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Abstract

Rationale: Idiopathic pulmonary fibrosis (IPF) is a deadly
lung disease with few therapeutic options. Apoptosis of alveolar
epithelial cells, followed by abnormal tissue repair characterized by
hyperplastic epithelial cell formation, is a pathogenic process that
contributes to the progression of pulmonary fibrosis. However,
the signaling pathways responsible for increased proliferation of
epithelial cells remain poorly understood.

Objectives: To investigate the role of deoxycytidine kinase (DCK),
an important enzyme for the salvage of deoxynucleotides, in the
progression of pulmonary fibrosis.

Methods: DCK expression was examined in the lungs of patients
with IPF and mice exposed to bleomycin. The regulation of DCK
expression by hypoxia was studied in vitro and the importance of
DCK in experimental pulmonary fibrosis was examined using aDCK
inhibitor and alveolar epithelial cell-specific knockout mice.

Measurements and Main Results: DCK was elevated in
hyperplastic alveolar epithelial cells of patients with IPF and in
mice exposed to bleomycin. Increased DCK was localized to cells
associated with hypoxia, and hypoxia directly induced DCK in
alveolar epithelial cells in vitro. Hypoxia-induced DCK expression
was abolished by silencing hypoxia-inducible factor 1a and
treatment of bleomycin-exposed mice with a DCK inhibitor
attenuated pulmonary fibrosis in association with decreased
epithelial cell proliferation. Furthermore, DCK expression, and
proliferation of epithelial cells and pulmonaryfibrosis was attenuated
in mice with conditional deletion of hypoxia-inducible factor 1a in
the alveolar epithelium.

Conclusions: Our findings suggest that the induction of DCK after
hypoxia plays a role in the progression of pulmonary fibrosis by
contributing to alveolar epithelial cell proliferation.

Keywords: hyperplastic epithelial cells; airway remodeling;
hypoxia-inducible factor 1a

Idiopathic pulmonary fibrosis (IPF) is
a progressive lung disease characterized by
excessive deposition of the extracellular
matrix, persistent tissue remodeling, and
recurrent injury to the alveolar epithelium

(1–4). IPF has an increasing mortality rate
because of its poor prognosis and lack of
effective therapies (3, 5). Alveolar epithelial
injury and subsequent aberrant repair
processes, such as the formation of

hyperplastic epithelial cells, are important
in the pathogenesis of IPF (2, 4). Increased
apoptosis of pulmonary epithelial cells and
endothelial cells is prominent during the
early stages of pulmonary fibrosis and
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trigger mechanisms promoting disease
progression (6–8). In addition,
hyperproliferation of epithelial cells is
augmented in IPF to compensate for
epithelial cell damage, which leads to the
formation of hyperplastic epithelial cells
(9). These cells are a major source of
fibrotic mediators, including matrix
metalloproteinase (MMP) 7, MMP1/13,
and MMP19 (10, 11); cytokines, such as
interleukin-1b; and growth factors (9, 12,
13). These studies suggest that release of
these factors could impact differentiation
and proliferation of myofibroblasts.
Collectively, the imbalance between
apoptosis and proliferation is important
for the pathogenesis of IPF; however,
the signaling pathways involved in the
regulation of these pathways are not fully
understood.

Deoxycytidine kinase (DCK) is the
rate-limiting enzyme that catalyzes
the phosphorylation of all four
deoxynucleosides (deoxyadenosine,
deoxycytidine [dyC], deoxyguanosine, and
deoxythymidine) that are important for DNA
replication (14). Elevated levels of DCK are
beneficial to the build-up of deoxynucleotide
(dNTP) pools necessary for the regulation of
DNA repair or replication when cells are under
stress. The importance of cell proliferation and
apoptosis in the regulation of pulmonary

fibrosis prompted us to consider DCK as
a novel pathway that could influence these
processes. In support of this, our recent
findings demonstrate that DCK is elevated in
chronic lung disease associated with alveolar
airspace enlargement where it contributes to
the dysregulation of apoptosis (5). Collectively,
the findings of the current study demonstrate
a role for DCK in pulmonary fibrosis. Some of
the results of these studies have been previously
reported in the form of an abstract (15).

Methods

Mice
All experiments were approved by the
UTHealth Animal Welfare Committee.
Bleomycin-induced fibrosis was performed as
described (16). Briefly, 4- to 5-week-old male
C57BL/6 mice were intraperitoneally injected
with 0.035 U/g bleomycin twice a week for
4 weeks. Mice injected with phosphate-
buffered saline were used as control animals.
The lungs and lavage fluid were collected
for analysis on Day 33. Hif1af/f(B6.129-
Hif1atm3Rsjo/J), SPC-rtA [B6.Cg-Tg(SFTPC-
rtTA)5Jaw/J] (17), and Tet-O-Cre [B6.Cg-Tg
(tetO-cre)1Jaw/J] (18) mice were purchased
from Jackson Laboratories (Bar Harbor, ME).
To knockout hypoxia-inducible factor 1a
(Hif-1a) specifically in the alveolar epithelium,
7- to 8-week-old triple transgenic mice
(Hif1af/f Spc-rtA1 Tet-O-Cre1, Hif1af/f

Spc-Cre) were induced by doxycyclin therapy
over 5 days intraperitoneally and per os as
described (18, 19). The first injection of
bleomycin was administered 10 days after
doxycycline treatment. Double transgenic
(either Hif1af/f Spc-rtA2 Tet-O-Cre1 or
Hif1af/f Spc-rtA1 Tet-O-Cre2) sex-matched
littermates also received doxycycline and
were used as control animals.

Human Samples
IPF lung tissue was provided by TheMethodist
Hospital Cardiothoracic Transplant Center
and methods for the collection and
distribution of these tissues were approved by
the Methodist Hospital Institutional Review
Board. Lung tissues from unaffected lobes of
the same patients with IPF or from patients
with no IPF were used as controls (20).

Nucleoside and Nucleotide
Measurement
Nucleoside levels in lavage fluid were
measured using HPLC as previously

described (21). To measure nucleotide
levels in lung tissue, whole mouse lungs
were homogenized in 60% methanol (17)
and analyzed by HPLC (21).

Cell Culture and Hypoxia Exposure
Mouse MLE12 (transformed mouse alveolar
epithelial type II cell line) and human A549
cells were cultured in RPMI Media 1640
(Life Technologies, Grand Island, NY)
containing 10% fetal bovine serum and
antibiotics. For hypoxia exposure, cells were
exposed to 2% oxygen supplied with 95% N2

and 5% CO2 for various time periods. To
stabilize Hif-1a expression and mimic the
hypoxic condition, cells were treated with
2 mM dimethyloxaloylglycine (DMOG) or
100 mM CoCl2 for 6 or 24 hours (22). Ten
micromolar 17-dimethylaminoethylamino-
17-demethoxygeldanamycin (17-DMAG)
(LC laboratories, Boston, MA) was used
to inhibit the stabilization of Hif-1a.
Human Calu-3 cell lines with a stably
transfected control scrambled small
hairpin RNA (shRNA) or Hif-1a shRNA
were also used (23).

Cell Proliferation and Caspase 3/7
Activity Assay
Cell proliferation and caspase 3/7 activity
were performed as previously described (5)
using the same amount of protein lysate
collected from cells or lungs, and analyzed
by the ApoTox-Glo Triplex Assay kit
(Promega, Madison, WI).

Western Blot
Western blots were performed as previously
described (5) using primary rabbit anti-
DCK, Col1, or FN antibodies (Abcam,
Cambridge, MA), or rabbit anti–a-tubulin
antibodies (Sigma-Aldrich, St. Louis, MO),
or mouse anti–Hif-1a antibodies (BD
Biosciences, San Jose, CA), and then
incubated with corresponding secondary
antibodies conjugated to horseradish
peroxidase (Jackson ImmunoResearch,
West Grove, PA). Membranes were
developed with Pierce ECL Western
Blotting Substrate (Thermo Fisher
Scientific, Fair Lawn, NJ).

Hematoxylin and Eosin Staining and
Immunohistochemistry
Mouse and human lungs were fixed in 10%
formaldehyde at constant pressure (25 cm),
dehydrated and paraffin embedded, and
sections (5 mm) were collected on
microscope slides. For immunostaining,

At a Glance Commentary

Scientific Knowledge on the
Subject: Idiopathic pulmonary
fibrosis is a prevalent and deadly lung
disease with limited treatment options.
Hyperproliferating airway epithelial
cells play a key role in the development
of pulmonary fibrosis; however, the
underlying molecular mechanisms
regulating abnormal epithelial
hyperplasia have not been determined.

What This Study Adds to the
Field: This study demonstrates that
the expression of deoxycytidine kinase
is increased in pulmonary fibrosis and
is up-regulated by hypoxia. In addition,
deoxycytidine kinase inhibition was
shown to attenuate pulmonary
fibrosis by inhibiting epithelial cell
proliferation and fibrotic mediator
release, suggesting a novel approach
to attenuate pulmonary fibrosis.
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sections were rehydrated, quenched with
3% hydrogen peroxide, incubated in citric
buffer (VectorLabs, Burlingame, CA) for
antigen retrieval, and blocked with Avidin/
Biotin Blocking System (VectorLabs) and
then 5% normal goat serum. Sections were
then incubated with primary antibodies
for DCK (1:250, rabbit polyclonal; Abcam)
or Ki-67 (1:200, rabbit polyclonal; Abcam)
overnight at 48C. Slides were then
incubated with appropriate secondary
antibodies (1:1000; VectorLabs) and ABC
Elite streptavidin reagents. Finally, slides
were developed with 3,3-diaminobenzidine
(Sigma-Aldrich) and counter-stained with
methyl green.

To detect the hypoxia in situ, mice
were injected with hypoxyprobe (60 mg/kg
body weight; HPI, Burlington, MA) 90
minutes before death. Lungs were collected,
sectioned, and stained with rabbit-
antihypoxyprobe antibody (1:500; HPI)
overnight at 48C. Slides were then incubated
with secondary antibodies and ABC reagents
and developed. For TUNEL assays, sections
were stained with In Situ Cell Death
Detection Kit (Roche, Indianapolis, IN) as
instructed. For DCK/TUNEL and DCK/
Ki-67 dual staining, the sections were first
stained with TUNEL or Ki-67 as described.
Sections were blocked with normal goat
serum, incubated with anti-DCK antibodies,
proper secondary antibodies, and ABC-AP
reagent (VectorLab). Slides were
developed using Vector Red Substrate
(VectorLab) and counter-stained with
methyl green or DAPI.

To determine the percentage of
proliferating cells, at least 15 microscopic
fields of upper, upper-mid, lower-mid, and
lower sections were randomly selected from
each of Ki-67–stained lungs and were
photographed with a 20-fold magnification.

The number of Ki-67–positive cells were
counted in a blinded manner and divided
by the total number of methyl green–
positive nuclei from the same photograph.
Analysis of variance was used for
comparisons among different treatment
groups. P values less than 0.05 indicate
a significant difference.

Masson Trichrome and Ashcroft
Assay
Masson trichrome staining was performed
using the Trichrome Stain (Masson) Kit
(Sigma-Aldrich). Ashcroft scores were
blindly assigned using slides stained with
Masson trichrome based on a modified
system of grades (24, 25).

Arterial Oxygen Saturation
Measurement
Arterial oxygen saturation was measured
using MouseOx oximeter (Starr Life
Sciences Corp, Oakmont, PA) according to
manufacturer instructions. The necks of the
mice were shaved and a CollarClip Sensor
(Starr Life Sciences Corp) was used to
continually monitor oxygen saturation.

Quantitative Real-Time Polymerase
Chain Reaction
Total RNA was isolated from MLE12 cells
or frozen lung tissue using TRIzol (Life
Technologies). RNA was DNase treated and
reverse-transcribed using Superscript II
reverse transcriptase (Life Technologies).
Mouse b-actin or 18S ribosomal RNA was
used as internal controls. Primer sequences
used are shown in Table 1 and data were
quantified using the comparative Ct
method and presented as mean ratio
to b-actin or 18S ribosomal RNA.

Results

DCK Expression Is Elevated in
Pulmonary Fibrosis
To determine whether DCK expression was
elevated in pulmonary fibrosis, we examined
DCK protein levels in lung tissue of control
subjects and patients with IPF. DCK was
consistently up-regulated in IPF lung
specimens (Figure 1A; see Figure E1A in the
online supplement), with its expression
increasing as fibronectin (Fn) levels
increased (Figure 1B). To examine the
correlation between DCK levels and disease
severity, we performed linear regression
and Pearson correlation between DCK and
Fn protein levels, as well as DCK and
collagen 1a 1 (COL1A1) transcript levels
from 30 patients with IPF. Results showed
a strong correlation between DCK and Fn
(see Figure E1B), as well as DCK and
COL1A1 (Figure 1C), demonstrating that
DCK is increased in association with
increased fibrosis in patients with IPF.

Next, we investigated DCK expression
in a mouse model of pulmonary fibrosis.
Systemic exposure of mice to bleomycin is
a well-characterized model of pulmonary
fibrosis (26–28). Consistent with our
findings in patients with IPF, DCK protein
levels were increased in the lungs of mice
exposed to bleomycin (Figure 1D; see
Figure E1C).

Immunostaining suggested that DCK
was expressed in many cells in control lung
tissue at low levels, but was markedly
increased in hyperplastic alveolar epithelial
cells in the lungs of patients with IPF and
mice exposed to bleomycin (Figure 1E,
arrows). Staining was also observed in
macrophages (see Figures E1D and E1E,
open arrow) and in some fibroblastic cells
(see Figures E1D and E1E, arrowheads).

Table 1. Primers for Real-Time Polymerase Chain Reaction

Gene Forward Primer Reverse Primer

Mouse DCK TCTCCACGGTCTGCCCAAT CAGAACCTCTTAGGTGGGGTG
Mouse Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Mouse MCP1 AGCATCCACGTGTTGGCTC TGGGATCATCTTGCTGGTG
Mouse CCR2 TGTGATTGACAAGCACTTAGACC TGGAGAGATACCTTCGGAACTT
Mouse MMP13 CTTCTTCTTGTTGAGCTGGACTC CTGTGGAGGTCACTGTAGACT
Mouse MMP7 CTGCCACTGTCCCAGGAAG GGGAGAGTTTTCCAGTCATGG
Mouse EGFR GCCATCTGGGCCAAAGATACC GTCTTCGCATGAATAGGCCAAT
Human DCK CCATCGAAGGGAACATCGCT GGTAAAAGACCATCGTTCAGGT
Human Col1A1 GATCTGCGTCTGCGACAAC GGCAGTTCTTGGTCTCGTCA
18S ribosomal RNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
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Increased DCK was colocalized with
surfactant protein C in fibrotic lungs (see
Figure E1F), which further confirmed that
DCK is overexpressed in epithelial cells.

DCK Colocalizes with Regions of
Hypoxia in Mice with Pulmonary
Fibrosis
Individuals with pulmonary fibrosis exhibit
hypoxemia in their lungs in association with
increased levels of Hif-1a (3, 29). To
determine whether hypoxia was also
present in our model of pulmonary fibrosis,
the expression of Hif-1a was examined by
Western blot. Hif-1a was significantly
increased in the lungs of bleomycin-
exposed mice (Figure 2A). To determine
which cells exhibit hypoxia, mice were
injected with hypoxyprobe, and lungs were
stained using an antihypoxyprobe antibody.
Hypoxia was seen in various regions of
the lung, including regions of fibrosis (data
not shown); however, there was a distinct
colocalization of hypoxia (Figure 2B) and

increased DCK expression in regions of
hyperplastic alveolar epithelial cells
(Figure 2B, arrows), suggesting that hypoxia
may regulate DCK expression in alveolar
epithelial cells.

Hypoxia Directly Regulates DCK
Expression through Hif-1a
Stabilization
To examine whether hypoxia directly
promotes DCK expression, MLE12 cells,
a mouse alveolar type II cell line, were
incubated in normal air or 2% oxygen for
24 or 48 hours. DCK transcript levels
were significantly increased 24 hours after
hypoxia exposure (Figure 3A), suggesting
transcriptional activation. Under normoxia,
DCK protein levels slightly increased over
the culture period; however, under hypoxia,
DCK protein levels were further elevated
(Figure 3B; see Figure E2A). To determine
whether Hif-1a mediates hypoxia-induced
DCK expression, MLE12 cells were treated
with DMOG or CoCl2, two chemicals

capable of stabilizing Hif-1a expression
under normoxic conditions (22). Both
DMOG and CoCl2 markedly enhanced
DCK protein expression (Figure 3C; see
Figure E2B), suggesting an important role
for Hif-1a in this process. To further
elucidate the mechanisms involved,
17-DMAG, a heat shock protein 90
inhibitor that disrupts Hif-1a stabilization,
was added before hypoxia or CoCl2
exposure. 17-DMAG significantly blocked
hypoxia and CoCl2-induced DCK
expression (Figure 3D; see Figure E2C). In
addition, knock-down of Hif-1a by shRNA
transfection inhibited hypoxia and
CoCl2-induced DCK expression (see Figure
E2D).

These results are consistent with
experiments in human lung epithelial cells
where 24 hours after hypoxia or DMOG or
CoCl2 exposure, both DCK and Hif-1a
levels were up-regulated (see Figure E2E).
Similarly, these cells treated with
17-DMAG showed an attenuated
expression of DCK after exposure to
hypoxia and CoCl2 (see Figure E2F). There
are two potential Hif-1a binding sites on
the mouse DCK promoter and one on the
human DCK promoter (see Figure E2G),
and CHIP analysis demonstrated that both
hypoxia and CoCl2 enhanced the binding of
Hif-1a to the DCK promoter (see Figure
E2H). Collectively, these findings suggest
that hypoxia regulates DCK expression via
Hif-1a stabilization.

Inhibition of DCK Attenuates
Pulmonary Fibrosis
Increased levels of DCK in alveolar epithelial
cells suggest that this enzyme may play
a role in regulating proliferation or
apoptosis in these cells. dyC is an enzymatic
inhibitor of DCK that binds to DCK with
high affinity and thus blocks the binding
of DCK to other substrates (30). To study
the role of DCK in pulmonary fibrosis,
bleomycin-treated mice were treated with
dyC beginning on Day 20, a time point
when pulmonary fibrosis was well
established (see Figure E3A). The total
number of bronchoalveolar lavage (BAL)
cells, including macrophages, lymphocytes,
and neutrophils, were increased in mice
treated with bleomycin (see Figure E3B).
dyC treatment did not result in a significant
change in total number of BAL cells (see
Figure E3B), macrophages (see Figure E3C),
or lymphocytes (see Figure E3D), but the
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Figure 1. Deoxycytidine kinase (DCK) is up-regulated in airway epithelial cells in pulmonary fibrosis.
(A) A representative western blot showing presence of DCK and a-actin from two control and three
idiopathic pulmonary fibrosis (IPF) lung specimens. (B) A representative Western blot showing correlated
expression of DCK and fibronectin (Fn) in 13 IPF lung specimens. Expression of a-actin was used as an
internal control. (C) Linear regression and Pearson correlation between collagen 1 a 1 (COL1A1) and
DCK transcript levels for 30 patients with IPF (R2 = 0.22, P= 0.0002). The messenger RNA levels of DCK
and COL1A1 were measured by real-time polymerase chain reaction. (D) Western blot showing DCK
and a-actin protein expression from whole lung lysates of mice exposed to phosphate-buffered saline
(PBS) or bleomycin for 33 days. n = 4. (E) Immunohistochemistry for DCK showing cellular localization in
control and IPF lung specimens (top), and the lungs from mice exposed to PBS or bleomycin for 33 days
(bottom). Scale bar = 100 mm. Arrows represent hyperplastic alveolar epithelial cells.
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number of neutrophils was significantly
decreased (see Figure E3D).

Assessment of endpoints of pulmonary
fibrosis demonstrated that dyC-treated mice
exhibited a reduction in a-smooth muscle
actin (SMA)–positive cells (Figure 4A).
Moreover, collagen deposition was
decreased in Masson trichrome–stained
sections (Figure 4A, right), as were soluble
collagen levels (Figure 4B), Col1a1
transcripts (Figure 4D), and Fn and col1a1
protein levels (Figure 4F). Ashcroft analysis
of Masson trichrome–stained sections shows
an attenuated fibrosis in dyC-treated mice
(Figure 4C). In addition, dyC treatment
improved arterial oxygenation (Figure 4E).
In summary, these studies demonstrate that
DCK inhibition attenuates bleomycin-
induced pulmonary fibrosis.

Apoptosis and Proliferation Are
Elevated in Pulmonary Fibrosis
DCK is the rate-limiting enzyme that
catalyzes the phosphorylation of
deoxynucleosides, including deoxyadenosine
(dAdo) (30). DCK may play a beneficial role
in the build-up of dNTP pools for DNA
replication, but may also promote apoptosis
if deoxyadenosine triphosphate (dATP)
accumulates to a high level (31). To
determine whether the elevation of DCK
directly leads to dATP accumulation in our
mouse model of pulmonary fibrosis, we
performed HPLC analysis to measure
dAdo levels in BAL fluid and dATP levels
in whole lung lysates. Figure E4A shows
a representative HPLC chromatogram
displaying an elevation of dAdo in BAL
fluid collected from a mouse exposed to
bleomycin. On average, dAdo levels in BAL
fluid of mice exposed to bleomycin showed
a significant increase starting on Day 20, and
becoming progressively elevated through
Day 33 (see Figure E4B). Consistent with
these findings, levels of dATP were also
significantly elevated in the lungs of mice
treated with bleomycin (see Figure E4C).
These biochemical endpoints further verify
the elevations of DCK seen in fibrotic lungs.

To determine whether the
accumulation of dATP in pulmonary
fibrosis promotes apoptosis or assists DNA
replication and cell proliferation, we
examined overall levels of apoptosis and
proliferation. Increased apoptosis and
proliferation were observed in the airway
and alveolar epithelium in human IPF lungs
(Figure 5A) and the lungs of mice exposed
to bleomycin (Figure 5B). To further
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expressions of hypoxia-inducible factor 1a (Hif-1a) in whole lung lysates at Day 33 after phosphate-
buffered saline (PBS) or bleomycin exposure. Different lanes represent samples collected from distinct
mice. a-Actin was used as protein loading control. *P , 0.01 versus PBS. (B) Hypoxyprobe, to identify
hypoxic cells, was injected intraperitoneally into PBS (left) or bleomycin (middle) treated mice. Lungs
were collected after 90 minutes and immunohistochemistry was carried-out using antihypoxyprobe
antibodies to localize the hypoxic cells (left and middle). An adjacent slide was immunostained for DCK to
visualize DCK localization (right). Scale bar = 100 mm. Arrows represent hyperplastic alveolar epithelial cells.
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examine the association between activation
of the DCK pathway and apoptosis or
proliferation, we carried out dual-
immunohistochemistry staining for DCK
and TUNEL, or Ki-67. In both human and
mouse lungs with fibrosis, we observed

colocalization of DCK with Ki-67
predominantly in hyperplastic alveolar
epithelial cells (Figures 5C and 5D). Taken
together, our results suggest that overall
proliferation and apoptosis are elevated in
pulmonary fibrosis, and activation of DCK

may promote proliferation of alveolar
epithelial cells.

Reduced cell proliferation and fibrotic
mediator production after DCK inhibition.
Because dATP levels in the cell is the major
factor that determines whether activation of
DCK leads to apoptosis or proliferation,
both of which could impact fibrosis in the
lung, we first determined the levels of dATP
in whole lung lysates. dyC treatment
significantly reduced the levels of total dATP
in the lungs of both control animals and
bleomycin-treated mice (Figure 6A),
suggesting that inhibition of DCK directly
affects dATP accumulation.

To investigate the impact of DCK
inhibition on cell proliferation and
apoptosis, we first examined levels of
apoptosis and proliferation in 29-
chlorodeoxyadenosine (cdA)- or hypoxia-
treated MLE12 cells. Consistent with our
hypothesis, cdA promoted proliferation at
a low dose (10 mM) (see Figure E5A) and
increased apoptosis at a high dose (25 mM)
(see Figure E5B). Moreover, the effect of
cdA could be inhibited by dyC treatment
(see Figures E5A and E5B). In vivo mouse
experiments showed that the overall level
of apoptosis was not affected by dyC, as
shown by both TUNEL staining (Figure 6B)
and caspase 3/7 activity (Figure 6C).
However, cell proliferation was significantly
reduced after treatment with dyC (Figures
6D and 6E). Focusing on areas with fibrosis,
we observed a large number of proliferating
alveolar epithelial cells in mice treated
with bleomycin (Figure 6D, upper left, arrow),
whereas the percentage of proliferating
epithelial cells was largely decreased in mice
treated with dyC (Figure 6D, bottom left,
arrow, and Figure 6E), suggesting a role for
DCK in promoting cell proliferation in
certain cells in fibrosis.

Hyperplastic epithelial cells release
fibrotic mediators, including C-C
chemokine receptor type 2, MMP13,
MMP7, and epidermal growth factor
receptor (9). To determine whether the
inhibition of cell proliferation in the lungs
affected the expression of these mediators,
we performed real-time polymerase chain
reaction to examine the transcript levels
of these genes. The transcript levels of
monocyte chemoattractant protein 1, C-C
chemokine receptor type 2, and MMP13
were significantly increased by bleomycin
and inhibited by dyC (Figure 7), whereas
transcript levels of MMP7 and epidermal
growth factor receptor were not affected. In
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Figure 4. The therapeutic effects of deoxycytidine kinase (DCK) inhibition in pulmonary fibrosis.
Bleomycin (Bleo)-treated mice were intraperitoneally injected with deoxycytidine (dyC) daily starting on
Day 20 through Day 33. On Day 33, mouse lungs were harvested for further analysis. (A) Lung
sections were stained using a-smooth muscle actin (SMA) (left and middle) for myofibroblasts and
Masson trichrome for collagen (right). Scale bar = 400 mM. (B) Total amount soluble collagen in
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evaluate levels of pulmonary fibrosis. (D) Transcript levels of Col1a1 were examined by real-time
polymerase chain reaction and normalized to the levels of b-actin. (E) Arterial oxygen saturation (SpO2

)
was measured for mice from different treatment groups. (F) The protein expression of col1a1 and
fibronectin (Fn) were determined using Western blot, densitometry were analyzed and expressed as
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0.05 versus Bleo2dyc2 mice, #P, 0.05 versus Bleo1dyc2 mice. PBS = phosphate-buffered saline.
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addition, we performed studies in vitro on
epithelial cells and demonstrated that dyC
significantly attenuated cdA-induced
monocyte chemoattractant protein 1
expression and hypoxia-induced MMP13
and transforming growth factor-a levels in
MLE12 cells (see Figure E5C). Overall, these
results suggest that inhibition of the DCK
pathway attenuates pulmonary fibrosis
through a mechanism that reduces cell
proliferation and suppresses the release
of fibrotic mediators.

Conditional Knockout of Hif-1a in
the Alveolar Epithelium Suppresses
DCK Expression and Attenuates
Pulmonary Fibrosis
To further understand the role of hypoxia in
mediating DCK expression and fibrosis
in vivo, we exposed mice with conditional
deletion of Hif-1a in alveolar epithelial cells
(Hif1af/f Spc-Cre) to bleomycin. DCK
expression was decreased in the lungs of
Hif1af/f Spc-Cre mice exposed to bleomycin
(Figure 8A; see Figure E6) in association
with decreased proliferation of alveolar
epithelial cells (Figure 8B, arrows), and
the total number of proliferating cells
(Figure 8C). Moreover, the degree of

pulmonary fibrosis was significantly
reduced in Hif1af/f Spc-Cre mice as
indicated by reduced Ashcroft scores
(Figure 8D), diminished collagen
deposition (Figure 8F, bottom), Col1a1 and
Col1a2 transcript levels (Figure 8E), and
decreased Fn levels (Figure 8A). These
findings demonstrate that Hif-1a in the
alveolar epithelium contributes to the
pathogenesis of pulmonary fibrosis by
regulating DCK expression.

Discussion

Injury of the alveolar epithelium and
aberrant repair processes, including
formation of hyperplastic alveolar epithelial
cells, contributes to the progression of
fibrosis (2, 9). Here we provide novel
information concerning the development
and regulation of hyperplastic epithelial
cells in the fibrotic lung. We observed that
DCK is up-regulated in hyperplastic
alveolar epithelial cells in fibrotic lungs
from mice and patients with IPF. Similar
to what we have observed in chronic
obstructive pulmonary disease (5), hypoxia
directly regulated DCK expression through

a Hif-1a–dependent pathway. Furthermore,
inhibition of the DCK pathway attenuated
pulmonary fibrosis in association with
reducing epithelial cell proliferation and
suppressing the expression of mediators
known to be released by hyperplastic
epithelial cells. In addition, selective
deletion of Hif-1a in the alveolar epithelium
suppressed DCK expression and dampened
pulmonary fibrosis. We conclude that
hypoxia-mediated up-regulation of DCK
contributes to alveolar epithelial cell
proliferation and the progression of
pulmonary fibrosis.

A major finding of this study was
the identification of DCK as a hypoxia-
regulated gene in the environment of the
fibrotic lung. The lungs of patients with IPF
are marked with recurrent epithelial injury
and remodeling, which can directly affect
local blood-gas exchange and result in
hypoxia (2, 32, 33). Our studies confirm
previous observations that Hif-1a levels are
elevated in experimental pulmonary fibrosis
and in IPF (3), and demonstrate that Hif-
1a–mediated up-regulation of DCK in
hyperblastic epithelial cells in the lungs is
necessary for the development of extensive
fibrosis. These findings were further
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Figure 5. Apoptosis and proliferation is prominent in the lungs with pulmonary fibrosis. Lung sections from human (A) or mouse (B) were stained with
TUNEL or Ki-67 to visualize cell apoptosis or cell proliferation, respectively. TUNEL staining was visualized under fluorescence (left) and cells positive
for TUNEL appeared green in color. Ki-67 staining was visualized under light microscopy and cells positive for Ki-67 appeared brown in color. Dual
immunohistochemistry was performed in human (C) or mouse lungs (D) to visualize the colocalization of deoxycytidine kinase (DCK) with TUNEL (left) or
DCK and Ki-67 (right). n = 3 for control human lungs, n = 10 for idiopathic pulmonary fibrosis (IPF) lungs, and n = 5 for mouse lungs. Scale bar = 100 mM.
PBS = phosphate-buffered saline. Arrows represent double positive cells.
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supported by our observation that DCK
inhibition using dyC is associated with
decreased fibrosis. dyC is an enzymatic
inhibitor of DCK that competitively blocks
the binding of DCK to other substrates and

then feedback suppresses DCK activity by
its phosphorylation product deoxycytidine
triphosphate (5, 30). Interestingly, injection
of dyC was initiated on Day 20, a stage
when pulmonary fibrosis is well established

and results demonstrated a significantly
decreased lung fibrosis, suggesting
a therapeutic benefit for this treatment in
halting active fibrosis.

These results suggest that DCK
could be a novel therapeutic target for
patients with IPF. Recently, intravenous
administration of dyC was found to
suppress myeloma tumor growth and
increase survival time in mice (34).
Although the mechanisms by which dyC
inhibits tumor growth is not known, they
might include a mechanism similar to the
one we observed here. This is supported
by the notion that fibrosis and cancer
share several similar features including
abnormal cell proliferation, myofibroblast
differentiation, and excessive extracellular
matrix remodeling (35). In corroboration
with our findings that DCK colocalized
with hypoxia in hyperplastic epithelial cells
and that hypoxia directly induced DCK
expression via Hif-1a stabilization, mice
with conditional deletion of Hif-1a in
alveolar epithelial type II cells had
decreased DCK expression and were more
resistant to bleomycin-induced pulmonary
fibrosis. These findings directly support
a role for the hypoxia-DCK response in the
progression of pulmonary fibrosis.

DCK was found to be up-regulated
largely in hyperplastic alveolar epithelial
cells in fibrotic lungs. These cells are highly
proliferative and are found adjacent to
injured epithelial cells in IPF and may play
a role in the generation of new epithelial
cells during repair (12). However, during
the pathogenesis of IPF, persistently
activated hyperplastic epithelial cells are
a major source of various fibrotic
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number of cells in the same field. n = 4 for bleomycin-negative lungs, and n=8 for bleomycin-positive lungs.
*P, 0.05 versus Bleo2dyc2 mice, #P,0.05 versus Bleo1dyc2 mice. PBS = phosphate-buffered saline.
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mediators, including MMPs, cytokines, and
growth factors (9). Activation of DCK is
normally beneficial for fast nucleotide
recycling and the build-up of dNTP pools
for DNA repair or replication. However,
in the presence of high levels of dAdo,
which can result from excessive apoptosis,
activation of DCK may be detrimental
by facilitating dATP elevations that can
enhance apoptosis (31). This was previously
observed in a mouse model of airspace
enlargement, where dAdo levels
accumulated because of the deficiency of
adenosine deaminase (5). It was shown that
activation of DCK directly correlated with
the formation of dATP, accumulation of
dATP pools, and the enhancement of
epithelial cell apoptosis (5). Conversely, in

the current study, we show that increases
in DCK may play more of a role in the
enhancement of proliferation in fibrosis
as opposed to apoptosis in emphasemic
models. We show that the number of
proliferative cells is increased in the lungs
of mice injected with bleomycin and in
patients with IPF. We also show high levels
of DCK expression in hyperplastic alveolar
epithelial cells in association with Ki-67
staining, indicating that DCK is associated
with epithelial cell proliferation.

The differences between these models
may be the degree or duration to which
dAdo is allowed to accumulate, with lower
levels associated with proliferation and
higher levels with apoptosis. In further
support of DCK regulation of epithelial

proliferation in the bleomycin model, we
demonstrated that treatment with a DCK
inhibitor significantly decreased cell
proliferation in bleomycin-treated mice
without obviously affecting cell apoptosis,
and largely prevented the production of
fibrotic mediators known to be produced by
hyperplastic alveolar epithelial cells. These
findings were further supported by our
in vitro data demonstrating that inhibition
of the DCK pathway suppressed cell
proliferation and apoptosis as well as the
production of fibrotic mediators in MLE12
cells. One limitation to this study was the
use of cell lines instead of primary lung
epithelial cells. Expanding these studies to
primary epithelial cells will be the focus
of future analysis to further define the
mechanisms involved (36–38). Similarly,
suppressing DCK expression by selectively
depleting Hif-1a in the alveolar epithelium
also dramatically decreased cell proliferation.
Based on these observations, we conclude
that inhibition of DCK blocks epithelial cell
proliferation and subsequently attenuates
bleomycin-induced pulmonary fibrosis.

Targeting highly proliferative alveolar
epithelial cells as a therapeutic approach for
pulmonary fibrosis has recently been
reported regarding dimethylarginine
dimethylaminohydrolase, an enzyme
that activates inducible nitric oxide
synthase and promotes the generation
of fibrosis mediators (39). Inhibition of
dimethylarginine dimethylaminohydrolase
in epithelial cells was found to prevent
pulmonary fibrosis by suppressing
overproliferation and increasing apoptosis
of epithelial cells in bleomycin-treated
mice. Similarly, induction of the expression
of P21, a protein that directly inhibits
proliferating cell nuclear antigen (PCNA)-
dependent DNA replication, significantly
suppressed bleomycin-induced pulmonary
fibrosis and fibroproliferation (40). In
addition to pulmonary fibrosis, inhibiting
the proliferation of key cells was also
observed to attenuate fibrosis in the liver
(41, 42). In corroboration with these
studies, we showed that suppressing the
proliferation of hyperplastic alveolar
epithelial cells by a natural inhibitor of
DCK attenuated pulmonary fibrosis.

In conclusion, our study suggests that
DCK plays an important role in the
pathogenesis of pulmonary fibrosis by
promoting abnormal cell proliferation. We
present evidence that inhibition of the DCK
pathway attenuates pulmonary fibrosis by
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Figure 8. Tissue-specific function of hypoxia-inducible factor 1a (Hif-1a) in pulmonary fibrosis. Hif1af/f

Spc-Cre mice and corresponding age-, weight-, and sex-matched littermate control animals (Cre-
expressing mice) were exposed to bleomycin. (A) The protein levels of deoxycytidine kinase (DCK) and
fibronectin (Fn) in the lungs of mice exposed to bleomycin were determined using Western blot. a-Actin
was used as an internal control. (B) Dual immunohistochemistry was performed in the lungs of mice
exposed to bleomycin to visualize the colocalization of DCK with Ki-67. Scale bar = 100 mm. Arrows
represent hyperplastic alveolar epithelial cells. (C) The percentage of Ki-67–positive cells were
calculated. (D) Ashcroft scores were blindly assigned to evaluate levels of pulmonary fibrosis. (E)
Transcript levels of Col1a1 and Col1a2 were determined using real-time polymerase chain reaction. n =
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Scale bar = 500 mm. n = 6 for control, n = 15 for Hif1af/f Spc-Cre. *P, 0.05 versus control.
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reducing abnormal cell proliferation and the
release of fibrotic mediators. Collectively,
our study demonstrates a novel role for
DCK in pulmonary fibrosis and provides
important preclinical evidence to suggest
DCK inhibition may be a potential target for

the treatment of IPF. However, a major
limitation of our study is the inability
to directly link enhanced epithelial cell
proliferation with the formation of
hyperplastic epithelial cells. This is caused
by our inability to effectively model the

cellular process. Additional research is
needed to investigate the specific role of this
cell type in pulmonary fibrosis. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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