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Abstract

Background: Dedifferentiated rabbit vascular smooth
muscle cells (SMCs) exhibit similar features to
differentiated SMCs when cultured in three-
dimensional matrices of type-l collagen called
“honeycombs,” but the mechanism is unknown. The
role of filamin, an actin-binding protein that links actin
filaments in SMCs, was investigated. Methods: Filamin
and other related proteins were detected by western
blot analysis and immunofluorescence staining.
Honeycomb size was measured to confirm the
contraction of SMCs. Results: Full-length filamin was
expressed in subconfluent SMCs cultured on plates;
however, degradation of filamin, which might be
regulated by calpain, was observed in confluent
SMCs cultured on plates and in honeycombs. While
filamin was co-localized with B-actin in subconfluent
SMCs grown on plates, filamin was detected in the
cytoplasm in SMCs cultured in honeycombs, and
degraded filamin was mainly detected in the
cytoplasmic fraction of these cells. In addition, p-actin

expression was low in the cytoskeletal fraction of SMCs
cultured in honeycombs compared with cells cultured
on plates, and the size of the honeycombs used for
culturing SMCs was significantly reduced. Conclusion:
These data suggest that degradation of filamin in
SMCs cultured in honeycombs induces structural
weakness of p-non-muscle actin filaments, thereby
permitting SMCs in honeycombs to achieve
contractility.

Copyright © 2011 S. Karger AG, Basel

Introduction

Vascular smooth muscle cells (SMCs) undergo
phenotypic changes upon differentiation and
dedifferentiation. A shift from a dedifferentiated to a
differentiated phenotype is a crucial event in the
regression of atherosclerosis [1, 2]. In normal aortas,
SMCs can contract when they differentiate, but in
atherosclerotic lesions, SMCs undergo proliferation and
lose the ability to contract after dedifferentiation [3].
SMCs in the normal arterial media are surrounded by
components of the extracellular matrix (ECM), which is
thought to maintain SMCs in the differentiated phenotype.
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If SMCs are isolated from the ECM and cultured in
medium containing 5% serum, they maintain the dediffe-
rentiated phenotype [4].

Dedifferentiated rabbit SMCs displayed unique
features when cultured in three-dimensional matrices of
type-I collagen called “honeycombs” [5]. They stopped
proliferating despite the presence of sufficient serum in
the medium, showed morphological changes and
expressed caldesmon heavy chain (a marker of mature
differentiated SMCs), all of which are features that are
similar to those observed in aortic SMCs in vivo. SMCs
in honeycombs are attached across the lumens of the
honeycombs by a few adhesion points and have a more
spindly shape than do SMCs cultured on plastic plates.
We have also reported that formation of cellular cross-
bridges in honeycombs is important for changes that occur
in SMCs grown in honeycombs [6]. These results suggest
that relationships exist between the structural rearrange-
ment of the cytoskeleton and specific features of SMCs
cultured in honeycombs.

It has been demonstrated that SMCs derived from
freshly isolated gizzard smooth muscle strips possess a

structural lattice that is composed of a contractile

apparatus and a cytoskeleton (f-non-muscle actin
filaments, intermediate filaments and dense bodies) [7,
8]. The main components of the contractile apparatus
are known to be a-smooth muscle actin (a-actin), myosin,
tropomyosin, calponin, caldesmon and myosin light chain
kinase, while the cytoskeleton is mainly constructed of
B-non-muscle actin (B-actin) filaments, filamin, calponin
and vimentin. Dense bodies are composed of f-actin, o.-
actinin and calponin [9]. Of these proteins, a-actinin, an
actin-binding protein localized to dense bodies and
adherens junctions that is involved in bundling of actin
filaments [8, 10, 11], and filamin, an actin cross-linking
protein, are thought to affect the arrangement of actin
filaments. k

Three filamin genes (FLNA, FLNB and FLNC) have
been identified in humans [12]. Filamin A has a molecular
weight of 280 kDa and a molecular length of approximately
160 nm [13]. Filamin A consists of an N-terminal actin-
binding domain (ABD) and a rod-like domain of 24
repeats, which is interrupted by 30-amino-acid long
flexible loops, H1 (between repeats 15 and 16) and H2
(between repeats 23 and 24). The last repeat, repeat 24,
represents the self-association domain of the molecule.
Filamin dimers link actin filaments into orthogonal
networks or parallel bundles, and an in vitro study has
shown that the manner in which actin filaments are
organized depends on the ratio of filamin to actin [14]. It

has also been reported that filamin co-localizes with the
non-muscle actin cytoskeleton and intermediate filaments,
but not with the contractile apparatus, in SMCs derived
from freshly isolated gizzard smooth muscle strips [7, 8];
these findings indicate that filamin mainly interacts with
the B-non-muscle actin filaments in SMCs.

In the present study, we hypothesized that filamin
would be expected to influence the arrangement of the
cytoskeletal structure in SMCs. Filamin is known to be
degraded at H1 and H2 sites by Ca**-dependent proteases
known as calpains [15], including p-calpain and m-calpain,
which are ubiquitously expressed [16, 17]. We therefore
investigated whether filamin in SMCs was degraded by
calpain and whether SMCs cultured in honeycombs could
contract. We also discuss the relationship between filamin
and phenotypic changes in SMCs.

Materials and Methods

Honeycomb collagen tubes

Collagen sponges called honeycombs that consisted of
type-1 collagen were obtained from Koken Co. Ltd. (Japan).
The structure of the honeycomb was porous and consisted of
many tubes aligned side-by-side, similar to a beehive [5]. The
pore diameters of the tubes were 200-300 pm. The honeycombs
were cut vertically into cubes of dimensions 4 x 4 x 2 mm or 6 %

-6 X2 mm.

Cell culture

Animal experiments were carried out according to the
“Principles of Laboratory Animal Care” (NIH publication
number 85-23, revised 1985) and the Guidelines of the Animal
Investigation Committee, Chiba University.

SMCs from the medial layer of the thoracic aorta of male
Japanese white rabbits weighing ~2 kg were prepared using
the explant method. Nembutal (Dainippon Sumitomo Pharma,
Japan) was administered (25 mg kg™, i.v.) before the artery was
extirpated. SMCs were cultured as described by Ishii et al. [S].
SMCs were treated with trypsin—EDTA (Sigma—Aldrich) for 1-
2 minutes, and released SMCs were subcultured at 1 x 10° cells
per dish (diameter, 10 cm) in 8 ml of 10% fetal bovine serum/
Dulbecco’s modified Eagle’s medium (10% FBS-DMEM).
Biochemical analyses (expression of a-actin and doubling time
in proliferation) were conducted on SMCs prior to use. SMCs
were subcultured every 2—4 days, and the process was repeated
when cells reached confluence. SMCs used in this study were
passages 4-7.

NIH3T3 cells were cultured in 10% FBS-DMEM under
standard cell culture conditions (37 °C, 5% CO,). Human
umbilical vein endothelial cells (HUVEC, Lonza) were cultured
under standard cell culture conditions (37 °C, 5% CO,) in
endothelial basal medium 2 (EBM2, Lonza) supplemented with
human recombinant fibroblast growth factor-B (hFGF-B), human
recombinant vascular endothelial growth factor (VEGF), human
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recombinant epidermal growth factor (hEGF), hydrocortisone,
heparin, ascorbic acid, R3-insulin-like. -growth factor-1,
gentamrcm/amphotcncln B (GA) and 2% FBS, as suggested by
the supplier.

The followmg procedure was used to prepare cells in
honeycombs. First, cells cultured on plates were released by

(4><4x20r6><6 x2'mm, 2 x 106cellsper ;
dish (diameter, 6 cm) for 3 hours at 37°C. Then, 34 ml of culture
medium was added. The medium was changed every 2-3 days.

ALLN was obtained from Calblochem and added to 10% FBS-

DMEM for experiments.

Cell number measurements - 5

Cells were washed twice with PBS and released from plates
by incubation with trypsin—-EDTA at 37 °C for 1 minute or from
honeycombs by incubation with collagenase-I (Sigma— AIdrlch)
at 37 °C for 30 minutes. After the cells were collected, cell number
was determined using an improved Neubauer deep chamber
hemocytometer. Cell viability was- assessed- by trypan blue
exclusion. -

Determination of honeycomb area s

Honeycombs (6 X 6 X2 mm) were mcubated with or without
cells for 0-7 days in culture medium. At days 0, 1, 3 and 7,
pictures were taken of the honeycombs, with or without cells,
immersed in medium in dishes (diameter, 6 cm) using a digital
camera (Canon). The photographs were enlarged; and the areas
(length x width) of the honeycombs were calculated using
ImageJ1.41." 4 L .

Subcellular fractionation k
Triton X-100-soluble (cytoplasmic) and -insoluble (cyto-

skeletal) fractions were prepared as previously described [18]. |

Western blotting

Detection of filamin, p-calpain, m-calpain, phospho-
filamin A (Ser®'*?), calpastatin, vimentin, myosin heavy chain
(MHC), tropomyosin, a-actinin, a-actin or B-actin was carried
out by western blotting analysis. i

SMCs were washed twice with PBS and released from
plates by incubation with trypsm—EDTA at 37°C for 1 minute
or from honeycombs by incubation with collagenase I at 37°C
for 30 minutes. SMCs were collected and washed twice with
cold PBS. Cells were lysed in IP buffer [20 mM Tris—HCI, pH
7.4, 150 mM NaCl, 10 mM EDTA, 0.5% sodium cholate, 0.5%
Triton X-100, 5 mM NaF, 0.5 mM Na,VO,, and 1% protease
inhibitor cocktail (Sigma-Aldrich)] for 20 minutes on ice. Cell
lysates were centrrfuged at12,000x g1 for 20 minutes, and protein
concentrations were- determmed using a blcmchonmrc acid
protein assay reagent kit (Prerce) Bovine serum albumin was
used as a standard in this assay. After lysates were separated
on 6%, 8%, or 12% SDS-PAGE gels, proteins were transferred
to an Immobilon membrane (Millipore) and immunoblotted with
specific. antibodies. Immunoblots were visualized using
electrochemiluminescence (ECL) western blotting detection

~ incubation with trypsin-EDTA and collected by- centnfugatron

reagents (GE Healthcare) or Immobilon™ Western (Millipore).
The primary antibodies used for western blotting were
monoclonal anti-filamin antibody (1.BB.804; Abcam), polyclonal
anti-calpain 1 (p-calpain) antibody (H-65; Santa Cruz
Biotechnology), polyclonal anti-calpain IT (m-calpain) antibody
(Chemicon International), polyclonal anti-a-actinin antibody

(H-300; Santa Cruz Biotechnology), polyclonal anti-B-actin

dy (1- 19; Santa Cruz Biotechnology), polyclonal anti-

"phosphc"r-ﬁlamm A (Serzm) (Cell. Slgnalmg), monoclonal.anti- . ...

calpastatin antibody (PI-11; Santa Cruz Biotechnology),
monoclonal anti-vimentin antrbody (V9; Sigma-Aldrich),
monoclonal anti-o-actin antibody (1A4; DAKO), monoclonal
anti-myosin (smooth) antibody (HSM-V; Sigma—Aldrich) and
monoclonal anti-tropomyosin antibody (TM311; Sigma-—
Aldrich). Membranes were incubated with antibody for 1-3
hours. Membranes were treated with anti-mouse or anti-rabbit
IgG (horseradish-peroxidase-linked species-specific antibody;
GE Healthcare) as the secondary antibody for 30 minutes.

Northern blotting

Total RNA was isolated from SMCs using Isogen reagent
(Isogen International). Ten micrograms of total RNA was
fractionated by electrophoresis in a 1% agarose gel containing
400 mM. formaldehyde RNA was transferred to a Hybond N*
membrane (Amersham) by capillary transfer overnight and fixed
to, the membrane by UV crosslinking. Polymerase chain reaction
(PCR) derrvcd probes for filamin A were prepared from the total
cDNA of SMCs using a DIG DNA Labehng Kit (Roche). The
primer parrs for probes were as follows: forward primer, 5'-GGG
TCA CCT ACT GCC CCA C-3'; reverse primer, 5'-GGA TCT
TGA GGC TGA GGT CG-3'. DIG Easy Hyb (Roche), DIG Wash
and Block Buffer Set (Roche), DIG Luminescent Detection Kit
(Roche) and. CDP Star ready-to-use (Roche) were used for
hybridization. Detectlon was carried out accordmg to the
manufacturer, s protocol,

Reverse tr anscrzptzon-polymerase chain reaction (RT-

PCR)

Total RNA was isolated from SMCs using Isogen reagent.
cDNA was synthesized using 1 pg RNA in 20 pl of reaction
mixture with Omniscript® Reverse Transcription (QIAGEN).
One microliter of reverse-transcribed cDNA was used in a total
reaction volume of 25 pl for PCR amplification using specific
primers for filamin A. Amplification of glycerol-3-phosphate
dehydrogenase (GAPDH) was used as a control. The following
primer pairs were used: forward and reverse primers for filamin
A were the same as those used for northern blotting; forward
primer for GAPDH, 5'-G ATG CCC CCA TGT TTG TGA T-3';
reverse primer for GAPDH, 5'-AAG GCC ATG CCA GTG AGT
TT-3". Reaction products were analyzed by electrophoresis on
2% agarose gels and observed with ultraviolet transillumination
after ethidium bromide staining. PCR cycling was as follows:
initial denaturation at 94°C for I minute (one cycle), denaturation
at 94°C for 10 seconds, annealing by Taq polymerase (Takara
Bio Incorporated) at 69.3°C for filamin A or at 66.2°C for GAPDH
for 10 seconds and elongation at 72°C for 30 seconds. The
number of amplification cycles performed for filamin A and
GAPDH were 27 and 22 respectively.
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Immunoﬂuorescence ,

SMCs on coverslrps orin honeycombs were ﬁxed in3.7%
formaldehyde in PBS‘,for rnrnutes Fixed cells were
permeabllrzed Wrth 0. 1% riton X-lOO in PBS for 10 minutes
and pre mcubated " /ith 10% normal goat serum (Wako) for 10

lmmunoﬂuorescence ‘was observed usmg a Fluov1ew FV500
(Olympus) laser-scanning mlcroscope with'a 60 x 1.00 NA water
immersion objective. Images were digitally processed using
Adobe Photoshop Elements 4.0 software (Adobe)

Statistical analysis '

The statistical significance of drfferences was assessed
by Tukey s'test in Fig. 8B and D and Dunnett s test in Frg 8C.
Data are mean + S E

f'Reféﬁlffs -

Changes in the molecular wezght of fi lamm in

SMCs cultured under different conditions

Changes in the molecular weight of filamin in SMCS
cultured under drfferent conditions: Were mvestrgated (F ig.
1).. AtOhours the molecular werght of filamin was mamly
280 kDa After SMCs were cultured for 6 hours in

honeycombs however, ﬁlamm wrth molecular weights of

both 280 and 180 kDa were observed (Fig: 1A).
Moreover, SMCs in honeycombs were spindle-shaped,

adhered across the lumen of the honeycombs and stopped

Fylgl 2. ‘E'X‘p’res:s’ion of filamin in aortic media. M aortic media of
Japanese white rabbits; H, SMCs cultured in honeycombs for
12 hours.

prohferatrng (Flg lB) The Vlabrhty of these cells at 12,
24 and 48 hours was 85, 85 and 86%, respectwely These
data are consrsted w1th our prevrous study [5]. SMCs
cultured on plates prohferated and became. confluent on
day 7 (Fig. 1B). The viability of the SMCs grown on
plates on day 3, 7 and 14 was 88, 78 and 84%, respectively.
Subconfluent SMCs cultured on plates mamly expressed
filamin Wlth a molecular weight of 280 kDa, but two types
of frlamm were apparent after these cells became
confluent (Frg ‘1A). Subconfluent SMCs were w1dely
spread on plates, while confluent SMCs had a spindly
shape. The aortic media of Japanese white rabbits
expressed filamin of both 280 and 180 kDa (Fig. 2), and
thrs pattern was identical to that of ﬁlamm in SMCs

672 Cell Physiol Biochem 2011;27:669-680

‘Uchida/Ishii/Hirata/Y: arnamoto/Tashiro/ Suzuki/N akayama/Ariyoshi/

Kitada



Fig. 3. Filamin degradation. (A) Western
blot analysis of filamin in SMCs. SMCs were
plated on a dish (diameter, 10 cm) and
cultured until subconfluent or conﬂuent B)
Northern blot analysis of ﬁlamm A'in SMCs
cultured on plates.- SMCs were plated on a
dish (diameter, 10 cm) and cultured until
subconfluent or confluent. Total RNA was
. isolated, northem-blotted and probed with
ﬁlammA (C) Western blot analysis of filamin |
in SMCs. SMCs were plated at 2 x 105 cells
per dish (diameter, 6 cm) and cultured for 24
hours. Next, SMCs were incubated with 2
pM ALLN (added at day 0) for 1 or 2 days.
(D) Western'blot analys1s of filamin i in SMCs.
SMCs were plated at 2 x lO5 cells per dish
(diameter, 6 cm) and cultured for 8 days to
reach confluence. Two rmcromolar ALLN was
‘then added, and SMCs were mcubated for 1
or2 days (E) Westemn blot analy51s of filamin
in SMCs. SMCs cultured on dishes (diameter,
10 cm) were incubated with 2 uM ALLN for
24 hours. SMCs were then treated with-
: trypsm-EDTA and isolated SMCs were
cultured in honeycombs in the presence of 2

filamin

p-actin =
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Degradatlon of f Zam in , :

Tobegin 1nvest1gat1ng how the molecular welght of
ﬁlamm changed in SMCs, we initially examined whether
tlns,process involves regulauon at thestranscnptmnal level.
- Filamin A mRNA was detected by northern blot
analysis of total RNA isolated from subconfluent and
“confluent SMCs cultured on plates (Fig. 3A and B).
Results from this study indicated that both the subconfluent
and confluent SMCs expressed filamin A mRNA of only
one size (~8.1 kb). Filamin transcripts in humans and mice
are reported to be 8-9.5 kb and 9.5-10 kb, respectively
[15, 19, 20]. Filamin A mRNA therefore appears to encode
the entire filamin molecule; thus, it is likely that the change

i occurs after translatron

in the molecular We1ght of ﬁlamm observed in SMCS

e ext exammed ,wh, her ﬁlamm was degraded

welght of ﬁlamm was suppressed by 2uM
en confluent SMCs on plates at day 8 were -
ith 2 uM ALLN (Fig. 3D). These results
that ﬁlamm is degraded by calpam When SMCs

ere cultured in honeycombs filamin degradation was
not suppressed by ALLN, even though SMCs cultured in
‘honeycombs were 1ncubated‘w1th, 2uMALLN from day
1 (data not shown). The lack of an effect of ALLN on
filamin degradation in this study might be due to the fact
that ALLN was not incorporated into SMCs cultured in
honeycombs. Next, SMCs were pre-incubated W1th 2 uM
ALLN for 24 hours while still cultured on plates and then
transferred to honeycombs with 2 uM ALLN; however, -
filamin degradation by calpain was still not suppressed
by ALLN (Fig. 3E). When the concentration of ALLN
was increased to 50 pM, most SMCs died, but living cells
in honeycombs expressed filamin with molecular weights
of both 280 and 180 kDa (data not shown).
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Phosphorylation of filamin A and the presence
of calpastatin

Next, we examined the regulation of filamin
degradatlon in SMCs. Fllamm is known to be degraded :

by calpain at reSIdues 1761 1762 in the H1 region. Asa
result, filamin is divided into 2. fragments of 180 kDa and

100 kDa [15] Phosph rylatlon of the Ser?'* resrdue of alat

filamin A has been reported to be responsrble for the
degradatlon of ﬁlamm A by calpain i in platelets [2
Thus, the phosphorylatron status of filamin A i
cultured on plates and in honeycombs was investi
The monoclonal antrbody for filamin detects
length ﬁlamm and a degraded filamin fragm
kDa. Conversely, the ant1—phospho ﬁlamm
antrbody detects the full -length and 100
phosphorylated filamin A because the
in the 100 kDa fragment As shown i in
kDa form of ﬁlammA anda degrad '
0f 100 kDa were detected i in SMCs. ]
the 280 kDa ﬁlarmn A was n :
degradatron occurred in SMCS cultu
3, 6 and 14) or in honeycombs (days
results suggest that phosphorylat
of filamin A is not responsible for th
filamin A by calpam in SMCs und th
inthisstudy. V

honeycomb
0 1 2 days

plate
3 8 14

kDa

filamin

250

- 250
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Pfilamin A

: 1300"

—— 50
=ldic)

. ] _1lam1n A and calpastatm
SMCs ‘Plate: SMCs were pl it atl 5% 10° cells per Well (6—
well plate) and cultured for3,6 and 14 days Honeycomb SMCs

 cultured on a dish (diameter, 10 cm) were treated with trypsin-
fEDTA and 1solated cells (day 0) Were cultured in honeycombs
'for 1 and 2 days .

were incubated with 0. 5 p,M cytochalasm D this co-

. locahza‘aon was disrupted, and both filamin and B-actin
were widely dispersed in the cytoplasm (data not shown),

d suggesting that filamin mteracts with B-non-muscle actin
~ filaments. In honeycombs ﬁlamm staining was evenly
- detected in the cytoplasm and was not stained as fibers
in most cells (Fig. 5C and D). A small amount of filamin
- was co-localized ‘with B actin. 1n a few cells (data not

as f, shown)

same in subconﬂuent SMCS cultured‘on plates and th "

cultured in honeycombs ‘which d1d and did not express
‘ ﬁlamm in the Triton X-100-soluble (cytoplasmic) fraction

calpastatin protein, respectwely (data not shown) ‘These

results suggest that filamin degradatlon in SMCs m1ght :

be regulated by calpastatm expressron

Localzzatzon of fi lamin and ﬁ-non'muscle actin
fi laments in SMCs :

* Previous studies have shown that filamin malnly :

interacts with' B-non-muscle actin filaments in SMCs [7,
8. To clarify the intracellular distribution of filamin after
degradation, we examined filamin and B-actin expression
by immunofluorescence microscopy in SMCs. Filamin
immunoreactivity was observed along fibers and co-
localized with B-actin immunoreactivity in subconfluent
SMCs cultured on plates (Fig. SA and B). When SMCs

As shown in F1g 6, only the 280 kDa form of filamin

~ was detected in whole cell lysates of subconﬂuent SMCs
- cultured on plates, and it was mainly detected in the Triton

e X-100-insoluble (cytoskeletal) fraction. In honeycombs,

e ~both the 280 and 180 kDa forms of filamin were detected

in whole cell lysates Express1on of the 180 kDa form of

was greater than that in the insoluble fraction, whereas
the 280 kDa form of filamin was mainly detected in the
insoluble fraction. Although B-actin expression was greater
in the Triton X-100-insoluble fraction than in the soluble
fraction in subconfluent SMCs grown on plates, expression
of B-actin in SMCs cultured in honeycombs was almost
the same in the Triton X-100-soluble and -insoluble
fractions. p- Calpam was detected only in the Triton X-
100-soluble fraction. Vimentin, a major component of
intermediate filaments, was mainly seenin the Triton X-
100-insoluble fraction, as expected [24].'Ba5ed on the
results presented in Figs. 5 and 6, it can be assumed that
degraded filamin, which does not bind to -non-muscle
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filamin [-actin
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Fig. 5. Localization of filamin and B-actin in SMCs. (A, B)
SMCs were cultured to subconfluence on a plate. (C, D) SMCs
were cultured in a honeycomb for 3 days. Green indicates
filamin, and red indicates B-actin. Scale bar, 20 pm (A, C); 5 pm
(B, D).
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Fig. 6. Subcellular localization of filamin and B-actin between
cytoplasmic and cytoskeletal fractions in SMCs. P, SMCs
cultured to subconfluence on plates; H, SMCs cultured in
honeycombs for 3 days; whole, whole cell lysates; s, Triton X-
100-soluble fraction; i, Triton X-100-insoluble fraction.

actin filaments, is present in the cytoplasmic fraction in
SMCs cultured in honeycombs.
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Fig. 7. Expression and localization of filamin and B-actin in
ODC-SMCs. The rat ODC gene was stably overexpressed by
transfection of a pTracer-CMV plasmid encoding the rat ODC
gene into SMCs using electroporation (ODC-SMCs). (A)
Western blot analysis of filamin and B-actin in ODC-SMCs.
SMCs and ODC-SMCs were cultured on plates to
subconfluence. Lane 1, SMC; lane 2, molecular marker; lane 3,
ODC-SMC. Localization of filamin and B-actin in SMCs (B, C)
and ODC-SMCs (D, E). SMCs and ODC-SMCs were cultured
on plates to subconfluence. Green indicates filamin, and red
indicates B-actin. Scale bar, 20 um (B, D); 5 um (C, E).

Recently, we stably overexpressed the rat ornithine-
decarboxylase gene in SMCs (termed ‘ODC-SMCs’) to
study the function of polyamine and ODC-antizyme in
SMCs (unpublished data). Interestingly, expression of
filamin was dramatically decreased in ODC-SMCs
compared to SMCs (Fig. 7A). In ODC-SMCs cultured
on plates, B-non-muscle actin filaments were thinner than
those of SMCs, although expression of B-actin, as detected
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Fig. 8. Changes in honeycomb size of various A B
cultured cells. (A) Observation of honeycombs in a S0
dish (diameter, 6 cm). (B) Cell growth in honeycombs. R ;g a0
® , SMC; B, NIH 3T3 cell; A, HUVEC. (C) Changes in 28w
the area of honeycombs. The size of the honeycomb 2s
before culturing with cells was 6 x 6 x 2 mm. A change s §_ wl
in the area of the honeycombs (length x width) = L
was observed. 0, honeycombs without cells; ¢ o
@, honeycombs with SMCs; 8, honeycombs with NIH
3T3 cells; A, honeycombs with HUVECs. * indicates )
p<0.05 for the area of honeycombs cultured with a | © - ® 3
specific cell compared to the area of honeycombs H £
without cells on each day. (D) Reduction of the area 3 E% :z '
of honeycombs by one cell. Closed bar, SMC; shaded g %15 s
bar, NIH3T3 cell; open bar; HUVEC. Calculations were g g _:;_. 6
performed as follows: {(average of the area of 3 28 5
honeycombs with each type of cells on day 0) — (the g § § 0
area of honeycombs with each type of cells on day 1, 57
3 or 7)} / the cell number of each type of cell on day 1, Pays o
3 or 7. * indicates p<0.05. (E) Western blot analysis of £
proteins involved in the contractile apparatus and 0 13 7 days KkDa
cytoskeleton in SMCs cultured in honeycombs for 0, ] ueAetin = 37
1,3 and 7 days. Spparatus T
: tropomyosin  semtmeeret e 37
Bractin s A gg
cyloskeleton [: filamin e 250
-BCHOVINT e i s . e 100

by western blotting analysis, was almost the same in
SMCs and ODC-SMCs (Fig. 7B, C, D and E). These
results suggest that the 280 kDa form of filamin is
responsible for bundling of B-non-muscle actin filaments
in SMCs. It has been reported that filamin lacking a self-
association domain cannot induce bundling of actin
filaments in vitro [13]. These data suggest that
degradation of filamin in SMCs cultured in honeycombs
induces relative structural weakness of B-non-muscle
actin filaments.

Shrinkage of honeycombs used for culturing

SMCs

Changes in the size of the honeycombs used for
culturing SMCs and other non-contractile cells (NTH3T3
cells and HUVECSs) were investigated to determine
whether SMCs cultured in honeycombs can contract.
SMCs mainly cross perpendicular to the pore of the
honeycombs; therefore, it was expected that the height
of honeycombs would not be dramatically changed by
SMCs. Honeycomb size (length x width) was measured
as honeycomb area (Fig. 8A). NIH3T3 cells were
attached across the lumens of the honeycombs, while
HUVEC were attached to the walls of honeycombs and
maintained a round shape, similar to that seen when they

are grown on plates. NIH3T3 cells proliferated rapidly in

honeycombs, reaching confluence on day 3, while the
number of SMCs and HUVEC in the honeycombs did
not change (Fig. 8B). The area of the honeycombs was
reduced after culturing each cell-type (Fig. 8C). Moreover,
the honeycomb areas of SMC cultures were reduced to
a greater extent each day than the honeycomb areas of
the other two cell-types (Fig. 8D). This suggests that the
reduced honeycomb area in SMCs is caused by the
tension of SMCs attached across the lumen of the
honeycombs or that these SMCs have contractile activity.
Expression of proteins involved in both the contractile
apparatus and the cytoskeleton were detected in SMCs
cultured in honeycombs (Fig. 8E). Expression of a-actin,
smooth muscle myosin heavy chain (MHC), and
tropomyosin (components of the contractile apparatus)
was almost the same in SMCs cultured in honeycombs
as in SMCs at day 0. Among components of the
cytoskeleton, expression of B-actin and o-actinin were
unchanged. SMCs at day 0 expressed the 280 kDa form
of filamin, whereas SMCs cultured in honeycombs
expressed both the 280 and 180 kDa forms of filamin. In
subconfluent SMCs cultured on plates or in SMCs
cultured in honeycombs, a- and 3-actin were co-localized
(Fig. 9), suggesting that the contractile apparatus was
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Fig. 9. Localization of a-actin and B-actin in SMCs. (A, B)
SMCs were cultured on a plate to subconfluence. (C, D) SMCs
were cultured in a honeycomb for 3 days. Green indicates o.-
actin, and red indicates B-actin. Scale bar, 20 um (A, C); 5 um (B,
D).

aligned with B-non-muscle actin filaments. These findings
suggest that degradation of filamin reduces the cellular
tension maintained by B-non-muscle actin filaments,
indicating that SMCs in honeycombs achieve contractility.

Continuous expression of filamin mRNA in SMCs

under different culture conditions

SMCs cultured in honeycombs for 14 days
immediately started to proliferate when they were
transferred to plates (Fig.10A), and their growth rate was
almost the same as that of SMCs prepared from media.
Filamin A mRNA expression was almost identical in
SMCs cultured in honeycombs and on plates (Fig. 10B),
and SMCs moved to plates mainly expressed the 280
kDa form of filamin after 12 hours (Fig. 10C). These
observations indicate that filamin might contribute to the
phenotypic changes seen in SMCs.

Fig. 10. Continuous expression of filamin mRNA in SMCs
under different culture conditions. SMCs were cultured in
honeycombs for 14 days and treated with collagenase. Isolated
SMCs were plated at 1 x 10° cells per well (6-well plate) (A) Cell

- growth of SMCs cultured on plates after culturing in

honeycombs for 14 days. (B) RT-PCR analysis of filamin A. (C)
Western blot analysis of filamin.

Discussion

In this study, we focused on the regulation and role
of filamin in SMCs because the molecular weight of
filamin changed in SMCs cultured in honeycombs. Our
findings indicate that the change in the molecular weight
of filamin might be related to rearrangement of the
cytoskeletal structure. Finally, our results suggest that
SMCs cultured in honeycombs exhibit contraction.

When SMCs were cultured on plates, a 180 kDa
form of filamin could be produced by degradation of the
280 kDa form of filamin, and this degradation was almost
completely suppressed by the calpain inhibitor ALLN (Fig.
3D). Other enzyme candidates that might also degrade
filamin are caspase 3 and granzyme B, two key mediators
of apoptosis [25, 26]; however, the pattern of filamin
degradation produced by calpain is different from that

Contraction of SMCs with Filamin Degradation
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produced by caspase 3 and granzyme B, and there was
no indication that apoptosis was induced in SMCs when
the 280 kDa filamin was degraded to the 180 kDa filamin.
As aresult, we concluded that the 180 kDa form of filamin
was a product of degradation of the 280 kDa form of
filamin by calpain.

Although the degradation pattern of filamin was
identical in SMCs cultured in honeycombs and SMCs
cultured on plates (Figs. 1, 3), ALLN did not work in
SMCs cultured in honeycombs (Fig. 3E). A possible
explanation for this discrepancy is that ALLN might be
released from cells by multidrug resistance protein (MRP)-
1, which is known to transport ALLN, and MRP-1-
overexpressing cells show distinct resistant to ALLN [27,
28]. Aorta and vascular SMCs have been reported to
express MRP-1 abundantly [29]. On the other hand,
incorporation activity, such as thymidine and amino acid
incorporation into SMCs, was quite low in honeycombs
[5], suggesting that SMCs cultured in honeycombs may
have difficulty with ALLN uptake. This suggests that
SMCs cultured in honeycombs might release ALLN
through MRP-1, while barely taking up any ALLN. We
therefore suggest that calpain could contribute to
degradation of filamin in SMCs cultured in honeycombs
in the current study; however, additional studies are
needed.

In this study, we identified a clear relationship
between calpastatin expression and filamin degradation.
Specifically, when calpastatin was expressed in SMCs,
the 180 kDa form of filamin was absent, whereas
calpastatin was not detected when the 180 kDa form of
filamin was present. Although calpastatin is a well-known
inhibitor of calpain [30], other studies have shown that
calpastatin can be cleaved by p-calpain and m-calpain in
vitro when sufficient Ca®* is provided [31, 32]. Despite
being cleaved, calpastatin fragments were still potent
inhibitors of calpains, though the inhibitory activity was
lower [31, 32]. It has been reported that calpain activity
is dependent on Ca**-concentration [23, 33, 34]. When
SMCs contract, Ca” is provided by Ca** influx from the
extracellular space and Ca** release from the sarcoplasmic
reticulum into the cytoplasm [35]. Thus, it can be assumed
that an increase in calpain activity induced by higher
concentrations of Ca** might induce cleavage of
calpastatin, resulting in calpain-mediated degradation of
filamin due to the reduced inhibitory activity of the
degraded calpastatin.

Examination of the effects of filamin degradation
on the cytoskeleton also yielded interesting data. It is
known that degraded filamin can no longer dimerize, and

the avidity of degraded filamin binding to actin filaments
is reduced compared with that of non-degraded filamin
[15]. Our data suggest that degradation of filamin reduces
the interaction between filamin and B-non-muscle actin

- filaments, which results in disruption of their co-localization

(Figs 5, 6). Our data also suggest that the 280 kDa form
of filamin is responsible for bundling of B-non-muscle actin
filaments in SMCs (Fig. 7). This hypothesis is supported
by the observation that stress fibers in filamin-deficient
human melanoma (M2) cells were compared with A7 cells
that were stably reconstituted with filamin [36]. A7 cells
spread on fibronectin and formed well-developed focal
adhesions and stress fibers, whereas filamin-deficient M2
cells attached, but remained retracted with only a few
small focal adhesions and rare short actin bundles. It has
also been reported that filamin lacking a self-association
domain cannot induce bundling of actin filaments in vitro
[13]. These data suggest that degradation of filamin in
SMCs cultured in honeycombs induces relative structural
weakness of B-non-muscle actin filaments compared with
the contractile apparatus.

Honeycombs with SMCs shrank significantly over
time (Fig. 8). This shrinkage of honeycombs could be the
result of the tension within SMCs attached across their
lumens or due to contraction of the SMCs. In the latter
case, SMCs in honeycombs could achieve contractility
because cellular tension maintained by p-non-muscle actin
filaments is reduced in these cells due to filamin
degradation. The expression levels of a-actin, MHC,
tropomyosin, B-actin and o-actinin were almost identical
in SMCs cultured on plates and in honeycombs, but filamin
in SMCs cultured in honeycombs was degraded (Fig.8E).
In subconfluent SMCs cultured on plates, or SMCs
cultured in honeycombs, a- and -actin were co-localized
(Fig. 9), which suggests that the contractile apparatus is
aligned with B-non-muscle actin filaments. SMCs cultured
on plates do not contract under normal culturing conditions
[37]. Our results could explain why contraction, which is
a result of shortening of the contractile apparatus, was
not observed in SMCs cultured on plates. SMCs attach
to rigid plastic plates via focal adhesion, and the resulting
cytoskeletal tension, which is maintained by p-non-muscle
actin filaments, inhibits shortening of the contractile
apparatus. In honeycombs, SMCs can achieve
contractility because filamin degradation reduces the
cytoskeletal tension and allows shortening of the
contractile apparatus. Features of dedifferentiated SMCs
are large amounts of rough endoplasmic reticulum, free
ribosomes and mitochondria, and proliferation in response

‘to PDGF-BB [4, 38]. In our model, the number of
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ribosomes and mitochondria present in a certain area of
SMCs cultured in honeycombs was almost identical with
the amount of ribosomes and mitochondria in aortic SMCs,
and the number of ribosomes and mitochondria in a single
cell in honeycombs was 20% to 25% of that in SMCs
cultured on plates. SMCs cultured in honeycombs also
stopped proliferating and did not respond to PDGF-BB
anymore [5]. Additionally, SMCs cultured in honeycombs
expressed caldesmon heavy chain (a marker protein of
mature differentiated SMCs) [5, 6]. Although expression
levels of a-actin and MHC (a marker of differentiated
SMCs) in SMCs cultured on plates and in honeycombs
were almost identical, SMCs in honeycombs might be
able to achieve contractility. Based on these results, we
believe that SMCs cultured in honeycombs have the
functional ability to contract.

When SMCs were released from honeycombs and
moved to plates, they immediately began to proliferate
(Fig. 10). This response could be regarded as similar

in some respects to the change to a proliferative phenotype
of SMCs in vivo. It is assumed that SMCs can adopt
a suitable cytoskeletal structure for their surrounding
environment by rearrangement of actin filaments, and
filamin can regulate this rearrangement. The results
presented herein suggest that constant expression
of filamin mRNA and regulation of filamin function by
degradation, which is a post-translational regulatory
mechanism, might at least partially contribute to
the immediate and reversible phenotypic changes in
SMCs.
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