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Srf: serum response factor

KIf4: Kruppel-like factor 4

Abstract

Blood vessels normally remain stable over the long-term. However, in atherosclerosis, vascular cells
leave quiescent state and enter activated state. Here, we investigated the factors that trigger breakage
of quiescent state by screening growth factors and cytokines using a vascular smooth muscle cell
(SMC) line and an endothelial cell (EC) line. Despite known functions of the tested factors, only basic
fibroblast growth factor (bFGF) was identified as a potent trigger of quiescence breakage in SMCs, but
not ECs. bFGF disrupted tight SMC-monolayers, and caused morphological changes, proliferation and
dedifferentiation. Human primary SMCs, but not ECs, also showed similar results. Aberrant SMC-

proliferation is a critical event in atherosclerosis. We thus provide further insights into the role of

bFGF in vascular pathobiology.
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Introduction

Vascular blood vessels are lined with a single layer of ECs and surrounded by layers of SMCs (for a
review, see [1]). In healthy adult tissues, SMCs and ECs are stable and have a long lifespan. The half-
life of SMCs isolated from the mouse aorta ranged from 270 to 400 days [2]. The turnover time of ECs
obtained from mouse normal tissues ranged from 47 to 23,000 days [3]. Nevertheless, following
chronic exposure of vessels to cardiovascular stress (e.g., dyslipidemia, hyperglycemia, or
hypertension), vascular cells leave the quiescent state and become active (for reviews see [4] [5] [6]
[7]). Aberrant EC activity occurs, and the release of various factors leads to further cell activation. The
proliferation of dedifferentiated SMCs and lipid deposits thicken the intima of arteries. The vessels
become narrow and hard, and eventually dysfunctional. This condition is termed atherosclerosis, and
can lead to heart attack, heart failure, or stroke. Therefore, the vascular cell transition plays an

important role in the initiation of atherosclerosis.

Cells have unique properties in the quiescent or proliferative state. Confluence and/or serum-deprived
culture induced growth arrest and cellular quiescence, and caused distinct changes in gene expression
in the mouse fetal fibroblast C3H10T1/2 cell line [8]. Expression of growth factor receptors was low
in rabbit aortic SMCs, which formed a confluent layer within a short period [9]. bFGF-induced
migration activities increased in rat aortic SMCs cultured after confluence, compared to those of
SMCs maintained in the logarithmic phase [10]. Rabbit thoracic aortic SMCs in confluent cultures
treated with bFGF showed increased expression of the VEGF gene in a time—dependent manner [11].
Sub-confluent and confluent human umbilical vein endothelial cells (HUVECs) showed cell density—
dependent expression of numerous genes [12]. Therefore, it is necessary to investigate the effects of

factors in the quiescent phase in addition to the growth phase.

Despite the availability of many studies on vascular cells (for a review, see [1]), the precise molecular
cues involved in the switching from an inactive quiescent state to an active proliferative state are still

unknown. In vitro studies under identical conditions are suitable for the validation of factors in the two
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types of vascular cells. However, in most protocols, cells are maintained under varied culture
conditions, including different specific media, serum and growth factor supplementation, and
extracellular matrix. Serum deprivation is useful in the induction of the quiescent state and for the
examination of molecular signaling; however, this condition is not tolerated by many in vitro models.
Therefore, the aim of this study is to identify a trigger factor that breaks the quiescence of vascular
cells by comparing the SMC and EC lines, which are maintained under the same conditions and can

adapt to serum deprivation.

Materials and Methods

Cell cultures
The mouse aorta SMC line MOVAS (#CRL-2797, American Type Culture Collection, Manassas, VA,

USA), mouse EC line UV @2 (UV2) (#RCB1994, RIKEN BioResource Research Center, Tsukuba,

Japan) and mouse melanoma cell line B16 (#RCB1283, RIKEN BioResource Research Center) were
maintained in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Grand Island, NY, USA) containing

10% fetal bovine serum (FBS) (growth medium).

Human aortic smooth muscle cells (AoSMCs) (#CC-2571, Lonza, MD USA) were cultured in Smooth
Muscle Cell Growth Medium 2 (#C-22062, Takara Bio Inc., Shiga, Japan). HUVECs (Human
umbilical vein endothelial cells) (#C2519A; Lonza) were cultured in Endothelial Cell Growth Medium
Kit (#C-22110; Takara Bio Inc.) on gelatin-coated plates. AoSMCs and HUVECs from passage 3 to 7

were used for studies.

Antibodies and factors
The mouse monoclonal antibody against 3—catenin (#SAB4200720, Sigma—Aldrich, St. Louis, MO,

USA, 1:1000), the rabbit polyclonal against transgelin (TAGLN) (#ab14106, Abcam, Cambridge, UK,



112 1:1000) and Phalloidin-iFluor 488 Reagent (#ab176753, Abcam, 1:1000) were used. Although the
113  anti-TAGLN antibody may recognize other TAGLN isoforms [13], it is referred to as TAGLN

114  antibody in this article as shown in the datasheet. Alexa Fluor 546- (#A-11035) and Alexa Fluor 647-
115  (#A32728) conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) were used.

116  Recombinant mouse (rm) chemokine (C-X-C motif) ligand 12 (CXCL12, also shown as SDF-1a)

117  (BioLegend, San Diego, CA, USA) and recombinant human (rh) platelet derived growth factor

118 (PDGF)-BB (Austral Biologicals, San Ramon, CA, USA) were used. Rh erythropoietin (EPO) was
119  obtained from Kyowa Hakko Kirin (Tokyo, Japan). Rh FGF acidic (FGFa also known as FGF1), rm
120  bFGF (also known as FGF2), rm sonic hedgehog (SHH), and rm wingless-type MMTYV integration site
121  family, member-3A (WNT-3A) were obtained from Novus Biologicals (Littleton, CO, USA).

122 Recombinant human/mouse/rat ACTIVIN-A, rm bone morphogenetic protein 4 (BMP4), rm insulin-
123  like growth factor-II (IGF-II) and rh transforming growth factor 1 (TGF1) were obtained from R&D
124  Systems (Minneapolis, MN, USA). Rm interleukin-3 (IL-3), rm stem cell factor (SCF), and rm

125  vascular endothelial growth factor 165 (VEGF) were purchased from PeproTech (Rocky Hill, NJ,
126  USA).

127

128  Screening for quiescence breakage

129  Cells were cultured in each growth medium until confluence; the medium was replaced with Human
130  Endothelial-Serum Free Medium (Gibco, Grand Island, NY, USA) (serum-free medium) with a tested
131  factor (refer to text field). For human primary cells, Human Endothelial-Serum Free Medium (Gibco)
132 with 0.1% FBS (low serum medium) was used to induce quiescence. After three days of culture,

133 images of the monolayer of MOV AS and UV2 cells were captured using the live-cell imaging

134 microscopy system IncuCyto Zoom (Essen BioScience, Ann Arbor, MI, USA). For human primary
135  cells, microscope ECLIPSE TS100 (Nikon, Tokyo, Japan) was used to capture images. For a clear
136  observation of the cell morphology, adjustments of brightness and contrast were uniformly applied to
137  the original image using the ImageJ software version 1.440 (National Institutes of Health [NIH],

138  Bethesda, MD, USA). The cell numbers were manually counted.

139
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Fluorescent staining and analysis

Cells were fixed in 2% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at 37 °C.
After washing in PBS, the fixed cells were incubated with a blocking buffer containing 0.1% Triton X-
100 and 2% skim milk in PBS for 2 h at room temperature; this was followed by incubation with the
aforementioned primary antibodies in a blocking buffer overnight at 4 °C. After washing in blocking
buffer, the cells were incubated with fluorescent-labeled secondary antibodies for 2 h at room
temperature. 4’ ,6-diamidino-2-phenylindole (DAPI, Sigma—Aldrich) was used for the counterstaining
of nuclei. Fluorescence images were captured using the FV1000D confocal laser scanning microscope
and imaging software (Olympus, Tokyo, Japan). For a clear observation of the cell morphology,
adjustments of brightness and contrast were uniformly applied to the original image. Imaging data
were analyzed using the ImagelJ software (NIH). Cell size and cell-free area were measured through
manual tracing. Cell number was determined according to the number of DAPI-stained nuclei in each
image. Co-localization area of TAGLN and actin was calculated based on the value of “the merged

area of TAGLN and actin”/ “total actin area” in each image.

Luciferase reporter assay
The Tagln promoter [14] was amplified from the mouse genome by polymerase chain reaction (PCR)

using the following primers: forward 5’-GCTCGCTAGCCTCGA AGTCAAGACTAGTTCCCACC-

3’ and reverse 5’-AGGCCAGATCTTGATGGGGCGCCGGCTGGGTGAGG-3’ (the In-Fusion sites

are underlined). The PCR product was inserted into the multi-cloning site of a pGL4.15 firefly
luciferase reporter vector (Promega, Madison, WI, USA) using the In-Fusion HD Cloning Kit (Takara
Bio Inc.). A pGLA4.15 plasmid was co-transfected with pRL-SV40 (Promega) into MOVAS or UV2
cells using Xfect mESC Transfection Reagent (Clontech, Palo Alto, CA, USA) according to the
instructions provided by the manufacturer. Following transfection, the cells were incubated in serum-
free medium for two days and prepared using the Dual-Luciferase Reporter Assay System (Promega).

Luciferase activity was measured using the GloMax-Multi Luminescence System (Promega).

Quantitative real-time PCR
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Total RNA was extracted from the cells using the RNeasy Plus Mini kit (Qiagen, Venlo, Netherlands)
and subjected to reverse transcription using the Omniscript Reverse Transcription kit (Qiagen). The
relative quantification of gene expression was performed using QuantiTect SYBR Green PCR kits
(Qiagen) or Thunderbird Probe gqPCR Mix (TOYOBO, Osaka, Japan) in the StepOne real time PCR
system (ABI, Foster City, CA, USA). The primer sequences for mouse FGF receptor 1 (Fgfrl) were:
forward 5°-AGCAGTTGGTGGAAGACCTG-3’, reverse 5’-GTACTGGTCCAGCGGTATGG-3’; and
for mouse 3-2 microglobulin (B2m): forward 5’-CTGACCGGCCTGTATGCTAT-3’, reverse 5°-
CCGTTCTTCAGCATTTGGAT-3’. The probe and primer sequences used for mouse Tagin were:
probe 5’-AAGAGGGACTTCACAGACAGCCAACTGC-3’, forward 5°-
ATCCCAACTGGTTTATGAAGAAAAGC-3’, reverse 5’-AAGGCCAATGACGTGCTTCC-3’;
Kruppel-like factor 4 (KIf4): probe 5’-ACCAAGAGTTCTCATCTCAAGGCACACCTG-3’, forward
5’-ACTTGTGACTATGCAGGCTGTG-3’, reverse 5’-GGTTTCTCGCCTGTGTGAGTT-3"; mouse
B2m: probe 5’-ACCGGCCTGTATGCTATCCAGAAAACCC-3’, forward 5°-
GGTCTTTCTGGTGCTTGTCTCA-3’, reverse 5’ -GTTCGGCTTCCCATTCTCCG-3". Predesigned
primer and probe sets (TagMan Gene Expression Assays; ABI) were used for the detection of mouse
serum response factor (Srf) or mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) gene. The
primer sequences for human TAGLN were: forward 5’-GCAAAGACATGGCAGCAGT-3’, reverse
5’-GCTGGCTCTCTGTGAATTCC-3’; human SRF: forward 5’-ATCTGGGACAGTGCAGATCC-3’,
reverse 5’-CACCTGTAGCTCGGTGAGGT-3’; human KLF4: forward 5°-
GTTCCCATCTCAAGGCACAC-3’, reverse 5’-CCCCGTGTGTTTACGGTAGT-3’, and human 3—
ACTIN: forward 5°’-AGAGCTACGAGCTGCCTGAC-3’, reverse 5°-
AGCACTGTGTTGGCGTACAG-3’. The relative levels of gene expression were determined through
normalization to the levels of an endogenous control: the expression of B2m, Gapdh or f—ACTIN was

quantified by comparison with the control.

Statistical analysis
The data are shown as the mean + standard deviation (s.d.). F-tests followed by two-tailed Student's #-

tests were used to analyze the results of two groups. For comparison of multiple groups, Tukey’s test
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was performed using MEPHAS (http://www.gen-info.osaka-u.ac.jp/testdocs/tomocom/dunnett-

e.html). The p-values < 0.05 denoted statistically significant differences.

Results

bFGF broke the quiescence of SMCs but not ECs

Contact inhibition, in which growth arrest is obtained by cell-cell contact, and serum deprivation lead
to quiescence in non-cancerous cells [8]. To investigate the factors which trigger the disruption of the
stable sheet-like appearance of a vascular cell monolayer (referred to as “quiescence breakage” in this
report), we performed serum-free confluent culture of the mouse SMC line MOVAS cells and the
mouse EC line UV2 cells. Confluent cell layers were treated with ACTIVIN A (20 ng/ml), BMP4 (100
ng/ml), CXCL12 (20 ng/ml), EPO (2 U/ml), FGFa (10 ng/ml), bFGF (20 ng/ml), IGF-II (100 ng/ml),
IL-3 (20 ng/ml), PDGF-BB(10 ng/ml), SCF (100 ng/ml), SHH (20 ng/ml), TGFf1 (10 ng/ml), VEGF
(20 ng/ml) or WNT-3A (20 ng/ml) in serum-free medium for three days. Microscope images showed
tight sheet-like monolayers of flat polygonal-shaped MOVAS cells and epithelial-like—shaped UV2
cells in the untreated controls (Fig. 1A). Despite known effects of the tested factors on vascular cells
(Table 1, 2), most factors did not affect the quiescent MOVAS and UV2 monolayers (Fig. 1). Only
bFGF disrupted the quiescent appearance in the MOV AS monolayer, leading to changes in the
morphology (i.e., small spindle shapes) and the new formation of a cell-free area (Fig. 1). However,

the bFGF had no effect on the quiescent UV2 monolayer.

Immunofluorescent staining of 3-catenin, a component of adherens junctions, was employed to
examine the details of cell morphology. Treatment with bFGF caused a morphological change in
MOVAS cells (Fig. 2A), namely a decrease in cell size compared with Control and TGF1 (Fig. 2B).
The cell-free areas on the culture surfaces were newly spread in MOV AS monolayers treated with
bFGF compared with Control and TGFf1 (Fig. 2C). Moreover, the cell number was increased by

bFGF compared with Control and TGFf1 (Fig. 2D).
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In UV2, there were no significant differences observed between the Control, bFGF, and TGFf1
groups in cell size (Fig. 2A, B), cell-free area (Fig. 2C), and cell number (Fig. 2D). These results

suggest that bFGF broke the established cell quiescence in a cell type—specific manner.

bFGF-induced smooth muscle change, which was accompanied by reduction of TAGLN

The actin-bundling protein TAGLN is abundantly expressed in differentiated SMCs [15], and
recognized as one of the myogenic differentiation markers. Differentiated SMCs have a quiescent
contractile phenotype with low proliferation rate and high levels of myogenic markers (for a review,
see [16]). When SMCs undergo dedifferentiation, they show a change in cell shape, a high
proliferation rate and low expression of myogenic markers, resulting in an active synthetic phenotype.
TAGLN expression is suppressed during the process of dedifferentiation (for a review, see [16]). In
the control MOV AS cells, TAGLN was co-localized with filamentous actin in the polygonal
cytoplasm (Fig.3A). bFGF caused strong accumulation of actin at the margins (Fig. 3A) and decreased
the co-localization of TAGLN compared with Control and TGFp1 (Fig. 3B). TGF31 induced
prominent filamentous actin (Fig. 3A), and the co-localization of TAGLN with actin was similar to
that noted in the controls (Fig. 3B). SMC dedifferentiation is characterized by a transition to a
proliferative phenotype with a reduction of SMC markers, including TAGLN (for a review, see [16]).
Therefore, these findings imply that bFGF-induced breakage of quiescence results in the proliferative

dedifferentiation of SMCs.

TAGLN expression also has been described in non-SMCs including mesenchymal cells, kidney cell
lines or ECs [17] [18] [19][13]. TAGLN was also present in UV2 cells and co-localized with
filamentous actin in the cytoplasm in the controls (Fig. 3C). Treatment with bFGF or TGFf1 did not
have a significant effect on the co-localization of TAGLN compared with the controls (Fig. 3D),

suggesting that the effect of bFGF on TAGLN distribution may be specific to SMCs.

bFGF decreased the expression of Tagln and Srf genes in SMCs but not ECs



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

FGF binds to and activates the receptor tyrosine kinase FGFR (for a review, see [20]). The expression
of Fgfrl (coding for FGFR1, a high affinity receptor for bFGF) was assessed to rule out the possibility
that the non-response of the UV2 monolayer to bFGF may be due to the lack of FGFR1. Fgfr] was
fully and highly expressed in MOVAS and UV2 cells compared with B16 cells (Fig. 4A). These
results indicated that bFGF may be specifically involved in the breakage of quiescence of SMCs,
regardless of the presence of the receptor. Moreover, consistent with the expression of TAGLN
proteins (Fig. 3), the significant transcriptional activity of the Tagln promoter was detected in
MOVAS and UV2 cells (Fig. 4B). bFGF downregulated the expression of Tagln and Srf genes in
MOVAS cells compared with Control. TGF31 upregulated the expression of Tagin and Kif4 genes
compared with Control (Fig. 4C). The expression levels of Tagln, Srf, and KIf4 genes were not
significantly different in UV2 cells treated with Control, bFGF, or TGFf1 (Fig. 4C). SRF and Klf4 are
important transcription factors for SMC differentiation [21] [22]. Therefore, bFGF and TGFf3 1
regulate the expression of Srf and KIf4, respectively. Consequently, they may contribute to the

transcription of Tagln in quiescent SMCs.

Of note, bFGF and TGFf31 appear to exert opposite effects on Tagln transcription (Fig. 4C).
Therefore, we investigated whether the effect of bFGF can be reversed by TGFf31. Co-treatment with
bFGF and TGFf1 disrupted quiescence in the MOVAS monolayer and caused a similar morphological
change to that induced by single treatment with bFGF (Fig. 5). This evidence demonstrated that
TGFf1 failed to prevent the breakage of quiescence induced by bFGF. The features of the UV2

monolayer were not affected by bFGF with or without TGF1 (Fig. 5).

bFGF broke the quiescence of human primary SMCs but not of human primary ECs

We extended our study by using human primary SMCs (AoSMCs) and human primary ECs
(HUVECG:S) to confirm the effects of bFGF. Confluent primary cell layers were treated with bFGF (20
ng/ml) or TGFP1 (10 ng/ml) in low serum medium for three days. In the untreated controls, AoSMCs
showed tight sheet-like monolayers of polygonal-shaped cells (Fig. S1). HUVECs showed a dispersed

population of endothelial-shaped cells, as some cells could not survive under low serum condition
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(Fig. S1). bFGF caused most AoSMCs to shift to a small round shape, but some cells remained
polygonal. bFGF did not affect the shape of HUVECs. TGF1 had no effect on cell shapes in
AoSMCs or HUVECs. The f3-catenin staining showed that bFGF reduced cell size and increased the
number of cells in AoSMCs compared with Control and TGF1 (Fig. S2). HUVECs showed no
significant alteration of cell size and cell number during treatment with Control, bFGF, or TGFf1
(Fig. S2). TAGLN co-localized with actin in AoSMCs and HUVECS in the untreated controls (Fig.
S3). The co-localized area in AoSMCs were decreased by bFGF, and increased by TGFf1. No
significant difference in the co-localization ratio was found in HUVECs in the Control, bFGF, or
TGFf1 groups. The expression of TAGLN gene in AoSMCs were decreased by bFGF and increased
by TGFf31, which generally correlate with the expression of SRF and KLLF4 genes (Fig. S4A). These

gene expression levels were not significantly different in HUVECsS in the three groups (Fig. S4B).

These results with AoSMCs and HUVECs appear to be consistent with the results for MOV AS and
UV2 cells. Furthermore, co-treatment of TGF1 also did not reverse the effect of bFGF in AoSMCs
(Fig. S5). These findings suggest that bFGF may exert a unique effect on SMC lineages in a quiescent

state.

Discussion

In this study, we performed screening of factors in serum-free confluent cultures of an SMC line or an
EC line to identify potential factors involved in the breakage of vascular cell quiescence. We found
that bFGF triggered the disruption of quiescence in the SMC monolayer, but not in the EC monolayer.
Treatment with bFGF induced morphological changes and proliferation, accompanied by reduction of
the SMC marker. This suggests that bFGF caused SMC-specific breakage of quiescence, almost
simultaneously a proliferative dedifferentiation. Similar effects of bFGF were also observed in human
primary SMCs and human primary ECs in low serum confluent cultures. Although it has been reported

that numerous factors regulate the proliferation or migration of SMCs in varied cellular contexts
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(Table 1), our screening demonstrated that only bFGF altered quiescent appearance in the SMC
monolayer. Therefore, breakage of SMC-quiescence may be a unique process specifically triggered by

bFGF.

bFGF is a member of the family of heparin-binding proteins, and a mitogen for various cell types
including SMCs and ECs [23] (for a review, see [24]). Antisense inhibition of endogenous bFGF
suppressed DNA synthesis, and induced apoptosis in rat aortic SMCs [25] [26]. bFGF and TGFf1
antagonistically regulate myogenic differentiation. The expression of Tagln in 10T1/2 cells, rat aortic
SMCs, and human airway SMCs was upregulated by TGF31; notably, these effects were neutralized
by bFGF [27] [28]. Interference with FGF signaling using Fgfr] siRNA increased TGF[} signaling
activity in human aortic SMCs cultured for a long period of time in low-serum medium [29]. Our
results showed the opposite effect of bFGF and TGF[3 on Tagin transcription. However, interestingly,
the bFGF-induced breakage of quiescence was not inhibited by TGFf 1. The cellular responses to
TGFf have been reported to be influenced by cellular contexts such as cell-type, cell density or the
presence of other factors [30] [31]. TGFB1 promoted mitosis induced by bFGF in confluent rat aortic
SMC:s [31]. These findings suggest that the responses of SMCs rely on cellular contexts, such as cell

density [30].

The transcription of myogenic genes, including Tagln, is regulated by SRF and KLF4 via binding to
CArG boxes and TGFP1 control element sites [32] [33] (for a review, see [34]). SRF and KLF4 act
pleiotropically in the presence of bFGF and TGF1 [27] [21] [35] [33] [36]. Our results showed that
Tagln expression corresponded to significant changes in the Srf and Kif4 genes in SMCs stimulated

with bFGF and TGFf1, suggesting a putative transcriptional regulation of Tagin.

VEGF is an essential factor for endothelial activation. We also have previously shown the role of
VEGEF in vascular-tube formation in vitro [37] [38] [39], and vascular development in vivo [40] [41]
(for reviews, see [42] [43]). bFGF stimulates proliferation and migration of ECs [44] (for a review, see

[45]). TGFP1 attenuated EC proliferation and promoted tube formation [46]. Despite the known
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effects of factors (e.g., VEGF, bFGF and TGF1) on ECs (Table 2), our screening did not reveal factors
associated with the breakage of quiescence in ECs. Although the FGF receptor was more abundant in
ECs than SMCs, bFGF exerted SMC-specific effects. These findings appear to resemble an early
histological event of atherosclerosis with proliferation of SMCs, but not ECs. Synergistic effects of
CXCL12 and VEGF, or BMP4 and heat shock protein (HSP) 70 have been reported in promotion of
proliferation, migration, or tube-formation [47] [48]. Therefore, the breakage of quiescence in the EC
monolayer may require other stimuli or multiple factors. Further studies are warranted to investigate

the mechanisms involved in this process.

Tagln has widely accepted to be a canonical marker of SMCs. Therefore, ECs expressing Tagln are
conventionally recognized as undergoing endothelial-to-mesenchymal transition (EndMT). EndMT
has been observed in pathological vascular conditions including atherosclerosis (for a review, see [4]).
TGFf has been reported to induce EndMT, which is augmented or attenuated by bFGF in the various
contexts. The feature of EndMT in vitro is derived under certain stimulation such as a mechanical
strain or a prolonged culture, in which ECs express SMC markers and show morphological changes
[49] [50]. On the other hand, we recently detected activated transcription of Tag/n in elongated ECs
under angiogenic stimuli [13]. It has been reported that Tagin expression is induced following the
contact and spreading of mesenchymal cells on an adherent surface [17] [18]; Tagln is sensitive to
changes in the morphology of non-SMCs. Therefore, the elevated expression of Tagln may be related
to physiological morphological changes in ECs, in addition to pathological processes such as EndMT.
Consistent with this line of thought, the present results showed that ECs with unchanged morphology

expressed similar levels of Tagln regardless of bFGF and TGFf1.

SMCs have multiple and independent developmental origins including mesoderm and neural crest (for
areview, see [51], and are well known to exhibit phenotypic heterogeneity in various parameters
including cell shape, marker expression, proliferative activity and cellular responses to stimuli [52]
(for a review, see [53]). Our study showed that MOV AS cells were highly uniform in shape under

bFGF treatment, while AoSMCs had some mixture of the different cell shapes. This may be due to the



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

property of MOVAS cells as a single-clone cell line and the heterogeneity of the primary cell
population of AoSMCs. Although the bFGF-induced morphological change in AoSMCs was not as
prominent as in MOVAS cells, it was similarly associated with the proliferation and dedifferentiation.
On the other hand, ECs are recognized to arise from the mesoderm, and erythro-myeloid progenitors
(EMPs) were recently reported as one of the origins (for a review, see [54]). ECs have a strong
heterogeneity depending on organs and within the capillaries of each organ (for a review, see [55]),
and HUVEC:s also do [56]. In the current study, HUVECS appear to contain at least two populations
which were sensitive and insensitive to a low serum condition, respectively. The surviving cells were
not affected by bFGF and TGFf1, similar to UV2 cells. Our study suggests that the cell lines may
represent a part of the heterogeneous properties in primary cell populations, and serum-free confluent

culture of the cell lines may be useful to examine cellular responses in the quiescent state.

In this report, we showed that bFGF caused breakage of quiescence in SMCs and led to proliferative
dedifferentiation. These bFGF-induced effects may be cell-type specific and may be a unique response
independent of that shared with other factors (Table 1, 2). The phenotypic transition of SMCs is a key
component of atherosclerosis. Our results may provide a new insight into bFGF as a potent trigger of

dysfunction in SMCs.
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Figure Legends

Figure 1. bFGF broke the quiescence of SMCs, but not ECs

At confluence, the mouse vascular smooth muscle cell line (MOVAS) and the mouse vascular
endothelial cell line (UV2) were treated with the indicated factor for three days in serum-free medium.
(A) Images of MOV AS and UV2 cells. The white arrow points to MOVAS cells with changed shape
after treatment with bFGF. The white asterisk denotes a cell-free area. The final concentration of each
factor is indicated in the bracket of each panel. Scale bars show 100 gm. Similar results were obtained

in three independent experiments. (B) Proportion of MOVAS cells with different shapes (flat
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polygonal shape, and others including small spindle shape), and of UV2 cells (epithelial-like shape
and others) found in each group (n = 300 from three independent experiments). bFGF, basic fibroblast
growth factor; BMP4, bone morphogenetic protein 4; CXCL12, chemokine (C-X-C motif) ligand 12;
EPO, erythropoietin; FGFa, FGF acidic; IGF-I1, insulin-like growth factor-1I; IL-3, interleukin-3;
PDGF-BB, platelet-derived growth factor-bb; SCF, stem cell factor; SHH, sonic hedgehog; TGFf1,
transforming growth factor beta 1; VEGF, vascular endothelial growth factor; WNT-3A, wingless-

type MMTYV integration site family, member-3A.

Figure 2. bFGF reduced cell size and increased proliferation in SMCs

Confluent MOVAS and UV2 cells were treated with bFGF (20 ng/ml) or TGF1 (10 ng/ml) for three
days in serum-free medium. (A) Fluorescent images after staining with B-catenin (gray) and DAPI
(blue). Scale bars show 50 gm. Similar results were observed in three independent experiments. (B)
Cell size. Data are presented as the mean =+ s.d. (n = 100 from three independent experiments). * p <
0.05 by Tukey’s test. (C) Cell-free area per image. Data are presented as the mean + s.d. (n =9 from
three independent experiments). * p < 0.05 by Tukey’s test. (D) Cell number per image. Data are

presented as the mean + s.d. (n = 9 from three independent experiments). * p < 0.05 by Tukey’s test.

Figure 3. bFGF-induced SMC changes accompanied by reduced co-localization of TAGLN and
actin

Confluent MOVAS or UV2 cells were treated with bFGF (20 ng/ml) or TGFf1 (10 ng/ml) for three
days in serum-free medium. (A and C) Fluorescent images after staining with [3-catenin (gray), actin
(green), and TAGLN (red). Scale bars show 20 ym. Similar results were observed in three
independent experiments. (B and D) Co-localization area of TAGLN and actin per image. Data are

presented as the mean + s.d. (n = 9 from three independent experiments). * p < 0.05 by Tukey’s test.

Figure 4. bFGF decreased the expression of Tagln and Srfin SMCs, but not ECs
(A) The expression of Fgfrl in B16, MOVAS, and UV2 cells was quantified using real-time PCR.

B2m was used for normalization. Data are presented as the mean + s.d. (n = 5 from three independent
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experiments). * p < 0.05 by Tukey’s test. (B) Luciferase reporter assay of the Tag/n promoter in
MOVAS and UV2 cells. The reporter activity was normalized to that of the co-transfected Renilla
luciferase plasmid. Data are presented as the mean + s.d. (n = 5 per group). ** p < 0.01 versus
pGL4.15 vector control by the F-test, followed by Student’s #-test. Similar results were obtained in
three independent experiments. (C) Confluent MOV AS and UV?2 cells were treated with bFGF (20
ng/ml) or TGFP1 (10 ng/ml) for three days in serum-free medium. The expression of Tagin, Srf, and
Klf4 was quantified using real-time PCR. B2m or Gapdh was used for the normalization of Tagln and
KIf4, or Srf, expression. Data are presented as the mean + s.d. (n = 5 from three independent

experiments). * p < 0.05 by Tukey’s test.

Figure 5. TGFp1 failed to prevent bFGF-induced breakage of quiescence in SMCs

At confluence, cells were treated with the indicated factor for three days in serum-free medium. (A)
Images of MOVAS and UV?2 cells. White arrows point to MOV AS cells with changed shapes. White
asterisks denote cell-free areas. The final concentration of each factor is indicated in the bracket of
each panel. Scale bars show 100 gm. Similar results were obtained in three independent experiments.
(B) Proportion of MOV AS cells with different shapes (flat polygonal shape, and others including
small spindle shape), and of UV2 cells (epithelial-like shape and others) found in each group, (n = 300

from three independent experiments).



Figure 1

Vascular smooth muscle cell line (MOVAS)

ACTIVIN A
(20 ng/ml)

CXCL12 EPO
(20 nglml) (2 Ulml)

IGF-Il
(100 ng/ml)

SCF
(100 ng/mi)

PDGF-BB
(10 ng/mi)

[ flat-polygonal shape

100

8~
9
e
L]
w =
w~ o
-
cw
.2;
£
22
2%

5 o0
o O ©

N
o
96.67 vs. 3.33 (%

98.33 vs. 1.67

o
Control
EPO
FGFa [98.33 vs. 1.67
bF GF [RERR)

ACTIVIN A
CXCL12 [96.67vs. 3.33

BMP4
(100 ng/ml)

FGFa
(10 ng/m1)

IL-3
(20 ng/ml)
(20 ng/ml)

WNT-3A
(20 ng/ml)

M others

WNT-3A [g

Vascular endothelial cell line (UV2)

ACTIVIN A BMP4
(20 ng/mi) {100 ng/mi)

CXCL12 EPO FGFa
- -

bFGF IGF-II L3
(20 ng/ml) (100 ng/ml) (20 ng/ml)

PDGF-BB SCF

(10 ng/ml) (100 ng/ml)

VEGF WNT-3A
(20 ng/ml) (20 ng/ml)

[ epithelial-like shape H others
100
i 80 ) ~|
E2 60 = e -
® ] 1[5
S 20 G| (4] (4] (2 :
_.g 0| (@ || [cof
£3 , 0| o] |o| |
8 IS IS9f5I33LZGEbS
t £ = w w = 4L 00 W
e §Z @ "L s52 "y e 5%
© kK o a H
o o
<



Figure 2
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Figure 4
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Supplementary Figures
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Fig. S1. bFGF broke the quiescence of human primary SMCs, but not human primary ECs

At confluence, human aortic smooth muscle cells (AoSMCs) and human umbilical vein endothelial cells
(HUVECsS) were treated with the bFGF (20 ng/ml) or TGFf1 (10 ng/ml) for three days in 0.1% FBS
medium (low serum medium). (A and C) Images of AoSMCs and HUVECs. White arrows point to
AoSMC:s with changed shape after treatment with bFGF, and white arrowheads point to polygonal shaped
cells. The white asterisks denote cell-free spaces probably formed by the death of some HUVECs due to
low serum stimulation. Scale bars show 90 ym (upper panels) and 40 ym (lower panels). Similar results
were obtained in three independent experiments. (B and D) The proportion of AoSMCs with different
shapes (polygonal shape, and others including small round shape), and of HUVECs (endothelial shape and
others) found in each group (n = 300 from three independent experiments).
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Fig. S2. bFGF reduced cell size and increased proliferation in primary SMCs

Confluent AoSMCs and HUVECs were treated with bFGF (20 ng/ml) or TGFf31 (10 ng/ml) for three days
in low serum medium. (A) Fluorescent images after staining with -catenin (gray) and DAPI (blue). Scale
bars show 100 gm. Similar results were observed in three independent experiments. (B) Cell size. Data are
presented as the mean = s.d. (n = 300 from three independent experiments). * p < 0.05 by Tukey’s test. (C)
Cell number per image. Data are presented as the mean = s.d. [n =9 (AoSMCs) or 15 (HUVECsS) from
three independent experiments]. * p < 0.05 by Tukey’s test.
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Fig. S3. bFGF-induced primary SMCs changes accompanied by reduced co-localization of TAGLN
and actin

Confluent AoSMCs and HUVECs were treated with bFGF (20 ng/ml) or TGF31 (10 ng/ml) for three days
in low serum medium. (A and C) Fluorescent images after staining with -catenin (gray), actin (green), and
TAGLN (red). Scale bars show 50 ym. Similar results were observed in three independent experiments.

(B and D) Co-localization area of TAGLN and actin per image. Data are presented as the mean = s.d. (n =
9 from three independent experiments). * p < 0.05 by Tukey’s test.
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Fig. S4. bFGF decreased the expression of TAGLN and SRF in primary SMCs.

Confluent AoSMCs and HUVECs were treated with bFGF (20 ng/ml) or TGF31 (10 ng/ml) for three days
in low serum medium. The expression of TAGLN, SRF, and KLF4 was quantified using real-time

PCR. beta-ACTIN was used for the normalization of gene expression. Data are presented as the mean =% s.d.
(n =5 from three independent experiments). * p < 0.05 by Tukey’s test.
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Fig. S5. TGFf1 failed to prevent bFGF-induced breakage of quiescence in primary SMCs

At confluence, cells were treated with the indicated factor for three days in low serum medium. (A and C)
Images of AoSMCs and HUVECs. White arrows point to AoSMCs with changed shape after treatment with
bFGF without or with TGFf1, and white arrowheads point to polygonal shaped cells. The white asterisks
denote cell-free spaces probably formed by the death of some HUVECs due to low serum stimulation. The
final concentration of each factor is indicated in the bracket of each panel. Scale bars show 90 ym (upper
panels) and 40 ym (lower panels). Similar results were obtained in three independent experiments. (B and
D) The proportion of AoSMCs with different shapes (polygonal shape, and others including small round
shape), and of HUVEC:S (endothelial shape and others) found in each group (n = 300 from three independent
experiments).
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bFGF induced breakage of quiescence in vascular smooth
muscle cells, and led to dedifferentiation and proliferation
accompanied by reduced expression of a transcription factor
Srfand a myogenic marker Tagin. TGFf1 upregulated a
transcription factor Klf4 and Tagin expression and induced
differentiation; however, it failed to inhibit bFGF-induced
quiescence breakage. bFGF and TGFP1 didn't affect the
quiescent vascular endothelial cells.
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