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The canonical smooth muscle cell marker TAGLN is present
in endothelial cells and is involved in angiogenesis
Kiyomi Tsuji-Tamura1,*,‡, Saori Morino-Koga1, Shingo Suzuki2 and Minetaro Ogawa1,‡

ABSTRACT
Elongation of vascular endothelial cells (ECs) is an important process
in angiogenesis; however, the molecular mechanisms remain
unknown. The actin-crosslinking protein TAGLN (transgelin, also
known as SM22 or SM22α) is abundantly expressed in smooth
muscle cells (SMCs) and is widely used as a canonical marker for this
cell type. In the course of studies using mouse embryonic stem cells
(ESCs) carrying an Tagln promoter-driven fluorescence marker,
we noticed activation of the Tagln promoter during EC elongation.
Tagln promoter activation co-occurred with EC elongation in
response to vascular endothelial growth factor A (VEGF-A).
Inhibition of phosphoinositide 3-kinase (PI3K)–Akt signaling and
mTORC1 also induced EC elongation and Tagln promoter activation.
Human umbilical vein endothelial cells (HUVECs) elongated,
activated the TAGLN promoter and increased TAGLN transcripts in
an angiogenesis model. Genetic disruption of TAGLN augmented
angiogenic behaviors of HUVECs, as did the disruption of TAGLN2
and TAGLN3 genes. Tagln expression was found in ECs in mouse
embryos. Our results identify TAGLN as a putative regulator of
angiogenesis whose expression is activated in elongating ECs.
This finding provides insight into the cytoskeletal regulation of
EC elongation and an improved understanding of the molecular
mechanisms underlying the regulation of angiogenesis.
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INTRODUCTION
Cell elongation is a vital activity of vascular endothelial cells (ECs)
involved in angiogenesis (Merks et al., 2006; Qutub and Popel, 2009;
for reviews see Conway et al., 2001; De Bock et al., 2013; Tsuji-
Tamura and Ogawa, 2018b). Vascular endothelial growth factor
(VEGF) regulates a wide range of EC activities, including cell
elongation (Carmeliet et al., 1996; Ferrara et al., 1996; Geudens
and Gerhardt, 2011). Lateral mesodermal cells derived from
differentiating embryonic stem cells (ESCs) generate EC colonies
when cultured on an OP9 stromal cell layer (Hirashima et al., 1999).
VEGF stimulation induces elongation of these ESC-derived ECs,

providing an excellent experimental model of ECs undergoing
angiogenesis (Hirashima et al., 1999; for reviews, see Tsuji-Tamura
and Ogawa, 2018b; Tsuji-Tamura et al., 2011). Various signaling
pathways can also induce EC elongation. We previously reported that
transforming growth factor (TGF)-β signaling, phosphatidylinositol
3-kinase (PI3K)–Akt and forkhead box O1 (FOXO1) signaling,
mammalian target of rapamycin (mTOR) signaling, and glycine
signaling induce EC elongation and angiogenesis in coordination
with VEGF (Furuyama et al., 2004; Matsukawa et al., 2009; Park
et al., 2009; Tsuji-Tamura and Ogawa, 2016, 2018a; Tsuji-Tamura
et al., 2020a,b; for reviews, see Tsuji-Tamura and Ogawa, 2018b;
Tsuji-Tamura et al., 2011). Some progress has thus been made in the
identification of signaling molecules and transcription factors that
govern EC elongation. However, the molecular basis of cell
elongation itself is poorly understood. It is necessary to identify
key molecules that are transcriptionally activated by angiogenic
signaling and involved in the regulation of cell morphology.

TAGLN (transgelin, also known as SM22 or SM22α) is widely
accepted as a canonical marker of smooth muscle cells (SMCs)
(Li et al., 1996; Lees-Miller et al., 1987; Amano et al., 1996). In the
course of our previous live-cell imaging study using mouse ESCs
that express a fluorescence marker under the control of the Tagln
promoter (Tsuji-Tamura and Ogawa, 2016), we unexpectedly
noticed the activation of Tagln promoter not only in ESC-derived
SMCs but also in elongated ECs, albeit faintly, in the presence of
angiogenic stimuli. TAGLN is known to crosslink actin filaments
and bind to actin stress fibers in mesenchymal cells (Shapland et al.,
1993). Tagln expression is transcriptionally induced when
mesenchymal cells come into contact with a culture substrate,
enabling cell spreading (Shapland et al., 1988). Furthermore, human
umbilical vein endothelial cells (HUVECs) augment TAGLN
expression upon cell elongation induced by mechanical strain
(Cevallos et al., 2006).

In this study, we aimed to test the hypothesis that the Tagln gene
is activated in angiogenic ECs undergoing morphological changes
and plays a role in angiogenesis. We demonstrate promoter
activation and induction of expression for Tagln in mouse ESC-
derived ECs and for TAGLN in HUVECs during cell elongation.
Expression of the Tagln gene was also confirmed in ECs in mouse
embryos. Genetic disruption of TAGLN isoforms augmented
the sprouting behavior of HUVECs. Our observations suggest that
TAGLN is expressed in elongating ECs and is involved in the
regulation of angiogenesis.

RESULTS
The Tagln promoter is activated in ESC-derived SMCs
Previous reports have shown that KDR-positive (KDR+)
mesodermal cells derived from ESCs can differentiate into both
ECs and SMCs (Park et al., 2009; Tsuji-Tamura et al., 2011;
Yamashita et al., 2000). F10-EGFP/Tagln-DsRed.T4 ESCs
(Tsuji-Tamura and Ogawa, 2016) express EGFP and DsRed.T4
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fluorescent proteins under the control of an EC-specific
transcriptional enhancer of the Mef2c gene (F10 enhancer; De Val
et al., 2008) and the 440 bp promoter region of the Tagln gene
(GenBank accession NC_000075.7, bases 45847197–45847636),
respectively. The ESCs were cultured on an OP9 stromal cell layer
for 3.5 days to induce differentiation of KDR+ mesodermal cells,

which were purified using fluorescence-activated cell sorting
(FACS; Fig. 1A,B). KDR+ cells differentiated into EGFP-positive
DsRed.T4-negative (EGFP+ DsRed.T4−) cells and EGFP−

DsRed.T4+ cells when re-cultured on an OP9 cell layer for 7 days
(Fig. 1A,B). KDR− EGFP− DsRed.T4+ cells were purified using
FACS and further cultured on a gelatin-coated plate for 2 days

Fig. 1. See next page for legend.
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(Fig. 1A). KDR− EGFP− DsRed.T4+ cells expressed differentiation
markers of SMCs, including desmin, TAGLN and αSMA (also
known as ACTA2) (Fig. 1C). These observations confirmed the
activation of the Tagln promoter in SMCs differentiated from the
ESC-derived mesodermal cells (Fig. 1D).

ECs activate the Tagln promoter in response to VEGF
To examine whether the Tagln promoter is activated in elongated
ECs, ESC-derived KDR+ cells were cultured on an OP9 cell layer in
the presence or absence of exogenous VEGF-A165 (referred to
hereafter as VEGF) to induce EC colony formation, which was
directly examined using fluorescence microscopy. In the absence of
exogenous VEGF, 70% of EGFP+ EC colonies were sheet-like
(Fig. 2A–C). The sheet-like EC colonies did not express DsRed.T4
(Fig. 2A,C). The rest of the EC colonies were sheet-and-cord-like,
and partially contained elongated ECs (Fig. 2A–C). Interestingly,
these colonies expressed DsRed.T4, albeit weakly (Fig. 2A,C). The
addition of VEGF induced EC elongation and resulted in a shift in
the morphology of EC colonies from sheet-like to cord-like
(Fig. 2A–C). The cord-like EC colonies clearly expressed
DsRed.T4 (Fig. 2A,C). Notably, the addition of VEGF did not
affect the proportion of EGFP+ EC colonies and EGFP−DsRed.T4+

SMC colonies (Fig. 2D).
Confocal microscopy analyses of the immunostained cultures

revealed cobblestone-like VE-cadherin (CDH5)+ EGFP+ ECs,
which formed sheet-like colonies, in the absence of exogenous
VEGF (Fig. 2E,G,H). These ECs did not express DsRed.T4
(Fig. 2E,H), while VE-cadherin− EGFP− DsRed.T4+ SMCs were
detected in the same culture. In the presence of VEGF, the VE-
cadherin+ EGFP+ ECs exhibited a thin and elongated morphology
(Fig. 2F–H), which is indicative of the angiogenic response of ECs
(Hirashima et al., 1999; Tsuji-Tamura and Ogawa, 2016). As
expected, these elongated ECs expressed DsRed.T4 (Fig. 2F,H).
Cross-sectional (x–z and y–z) images confirmed co-expression of
EGFP and DsRed.T4 in the elongated ECs (Fig. 2F, panel c). The
elongated ECs did not express desmin (Fig. S1). VE-cadherin−

desmin+ SMCs showed higher levels of DsRed.T4 expression than
VE-cadherin+ ECs, regardless of whether exogenous VEGF was
present (Fig. S1).

We next cultured ESC-derived KDR+ cells as cell aggregates in
type I collagen gel containing VEGF. VE-cadherin+ ECs that
sprouted out from cell aggregates showed elongated morphology
and expressed DsRed.T4 (Fig. 3A,B). The elongated ECs expressed
neither αSMA nor desmin, whereas co-existing SMCs expressed
high levels of DsRed.T4, αSMA, and desmin. Furthermore,
real-time quantitative PCR analyses showed that Tagln mRNA
was more abundant in the ESC-derived ECs cultured in the presence
of VEGF (Fig. S2). The expressions of Tagln2 and Tagln3 remained
unaffected in the absence and presence of VEGF (Fig. S2).

These results suggest that VEGF stimulation activates the Tagln
promoter in ECs.

Activation of the Tagln promoter is associated with
EC elongation
To investigate the kinetics of the Tagln promoter activation in ECs,
KDR+ cells were seeded onto an OP9 cell layer and cultured for
2 days in the absence of exogenous VEGF. Cells were then treated
with VEGF (0 h) and subjected to a time-lapse analysis for 3 days
(72 h) (Fig. 3C). Sheet-like EC colonies, which were revealed by
EGFP expression at 0 h, started to change their shape and projected
elongated ECs from their periphery after 3–6 h (Fig. 3D). This
initial morphological change was accompanied by activated
DsRed.T4, and the expression was increasingly augmented in the
sprouting ECs within 72 h (Fig. 3D). This result indicated that the
Tagln promoter was activated synchronously with EC elongation
(Fig. 3E).

We next aimed to exclude the possibility that the Tagln promoter
was artificially activated by strong VEGF signaling and was not
necessarily linked to EC elongation.We previously reported that EC
elongation is induced even at a low level of VEGF by inhibiting
either the PI3K–Akt or mTORC1 signaling pathways (Tsuji-
Tamura and Ogawa, 2016). When KDR+ cells were cultured on an
OP9 cell layer with PI3K–Akt inhibitors (LY294002 and Akt
inhibitor VIII) or mTORC1 inhibitors (everolimus and rapamycin)
(Fig. 4A), VE-cadherin+ EGFP+ ECs showed an elongated
morphology in the absence of exogenous VEGF (Fig. 4B,C).
These elongated ECs expressed DsRed.T4 (Fig. 4B,C). Flow
cytometric analyses showed that inhibition of PI3K–Akt signaling
or mTORC1, as well as VEGF stimulation, increased the intensity of
DsRed.T4 fluorescence in the VE-cadherin+ EGFP+ ECs (Fig. 5).
These results suggest that the Tagln promoter activation is
associated with EC elongation, regardless of the inducing signal.

The TAGLN promoter is activated in primary ECs
HUVECs change their form according to culture conditions. We
observed an amoeboid cell shape when HUVECs were cultured on
a gelatin-coated surface (gelatin-coated culture), while the cells
became thin and elongated when cultured between two layers
of type I collagen gel (3D sandwich culture) (Fig. 6A). The
mammalian TAGLN family has three isoforms: TAGLN, TAGLN2
(also known as transgelin 2) and TAGLN3 (also known as
transgelin 3) (Kim et al., 2018), all of which are known to
interact with the actin cytoskeleton (Fu et al., 2000; Gimona et al.,
2003). HUVECs expressed three isoforms of TAGLN (Fig. 6B).
Real-time quantitative PCR analyses showed that the expression
level of TAGLN transcript was higher in 3D sandwich culture than in
gelatin-coated culture (Fig. 6C). The expression levels of TAGLN2
and TAGLN3were unaffected in these cultures (Fig. 6C). Luciferase
reporter analyses confirmed the activity of the TAGLN promoter in
both gelatin-coated culture and 3D sandwich culture (Fig. 6D). The
TAGLN promoter activity was significantly higher in 3D sandwich

Fig. 1. The Tagln promoter is activated in SMCs derived from ESCs.
F10-EGFP/Tagln-DsRed.T4 ESCs were cultured on an OP9 cell layer for
3.5–4.5 days to induce KDR+ mesodermal cells. KDR+ cells were purified
using FACS and re-cultured on an OP9 cell layer for 7 days to induce SMCs.
KDR− EGFP− DsRed.T4+ SMCs were purified using FACS and cultured on
gelatin-coated plates for 2 days, followed by immunostaining.
(A) Experimental design for SMC and EC induction from ESCs. (B) FACS
analyses of KDR, EGFP and DsRed.T4 expression in undifferentiated ESCs
on day 0, differentiated cells on day 3.5 of ESC culture and differentiated
cells on day 7 of KDR+ cell culture. The lines in each plot indicate the gated
population. Similar results were obtained for three independent clones.
(C) Immunostaining of SMCs. Multichannel z-stack confocal images were
merged in maximum intensity projections. Panel a shows desmin (cyan),
DsRed.T4 (magenta) and DAPI (yellow). Panel b shows desmin (cyan),
TAGLN (ab14106, Abcam; magenta) and DAPI (yellow). Panel c shows
αSMA (cyan), DsRed.T4 (magenta) and DAPI (yellow). Panel d shows
αSMA (cyan), TAGLN (ab14106, Abcam; magenta) and DAPI (yellow).
Scale bars: 20 µm. Similar results were obtained in three independent
clones. (D) A schematic model for activation of the F10 enhancer and Tagln
promoter during differentiation of ECs and SMCs from F10-EGFP/Tagln-
DsRed.T4 ESCs. The F10 enhancer is activated in ESC-derived KDR+

mesodermal cells, which are the common precursor cells of both ECs and
SMCs (Tsuji-Tamura et al., 2011), and remains active in the differentiated
ECs, but becomes inactive in the differentiated SMCs. The Tagln promoter is
activated in SMCs, but not ECs cultured in normal differentiation conditions.
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Fig. 2. See next page for legend.
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culture compared to the activity in gelatin-coated culture (Fig. 6D).
The significant activities of the TAGLN2 and TAGLN3 promoters
were similarly detected in both gelatin-coated culture and 3D
sandwich culture (Fig. 6D). Western blotting analysis using
antibodies against the TAGLN protein (ab14106, Abcam) showed
increased signal intensity in 3D sandwich culture compared to the
levels in gelatin-coated culture (Fig. 6E).
When HUVECs were cultured as spheroids in type I collagen gel,

bundles of elongated cells sprouted out from the spheroids (Fig. 6F).
The sprouting cells expressed TAGLN protein, as detected using
immunofluorescence staining (Fig. 6F). TAGLN protein partially
colocalized with actin filaments, especially at the periphery of the
cells (Fig. 6F). These results suggest that three TAGLN isoforms are
expressed in primary ECs. The expression of TAGLN may be
induced in elongated ECs in response to angiogenic stimuli,
whereas TAGLN2 and TAGLN3 appear to be constitutively
expressed in ECs.

Single and triple knockout of TAGLN isoforms causes
excessive cord-like structure formation
We next investigated whether TAGLN plays any roles in the
regulation of EC morphology by using HUVECs. We generated
HUVECs lacking each isoform (single knockout, SKO) or all
three isoforms (triple knockout, TKO) using the CRISPR/Cas9
system (Fig. S3A,B). These gene knockout cells did not show
compensatory expression of the other isoforms (Fig. S3C). Western
blotting analysis using antibodies against either the C-terminal

region (ab14106, Abcam) or the near N-terminal region
(HPA019467, Sigma-Aldrich) of the TAGLN protein showed a
decrease or disappearance of signal intensity in SKO cells regardless
of which isoform was deleted (Fig. 7A). As the signal was absent in
TKO cells (Fig. 7A), the anti-TAGLN antibodies used in this study
are suggested to recognize all three isoforms. Although the anti-
TAGLN antibodies might not discriminate between isoforms, we
refer to the protein expression detected by these antibodies as
TAGLN protein expression in this article for the sake of simplicity.

In the 3D sandwich culture of genetically modified HUVECs,
TKO cells formed an increased number of cord-like structures
compared to parental and SKO cells (Fig. 7B,C). The number of
branch points was also higher for TKO cells (Fig. 7D). The cord
length increased in both SKO and TKO cells compared to that of
parental cells, and TKO cell cord length was significantly higher
than that of SKO cells (Fig. 7E). In rescue experiments, expression
of the zebrafish tagln gene suppressed the augmented cord-like
structure formation caused by TAGLN TKO (Fig. 7B–E). A scratch-
wound assay showed that the migration rate was increased in SKO
cells compared with that of parental cells (Fig. S4). The migration of
TKO cells was significantly higher than that of SKO cells and was
suppressed by expression of the zebrafish tagln gene (Fig. S4).
Notably, the cell proliferation rate was not altered by the deletion of
the TAGLN isoforms (Fig. 7F).

Furthermore, we performed transfection of siRNA targeting each
TAGLN isoform (single knockdown, SKD) or all three isoforms
(triple knockdown, TKD) into HUVECs. The mRNA and protein
expression levels of each isoform were reduced to low or
undetectable levels in SKD or TKD cells, showing that these
siRNAs were effective in silencing TAGLN isoform expression
(Fig. S5A,B). In the 3D sandwich culture, although SKD and TKD
of TAGLN isoforms did not affect the number of cords (Fig. S5C,D),
TKD increased the number of branch points compared with the
number formed by control and SKD cells (Fig. S5E). Consistent
with our observations of SKO and TKO cells (Fig. 7E), the cord
length increased in SKD and TKD cultures compared to that in
cultures of control cells, and the length of cords formed by TKO
cells was significantly higher than those formed by SKO cells
(Fig. S5F).

These results appear to suggest that TAGLN negatively regulates
the sprouting behavior of HUVECs. On the other hand,
overexpression (up to 67-fold) of mouse Tagln in HUVECs did
not affect the cord formation (Fig. S5G–K), implying that TAGLN
may have more complicated and delicate functions in angiogenesis.

ECs of the developing limb vessels of mouse embryos
express TAGLN proteins
We next examined whether ECs in mouse embryos express the
Tagln isoforms. Reverse transcription (RT)-PCR analyses showed
that CD45− CD31+ VE-cadherin+ KDR+ ECs sorted from whole
mouse embryos at embryonic day 10.5 (E10.5) expressed transcripts
of the three Tagln isoforms (Fig. 8A).

We performed whole-mount immunostaining of the limb vessels
of E11.5 mouse embryos, which are not yet covered with SMCs
(Ben Shoham et al., 2012). TAGLN proteins were detected in ECs
that were marked by the presence of KDR, VE-cadherin or isolectin
B4, and by the absence of αSMA (Fig. 8B–D). The specificity of
staining was confirmed using an isotype-matched control antibody,
which gave no signal (Fig. 8E). SMCs in the dorsal aorta at the same
stage showed robust staining of αSMA and TAGLN (Fig. 8B–D).

To further confirm the Tagln expression in embryonic ECs,
we analyzed two single-cell RNA-seq (scRNA-seq) datasets.

Fig. 2. The Tagln promoter is activated in ECs stimulated with VEGF.
KDR+ cells induced from F10-EGFP/Tagln-DsRed.T4 ESCs were cultured
on an OP9 cell layer for 4 days with or without the addition of VEGF (10 ng/
ml). (A) Images of EGFP and DsRed.T4 fluorescence shown as inverted
grayscale images. White arrowheads indicate a sheet-like EC colony
expressing EGFP but not DsRed.T4. Black arrowheads indicate a sheet-
and-cord-like EC colony expressing both EGFP and DsRed.T4. Black arrows
indicate a cord-like EC colony expressing both EGFP and DsRed.T4. The
red asterisk indicates an SMC colony expressing only DsRed.T4. Scale
bars: 200 µm. (B) Schematic illustration of EC colonies. ESC-derived ECs
form three types of colonies: round sheet-like colonies (sheet-like, type S),
sheet-like colonies partially containing cord-like cells (sheet-and-cord-like,
type SC), and long cord-like colonies (cord-like, type C). (C) EC colonies
were categorized based on the colony types described in B and scored as
either DsRed.T4+ or DsRed.T4−. The proportion (%) of DsRed.T4-negative
and -positive colonies in the three types of EC colonies is shown (N/A, not
applicable). The total number of EC colonies in each colony type from two
independent experiments using different clones is indicated in the brackets.
(D) The proportion (%) of EC and SMC colonies in the presence or absence
of VEGF. The total number of colonies examined is indicated in the brackets.
Similar results were obtained in two independent experiments using different
clones. (E,F) Confocal images of cultures after fixation and immunostaining.
Multiple and individual channels are shown as merged and inverted
grayscale images, respectively. Images show EGFP (cyan), VE-cadherin
(yellow) and DsRed.T4 (magenta) immunostaining of cells cultured in the
absence (E) or presence (F) of exogenous VEGF. Panels b and c show
higher magnifications of the boxed area in panel a. White lines in panel c
indicate sections shown in z-axis reconstructions (double-headed arrows).
Scale bars: 100 µm (a), 20 µm (b and c). Similar results were obtained in
three independent experiments using two clones. (G) Schematic illustration
of EC shape. There are two types of EC shape: round and cobblestone-like
ECs (cobblestone, type cob), and thin and elongated ECs (elongated, type
elong). (H) ECs were categorized into the two types of EC shape described
in G and scored as either DsRed.T4+ or DsRedT4−. The proportion (%) of
DsRed.T4− and DsRed.T4+ ECs with the two types of EC shape are shown.
The total number of ECs of each shape for the two VEGF treatments,
observed across three independent experiments using different clones, is
indicated in the brackets.
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Fig. 3. See next page for legend.
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Consistent with our observations, a dataset of E10.5 mouse
embryonic aortas (Baron et al., 2018) showed that Tagln-
expressing cells were detected in the EC clusters (Fig. S6).
Comparison of Tagln-positive and Tagln-negative ECs identified
95 genes that were preferentially expressed in Tagln-positive ECs
(≥1.25-fold change; Table S1). Interestingly, these genes were
enriched for morphology-associated gene ontology (GO) terms,
such as angiogenesis, blood vessel morphogenesis and tube
morphogenesis (Table S2). We further performed scRNA-seq
analysis of the aorta–gonad–mesonephros (AGM) region and the
fetal liver (FL) of an E10.5 mouse embryo. Our scRNA-seq
dataset also showed the presence of Tagln-expressing cells in the
two EC clusters, which represented arterial and venous ECs
(Fig. S7). Tagln-positive ECs were more abundant in arterial ECs
than in venous ECs (Fig. S7). Tagln2was expressed in thewhole EC
cluster, whereas Tagln3-positive cells were barely detected
(Fig. S7). The EC clusters hardly expressed the markers of SMC
precursors and mature SMCs, excluding Acta2 (which encodes
αSMA protein). The feature plots of total cells showed that the EC
clusters were clearly separated from the SMC cluster (Fig. S8),
although Acta2 was expressed in EC clusters (Fig. S7B). Thirty-
eight genes were detected as characteristic genes in Tagln-positive
ECs compared with Tagln-negative ECs in the arterial EC cluster
(≥1.25-fold change; Table S3), and this set contained five genes in
common with the set of highly expressed genes in Tagln-positive
ECs extracted from the public dataset (Tables S1,S3). These genes
were related to 85 GO terms (Table S4), which included eight out of
the nine terms obtained from the public dataset (Tables S2,S4).
These results suggest that Tagln is expressed in ECs of mouse
embryos.

DISCUSSION
In this study, we observed Tagln expression in mouse ESC-derived
ECs and HUVECs undergoing cell elongation in response to
angiogenic stimuli. ECs of developing mouse embryos also
expressed the Tagln gene. Furthermore, knockout or knockdown

of the TAGLN isoforms (TAGLN, TAGLN2 and TAGLN3) in
HUVECs resulted in excessive formation of cord-like structures. To
the best of our knowledge, this is the first report demonstrating the
involvement of TAGLN in the physiological angiogenesis of ECs.

ECs have been reported to transdifferentiate into SMCs under
certain conditions; this process is known as endothelial-to-
mesenchymal transition (EndMT; for a review see Choi et al.,
2020). Cyclic strain induces the expression of TAGLN and αSMA
in HUVECs (Cevallos et al., 2006). The prolonged culture of adult
bovine aorta ECs results in the expression of TAGLN, αSMA,
calponin and smooth muscle myosin heavy chain (Frid et al., 2002).
These transdifferentiated cells acquire a flat and enlarged SMC-like
morphology. ECs expressing αSMA also occur in developing heart
or lung (Hall et al., 2002; Liebner et al., 2004), as well as in
pathological changes such as fibrosis (Zeisberg et al., 2007; for a
review see Arciniegas et al., 2007). Therefore, the significance of
TAGLN expression in ECs must be interpreted carefully, with a
distinction between physiological and pathological conditions.

We prefer to avoid the possibility of transdifferentiation for the
following reasons. The ESC culture system used in this study
recapitulates the developmental process of EC and SMC lineage
differentiation from the lateral mesoderm (Yamashita et al., 2000).
The ESC-derived ECs elongate in response to VEGF, thus
resembling angiogenic sprouting (Hirashima et al., 1999; Tsuji-
Tamura et al., 2011). The elongated ECs, which activated the Tagln
promoter in this study, still retained expression of the EC marker
VE-cadherin, while SMC markers such as desmin and αSMA, were
not detected. Inhibition of PI3K–Akt or mTORC1 signaling also
induced EC elongation and activated the Tagln promoter.
Furthermore, we detected an increase in TAGLN expression in
HUVECs that formed elongated cord-like structures under angiogenic
culture conditions in the presence of VEGF. In agreement with our
observation that ECs in the mouse embryos express Tagln, a lineage-
tracing study using Tagln promoter-driven Cre recombinase has
reported marking of ECs of the dorsal aorta in the reporter mouse
embryos (Zovein et al., 2008). These observations suggest that Tagln
expression occurs in the EC lineage under angiogenic conditions,
without transdifferentiation into the SMC lineage via an EndMT. This
notion might be supported by our scRNA-seq data analysis,
suggesting a possible involvement of TAGLN in embryonic ECs
undergoing angiogenesis.

Our analysis of two scRNA-seq datasets showed that expression
of the Acta2 gene was enriched in Tagln-positive ECs. Acta2 is
predominantly present in SMCs, but has been reported to be
expressed in a variety of non-SMC cell types including ECs under
certain conditions (Cevallos et al., 2006; Frid et al., 2002;
Hautmann et al., 1999; for a review see Owens et al., 2004). The
expression pattern of Acta2 appeared to be similar to that of Tagln.
Although Acta2was not detected in ECs in our other experiments, it
cannot be denied that Acta2may also be involved in modulating the
physiological behavior of ECs.

Tagln-deficient mice do not show any developmental defects
(Zhang et al., 2001). Thus, TAGLN appears to be dispensable for
normal development, including vascular formation. This could be
due to a redundant function of TAGLN isoforms. Indeed, all three
Tagln isoforms were detected in ESC-derived ECs, cultured
HUVECs and ECs isolated from mouse embryos in our
experiments, as has also been shown in freshly isolated human
umbilical arterial ECs (HUAECs) and HUVECs (NCBI GEO
accession GSE43475; Aranguren et al., 2013).

TAGLN has been recognized to influence the dynamics and
stabilization of actin (Camoretti-Mercado et al., 1998; Fu et al.,

Fig. 3. The Tagln promoter is activated synchronously with EC
elongation. (A,B) Aggregations of KDR+ cells derived from F10-EGFP/
Tagln-DsRed.T4 ESCs were mounted in type I collagen gel and cultured in
the presence of VEGF (10 ng/ml) for 4 days to induce vessel-like structures.
(A) Immunostaining of αSMA (cyan), VE-cadherin (yellow) and DsRed.T4
(magenta) is shown in panel a. Red arrows indicate a sprouting EC. Scale
bars: 50 µm. Panel b shows close observation of VE-cadherin (yellow),
DsRed.T4 (magenta) and DAPI (cyan) staining of ECs. The boxed area in
the left-hand image is shown at higher magnification in the images on the
right. Scale bars: 20 µm (left), 5 µm (right). (B) Immunostaining of desmin
(cyan), VE-cadherin (yellow) and DsRed.T4 (magenta). Red arrows indicate
a sprouting EC. Scale bars: 50 µm. Similar results were obtained in three
independent experiments using two clones. Single-channel images in A and
B are shown in inverted grayscale. (C,D) KDR+ cells induced from F10-
EGFP/Tagln-DsRed.T4 ESCs were cultured on an OP9 cell layer in the
absence of exogenous VEGF. After 2 days, VEGF (10 ng/ml) was added
(defined as 0 h), and the cultures were subjected to time-lapse imaging of
EGFP and DsRed.T4 fluorescence. (C) Experimental design for live-cell
imaging of Tagln promoter activation. (D) Time-lapse images of EGFP
(upper panels) and DsRed.T4 (lower panels) fluorescence in two different
fields of view, presented as inverted grayscale images. Black arrowheads
show EC colonies. A white arrowhead shows an SMC colony. Scale bars:
100 µm. Similar results were obtained in three independent experiments
using two clones. (E) A schematic model for activation of the F10 enhancer
and the Tagln promoter during differentiation and elongation of ECs. ECs
differentiated from F10-EGFP/Tagln-DsRed.T4 ESCs are round and
cobblestone-like and express only EGFP. ECs treated with angiogenic
stimuli, such as VEGF, exhibit elongated cord-like morphology and express
DsRed.T4 in addition to EGFP.
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2000; Kim et al., 2018; Lawson et al., 1997; Zeidan et al., 2004; for
a review see Assinder et al., 2009), nevertheless, its physiological
function remains unclear. We successfully demonstrated that single
and triple knockout of the TAGLN isoforms in HUVECs promoted
migration, but not proliferation, leading to excessive angiogenic
cord formation. Similar results were obtained following single or
triple knockdown of the TAGLN isoforms in HUVECs, thus

identifying the TAGLN isoforms as negative regulators of
angiogenesis.

The disruption of TAGLN promoted cord formation in HUVECs,
whereas overexpression of Tagln had no effect on this process.
Interactions between TAGLN and several factors, including high-
mobility group AT-hook 2 (HMGA2), cartilage oligomeric matrix
protein (COMP) and poly(ADP-ribose) polymerase 1 (PARP1), have

Fig. 4. Activation of the Tagln promoter accompanies EC elongation induced by various pathways. KDR+ cells induced from F10-EGFP/Tagln-
DsRed.T4 ESCs were cultured on an OP9 cell layer with or without VEGF (10 ng/ml). After 1 day, cells were treated with 5 µM chemical inhibitors
(LY294002, Akt inhibitor VIII, everolimus or rapamycin) or DMSO as a vehicle control, and incubated for a further 3 days. Expression of EGFP, VE-cadherin
and DsRed.T4 was analyzed using confocal microscopy. (A) Experimental design for ESC differentiation and inhibitor treatment. (B) Confocal images of
EGFP (cyan), VE-cadherin (yellow) and DsRed.T4 (magenta). Black asterisks indicate SMC colonies. Filled and unfilled arrowheads indicate a sheet-like EC
colony and cord-like ECs, respectively. Single-channel images are shown in inverted grayscale. Scale bars: 50 µm. Similar results were obtained in three
independent experiments using two clones. (C) The proportion (%) of DsRed.T4-negative and -positive ECs in the two types of EC shape: cobblestone (type
cob) and elongated (type elong). N/A, not applicable. The total number of ECs of each shape for each treatment, examined in three independent experiments
using two clones, is indicated in the brackets.
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been demonstrated by co-immunoprecipitation in human colorectal
cancer cell lines (Lew et al., 2020; Zhong et al., 2020; Zhou et al.,
2020). Thus, the effects of TAGLN on angiogenesis may also require
the appropriate cooperation and involvement of other relevant factors.
It may be seemingly inconsistent that the expression of Tagln,

which negatively regulates angiogenesis, is activated in angiogenic
culture models containing VEGF, a potent angiogenic factor.
Transcriptional regulation of the Tagln gene in SMCs has been well
studied (for reviews see Mack, 2011; Owens et al., 2004).
Transcription of the Tagln gene is dependent on binding of serum
response factor (SRF) to CArG elements in its promoter (Kim et al.,
1997). The expression level of SRF has been reported to be

increased by VEGF in HUVECs and rat gastric microvascular
endothelial cells (RGMECs), and SRF is translocated into the
nucleus in RGMECs stimulated with VEGF (Chai et al., 2004).
These reports may partially explain the activation of Tagln
expression in ECs in the presence of VEGF.

SRF forms a complex with NK3 homeo box 2 (NKX3-2) and
GATA-binding protein 6 (GATA6), and cooperatively transactivates
the Tagln promoter (Nishida et al., 2002). Myocardin, another
cofactor of SRF, also provides SMC specificity to the Tagln
promoter transactivation (Du et al., 2003). SMAD family member 3
(SMAD3) and Kruppel-like factor 5 (KLF5) transactivate the Tagln
promoter in fibroblasts stimulated with TGF-β (Adam et al., 2000;

Fig. 5. Activation of the Tagln promoter accompanies EC elongation induced by various pathways. KDR+ cells induced from F10-EGFP/Tagln-
DsRed.T4 ESCs were cultured on an OP9 cell layer with or without VEGF (10 ng/ml). After 4 days, cells were treated with 5 µM chemical inhibitors (Akt
inhibitor VIII or everolimus) or DMSO as a vehicle control, and were incubated for a further 3 days. Expression of EGFP, VE-cadherin and DsRed.T4 were
analyzed using flow cytometry. (A) Experimental design for ESC differentiation and inhibitor treatment. (B) Flow cytometric analysis of DsRed.T4 expression
in ECs. VE-cadherin+ EGFP+ ECs were gated (left column; gated population is outlined and percentage of cells shown), and DsRed.T4 expression of the EC
population is shown as contour plots (middle columns) or histograms (right columns; brackets indicate DsRed.T4-positive population and percentage of cells
shown). (C) Mean fluorescence intensity (MFI) of DsRed.T4 in the EC populations was calculated from the histograms shown in B. Results are presented as
the mean±s.d. (n=6 per group). Data were analyzed using Dunnett’s test [*P<0.05 compared with the DMSO-treated VEGF(-) control]. Similar results were
obtained from two independent experiments using two clones.
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Fig. 6. See next page for legend.
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Qiu et al., 2003). Our previous gene expression analyses of ESC-
derived ECs using a DNA microarray indicated significant
expression of Srf, Nkx3-2 and Gata6, regardless of whether or not
ECs had been stimulated with VEGF (NCBI GEO accession
GSE76366; Tsuji-Tamura and Ogawa, 2016). In the same study,
expression of myocardin, Smad3 and Klf5 was barely detectable. A
set of regulatory molecules that transactivates the Tagln promoter in
ECs might be different from those present in SMCs, and further
studies will be needed to explore the mechanism of Tagln gene
activation in ECs.
In conclusion, our findings suggest that TAGLN is induced in

elongating angiogenic ECs and is involved in the regulation of
angiogenesis. Elevated expression of the TAGLN isoforms has been
documented in pathological ECs in tumors and gestational diabetes
mellitus with vascular dysfunction (Jin et al., 2016; Varberg et al.,
2018; Wang et al., 2019). Therefore, this new role of TAGLN should
contribute to our understanding ofmolecular mechanisms underlying
the regulation of physiological and pathological angiogenesis.

MATERIALS AND METHODS
Cells
All clones of F10-EGFP/Tagln-DsRed.T4 mouse ESCs were constructed by
the introduction of two fluorescent reporters into KTPU8 ESCs (Tsuji-
Tamura and Ogawa, 2016), which is a feeder-free subline of TT2 ES cells
derived from the F1 embryo (C57BL/6×CBA) (Nakahara et al., 2013; Yagi
et al., 1993). F10-EGFP/Tagln-DsRed.T4 ESCs and OP9 stromal cells
(Kodama et al., 1994) were maintained as previously described (Park et al.,
2009). HUVECs (Cellworks, Buckingham, UK) were cultured on gelatin-
coated plates in Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12;
Nacalai Tesque, Inc., Kyoto Japan) supplemented with 10% fetal bovine
serum (FBS, PAA Laboratories, Linz, Austria) and 10 ng/ml basic fibroblast

growth factor (b-FGF; NBP2-35152; Novus Biologicals, CO, USA).
HUVECs were passaged by dissociation using 0.05% trypsin (T3924;
Sigma-Aldrich, St Louis, MO, USA) and were used until passage seven. A
mouse vascular SMC line (MOVAS; ATCC, Manassas, VA, USA) were
cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS. Human umbilical artery smooth muscle cells
(HUASMCs) were obtained from PromoCell (Heidelberg, Germany) for
total RNA extraction.

Animals
All experiments conducted using animals were approved by the Animal
Care and Use Committee of Kumamoto University and the Committee on
Animal Experimentation of Hokkaido University, and were performed
according to institutional guidelines that conformed to the Guidelines for
Proper Conduct of Animal Experiments (Science Council of Japan, June 1,
2006) and the Law for the Humane Treatment and Management of Animals
(Law No. 105, 1973) in Japan. Pregnant ICR mice were obtained from
Kyudo Co. Ltd. (Saga, Japan) and Japan SLC (Shizuoka, Japan). All mice
were quickly killed by cervical dislocation without anesthesia following
guidelines for the euthanasia of animals of the American Veterinary
Medical Association (AVMA; https://www.avma.org/), and then the
embryos were obtained.

Chemical inhibitors and antibodies
LY294002 (129-04861) and rapamycin (184-01311) were purchased from
Wako Pure Chemical Industries (Osaka, Japan). Akt inhibitor VIII, isozyme
selective (124018), was purchased from Calbiochem (La Jolla, CA, USA).
Everolimus (S1120) was purchased from Selleck Chemicals (Houston, TX,
USA). Rabbit polyclonal anti-TAGLN antibody (1:1000; ab14106,
Abcam), rabbit polyclonal IgG isotype control (1:1000; ab27472), rabbit
polyclonal anti-green fluorescent protein (GFP) antibody (1:1000; ab6556),
CytoPainter Phalloidin-iFluor 488 Reagent (ab176753) and CytoPainter
Phalloidin-iFluor 555 Reagent (ab176756) were purchased from Abcam
(Cambridge, MA, USA). FITC-conjugated isolectin B4 (L2895), mouse
monoclonal anti-α smooth muscle actin (αSMA) antibody (1:1000; A2547)
and rabbit polyclonal anti-TAGLN antibody (1:1000; HPA019467) were
purchased from Sigma-Aldrich. Mouse monoclonal anti-desmin antibody
(1:1000; M0760) was purchased from Dako Cytomation (Glostrup,
Denmark). Mouse monoclonal anti-GFP antibody (1:1000; 012-20461)
was purchased from Wako. Rabbit polyclonal anti-red fluorescent protein
(RFP) (1:1000; 600-401-379) was purchased from Rockland
Immunochemicals Inc. (Limerick, PA, USA). Rat monoclonal anti-KDR
antibody (Avas12; Kataoka et al., 1997) and rat monoclonal anti-VE-
cadherin antibody (2B12; Matsuyoshi et al., 1997) were purified from
culture supernatants from hybridomas using CELLine (353137, BD
Biosciences, San Jose, CA, USA). The allophycocyanin (APC)-
conjugated anti-KDR antibody was prepared from Avas12 using APC
Labeling Kit-NH2 (LK21, Dojindo, Kumamoto, Japan). Rabbit polyclonal
anti-beta actin antibody (1:1000; 20536-1-AP) was purchased from
Proteintech (Chicago, IL, USA). Alexa Fluor 488-conjugated goat anti-
rabbit IgG (ab150077, Abcam), Alexa Fluor 555-conjugated goat anti-rabbit
IgG (A-21429, Molecular Probes), Alexa Fluor 488-conjugated goat anti-
mouse IgG (ab150113, Abcam), Alexa Fluor 546-conjugated goat anti-
mouse IgG (A-11030, Molecular Probes), Alexa Fluor 647-conjugated goat
anti-mouse IgG (A-21236, Molecular Probes), Alexa Fluor 555-conjugated
goat anti-rat IgG (A-21434, Thermo Fisher Scientific, Waltham, MA, USA)
and Alexa Fluor 647-conjugated goat anti-rat IgG (A-21247, Molecular
Probes) were used as secondary antibodies.

ESC differentiation, FACS analysis and cell sorting
ESCs were cultured on an OP9 cell layer for 3.5–4.5 days in α-modified
Eagle’s medium (α-MEM; Thermo Fisher Scientific) supplemented with
10% fetal calf serum (FCS; Corning, Woodland, CA, USA) and 50 µM 2-
mercaptoethanol to induce differentiation into KDR+ mesodermal cells, as
previously described (Park et al., 2009). Cultured cells were non-
enzymatically dissociated by incubating with a Cell Dissociation Buffer
(Thermo Fisher Scientific). Following suspending in normal mouse serum
(Merck, Darmstadt, Germany) to block nonspecific binding, cells were

Fig. 6. TAGLN expression and promoter activity are increased in
elongated primary ECs. (A–E) HUVECs were cultured on a gelatin-coated
plate (gelatin-coated culture) or between two layers of type I collagen gel
(3D sandwich culture) in the presence of VEGF (10 ng/ml). (A) Phase-
contrast images after 1 day of culture. White arrows indicate elongated cells.
Scale bars: 40 µm. Similar results were obtained in three independent
experiments. (B) The mRNA expression of TAGLN isoforms in HUVECs in
gelatin-coated culture and HUASMCs was detected using RT-PCR. β-2
microglobulin (B2M) and non (H2O) show an internal control and a no-
template negative control, respectively. Similar results were obtained in three
independent experiments. (C) The mRNA expression level of TAGLN
isoforms was determined using real-time quantitative PCR analysis. Data
were normalized to B2M and are presented as fold change relative to the
control (mean±s.d., n=5 from five independent experiments). The data were
analyzed using an F-test, followed by an unpaired two-tailed t-test (*P<0.05).
(D) Luciferase reporter assay of the promoter activity of TAGLN isoforms
was performed after 2 days of culture. The reporter activity was normalized
to Renilla luciferase (pRL-SV40) activity for transfection efficiency. Data are
presented as a ratio relative to firefly luciferase vector-only control (pGL4.15
vector) in the gelatin-coated culture (mean±s.d., n=5 per group). The results
were analyzed using Tukey’s test. Similar results were obtained in three
independent experiments. (E) Western blot analysis using an antibody
against the TAGLN protein (ab14106, Abcam). Top: western blot images.
β-actin protein was used as an internal control. Bottom: expression levels
were normalized to β-actin. Data are presented as a ratio relative to the
expression in gelatin-coated culture (mean±s.d., n=5 from five independent
experiments). The data were analyzed using an F-test, followed by an
unpaired two-tailed t-test (*P<0.05 compared with the gelatin-coated
culture). (F) Aggregates of HUVECs were mounted in type I collagen gel and
cultured in the presence of VEGF (10 ng/ml) for 3 days to induce vessel-like
structures. Micrographs show TAGLN (ab14106, Abcam; magenta), actin
(cyan) and DAPI (yellow) staining. Single-channel images are shown in
inverted grayscale. The boxed region in panel b is shown at higher
magnification in panel c. Scale bars: 100 µm (a), 20 µm (b), 10 µm (c).
Similar results were obtained in three independent experiments.
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incubated with APC-conjugated anti-KDR antibody for 30 min at 4°C. For
differentiation of ECs, KDR+ cells were purified by fluorescence-activated
cell sorting (FACS) using a special order FACSAria II cell sorter (BD
Bioscience, San Jose, CA, USA). KDR+ cells were re-cultured on an OP9
cell layer in the presence or absence of recombinant mouse VEGF-A165

(referred to here as VEGF; 10 ng/ml; 450-32; Peprotech, Rocky Hill, NJ,
USA) for 4 or 7 days. The mean fluorescence intensity (MFI) of the
DsRed.T4 signal was determined using the special order FACSAria II cell
sorter and FlowJo software (FlowJo, LLC., Ashland, OR, USA). For
differentiation of SMCs, purified KDR+ cells were cultured on an OP9 cell

Fig. 7. See next page for legend.
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layer for 7 days. KDR− EGFP−DsRed.T4+ cells were purified by FACS and
re-cultured on a gelatin-coated culture plate for 2 days.

Immunofluorescence microscopy
Immunofluorescence staining was performed as previously described
(Matsukawa et al., 2009; Park et al., 2009). Whole-mount
immunostaining of embryonic day (E) 11.5 embryos was performed as
described by Yokomizo and Dzierzak (2010). Fluorescence images were
taken using an FV1000D confocal laser-scanning microscope and imaging
software (Olympus, Tokyo, Japan). When necessary, contrast and
brightness were adjusted uniformly over original images to observe cell
morphology clearly. The gamma setting was not changed. ECs were
manually classified according to cell shape. The fluorescence intensity of
images was determined using the plot profile tool of ImageJ (National
Institutes of Health, Bethesda, MD).

Live-cell imaging
EGFP and DsRed.T4 images of living cells were taken using an IN Cell
Analyzer 6000 laser line-scanning confocal imaging system (GE Healthcare
Life Sciences, Buckinghamshire, UK). Original images were uniformly
processed to adjust the contrast and brightness, and were subjected to
grayscale inversion using ImageJ software to allow detailed observation of
cell morphological changes. EC colonies were manually classified
according to morphology.

3D spheroid culture for the formation of vessel-like structures
Induction of an ESC-derived vessel-like structure in 3D spheroid culturewas
performed as previously described (Park et al., 2009; Yamashita et al.,
2000). In brief, ESC-derived KDR+ cells were aggregated by incubating in
96-well round-bottomed Sumilon cell-tight spheroid plates (Sumitomo
Bakelite Co., Ltd., Tokyo, Japan) in α-MEM containing 10% FCS and
VEGF (10 ng/ml). After 1 day, cell aggregates were settled in type I
collagen gel (1.5 mg/ml; Nitta Gelatin, Osaka, Japan) containing α-MEM,
10% FCS and VEGF (10 ng/ml), followed by incubation for 4 days. The 3D
spheroid culture of HUVECs was the same as described above, except that
cells were cultured in DMEM/F12 medium containing 10% FBS and VEGF
(10 ng/ml) for 3 days.

Isolation of ECs from KTPU8 and EB5
Mouse ESCs, KTPU8 and EB5 (a subline derived from E14tg2a ES cells)
were maintained as previously described (Guo et al., 2007; Nakahara et al.,

2013). For induction of ECs, ESCs were cultured on the OP9 cell layer for
4 days in differentiation medium as described above. KDR+ cells were
isolated using FACs with phycoerythrin (PE)-conjugated anti-KDR
(Avas12; 1:50; BioLegend) monoclonal antibody and re-cultured with
OP9 cells for 4 days in differentiation medium with or without 10 ng/ml
VEGF. CD45− VE-cadherin+ CD31+ KDR+ ECs were sorted using
following monoclonal antibodies; CD45–APC (30-F11; 1:100;
BioLegend), VE-cadherin–Brilliant Violet (BV) 421 (BV13; 1:167;
BioLegend), CD31–fluorescein isothiocyanate (FITC) (390; 1:100;
BioLegend), and KDR–PE (Avas12; 1:50; BioLegend).

Real-time quantitative PCR analysis and detection of
gene expression
Total RNA was extracted using QIAzol lysis reagent (79306, Qiagen), and
reverse transcribed using PrimeScript RTMaster Mix (RR036A; Takara Bio
Inc., Shiga, Japan). The QuantiTect SYBR Green PCR kit (Qiagen) was
used for quantitative real-time PCR reactions with a StepOne Real-Time
PCR System (ABI, Foster City, CA, USA). To detect gene expression, target
transcripts were amplified using a Taq PCR Core Kit (201223, Qiagen) and
a standard thermal cycler (ASTEC PC707, Japan). Amplified products were
separated on 1.5% agarose gels followed by staining with SYBR Gold
Nucleic Acid Gel Stain (S11494, Thermo Fisher Scientific). Gel images
were obtained using a UV transilluminator (Red Imaging System; Alpha
Innotech, San Diego, CA, USA). The primers used for PCR are described
below.

Primers for real-time quantitative PCR
The following primers were used: mouse Tagln, forward (fwd) 5′-AT-
CCCAACTGGTTTATGAAGAAAGC-3′ and reverse (rev) 5′-AAGGC-
CAATGACGTGCTTCC-3′; mouse Tagln2, fwd 5′-GCAGCGGACAC-
TAATGAACC-3′ and rev 5′-AACCCAATCACGTTCTTGCC-3′; mouse
Tagln3, fwd 5′-GAGGACTCTGATGGCCTTGG-3′ and rev 5′-ATCC-
TCTCCGATTCTGCTGG-3′; mouse B2m, fwd 5′-CTGACCGGCCTG-
TATGCTAT-3′ and rev 5′-CCGTTCTTCAGCATTTGGAT-3′; human
TAGLN, fwd 5′-GCAAAGACATGGCAGCAGT-3′ and rev 5′-GCTGGC-
TCTCTGTGAATTCC-3′; human TAGLN2, fwd 5′-CCGAGATGATG-
GGCTCTTC-3′ and rev 5′-TGGTGCCCATCTGTAACCC-3′; human
TAGLN3, fwd 5′-CGACATCTTTCAGACGGTGG-3′ and rev 5′-GAAG-
CTGCTCCTCGGAAAAG-3′; and human B2M, fwd 5′-ACTCTCTCT-
TTCTGGCCTGG-3′ and rev 5′-CTCCTCGGAAAAGCCTCTCC-3′.

Primers for detection of gene expression
The following primers were used: mouse Tagln, fwd 5′-ATCCCA-
ACTGGTTTATGAAGAAAGC-3′ and rev 5′-AAGGCCAATGACGTG-
CTTCC-3′; mouse Tagln2, fwd 5′-CTTCCAGAAGTGGCTCAAGG-3′
and rev 5′-ATCACGTTCTTGCCCTCTTG-3′; mouse Tagln3, fwd 5′-
CCTGCAGTGTGCTGAGGATA-3′ and rev 5′-TAACTGCAACACTGC-
CCAAG-3′; mouseCdh5, fwd 5′-AAGTTTGCCCTGAAGAACGA-3′ and
rev 5′-ACCCCGTTGTCTGAGATGAG-3′; mouse Acta2, fwd 5′-CCGA-
GATCTCACCGACTACC-3′ and rev 5′-TCAGGCAGTTCGTAGCTCTT-
3′; mouse B2m, fwd 5′-CTGACCGGCCTGTATGCTAT-3′ and rev 5′-
CCGTTCTTCAGCATTTGGAT-3′; human TAGLN, fwd 5′-GCAAAGA-
CATGGCAGCAGT-3′ and rev 5′-GCTGGCTCTCTGTGAATTCC-3′;
human TAGLN2, fwd 5′-CCGAGATGATGGGCTCTTC-3′ and rev 5′-
TGGTGCCCATCTGTAACCC-3′; human TAGLN3, fwd 5′-GTTGCAGT-
CACCAAGGATGA-3′ and rev 5′-GAAGCTGCTCCTCGGAAAAG-3′;
human B2M, fwd 5′-ACTCTCTCTTTCTGGCCTGG-3′ and rev 5′-ATG-
TCGGATGGATGAAACCC-3′.

3D sandwich culture for the formation of cord structures
Type I collagen gel (1.5 mg/ml) was plated as a bottom layer in 24-well
plates and allowed to polymerize at 37°C for 10 min. HUVECs were
precultured on the bottom layer (2×104 or 1×104 cells per well, depending
on the experiment) in DMEM/F12 containing 10% FBS. After 4 h, the
medium was gently aspirated, and type I collagen gel as a top layer was
added on cultured cells. After 10 min of incubation at 37°C for gel
polymerization, the cells were cultured in DMEM/F12 containing 10% FBS

Fig. 7. Single and triple-knockout of TAGLN, TAGLN2 and TAGLN3
causes excessive cord-like structure formation. HUVECs were
genetically edited in the TAGLN, TAGLN2 and TAGLN3 genes using the
CRISPR/Cas9 system, and rescue of expression was conducted using
zebrafish tagln, creating single knockout cell lines (TAGLN-KO, TAGLN2-KO
and TAGLN3-KO), a TAGLN isoform triple knockout (triple-KO) and the
tagln-expression-rescued triple-KO (triple-KO+tagln). (A) Western blot
analysis using antibodies against either the C-terminal region (ab14106,
Abcam; left panel) or the near N-terminal region (HPA019467, Sigma-
Aldrich; right panel) of the TAGLN protein. Top: western blot images. β-actin
protein was used as an internal control. Similar results were obtained in five
independent experiments. Bottom: expression levels were normalized to β-
actin. Data are presented as a ratio relative to the control group (mean±s.d.,
n=5). The data were analyzed using Tukey’s test (*P<0.05 compared with
the control group). (B–E) Genetically edited and transfected HUVECs were
grown in 3D sandwich culture in the presence of VEGF (10 ng/ml) for 1 day.
(B) Phase-contrast images. Scale bars: 200 µm. Similar results were
obtained in three independent experiments. (C,D) The number of cord-like
structures (C) and branch points (D) per field is presented as the mean±s.d.
(n=5 fields per group). The data were analyzed using Tukey’s test (*P<0.05).
(E) The length of the cord-like structures is presented as the mean±s.d. The
total number of cords examined is indicated in brackets. The data were
analyzed using Tukey’s test (*P<0.05 compared with the control). (F) Cell
proliferation assay. Results are presented as the mean±s.d. (n=5 per group).
The data were analyzed using Dunnett’s test (comparison to the control).
No significant difference was found. Similar results were obtained in three
independent experiments.

13

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs254920. doi:10.1242/jcs.254920

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



Fig. 8. ECs in the developing mouse embryo express
Tagln isoforms. (A) VE-cadherin+ KDR+ CD31+ CD45−

ECs and CD45+ hematopoietic cells (HCs) were sorted from
E10.5 mouse embryos. The mRNA expression of Tagln
isoforms, Cdh5 (which encodes VE-cadherin) and Acta2
(which encodes αSMA) was detected using RT-PCR. The
MOVAS cell line was used as an SMC population. B2m and
non (H2O) show an internal control and a no-template
negative control, respectively. Similar results were obtained
from three independent experiments using different litters of
embryos. (B–E) Limb vessels and dorsal aortae were
investigated by whole-mount immunostaining of E11.5
mouse embryos. (B) Immunostaining of KDR (cyan), αSMA
(yellow) and TAGLN (ab14106, Abcam; magenta).
(C) Immunostaining of VE-cadherin (cyan), αSMA (yellow)
and TAGLN (ab14106, Abcam; magenta).
(D) Immunostaining of isolectin B4 (IB4; cyan), αSMA
(yellow) and TAGLN (ab14106, Abcam; magenta).
(E) Immunostaining of IB4 (cyan), αSMA (yellow) and IgG
isotype-matched control (magenta). Right-hand panels show
higher magnification of the boxed area in each left-most
panel (a, limb; b, aorta). Single-channel images are shown
in inverted grayscale. Scale bars: 100 µm (left panels),
20 µm (right panels). Similar results were obtained from
embryos of six different litters.
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and VEGF (10 ng/ml) for 1 day. Images of vascular cords were captured
using an ECLIPSE TS100 inverted microscope equipped with a DS-Fi3
Digital Camera (Nikon Corporation, Tokyo, Japan). Images were converted
to 8-bit RGB color using ImageJ. Brightness and contrast adjustment was
uniformly applied to the entire image for the detailed observation of vascular
cord structures. The number of vascular cords per field was manually
determined. Cross-points of the vascular cords were counted as branch
points. The length of the vascular cords was determined by manual tracing.

Luciferase reporter assay
The TAGLN promoter (GenBank accession NC_000011.10, bases
117198943–117199470; Camoretti-Mercado et al., 1998) and the
upstream sequence of TAGLN2 (GenBank accession NC_000001.11,
bases 159925141–159926847) and TAGLN3 (GenBank accession NC_
000003.12, bases 111997537–111999395) were amplified from human
genomic DNA by PCR using the following primers (In-Fusion cloning sites
are underlined): promoter of TAGLN, fwd 5′-GCTCGCTAGCCTCGAT-
GTCCCCACAAACCCCTG-3′ and rev 5′-AGGCCAGATCTTGATAG-
CCCAACTTCCCTCCAAG-3′; upstream sequence of TAGLN2, fwd 5′-
GCTCGCTAGCCTCGACACGCCTTTGCCCTTGAG-3′ and rev 5′-AG-
GCCAGATCTTGATTTTTCCCCTCGCCCCAGT-3′; upstream sequence
of TAGLN3, fwd 5′-GCTCGCTAGCCTCGAGCAAACCACCCACATA-
TCTCC-3′ and rev 5′-AGGCCAGATCTTGATGCATCCACACAATAG-
CAGCA-3′. The PCR products were inserted into the multi-cloning site of a
pGL4.15 firefly luciferase reporter vector (E6701; Promega, Madison, WI,
USA) using the In-Fusion HD Cloning Kit (Z9648N, Takara). The vectors
were co-transfected with pRL-SV40 (E2231, Promega) into HUVECs using
ScreenFect A plus (293-77101, Wako) and SFA P-reagent (191-18331,
Wako). Luciferase activity was revealed using the Dual Luciferase Reporter
Assay System (E1910, Promega) and quantified using a Mini Lumat LB
9506 (Berthold Technologies, Bad Wildbad, Germany).

Western blotting
HUVECs were lysed in ice-cold CelLytic M Cell Lysis Reagent (C2978,
Sigma-Aldrich) containing cOmplete Mini Protease Inhibitor Cocktail
(04693124001, Sigma-Aldrich) for 15 min. Cell lysates were centrifuged at
13,000 g for 15 min at 4°C, and the supernatants were mixed with Laemmli
sample buffer (1610747, Bio-Rad, Hercules, CA, USA). After heating for
5 min at 98°C, proteins were separated on a 10% SDS–PAGE gel and
transferred to PVDF membranes using a Trans-Blot SD Semi-Dry transfer
cell (Bio-Rad). Membranes were blocked in 2% blocking reagent or skim
milk in TBS-T buffer [20 mM Tris-HCl (pH 7.6), 137 mM NaCl and 0.1%
Tween 20] overnight at 4°C. Membranes were incubated with primary
antibodies in TBS-T buffer overnight at 4°C, rinsed and incubated with
horseradish peroxidase-conjugated donkey anti-rabbit IgG antibody
(NA934; Amersham, Buckinghamshire, UK) for 2 h at room temperature.
Signals were revealed using ECL PrimeWestern Blotting Detection Reagent
(RPN2232, Amersham) and detected using an image analyzer LAS-1000
(Fujifilm, Tokyo, Japan). The target protein bands were quantified by
densitometry using ImageJ.

Targeted gene knockout, expression recovery and
overexpression
The CRISPR/Cas9-mediated genome editing system was used for targeted
knockout of TAGLN, TAGLN2 and TAGLN3 genes in HUVECs. Guide
sequences were designed by the CRISPR gRNA design tools of ATUM
(https://www.atum.bio/eCommerce/cas9/input) and CRISPR direct (https://
crispr.dbcls.jp). Synthesized guide sequences were cloned into pX459.V2.0
(plasmid #62988, Addgene), which expresses gRNA, Cas9 nuclease and a
puromycin-resistance gene, using the Golden Gate cloning protocol (https://
media.addgene.org/cms/filer_public/3e/e1/3ee1ce9c-99f9-4074-9a28-
109d34971471/zhang-lab-sam-cloning-protocol.pdf ). The following target
and PAM sequences were used (PAM sequences are underlined): TAGLN,
5′-CGCCCAGACCGTGGGCGCTTGGG-3′; TAGLN2, 5′-
GGGGCCGGCCCACATCCTTTCGG-3′; and TAGLN3, 5′-GAT-
CATCCTGCAGTGCGCCGAGG-3′. Plasmids expressing zebrafish or
mouse TAGLN were used for recovery or overexpression studies. The

cDNA sequences encoding full-length zebrafish tagln (NM_001045467.1)
or mouse Tagln (NM_011526.5) were amplified by PCR using the
following primers (In-Fusion cloning sites are underlined and Kozak
sequences are in lowercase): zebrafish tagln, fwd 5′-
CAAAGAATTCCTCGAgccaccATGGCAAACAAGGGGCCGTC-3′ and
rev 5′-TCGAGCGGCCGCGGGCGTCAGTGTTTTGAAT-3′; mouse
Tagln, fwd 5′-CAAAGAATTCCTCGAgccaccATGGCCAACAAG-3′ and
rev 5′-GCTTATCGAGCGGCCGGGCTGGCCTTCCCTTTC-3′. Zebra-
fish tagln or mouse Tagln cDNA was inserted into the multiple cloning
site of the pCAG-Ipuro vector (Niwa et al., 1991), which contains the CAG
promoter, an internal ribosome entry site and a puromycin-resistance gene,
using an In-Fusion HD Cloning Kit (Z9648N, Takara). The vectors were
transfected into HUVECs using ScreenFect A plus and SFA P-reagent (293-
77101 and 191-18331, respectively; Wako). After 1 day, puromycin
selection at 5 µg/ml was initiated and maintained for 3 days to eliminate
non-transduced cells. The results of genome editing were confirmed by
genomic sequencing.

Analysis of migration by in vitro scratch-wound assay
HUVECs were genetically edited in the TAGLN, TAGLN2 and TAGLN3
genes using the CRISPR/Cas9 system, and transfected to rescue expression
using zebrafish tagln to create the following cell lines: TAGLN, TAGLN2,
and TAGLN3 single knockouts (KO); TAGLN isoform triple knockout
(triple-KO); and tagln-expression-rescued triple-KO (triple-KO+tagln).
Cells were seeded at the same density on gelatin-coated plates. When the
cells become nearly confluent, the cell monolayers were scratched and
wounded using a universal cell scraper. After washing with phosphate-
buffered saline (PBS), cells were incubated in DMEM/F12 containing 10%
FBS at 37°C for 4 h. Images of scratched areas were acquired using an
ECLIPSE TS100 inverted microscope (Nikon Corporation) and converted
to 8-bit RGB color using ImageJ. Brightness and contrast adjustments were
uniformly applied to the entire image for the detailed observation of
scratched areas. For each image, the cell-free areas formed by scratch
application were measured by manual tracing using ImageJ. Migration rates
were obtained as the percentage area of each scratch closure, which was
analyzed by comparing the images from immediately after scratch
application (0 h) with images of the end timepoint (4 h).

Cell proliferation assay
HUVECs were seeded at 4×103 cells per well in a gelatin-coated 96-well
plate and incubated in DMEM/F12 containing 10% FBS and VEGF (10 ng/
ml). After 1 day, cells were incubated in a culture medium containing
TetraColor ONE (Seikagaku Corp., Tokyo, Japan) for 3 h. Optical density at
450 nm was measured using an iMark microplate reader (Bio-Rad,
Hercules, CA, USA).

Targeted gene knockdown by small interfering RNAs
Small interfering RNAs (siRNAs) were used for targeted knockdown of
TAGLN, TAGLN2 and TAGLN3 genes in HUVECs. Silencer Select Pre-
Designed siRNA (s13741; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) was used for knockdown of TAGLN. The following target-specific
siRNAs were designed using the siRNA online design site siDirect version
2.0 (http://sidirect2.rnai.jp/): TAGLN2, 5′-CAGAAGATTGAGAAAC-
AATATGA-3′; TAGLN3, 5′-GTCAAAGATGGCTTTTAAGCAGA-3′.
These siRNAs were synthesized by Hokkaido System Science Co., Ltd.
(Hokkaido, Japan). HUVECs were transfected with target-specific siRNAs
or Silencer Select Negative Control No. 1 siRNA (4390843; Thermo Fisher
Scientific, Inc) using Lipofectamine RNAiMAX (13778-100; Invitrogen,
Carlsbad, CA, USA).

Cells were used for each experiment 1 or 2 days after transfection. The
expression levels of mRNAs and proteins were confirmed using real-time
PCR or western blot analysis, respectively.

Isolation of ECs and hematopoietic cells from mouse embryos
E10.5 whole mouse embryos were incubated in 1 mg/ml collagenase/
dispase (10269638001; Roche Diagnostics, Mannheim, Germany) at 37°C
for 40 min. Tissues were dissociated by gentle pipetting to obtain a single-
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cell suspension. Cells were stained with the following monoclonal
antibodies: Brilliant Violet 421 anti-mouse VE-cadherin (BV13; 1:167),
FITC anti-mouse CD31 (390; 1:100), PE anti-mouse KDR (Avas12; 1:50)
and APC anti-mouse CD45 (30-F11; 1:100). These antibodies were
obtained from BioLegend (San Diego, CA, USA). CD45− CD31+ VE-
cadherin+ KDR+ ECs and CD45+ hematopoietic cells (HCs) were sorted
using an SH-800 cell sorter (Sony Corp., Tokyo, Japan).

scRNA-seq data analysis
A public scRNA-seq dataset of mouse embryos (Baron et al., 2018) was
analyzed to identify Tagln-expressing ECs. The dataset was downloaded as
an R data object and was loaded into the Seurat package (v.3.1.1) (Butler
et al., 2018; Stuart et al., 2019). The highly variable features were identified
from the normalized dataset for downstream analysis. PCA was performed
on the scaled data, and cells were clustered. To visualize this data, Uniform
Manifold Approximation and Projection (UMAP), that is a dimension
reduction technique, was run using 546 cells. The EC cluster was extracted
(198 cells) and separated into Tagln-positive (19 cells) and Tagln-negative
(179 cells) cells. We identified Tagln-positive EC-characterized genes (95
genes) based on log2 fold change (≥0.322) of the average expression
between the two groups. Functional characterization of those Tagln-positive
EC-specific genes was performed using gene ontology (GO) term
enrichment analysis (Ashburner et al., 2000; The Gene Ontology
Consortium, 2019). The Panther software (http://pantherdb.org/) was used
to calculate enrichment (FDR P<0.05, Fisher’s exact test).

For our scRNA-seq dataset, the AGM region and the FL segment were
extracted from an E10.5 (35 somite pair) C57BL/6Nmouse embryo. Tissues
were dissociated using 1 mg/ml collagenase/dispase (Roche Diagnostics)
for 5 min at 37°C and 0.25% trypsin-EDTA (Thermo Gibco) for 7 min at
37°C. Cells were washed with 1% BSA in HBSS (14185052; Gibco,
Thermo Fisher Scientific) and with 1% BSA in PBS. These cells were
resuspended in 0.04% BSA in PBS and evaluated for their cell number and
viability (>90%) using a Countess automated cell counter (Thermo). A total
of 7000 cells were applied to Chromium Controller (10X Genomics). A
Chromium Single Cell 3′ v3.1 kit (10X Genomics) was used to generate
oligo(dT)-primed cDNA libraries, which were then sequenced by an
Illumina HiSeqX. The raw sequence data were processed using the
cellranger count command of Cell Ranger (v5.0.0; 10X genomics). All
subsequent analyses were performed in the R environment [v4.0.4 (x64)].
The Seurat package (v4.0.1) was used for analyses including quality control,
data normalization, data scaling and visualization. For quality control, cells
that expressed <600 genes, <1000 unique molecular identifier (UMI)
counts, <0.76 log10(genes detected)/log10(UMI counts), or mitochondrial
genes accounting for more than 35% of total genes detected per cell were
filtered out. The final dataset contained 7270 cells. To visualize this data,
UMAP plots were generated. The arterial EC cluster was extracted (183
cells) and separated into Tagln-positive (50 cells) and Tagln-negative (133
cells) cells. We identified Tagln-positive EC-characterized genes (38 genes)
based on log2 fold-change (≥0.322) of the average expression between the
two groups. Functional characterization of those Tagln-positive arterial EC-
specific genes was performed using GO term enrichment analysis. The
Panther software was used to calculate enrichment (FDR P<0.05, Fisher’s
exact test).

Statistical analysis
For multiple comparisons to control groups, Dunnett’s or Tukey’s multiple
comparison test was performed using the MEPHAS webtool (http://www.
gen-info.osaka-u.ac.jp/testdocs/tomocom/dunnett-e.html or http://www.
gen-info.osaka-u.ac.jp/testdocs/tomocom/tukey-e.html, respectively). For
comparison of two samples, F-test followed by an unpaired, two-tailed t-test
was performed. A P-value of <0.05 was considered statistically significant.
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