
The Glutathione Peroxidase 1–Protein Tyrosine
Phosphatase 1B–Protein Phosphatase 2A Axis
A Key Determinant of Airway Inflammation and Alveolar Destruction

Patrick Geraghty1, Andrew A. Hardigan1, Alison M. Wallace2, Oleg Mirochnitchenko3, Jincy Thankachen2,
Leo Arellanos2, Victor Thompson2, Jeanine M. D’Armiento2, and Robert F. Foronjy1*

1St. Luke’s Roosevelt Hospital Center, New York, New York; 2Columbia University, New York, New York; and 3National Institutes of Health,

Bethesda, Maryland

Protein phosphatase–2A (PP2A) is a primary serine–threonine phos-
phatase that modulates inflammatory responses in asthma and
chronic obstructive pulmonary disease (COPD). Despite its impor-
tance, themechanisms that regulate lungPP2A activity remain to be
determined. The redox-sensitive enzyme protein tyrosine phospha-
tase–1B (PTP1B) activates PP2A by dephosphorylating the catalytic
subunit of the protein at tyrosine 307. This study aimed to identify
how the interaction between the intracellular antioxidant glutathi-
oneperoxidase–1 (GPx-1)andPTP1Baffected lungPP2Aactivity and
airway inflammation. Experiments using gene silencing techniques
inmouse lungorhumansmall airwayepithelial cells determined that
knockingdownPTP1BexpressionblockedGPx-1’sactivationofPP2A
and negated the anti-inflammatory effects of GPx-1 protein in the
lung. Similarly, the expression of human GPx-1 in transgenic mice
significantly increased PP2A and PTP1B activities and prevented
chronic cigarette smoke–induced airway inflammation and alveolar
destruction. GPx-1 knockout mice, however, exhibited an exagger-
atedemphysemaphenotype, correlatingwithanonresponsivePP2A
pathway. Importantly, GPx-1–PTP1B–PP2A signaling becomes in-
activated in advanced lung disease. Indeed, PTP1B protein was
oxidized in the lungs of subjects with advanced emphysema, and
cigarette smoke did not increase GPx-1 or PTP1B activity within ep-
ithelial cells isolated from subjects with COPD, unlike samples of
healthy lung epithelial cells. In conclusion, these findings establish
that the GPx-1–PTP1B–PP2A axis plays a critical role in countering
the inflammatory andproteolytic responses that result in lung-tissue
destruction in response to cigarette smoke exposure.
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Protein phosphatase–2A (PP2A) is the major serine–threonine
eukaryotic phosphatase (1), and accounts for up to 1% of total
cellular protein (2). Altered PP2A activity plays a key role in

cancer (3), neurodegenerative diseases (4), and innate immune
responses (5). In the lung, PP2A is a key modulator of inflam-
matory responses in asthma (6) and chronic obstructive pulmo-
nary disease (COPD) (5). Despite its importance in these and
other biological processes, the mechanisms by which PP2A is
regulated within the lung remains to be determined. Increasing
evidence indicates that PP2A activity is sensitive to the redox
status of the cell (7). Indeed, deficiencies in PP2A activity dur-
ing Alzheimer disease (8) and chronic lymphocytic leukemia (9)
are associated with enhanced oxidative stress and impaired an-
tioxidant defenses (10, 11). Despite the established links between
oxidative stress and altered PP2A activity, the biological pathways
by which redox factors modulate PP2A activity to influence dis-
ease development are not yet known.

Increased oxidative injury has been detected in the lungs of
patients with COPD, and animal studies demonstrate that in-
flammation in this disease can be regulated by the redox status
of the lung (12, 13). COPD is the third leading cause of death in
the United States (14), and is projected to be the third leading
cause of death worldwide within the next 20 years. Thus, un-
derstanding how redox factors moderate the processes respon-
sible for disease development is of critical importance. Although
antioxidants are known to counter cigarette smoke–induced lung
inflammation (13, 15), the mechanisms by which they mediate
these effects remain to be determined. Our group and others have
shown that lung phosphatases counter the inflammatory response
to cigarette smoke (5, 16). Thus, this study examined whether the
redox regulation of phosphatases altered intracellular signaling to
modulate lung inflammation in this disease.

PP2A becomes inactivated by the phosphorylation of a tyro-
sine site at position 307 (Tyr307) in the catalytic subunit of the
enzyme, and in vitro studies indicate that this process is counter-
acted by protein tyrosine phosphatase–1B (PTP1B) (17). PP2A
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CLINICAL RELEVANCE

Protein phosphatase–2A (PP2A) is the primary serine
threonine phosphatase in humans, and altered enzymatic
activity has been implicated in the development of lung
diseases such as asthma and chronic obstructive pulmonary
disease. Despite its importance, the cellular processes that
regulate PP2A activity remain poorly understood. In this
work, we identified a novel mechanism whereby an anti-
oxidant enzyme, glutathione peroxidase–1 (GPx-1), pro-
tects against smoke-mediated airway inflammation and
alveolar destruction by increasing the activities of protein
tyrosine phosphatase–1B (PTP1B) and subsequently PP2A
in the lung. Furthermore, we show that GPx-1 mediates
these effects not only because it is an antioxidant, but more
importantly, because it has a unique binding affinity for
PTP1B.
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and PTP1B regulate key kinase signaling pathways implicated in
COPD (18, 19). Despite their importance, the effects of redox
factors on lung phosphatase activity and inflammatory signaling
remain poorly understood. Here we examine one of the most
abundant glutathione peroxidase isoforms in eukaryotic cells, glu-
tathione peroxidase–1 (GPx-1), because it plays a major role in
subduing smoke-induced inflammation (20). Because PTP1B ac-
tivity is prone to oxidative inactivation (21, 22) and PTP1B greatly
influences PP2A activity (17, 23), we postulated that antioxidants,
and particularly GPx-1, protect against smoke-induced inflamma-
tion and the development of emphysema by stimulating PTP1B to
increase PP2A activity. This novel mechanism would have impli-
cations not only in COPD but also in other reactive oxygen spe-
cies (ROS)–driven diseases where PP2A activity plays a key role.

MATERIALS AND METHODS

Animal Models

GPx-1 mice were bred in a C57BL/6 3 CBA/J background. Twelve-
week-old, wild-type, GPx-1 transgenic and GPx-1 knockout mice were
used for all experiments. All animal experiments were performed with
approval from the Institutional Animal Care and Use Committee at St.
Luke’s Roosevelt Hospital Center.

Cigarette Smoke Exposure Protocol

Mice were exposed to cigarette smoke according to our established pro-
tocol (15). Full details are presented in the online supplement.

In Vivo PTP1B Silencing

Animals intranasally received 7.4 nmol negative control or PTP1B
(mouse Ptpn1) silencer short, interfering RNA (siRNA; Life Technolo-
gies, Grand Island, NY) in PBS, and 48 hours later received either 3 mg
of human albumin or 1 unit of GPx-1 protein in 20 ml of Pro-Ject reagent
(Thermo Scientific, West Palm Beach, FL) before smoke exposure.

In Vitro GPx-1 Binding Assay

Human purified GPx-1 (1 mg/well) was coated onto a 96-well plate in
0.05 M carbonate bicarbonate buffer, pH 9.6, and incubated at 48C
overnight. Wells were incubated with 1 mg of albumin, PP2A, or
PTP1B, and placed on a shaker for 2 hours at 378C. The wells were
subsequently detected by an ELISA-based approach with antibodies for
either PP2A or PTP1B (Cell Signaling, Danvers, MA). GPx-1 binding
was recorded as absorbance at 450 nm.

In Vitro Activation of PTP1B

Recombinant human PTP1B protein (10 ng) was mixed with 5% ciga-
rette smoke extract (CSE) or 1 unit of human GPx-1. PTP1B activity
was determined with a specific PTP1B assay (DYC1625; R&D Sys-
tems, Minneapolis, MN).

Cell Culture

Human small airway epithelial (SAE) healthy and COPD cells (Lonza,
Allendale, NJ) were cultured and treated with or without 5% smoke
extract, as previously described (24). Healthy SAE cells, stably trans-
fected with lentiviral vectors expressing GPx-1, PTP1B, or control
short hairpin RNA (shRNA) (Santa Cruz Biotechnology, Santa Cruz,
CA), were generated as previously described (5). One unit of human
GPx-1 (Sigma-Aldrich, St. Louis, MO) or an equivalent amount of
albumin was mixed with Pro-Ject reagent and added to the cells for
24 hours.

Matrix Metalloproteinase and Cytokine Measurements

Quantitative PCR for mouse matrix metalloproteinase (MMP)–9,
MMP-12, and MMP-13 was measured from the lungs of mice, using

TaqMan specific probes (Applied Biosystems, Carlsbad, CA). IL-12
(p40), IL-12 (p70), IL-17, IFN-g, and TNF-a concentrations were mea-
sure in bronchoalveolar lavage (BAL) fluid and whole-lung tissue pro-
tein, using a magnetic beads assay (Bio-Plex Pro Mouse Cytokine
5-plex Assay, catalogue number Z60-0000BSB; Bio-Rad, Hercules,
CA) on the Bio-Rad Bio-Plex 200 system.

Intracellular Signaling

Immunoblots for mitogen-activated protein kinase signaling proteins
were performed on the cytosolic protein, and NF-kB and activator
protein-1 (AP-1) activations were measured in the nuclear extracts of
GPX12/2 and GPX11/1 mice under baseline and smoke-exposure con-
ditions.

GPx-1, PP2A, PTP1B, and Tyrosine Kinase Activity

Gpx-1, PP2A, and PTP1B activities were determined using assays kits
(GPx activity, Abcam 102530, Cambridge, MA; PP2A activity, catalogue
number 17-313, from Millipore, Billerica, MA; and PTP1B, DYC1625,
from R&D Systems). Oxidized and total PTP1B were determined by
immunoblotting. Tyrosine kinase activity was measured using tyrosine
kinase assay kit MK410 from Takara (Shiga, Japan).

Statistical Analyses

Data are expressed as means 6 SEMs. We determined statistical sig-
nificance by one-way ANOVA for multiple group analyses, using
GraphPad Prism Software (La Jolla, CA).

RESULTS

GPx-1 Binds to PTP1B and Enhances Its Activity

PTP1B activity is redox-modulated (21). However, whether
PTP1B directly interacts with antioxidants remains to be deter-
mined. Protein binding analyses, as performed on purified pro-
teins, demonstrated that GPx-1 interacted avidly with PTP1B,
and mildly with PP2Ac (Figures 1A and 1B). Given this direct
interaction, experiments were performed to investigate whether
GPx-1 could directly alter PTP1B activity. We exposed human
recombinant PTP1B protein to (CSE) and GPx-1, and we ob-
served that GPx-1, by itself, significantly induced PTP1B activ-
ity (Figure 1C). In contrast, GPx-1 did not augment the activity
of human recombinant PP2A protein (Figure 1D). PP2A activ-
ity was enhanced in the presence of PTP1B, and this increase in
activity was sensitive to PTP1B inhibition (Figure 1D). How-
ever, a high concentration of CSE (50%) did inhibit GPx-1
activity (Figure 1E). In contrast to GPx-1, CSE did not decrease
PTP1B activity, even though it contains oxidants that would be
expected to inactivate the enzyme. It is important to note that
CSE contains numerous other components whose effects on
PTP1B activity remain unknown.

GPx-1–Induced PP2A Activity Is PTP1B-Dependent

Smoke increases PP2A activity (5). However, whether PTP1B
plays a significant role in this process remains unknown. SAE
cells were stably transfected with lentiviral particles to express
PTP1B or GPx-1 shRNA, to evaluate whether GPx-1 enhances
PP2A activity via a PTP1B-dependent mechanism. PTP1B and
GPx-1 were effectively silenced, as demonstrated by immuno-
blotting (Figures 2A and 2B) and PTP1B activity assays (Fig-
ures 2C and 2D). Both CSE and GPx-1 protein administration
increased PP2A activity in SAE cells (Figure 2A). The trans-
fection of GPx-1 protein enhanced cytoplasmic concentrations
of GPx-1 in cells (Figure E1A in the online supplement). Si-
lencing PTP1B significantly prevented the induction of PP2A
activity by GPx-1. CSE treatment was also less efficient at
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elucidating a PP2A response under PTP1B-depleted conditions.
Interestingly, the loss of GPx-1 prevented the CSE-mediated
induction of PP2A activity (Figure 2B). The administration of

exogenous GPx-1 onto GPx-1 shRNA cells increased PP2A
activity, almost certainly because of the presence of functional
PTP1B. PTP1B concentrations mimicked the PP2A response in

Figure 1. Glutathione peroxidase–1 (GPx-1)

directly interacts with protein tyrosine phos-
phatase 1B (PTP1B) to modulate its activity

and subsequently protein phosphatase–2A

(PP2A) activity. (A) The binding ability of puri-

fied PTP1B or PP2Ac to GPx-1was determined
via an ELISA-based approach. GPx-1 directly

binds to PTP1B and PP2A, but with great af-

finity to PTP1B. (B) The immunoprecipitation

of PTP1B protein was undertaken frommouse
lung samples that underwent protein transfec-

tion with either albumin or GPx-1, and immu-

noblotting was performed. (C) PTP1B protein
has increased activity in the presence of GPx-1.

(D) GPx-1 cannot directly activate PP2A pro-

tein, but PP2A protein becomes activated

through incubation with PTP1B (solid bars).
(E) GPx-1, incubated with 50% cigarette

smoke extract (CSE), has reduced GPx activity.

Graphs represent the mean 6 SEM of 12

measurements. The P values shown compare
the treatments connected by a line.

Figure 2. PTP1B is required for the activa-

tion of PP2A by GPx-1. Small airway epithe-
lial (SAE) cells were examined for PP2A

activity after treatment with negative con-

trol shRNA, (A) PTP1B shRNA, or (B) GPx-1

shRNA stably transfected cells, in combina-
tion with GPx-1 protein or CSE. Immuno-

blots were undertaken to demonstrate the

stable knockdown of (A) PTP1B or (B) GPx-

1. PTP1B activity was also examined in (C)
PTP1B shRNA or (D) GPx-1 shRNA stably

transfected cells. Graphs represent the

mean 6 SEM of six measurements. The P
values shown compare the treatments con-

nected by a line.
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both PTP1B and GPx-1 shRNA cells (Figures 2C and 2D).
After administering GPx-1 protein to GPx-1 shRNA cells, these
SAE cells were able to increase PTP1B activity in response to
cigarette smoke exposure (Figure 2D). This provides further
evidence that GPx-1 is required for the smoke-mediated activa-
tion of PTP1B.

GPx-1 Modulates the PTP1B/PP2A Pathway in the Lung

To determine whether GPx-1 increased PP2A activity via
a PTP1B-dependent mechanism in mice, C57/Bl6 mice received
PTP1B siRNA intranasally, and 48 hours later were protein-
transfected with GPx-1 protein (Figure 3A), 1 hour before cig-
arette smoke exposure. GPx-1 concentrations were enhanced by
transfection (Figure E1B), and PTP1B was effectively silenced
by our siRNA intranasal treatment, as demonstrated by quanti-
tative PCR (Figure E2). Protein transfecting active GPx-1 pro-
tein to the lung significantly blocked inflammatory cell infiltration
after acute smoke exposure (Figure 3B). This anti-inflammatory

process coincided with enhanced PTP1B and PP2A activity (Fig-
ures 3C and 3D). Importantly, the silencing of PTP1B in the lung
prevented GPx-1 from enhancing PTP1B and PP2A activity and
counteracting inflammatory cell infiltration. Of note, cigarette
smoke activated AP-1 signaling only when PTP1B expression
was silenced in the lung (Figure 3D). Neither GPx-1 administra-
tion nor PTP1B silencing affected NF-kB signaling in this model
(Figure 3D). GPx-1 also prevented the release of several smoke-
induced cytokines into the airways in a PTP1B-dependent man-
ner, most notably IL-17 (Figures 3E and E3). The loss of PTP1B
resulted in a hypersensitive IFN-g response to cigarette smoke
(Figure 3E). In addition, GPx-1 delivery to the lung exerted an
impact on smoke-driven MMP gene expression, which was reliant
on PTP1B expression (Figures 3E and E3C). GPx-1 concentra-
tions were unchanged in alveolar macrophages, despite protein
transfection (Figures E4A and E4B). Human autologous serum
monocyte–derived macrophage MMP-12 secretions were unaf-
fected by GPx-1 transfection (Figures E4C and E4D), suggesting
that lung residential cells were responsible for the changes in

Figure 3. PTP1B is required for the induc-
tion by GPx-1 of lung PP2A activity. (A)

Experimental approach to the in vivo ad-

ministration of PTP1B short, interfering

RNA (siRNA), GPx-1 protein transfection,
and smoke exposure. Lung tissue from

C57BL/6 mice was examined for (B) im-

mune cellularity, (C) PTP1B and PP2A ac-

tivity, (D) Activator protein-1 (AP-1) and
NF-kB activity, and (E) matrix metallo-

proteinase (MMP)–12 lung gene expres-

sion and IFN-g and IL-17 bronchoalveolar
lavage fluid (BALF) cytokine concentra-

tions. Graphs represent the mean 6 SEM

of 12 measurements. The P values shown

compare the treatments connected by
a line. Abs, absorbance.
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MMP-12 expression. Together, these findings indicate that the
induction of PTP1B activity by GPx-1 plays a critical role in
counteracting the early inflammatory and proteolytic processes
associated with smoke exposure.

PP2A Activity Is Increased in the Lungs of GPx-1

Transgenic Mice

To further determine whether GPx-1 expression induced changes
in PTP1B and PP2A activity, we examined PTP1B, PP2A, and
tyrosine kinase activity in mice expressing human GPx-1 (GPx-
1tg), GPx-1 knockout (GPx-1 KO) mice, and their wild-type lit-
termates exposed to short (1 d)–term and long (1 yr)–term smoke
exposure. An acute and chronic approach was undertaken, be-
cause our group previously demonstrated that the induction of
PP2A activity in response to smoke wanes over time (5). In
addition, the long-term smoke exposure of mice was required
to examine all relevant characteristics of emphysema. Interest-
ingly, GPx-1tg mice demonstrate significantly increased baseline
lung PP2A and PTP1B activity compared with wild-type mice,
and in contrast to wild-type mice, phosphatase activity remained
elevated even after 1 year of smoke exposure (Figure 4A). More-
over, PP2A and PTP1B concentrations did not respond to smoke
in GPx-1 KO mice, and these results were similar to those of our
in vitro cell experiments. Changes in PP2A activity were inde-
pendent of changes in expression of the structural or binding of
the B regulatory subunits to the PP2A holoenzyme complex
(Figure E5). Increased PP2A and PTP1B activity coincided with
GPx-1 expression. Therefore, GPx-1 regulated PP2A activity by
a posttranslational modification of the enzymatic subunits.

The dephosphorylation of Tyr307 on the PP2A catalytic C
subunit increases overall PP2A activity (17). GPx-1 appears to
regulate the activity of tyrosine kinases robustly, because we
observed reduced tyrosine kinase activity in the GPx-1tg mice
compared with the wild-type and GPx-1 KO mice (Figure 4B).
Furthermore, GPx-1 decreased the phosphorylation of Tyr307
within the catalytic subunit of PP2A (PP2AC) (Figure 4C). The
phosphorylation of this site by tyrosine kinases such as pp60v-src,

pp56lck, epidermal growth factor, and insulin receptors causes
inactivation of the enzyme in vitro (25). Thus, we assert that this
decrease in phosphorylation may be responsible for the increase
in lung PP2A activity and the anti-inflammatory effects that
were observed in GPx-1tg mice.

Transgenic Expression of Human GPx-1 in Mice Prevents

Smoke-Induced Lung Inflammatory Responses

GPx-1tg mice exhibited significantly lower concentrations of in-
flammatory cells in their BAL fluid after acute and chronic
smoke exposure (Figure 5A). AP-1 signaling and NF-ĸB activa-
tion play a central role in the inflammatory and proteolytic
processes that are mediated by the TNF signaling pathway in
COPD (24, 26). For this reason, we evaluated how GPx-1 ex-
pression and smoke exposure altered AP-1 and NF-ĸB signaling
in the lung. In correlation with increased lung PP2A activity,
GPx-1tg and smoke-exposed wild-type mice demonstrated de-
creased c-Jun N-terminal kinase (JNK) phosphorylation (Figure
5B) and AP-1 activation in the lung (Figure 5C). Conversely,
the activation of JNK was observed in the lungs of 1-year
smoke-exposed GPx-1 KO mice (Figure 5B), which coincided
with increased AP-1 activation (Figure 5C). Increased GPx-1
did not completely deter NF-ĸB (Figure 5C), but NF-ĸB activa-
tion was significantly reduced in GPx-1tg mice exposed to 1 year
of smoke, compared with both the wild-type and GPx-1 KO
mice. GPx-1 expression also decreased total H2O2 concentra-
tions (Figure E6A) and maintained tissue glutathione (GSH) in
a reduced state (Figure E6B).

Given the potent anti-inflammatory effects of GPx-1, we de-
termined whether GPx-1tg mice were subject to similar protec-
tive effects on lung protease expression and cytokine release.
GPx-1tg mice demonstrated a significantly lower lung expression
of MMP-9, MMP-12, and MMP-13 after smoke exposure com-
pared with wild-type mice (Figure 5D). MMP-9, MMP-12, and
collagenases such as MMP-13 have been linked to the develop-
ment of emphysema in both animal models and human studies
of the disease (27). In addition, a smoke-inducible cytokine

Figure 4. GPx-1 significantly modulates
the PTP1B–PP2A pathway in the lung.

Lung (A) PP2A, (B) PTP1B, and (C) tyro-

sine kinase activity was measured from

wild-type, human GPx-1 (GPx-1tg), and
GPx-1 knockout (KO) mice at baseline,

1 day, and 1 year of smoke exposure.

(D) Immunoblot analyses for the phospho-
tyrosine 307 (pTyr307) catalytic subunit of

PP2A (PP2AC), PTP1B, and actin were per-

formed on lung tissue from the room air–

exposed and 1-year smoke-exposed mouse
groups. Graphs represent the mean6 SEM

of 12 measurements. The P values shown

compare the treatments connected by

a line.
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keratinocyte–derived cytokine was observed to be enhanced in
the BAL fluid of GPx-1 KO mice compared with the other
mouse groups (Figure 5D).

Overexpression of Human GPx-1 in Mice Prevents

Smoke-Induced Airway Enlargements

GPx-1tg mice did not develop emphysematous changes after
1-year exposure to smoke (Figure 5E and Table 1). Morphomet-
ric quantification demonstrated that GPx-1 expression prevented
the increase in mean linear intercept (MLI; 56 6 8 wild-type
1-year smoke-exposed versus 42 6 2 GPx-1tg 1-year smoke-
exposed; P ¼ 0.003) and the decrease in fractional volume and
surface area that occurred in the lungs of smoke-exposed,
wild-type mice (Table 1). Conversely, GPx-1 KO mice demon-
strated an exaggerated emphysema phenotype, even without
smoke exposure (Table 1). However, smoking significantly
worsened airspace enlargement, as determined by the MLI,
in the GPx-1 KO mice (53 6 7 GPx-1 KO versus 65 6 9 GPx-1

KO 1-year smoke-exposed; P ¼ 0.043). Thus, these data suggest
that this antioxidant enzyme deters smoke-mediated inflammation
via a novel function that involves the activation of key lung
phosphatases.

Smoke-Induced PTP1B Activity Is Reduced

in COPD Samples

To determine how cigarette smoke exposure affected PTP1B ac-
tivity in the lung in vivo, we measured PTP1B activity from the
lung tissue of wild-type mice at baseline and after 1 hour, 1 day,
8 days, or 8 weeks of cigarette smoke exposure. PTP1B activity
was significantly increased within the lungs of these mice after
1 hour of smoke exposure (Figure 6A). However, the increase
in PTP1B activity waned over time. The responsiveness of
PTP1B activity in human COPD has not been previously exam-
ined. We examined the effects of smoke on PTP1B activity in
primary SAE cells isolated from the lungs of healthy donors and
of subjects with COPD. Healthy SAE cells demonstrate a robust

Figure 5. Transgenic expression of human

GPx-1 in mice prevents smoke-induced
lung inflammation and airway enlarge-

ment. Enhanced GPx-1 expression (A) de-

creased bronchoalveolar lavage (BAL) fluid

cellularity, and prevented (B) kinase (pJNK)
and (C) transcription factor (AP-1 and NF-

kB) activation. (D) Quantitative PCR for

mouse MMP-9, MMP-12, and MMP-13
was performed using cDNA prepared from

mRNA isolated from the lungs of each

group. Each group represents the mean 6
SEM of 12 measurements. Cytokine
keratinocyte–derived cytokine (KC) con-

centrations in BAL fluid were also exam-

ined by ELISA in each mouse group. (E)

Smoke-exposed murine lungs were
compared with age-matched control

samples (scale bar ¼ 20 mM). Graphs

represent the mean 6 SEM of 12
measurements. The P values shown

compare the treatments connected

by a line. JNK, c-Jun N-terminal kinase.
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GPx-1 and PTP1B response to smoke, unlike the SAE cells from
patients with COPD (Figure 6B). Interestingly, the gene-expression
and whole-protein profiles of both proteins differed in COPD
cells, with a twofold increased expression of PTP1B and a large
reduction in GPx-1 production (Figure 6C). PTP1B activity
was also measured from the lung protein of age-matched
healthy and emphysematous human tissue samples. PTP1B ac-
tivity was not increased in the human emphysema samples,
compared with healthy control samples (Figure 6D), similar to
the SAE cells from patients with COPD. Oxidative stress modi-
fies the catalytic region of PTP1B to inactivate the enzyme (28).
Therefore, we examined human tissue from healthy subjects and
patients with COPD for the oxidized form of PTP1B. Oxidized
PTP1B was only observed in samples from patients with COPD
(Figure 6D). Thus, we assert that the nonresponsiveness of
PTP1B results in a proinflammatory phenotype, leading to the
sustained inflammation that occurs in the lung after chronic
smoke exposure.

DISCUSSION

TheROS produced by smoke exposure induce inflammation that
drives the development of disease (29). Epidemiologic and clin-
ical studies suggest that antioxidants confer protection against
COPD (30) and other inflammatory disorders (31). Our group
and others have demonstrated the therapeutic potential of anti-
oxidants in preventing the development of COPD (15, 20).
However, the mechanism by which antioxidants impede disease
progression remains to be elucidated. This study is the first to
demonstrate that an antioxidant enzyme, GPx-1, can directly
interact with a phosphatase, enhancing its activity and thereby
preventing disease progression. Specifically, we show that GPx-
1 induces PTP1B to activate PP2A via a mechanism that likely
involves the dephosphorylation of the catalytic subunit of the
enzyme at tyrosine 307. By activating PP2A, GPx-1 blocked
signaling responses that induced lung cytokine and protease
expression, and thereby prevented lung tissue destruction and
injury. GPx-1 was able to regulate PTP1B, and subsequently
PP2A, not only because it was an antioxidant, but more impor-
tantly, because it had a strong binding affinity for PTP1B, which
enabled it to maintain PTP1B in its active state. Thus, the pres-
ent study elucidates a novel mechanism by which GPx-1 mod-
ulates inflammatory responses through the posttranslational
modification of key lung phosphatases. Importantly, our data
indicate that the loss of GPx enzymatic activity over time would

hinder PTP1B/PP2A responses that limit lung injury in this
disease. This is significant because GPx activity decreases with
age (32), and the lungs of subjects with COPD undergo accel-
erated aging processes (33). Indeed, in contrast to healthy SAE
cells, cigarette smoke did not increase PTP1B activity in SAE
cells from subjects with COPD. These findings indicate that the
loss of GPx-1–PTP1B–PP2A responses may constitute a pivotal
factor in the pathogenesis of this disease.

PTP1B is primarily observed at the membrane of the endo-
plasmic reticulum (ER) (22), which exposes it to all cytoplasmic
components, including GPx-1 (34), allowing frequent opportu-
nities for redox modifications to occur. Importantly, we have
observed that PTP1B and PP2A are less responsive after chronic
smoke exposure, which may explain why the acute induction of
PTP1B/PP2A activity does not prevent the persistent inflamma-
tion that occurs in the COPD disease state. Intracellular H2O2

production could oxidize PTP1B and inactivate this pathway
(22). Indeed, we found that PTP1B protein was oxidized in the
lungs of subjects with advanced emphysema. Our data suggest
that elevated concentrations of GPx-1 are sufficient to induce the
activity of PTP1B, to ensure the dephosphorylation of Tyr307 on
the PP2A catalytic C subunit, to activate PP2A, and to prevent
smoke-induced inflammation. We theorize that GPx-1 modifies
PTP1B activity to alter the tyrosine phosphorylation of PP2AC

by altering the balance of protein tyrosine kinase (PTK) and
protein tyrosine phosphatase (PTP) activity in the lung (see Fig-
ure 6E for a proposed scheme). Therefore, if oxidants such as
H2O2 inactivate PTP1B, an imbalance between PTK and PTP
activity within the cell would occur, resulting in persistent inflam-
mation. Antioxidants have been reported to decrease the activity
of tyrosine kinases such as Src (35), which phosphorylate PP2A at
the specific Tyr307 site (25). Moreover, antioxidants counter the
effects of ROS that inactivate PTPs by oxidizing cysteine residues
within the enzyme (36). Previous studies have shown that anti-
oxidants exert key protective effects against smoke exposure in
the lung (13, 15). The present work provides new insights into
these protective effects by showing that GPx-1 countered smoke-
induced lung inflammation and protease expression by increasing
PP2A activity and down-regulating kinase signaling. Moreover,
GPx-1 mediated these effects via a mechanism that involved the
PTP1B-mediated dephosphorylation of Tyr307 in PP2AC.

The importance of combating oxidative stress has been well
documented during the past few decades (37). However, few
studies have demonstrated a mode of action by which antioxi-
dants prevent inflammation and disease. The present study elu-
cidates that the site of action for an antioxidant is critical to its
cellular effects. Indeed, compared with superoxide dismutase–1,
GPx-1 was a far more potent activator of PP2A in the lungs of
mice (Figure E7). This is likely attributable to the strong binding
affinity that GPx-1 showed toward PTP1B, which is a critical
modulator of PP2A activity. We have observed how the loss of
PTP1B affects PP2A activity, H2O2 concentrations, cytokine pro-
duction, and MMP expression, and potentially, subsequent airway
enlargement. We were surprised that the GPx-1–PTP1B–PP2A
pathway negatively regulated smoke-induced-IL-17, because others
observed the opposite effect in mice overexpressing PP2A in T cells
(38). This may be attributable to the different signaling that occurs
in diverse tissues and the influence of cigarette smoke on the post-
translational modification of PP2A. The observation of a quick
IL-17 response to smoke that is sensitive to the GPx-1–PTP1B–
PP2A pathway constitutes an intriguing finding that warrants fur-
ther investigation, insofar as the role of IL-17 in COPD is currently
an exciting topic in COPD research (39).

The GPx-1–PTP1B–PP2A pathway could influence many
other disease processes involved in COPD. PTP1B could regu-
late the effects of smoke on ER stress, because smoke induces

TABLE 1. LUNG MORPHOMETRY OF WILD-TYPE, GPX-1TG,
AND GPX-1 KO MICE

MLI

Fractional

Volume

Surface Area/Unit

Volume

Wild-type 43 6 9 0.108 6 0.011 48 6 8

Wild-type 1 yr cigarette

smoke

56 6 8 0.075 6 0.018 34 6 7

GPx-1tg 42 6 2 0.100 6 0.009 48 6 3

GPx-1tg 1 yr cigarette

smoke

42 6 4 0.100 6 0.010 47 6 3

GPx-1 KO 53 6 7 0.079 6 0.010 35 6 5

GPx-1 KO 1 yr cigarette

smoke

65 6 9* 0.078 6 0.029* 32 6 4*

Definition of abbreviations: GPx-1, glutathione peroxidase–1; GPx-1tg, human

glutathione peroxidase–1; KO, knockout; MLI, mean linear intercept.

Values include fractional volume of parenchyma tissue per lung (V(p/l)), alve-

olar surface area per unit volume S(p/l)(mm21), and mean linear intercept (in

microns). Bold lettering denotes P , 0.05, compared with room-air wild-type

mice.

*P , 0.05, compared with room air–exposed GPx-1 KO mice.
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the unfolded protein response (40), and PTP1B is located on the
ER (22) and plays a role in relieving ER stress (41). Nuclear
factor (erythroid-derived–2)–like 2 and PP2A signaling has been
demonstrated to be elevated in 78-kD glucose-regulated protein
knockout cells, possibly to counteract increased ER stress–
associated ROS production (42). In addition, ceramide alters
PP2A activity (43), and smoke-induced ceramide production is
redox-sensitive in a neutral-sphingomyelinase manner (44).
Therefore, GPx-1 could alter ceramide production and exert an
impact on cellular apoptosis. The impact of the PTP1B–PP2A
pathway on ceramide synthesis would be an area worthy of further
investigation. GPx-1 has also been demonstrated to regulate other
inflammatory signaling, such as cluster of differentiation-14 (20).
In fact, PTP1B prevents cluster of differentiation-14–associated
Toll-like receptor signaling in a PP2A-dependent manner (19).

Several limitations of this study merit discussion. For one, the
mechanism by which GPx-1 increased PTP1B activity remains to

be determined. Based on the literature, we theorize that GPx-1
functioned to maintain PTP1B in its reduced, active state. In-
deed, the oxidation of PTP1B, which occurs in emphysema,
was associated with the loss of GPx-1 activity in the lung. How-
ever, future studies will specifically address whether GPx-1 alters
PTP1B oxidation in our disease models. Second, silencing
PTP1B in our in vitro and in vivo models decreased protein
expression, but did reduce basal enzymatic activity levels. In
both systems, baseline PTP1B activity was at the lower limit
of detection, and thus the assays might not have been sensitive
enough to detect changes present with gene silencing. Lastly,
although we have focused on the epithelium, other cell types,
including macrophages, may conceivably have been affected by
GPx-1 or PTP1B siRNA in our in vivo models. Indeed, IFN-g,
IL-17, and MMP-12 are not principally expressed by the epithe-
lium, suggesting that GPx-1 and/or PTP1B siRNA acted on
other cell types, either directly or indirectly.

Figure 6. PTP1B activity is subdued in hu-
man emphysema because of oxidation. (A)

PTP1B activity was measured in the lungs

of wild-type nonexposed mice (open bars)

and for various times in smoke-exposed
mice (solid bars) (n ¼ 12 for each group).

(B) GPx-1 and PTP1B activity assays were

performed in control (open bars) or CSE-

treated (solid bars) healthy and chronic ob-
structive pulmonary disease (COPD) SAE

cells (n ¼ 7). (C) PTP1B and GPx-1 gene

and protein expressions were examined in

healthy and COPD SAE cells by quantita-
tive PCR and Western blot analysis, respec-

tively. (D) PTP1B activity was measured in

lung tissue from age-matched healthy con-
trol subjects (n ¼ 4) and subjects with em-

physema (n ¼ 7), using a specific PTP1B

phosphatase activity assay. Graph repre-

sents the means 6 SEMs. The P values
shown compare the treatments connected

by a line. Immunoblotting for oxidized and

total PTP1B was performed on the same

human samples. Actin was used as a pro-
tein loading control. (E) Possible pathway

for the redox regulation of the PTP1B–

PP2AC pathway and the subsequent in-
flammatory response in the lung. GPx-1

blocks kinase (e.g., JNK) activation and

AP-1 signaling by inhibiting protein tyro-

sine kinases and augmenting protein tyro-
sine phosphatase activity. This maintains

PP2A in its dephosphorylated and active

state, enabling it to block kinase activation

and prevent the induction of further in-
flammatory signaling.
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In conclusion, we provide evidence that GPx-1 expression
prevents smoke-induced inflammation and tissue destruction
by altering phosphatase activation. In addition, we show that
PTP1B and PP2A play active roles in the recovery from the in-
flammatory effects of smoke. This is important in human dis-
ease, because PTP1B is oxidized in the lungs of subjects with
emphysema, and SAE cells from subjects with COPD fail to in-
duce PTP1B activity in response to smoke. These findings set
the stage for future studies to explore whether increasing
PTP1B/PP2A activity, via GPx-1 modulation, can be used ef-
fectively to treat COPD and other diseases where inflammation
exerts a central role.
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Animal models. AdultC57BL/6 mice were obtained from The Jackson 

Laboratory. Mice with transgenic expression of human GPx-1(26) (GPx-1tg) and 

GPx-1 knockout mice(27) (GPx-1 KO) have been previously reported and were 

bred onto a C57BL/6 background. 12-week-old mice were used at the initiation 

point for all experiments and each experimental perimeter had 12 animals per 

group, unless stated otherwise. All animal experimentswere performed with 

Columbia University’s Institutional Animal Care and Use Committeeapproval.  

CS exposure protocol.Mice were exposed to CS in a specially designed 

chamber (Teague Enterprises, Woodland, CA, USA) for five hours a day at a 

total particulate matter concentration of 80 mg/m3 as per our established 

protocol(15), using 3R4F reference cigarettes (University of Kentucky, Louisville, 

Kentucky, USA). Mice were euthanized twelve hours following CS exposure. The 

lungs underwent pressure-fixation and morphometric analysis in accordance with 

our previously published protocol(15). At the time of euthanasia, lung BAL fluid 

isolation was performed on the mice in accordance with our previously published 

protocol(15). 

In vivo PTP1B silencing. Animals were anesthetized by intraperitoneal injection 

of a mixture of ketamine and xylazine. Animals were intranasally administered 

7.4 nmol negative control or PTP1B (mouse Ptpn1) silencer siRNA (Life 



Technologies, Grand Island, NY, USA) in PBS. Forty-eight hours later animals 

were administered either 3 g of human albumin or GPx-1 (1 unit of activity; 

Sigma Aldrich, St. Louis, MO, USA) protein bound to ProJect transfection 

reagent (Thermo Fisher, New York, NY, USA), utilizing a microsprayer 

administration as previously described(17). After a one-hour recovery period, the 

mice were exposed to cigarette smoke for 4 hours and then were euthanized 12 

hours later. BAL fluid and tissue were collected for analysis of inflammation and 

phosphatase activity. Knockdown of PTP1B was confirmed by qPCR and PTP1B 

activity 72 hours after siRNA administration. 

In vitro GPx-1 binding assay. Human purified GPx-1 (1 μg/well) was coated 

onto a 96 well plate in 0.05M carbonate bicarbonate buffer, pH 9.6 and incubated 

at 4oC overnight. Following washes with TBS, wells underwent a blocking step 

with 1% BSA in TBS shaking for 1hour at 37oC. Coated GPx-1 was then 

incubated with 1 μg of either albumin, PP2A or PTP1B and placed on a shaker 

for 2 hours at 37oC. The wells were washed 3 times with TBS and incubated for 1 

hour at 37oC with antibodies to detect either PP2A or PTP1B (Cell Signaling). 

The appropriate secondary antibody labeled with HRP was used to detect the 

primary antibodies and signaling was developed with TMB substrate and color 

changes were recorded at 450nm on a plate reader. GPx-1 binding was recorded 

as absorbance at 450nm.Immunoprecipiation (IP) was also performed on 

cytoplasmic protein fractions from mouse lungs selecting for PTP1B protein pull 

down. Immunoblots were performed with the PTP1B IP fraction for GPx-1 and 

PTP1B levels. 



In vitro activation of PTP1B. Recombinant human PTP1B protein (10 ng) was 

mixed with 5% CSE or 1 Unit of human GPx-1. PTP1B activity was determined 

with a specific PTP1B assay (DYC1625, R&D Systems, Minneapolis, MN, USA). 

PTP1B activity was measured by the release of phosphates over time. 

Cell culture. Human SAE normal and COPD cells (Lonza, Allendale, NJ, USA) 

were cultured and treated in the presence or absence of 5% CSE as previously 

described(28). Stably transfected normal SAE cells were generated by 

administering lentiviral vectors expressing shRNA for GPx-1, PTP1B or control 

shRNA (Santa Cruz Biotech, Santa Cruz, CA, USA) in media containing 8 µg/ml 

of polybrene and then culturing them in the presence of puromycin (0.5 µg/ml) for 

two weeks, as previously described(17). Cells were treated with 1 unit of human 

GPx-1 (Sigma Aldrich) for 24 hours or equivalent concentrations of albumin. 

MMP and cytokine measurements.Quantitative PCR for mouse MMP-9, -12 

and -13 were measured from the lungs of the mice using TaqMan specific probes 

(Applied Biosystems, Carlsbad, CA). IL-12(p40), IL-12(p70), IL-17, IFN-γ and 

TNF-α levels were measure in BAL fluid and whole lung tissue protein using a 

magnetic beads assay (Bio-Plex Pro Mouse Cytokine 5-plex Assay, #Z60-

0000BSB; BioRad, Hercules, CA, USA) on the BioRad Bio-Plex 200 system. 

Intracellular signaling. Lung tissue protein from wild-type and GPx-1 mice was 

compartmentalized into cytosolic and nuclear fractions using a 

compartmentalization kit (#2145; Millipore, Billerica, MA, USA) as per the 

manufacturer’s instructions. Immunoblots were conducted on the cytosolic 

protein from whole lungs to determine levels of p-JNK, PP2Ac, p-Tyr(307) PP2Ac, 



PTP1B and actin (all antibodies from Cell Signaling, Danvers, MA, USA). NF-ĸB 

and AP-1 activation were measured on the nuclear protein extracts using specific 

activation assays from Active Motif (46096 and 40096; Active Motif, Carlsbad, 

CA, USA). 

PP2A, PTP1B and tyrosine kinase activity.PP2A activity was determined by 

immunoprecipitating the catalytic subunit of PP2A from the tissue or cell culture 

samples and measuring the phosphatase activity of the immunoprecipitated 

protein using a specific PP2A assay (17-313; Millipore). PTP1B activity was 

similarly determined by immunoprecipitating PTP1B from the tissue or cell culture 

samples and measuring the phosphatase activity of the immunoprecipitated 

protein using a specific PTP1B assay (DYC1625; R&D Systems). Tyrosine 

kinase activity was determined using the universal tyrosine kinase assay kit from 

Takara (MK410; Takara, Shiga, Japan). 

PTP1B measurements in human tissue - All the emphysema subjects had 

advanced disease (Gold 3 or greater) and had not smoked for at least four 

months prior to surgery (lung volume reduction surgery or transplant). The 

control samples were obtained from age-matched individuals who underwent 

lung resection for benign nodules. Lung PTP1B levels in our human studies were 

assessed by activity assay and Western blots for the oxidized form of PTP1B 

(R&D Systems), total PTP1B and actin (Cell Signaling).  

Isolation and maturation of monocyte derived macrophages. Mononuclear 

cells were isolated from venous peripheral blood obtained from healthy 

volunteers. Density gradient centrifugation was conducted in LymphoPrep (Axis-



Shield PoC AS, Oslo, Norway) to separate the red cell pellet containing the 

neutrophil population from the monolayer. The mononuclear cell band was 

aspirated and washed three times with PBS. Monocytes were enriched from the 

mononuclear fraction by selectively attaching them to -well plates for 3 hours at 

37°C. Cells were washed 3 more time with PBS. Attached monocytes were then 

cultured in RPMI 1640 containing 40% autologous serum, penicillin G (final 

concentration 100 U/ml), and streptomycin sulfate (final concentration 100 μg/ml) 

at 37°C in a 5% CO2 atmosphere for 9 days. An hour before transfection, cells 

were washed and incubated in serum-free medium.  

Statistical analyses. Data are expressed as means ± S.E.M. We determined 

statistical significance by one-way analysis of variance for multiple group analysis 

using GraphPad Prism Software. Student t-tests (two tailed) were used 

throughout the study. All data sets are represented as mean +/- standard error. 

 

Supplemental Figure legends: 

Figure E1.Increased GPx-1 levels in cytoplasm following protein transfection of 

GPx-1. (A) In vitro and (B) in vivo lung delivery of GPx-1 in SAE cells and 

C57BL/6 mice, respectively. Immunoblots were performed on cytoplasmic 

fractions of cells or tissue and protein analyzed for GPx-1, PTP1b and actin 

levels. Densitometry analysis presented as ratio of pixel intensity of GPx-1 over 

Actin. Graphs are represented as mean ± S.E.M. of twelve measurements. p 

values shown, comparing both treatments connected by a line. 



Figure E2.In vivo lung delivery of PTP1B siRNA prevented PTP1B gene 

expression.Lung and liver tissue from C57BL/6 mice was examined for PTP1B 

gene expression following intranasal administration of negative control or PTP1B 

siRNA in addition to GPx-1 or albumin protein transfection in smoking conditions. 

Graphs are represented as mean ± S.E.M. of twelve measurements. p values 

shown, comparing both treatments connected by a line. 

Figure E3.GPx-1 and PTP1B influence expression and release of cytokines and 

MMPs under cigarette smoke exposure.Arrays for (A and B) cytokines (IL-

12(p40), -12(p70), IFN-γ and TNFα) and (C) MMPs (-9 and -13) known to be 

influenced by CS were measured from either or both whole lung tissue protein 

and BAL fluid by multiplex analysis. Graphs are represented as mean ± S.E.M. of 

twelve measurements. p values shown, comparing both treatments connected by 

a line. 

Figure E4. Gpx-1 levels in macrophages remain consistent despite GPx-1 

protein transfection.(A) GPx-1 immunofluorescence was performed on cytospin 

fractions of BAL fluid from mice administered GPx-1 protein complexed to project 

transfection reagent. (B) Immunoblots were performed on alveolar macrophages 

from the same mice demonstrated no changes in GPx-1 levels in macrophage 

cytoplasmic protein fractions. (C) Human autologous serum monocyte derived 

macrophages were transfected with Gpx-1 and treated with CSE and PTP1B and 

PP2A activity levels were examined. (D) MMP-1 and -12 secretions were 

examined in media from human macrophages. Graphs are represented as mean 



± S.E.M. of twelve measurements. p values shown, comparing both treatments 

connected by a line. 

Figure E5.GPx-1 activates PP2A without altering PP2A mRNA or protein 

expression. (A) Quantitative PCR for mouse PPP2R1A (the A structural subunit 

of PP2A) and Actin was performed using lung mRNA of wild-type, GPx-1tg and 

GPx-1 KO mice under baseline conditions (white) or 1 year after CS exposure 

(black). Relative expression (RQ) of PPP2R1A is presented on the y-axis. Each 

bar is the mean ± S.E.M. of five measurements. Graph is represented as mean ± 

S.E.M. of twelve measurements. p values shown, comparing both treatments 

connected by a line.(B) GPx-1 and cigarette smoke do not alter B regulatory 

subunit binding to PP2A. PP2AC was immunoprecipitated from lung tissue 

protein extracts of control and one-day CS-exposed wild-type and GPx-1 mice 

using a specific monoclonal antibody. Immunoblot was conducted on the 

immunoprecipitated protein using specific antibodies for the major regulatory 

subunits of PP2A (PPP2R2A, PPP2R2C, PPP2R3A and PPP2R5A) and PP2AC. 

Figure E6.Overexpression of GPx-1 prevents CS induced hydrogen peroxide 

production and maintains the reduced state of GSH in lungs. (A) Hydrogen 

peroxide levelsin the lungs of wild-type, GPx-1tg and GPx-1 KO mice exposed to 

CS. Detection of H2O2 was performed using the Amplex Red Hydrogen Peroxide 

Assay Kit. (B)Total, reduced and oxidized glutathione activities in the lungs of 

wild-type, GPx-1tg and GPx-1 KO mice exposed to CS. Graphs are represented 

as mean ± S.E.M. of twelve measurements. p values shown, comparing both 

treatments connected by a line. 



Figure E7. GPx-1 has a greater affinity than SOD1 to modulate the PTP1B/PP2A 

pathway in the lung.Lung PP2A activity was measured from whole lung tissue 

protein from wild-type, GPx-1tg and SOD-1 transgenic (SOD1tg) mice. Graph is 

represented as mean ± S.E.M. of twelve measurements. p value shown, 

comparing wild-type and GPx1tg values. 

 
















	20130417-GeraghtyP.pdf
	link2external
	link2external
	link2external

	geraghty_data_supplement.pdf
	Geraghty_Data_Supplement
	Geraghty Figure_E1
	Geraghty Figure_E2
	Geraghty Figure_E3
	Geraghty Figure_E4
	Geraghty Figure_E5
	Geraghty Figure_E6
	Geraghty Figure_E7


