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ABSTRACT
Enhanced macroautophagy/autophagy is recognized as a component of the pathogenesis of smoking-
induced airway disease. Based on the knowledge that enhanced autophagy is linked to oxidative stress
and the DNA damage response, both of which are linked to smoking, we used microarray analysis of the
airway epithelium to identify smoking upregulated genes known to respond to oxidative stress and the
DNA damage response. This analysis identified OSGIN1 (oxidative stress induced growth inhibitor 1) as
significantly upregulated by smoking, in both the large and small airway epithelium, an observation
confirmed by an independent small airway microarray cohort, TaqMan PCR of large and small airway
samples and RNA-Seq of small airway samples. High and low OSGIN1 expressors have different autophagy
gene expression patterns in vivo. Genome-wide correlation of RNAseq analysis of airway basal/progenitor
cells showed a direct correlation of OSGIN1 mRNA levels to multiple classic autophagy genes. In vitro
cigarette smoke extract exposure of primary airway basal/progenitor cells was accompanied by a dose-
dependent upregulation of OSGIN1 and autophagy induction. Lentivirus-mediated expression of OSGIN1
in human primary basal/progenitor cells induced puncta-like staining of MAP1LC3B and upregulation of
MAP1LC3B mRNA and protein and SQSTM1 mRNA expression level in a dose and time-dependent manner.
OSGIN1-induction of autophagosome, amphisome and autolysosome formation was confirmed by
colocalization of MAP1LC3B with SQSTM1 or CD63 (endosome marker) and LAMP1 (lysosome marker).
Both OSGIN1 overexpression and knockdown enhanced the smoking-evoked autophagic response.
Together, these observations support the concept that smoking-induced upregulation of OSGIN1 is one
link between smoking-induced stress and enhanced-autophagy in the human airway epithelium.
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Introduction

Cigarette smoke, with 1014 oxidants per puff and >4,000 xenobiotic
compounds, puts a significant stress on the airway epithelium, the
cell population that exhibits the first abnormal morphological
changes in smokers.1-5 Among the consequences of smoking on the
airway epithelium are derangements in the control of autophagy,
normally a homeostatic process by which cells recycle damagedmac-
romolecules.6-11 Exposure to cigarette smoke disrupts this process,
contributing to epithelial loss of function and eventual cell death.12-22

Modification of autophagy in the airway epithelium has
potential clinical implications relating to mucociliary clearance,18

protecting stressed cells from death,17 inhibiting cellular senes-
cence,21 and suppressing carcinogenesis,23 and has been impli-
cated in the pathogenesis of chronic obstructive pulmonary
disease (COPD).6,7,11,21 From a biomarker view, genetic variants
of autophagy-regulated genes may be potentially useful to iden-
tify subjects susceptible to COPD.24 Alterations in autophagy-

related genes have been identified in lung tissue samples, but less
is known about the regulation of autophagy-related genes in the
human airway epithelium, the initial site of cigarette smoking-
induced lung disease.25,26 In a review of our microarray analysis
of genes expressed in the human airway epithelium, we recog-
nized that oxidative stress-induced growth inhibitor, OSGIN1/
OKL38/BDGI, a gene linked to oxidative stress and cell death in
other tissues, was markedly upregulated in smokers compared
with nonsmokers. Assessment of the literature relating to organs
other than lung demonstrated that the expression of OSGIN1 is
normally low, but with DNA damage, OSGIN1 is upregulated,
likely via a TP53/p53-associated process [TP53/TRP53/p53 (note
that the mouse nomenclature is TRP53, but we use TP53 hereaf-
ter to refer to both the human and mouse genes/proteins for
simplicity)].27,28 Consequent to OSGIN1 upregulation, cells
undergo apoptosis, likely through the translocation of OSGIN1
to mitochondria, with consequent cytochrome C release and cell
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death,27-29 suggesting that OSGIN1 belongs to the mitochon-
drial-related proapoptotic class of TP53 target genes.30 There is
also evidence that the function of OSGIN1 can be mediated by
genetic variance.29 In the context that smoking induces oxidative
stress and that the known functions of OSGIN1 often coexist
with autophagy,31-33 we hypothesized that smoking-induced
upregulation of OSGIN1 expression can induce autophagy in the
human airway epithelium.

Results

OSGIN1 is upregulated by cigarette smoking and
associated with dysregulation of autophagy in vivo

To assess the effect of smoking on OSGIN1 expression in the
airway epithelium in vivo, we evaluated global airway epithe-
lium expression using microarray. In the large airway epithe-
lium, OSGIN1 was upregulated by smoking (2.0-fold, P<0.003;

Figure 1. Upregulation of OSGIN1 in the human airway epithelium by cigarette smoking in vivo. Each data point represents one subject. (A) Microarray assessment of
OSGIN1 expression in the large airway epithelium from 21 healthy nonsmokers and 31 healthy smokers. (B) Microarray assessment of OSGIN1 expression in the small air-
way epithelium from 62 healthy nonsmokers, 72 healthy smokers and 36 COPD smokers. (C) TaqMan validation of the upregulation of OSGIN1 gene expression in the
large airway epithelium from 12 healthy nonsmokers and 14 healthy smokers. (D) TaqMan RT-PCR validation of the upregulation of OSGIN1 gene expression in the small
airway epithelium from 14 nonsmokers and 18 smokers. (E) RNA-Seq assessment of OSGIN1 in the small airway epithelium from 5 healthy nonsmokers and 6 healthy
smokers. Shown is the OSGIN1 sequence alignments with the read coverage depth, below is the quantitative data expressed in reads per kilobase per million mapped
reads (RPKM). (F) Association of high OSGIN1 with dysregulation of autophagy genes. Left panel, the subjects from the small airway microarray cohort in Fig. 1B were
grouped into high (> 3rd quartile) and low (< 1st quartile) OSGIN1 expressors. Right panel, the heatmap of 8 differentially-expressed common autophagy genes (99 in
total) between high and low OSGIN1 expressors.
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Fig. 1A). In the small airway epithelium, OSGIN1 was signifi-
cantly upregulated by smoking (cohort I, healthy smokers vs.
healthy nonsmokers, 2.4-fold, P<10¡9; COPD smokers vs.
healthy nonsmokers, 2.5-fold, P<10¡4; Fig. 1B). There were no
significant differences between healthy smokers and COPD
smokers. An independent microarray cohort (cohort II) with
small airway samples was also analyzed.34 In this data set,
OSGIN1 was also significantly upregulated by smoking
(2.6-fold, P<0.003; Fig. S2).

To validate the finding from the microarray studies, we
assessed the expression OSGIN1 in human large and small air-
way epithelium by TaqMan PCR. Compared to Affymetrix
microarray probesets for OSGIN1, the TaqMan probe binds to
a different location in the OSGIN1 sequence. The data con-
firmed that smoking upregulates OSGIN1 expression in both
large and small airway epithelium (2.4-fold, P<0.05 and
4.3-fold, P<0.001, respectively; Fig. 1C, D).

To further confirm the upregulation of OSGIN1 by smoking,
RNA sequencing was used to assess OSGIN1 expression in
small airway epithelium from 5 healthy nonsmokers and
6 healthy smokers. Quantitatively, smoking induced 5.9-fold
upregulation of OSGIN1 (P<0.02, Fig. 1E). RNA-Seq analysis
identified that NM_182981 (OSGIN1) is the only OSGIN1
mRNA isoform expressed in human airway epithelium from
both nonsmokers and smokers.

To assess the expression pattern of OSGIN1 in smoking-
stressed human airway epithelium, we stained OSGIN1 in
human large airway biopsies from nonsmokers and smokers
with or without COPD. The results demonstrated that: (1).
OSGIN1 was both nuclei- and cytoplasm-positive, consistent
with the literature;27 (2) upregulation of OSGIN1 by smoking
had high variability among different individuals, consistent with
the transcriptome data; (3) increased expression of OSGIN1 was
not evenly distributed in the airway epithelium (Fig. S3).

Since there was a high variability of OSGIN1 gene
expression in human airway epithelium, we grouped all 170
subjects in cohort I together and defined high OSIGN1
expressor (> 3rd quartile) and low OSGIN1 expressor (< 1st

quartile). To explore the link of OSGIN1 with autophagy,
expression of 99 common autophagy-related genes
(Table S1), which were derived from 2 online databases,
were compared between high and low OSGIN1 expressor
groups. The results demonstrated that high OSGIN1 expres-
sion was associated with differential expression of auto-
phagy-associated genes (Benjamini-Hochberg corrected
P<0.05), including SQSTM1, ATG9A, GABARAPL1,
CDKN2A/ARF, BCL2, MAPK1/ERK2, ATG4C and CAL-
COCO2/NDP52), supporting the hypothesis that OSGIN1 is
an autophagy-relevant gene (Fig. 1F).

Expression of OSGIN1 is correlated with classic autophagy
genes in vitro

To explore a possible role of OSGIN1 in autophagy of
human airway epithelial cells in vitro, genome-wide correla-
tion analysis was performed for OSGIN1, using RNAseq
data from pure primary airway basal/progenitor cells of 17
healthy individuals.35 Using pure airway basal/progenitor
cells reduced the complexity of carrying out correlation

analysis in a mixed airway cell population. Strikingly,
OSGIN1 showed strong positive correlations with many
classical autophagy-related genes (http://autophagy.lu and
http://www.tanpaku.org/autophagy), including MAP1LC3B,
LAMP1, LAMP3, SQSTM1, WIPI1, ATG4B, GABARAPL1 and
ULK1 (rho>0.7, P<0.05; Fig. 2A). As an example, the expres-
sion of the autophagy marker MAP1LC3B had a linear correla-
tion to OSGIN1 (rho D 0.87, P<10¡3; Fig. 2B). Pathway
analysis demonstrated that autophagy-related pathways,
including the lysosome-related pathways, MTOR signaling and
regulation of autophagy, were significantly enriched in the
OSGIN1-positively-correlated genes (Fig. 2C). Consistent with
the function of OSGIN1 as a growth inhibitor,36-38 OSGIN1 was
negatively correlated with cell cycle related genes (Fig. S4).
Together, this unbiased correlation analysis is consistent with
the in vivo finding (Fig. 1F) and supports the hypothesis that
OSGIN1 might be an autophagy regulator in the airway
epithelium.

Autophagy induction by smoking in vitro is accompanied
by upregulation of OSGIN1

Prior studies have demonstrated that cigarette smoke extract
(CSE) treatment can induce autophagy in human airway epi-
thelial cells.12-19,21,22 Consistent with these findings, noncyto-
toxic CSE treatment (Fig. S5) of primary human airway basal
cells increased autophagy-related gene expression at both the
mRNA level (MAP1LC3B, SQSTM1 and GABARAPL1; Fig. 3A)
and the protein level (SQSTM1 and MAP1LC3B-II, [the
cleaved, lipidated and autophagosome-associated form of proc-
essed MAP1LC3B]) indicating autophagosome formation;39,40

Fig. 3B). Typical puncta staining of LC3B39,40 were observed in
CSE-treated samples (Fig. 3C). In parallel, OSGIN1 was upre-
gulated by CSE at both mRNA and protein level (Fig. 3A to C).
Together, the data suggests that smoking-induced OSGIN1
upregulation and CSE-induced autophagy are connected
events.

OSGIN1 upregulation of autophagy marker MAP1LC3B
and SQSTM1

To explore a direct link of OSGIN1 with autophagy, we
assessed the effect of enhanced expression of OSGIN1 in
human primary airway basal cells. Two central autophagy
markers, MAP1LC3B and SQSTM1,39,41,42 both upregulated
in smoking-induced autophagy,12-19,21,22 were used as
markers of autophagy induction. Cells from different
human subjects, different dose of OSGIN1 and different
time points were assayed. TaqMan PCR analysis showed
that, although there was some variability in the 3 subjects
tested, expression of both MAP1LC3B and SQSTM1 were
upregulated by enhanced expression of OSGIN1 (Fig. 4A).
The upregulation of MAP1LC3B and SQSTM1 reached the
peak on post-treatment d 4 (Fig. 4B) and both MAP1LC3B
and SQSTM1 expression were upregulated by OSGIN1 in a
dose-dependent fashion (Fig. 4C).

To assess the effect of OSGIN1 on the autophagic flux,
late stage of autophagic flux was suppressed by bafilomycin
A1 (BafA1). Since BafA1 can inhibit the fusion of
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autophagosomes with lysosomes, in the presence of BafA1,
increased amount of SQSTM1 and MAP1LC3B-II will be
seen if there is heightened autophagic flux. The results
demonstrated that OSGIN1 overexpression can enhance the
autophagic flux (Fig. 5A), but knockdown OSGIN1 has no
consistent effect on autophagic flux (Fig. 5B). Together, it
suggested that upregulation of OSGIN1 can increase auto-
phagic flux, but OSGIN1 is not essential for the mainte-
nance of autophagic flux in normal conditions.

Morphological assessment of autophagosome and
autolysosome induction by OSGIN1

To assess autophagy induction by OSGIN1 at the morpho-
logical level, immunostaining of MAP1LC3B was assessed
in primary airway basal cells in which OSGIN1 was upre-
gulated. Typical for cells undergoing autophagy,39 puncta-
like staining of MAP1LC3B was observed in OSGIN1-
treated cells using either immunofluorescence (Fig. 6A, 6B)
or histochemistry staining (Fig. 6C). By overlaying differ-
ential interference contrast image with fluorescent images,
MAP1LC3B-positive, vacuole-like structure could be clearly
seen in OSGIN1 expressing cell (Fig. 6B). Quantitatively,
there was a dose and time-dependent effect of OSGIN1 on
the formation of MAP1LC3B-positive puncta (Fig. 6A, C.

This observation was confirmed using cells from different
human subjects (Fig. 6D).

To further characterize the puncta-like staining in
OSGIN1 treated cells, we did subcellular colocalization of
OSGIN1 with SQSTM1, the endosome marker CD63 (also
previously termed MLA1, LAMP-3 or TSPAN30) and
LAMP1, a lysosome marker. Theoretically, along the
sequential process of autophagy, phagophore, amphisome,
autophagosome or autolysosome can lead to puncta-like
staining pattern, with the interaction of SQSTM1 and
MAP1LC3B mainly in autophagosomes,39 and coexpression
of CD63 and MAP1LC3B in amphisomes, with coexpres-
sion of LAMP1 and MAP1LC3B in autolysosomes. The
colocalization staining showed that in MAP1LC3B-positive
cells, there were SQSTM1 costained puncta (Fig. 7A),
CD63 costained puncta (Fig. 7B) and LAMP1 costained
puncta (Fig. 7C), reflecting the dynamics of MAP1LC3B
along the autophagic flux.

Because OSGIN1 can cause mitochondrial damage in
some cell types,27,29 it is possible that OSGIN1 might
induce mitochondrial specific autophagy, i.e., mitophagy,
in human airway epithelial cells. However, the data dem-
onstrated that in OSGIN1-overexpressing cells; colocaliza-
tion of MAP1LC3B and mitochondrial markers was rarely
detectable; and OSGIN1 was not colocalized with mito-
chondrial markers; there was no clear mitochondrial

Figure 2. Correlation of the expression of OSGIN1 with classic autophagy genes in human airway basal cells. Gene expression of purified human airway basal cells from 17
healthy individuals were assessed by RNAseq. (A) Genome-wide correlations to OSGIN1. X axis, Spearman’s rank correlation coefficient (rho). Y axis, P value after Partek
step-up multiple test correction. Red diamonds are autophagy-related genes with high positive correlations to OSGIN1 (rho>0.7, P<0.05). (B) Correlation between the
expression of OSGIN1 and MAP1LC3B (autophagy marker) gene expression. (C) Pathways enriched in the genes positively correlated with OSGIN1. The pathway enrich-
ment analysis was based on the genes with high positive correlations to OSGIN1 (rho>0.7, P<0.05). Pathways related to autophagy (lysosome, MTOR signaling and regu-
lation of autophagy) are highlighted.
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Figure 3. Autophagy induction of autophagy-related genes by cigarette smoke extract in vitro paralleled by upregulation of OSGIN1. Primary human airway basal cells
were treated with cigarette smoke extract (CSE) in vitro. Increasing concentrations of CSE (0 to 10%) were assessed (n D 3/group). (A) TaqMan PCR assessment of gene
expression changes induced by CSE. Oxidative stress genes HMOX1, CYP1A1 and NQO1 were used as positive control. Shown are autophagy-related genes, MAP1LC3B,
SQSTM1 and GABARAPL1, paralleled by OSGIN1 expression. Values are mean § standard deviation; �, P<0.05; ��, P<0.01; CSE treatment vs control. (B) Western analysis of
gene expression changes induced by CSE. Shown is the expression of OSGIN1, oxidative stress genes HMOX1 and NQO1 (positive controls) and autophagy genes
MAP1LC3B and SQSTM1. b-actin (ACTB) was used as loading control. MAP1LC3B-II is the activated form of MAP1LC3B during autophagy.39,40 (C) Fluorescence staining of
MAP1LC3B and OSGIN1 in airway epithelial cells with or without 3% CSE treatment. Red, positive staining; green, OSGIN1; blue, nuclei. Bar: 10 mm. Experiments were
repeated twice with similar results.

AUTOPHAGY 1209



Figure 4. OSGIN1-mediated upregulation of autophagy-related genes in airway basal cells at the mRNA level. Human primary airway basal cells were infected with lenti-
control or lenti-OSGIN1. Uninfected cells were used as additional control. Gene expression of autophagy genes MAP1LC3B and SQSTM1 were assessed by TaqMan PCR. (A)
Validation in different subjects. Shown are results of 3 independent experiments using airway epithelial cells from 3 different subjects. n D 3/group. (B) Assessment over
time. Samples were collected at post infection d 0 to d 5. n D 3/group. Values are mean § standard deviation; �, P<0.05; ��, P<0.01; lenti-OSGIN1 vs lenti-control at the
same time point. (C) Assessment of dose. Three doses of lentivirus vector were used. The woodchuck hepatitis posttranscriptional regulatory element, a shared compo-
nent on both the lenti-control and lenti-OSGIN1 vectors, were used to compare the post-infection dose of vectors between groups. Values are mean § SD; �, P<0.05; ��,
P<0.01; lenti-OSGIN1 vs lenti-control at the same dose.
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pattern alternations (Fig. S6A) and expression of mitoph-
agy-related genes were not altered (Fig. S6B).

OSGIN1-induced oxidative stress response

Since oxidative stress can cause irreversible damages to bio-
molecules (proteins, DNA and lipids) and acts as a major
driving force for autophagy induction,43-45 we assessed
OSGIN1-mediated upregulation of expression of oxidative
stress response genes in lenti-OSGIN1-treated airway basal
cells. At the mRNA level, OSGIN1 significantly upregulated
expression of multiple oxidative stress genes, including
GPX2 (5.9-fold), NQO1 (4.0-fold), MAFG (2.2-fold) and

HMOX1 (17.1-fold) (P<0.01, all comparisons, Fig. S7A).
The upregulation of NQO1 and HMOX1 were further con-
firmed by immunofluorescent staining (Fig. S7B). Together,
the data suggests that the OSGIN1-induced autophagy is
associated with heightened oxidative stress.

Expression of OSGIN1 affected smoking-induced
autophagic response

To ask whether OSGIN1 expression can affect smoking-
induced autophagic response, OSGIN1 was either overex-
pressed by lentiviral vector or suppressed by siRNA and
then challenged with 4% CSE. Consistently, OSGIN1

Figure 5. Effect of OSGIN1 on the autophagic flux. OSGIN1 was either overexpressed by lentiviral vector or suppressed by siRNA in the primary basal cells and then
treated with BafA1, a late stage inhibitor of autophagic flux. The changes of autophagy markers MAP1LC3B and SQSTM1 were assessed by western analysis with ACTB as
a loading control. (A) Overexpression of OSGIN1 with BafA1 treatment. Fold-changes between lenti-OSGIN1 and lenti-control from 3 independent experiments are shown.
Note the consistent upregulation of SQSTM1 and MAP1LC3B-II by lenti-OSGIN1 with or without BafA1 (all fold-changes >1). (B) Knockdown OSGIN1 with BafA1 treatment.
Folds changes between si-OSGIN1 and si-control from 3 independent experiments are shown. Note there are no consistent changes.
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Figure 6. OSGIN1 induced autophagosome and autolysosome formation. Human primary airway basal cells were infected with lenti-control or lenti-OSGIN1. Autophago-
some and autolysosome formation was assessed by punctate staining of MAP1LC3B, using both immunofluorescence staining and immunohistochemistry staining. The
effect of lenti-OSGIN1 at different doses, different times and in different subjects were quantified by the percentage of MAP1LC3BC cells. (A) Dose response. Left panels,
immunofluorescence staining of MAP1LC3B in cells treated with the different dose of lenti-control and lenti-OSGIN1. Blue, nuclei; red, MAP1LC3B; green, OSGIN1. Bar:
50 mm. Right panel, quantification of MAP1LC3BC cells. (B) Autophagic vacuole with MAP1LC3B staining. R, pseudo color red, MAP1LC3B; W, pseudo color white, OSGIN1;
G, pseudo color green, GFP; B, pseudo color blue, nuclei; DIC, differential interference contrast. The inset is a combined image of DIC, MAP1LC3B and nuclei in an
OSGIN1-expressing cell. Note the colocalization of MAP1LC3B with the vacuole structure in the cytoplasm. Bar: 10 mm. (C) Function of time. Left panels, immunohis-
tochemistry staining of MAP1LC3B in cells at different time points after treatment (d 2 to d 5). Bottom insets are high magnification of MAP1LC3B staining from lenti-
OSGIN1, day 4 samples, demonstrating morphology of MAP1LC3BC cells. Blue, nuclei; red, MAP1LC3B. Bar: 50 mm. Bottom Right panel, quantification of MAP1LC3BC cells.
(D) Different subjects. Quantification of MAP1LC3BC cells from experiments performed on 3 different subjects.
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overexpression increased SQSTM1 and MAP1LC3B expres-
sion at both the mRNA and protein levels. In the context
of OSGIN1 overexpression, smoking-induced autophagic
response was enhanced as indicated by the synergic upre-
gulation of MAP1LC3B-II and SQSTM1 (Fig. 8A). Inter-
estingly, under normal conditions, OSGIN1 knockdown
had no effect on the expression of SQSTM1 and
MAP1LC3B. Under smoking-stressed condition, expression
of SQSTM1 and MAP1LC3B were enhanced by OSGIN1
knockdown (Fig. 8B). Together, these data suggest that

OSGIN1 expression needs to be tightly controlled in the
stressed environment.

Discussion

In the current study, we observed that a novel smoking
response gene, OSGIN1, is upregulated in the large and small
airway epithelium of healthy smokers. Expression of OSGIN1
correlated with expression of classic autophagy markers, and
enhanced-expression of OSGIN1 led to autophagy through

Figure 7. Confirmation of OSGIN1-mediated autophagosome, amphisome and autolysosome formation. Human primary airway basal cells were infected with lenti-
OSGIN1. Costaining of MAP1LC3B with SQSTM1 or CD63 (endosome marker) or LAMP1 (lysosome marker) was used to confirm autophagosome, amphisome and autolyso-
some formation. Red-MAP1LC3B; color green-SQSTM1, CD63 or LAMP1; yellow, colocalization; white, lenti-OSGIN1 infected cells; blue, nuclei. Pink arrowhead indicates the
same cell in a different color channel. (A) Costaining of MAP1LC3B with SQSTM1. The costained puncta are in an autophagosome or autolysosome. (B) Costaining of
MAP1LC3B with CD63. The costained puncta are in an amphisome. (C) Costaining of MAP1LC3B with LAMP1. The costained puncta are in an autolysosome. Bar: 10 mm.
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Figure 8. Effect of OSGIN1 on smoking-induced autophagy. OSGIN1 was either overexpressed by lentiviral vector or suppressed by siRNA in the primary basal cells and
then challenged with 4% cigarette smoke extract (CSE). The changes of autophagy markers MAP1LC3B and SQSTM1 were assessed at both mRNA level by TaqMan PCR
and protein level by western blot analysis. (A) Overexpression of OSGIN1 with CSE treatment. Left panel, TaqMan PCR results. The data are normalized to uninfected con-
trol. Values are mean § SD; �, P<0.05; ��, P<0.01; ���, P<0.001. Right panel, western blot analysis. Fold changes between lenti-OSGIN1 and lenti-control with CSE treat-
ment from 3 independent experiments are shown (all fold-changes >1). (B) Knockdown of OSGIN1 with CSE treatment. Left panel, TaqMan PCR results. The data are
normalized to untransfected control. Values are mean § SD; �, P<0.05; ��, P<0.01. Right panel, western blot analysis. Fold-changes between si-OSGIN1 and si-control
with CSE treatment from 3 independent experiments are shown (all fold-changes>1).
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coinduction of MAP1LC3B and SQSTM1 in human airway
basal/progenitor cells, likely associated with heightened oxida-
tive stress. The upregulation of OSGIN1 is a link between
smoking and autophagy in the human airway epithelium.

Smoking and autophagy in the lung

Cigarette smoking is the dominant risk factor for COPD,46-48

and autophagy in the respiratory epithelium has been proposed
as one mechanism contributing to the pathogenesis of
COPD.7,11 Most studies have been focused on lung epithelial
cells, the first cell population to show smoking-induced stress.
Deficiency of MAP1LC3B, a key gene in the autophagy path-
way, can alleviate smoking-induced airway cilia shortening18

and alveolar cell loss.13 Insufficient autophagy leads to cellular
senescence in smoking-stressed airway epithelial cells.15,21

Some genes in COPD lung tissue have been proposed as auto-
phagy regulators in airway epithelial cells, including, EGR1
which upregulates MAP1LC3B expression,12 SIRT1 which
might affect MTOR signaling,16 HDAC6 which recognizes and
delivers damaged cilia protein to the autophagosome,18 SIRT6
which upregulates MTOR signaling,19 HMOX1 which downre-
gulates the expression of the autophagic regulator BECN117

and PARK2 which mediates mitophagy.21 However, since sam-
ples of human lung tissues contain only small portions of the
airway epithelium and cell lines were used in most of these
studies, the regulators of smoking-induced autophagy in the
human airway epithelium remain unclear.

OSGIN1

OSGIN1 has been initially identified as a pregnancy-induced
growth inhibitor in the mammary gland.36 Further studies sug-
gest it might be a tumor suppressor gene in kidney, breast and
liver cancer.29,37,38 Although how OSGIN1 is suppressed in
cancer cells is unclear,49 it has been shown that OSGIN1 can be
induced by DNA damage in an osteosarcoma cell line,2728 and
by oxidative stress in endothelial cells,5051 and blood cell
lines.52,53 Our finding that smoking can induce OSGIN1 is con-
sistent with the knowledge that smoking can induce both DNA
damage and oxidative stress in airway epithelial cells.

The known functions of OSGIN1 are mainly related to
growth inhibition and cell death induction in cancer
cells.27-29,36-38,49 Cell death induction by OSGIN1 has been
attributed to mitochondrial damage27-29 and suppression of
the antiapoptosis factors BCL2 and BCL2L1/Bcl¡xL.38 The
effect of OSGIN1 may be cell specific. As an example,
OSGIN1 overexpression leads to mitochondrial localization
in an osteosarcoma cell line but not in a cervical cancer cell
line.28

OSGIN1 as an inducer of autophagy in the airway
epithelium in smokers

The functions of OSGIN1 such as growth inhibition and cell
death induction often coexist with autophagy.31-33 The coordi-
nated expression pattern of OSGIN1 with autophagy genes in
airway epithelial cells supports the concept that OSGIN1 is
likely an autophagy regulator. Interestingly, it is mostly

transcription factors that induce autophagy directly, for exam-
ple, TFEB, TFE3, MITF and FOXO3.54-57 In contrast to the
global upregulation of autophagy genes by these transcription
factors, OSGIN1 upregulated only a few autophagy-related
genes, e.g., MAP1LC3B and SQSTM1, 2 of the core genes in the
autophagy pathway.39,41,42 Besides mRNA expression level
changes, post-translational level modifications of autophagic
proteins were also activated by OSGIN1, as evidenced by the
enhanced distribution of MAP1LC3B from autophagosome to
autolysosome. It is interesting that although OSGIN1 can
enhance autophagic flux, suppression of OSGIN1 expression
did not influence the autophagic flux under normal conditions.
Instead, with cigarette smoking-induced stress, both upregula-
tion and downregulation of OSGIN1 can affect autophagic
response evoked by smoking, which suggests that expression of
OSGIN1 needs to be tightly controlled in the airway epithe-
lium. These complicated regulations have been associated with
several autophagy-related genes in the literature. For example,
nuclei or cytoplasm-located TP53 has different effect on auto-
phagy58 and HMOX1 can either suppress or induce auto-
phagy.17,59 Interestingly, TP53 is one binding partner of
OSGIN127 and HMOX1 is an OSGIN1-regulated gene.51 In
addition, OSGIN1 downstream genes KLF4,51 ATF4,51 BCL2,38

and binding partner CAPN360,61 are all involved in autophagy
regulation through different mechanisms.

Although the autophagy induction by OSGIN1 theoretically
could result from the enrichment of OSGIN1 in the mitochon-
dria, we were not able to see colocalization of OSGIN1 with
mitochondrial markers in the airway epithelial cells. Instead,
we observed increased oxidative stress response in OSGIN1-
overexpressing cells. Increased oxidative stress causes damage
to intracellular macromolecules and organelles, leading to auto-
phagy activation.43-45 Since OSGIN1 itself is an oxidative stress
response gene, these observations suggest that upregulation of
OSGIN1 plays a role in smoking-induced stress, which eventu-
ally triggers autophagy in the airway epithelium.

Materials and methods

Brushed human airway epithelium

Healthy nonsmokers and healthy smokers were recruited using
local print media. Individuals with COPD (all current smokers)
were recruited in the same way and also from the outpatient
clinics of the Division of Pulmonary and Critical Care Medi-
cine. The study population was evaluated at the Department of
Genetic Medicine Clinical Research Facility under the auspices
of the Weill Cornell NIH Clinical and Translational Science
Center with approval by the Weill Cornell Medical College
Institutional Review Board. Written informed consent was
obtained from each volunteer before enrollment in the study.
Individuals were determined to be phenotypically normal on
the basis of clinical history and physical examination, routine
blood screening tests, urinalysis, chest X-ray, ECG and pulmo-
nary function testing. Current smoking status was confirmed
by history, venous carboxyhemoglobin levels and urinalysis for
levels of nicotine and its derivative cotinine. Smoking history
and urine nicotine and cotinine level are summarized in
Table S2. Smokers were asked not to smoke for at least 12 h
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before bronchoscopy. See Supplemental Methods for inclusion
and exclusion criteria.

Large airway epithelium (LAE, 3rd-4th order bronchi; 21
healthy nonsmokers, 31 healthy smokers, assessed by microar-
ray)62 and small airway epithelium (SAE, 10th to 12th order
bronchi; cohort I, for microarray, 62 healthy nonsmokers, 72
healthy smokers and 36 COPD smokers;63 cohort II, for micro-
array, 14 healthy nonsmokers (2 subjects which are repeated in
cohort I were excluded), 20 healthy smokers.34 Small sample
set, for RNA-Seq, 5 healthy nonsmokers, 6 healthy smokers64

were collected via flexible bronchoscopy as described previ-
ously.34,62-65 Primary airway basal stem/progenitor cells (for
RNA-Seq) were isolated from the LAE of 17 healthy individuals
as described previously (n D 10 healthy nonsmokers and 7
healthy smokers).35 Following RNA extraction and sample
quality assessment, genome-wide expression assessment was
performed using microarray (Affymetrix Human Genome
U133 Plus 2.0 arrays, Santa Clara CA) or RNA-Seq (Illumina
flow cells, San Diego, CA) as detailed in Supplemental Meth-
ods. These studies have been published34,35,62-65 and raw data
has been deposited in the Gene Expression Omnibus (GEO)
site (GSE76327) and the Short Read Archive (SRA) section of
the NCBI SRA database (SRA accession #SRP005411). See
Supplemental Methods for more details.

Real-time PCR

For confirmation of the microarray data, total RNA (LAE, 12
nonsmokers and 14 smokers; SAE, 14 nonsmokers and 18
smokers) was extracted and cDNA was synthesized using Taq-
Man Reverse Transcriptase Reaction kit (Thermo Fisher Scien-
tific, N8080234). All reactions were run on an Applied
Biosystems Sequence Detection System 7500 (CA, USA) and
relative expression levels determined using the 4Ct method
with 18S rRNA (RNA18S/18S) as the endogenous control. Pre-
made TaqMan Gene Expression Assays from Applied Biosys-
tems are listed in Table S3.

Lentivirus upregulation and siRNA downregulation

Lenti-OSGIN1 and lenti-GFP (as control) expressing plasmids
were produced using the Precision LentiORF lentiviral vector
backbone (GE Dharmacon, OHS5833; see Fig. S1 for a sche-
matic of the open reading frame of the plasmids). The replica-
tion-deficient lentiviruses were generated in 293A cells using
compatible packaging vectors. All viruses generated were pseu-
dotyped with the VSV-G envelope and concentrated with PEG-
itTM Virus Precipitation Solution (System Biosciences,
LV810A) using the manufacturer’s protocol. The infectious
titer of each virus was determined via Lenti-XTM qRT-PCR
Titration Kit (Clontech, 631235). For infection of the airway
basal cells, recombinant lentiviruses at an equal multiplicity of
infection (MOI) were added with 6 mg/ml of polybrene
(Sigma-Aldrich, H9268) to aid viral infection. As part of quality
control, to compare the transduction efficiency of different len-
tiviral vectors in basal cells, TaqMan PCR was used to assess
the common lentiviral component woodchuck hepatitis post-
transcriptional regulatory element at the mRNA level.66

The siRNA reagents were all purchased from Thermo Scien-
tific. Silencer� Select siRNAs for OSGIN1 (s195180) and nega-
tive control (4390843) were used. Lipofectamine� RNAiMAX
Transfection Reagent (13778030) was used to deliver the
siRNA into the cells.

In vitro studies with primary human airway basal/
progenitor cells

Normal human basal cells obtained from Lonza (CC-2540, Lots
310206, 314700 and 247681) were used for in vitro studies. The
cells were cultured in bronchial epithelium basal medium
(Lonza, CC-3171, CC-4175) containing gentamycin (50 mg/ml;
Sigma-Aldrich, G1397), amphotericin B (1.25 mg/ml; Thermo
Scientific, 15290018), and penicillin-streptomycin (50 mg/ml;
Thermo Scientific, 15140122).

Cigarette smoke extract was made from one brand of com-
mercial cigarette bubbled through 12.5 ml of bronchial epithe-
lium basal medium that was then filtered through a 0.2-mm
pore filter.67,68 To ensure standardization between experiments
and batches of CSE, the absorbance was measured at 320 nm
on a spectrophotometer and the optical density of 1 was
defined as 100%. CSE was frozen in single use aliquots
at ¡20�C. Based on the literature, 1% CSE is equal to 5 ciga-
rettes/d, 3% to 15 cigarettes/d, 6% to 30 cigarettes/d and 10% is
equal to 50 cigarettes/d which corresponds to human daily
exposure to cigarette smoke.69,70 The cytotoxicity of CSE on
primary basal cells was measured by Cytotoxicity Detection Kit
(LDH; Roche Life Science, 11644793001).

Autophagic flux was assessed by western blot analy-
sis.12,15,17,21 BafA1 (StressMarq, SKC-135) was used (100 nM,
2 h) to block the late-stage autophagic flux. The western analy-
sis band intensity of autophagy markers SQSTM1/p62 and
MAP1LC3B/LC3B were compared between samples treated
with or without BafA1. For experiments with OSGIN1 overex-
pression, BafA1 was added after 4 d lentivirus infection. For
OSGIN1 knockdown experiments, BafA1 was added 1 d after
siRNA transfection.

CSE challenge study (4% CSE, 12 h) was performed after
either OSGIN1 overexpression or knockdown. For the OSGIN1
overexpression experiments, CSE was added 4 d after lentivirus
infection. For OSGIN1 knockdown experiments, CSE was
treated 2 d after siRNA transfection.

Airway basal cells were cultured on Lab-Tek chamber slides
(Thermo Scientific, 154453) for immunofluorescence and
immunohistochemical staining. The following primary anti-
bodies were used: rabbit anti-human MAP1LC3B (1:200 for
immunofluorescence, 1:800 for immunohistochemistry; Cell
Signaling Technology, 3868); mouse anti-human LAMP1
(1:100; R&D Systems, MAB4800); mouse Anti-SQSTM1
(1:2000; BD Biosciences, 610833); mouse anti-human OSGIN1
(1:100; Sigma-Aldrich, SAB1407392), mouse anti-CD63 (1:100;
Santa Cruz Biotechnology, sc-5275), mouse anti-NQO1 (1:200;
Abcam, ab28947), mouse anti-HMOX1 (1:100; Thermo Scien-
tific, MA1–112). For immunofluorescence staining, Alexa
Fluor-labeled secondary antibodies (Alexa Fluor 488, 555, 647;
Thermo Scientific, A11029, A21424, A21236, A11034, A21429,
A21245) were used to visualize the signal. The cells were coun-
terstained with DAPI to identify cell nuclei. For mitochondrial

1216 G. WANG ET AL.



pattern assessment, MitoTracker� Red CMXRos (Thermo
Scientific, M7512) was used. The images were captured with a
Zeiss Axiovert 200M microscope (Zeiss USA, Thornwood, NY,
USA) using false coloring. For quantification by fluorescence
staining, 6 random fields under 20x objective lens were imaged
and the percentage of LC3B-positive cells were counted. For
immunohistochemistry staining, Vectastain Elite ABC kit (Vec-
tor Laboratories, PK-6100) and AEC substrate kit (Dako,
K3464) were used to visualize antibody binding. The slides
were counterstained with Mayer’s hematoxylin (Poly Scientific
R&D Corp, S216). Images were acquired using a Nikon Micro-
phot microscope (Nikon Instruments, Melville, NY, USA) with
an Olympus DP70 CCD camera (Olympus, PA, USA). For
quantification by immunohistochemistry staining, 8 random
fields under 10x objective lens were imaged and the percentage
of LC3B-positive cells were counted.

For western blot analysis, protein was extracted by radioim-
munoprecipitation lysis (RIPA) buffer (Sigma-Aldrich, R0278)
containing Halt Phosphatase Inhibitor cocktail (Thermo Fisher
Scientific, 78420). Protein concentration was measured with a
BCA Protein Assay Kit (Thermo Fisher Scientific, 23225).
NuPAGE� SDS PAGE Gel System (Thermo Fisher Scientific)
was used for electrophoresis and western transfer, using 4 to
12% Bis-Tris gradient gel and PVDF membrane. The mem-
branes were blocked and incubated with specific antibodies over-
night at 4�C, washed 3 times for 5 min each with PBST
(Thermo Scientific, 10010023; with 0.1% Tween 20; Bio-Rad,
161–0781) and incubated with an anti-rabbit or anti-mouse anti-
body conjugated to horseradish peroxidase (GE Healthcare Bio-
sciences, NA9340 or NA9310). The membranes were washed
again 3 times for 5 min with PBST, and antibodies were visual-
ized after the addition of SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, 34095) and expo-
sure to X-ray film. The primary antibodies used for the western
analysis included: rabbit monoclonal anti-MAP1LC3B (1:1000;
Cell Signaling Technology, 3868), mouse anti-SQSTM1 (1:2000;
BD Biosciences, 610833), mouse anti-OSGIN1 (1:500; Sigma-
Aldrich, SAB1407392) and mouse anti-ACTB/b actin (1:5000;
Sigma-Aldrich, A2228). To quantify the western results, the
films were scanned and analyzed with ImageJ software (http://
imagej.nih.gov/ij/). ACTB staining was used for normalization.

IHC staining on airway biopsy

The airway biopsies were processed with a standard method
(deparaffinization, antigen retrieval and inactivation of endoge-
nous peroxidase),67 stained with Avidin-Biotin Complex and
detected by AEC Substrate-Chromogen as described above.
Commercial human liver tissue (US Biomax, HuFPT074) was
used as positive control. Mouse anti-OSGIN1 (1:300; Sigma-
Aldrich, SAB1407392) was used with mouse IgG (Sigma-
Aldrich, I8765) as a negative control.

Statistical analyses

The details of microarray and RNA-Seq data analysis have been
reported elsewhere.34,62-65 The 2-tailed Student t test was used
to compare OSGIN1 expression in the brushed airway epithe-
lium. In the small airway microarray cohort I, 170 subjects

were grouped as high OSGIN1 expressors (> 3rd quartile, n D
43) and low OSGIN1 expressors (< 1st quartile, n D 43). This
data set was assessed for expression of 99 autophagy genes
shared by 2 online autophagy gene databases (http://www.tan
paku.org/autophagy/; http://autophagy.lu/; data freezed in
June–2016; for genes with multiple Affymetrix probesets, the
probeset with highest mean expression level among all subjects
was used; Table S1). The analysis was performed by comparing
high and low OSGIN1 expressor groups using 2-tailed Student t
test with P value correction. Hierarchical clustering and heat
map plotting were based on the differentially expressed auto-
phagy genes. Genome-wide correlation analysis for OSGIN1 in
airway basal cells was performed in Partek Genomics Suite 6.6
(St. Louis, MO, USA), using the Spearman’s rank correlation
coefficient. The P values were corrected by the step-up method
[Benjamini-Hochberg correction71] in the Partek Genomics
Suite. Pathway analysis was performed in DAVID Bioinformat-
ics Resources 6.7. The 2-tailed Student t test was used for Taq-
Man PCR analysis. The Mann-Whitney U test was used for
comparison of the percentage of positively stained cells. In all
analyses, a P value less than P<0.05 was deemed significant.

Abbreviations

ACTB actin b

ATF4 activating transcription factor 4
ATG13 autophagy-related 13
ATG4B autophagy related 4B cysteine

peptidase
ATG4C autophagy-related 4C cysteine

peptidase
ATG9A autophagy-related 9A
ATP2B1 ATPase plasma membrane

Ca2C transporting 1
ATG101/C12ORF44 autophagy-related 101
BCL2 BCL2, apoptosis regulator
BCL2L1/BCL¡XL BCL2 like 1
BECN1 Beclin 1
CALCOCO2 calcium binding and coiled-

coil domain 2
CAPN3 calpain 3
CD63 CD63 molecule
CDKN2A/ARF cyclin dependent kinase

inhibitor 2A
COPD chronic obstructive pulmo-

nary disease
CSE cigarette smoke extract
CYP1A1 cytochrome P450 family 1

subfamily A member 1
DRAM1 DNA damage regulated auto-

phagy modulator 1
EGR1 early growth response 1
FOXO3 forkhead box O3
GABARAPL1 GABA type A receptor associ-

ated protein like 1
GFP green fluorescent protein
GPX2glutathione peroxidase 2 glutathione peroxidase

2HDAC6, histone deacetylase 6
HMOX1/HO-1 heme oxygenase 1
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KLF4 Kruppel like factor 4
LAMP1 lysosomal associated mem-

brane protein 1
LAMP3 lysosomal associated mem-

brane protein 3
MAFG MAF bZIP transcription fac-

tor G
MAP1LC3B/LC3B microtubule associated pro-

tein 1 light chain 3 b
MAPK1 mitogen-activated protein

kinase 1
MITF melanogenesis associated

transcription factor
NQO1 NAD(P)H quinone dehydro-

genase 1
OSGIN1 oxidative stress-induced

growth inhibitor
PARK2 parkin RBR E3 ubiquitin pro-

tein ligase
RB1CC1 RB1 inducible coiled-coil 1
SIRT1 sirtuin 1
SQSTM1/P62 sequestosome 1
TFE3 transcription factor binding to

IGHM enhancer 3
TM9SF1 transmembrane 9 superfamily

member 1
ULK1 unc-51 like autophagy activat-

ing kinase 1
ULK2 unc-51 like autophagy activat-

ing kinase 2
ULK3 unc-51 like kinase 3
WIPI1 WD repeat domain, phos-

phoinositide interacting 1
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