 9B). 
Taken together, these experiments suggest that HDAC6 expres-
sion and function are related to the cellular processing of ubiq-
uitinated proteins in CS exposure models.

Sirtuin 1 regulates HDAC6 through acetylation. It has previously 
been shown that NRF2 is regulated by sirtuin 1 (SIRT1), an 
NAD+-dependent protein/histone deacetylase that is also 
reduced in the lungs of patients with COPD (54, 55). We next 
assessed whether HDAC6 could be regulated by SIRT1-depen-
dent acetylation. The acetylation of HDAC6 was increased in 
lung homogenates from Sirt1+/– mice (Supplemental Figure 9C),  
suggesting that SIRT1 is a deacetylase for HDAC6. HDAC6 
expression in lung homogenates was also increased upon CS 
exposure of Sirt1+/– mice (Supplemental Figure 9, C and D). 

Figure 5
HDAC6 deficiency is associated with impaired autophagic protein clearance. (A) The global ubiquitin pattern was assessed in Hdac6+/Y and 
Hdac6–/Y MTEC cultures 24 hours after treatment with 50 mg/m3 CS. Samples are presented in duplicate. β-Actin served as the standard.  
(B) Protein aggregates (PA; shown in red) were analyzed in MTEC cultures derived from Hdac6+/Y and Hdac6–/Y mice 24 hours after exposure 
to CS (50 mg/m3). Scale bar: 10 μm (n = 3 MTEC cultures; 5 fields analyzed/culture) (C) Quantification of protein aggregate puncta in MTEC 
cultures, which were pretreated with 50 mg/m3 CS followed 15 minutes later by CQ (25 μm) in the basal media and harvested 2 hours later  
(n = 2–3 MTEC cultures; 3–4 fields analyzed per culture). (D) Nrf2–/– and WT mice (n = 4 mice/group) were exposed to RA or CS for 2 weeks.  
(E) Global protein ubiquitination was quantified by densitometry in Nrf2–/– and WT mouse lungs after exposure to RA or CS (n = 2 mice/group).  
All data are the mean ± SEM. *P < 0.05 by an unpaired Student’s t test (C), and *P < 0.05, **P < 0.01, and ***P < 0.001 by one- or two-way ANOVA 
and Bonferroni’s post tests (D and E).
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Interestingly, the appearance of ubiquitin laddering in response 
to CS was diminished in Sirt1+/– mice (Supplemental Figure 9E). 
These results suggest a relationship between the regulation of 
HDAC6 expression and acetylation state and ubiquitinated pro-
tein clearance in the lung.

Cilia components may be selective substrates for ubiquitin-targeted 
autophagic clearance. Next, we investigated whether CS exposure 
promotes the degradation of cilia components through ubiquiti-
nation and processing by the autophagic pathway. We observed 
that CS induced the dose- and time-dependent polyubiquiti-
nation of the ciliary protein IFT88 in MTECs, as evidenced by 
the formation of immunoreactive high-molecular-weight bands 
after treatment with 100 mg/m3 CS (Supplemental Figure 10A). 
To investigate whether CS causes the degradation of cilia com-
ponents by autophagy, we first assessed the colocalization of 
cilia with autophagy markers. By confocal immunofluorescence 
analysis, we found that CS (50 mg/m3) induced the colocaliza-
tion of acetylated α-tubulin and LC3B in MTECs (Figure 6A). At 
a higher concentration of CS (100 mg/m3), there was evidence of 
cilia loss, with acetylated α-tubulin staining occurring mainly in 
the cytoplasm (Figure 6A).

Furthermore, in MTECs subjected to CS exposure (100 mg/m3),  
we detected autophagosomes containing the ciliary protein 
IFT88 in proximity to basal bodies by immunogold TEM analysis  
(Figure 6B). We observed by subcellular fractionation that IFT88 
and the ciliary protein centrin 1 accumulated in the lysosome-en-
riched fraction following CS exposure (50–100 mg/m3) (Figure 6C).

To validate these observations in vivo, we subjected LC3B-GFP 
mice to 3 weeks of RA or CS exposure with or without the autoph-
agic inhibitor leupeptin to assess whether ciliary proteins localized 
to autophagosomes. GFP immunoprecipitates from autopha-
gosome/lysosome-enriched lung homogenates (see Methods) were 
subjected to Western blot analysis for the detection of the ciliary 
proteins IFT88, ARL13, centrin 1, and pericentrin (Figure 6D). CS 
exposure significantly increased the amount of ARL13, IFT88, cen-
trin 1, and pericentrin 1 localized to autophagosomes in mouse 
airways (Figure 6D). LC3B expression was increased in response 
to CS and leupeptin administration, whereas HDAC6 localization 
to autophagosomes was only increased in the CS-exposed samples 
(Supplemental Figure 11A). The localization of ciliary proteins to 
autophagosomes was also increased by leupeptin injection, sug-
gesting that these proteins may be basally turned over by autoph-
agy (Figure 6D). Finally, a combination of leupeptin administration 
and CS exposure resulted in maximal detection of these proteins in 
autophagosomes (Figure 6D). Taken together, these observations 
suggest that the autophagic pathway may contribute to the turn-
over of cilia components during CS-induced oxidative stress.

Therapeutic targeting of the HDAC6-dependent autophagic pathway in 
vivo and chemical chaperones rescue MCC dysfunction during CS exposure. 
Our observations, taken together, suggest that CS perturbs proteo-
stasis and subsequently causes cilia dysfunction in a manner depen-
dent on HDAC6 and on activation of the autophagic pathway. We 
therefore sought to determine whether modulation of these individ-
ual components could be exploited for therapeutic gain in a physio-
logical model of airway function.

We next assessed the effects of CS on mucociliary function in mice. 
We used a 3D whole-mouse μSPECT imaging approach to assess 
MCC with an oropharyngeal aspiration procedure (56), in which 
the radiopharmaceutical 99mtechnetium-sulfur colloid (99mTc-sc) 
was instilled into mouse lungs (Figure 7, A and B, and Supplemental  

Video 1). Using this assay, the efficacy of 99mTc-sc clearance from 
mice lungs exposed to CS for 3 weeks was significantly reduced 
compared with that of the air-exposed controls (P = 0.003) (Figure 7,  
B and C), indicative of impaired MCC.

Mice deficient in the autophagic protein beclin 1 were protected 
from CS-impaired MCC (P = 0.003, P = 0.0007) (Figure 7C). Sim-
ilar results were observed with autophagy-deficient LC3B knock-
out mice (Map1lc3b–/–) (Figure 7C). In contrast, Nrf2–/– mice had 
dramatically impaired basal MCC compared with exposure of WT 
mice to RA (P = 0.02) (Figure 7C). Nrf2–/– mice exposed to CS had 
no MCC after 3 weeks of exposure (Figure 7C). These experiments 
suggest that autophagy deficiency may confer protection against 
aberrant airway responses to CS in vivo, whereas deficiency in the 
antioxidant response aggravates these responses.

Consistent with our in vitro findings that Hdac6–/ Y MTECs 
displayed a cilia protection phenotype similar to that in Becn1+/– 
MTECs, we observed that the Hdac6–/ Y mice were also protected 
from CS-induced MCC disruption (P = 0.007) (Figure 7C). In 
addition, mice coadministered with the selective HDAC6 deacet-
ylase chemical inhibitor tubastatin A were protected from CS- 
impaired MCC (P = 0.01) (Figure 7D). These experiments, taken 
together, suggest that HDAC6 inhibition improves ciliated airway 
function during CS exposure.

We hypothesized that protecting epithelial cell proteostasis by 
enhancing protein folding in response to CS may protect ciliated 
epithelial cells from cilia shortening. The chemical chaperone 
4-phenyl butyric acid (4-PBA) has been previously shown to influ-
ence protein folding, protect against oxidative stress, and enhance 
the clearance of protein aggregates in vivo (57, 58). Administra-
tion of 4-PBA for the duration of CS exposure also prevented 
CS-impaired MCC (P = 0.007) (Figure 7D). 4-PBA was also found 
to protect against CS-induced protein ubiquitination in vivo 
(S.M. Cloonan, unpublished observations). These data suggest a 
coordinate role for HDAC6, autophagy, and altered proteostasis 
in MCC dysfunction in vivo, which can be prevented by pharma-
cological agents targeting these pathways.

CS-dependent inhibition of MCC was reversible and did not involve 
apoptosis in vivo. We next evaluated the reversibility of CS-induced  
impairment of MCC. Mice (n = 5 per group) were exposed to CS 
for 3 weeks and left to recover after smoking cessation for 1 or 
3 weeks before measuring in vivo MCC. One week of recovery 
restored MCC to 80% of the levels observed in the RA controls 
(Figure 7E). Mice that had 3 weeks to recover showed nearly 
complete recovery from CS-impaired MCC (Figure 7E). These 
experiments demonstrate that loss of MCC induced by CS expo-
sure is reversible. Assessment of H&E-stained lung sections of 
mice exposed to RA or CS for 3 weeks, or for 3 weeks followed by 
1 week recovery, showed no evidence of basal cell proliferation 
or squamous metaplasia (Supplemental Figure 12).

We also assessed the relative role of apoptosis during in vivo 
CS exposure. C57Bl/6 mice were subjected to CS exposure in 
vivo for the indicated times. TUNEL staining of lung tissue 
sections revealed minimal changes in TUNEL-positive cells 
in the airways or parenchyma (Figure 7F). In contrast, robust 
TUNEL-positive staining was observed in airways and par-
enchymal lung tissue after acute hyperoxia exposure (95% O2 for  
72 hours), as a positive control of apoptosis. Becn1+/– and  
Hdac6–/Y showed no significant differences in TUNEL staining 
after 2 months of CS exposure, comparable to that observed in 
WT mice (Figure 7F).
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Identification of HDAC6 as a novel regulated gene in COPD. Since 
our experimental observations indicated that HDAC6 may play 
a detrimental role in ciliated epithelial cell responses to CS 
exposure in vitro and in vivo, we examined the hypothesis that 
HDAC6 could be regulated in human COPD. We conducted 

a genome-wide survey of regions differentially methylated in 
COPD patients and controls from the Lung Genomics Research 
Consortium (LGRC; http://lung-genomics.org/research) data. 
Analysis of these data identified a hypomethylated region 
upstream of the HDAC6 transcription start site (Figure 8, A–C). 

Figure 6
Ciliary proteins may be substrates of autophagy in response to CS. (A) xy and yz confocal analysis of acetylated α-tubulin, Hoechst staining, 
and LC3B showing colocalization (arrows) in MTECs 24 hours after CS (50 mg/m3) exposure. At a higher dose of CS (100 mg/m3), α-tubulin 
localized primarily to the cytosol, with evidence of cilia loss. Data are representative of two experiments. ac, acetylated. (B) Ciliary protein IFT88 
or IgG CTLs were immunogold labeled (white arrows) in ciliated MTECs 24 hours after CS (100 mg/m3) exposure (insets demonstrate staining 
specificity; original magnification of insets, ×4). Red arrows indicate autophagosomes. (C) MTEC homogenates were fractionated into cytoplas-
mic-enriched (C) and lysosome-enriched (L) fractions from whole-cell lysates (W) 24 hours after treatment with CS at the indicated dose. Figures 
are representative of one to three independent determinations. Fractions were immunoblotted with IFT88, centrin 1, and LC3B. LAMP2 served as 
a lysosomal marker. IFT88 and centrin 1 densitometry (right). (D) Autophagosome/lysosome-enriched fractions of lungs from LC3B-GFP mice 
exposed to RA (n = 8) or CS (n = 9) for 3 weeks and immunoprecipitated with anti-GFP. Mice were injected with PBS (n = 4) or leupeptin (n = 4) 
for 2 hours prior to harvesting. GFP-immunoprecipitated LC3B-positive fractions were immunoblotted for the cilia markers IFT88, ARL13, centrin 1,  
and pericentrin. Bar charts are representative of three to four immunoblots normalized to RA PBS controls. Scale bars: 10 μm. *P < 0.05 and  
**P < 0.01 by an unpaired Student’s t test and one- or two-way ANOVA and Bonferroni’s post tests.
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Using the comprehensive high-throughput arrays for relative 
methylation (CHARM) platform (59), we profiled methyla-
tion at 2,162,405 sites across the genome in 194 lung samples  
(124 COPD patient samples, 43 controls). We identified dif-
ferentially methylated regions by fitting linear regressions on 
logit-transformed percentages of methylation, adjusting for age, 
sex, and pack-years of smoking and combined P values to define 
differentially methylated regions (60, 61).

We analyzed differential HDAC6 methylation by comparing 
never-smoker controls, ex-smoker controls, and ex-smokers with 
COPD (124 ex-smoker COPD patients, 25 ex-smoker controls, 
and 18 never-smoker controls). Using this analysis, the difference 
between COPD and control ex-smokers was significant (P < 0.01), 
but the difference between ex- and never-smokers was not sig-
nificant (P = 0.5) (Figure 8A). HDAC6 occurs on chromosome X, 
which is subject to lyonization. Males and females may have differ-

ent baseline levels of methylation. We therefore analyzed data by 
gender (Figure 8B). From this analysis, we demonstrate that the 
trend in males is more pronounced, with decreasing methylation 
from never-smoker controls, to ex-smoker controls (P < 0.01), to 
ex-smoker COPD patients (P < 0.05). The difference between the 
control groups in females was not significant (P = 0.8).

Of 6,539 differentially methylated regions, the HDAC6 
hypomethylated region is particularly likely to be functional, as 
it is one of the few differentially methylated regions that overlap 
human-mouse-rat evolutionarily conserved transcription factor–
binding sites (Figure 8C). Hypomethylation of a gene is necessary, 
but not sufficient, for expression and can be considered to possess 
an increased potential for expression as compared with a hyper-
methylated gene (62).

We therefore assessed the expression of HDAC6 in lung tissue 
obtained from COPD patients (see Supplemental Table 1 for 

Figure 7
Targeting of MCC function by inhibition of HDAC6 or the autophagic pathway. (A) Image of 99mTc-sc instilled into mouse lungs with skeleton visu-
alized using 99mTc-mdp. Heatmap shows the distribution of 99mTc-sc in the lungs (L) and stomach (S). (B) 99mTc-sc in the lungs was quantified 
from images at t = 0, 1, and 3 hours in mice exposed to RA (n = 5) or CS (n = 5) for 3 weeks. (C) MCC was assessed after a 3-week exposure to 
RA or CS in Becn1+/– (n = 4/group), Map1lc3b–/– (n = 5–6/group), Nrf2–/– (n = 3–4/group), or Hdac6+/Y (n = 3–4/group) mice. (D) MCC was also 
assessed in mice coadministered with tubastatin A (n = 4/group) or with 4-PBA (n = 3–4/group) and a 3-week exposure to RA or CS. (E) MCC 
in mice exposed to RA or CS for 3 weeks (n = 10–13/group) or in mice exposed to CS for 3 weeks followed by a 1- or 3-week recovery period 
(n = 5/group). (F) TUNEL-positive cells in airways or parenchyma of WT mice (n = 3/group) exposed to RA or CS for 3 weeks, 2 months, or  
6 months; in HDAC6–/Y or Becn1+/– mice exposed to CS for 2 months; or in mice treated with 4-PBA and exposed to 3 weeks of CS. Mice were 
exposed to hyperoxia or the corresponding RA control for 72 hours (far right) (7–10 images/mouse). All data are the mean ± SEM. (B) *P < 0.05, 
**P < 0.01 by an unpaired Student’s t test. (C–F) **P < 0.01 by one- or two-way ANOVA with Bonferroni’s post tests.
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patient demographics). HDAC6 was upregulated in lung tissue 
homogenates of smokers and COPD patients (Figure 9A and Sup-
plemental Figure 13A). We observed increased HDAC6-positive 
staining in airway epithelia of smokers and COPD patients rela-
tive to control subjects (Figure 9B). Interestingly, the expression 
of the cilia regulatory proteins AurA and phospho-GSK3β were 
also upregulated in human COPD lung tissue (Supplemental 
Figure 13B). Taken together, these data suggest that HDAC6 is 

hypomethylated in ex-smokers, which correlates with an increase 
in HDAC6 protein expression in ever-smoker controls and COPD 
patients (ex-smokers) (Figure 9A).

Consistent with human data, we also observed elevated 
HDAC6 expression in the airways of mice exposed to chronic CS  
(6 months) (Supplemental Figure 14). Human lung COPD tis-
sues (Supplemental Table 1) displayed increased accumulation 
of aggregates and protein inclusion bodies in ciliated cells of 

Figure 8
Methylation potentially regulates HDAC6 expression in COPD. (A) Box plot illustrates hypomethylation of a conserved transcription factor–binding 
site upstream of the HDAC6 gene. Shown here is the unadjusted methylation percentage of never-smokers (NvS) (n = 18), ever-smokers (EvS) 
(n = 25), and COPD patients (n = 124). The differential methylation analysis used a logit-transformed percentage of methylation and adjusted for 
age, sex, and pack-years of smoking. (B) Box plot illustrates stratification of A by sex (NvS males = 6, EvS males = 12, COPD males = 70, NvS 
females = 12, EvS females = 13, COPD females = 54). (C) The hypomethylated site (labeled “VMR” for variably methylated region) is visualized 
in the UCSC Genome Browser. The methylated site sits at a CpG “shore,” just outside of a CpG island, and overlaps a large conserved region, 
defined by human-mouse-rat alignment (“Mammal Cons” track). The region is also a binding site for many transcription factors such as STAT1/2, 
c-Myc, c-Jun, and a DNAseI hypersensitivity site, defined by the ENCODE project. Never-smokers denote patients with no smoking history, ever-
smokers are patients with a prior smoking history, and COPD patients are those diagnosed with COPD. *P < 0.05, **P < 0.01, and ***P < 0.001 
by one-way ANOVA with Bonferroni’s post tests.
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the airways (Figure 9C) and in the parenchyma (Supplemental  
Figure 15), which correlated with disease severity (classified by the 
Global Initiative for Obstructive Lung Disease [GOLD] scale of 
increasing severity from 0–4).

Discussion
Autophagy may influence the progression of human diseases 
by playing multifunctional roles in the regulation of organelle 
homeostasis, protein turnover, inflammation, and innate and 
adaptive immune responses (63). Previous work from our labora-
tory has identified a candidate role for autophagy in the patho-
genesis of COPD (10, 11). We have observed enhanced autophagic 
proteins and autophagosome numbers in human clinical samples 
of COPD (10). Furthermore, we found that genetic deletion of spe-
cific autophagic proteins inhibits emphysema development in a 
mouse model of chronic CS exposure (10, 11). Our mechanistic  

studies have further elucidated that autophagic proteins can reg-
ulate epithelial cell death in response to CS exposure through 
interactions with apoptotic proteins, in particular, by activating 
the extrinsic apoptotic pathway (10, 11, 47).

CS is known to adversely impact cilia length, number, and 
function in the airways (64, 65). The resulting disruption in 
mucociliary function may render the host susceptible to infec-
tion and particle-induced lung injury, which in turn may contrib-
ute to the pathogenesis of chronic bronchitis and emphysema  
(3, 4, 25, 27). Although it is well established that CS exposure 
causes cilia shortening (25, 27), the underlying cellular and 
molecular mechanisms for this phenomenon remain incom-
pletely delineated. In this study, we demonstrate for what we 
believe to be the first time that CS can induce cilia shortening 
through an autophagy-dependent mechanism mediated by 
HDAC6, a process we term “ciliophagy” (Figure 10).

Figure 9
HDAC6 expression is regulated in COPD and during CS exposure. (A and B) HDAC6 expression was assessed in COPD patients. (A) HDAC6 
expression was assessed by densitometric analysis of immunoblots of never smoker, ever-smoker, and COPD patient lung tissues (G2, G4)  
(n = 5 patients/group). Band intensities were normalized to β-actin. (B) Representative immunostaining from airway tissues of never-smokers  
(n = 2 patients, 5 images/patient), ever-smokers (n = 4 patients, 3–5 images/patient), and COPD patient lung tissue (G2, G4) (n = 2–3 patients, 
3–5 images/patient) stained with HDAC6 and quantified by measuring the intensity of HDAC6 staining by threshold analysis using ImageJ. Arrows 
indicate HDAC6 staining. (C) Protein aggregates (PA, shown in red) were observed in the airways (ciliated airway epithelial cells identified by green 
acetylated α-tubulin staining) of human lung tissue. Never-smokers denote patients with no smoking history, ever-smokers are patients with a prior 
smoking history, and COPD patients are those with GOLD stage 2 (G2) and 4 (G4) disease severity. Scale bars: 10 μm. Arrows indicate protein 
aggregates and inclusion bodies. All data are the mean ± SEM. *P < 0.05 by one-way ANOVA followed by a Bonferroni’s post test.
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supported by previous studies that link cilia regulation to autoph-
agy. Specifically, knockout of Atg7 in the airways was shown to 
disrupt cilia formation (66). Hyperactivation of mammalian tar-
get of rapamycin (mTOR), an inhibitor of autophagy, resulted 
in abnormally long cilia (67), whereas rapamycin, an activator of 
autophagy, was recently reported to shorten embryonic cilia (68).

Evaluation of the expression levels of proteins known to regulate 
primary cilia length in human bronchial epithelial cells subjected 
to CS treatment revealed several candidate molecular targets. CS 
increased HDAC6 in a time-dependent manner in HBE cells and 
MTEC cultures. CS also increased the expression of AurA, a pro-
tein that induces primary ciliary disassembly (shortening) by acti-
vating HDAC6 (33). CS induced the phosphorylation of GSK3β, 
a modification that inhibits GSK3β activity and leads to loss of 
primary cilia (34). Furthermore, AurA, HDAC6, and phospho-G-
SK3β were upregulated in human COPD lung tissue. These data 
suggest that CS regulates ciliary proteins in human epithelial cells. 
To the best of our knowledge, this is the first time that CS has been 
shown to regulate AurA, HDAC6, and phospho-GSK3β in motile 
cilia or in human airway epithelial cells.

HDAC6 has been shown to regulate primary cilia resorption in 
response to extracellular stress (69) as well as the autophagic path-
way through autophagosome-lysosome fusion (38). We therefore 

Once thought to represent a process for bulk assimilation of 
cytoplasm, increasing evidence suggests that autophagy uses 
highly selective mechanisms for the delivery of cargo to autopha-
gosomes. These include mitophagy, aggrephagy, and xenophagy 
(the selective degradation of mitochondria, protein aggregates, and 
pathogens, respectively) (14, 21–24). In the current study, we iden-
tified cilia components as substrates for autophagic pathway pro-
cessing during CS exposure. We observed by immunofluorescence 
and immunogold electron microscopy that cilia components colo-
calize with autophagosomes. Furthermore, we show that ciliary 
proteins are enriched in autophagosomal/lysosomal fractions 
upon CS exposure in vitro and in vivo, suggesting that ciliary pro-
teins may be sequestered by autophagy in response to CS exposure. 
Our data collectively suggest that the increased activation of the 
autophagic pathway regulates cilia length and dysfunction dur-
ing CS exposure. In this model, increased morphological and bio-
chemical indicators of autophagy correlated with cilia shortening. 
Furthermore, short-term exposure to CS in vitro, or subchronic 
exposure in vivo, resulted in apparent increases in the autophagic 
processing of substrate proteins (increased flux) in MTECs and 
lung tissue, respectively. Mice with genetic deletion of autophagic 
proteins (Becn1+/– and Map1lc3b–/–) were resistant to cilia shorten-
ing caused by CS exposure in vitro and in vivo. These data may be 

Figure 10
Schematic of ciliophagy. CS induces oxidative 
stress, which leads to ciliary protein damage, 
misfolding, ubiquitination, and the formation of 
intracellular protein aggregates. HDAC6 recog-
nizes ubiquitinated protein aggregates and deliv-
ers them to the autophagosome, a process depen-
dent on the autophagy proteins LC3B and beclin 1.  
Ciliary proteins are delivered to the lysosome 
for degradation or recycling. In cases of chronic 
oxidative stress, ciliary proteins are degraded, 
resulting in a shortening of airway cilia that contrib-
utes to impaired MCC. Genetic deletion of LC3B 
(Map1lc3b), beclin 1 (Becn1), or HDAC6 (Hdac6), 
or inhibition of HDAC6 (tubastatin A) or protein mis-
folding (4-PBA) alleviates CS-induced impairment 
of MCC. Severe oxidative stress eventually leads 
to programmed epithelial cell death, a process that 
may involve excessive autophagy.
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to CS, but aggravates injury to ciliated epithelial cells at higher-
dose exposure. Becn1+/–, Map1lc3b–/–, and Hdac6–/Y MTECs were 
resistant to CS-induced toxicity and apoptosis at high doses of 
CS. The autophagy inhibitor 3-MA prevented CS-induced cell 
death at high doses of CS (100 mg/m3), suggesting that autoph-
agy may contribute to ciliated cell death under these conditions. 
These findings are consistent with our previous observations that 
epithelial cells from LC3B knockout (Map1lc3b–/–) mice were pro-
tected from CS-induced apoptosis and that Map1lc3b–/– mice were 
resistant to CS-induced emphysema development (10, 11).

Ciliated airway epithelial cells, which provide MCC function, are of 
crucial importance in airway physiology and pathophysiology (25).  
MCC acts as a lung defense mechanism against inhaled particles 
and pathogens. Methodology to determine MCC in humans may 
represent an important clinical tool to assess airway function in 
diseases such as COPD or cystic fibrosis (77). In order to test our 
hypotheses that autophagy plays a maladaptive role in cilia homeo-
stasis, we implemented a physiological model of airway MCC. We 
observed that genetic deletion of the autophagic mediators beclin 1  
and LC3B protected mice from MCC disruption in an in vivo 
model of CS exposure. Furthermore, genetic or chemical inhibition 
of HDAC6 also protected mice from the MCC disruption associ-
ated with CS exposure. These results suggest that pharmacological 
inhibition of HDAC6 may reverse or inhibit CS-induced airway 
dysfunction. Consistent with our data, HDAC6 inhibitors have 
been successfully used in some mouse models of neurodegenera-
tion, in which HDAC6 is upregulated to facilitate the aggregation 
of mutant or misfolded proteins (78).

We demonstrate that the alleviation of CS-induced proteotoxicity  
prevents CS-induced pathological changes in airway function. 
Treatment of mice with the chemical chaperone 4-PBA improved 
MCC following CS exposure. Our data highlight the benefits of 
using chemical chaperones as therapeutics to preserve the func-
tion of critical proteins in response to noxious cellular stresses 
such as CS (79–81). The preservation of proteins required for cilia 
formation and/or ciliated cell integrity may reduce autophagic 
substrates and enhance MCC in smokers. Deletion of the anti-
oxidant response (e.g., Nrf2–/– mice) reduced MCC function and 
exacerbated responses to CS. MCC impairment caused by CS expo-
sure was not associated with increased apoptosis in the lung, as 
indicated by TUNEL analysis. Furthermore, changes in MCC were 
reversible by smoking cessation in the acute exposure model, indi-
cating that epithelial cell death is not the primary mechanism. The 
preservation of proteins required for cilia formation and/or cili-
ated cell function may reduce autophagic substrates and enhance 
MCC independently of cell death in smokers. We speculate that 
the maintenance of MCC in response to CS insult may be a critical 
line of defense in the development of CS-induced bronchitis and 
in the pathogenesis of COPD.

Previously, we have shown that autophagy may be regulated 
in human COPD. Specifically, we found that autophagic pro-
teins were upregulated in mild and severe COPD and coincided 
with the expression of inflammatory or apoptotic markers 
in severe COPD (10, 82). Additionally, we found evidence for 
increased autophagosome formation in human COPD lung tis-
sues. In the current study, we identify HDAC6, an autophagy 
mediator, as a novel, highly regulated gene target in COPD. We 
found that HDAC6 protein was upregulated in human COPD 
by immunofluorescence analysis of ciliated airway sections and 
by Western immunoblotting of total lung homogenates. Fur-

chose to further evaluate the role of HDAC6 on cilia length in our in 
vitro and in vivo models. Hdac6–/Y MTECs and Hdac6–/Y mice, which 
display an autophagy-deficient phenotype, were protected against 
CS-induced cilia shortening. These results are consistent with a role 
for autophagy in CS-induced cilia shortening.

HDAC6 has dual functionality as a ubiquitin-binding protein and 
as a regulator of protein acetylation (70). The ubiquitin-binding  
activity of HDAC6 is critical for its function in the transport of 
ubiquitinated proteins to aggresomes, thereby facilitating cellular 
adaptive responses to the accumulation of misfolded proteins (70). 
Consistently, we observed that the binding of HDAC6 to ubiquiti-
nated proteins increases upon CS exposure. In agreement with 
prior observations (36), the organization of aggregated protein 
into aggresomal structures was impaired in Hdac6–/Y cells, as evi-
denced by the loss of perinuclear aggresome puncta and increased 
protein ubiquitination. We furthermore found that HDAC6 
expression was upregulated in a genetic model of oxidative stress 
susceptibility in Nrf2–/– mice. HDAC6 expression was consistently 
elevated in Nrf2–/– mice tissues and cells, which also displayed 
increased protein ubiquitination. Interestingly, NRF2 inhibition 
increases autophagy (71), and increasing NRF2 represses CSE- 
induced autophagosome formation (72). These results suggest 
that HDAC6 expression is increased by oxidative and proteostatic 
stress and may be counterregulated by NRF2.

We hypothesized that the ubiquitin-binding function of HDAC6 
may override its deacetylase activity during CS-induced cellular 
stress. Despite an increase in HDAC6 protein expression, CS did 
not reduce the amount of acetylated α-tubulin, a known HDAC6 
substrate, in HBE cells or MTECs. To determine how HDAC6 
deacetylase activity could be impaired in our model, we investi-
gated whether HDAC6 is posttranslationally modified in response 
to CS. Using our in vivo CS exposure model, we demonstrated 
that HDAC6 is acetylated in response to CS, a modification that 
has been shown to inhibit its tubulin deacetylase activity and 
retain HDAC6 in the cytoplasm (73). Here, we implicate sirtuin 1 
(SIRT1), an NAD+-dependent protein/histone deacetylase, in the 
regulation of the acetylation state of HDAC6. SIRT1 expression 
has been shown to be decreased in lungs of patients with COPD 
(54, 55). Our data implicate SIRT1 as an HDAC6 deacetylase and 
suggest a model in which HDAC6 deacetylase activity is reduced 
by CS as a result of SIRT1 downregulation, resulting in acetylation 
and catalytic inhibition of HDAC6 (74). Interestingly, SIRT1 inhi-
bition has been shown to enhance autophagy induced by CS in the 
lungs of Sirt1+/– mice (75). Taken together, these data suggest that 
CS reduces SIRT1, leading to increased acetylation of HDAC6 and 
increased autophagy.

Our data lend support to a model whereby delivery of cellular 
proteins by HDAC6 for their processing by autophagy may rep-
resent a major mechanism by which CS disrupts the function of 
the airway epithelium. The autophagic pathway is known to act as 
a compensatory mechanism for protein degradation under condi-
tions of impaired proteasomal activity, which can be induced by 
CS (36, 76). The accumulation of CS-denatured proteins in aggre-
somes in excess of cellular degradative capacity may represent a 
harmful intermediate state. While we show that activation of the 
proposed ciliophagic pathway leads to cilia shortening, excessive 
activation of this pathway may ultimately lead to ciliated cell loss 
and ciliated cell death. Observations from our MTEC model sug-
gest that activation of the autophagic pathway during CS expo-
sure regulates CS-induced cilia shortening at low-dose exposure 
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Immunoprecipitation and immunoblot analyses. Immunoprecipitation and 
immunoblot analyses were performed as previously described, with minor 
modifications (10). Detailed methods for the isolation of protein extracts, 
lysosome-enriched (LE) fractions, immunoprecipitation, and immuno-
blotting have been previously described (43) and are provided in the Sup-
plemental Methods (43).

In vivo autophagic flux assay. Methods for in vivo autophagic flux assays 
have been described previously (44). Briefly, mice exposed to CS or RA were 
given an i.p. injection of 40 mg/kg leupeptin in saline 1 hour or 24 hours 
following the final CS treatment. Control mice received an equal volume of 
the vehicle. Lung tissues from the leupeptin-treated RA and CS mice were 
harvested 2 hours later. The tissues were flash-frozen, and LC3B turnover 
was assessed in the LE fraction. To quantify the LC3B levels, we performed 
Western blot analysis, with a standard curve consisting of purified GST-
LC3B protein. Autophagic flux was defined as the difference in LC3B-II 
quantity on Western blots obtained in the presence and absence of an 
inhibitor (see Supplemental Methods for details).

In vitro autophagic flux assay. Following exposure of MTEC cultures 
to CS (50 mg/m3) or BEAS-2B cells to 20% CSE, cells were treated for  
10 minutes with CQ (25 μM) before harvesting. Control cells were treated 
with CQ in the absence of CS treatment. The samples were then har-
vested in RIPA buffer from control and treated cells at the same time: 
0 and 1 hour after treatment for MTECs; and 0, 1, 4, or 8 hours after 
treatment for BEAS-2B cells. Lysates were then analyzed by standard 
immunoblot assays for LC3B expression. Autophagic flux was defined as 
the difference in LC3B-II quantity (densitometer units) on Western blots 
obtained in the presence and absence of an inhibitor.

Isolation of autophagosomes from LC3B-GFP mice. GFP-LC3B autopha-
gosomes were isolated using a modified version of a previously described 
method (ref. 86 and see Supplemental Methods). Briefly, autopha-
gosome/lysosome-enriched fractions were generated from the lungs 
of LC3B-GFP mice exposed to RA or CS for 3 weeks. LC3B-positive 
autophagosomes/lysosomes were immunoprecipitated using GFP-con-
jugated μMACS microbeads (Miltenyi Biotec), isolated using the mag-
netic field of a μMACS separator, and analyzed by SDS electrophoresis 
followed by Western immunoblot analysis.

Cell viability and cytotoxicity assays. Cytotoxicity was assessed by measuring 
LDH activity in the basal media of the MTEC cultures (Cytotoxicity Detec-
tion KitPLUS; Roche Diagnostics) according to the manufacturer’s protocol. 
Apoptosis was detected using the Annexin V FITC Apoptosis Detection Kit 
(BioVision) according to the manufacturer’s instructions. The proportion 
of viable and apoptotic cells was assessed using a FACS Canto II (BD Bio-
sciences) and FlowJo analytical software (TreeStar Inc.).

Immunofluorescence staining. Cells were fixed and analyzed by 
immunofluorescence microscopy using standard methods (10, 11). Mis-
folded protein aggregates were stained using a recently developed dye and 
the ProteoStat Aggresome Detection Kit for flow cytometry and micros-
copy (Enzo Life Sciences). Slides were imaged using epifluorescence (DM 
LB microscope and DFC 480 3CCD Color Vision Module; Leica) or a con-
focal microscope (Zeiss LSM 510 with 2-photon; Carl Zeiss). Puncta quan-
tification per field was determined using an ImageJ macro (NIH) described 
in detail in the Supplemental Methods.

Immunogold and TEM. TEM samples were fixed with 2% formaldehyde 
and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. Immu-
nogold TEM cells were fixed with 4% PFA in sodium phosphate (pH 7.4) 
and labeled with IFT88 antibody 1:20 prior to embedding. A detailed 
embedding protocol is provided in the Supplemental Methods. The 
samples were imaged using a Technai G2 Spirit BioTWIN TEM. For EM 
quantification, 10–15 image fields were selected for each mouse or sample. 
Autophagosomes were quantified from ciliated cells. The total area of the 

thermore, at the epigenetic level, we found that HDAC6 was 
hypomethylated in human COPD patients (from DNA methy-
lation array data) compared with controls. Hypomethylation of 
HDAC6 may represent a smoke-related phenomenon present in 
patients with COPD and may be sex dependent.

Finally, in this study, we show that COPD severity is associated 
with a general increase in protein aggregates and inclusion bodies 
in human COPD lung  tissues. These data are consistent with pre-
vious findings that demonstrate a substantial increase in ubiquiti-
nated proteins in severely emphysematous human lung tissue sec-
tions (9, 12). Similar dysfunctional proteostatic mechanisms have 
also been implicated in the pathogenesis of CS-induced chronic 
bronchitis, which involves the aggresomal sequestration of cystic 
fibrosis transmembrane conductance regulator (CFTR) (76, 83, 84)  
and in other chronic lung diseases such as α1-antitrypsin defi-
ciency (A1AD) and pulmonary fibrosis (5). We conclude that cer-
tain features of our in vitro and in vivo findings were corroborated 
in human clinical samples, namely that patients with COPD dis-
played increased HDAC6 expression and evidence for proteopathy 
in addition to elevated autophagy, as previously described (10, 11).

We conclude that ciliophagy, an HDAC6-dependent autoph-
agic pathway, represents what we believe to be a novel pathway 
that is critical to cilia homeostasis in response to CS exposure 
and suggests a potential therapeutic target for airway disease 
caused by CS exposure.

Methods
Animals. Becn1+/– mice were from Beth Levine (University of Texas South-
western Medical Center at Dallas, Dallas, Texas, USA). The Hdac6–/Y mice, 
bearing an X chromosome deletion of HDAC6, were obtained from Bin 
Shan (Tulane University, New Orleans, Louisiana, USA). Map1lc3b–/– mice 
were from Marlene Rabinovitch (Stanford University, Stanford, California, 
USA) and were backcrossed to C57BL/6 mice. The Nrf2–/– mice were from 
Shyam Biswal (Johns Hopkins University Medical Center, Baltimore, Mary-
land, USA). The GFP-LC3B mice were from RIKEN BioResource Center. 
WT C57BL/6 mice were obtained from The Jackson Laboratory.

In vivo CS exposure and chemical treatments. Age- and sex-matched mice 
(6–12 weeks of age) were exposed to RA or CS in whole-body exposure 
chambers as described for 2 hours per day (150 mg/m3), 5 days per week, 
for 1 week, 3 weeks, 2 months, and 6 months (10, 11). 4-PBA (1% w/v) solu-
tion was administered by replacing the animal’s water for the duration of 
CS exposure. Animals were checked daily and the quantity of water con-
sumed compared with that of the control RA mice. Water solutions were 
changed twice weekly. Tubastatin A (25 mg/kg) was administered by daily 
i.p. injections prior to CS exposure. At the end of each exposure regimen, 
the left lung was isolated, and the right lungs were inflated, dissected, and 
fixed in 4% formalin. The proximal trachea up to the larynx and a portion 
of the proximal part of the left lung were fixed for TEM.

Cell culture and CSE treatment. Human BEAS-2B lung epithelial cells and 
mouse lung fibroblasts were maintained in DMEM supplemented with 
10% FBS and gentamicin (50 g/ml). CSE was prepared and added to culture 
media as previously described (10, 11). Cigarette smoke condensate (CSC) 
was prepared and added to culture media as previously described (8).

Generation and CS exposure of MTEC cultures. The methods for MTEC 
isolation and culture generation have been previously described (39, 85). 
MTECs were proliferated and differentiated at an ALI in Transwell cultures 
(see Supplemental Methods for details). Exposure of MTEC ALI cultures 
was conducted in a custom-designed humidified chamber (EMI Services) 
at 37°C by exposing the cells for 10 minutes to 50 or 100 mg/m3 of main-
stream CS from 3R4F research-reference filtered cigarettes.
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The P values of adjacent probes were combined into differentially meth-
ylated regions (DMRs) using the Comb-p python package (61) (GitHub; 
https://github.com/brentp/combined-pvalues/). Comb-p uses Kechris’s 
method (89), a modification of the Stouffer-Liptak method for combining 
P values, in which weights are assigned using the observed autocorrelation 
in sliding windows across the genome. The DMRs were used to create a 
custom track in the UCSC Genome Browser; DMRs with at least 50% over-
lap with conserved human-mouse-rat transcription factor binding sites 
(TFBS-conserved track) were selected (22 DMRs total). Each DMR was 
associated with the nearest gene (within 10 kb).

Statistical analysis. Statistical analysis was conducted using GraphPad 
Prism. Data are presented as the mean ± SEM from at least three indepen-
dent experiments. Differences in measured variables between experimental 
and control groups were assessed using the Student’s t test and between 
multiple groups and conditions using one-way and two-way ANOVA and 
Bonferroni’s post tests. For MCC assays, a significant P value was followed 
by a pairwise comparison using a two-sample t test for a priori hypotheses 
only. Thus, no adjustment in the significance level was made for multiple 
comparisons. P values were calculated, and minimum statistical signifi-
cance was accepted at P < 0.05.

Patients. Patient samples were classified based on the GOLD guide-
lines (90) and were obtained from the Lung Tissue Research Consortium 
(LTRC) (Supplemental Table 1).

Study approval. All animal experimental protocols were approved by the 
Harvard Standing Committee for Animal Welfare. Human lung tissue 
experiments were approved by the IRB of Brigham and Women’s Hospital.
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image was calculated, and the amount of autophagosomes per unit area 
were counted using ImageJ software.

SEM. MTEC cultures were fixed and mounted for SEM as described in 
the Supplemental Methods. Specimens were imaged with a JEOL 9355 
Field Emission Zeiss Gun SEM.

Immunohistochemistry staining. Formalin-fixed, paraffin-embedded 
5-micron-thick lung sections were prepared and incubated with goat 
anti-HDAC6 (Santa Cruz Biotechnology Inc.) primary antibodies as 
described in the Supplemental Methods. The threshold feature in ImageJ 
was used to measure differences in HDAC6-staining intensity.

Measurement of cilia lengths in vitro and in vivo. The average length of cilia in 
the SEM images (×1000 magnification) of MTEC cultures exposed to RA 
or CS in vitro was calculated by measuring a minimum of 3 cilia on each 
ciliated cell in each image using ImageJ software tools (n = 5 images per 
sample). The distribution of cilia length in MTECs was determined using 
the frequency histogram distribution tool in GraphPad Prism (GraphPad 
Software) by parsing into bins of 0.2 AU. The average length of cilia in the 
control MTECs and in the MTECs exposed to 50 mg/m3 or 100 mg/m3 CS 
was calculated by combining the average cilia length per cell (3–10 ciliated 
cells per image) in each image (n = 5 images per sample) and normalizing 
to control values. To accurately assess the extent of cilia shortening in the 
MTECs, we used an empiric threshold of 0.6 AU (chosen as the upper bound 
of the lower tail of a Gaussian fit to the length distribution) to filter the cilia 
length distribution into “short” and “long” and excluded the “short” cilia 
to maximize the signal-to-noise ratio for the change in cilia length (25, 40). 
Using this cutoff, only cilia with a length between 0.6 and 3 AU (cells with 
“long” cilia) were counted and normalized to control values.

The average length of cilia in H&E-stained airways (×60 magnification) of 
mice exposed to RA or CS in vivo was calculated by measuring a minimum 
of 3 cilia on each ciliated cell in each image using ImageJ tools (n = 5 images 
per mouse). Similarly, the distribution of cilia length in vivo was determined 
using the frequency histogram distribution tool in GraphPad Prism by pars-
ing into bins of 0.4 AU. The average length of cilia in the airways of mice 
exposed to RA or in the airways of mice exposed to CS was calculated by 
combining the average cilia length per cell (3–10 ciliated cells per image) in 
each image (n = 5 images per mouse) and normalizing to RA control values.

Assessment of MCC in vivo. MCC was quantified using a noninvasive oro-
pharyngeal aspiration procedure described previously (56, 87, 88), with 
minor modifications as described in the Supplemental Methods. Briefly, 
mice were anesthetized, and 50 μl of normal saline containing approxi-
mately 0.3–0.5 mCi of 99mTc-sc was introduced into the distal part of the 
oropharynx and aspirated. Mouse lungs were imaged immediately after 
aspiration (t = 0 hour) and at 1 and 3 hours. Whole-mouse 3D μSPECT 
images from the 0, 1-, and 3-hour time points were obtained, recon-
structed, analyzed, and expressed as the percentage removed by MCC, 
as described in the Supplemental Methods. Dual-probe SPECT imaging 
was performed to obtain anatomic registration of the instilled lungs with 
respect to the thoracic skeleton using 99mTc-mdp, a standard SPECT skel-
etal imaging agent, prior to 99mTc-sc lung instillations (see Supplemental 
Methods for a detailed description).

CHARM. CHARM methylation array data from 247 lung samples (con-
taining 124 COPD and 43 control samples) were loaded into R using the 
CHARM Bioconductor package. CHARM quality control, normalization, 
and smoothing (60) were used to calculate the percentage of methylation 
at each of the 2,162,405 probe sites distributed across the genome. Only 
data from COPD and control samples were used for the differential meth-
ylation analysis. At each probe, we logit-transformed the percentage of 
methylation and fitted a linear model using the methylation level as out-
come and the COPD case-control status as the predictor, adjusting for age, 
sex, and pack-years of smoking.
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