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Angiomodulin (AGM/IGFBP-rP1), a glycoprotein of about 30 kDa,
is overexpressed in tumor vasculature as well as some human
cancer cell lines, but it has been suggested to be a tumor sup-
pressor. To elucidate roles of angiomodulin (AGM) in tumor pro-
gression, we here examined distribution of AGM in three types
of human cancer tissues by immunohistochemistry. The results
showed that AGM was overexpressed in the stroma as well as
the vasculature surrounding tumor cells in the human cancer tis-
sues. AGM and a-smooth muscle actin (x-SMA) as an activated
fibroblast marker were often colocalized in cancer-associated
fibroblasts (CAFs). In vitro analysis indicated that transforming
growth factor (TGF)-1 might be an important inducer of AGM in
normal human fibroblasts. AGM strongly stimulated the expres-
sion of fibronectin and weakly that of «-SMA in normal fibro-
blasts. AGM significantly stimulated the proliferation and
migration of fibroblasts. The AGM-induced expression of fibro-
nectin and a-SMA was blocked by a TGF-§ signal inhibitor but
neither the stimulation of cell growth nor migration. These
results imply that AGM activates normal fibroblasts by TGF-f-
dependent and independent mechanisms. These findings also
suggest that AGM and TGF-p1 cooperatively or complementarily
contribute to the stromal activation and connective tissue forma-
tion in human cancer tissues, contributing to tumor progression.
(Cancer Sci 2012; 103: 691-699)

I t has recently been accepted that tumor microenvironment
plays critical roles in tumor progression."> Fibroblasts,
vascular endothelial cells, inflammatory cells and their secreted
protein products including extracellular matrix proteins are
major components present in the tumor microenvironment. The
behavior of tumor cells is regulated by complex interaction
between the tumor cells and surrounding stromal cells and
secreted factors.*?

Angromoduhn (AGM), a secretory glycoprotein of about
30 kDa, is a member of the 1nsu11n like growth factor binding
protein (IGFBP) superfamrly ) However, the amino acid iden-
tity of AGM to IGFBPs is as low as about 20%, and its affin-
ity for IGFs is far lower than that of IGFBPs. o Therefore,
the names “IGFBP-related protein-1 (IGFBP-rP1)” and “IG-
FBP-7” are often used for this protein. AGM was originally
identified as tumor-derived cell adhes1on factor (TAF) secreted
by human bladder carcinoma cells” and as prostacyclin-stimu-
lating factor (PSF) from human fibroblasts. ® The ¢cDNA of
AGM was cloned as mac25, which was expressed in normal
human leptomenrngeal cells but scarcely in menrngromas()
Because AGM is highly expressed in tumor blood vessels, the
name “angiomodulin (AGM)” was proposed. (10 A recent study
has shown that AGM is mainly expressed in developmental
and adult vascular systems and plays a synergistic role with
VEGF in angiogenesis.'"’ The AGM message or protein is

doi: 10.1111/j.1349-7006.2012.02203.x
© 2012 Japanese Cancer Association

detected in a wide range of normal tissues such as the heart,
spleen, ovary, small intestine and colon'® and cells such as
vascular endothelial cells, high endothehal cells, smooth mus-
cle cells, fibroblasts and cancer cells.*"~'?

There are many contradictory reports on the pathological
roles of AGM in cancer. Although our earlier studies showed
that AGM is highly expressed in some cancer cell lines,""?
1nvad1ng tumor cells in colon cancer* and tumor vascula-
ture,"'” other studres showed that AGM may be a tumor-sup-
pressing proteln( Expression of AGM is associated with cell
senescence 1n normal human mammary epithelial cells.!>'®
In breast," prostate ® and lung"® cancers, reduced expres-
sion of AGM is correlated with worse prognosis of patients
compared to higher e presslon Forced expresslon of exoge-
nous AGM in breast,"" lung and prostate 2D cancer cells
inhibited the cell growth by inducing senescence or apoptosis
in culture. Moreover, forced expression of exogenous AGM in

colon carcinoma,®® lung carcinoma”® and melanoma®® cell
lines suppressed the tumor growth in xenograft models. In the
case of melanoma cells, the administration of recombinant
AGM proteln suppresses tumor cell growth by inducing apop-
tosis both in vivo and in vitro.* Thus, AGM might play
positive and negative roles in tumor progression depending on
some unknown conditions.

As past studies have not clearly shown the distribution of
AGM in human cancer tissues, here we again analyzed expres-
sion and distribution of AGM in human cancer tissues of the
lung, colon and uterus by immunohistochemistry. We found that
AGM was overexpressed in not only the vasculature but also
stromal fibroblasts of the cancers. The biological activity of
AGM towards human fibroblasts was also investigated in vitro.

Materials and Methods

Materials. Human tissue specimens of 10 lung cancers (five
squamous cell carcinomas and five adenocarcinomas), five ade-
nocarcinomas of the colon, and five adenocarcinomas of the
uterus were provided by Human Cancer Tissue Center of
Kanagawa Cancer Research and Information Association
(KCRIA), Kanagawa, Japan. The study protocol was approved
by the Ethical Committees of both KCRIA and Kihara Institute
for Biological Research, Yokohama City University and per-
formed according to the guidelines of the 1995 declaration of
Helsinki. Written informed consent was obtained from each
patient. Human recombinant transforming growth factor-B1
(TGF-B1) and Smad signal inhibitor (SB431542) were pur-
chased from Wako (Osaka, Japan). Mouse monoclonal antibody
against human AGM/TAF/IGFBP-rP1 (clone 88), which is
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available from Cosmo-Bio (Tokyo, Japan), was previously
reported.'” Other antibodies used were mouse monoclonal
antibody against fibronectin from Takara (Shiga, Japan), ones
against B-actin and against vimentin from Sigma-Aldrich (St.
Louis, MO, USA), goat polyclonal antibody against IGFBP-rP1
(R&D, Minneapolis, MN, USA), and rabbit polyclonal antibody
against o-smooth muscle actin (o-SMA) from Abcam (Cam-
bridge, UK).

Cell culture. Human natal dermal fibroblasts (HDFs) were
obtained from Lifeline Cell Technology (Los Angeles, CA,
USA). Human fetal lung fibroblast cell line WI38 and human
bladder carcinoma cell line T24 (EJ-1 strain) were provided
from Japanese Collection of Research and Bioresources
(JCRB, Osaka, Japan). One clone of T24 cells (clone 8) was
previously isolated in our laboratory and used in this study.*®
These kinds of cells were maintained in DMEM/F12 medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
calf serum (FCS) (JRH Bioscience, Lenexa, KS, USA) at 37°C
in a humidified atmosphere of 5% CO, and 95% air.

Purification of AGM. Angiomodulin was purified from the
serum-free conditioned medium of T24 cell line by the previ-
ously reported method with some modifications.'* Briefly, the
conditioned medium was collected every 2 or 3 days from
confluent cultures of T-24 cells. AGM in the conditioned med-
ium was concentrated by heparin affinity chromatography and
then purified by immuno-affinity chromatography on a column
conjugated with the anti-AGM antibody (clone 88).

Immunohistochemistry of human cancer tissues. Five-um serial
frozen sections were obtained from KCRIA and subjected to
immunohistochemistry as described previously. “”’ The sections
were treated with the first antibody, biotin-conjugated second
antibody (Vector, Burlingame, CA, USA) and then strepto-
avidin-conjugated peroxidase (Vector). The resultant immuno-
complexes were visualized with 3,3-diaminobenzidine (DAB)
using the Histofine kit (Nichirei, Tokyo, Japan). The evaluation
of immunosignal intensity was performed independently by
three coworkers in a blind fashion as to the origins of cancer
samples, using standard stained sections of grade 0, +1, +2 and
+3. The average score was recorded for each sample. In immuno-
fluorescence staining, cy3-labeled anti-mouse-IgG antibody,
FITC-labeled anti-rabbit-IgG antibody, or FITC-labeled anti-
goat-IgG antibody was used as the second antibody (Vector).

Preparation of cell lysates and conditioned media for protein
analysis. To examine protein expression in fibroblasts in

response to AGM or TGF-f1, HDF or WI38 cells were inocu-
lated at a density of 3 x 10° cells per 35-mm dish and
incubated overnight. The cultures were washed twice with the
serum-free DMEM/F12 and incubated in the medium supple-
mented with test samples for 2 days. The resultant conditioned
medium was collected and clarified by centrifugation. For the
analysis of AGM, proteins in the medium were concentrated by
precipitation with 10% (w/v) trichloroacetic acid (TCA),
washed with cold ethanol and dissolved in 0.03 mL of the SDS
sample buffer for immunoblotting. Fibronectin was analyzed
using unconcentrated conditioned medium. The cells remaining
on the dishes were washed with PBS and then harvested by
incubating in 5 mM EDTA/PBS. The total cell number in each
dish was determined with a cell counter (Sysmex, Hyogo,
Japan), and the remaining cells were collected by centrifugation
and dissolved in 150 pL of the SDS sample buffer.

SDS-PAGE and immunoblotting. Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed on
12.5% or 6% gels under reducing or non-reducing conditions.
For analyzing specific proteins, cell lysates or conditioned
media were separated on the gels, transferred to PVDF mem-
branes, and detected by immunoblotting using specific antibod-
ies and the ECL detection reagents (GE Healthcare,
Buckinghamshire, UK).

Cell proliferation assay. Human natal dermal fibroblast
(HDFs) were inoculated at a density of 5 x 10° cells per well
containing 500 pL of DMEM/F12 plus 5% FCS on 24-well
culture plates (Becton Dickinson, Franklin Lakes, NJ, USA)
and incubated with test samples for indicated lengths of time.
The grown cells were counted with a Sysmex cell counter. To
test effects of signal inhibitors on cell growth, HDFs (1 x 10°
cells per well) were incubated with test samples on 96-well
plastic culture plates. To quantify the grown cells, each well
was fixed and stained with 0.1% (w/v) crystal violet in 20%
methanol. The dye was extracted with isopropanol and mea-
sured for absorbance at 544 nm.

Cell migration assay. Migration of HDF cells through a mem-
brane filter with 8-um pores was analyzed using a xCELLi-
gence System Real-Time Cell Analyzer (Roche, Basel,
Switzerland) according to the manufacturer’s instruction man-
ual. Test samples mixed in DMEM/12 plus 1% heat inacti-
vated FCS were placed into lower chambers of the CIM-Plate
16. HDF cells were inoculated at a density of 5 x 10* cells
per 100 pL of the same medium into upper chambers and

Fig. 1.

Immunohistochemical analysis of angiomodulin (AGM) expressed in normal epithelial tissues and cancer tissues of colon. A single frozen

section of a colon carcinoma (approximately 3 x 3 mm square size) was immunostained for AGM as described in Materials and Methods. (a) Nor-
mal glandular tissue, (b) stroma adjacent to tumor cells. Arrowheads, AGM-positive micrrovessels; arrows, AGM-positive stroma. Scale bars, 50 um.
When non-immune mouse IgG was used as a negative control instead of the first antibody, no staining was found in the same conditions.
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Fig. 2. Two close sections containing normal epithelial tissues of the lung (a,d), colon (b,e), and uterus (c,f) were immunostained for angiomodulin
(AGM) (a—c) and a-smooth muscle actin («-SMA) (d-f). Arrowheads, AGM-positive signals; arrows, endometrial basement membrane positive for

AGM in (c). Scale bars, 50 um.

Fig. 3. Two close sections containing tumor cells (T) of lung adenocarcinoma (a,e), lung squamous cell carcinoma (b,f), colon adenocarcinoma
(c,9) and uterus adenocarcinoma (d,h) were immunostained for angiomodulin (AGM) (a-d) and a-smooth muscle actin (a-SMA) (e-h). The colon
cancer sections were derived from a different cancer sample from Figure 1. Arrows, positive signals for AGM or a-SMA in stroma; arrowheads,
AGM:- or a-SMA-positive blood vessels; open arrowheads, AGM-positive invading tumor cells in (b). Scale bars, 50 um.

incubated at 37°C. The cell migration from the upper cham-
bers to the lower ones was monitored for 3 h.

Statistical analysis. Statistical significance was evaluated with
an unpaired Student’s T test. A P-value of <0.05 was consid-
ered significant.

Results

Expression of AGM in human cancer tissues. Expression of
AGM protein in a colon cancer tissue was examined by immu-
nohistochemistry with the anti-AGM monoclonal antibody
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(clone 88). In a single stained section (3 x 3 mm) of the ade-
nocarcinoma, connective tissues surrounding normal glands
showed faint or little immunoreactivity, while strong signals
were detected throughout the stroma surrounding tumor cells
with stronger signals in the vasculature (Fig. 1). To examine
common expression of AGM in the cancer stroma, we further
analyzed the following human cancer tissues from different
patients, as well as corresponding normal tissues as controls:
10 carcinomas of the lung (five squamous cell carcinomas and
five adenocarcinomas), five adenocarcinomas of the colon and
five adenocarcinomas of the uterus. In normal lung and colon
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Table 1. Summary of AGM expression in three types of human

cancer tissues

Oraans Total no Vasculaturet Stroma Tumor cells
’ ' (+3) w3y @y GV

Lung 10 10 5 5 4

Colon 5 5 5 0 0

Uterus 5 5 2 3 1

The intensity of immunostaining was classified into 0, +1 (low), +2
(intermediate) and +3 (high) as described in Materials and Methods.
tEndotheilal cells, pericytes and the basement membranes. +Connec-
tive tissues and cells except vasculature.

tissues, AGM was weakly detected in the vasculature and
smooth muscle but not in the epithelial tissues and underlying
connective tissues (Fig. 2a,b). Exceptionally, AGM was clearly
detected in the basement membranes of normal endometrial
glands of the uterus (Fig. 2c). This localization was consistent
with the past study, which showed the localization of AGM in
the endometrium and stroma of the uterus and its implication
in endometrial receptivity.®® In all cases of the cancer tissues
tested, blood vessels always showed strong immunoreactivity
for AGM (Fig. 3a—d). In addition, all cases of the cancer tis-

(a) a-SMA (b) AGM

(d) AGM

(e) Vimentin

sues showed more or less positive signals for AGM in the
stroma surrounding tumor cells, most likely in fibroblasts
(Fig. 3a—d and Table 1). Strong expression of AGM in the
tumor stroma was found in all cases of the colon cancers and
some cases of the other types of cancer. AGM was also
detected in tumor cells of some invasive cancer tissues
(Fig. 3b; Table 1).

As activated cancer-associated fibroblasts (CAFs), or myofi-
broblasts, are known to express o-smooth muscle actin (o-
SMA), its expression was also analyzed using close sections of
the same tissue specimens as used for the AGM analysis. In
normal colon and lung tissues a-SMA was weakly detected in
smooth muscle and vasculature (Fig. 2d—e), while it was
highly detected in the myometrium of normal uterus (Fig. 2f).
In cancer tissues, «-SMA was more or less detected in the
AGM-positive stroma (Fig. 3e~h). Double immunofluorescence
staining analysis showed that most a-SMA-positive cells were
positive for AGM but not vice versa (Fig. 4a—c). On the other
hand, AGM was well colocalized with the fibroblast marker
vimentin as analyzed by double immunofluorescent staining
(Fig. 4d—f). These results demonstrated that AGM was widely
overexpressed in not only vasculature but also activated fibro-
blasts, or myofibroblasts, in the cancer tissues.

Induction of AGM by TGF-p in cultured fibroblasts. It is well
known that TGF-B plays critical roles in the phenotypic

(c) Merged

Fig. 4. Double immunofluorescence staining of cancer tissues for angiomodulin (AGM) and a-smooth muscle actin (a-SMA) or vimentin. (a) A
section of colon adenocarcinoma, which derived from a tumor specimens different from those used in Fig. 1, was subjected to double immuno-
fluorescence staining with a rabbit anti-a-SMA polyclonal antibody (a: green) and the anti-AGM monoclonal antibody (clone 88) for AGM (b;
red) as described in Materials and Methods. The two images (a and b) were merged in (c). (d-f) A section of lung adenocarcinoma, different
from the tumor specimens used in Fig. 1, was immunostained with a goat anti-AGM polyclonal antibody (d; green) and a mouse anti-vimentin
monoclonal antibody (e; red). The two images (d and e) were merged in (f). Arrowheads, positive signals for AGM in blood vessels; arrows, posi-
tive signals for AGM, a-SMA or vimentin in stromal tissues; T, tumor cell mass. Scale bar, 50 um.
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Fig. 5. Effect of transforming growth factor-f1 (TGF-B1) on expres-
sion of angiomodulin (AGM), fibronectin (FN) and a-smooth muscle
actin (a-SMA) in two kinds of cultured human fibroblasts. Human
natal dermal fibroblasts (HDFs) (a) and WI38 cells (b) were incubated
with the indicated concentrations (ng/mL) of TGF-B1 in serum-free
medium for 2 days. From each culture, the conditioned medium and
cell lysates were prepared, as described in Materials and Methods.
AGM and fibronectin were analyzed with the conditioned media,
while a-SMA and B-actin as an internal loading control were done
with the cell lysates. The results were reproduced in at least three sep-
arate experiments.

changes of CAFs. TGF-f activates fibroblasts to induce
expression of a-SMA and ECM molecules such as fibronectin
and interstitial collagen.**’ 2 Therefore, we tested whether
or not TGF-B1 stimulates AGM expression in two types of
fibroblasts in vitro. When primary HDFs were incubated with
TGF-B1, AGM secretion into culture medium was weakly
enhanced (Fig. 5a). As expected, TGF-f1 greatly enhanced the
expression of fibronectin and o-SMA in HDFs. The induction
of AGM by TGF-f1 was more clearly shown when human
lung fibroblast cell line WI38 was used in the assay (Fig. 5b).
These data suggest that AGM is induced in CAFs at least in
part by TGF-p.

Activation of fibroblasts by AGM in vitro. To understand path-
ological roles of AGM in cancer tissues, effects of purified
AGM on HDFs were examined in comparison of the effects of
TGF-B1. AGM appeared to slightly increase the a-SMA level
though the induction was far lower than that by TGF-BI
(Fig. 6a). However, AGM significantly enhanced fibronectin
secretion from fibroblasts (Fig. 6b). The induction level of
fibronectin by AGM was nearly comparable with that induced
by TGF-BI1, although the effective dose of AGM was far
higher than that of the latter. In WI38 cells, the induction of

(a) TGF-f
AGM(ngmL) (SngmL)
0 1 5 10 - +
C-SAA s s — - *
fACn - —
b AGM (ng/mL
(b) (ng/mL) TGE.p
0 1 5 10 (1ng/mlL)
N WS =
pacin [ -
(c) Cont, AGM TGF-p
Smadinh. -

+ - + - +
Nl e
C-SMNA T e . e -

Fig. 6. Effects of angiomodulin (AGM) and transforming growth fac-
tor-B1 (TGF-B1) on expression of fibronectin and a-smooth muscle
actin («-SMA) in human fibroblasts in presence or absence of Smad
signal inhibitor. (a,b) Human natal dermal fibroblasts (HDFs) were
incubated with the indicated concentrations of AGM or TGF-B1 as a
positive control in serum-free medium for 2 days. Expression of a-SMA
(a) and fibronectin (b; FN) in the cultures were analyzed, as described
in Fig. 4. (c) HDFs were pre-incubated for 1 h with (+) or without (-)
10 pM Smad signal inhibitor SB431542 (Smad inh.) and then treated
without (Cont.) or with 5 ng/mL TGF-B1 or 5 pg/mL AGM. Fibronectin
(FN) and o-SMA expressed in the cultures were analyzed as
above. Other experimental conditions are described in Materials and
Methods.

p-Actin

fibronectin and o-SMA by AGM was very low or insignificant
(data not shown).

The activity of TGF-B1 is mainly mediated by the Smad
signaling. Indeed, the induction of fibronectin and o-SMA was
completely blocked by the Smad signal inhibitor SB431542
(Fig. 6¢). Interestingly, the induction of fibronectin and
o-SMA by AGM was also blocked by the Smad inhibitor. This
suggested that endogenous TGF- in fibroblasts might be
involved in the induction of fibronectin and a-SMA by AGM.

None TGF-p AGM

7 - - = —— o RRLE AN S T S T, SR |
F . 5 g s - \ ek i )
AR AL ¥ 1 Tl N BN 8
(7 TANY DN Jesg¥imnsiy LA\ TR
: \) 3 el L e F oA VSN
): i.' | = - "= v a . u - A B ’l."‘ ;JQ‘ -, ’L.
i '{ - _ 8 o - “ oS ht v
3 o = Fa 20, = ® ¥ N o | RN
) " X et e a - A v 70N viv At
q\‘ PPl " ”.' ® . > LAt | ‘_'\_1.,}'
¥ o S g » R TR - ok
- P \ i 4}

\ \ ", Sy ’| Ao, an. A ! "‘,: VS

o e, S po, s fi \‘ A e

\ " - L] - i | Vgl \ | IX] ‘1‘;'\
<\ - \ e AR A" T S 20
e / ol = ol | Al e
o - / s B “a N W !illlll 5 i |
] -~ d.{ Fi : : o9, - - A '\l.- M _,': < A\
"\ 1 ‘ ,“49 o - ':- v/ LA | ‘I ‘.

Fig. 7. Effects of angiomodulin (AGM) and transforming growth factor-B1 (TGF-B1) on morphology of human fibroblasts. Human natal dermal
fibroblasts (HDFs) were incubated without (None) or with 5 ng/mL TGF-B1 or 5 pg/mL AGM in DMEM/F12+1% FCS medium for 2 days. The cells
were fixed in 10% formalin, stained with Giemsa, and photographed under a phase-contrast microscope. x200.
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Effects of angiomodulin (AGM) and transforming growth factor-p1 (TGF-B1) on growth of human fibroblasts. (a,b) Human natal dermal

fibroblasts (HDFs) were incubated with the indicated concentrations of TGF-B1 for 5 days (a) or AGM for 4 days (B) in DMEM/F12+5% FCS med-
ium on 24-well plates. Each point represents the mean + SD of the numbers of cells in triplicate wells. (c) Time course of HDF growth in presence
(®) or absence (O) of 10 pg/mL AGM. (d) Effect of varied concentrations of AGM on the growth of HDFs was examined in the presence (®) or
absence (O) of 10 uM Smad inhibitor SB431542 (Smad inh.) for 6 days on a 96-well plate. The cell growth was measured by the crystal violet
staining. Each point represents the mean + SD in triplicate wells. (e,f) Effects of varied concentrations of TGF-B1 (e) or AGM (f) on the growth of
WI38 cells were examined for 5 days as described in (a) and (b). Other experimental conditions are described in Materials and Methods.

When morphological changes of HDFs were examined,
TGF-B1-treated fibroblasts showed markedly contracted cell
morphology with tight cell—cell junction as compared with the
control cells (Fig. 7). These morphological characteristics
resembled those of myofibroblasts with high contractility.
Although AGM-treated cells also showed contracted cell

696

morphology, they exhibited a more elongated and fibrous
structure than the control cells and the TGF-B1-treated cells.
The difference in the cell morphology seems to depend on the
difference in the induction levels of o-SMA, fibronectin and
some other factors and to be related with cellular activities
such as cell contractility and proliferation. The Smad inhibitor
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completely blocked the TGF-B1-induced morphological change
but it partially did the AGM-treated ones (data not shown).

Effect of AGM on growth and migration of fibroblasts. We
next examined effect of AGM on growth of HDFs. When
HDFs were incubated with purified TGF-B1, the cell growth
was suppressed at very low concentrations (Fig. 8a). In con-
trast, AGM enhanced the cell growth in a dose-dependent
manner (Fig. 8b). The growth curves in the presence or
absence of AGM are also shown in Fig. 8c. When HDFs were
treated with both AGM and the Smad inhibitor, the growth-
stimulating activity of AGM was greatly enhanced by the
inhibitor (Fig. 8d). It was supposed that the growth enhance-
ment might be due to the inhibition of the activity of endoge-
nous TGF-f. The opposite effects of AGM and TGF-B1 on the
cell growth were reproduced in the assays with WI38 cells,
but less evidently than their effects on HDFs (Fig. 8e,f).

Cell migration activity of AGM was also tested using an
electric cell migration assay system. When AGM or TGF-B1
was added into a lower chamber as a chemoattractant, the
migration of HDFs through a membrane filter was weakly but
significantly enhanced (Fig. 9a). Although the effective con-
centrations of AGM and TGF-B1 greatly differed, their maxi-
mum activities appeared to be similar to each other but far
lower than that of fibronectin (Fig. 9b). The Smad signal
inhibitor SB431542 did not block the chemotactic activity of
any factor (data not shown).

Discussion

In the present study, we found that AGM is overexpressed in
the stroma as well as the vasculature surrounding tumor cells
in human cancer tissues. In vitro analysis indicated that TGF-
B1 might be an important inducer of AGM in human fibro-
blasts. AGM significantly stimulated the growth of human
normal fibroblasts and their fibronectin production in vitro. In
addition, AGM weakly stimulated the expression of a-SMA, a
representative marker of myofibroblasts, and promoted the
migration of fibroblasts. It is well known that TGF-B1 plays a
critical role in the activation of fibroblasts in the tumor
stroma.® TGF-B1 strongly stimulates fibroblasts to express o-
SMA and ECM proteins such as fibronectin and type I colla-
gen.*” 2% Indeed, in this study the activities to induce oa-SMA
and fibronectin were obviously much higher with TGF-f1 than
AGM. However, their growth activities towards fibroblasts
were contrasted: TGF-B1 significantly suppressed the cell
growth, whereas AGM stimulated it. Therefore, it is likely that
TGF-B1 plays a major role in the activation and ECM produc-
tion of fibroblasts, while AGM plays a specific role in the
fibroblast proliferation. Thus, it is expected that AGM and
TGF-B1 cooperatively or complementarily contribute to the
stromal activation and connective tissue formation in cancer
tissues. It should also be noted that the effective concentration
of AGM was about 1000-times higher than that of TGF-fB1.
Our sandwich ELISA analysis has shown that the AGM con-
centration is approximately 30 ng/mL in normal human serum
and exceeded 200 ng/mL in the culture medium of a cancer
cell line highly expressing AGM (Kayano Moriyama and
Kaoru Miyazaki, unpublished data, 2005). AGM is an extracel-
lular matrix protein rather than a cytokine. Just like fibronectin
and laminins, AGM exerted its biological activities at concen-
trations ranging 1-10 pg/mL. As shown in this study, it is
highly deposited on vascular basement membrane and stromal
tissues near cancer cells. Therefore, the apparently high con-
centrations of AGM seem to be pathologically relevant in
some tumor microenvironments.

The activity of TGF-B1 is mainly mediated by the Smad sig-
naling. Unexpectedly, the Smad signal inhibitor SB431542
inhibited the o-SMA and fibronectin expression induced not
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Fig. 9. Effects of angiomodulin (AGM) and transforming growth
factor-B1 (TGF-B1) on chemotactic migration of human fibroblasts.
Migration of human natal dermal fibroblasts (HDFs) through a mem-
brane filter with 8 um pores was analyzed in the presence or absence
(A) of 5 ng/mL AGM (@), 5 ng/mL TGF-B1 (O), or 5 pg/mL fibronectin
as a positive control (A) in the electronic real-time cell analyzer xCEL-
Ligence, as described in Materials and Methods. Each point represents
the mean in triplicate wells. (b) Comparison of chemotactic activities
of AGM (left) and TGF-B1 (right) at three different concentrations in a
2-h assay. Asterisks indicate statistically significant difference from the
control (P < 0.05).

only by TGF-B1 but also by AGM. On the other hand, this
inhibitor significantly enhanced the growth-simulating activity
of AGM on fibroblasts. Thus, AGM activities are separated
into the TGF-B-independent and TGF-f-like activities. The lat-
ter activity may be mediated by TGF-P1 or related factors. We
could not detect TGF-B1 in the AGM preparation as analyzed
by immunoblotting (data not shown). It is possible that AGM
enhances the activity of the endogenous TGF-B1 produced by
fibroblasts, leading to the elevated expression of o-SMA and
fibronectin. The growth-stimulatory effect of the Smad inhibi-
tor suggests that AGM-induced endogenous TGF-B1 has
growth-inhibitory activity on fibroblasts. There are many possi-
ble mechanisms for the effect of AGM on TGF-§ action, for
example, stimulation of TGF-f transcription, activation of the
latent TGF-$ protein, promotion of the TGF-B binding to the
receptor, and co-stimulation of TGF-f signaling. Moreover, we
cannot yet exclude the possibility that our AGM preparation
contained a trace amount of TGF- bound to AGM. Further
studies are required for clarifying these possibilities. We have
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reported that AGM interacts with syndecan-1 on cell sur-
face.'” In this study, we were unable to identify the receptor
and cell signaling that are involved in the growth-stimulatory
activity of AGM.

Our early study on AGM showed that it stimulates the
growth of mouse fibroblasts.”> Recent studies by other groups
suggested that AGM/IGFBP-rP1 might be involved in liver
fibrosis.®%*" These studies also show that AGM plays some
roles in connective tissue formation. Similarly, there are
reports showing that some other IGFBP super families such as
IGFBP-3, IGFBP-5 and CTGF (IGFBP—rPZQ are expressed in
and contribute to pathological fibrosis.****% In addition,
CTGF has been shown to promote transdifferentiation of
mesenchymal stem cells to fibroblasts.®> Therefore, the con-
nective tissue formation may be a common function of IGFBP-
related proteins. However, no previous studies have reported
overexpression of AGM in CAFs. The enhanced proliferation of
fibroblasts and accumulation of ECM in tumor stroma, i.e. des-
moplasia, is known to be a typical feature of solid tumors.>
The reactive stroma is also a key feature in some pathological
conditions such as fibrosis, inflammation and wound healing. In
such reactive stroma, activated fibroblasts, i.e. myofibroblasts,
secrete various cytokines and acquire the capabilities of migra-
tion, proliferation and contraction.®*® The mutual interaction
between cancer cells and myofibroblasts through cell—cell inter-
action and secreted proteins is essential for cancer invasion and
causes a poor clinical outcome.®’”® For example, tumor-
derived fibroblasts stimulate tumor cell growth in coculture
experiments.®” When colon cancer cells are cocultured with
TGF-B-treated fibroblasts, the cancer cells acquire invasive
potential within collagen gel.“” Similarly, animal experiments
demonstrated that CAFs or other types of fibroblast enhance
the efficiency of tumor growth when co-injected with tumor
cells.341:42) However, it is unclear in these studies what fac-
tors in the activated fibroblasts are responsible for the enhanced
invasive growth of tumor cells. Because the number of cancer
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specimens analyzed in this study was very low, the relationship
between the AGM expression in CAFs and its clinical output in
patients is unknown. Based on the facts found in many past
studies, it is supposed that AGM expressed in CAFs activates
the fibroblasts by an autocrine mechanism and contribute to
tumor progression.

The present study also showed the elevated expression of
AGM in vasculature in all cases and in tumor cells of some
cancer tissues. Past studies have suggested that AGM in blood
vessels may be related to elevated vascular permeability*+?
and angiogenesis.'"’ On the other hand, a considerable number
of studies have suggested the tumor-suppressive activity of
AGM."*2¥ In this regard, it is noted that in the present histo-
chemical analysis, AGM expression was often found in invad-
ing carcinoma cells but not normal epithelial cells. It is
unknown whether AGM expressed in invading tumor cells has
positive or negative activity for tumor growth. AGM is known
to have post-transcriptional modifications such as proteolytic
cleavage and glycosylation."® Such modifications, as well as
differences in AGM-expressing cells, may explain the two
opposite effects of AGM on tumor cells in future studies.
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