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Abstract: Early fibrotic lesions are thought to be one of the initial findings of lung fibrogenesis in idiopathic interstitial
pneumonias, but little is known about their properties. Canstatin is an endogenous angiogenesis inhibitor derived
from the C-terminal globular non-collagenous domain of the &2 chain of type IV collagen, and type IV collagen is
deposited in early fibrotic lesions without neovascularization in usual interstitial pneumonia (UIP). We used immu-
nohistochemical methods to study expression of canstatin in lung specimens from patients with UIP or organizing
pneumonia (OP). We analyzed the expression and function of canstatin in cultured lung fibroblasts by Western blot-
ting and a Boyden chamber migration assay. We found expression of canstatin in early fibrotic lesions of UIP but
not OP. Lung fibroblasts showed enhanced expression of canstatin after being stimulated with transforming growth
factor-f1. Recombinant canstatin inhibited migration of not only endothelial cells but also lung fibroblasts. These re-
sults suggest that fibroblasts in early fibrotic lesions of UIP, which express canstatin, have less ability to migrate than
fibroblasts in OP lesions, which do not express canstatin. Thus, canstatin in early fibrotic lesions of UIP contributes to
persistent fibrogenesis and is likely involved in its refractory nature, including migration of intralesional fibroblasts.
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Introduction

Idiopathic interstitial pneumonias (IIPs) consist
of a heterogeneous group of non-neoplastic
disorders caused by damage to the lung paren-
chyma. The etiology remains unknown. IIPs ex-
hibit various patterns of inflammation and fibro-
sis, and the clinical-radiologic-pathologic fea-
tures form the basis of clinical diagnosis of lIPs.
Idiopathic pulmonary fibrosis (IPF)/usual inter-
stitial pneumonia (UIP) is considered to be a
subgroup of 1IPs that has a poor prognosis due
to poor responses to treatment, whereas cryp-
togenic organizing pneumonia (COP)/organizing
pneumonia (OP) is a subgroup that responds
better to treatment and has a good prognosis
[4, 2]. In lIPs, early fibrotic lesions are com-
prised of small aggregates of fibroblasts and
myofibroblasts with the abnormal extracellular

matrix (ECM) deposition and are considered ini-
tial findings of lung fibrogenesis [3]. The fibro-
blastic foci of UIP and intraluminal buds of OP
are representative early fibrotic lesions.

The lesions show variation among IIPs, not only
in tissue morphology but also in the properties
affecting lung fibrogenesis. For example, the
intraluminal buds of OP are characterized by
deposition of matrix metalloproteinase-2, which
plays a key role in ECM degradation, whereas
the fibroblastic foci of UIP are characterized by
deposition of tissue inhibitors of that enzyme
[41.

The ECM provides structural support, but many
ECM components also provide important sig-
nals to fibroblasts and other cells with which
they come into contact [5-7]. For example, sev-
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Table 1. Baseline characteristics of patients with UIP and OP at the time of lung biopsy

UIP (n = 12) OP(n=11)
Age, years (range) 62.9 (49-79) 60.6 (43-75)
Gender, male/female 10/2 4,7
Smoking status, ever/never 11/1 7/4
Interval between onset and biopsy, months 18.3 + 16.6 3.05+1.54
VC, liters 2.50+1.03 2.71 + 0.60
VC% predicted, % 771+ 28.7 96.5+18.3

DLCO% predicted, % (total number with data)
KL-6, U/ml (total number with data)

428+ 11.0 (n=5)
1555 + 1402 (n = 5)

68.4 £ 8.74 (n = 3)
349 + 141 (n = 4)

Data are expressed as means + s.d.

eral basement membrane (BM) components,
and even fragments of them, were discovered
to regulate cell functions. Endostatin [8], a
20-kDa C-terminal fragment of type XVIII colla-
gen contained in vascular and epithelial BMs,
inhibits endothelial cell migration [9] and angio-
genesis. Endostatin has been detected in sev-
eral human tissue samples in vivo, such as on
fibroblasts in human fetal tendons [10].

Type IV collagen is another important structural
component of the BM [11] and is composed of
six different o chains: a1-a6 chains of type IV
collagen (a1(lV) through a6(IV) chains) [12]. We
previously reported that the o2(lV) chain is
deposited in the fibroblastic foci of UIP, but not
in the intraluminal buds of OP, and that it inhib-
its migration of lung fibroblasts by reducing the
phosphorylation level of focal adhesion kinase
(FAK) [13]. However, little is known about which
part of the a2(IV) chain affects the physiologi-
cal function of lung fibroblasts. On the other
hand, canstatin [14], which is a part of the
C-terminal globular non-collagenous (NC1) do-
main of that chain, inhibits angiogenesis by
suppressing endothelial cell migration. Thus,
we hypothesized that canstatin may affect the
physiological function of lung fibroblasts of 1IPs
as well as endothelial cells. To elucidate those
points, we studied the expression, localization
and possible function of canstatin in human
lung tissue sections diagnosed as UIP and OP,
as well as in cultured human lung fibroblasts.

Materials and methods
Patients

Lung specimens were gained by performing
surgical lung biopsies (12 UIP and 11 OP cases)
at the Nippon Medical School Hospital from
1992 to 2011. All specimens were diagnosed
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in accordance with the American Thoracic So-
ciety/European Respiratory Society Interna-
tional Multidisciplinary Consensus Classifi-
cation of Idiopathic Interstitial Pneumonias [1,
2]. The study design was approved by the
Human Ethics Review Committee of Nippon
Medical School. Written informed consent was
obtained from all patients. Table 1 shows the
demographic characteristics and pulmonary
function data for the patients at the time of
lung biopsy.

Analysis for early fibrotic lesions of UIP and OP

For patients with UIP, surgical lung biopsy spec-
imens were obtained from the upper and lower
lobes of 8 patients, from three lobes of one
patient, and from the lower lobes of 3 patients.
For patients with OP, specimens were obtained
from two diseased lung lobes in 5 patients and
from a single diseased lobe in 6 patients. Two
authors (HU, YT), without knowing the clinical
information, examined all fibroblastic foci in UIP
and intraluminal buds in OP on all available
slides prepared from surgical lung biopsies.
The average observed number of early fibrotic
lesions was 7.34 per lung lobe for the UIP
patients and 46.0 per lung lobe for the OP
patients.

Cell culture

Human diploid fetal lung fibroblasts of the TIG-
1-20 cell line [15] were purchased from Health
Science Research Resources Bank. TIG-1-20
cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Wako Pure Chemical
Industries, Osaka, Japan) supplemented with
10% fetal bovine serum (FBS), 50-ug/ml strep-
tomycin, and 50-U/ml penicillin at 37°C under
humidified 5% CO,/95% air.
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Immunohistochemistry

Immunohistochemistry was performed as de-
scribed in detail previously [13]. In short, to
unmask antigenic epitopes, sections were he-
ated at 120°C for 20 min with 0.01 M citrate
buffer (pH 6.0). Primary antibodies were rabbit
polyclonal anti-canstatin (5 pug/ml; Boster Bio-
logical Technology, Fremont, CA), mouse mo-
noclonal anti-human a-smooth muscle actin
(x-SMA) (1:300; Dako, Glostrup, Denmark) and
mouse monoclonal anti-CD34 (1:100; Nichirei
Biosciences, Tokyo, Japan).

Western blotting

To examine the production of canstatin by TIG-
1-20 cells, culture medium with FBS was re-
placed with serum-free DMEM on day 1 after
passage. The cells were then cultured with vari-
ous concentrations of recombinant human
TGF-B1. After 72-h culture with TGF-B1, the
medium was collected and the cells were ho-
mogenized in M-PER (Mammalian Protein Ex-
traction Reagent; Thermo Scientific, Rockford,
IL) containing a protein-stabilizing cocktail (Halt
Protease Inhibitor Cocktail; Thermo Scientific),
150 mM NaCl, and 1 mM EDTA. Homogenized
samples were centrifuged (15,000 rpm, 25
min), and the supernatant was called the cell
lysate. Western blotting was performed as
described in detail previously [13]. Briefly, re-
duced samples were transferred to polyvinyli-
dene difluoride membranes. The membranes
were incubated at 4°C overnight with primary
antibody against canstatin at a dilution of
1:300, or antibodies against a-SMA and &-tu-
bulin (Epitomics, Burlingame, CA) at a dilution
of 1:3000, and then with the appropriate horse-
radish peroxidase-conjugated secondary anti-
body (Promega, Madison, WI) for 60 min. Pro-
duction of each protein was determined as a
ratio to the amount of a-tubulin protein, and
results were reported relative to culture without
TGF-B1 = 1.0.

Preparation of purified recombinant canstatin

The sequence encoding canstatin was obtained
using primer information from a prior study [14]
and amplified by PCR. The resulting cDNA frag-
ments were digested with Sall and Hindlll and
ligated into pEcoli-Nterm 6xHN Linear Vector
(Clontech Laboratories, Mountain View, CA).
Plasmid constructs encoding canstatin were
first transformed into JM109 E. coli cells (Clo-
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ntech Laboratories) and then transformed into
BL21 E. coli cells for expression (Novagen,
Madison, WI). Recombinant canstatin from sta-
bly transformed BL21 cells was purified using a
HisTALON Gravity Columns Purification Kit (Clo-
ntech Laboratories) according to the manufac-
turer’s instructions.

Migration assay

To examine the effects of canstatin on fibro-
blast migration, TIG-1-20 cells-at a density of
1.0 x 10° cells/ml in 300 ul of serum-free
DMEM with either 50 ng canstatin (conc. 1 ng/
pl) or 50 pl of sterile PBS-were placed in the
inserts of a Boyden chamber having an
8-um-pore membrane (BD Biosciences, Dur-
ham, NC). DMEM supplemented with 10% FBS
was placed as a chemoattractant in the wells in
the bottom compartment. The chamber was
incubated for 12 h at 37°C under humidified
5% CO,/95% air, and non-migrating cells on the
upper surface of the 8-um-pore membrane of
the insert were removed by scraping. The mem-
brane was fixed and stained using a Diff-Quik
Kit (Sysmex, Hyogo, Japan). Migration was
assessed using a light microscope (IX71; Ol-
ympus, Tokyo, Japan) to count the number of
cells in 5 random high-power fields on the bot-
tom surface of the insert membrane.

Statistical analysis

One-way analysis of variance and unpaired
t-tests were used for statistical analysis by
using GraphPad Prism6 (GraphPad Software,
San Diego, CA). P<0.05 values were considered
to be statistically significant.

Results

Expression of canstatin in early fibrotic lesions
of UIP and OP

To elucidate the expression and precise role(s)
of canstatin in IIPs, we used immunohistoch-
emical methods to study the immunoreactivity
for canstatin and compared it with the expres-
sion of a-SMA by using tissue sections diag-
nosed as UIP and OP in addition to normal lung
specimens (Figure 1A-C). In the fibroblastic foci
of UIP, fibroblasts showed strong positive stain-
ing for o-SMA representing myofibroblasts
(Figure 1l, arrowheads) in the foci without
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Figure 1. Canstatin, a-smooth muscle actin (a-SMA), and CD34 in normal control lung and early fibrotic lesions of
usual interstitial pneumonia (UIP) and organizing pneumonia (OP). Representative hematoxylin-eosin (HE)-stained
specimens of normal control lung (A), UIP (B) And OP (C). Scale bars = 1000 um. High-magnification views of the red
rectangular area in (A-C), respectively: normal alveoli and a bronchial wall (D), A fibroblastic focus (H) And an intralu-
minal polyp (L). Scale bars = 50 ym. The normal lung had cells that were clearly positive for a-SMA (E, Arrowheads),
i.e., mainly smooth muscle cells of CD34-positive capillary vessels (F, Arrowheads), whereas there was no immuno-
reactivity for canstatin (G). In UIP, fibroblasts showed a-SMA-positive immunoreactivity as they differentiated into
myofibroblasts (I, Arrowheads) in a fibroblastic focus that had no CD34-positive neovessels (J). In contrast, in OP,
fibroblasts in an intraluminal bud showed no a-SMA-positive immunoreactivity (M), But the bud clearly contained
CD34-positive neovessels (N, Arrowheads). Immunoreactivity for canstatin was clearly observed on myofibroblasts
in a fibroblastic focus without neovessels (K, Arrowheads and inset), but not in an intraluminal bud with neovessels
(0). The inset shows a high-magnification view of the red rectangular area in (K).

myofibroblasts in fibroblastic foci without ne-
ovessels in UIP, but not in intraluminal buds
with neovessels in OP.

neovessels (Figure 1J), while in the intraluminal
buds of OP, fibroblasts were negative for a-SMA
(Figures 1M) in the buds with neovessels
(Figure 1N, arrowheads). Immunoreactivity for

canstatin was clearly observed on myofibro-
blasts in the fibroblastic foci of UIP (Figure 1K,
arrowheads and inset), but not in the intralumi-
nal buds of OP (Figure 10). Immunoreactivity
for canstatin, however, was not observed in
normal lung (Figure 1G). Thus, the immunore-
activity for canstatin was clearly observed on
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Expression of canstatin in cultured lung fibro-
blasts

We investigated whether lung myofibroblasts
produce canstatin by studying the functional
response of TIG-1-20 cells, a well-characterized
cultured human lung fibroblast cell line, to TGF-
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Figure 2. Dose-dependent up-regulation of canstatin by transforming growth factor (TGF)-31. Representative West-
ern blots showing the amounts of canstatin in culture medium and the amounts of a-SMA and a-tubulin in TIG-1-20
cell lysates after treatment with different concentrations of TGF-B1 (A). The ratios of canstatin (B) and a-SMA (C)
to a-tubulin in the same sample were expressed relative to the results for the control cells cultured without TGF-f1
(= 1.0) in the same experiments. Data from each experiment were quantified by means of densitometry. Data are
means = s.d.m. from three experiments. *P<0.05 for differences between the indicated means.
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Figure 3. Effects of canstatin on migration of TIG-1-20 cells. (A) Representative Western blots show strong positive
anti-canstatin immunoreactivity of the recombinant protein in the eluate obtained with a purification kit. Each eluate
sample (first, second, third) was obtained by passing three times through the purification column. TIG-1-20 cells in
serum-free DMEM medium with either canstatin or sterile PBS were seeded into the inserts of a Boyden chamber.
DMEM supplemented with 10% FBS was placed as a chemoattractant in the wells in the bottom compartment. Mi-
grated cells were counted after culturing for 12 h at 37 °C. Representative images are shown of migrated TIG-1-20
cells treated with sterile PBS as the control (B) or canstatin (C). Five random high-power fields (HPF) were counted
to determine the number of migrated cells (D). Data are means + s.d.m. from three experiments. Scale bars = 100
um. *P<0.05 for differences between the indicated means.

B1 stimulation. TGF-B1 is present in fibroblastic Effects of canstatin on migration of cultured
foci of UIP [16], and we found that TGF-B1 stim- lung fibroblasts

ulation for 72 h induced strong a-SMA expres-

sion in TIG-1-20 cells as they differentiated into It is known that canstatin inhibits endothelial
myofibroblasts [13]. Thus, we measured can- cell migration [14], and we reported that the
statin expression in TIG-1-20 cells stimulated a2(IV) chain produced by fibroblasts inhibited
with various concentrations of TGF-B1 for 72 h. migration of fibroblasts [13]. Therefore, to in-
Western blotting showed that the cells released vestigate whether canstatin affects migration
canstatin into the culture medium in a TGF-f1 of lung fibroblasts, we conducted a migration
dose-dependent manner, similar to production assay of TIG-1-20 cells using recombinant
of a-SMA (Figure 2A-C). This result is consis- canstatin. We first confirmed that our recombi-
tent with our finding of immunoreactivity for nant canstatin showed strong positive reactivi-
canstatin on a-SMA-positive myofibroblasts in ty with anti-canstatin antibody as a 30-kDa
fibroblastic foci of UIP. band in Western blotting, similar to that report-
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ed by Kamphaus et al. [14] (Figure 3A). A
Boyden chamber assay then found that the
recombinant canstatin inhibited TIG-1-20 cell
migration (Figure 3B-D), comparable to the
inhibition shown by the a2(IV) chain, which we
reported previously [13]. Thus, our results
showed that recombinant canstatin inhibits
lung fibroblast migration, as well as migration
of endothelial cells, as previously reported [14].

Discussion

Here, we report for the first time that immuno-
reactivity for canstatin was observed in fibro-
blastic foci without neovascularization in UIP,
but not in intraluminal buds with sufficient neo-
vascularization in OP. These results are similar
to those for a-SMA expression in the same
lesions. TGF-B1 enhanced myofibroblastic ch-
anges in cultured human lung fibroblasts, with
increased production of canstatin in vitro. We
also found that recombinant canstatin inhibit-
ed migration of lung fibroblasts, as well as that
of endothelial cells. Therefore, our results sug-
gested that fibroblasts in the foci of UIP pro-
duce canstatin and that canstatin deposited in
the foci of UIP inhibits migration of intralesional
fibroblasts as well as cultured lung fibroblasts
in vitro. Thus, we suggest that deposition of
canstatin in early fibrotic lesions is involved in
the refractory fibrogenesis of 1IPs through this
inhibition of migration of intralesional fibro-
blasts and endothelial cells.

Canstatin, a 24-kDa peptide derived from the
C-terminal fragment of the NC1 domain of the
a2(IV) chain, inhibits angiogenesis in vivo [14]
and is grouped together with such endogenous
angiogenesis inhibitors as endostatin. Because
canstatin is an a2(lV) chain fragment, our find-
ings are in line with our previous report that the
a2(IV) chain was deposited in fibroblastic foci
but not in intraluminal buds [13]. To our knowl-
edge, this is the first evidence of canstatin
immunoreactivity on myofibroblasts in human
tissue in vivo, i.e., in the fibroblastic foci of UIP.
However, these findings are similar to those for
immunoreactivity for endostatin, one of the
most important endogenous angiogenesis in-
hibitors, observed in several human tissue
samples in vivo: on the internal limiting mem-
brane in age-related macular degeneration [17]
and on fibroblasts in human fetal tendons [10].
Moreover, because canstatin is an endogenous
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angiogenesis inhibitor, our findings of canstatin
expression in fibroblastic foci of UIP agree well
with earlier findings that those foci are devoid
of neovessels [18].

Our Western blot analysis revealed that lung
fibroblasts produced canstatin when stimulat-
ed with TGF-B1, and that production increased
in proportion to a-SMA expression following dif-
ferentiation of fibroblasts into myofibroblasts.
These results are consistent with our in vivo
result that canstatin immunoreactivity is ob-
served on myofibroblasts in the fibroblastic foci
of UIP, which were also reported to express
TGF-B1 [16]. Moreover, these results are similar
to earlier in vitro findings that endostatin was
produced by hemangioendothelioma cells [8]
and released from platelets [19].

Canstatin inhibits phosphorylation of FAK by
binding to integrins [20, 21], thereby inhibiting
endothelial cell migration and tube formation
[14]. Canstatin suppressed tumor growth by
inhibiting angiogenesis in human xenograft
mouse models of prostate cancer [14], breast
cancer [22], pancreatic cancer [23] and lung
cancer [24]. To our knowledge, except for endo-
thelial cells, only colorectal cancer cell migra-
tion had been shown to be inhibited by canstatin
[25]. Here, we have, for the first time, provided
evidence that recombinant canstatin inhibits
migration of lung fibroblasts. Our present re-
sults are consistent with our previous data
showing that knockdown of the a2(IV) chain in
human lung fibroblasts increased their migra-
tion, while a2(IV) chain produced by lung fibro-
blasts negated that effect by lowering FAK
phosphorylation levels [13]. Because that ear-
lier study also clearly showed the presence of
phosphorylated FAK in fibroblasts in the intralu-
minal buds of OP, but not in the fibroblastic foci
of UIP [13], we speculate that increased deposi-
tion of the a2(IV) chain, especially canstatin,
produced by lung fibroblasts in early fibrotic
lesions of UIP inhibits migration of intralesional
fibroblasts via inactivation of FAK, similar to its
effect on endothelial cells.

Aberrant fibrosis typically results from chronic
inflammation-defined as a persistent immune
response due to inadequate regulation of gro-
wth factors, proteolytic enzymes, fibrogenic cy-
tokines and angiogenesis factors-that leads to
deposition of ECM that progressively remodels

Int J Clin Exp Pathol 2016;9(12):12714-12722



Canstatin in idiopathic interstitial pneumonia

and destroys normal tissue architecture [26].
Although it is unclear whether inhibition of
angiogenesis worsens fibrosis in IIPs [27], sev-
eral studies support that thesis. For example,
pigment epithelium-derived factor, which has
angiostatic activity, is increased in the lung tis-
sue of patients with IPF [28]; administration of
vascular endothelial growth factor attenuated
renal fibrosis [29]; and vascular endothelial
growth factor expression is greater in the intra-
luminal buds of OP than the fibroblastic foci of
UIP [30]. Moreover, endostatin was elevated in
the bronchoalveolar lavage fluid and plasma of
patients with IPF [31]. And our current detec-
tion of canstatin immunoreactivity only in fibro-
blastic foci without neovascularization in UIP
supports the theory that inhibition of angiogen-
esis exacerbates lung fibrosis.

Matrix metalloproteinase-2 catalyzes ECM deg-
radation and supports cell migration [32], while
tissue inhibitors of metalloproteinase-2 inhibit
both cell migration and angiogenesis [33]. Our
colleagues previously reported that deposition
of matrix metalloproteinase-2 was greater in
the intraluminal buds of OP, whereas deposi-
tion of its inhibitors was greater in the fibroblas-
tic foci of UIP [4]. We also previously reported
that fibroblasts in the intraluminal buds of OP,
which have high FAK phosphorylation levels,
may have higher migration activity compared
with fibroblasts in the fibroblastic foci of UIP,
which have low levels of FAK phosphorylation
[13]. In our present study, canstatin immunore-
activity was observed only in the fibroblastic
foci of UIP, but not in the intraluminal buds of
OP, and recombinant canstatin inhibited migra-
tion of lung fibroblasts. Therefore, our results
showing high levels of canstatin deposition
with low FAK phosphorylation levels of fibro-
blasts in the fibroblastic foci of UIP are consis-
tent with the characteristic features of UIP,
such as chronic, slowly progressive fibrosis due
to low migration activity of fibroblasts and
endothelial cells. On the other hand, low levels
of canstatin deposition and high levels of FAK
phosphorylation of fibroblasts in the intralumi-
nal buds of OP agree with the characteristic
features of OP, such as acute to subacute pro-
gressive and migratory lung fibrosis due to high
migration activity of fibroblasts and endothelial
cells. Thus, our data may help to explain why
the characteristic, irreversible lung fibrosis of
UIP differs from reversible lung fibrosis as a
general process of wound healing, such as in
OP.
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The precise role of canstatin in the early fibrotic
lesions of IIPs in relation to the prognosis of
each IIP remains unclear. However, because
El-Zammar et al. [34] and we [35] showed that
some fibroblasts in early fibrotic lesions of UIP
and OP were stained positively for Ki-67, we
speculate that some fibroblasts in those lesions
proliferate and differentiate into myofibroblasts
that produce canstatin. Canstatin then inhibits
migration of intralesional fibroblasts, which
tend to remain and continue to generate ECM
in the lesions, thereby leading to refractory
chronic fibrosis in 1IPs that have a poor progno-
sis, such as UIP.

In conclusion, our present study findings pro-
vide evidence that canstatin is deposited
around myofibroblasts in the early fibrotic
lesions of IIPs having a poor prognosis. They
also suggest that canstatin produced by myofi-
broblasts is involved in the refractory fibrogen-
esis of IIPs, including migration of intralesional
fibroblasts and inhibition of angiogenesis in
early fibrotic lesions. We anticipate that contin-
ued investigation of the canstatin-mediated
mechanisms regulating fibroblast migration
and angiogenesis in early fibrotic lesions of IIPs
will contribute to a better understanding of the
pathogenesis of IIPs and development of tar-
geted therapies for IIPs.
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