Comprehensive analysis of formin localization
in Xenopus epithelial cells
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ABSTRACT Reorganization of the actin cytoskeleton is crucial for cellular processes, includ-
ing cytokinesis and cell-cell junction remodeling. Formins are conserved processive actin-
polymerizing machines that regulate actin dynamics by nucleating, elongating, and bundling
linear actin filaments. Because the formin family is large, with at least 15 members in verte-
brates, there have not been any comprehensive studies examining formin localization and
function within a common cell type. Here, we characterized the localization of all 15 formins
in epithelial cells of Xenopus laevis gastrula-stage embryos. Dia1l and Dia2 localized to tight
junctions, while Fhod1 and Fhod3 localized to adherens junctions. Only Dia3 strongly local-
ized at the cytokinetic contractile ring. The Diaphanous inhibitory domain-dimerization do-
main (DID-DD) region of Dia1 was sufficient for Dia1 localization, and overexpression of a
Dia1 DID-DD fragment competitively removed Dia1 and Dia2 from cell-cell junctions. In Dia1
DID-DD-overexpressing cells, Dia1 and Dia2 were mislocalized to the contractile ring, and
cells exhibited increased cytokinesis failure. This work provides a comprehensive analysis of
the localization of all 15 vertebrate formins in epithelial cells and suggests that misregulated
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formin localization results in epithelial cytokinesis failure.

INTRODUCTION

Epithelial cells cover the external and internal surface of the verte-
brate body and are instrumental in maintaining homeostasis by
separating distinct compartments of the body. Apical cell-cell junc-
tions consist of tight junctions (TJs), adherens junctions (AJs), and
desmosomes. AJs and desmosomes mechanically connect adjacent
epithelial cells and contribute to maintenance of cell shape and
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tissue integrity (Hartsock and Nelson, 2008; Nekrasova and Green,
2013; Takeichi, 2014; Lecuit and Yap, 2015). TJs regulate the pas-
sage of fluids and solutes via the paracellular pathway and serve as
a barrier (Hartsock and Nelson, 2008; Krug et al., 2014; Van ltallie
and Anderson, 2014; Zihni et al., 2016).

Because epithelial tissues are continuously renewed, new cells
must be generated by cell division, which is especially evident in the
developing epithelium. Despite the drastic cell shape changes that
occur during cytokinesis, cell-cell junctions must maintain cell—cell
adhesion and barrier function during cell division. Although an un-
derstanding of how cell-cell junctions are maintained during cytoki-
nesis is beginning to emerge (Higashi et al., 2016), how epithelial
cells distinguish and coordinate the signaling mechanisms regulat-
ing contractile actomyosin arrays at cell-cell junctions and the cyto-
kinetic contractile ring remains unclear.

Both cell-cell junctions and cytokinetic contractile rings are regu-
lated by Rho GTPases (Kishi et al., 1993; Mabuchi et al., 1993;
Nusrat et al., 1995; Braga et al., 1997; Miller, 2011; Arnold et al.,
2017). RhoA switches between an active GTP-bound state and an
inactive GDP-bound state. When RhoA is in the active GTP-bound
state, it binds to and activates its effectors, including ROCKs/Rho
kinases (Ishizaki et al., 1996; Matsui et al., 1996) and formins (Kohno
et al., 1996; Watanabe et al., 1997; Alberts et al., 1998). It is not
clear how RhoA effectors differentially regulate formation and main-
tenance of both RhoA-dependent junctional actomyosin bundles
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and cytokinetic actomyosin rings within the same cells. To address
this question, we investigated the localization and functional roles of
formins at epithelial cell-cell junctions and cytokinetic contractile
rings in a developing vertebrate model system, the gastrula-stage
Xenopus laevis embryo.

Formins constitute a family of actin regulators that is conserved
among eukaryotes (Higgs and Peterson, 2005; Rivero et al., 2005;
Chalkia et al., 2008). Formins mediate linear actin assembly through
their formin homology (FH) 1 and FH2 domains. The FH1 domain
recruits profilin-bound actin monomers and passes them to the FH2
domain. The FH2 domain directly binds to and caps the barbed end
of actin filaments and simultaneously adds new actin monomers to
the barbed end, which results in continuous elongation of F-actin at
the barbed end (Pruyne, Evangelista, et al., 2002; Kovar et al., 2003).
Vertebrate genomes have at least 15 formins (Higgs and Peterson,
2005; Rivero et al., 2005; Chalkia et al., 2008) (see Supplemental
Figure S2). Among them, 10 formins (Dia1/2/3, Daam1/2, Fmnl1/2/3,
Fhod1/3) are classified as Diaphanous-related formins (DRFs)
(Alberts, 2002; Kuhn and Geyer, 2014). DRFs share several impor-
tant regulatory domains in addition to the FH1 and FH2 domains.
Binding of the Diaphanous inhibitory domain (DID) (Li and Higgs,
2005), which is located on the N-terminal (NT) side of the FH1/FH2
domains, to the Diaphanous autoinhibitory domain (DAD) (Alberts,
2001), which is located on the C-terminal (CT) side of the FH1/FH2
domains, keeps the actin-assembly activity of FH1-FH2 domains
suppressed (Watanabe et al., 1999; Li and Higgs, 2003). At their NT
end, DRFs have a GTPase-binding domain (GBD) (Watanabe et al.,
1997, Otomo et al., 2005a; Rose, Weyand, Lammers, et al., 2005).
Binding of active Rho GTPases to the GBD (and part of the DID)
releases the DID-DAD autoinhibitory interaction (Watanabe et al.,
1999; Lammers et al., 2005; Nezami, Poy, and Eck, 2006). Additional
factors can cooperate to release DID-DAD interactions, including
Anillin binding to DID for mDia2 (Dia2, also known as DIAPH3,
Diap3, or DRF3) (Watanabe et al., 2010), Flightless-I binding to DAD
for mDia1 and Daam1 (Higashi, lkeda, et al., 2010), and phosphory-
lation of DAD by ROCK for Fhod1 (Takeya et al., 2008) and mDia2
(Staus et al., 2011). Unleashing DID-DAD autoinhibition opens
up DRF molecules, making the FH1-FH2 domains accessible to
bind actin.

Formins have been implicated in the regulation of cellcell junc-
tions (for a review, see Grikscheit and Grosse, 2016). For example,
mammalian Dia1 (mDia1, also known as DIAPH1 or DRF1) has been
shown to localize at AJs and regulate the stability and contractility of
AJs in many cell types (Sahai and Marshall, 2002; Carramusa et al.,
2007; Ryu et al., 2009; Rao and Zaidel-Bar, 2016; Acharya et al.,
2017). Fmnl3 is implicated in the regulation of AJs through F-actin
polymerization and stabilization of E-cadherin in migrating mouse
mammary epithelial EpH4 cells (Rao and Zaidel-Bar, 2016). A three-
dimensional culture model of human breast epithelial MCF10A cells
showed that Fmnl2 was involved in the formation of new cell—cell
junctions between daughter cells downstream of Rac1 (Grikscheit
et al., 2015). Finally, several studies indicate a role for formins in
regulating cell-cell adhesion downstream of Rho during develop-
mental processes. Drosophila Diaphanous regulates junctional
Myosin Il levels and activity and is required for properly regulated
junctional stability and cell movements during morphogenesis
(Homem and Peifer, 2008). Drosophila Diaphanous can also control
E-cadherin endocytosis downstream of Rho, thus regulating the
level of E-cadherin at the cell-cell junction (Levayer et al., 2011).
Additionally, actin-based pushing controlled by Fmn1 acting down-
stream of RhoA drives apical emergence of new multiciliated epi-
thelial cells in developing X. laevis embryos (Sedzinski, Hannezo,
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etal., 2016); however, how this specialized actin network is linked to
junctions and whether Fmn1 regulates cell-cell junctions in this set-
ting is not clear.

Formins are also known regulators of cytokinesis (for a review,
see Bohnert et al., 2013). Fission yeast formin Cdc12 is concen-
trated at medial nodes and mediates formation and maintenance of
contractile rings (Chang et al., 1997; Kovar et al., 2003; Wu et al.,
2006). In budding yeast, two formins, Bni1p and Bnr1p, are required
for successful cytokinesis (Imamura et al., 1997; Tolliday et al., 2002).
Caenorhabditis elegans CYK-1 and Drosophila Diaphanous are re-
quired for early embryonic divisions (Castrillon and Wasserman,
1994; Severson et al., 2002). Although mDia1, 2, and 3 are all ortho-
logues of CYK-1 and Diaphanous, only one vertebrate formin,
mDia2, has been shown to control cytokinesis. mDia2 is localized at
contractile rings in mouse NIH 3T3 fibroblasts, and knockdown of
mDia2 caused cytokinesis failure in NIH 3T3 cells (Watanabe et al.,
2008). Additionally, mDia2 knockout mice are embryonic lethal due
to cytokinesis failure in fetal erythroblasts, which results in severe
anemia (Watanabe et al., 2013). Because the nomenclature of Dia
group formins is frequently confused between human and mouse
genes (e.g., the human orthologue of mouse mDia2 [DIAPH3] is
called hDIA3, DRF3, and DIAPH3), we consistently use Dial (mDia
in mice, DIAPH1 in humans), Dia2 (mDia2 in mice, DIAPH3 in hu-
mans), and Dia3 (mDia3 in mice, DIAPHZ2 in humans) for X. laevis
genes in this paper.

To date, there has been no comprehensive study of all 15 verte-
brate formins in the same model system. Furthermore, it is unclear
whether any formin(s) are involved in the regulation of both cell—cell
junctions and cytokinetic contractile rings, or whether these two
actomyosin-based structures actively influence each other through
the regulation of formin proteins. Here, we cloned the 15 formins
from X. laevis and characterized their localization in epithelial cells.
We identified Dia1 and Dia2 as cell-cell junction localizing formins
and found that perturbing the junctional localization of Dial and
Dia2 resulted in a cytokinesis defect.

RESULTS

Xenopus laevis has 15 formins conserved among
vertebrates

To characterize which formin(s) are involved in the regulation of cell-
cell junctions and contractile ring formation, we cloned all X. laevis
formins. Each of the 15 formins identified in mouse and human
(Higgs and Peterson, 2005; Rivero et al., 2005) was conserved in X.
laevis (Supplemental Figures S1 and S2). We examined the expres-
sion level of each formin transcript using cDNA libraries from em-
bryos at multiple X. laevis developmental stages (Supplemental
Figure S3). Each formin showed a different expression pattern. In
gastrula-stage embryos, which are covered with a proliferating po-
larized epithelial cell sheet that serves as a model for intact epithelial
tissue, at least 10 formins, including Dia1, Dia2, Dia3, Daam1,
Fmni3, Inf1, Inf2, Fmn2, Fhod1, and Fhod3, are expressed.

Dia3 is localized at cytokinetic contractile rings

To characterize the localization of the formins, we used three green
fluorescent protein (3xGFP) tags on the NT end of each formin. The
expression of the tagged formins was examined by Western blot of
gastrula-stage embryos (Supplemental Figure S4), and all tagged
formins were detected at the expected size. Next, we coexpressed
the 3xGFP-tagged formins with monomeric red fluorescent protein-
(MRFP-)-ZO-1 (TJ probe) and examined the localization of the
formins in gastrula-stage X. laevis embryos by confocal microscopy
(Figure 1A). Among the 15 formins, only 3xGFP-Dia3 (also known as
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FIGURE 1: Localization of 3xGFP-tagged Dia1, Dia2, and Dia3 in the
X. laevis gastrula epithelium. (A) Embryos expressing 3xGFP-tagged
Dia1, Dia2, or Dia3 (green) and mRFP-ZO-1 (TJ marker; magenta)
were live imaged using confocal microscopy; z-stack images of formin
alone (top panels) and merged with mRFP-ZO-1 (bottom panels) are
shown. Note that Dia3 is strongly localized at the contractile ring of
the dividing cell. (B) The localization of Dia3 at the contractile ring is
dependent on Rho binding. Embryos expressing 3xGFP-Dia1 WT or
V187D (Rho-binding mutant; green) and mCherry-farnesyl (membrane
probe; magenta) were imaged. Because the expression of Dia3 causes
membrane deformation phenotypes (see A and Supplemental Figure
S6), Dia3 was expressed at a lower level in these images. Note that
the Dia3 V187D mutant cannot localize at the contractile ring. Scale
bars: 10 pm.

DIAPH2 or DRF2) exhibited strong localization at cytokinetic con-
tractile rings. Dia1 and Dia2 showed very weak signal at contractile
rings, and the other formins exhibited no specific signal at the divi-
sion site (unpublished data). Because the contractile ring is tem-
plated by a Rho activity zone (Miller, 2011) and Dia3 can bind Rho
via its NT GBD domain (Yasuda et al., 2004), we tested whether the
localization of Dia3 at the cytokinetic contractile ring is dependent
on Rho binding. Rho binding—deficient mutant V187D (analogous to
the V161D mutation in Dia1 [Otomo et al., 2005a]) could not localize
at the contractile ring during cytokinesis (Figure 1B), indicating that
Dia3 is recruited to the contractile ring by active Rho GTPase. These
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data demonstrate that, in the X. laevis gastrula epithelium, Dia3 is
the only formin strongly localized at the contractile ring.

Dia1, Dia2, Fhod1, and Fhod3 are localized at cell-cell
junctions

We next examined the localization of the tagged formins in the X.
laevis gastrula-stage epithelium during interphase (Figure 2).
Among the 15 formins, Dial and Dia2 exhibited strong localization
at cell—cell junctions, consistent with previous reports (Sahai and
Marshall, 2002; Carramusa et al., 2007; Ryu et al., 2009; Acharya
etal., 2017). In addition, Fhod1 and Fhod3 also showed strong junc-
tional localization, while Dia3, Fmn2, and Delphilin were weakly
localized at cell-cell junctions. The other formins exhibited diffuse or
no junctional localization (Figure 2). We quantified the extent of
formin junction confinement by measuring fluorescence intensity at
junctions along the x- and z-axes (Supplemental Figure S5). We con-
clude that Dia1, Dia2, Fhod1, and Fhod3 are localized at cell—cell
junctions in epithelial cells.

Some formins showed interesting localizations to specific non-
junctional structures (Figure 2). For example, Fmn1 (also known as
Formin-1) appeared to be localized on microtubules, which is
consistent with the report that Fmn1 has a microtubule-binding
sequence (Zhou et al., 2006). Fmn2 was localized primarily at the
nucleus, and Delphilin also exhibited nuclear localization with a
punctate pattern. Of note, exogenous expression of Dia3 induced
apical, actin-rich structures at cell-cell junctions, which resemble
filopodia-like or lamellipodia-like protrusions (Figure 2 and Supple-
mental Figure Sé). The formation of these structures was not
observed in Dia3 V187D (Rho binding—deficient mutant)-expressing
cells or Dia3 1715A (analogous to F-actin binding- and actin assem-
bly—deficient mutation in yeast Bni1p [Xu et al., 2004; Otomo et al.,
2005b]) (Supplemental Figure Sé), suggesting that these structures
are formed through activation of Dia3 by a Rho GTPase and are
dependent on Dia3's actin-assembly activity.

Dia1 and Dia2 are localized at TJs, and Fhod1 and Fhod3
are localized at AJs

To further examine the precise localization of the junctional formins,
we performed triple labeling of the 3xGFP-tagged formins with TJ-
and AJ-localizing protein probes and quantified the relative fluores-
cence intensity along the z-axis. We used monomeric blue fluores-
cent protein- (TagBFP-)-ZO-1 (Anderson et al., 1988) and
PLEKHA7-mCherry (Meng et al., 2008; Pulimeno et al., 2010) as TJ
and AJ probes, respectively. First, we confirmed that the selected
probes faithfully label the TJ and AJ and can be separated along the
z-axis using our quantification approach by coexpressing TagBFP-
Z0O-1 and PLEKHA7-mCherry with well-characterized TJ (Claudin-
GFP) and AJ (E-cadherin-3xGFP) components (Supplemental Figure
S7A). Next, we expressed 3xGFP-Dial with the TJ and AJ probes
and found that the 3xGFP-Dial peak overlapped with the TJ peak
(Figure 3, A and E). Similarly, 3xGFP-Dia2 also exhibited its highest
intensity at the TJ (Figure 3, B and E). In contrast, the Fhod1 and
Fhod3 peaks overlapped with the AJ peak and exhibited more
basolateral signal than Dial or Dia2 (Figure 3, C-E). These data
indicate that Dial and Dia2 are localized at TJs, while Fhod1 and
Fhod3 are localized at AJs in the X. laevis gastrula epithelium.

Both TJs and AJs are dependent on circumferential F-actin bun-
dles. We applied our quantification approach to examine which
type of junction—TJ or AJ—is more enriched with F-actin in the X.
laevis embryonic epithelium. We compared the localization of Life-
act-GFP (F-actin probe) with TagBFP-ZO-1 (TJ probe) and PLEKHA7-
mCherry (AJ probe). Surprisingly, Lifeact-GFP exhibited a peak at
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FIGURE 2: Localization of 3xGFP-tagged formin proteins in X. laevis gastrula-stage epithelium.
Embryos expressing 3xGFP-tagged formin (green) and mCherry-farnesyl (membrane marker;
magenta) were live imaged using confocal microscopy. Stacked images of formin alone (left
panels) and merged with membrane (right panels) are shown. Note that Dia1, Dia2, Fhod1, and

Fhod3 are strongly localized at cell-cell junctions. Scale bar: 10 pm.

the ZO-1 peak and not the PLEKHA7 peak, suggesting that TJ-asso-
ciated F-actin is more abundant than AJ-associated F-actin (Supple-
mental Figure S7B). We confirmed this observation by staining fixed
embryos with phalloidin (F-actin probe) as well as anti-ZO-1 (TJ
protein) and anti—B-catenin (AJ protein) antibodies. The phalloidin
peak overlapped with the ZO-1 peak, whereas the phalloidin signal
was declining at the Z-position of the B-catenin peak (Supplemental
Figure S7C), further demonstrating that TJ-associated F-actin is
more prominent in the X. laevis gastrula epithelium.

The DID-DD region is necessary and sufficient for the
localization of Dia1 at cell-cell junctions

To dissect the domains responsible for junction localization of Dia1,
we made several mutants of Dial and examined their localization
(Figure 4). Because the TJ is known to be the site of a Rho activity
zone (Terry et al., 2011; Ratheesh, Gomez, et al., 2012; Armold et al.,
2017) and Dia1 can bind to active Rho via the GBD (Watanabe et al.,
1997, 1999), we first asked whether binding to active Rho is required
for junctional localization of Dial. A V161D mutation in the DID
domain of mouse mDial was shown to completely abolish binding
to active RhoA but did not affect DID-DAD-mediated autoinhibition
(Otomo et al., 2005a). Because all of the residues at the surface of
the Rho-Dia1 interface are conserved between mouse and X. laevis
(Supplemental Figure S8), we introduced a corresponding mutation,
V175D, into X. laevis Dia1 (Figure 4A) and examined its localization.
The 3xGFP-Dial V175D was still localized at cell-cell junctions
(Figure 4B) similar to wild-type (WT) Dial (Figure 4B), suggesting
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that active Rho binding is not required for
the junctional localization of Dia1.

Next, we asked whether the autoinhib-
ited closed state is required for Dial’s junc-
tional localization. An A256D mutation in
the DID domain of mouse mDial com-
pletely disrupts DID-DAD interaction and
keeps the mDial molecule constitutively
open, while it does not affect the binding to
active RhoA (Otomo et al., 2005a). We
made an analogous A267D mutant of X.
laevis Dial (Figure 4A and Supplemental
Figure S8). Expression of 3xGFP-Dial
A267D resulted in abnormally large cell size
(Figure 4C), which is likely a result of cytoki-
nesis failure. We hypothesized that this
phenotype was due to aberrant actin as-
sembly by the constitutively active Dial
A267D mutant. To test this possibility, we
introduced another mutation in the FH2 do-
main, 1842A (Figure 4A), which is equivalent
to the 11431A mutation, an F-actin binding—
and actin assembly—-deficient mutation in
yeast Bnilp (Xu et al., 2004; Otomo et al.,
2005b). Indeed, Dial A267D/I842A~
expressing cells exhibit normal cell size
(Figure 4B), demonstrating that the large
cell size of Dial A267D-expressing cells is
due to actin assembly by constitutively open
Dial. Because it was difficult to assess the
localization of Dial A267D at cell-cell junc-
tions due to compromised cell shape and
size, we used Dial A267D/I842A to test the
effect of the A267D mutation on the local-
ization of Dia1. Dial A267D/I842A was not
localized at cell-cell junctions (Figure 4B), suggesting that the
closed form of Dia1 or the Ala-267 residue itself is important for the
localization. Of note, the 1842A mutation alone does not affect
the localization of Dial (Figure 4B), suggesting that actin-assembly
activity is not required for junctional localization of Dia1.

To tease apart the two possibilities—that the closed-form con-
formation of Dial or the Ala-267 residue itself is required for Dia
junctional localization—we introduced a mutation in the DAD
domain as an alternate way to disrupt the DID-DAD interaction (in-
stead of the A267D mutation). An F1195A mutation in the DAD
domain of mouse mDial completely abolishes the affinity to DID
(Lammers et al., 2005). A corresponding F1192A mutant of X. laevis
Dia1 did not cause large cells and was localized at cell-cell junctions
(Figure 4B and Supplemental Figure S8), suggesting that the closed
form is not required for the localization of Dia1 at cell—cell junctions.
Because Dial F1192A remained localized at cell-cell junctions, its
aberrant actin-assembly activity might be restricted to the vicinity
junctions, thus still allowing the actin polymerization required for
cytokinesis. This might explain why Dial F1192A did not cause
cytokinesis defects, whereas Dial A267A, which also disrupts the
DID-DAD interaction, did. Instead, the cell-cell junctions of Dial
F1192A-expressing cells were abnormally rippled compared with
Dial WT-expressing cells, supporting the view that Dial F1192A-
dependent actin assembly occurs near cell-cell junctions. Further-
more, when we added the 1842A actin assembly-deficient mutation
to make a Dial 1842A/F1192A double mutant, this mutant was
also localized at junctions, but did not cause the rippled junction

membrane

| 85

Formin localization in epithelial cells



TagBFP-ZO-1

PLEKHA7-mChe

Z0O-1 P7 merge Ez.
2
2
=
[
=
=
0]
D: 1
0 5 10
ZO-1 P7 merge >
‘@
=
7]
£
o
2
5
ot
EE T 1
0 5 10
Z position, um
ZO-1 P7 merge >
= '
c I
ko)
£~ I
g (’// L " ke
£/ \\PLEKHA7 ™
of /1 ZO-1 il )
v =4 *I——_:»_ ::::: .
0 5 10
ZO-1 P7 merge >
]
c
L
£ J
[ I X T
A \\.PLEKHA7 ~
of 41 201k
@ £ ik ST .
0 5 10
apical Z position, pm basal

Comparison of the localization of junctional formins with TJ and AJ proteins. (A-D) 3xGFP-tagged Dia1 (A),
Dia2 (B), Fhod1 (C), and Fhod3 (D) (green) were expressed together with TagBFP-ZO-1 (TJ marker; blue) and PLEKHA7-
mCherry (AJ marker; red) in gastrula-stage X. laevis embryos and imaged by confocal microscopy. Top views (left) and
averaged side views (right) of cell-cell junctions (50 pixels x 16 junctions) are shown. Scale bars: 10 um (left); 2 pm
(right). (E) Graphs indicate intensity profiles of formins (green solid line), ZO-1 (blue dotted line), and PLEKHA7 (red
dotted line). Note that the intensity profiles of Dia1 and Dia2 are very similar to that of ZO-1 and that Fhod1 and Fhod3
have a peak at AJs as well as signal basal to the AJ. Error bars (vertical lines) indicate SD.

phenotype (Figure 4B). Taken together, these results lead us to con-
clude that the Ala-267 residue in the DID domain is necessary for
Dia1’s localization at cell-cell junctions and that Dia1’s localization is
not affected by active Rho binding, actin-assembly activity, or the
open/closed state of Dia1.

To test which region of Dial is sufficient for the localization at
cell—cell junctions, we made fragments of Dia1 (Figure 5A). First, we
split the molecule into NT and CT halves, which contain G-DID-DD
and FH1-FH2-DAD, respectively. When mCherry-Dial NT was ex-
pressed in epithelial cells, it induced an abnormally large cell size
phenotype (Figure 5B), which is likely caused by cytokinesis failure.
Because altered cell size and shape prevented us from examining the
localization of the NT construct, we reduced the expression level of
NT to suppress the cell size phenotype. When mCherry-Dial NT was
expressed at a low level, it was clearly localized at cell-cell junctions
(Figure 5B), suggesting that NT is sufficient to recruit Dial to junc-
tions. mCherry-Dia1 CT also caused abnormally large cells. This mu-
tant was very potent, even at reduced expression levels. Therefore,
we introduced the actin assembly—-deficient 1842A mutation, which
suppressed the cell size phenotype, but mCherry-Dia1 CT 1842A was
not localized at junctions (Figure 5B), indicating that the CT does not
have the junction-localization signal. Similar to Dia1, we found that,
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for both Fhod1 and Fhod3, an NT fragment was localized at cell—cell
junctions, while a CT fragment was not (Supplemental Figure S9). To
narrow down the Dial region responsible for junction localization,
we made an mCherry-Dial DID-DD fragment. mCherry-Dial DID-
DD was clearly localized at cell—cell junctions (Figure 5B), which indi-
cates that Rho binding is dispensable for junctional localization. In
contrast, mCherry-Dial DID-DD A267D was not localized at cell—cell
junctions (Figure 5B). Finally, we tested mCherry-Dial DID and
mCherry-Dial DD. mCherry-Dial DID was localized in a sharp apical
line at cell—cell junctions, while mCherry-Dial DD was more diffusely
localized around the junctions (Figure 5B). Taken together, these re-
sults lead us to conclude that Dia1’s DID-DD region is necessary and
sufficient for Dia1 localization at cell-cell junctions, and the Ala-267
residue in the DID domain plays an essential role in the localization.

Overexpression of Dia1l DID-DD displaces Dia1 and Dia2
from cell-cell junctions

Because Dial’s DID-DD region is necessary and sufficient for junc-
tional localization of Dial, we hypothesized that overexpression of
DID-DD could competitively remove full-length Dia1 from cell-cell
junctions. To test this hypothesis, we expressed 3xGFP-Dial
full length in all cells of the embryo and mosaically expressed

Molecular Biology of the Cell



G DIDDDFH1 FH2 DAD

Dia1

WT @@ @@ @@ T T s 1

V175D LGFP L GFPGFP m ——mmi=m o m]
V—>D

A267D (ﬂ';}(ﬁ)(ﬁ}l:.:l:ﬂ:l:_ﬂ:l
A—>D
1842A (ﬂ}?‘ﬂiﬁ(ﬁi?ml:_ﬂj
I—>A
A267D/ - ’
1842A (@M@(ﬁ?l:.:l:ﬂ:l:_ﬂ:l
A—>D I—>A

F1192A (ﬁﬁﬂtﬁ)ﬂﬁi&ml:_:'j

F>A
FI?%% CRED D T E—
I-A F—>A
B membrane
3xGFP-Dia1

3xGFP-Dia1
WT © =

3xGFP-Dia‘
1842A > °

3xGFP-Dia1

Auto- GTP-Rho- Actin Junction
inhibition binding assembly localization

No
No n.a.
No
No No No
No
No No
membrane membrane
3xGFP-Dia1 3xGFP-Dia’l

1S

F1192A

membrane
3GFP~DIa’I

FIGURE 4: Ala-267 is necessary for junctional localization of Dia1l. (A) Domain structure and mutants of Dia1.

G, GTPase-binding domain; DID, Diaphanous inhibitory domain; DD, dimerization domain; FH, formin homology;

DAD, Diaphanous autoregulatory domain. (B) Embryos expressing Dial WT or mutants (green) and mCherry-farnesyl
(membrane probe; magenta) were observed. Note that the A267D/1842A mutant cannot localize at cell-cell junctions,
but the I842A mutant can. Enlargements of cell-cell junctions (white boxes) are shown below. (C) Embryo expressing
Dia1 A267D (green) and mCherry-farnesyl (magenta). Note that the cell expressing Dia1 A267D at high level (asterisk) is
enlarged, probably due to cytokinesis failure. Scale bars: 10 pm (B); 40 pm (C).

mCherry-Dial DID-DD at a high level in part of the embryo. We
found that 3xGFP-Dial was not localized at cell-cell junctions of
adjoining Dia1 DID-DD-overexpressing cells, whereas 3xGFP-Dia'
was clearly localized at junctions in regions where cells were not
expressing Dial DID-DD (Figure 6A), indicating that Dial DID-DD
overexpression effectively removed full-length Dial from cell-cell
junctions. Of interest, 3xGFP-Dia2 also lost its junctional localization
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in Dial DID-DD-overexpressing cells (Figure 6A), probably because
Dia1 and Dia2 employ the same mechanism to localize at cell-cell
junctions, and Dial DID-DD can compete with the DID of Dia2, as
was previously implicated (Acharya et al., 2017). The NT halves of
Fhod1 and Fhod3 are also responsible for their junctional localiza-
tion (Supplemental Figure S9). However, 3xGFP-Fhod1 or 3xGFP-
Fhod3 was not displaced by overexpression of Dial DID-DD,
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whereas Fhod1 and Fhod3 were not affected by Dia1 DID-DD expression. (B, C) Dial DID-DD was mosaically expressed
in Lifeact-GFP-expressing (B) or Vinculin-3xGFP-expressing (C) embryos. Note that localization and intensity of F-actin
and Vinculin are not altered in Dial DID-DD-expressing cells (asterisks). Scale bars: 20 um.

suggesting that Fhod1 and Fhod3 are localized at cell-cell junctions  tion of Lifeact-GFP (F-actin probe) in the embryos mosaically ex-

through a mechanism distinct from that of Dia1 and Dia2. pressing Dia1 DID-DD. The F-actin organization was indistinguish-
To examine the effects of Dial and Dia2 removal from junctions  able between control cells and Dial DID-DD-overexpressing cells
on the F-actin organization at junctions, we compared the localiza-  (Figure 6B). We also examined the tension at cell—cell junctions using
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A mChe-Dia1 DID-DD Vinculin-3xGFP as a probe (Hara et al., 2016;

3xGFP-formin mChe-Dia1 DID-DD 3xGFP-formin Higashi et al., 2016). Again, the localization

e % e ; T T ; meey  Of Vinculin was not altered in Dia1 DID-DD-

Dia{ overexpressing cells (Figure 6C). These data

imply that, although Dia1 and Dia2 are local-

ized at junctions, they may not play a crucial

role in maintenance of the F-actin bundle

and junctional tension at cell—cell junctions in
the X. laevis epithelium.

R

Dia1 and Dia2 are localized at
contractile rings in dividing Dia1
DID-DD-overexpressing cells

Dia1 and Dia2 are not normally localized at
the contractile ring of dividing cells in the X.
laevis gastrula epithelium (Figure 1). How-
ever, when we examined dividing cells
expressing Dial DID-DD, we noticed that
full-length Dial was strongly localized at
contractile rings (Figure 7A). Likewise, full-
length Dia2 strongly accumulated at con-
tractile rings in Dial DID-DD-overexpress-
ing cells (Figure 7A). Of note, 3xGFP-Dia
V175D did not accumulate at the contractile
ring in Dial DID-DD-overexpressing cells,
suggesting that the localization of Dial at
the contractile ring was dependent on ac-
tive Rho binding (Figure 7B).

Dia1 DID-DD-overexpressing cells
exhibit cytokinesis defects

We next tested whether ectopic localization
of Dial and Dia2 at contractile rings affects
cytokinesis. We first examined fixed em-
bryos and found that there were significantly
more binucleate cells in Dial DID-DD-
overexpressing embryos compared with the
control embryos (Figure 8, A and D). The
cell-surface area was not significantly larger
in Dial DID-DD-overexpressing embryos
(Figure 8C), probably because the ratio of
binucleate cells was relatively small. Next,
we conducted live imaging of embryos
mosaically expressing Dia1 DID-DD. We ob-
Dia1 V175D served 13 cytokinesis failures out of 32 cell
divisions in the Dial DID-DD-overexpress-
ing region, whereas no cytokinesis failure
was observed in the WT region (Figure 8E).

3xGFP-Dia1

Dia1 DID-DD
3xGFP-Dia1

3xGFP-Dia1

microscopy. Note that Dial and Dia2 are
strongly localized at the contractile ring in
the Dia1 DID-DD-overexpressing cells

Q-
o.c (yellow asterisks) but are not localized at the
a Q contractile ring in the nonexpressing cells
(] & (white asterisks). (B) Embryos expressing
w© 3xGFP-Dial WT (top panels) or 3xGFP-Dia1l
ol (?f) V175D (bottom panels) in all cells and
mCherry-Dia1 DID-DD mosaically were live
imaged. Note that Dia1 V175D (Rho-binding
FIGURE 7: Dial and Dia2 are localized at the contractile ring in dividing Dia1 DID-DD- mutant) cannot localize at the contractile ring
overexpressing cells. (A) Embryos expressing 3xGFP-Dia1 (top panels) or 3xGFP-Dia2 (bottom in Dia1 DID-DD-overexpressing cells.
panels) in all cells and mCherry-Dia1 DID-DD mosaically were live imaged using confocal Asterisks, daughter cells. Scale bars: 10 pm.
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FIGURE 8: Dial DID-DD-overexpressing cells exhibit cytokinesis defects. (A) Control (left) or
mCherry-Dia1 DID-DD (right) embryos expressing GFP-farnesyl (membrane probe) were fixed
and stained with anti-GFP (pseudocolored red) and DAPI (cyan). Note that there are binucleate
cells (arrows) in Dia1 DID-DD-overexpressing embryos. (B) Live imaging of dividing cells in
control (top panels) and Dial DID-DD-overexpressing (bottom panels) embryos using Lifeact-
GFP (F-actin probe; green) and BFP-ZO-1 (TJ marker; blue). Note that in the Dia1 DID-DD-
overexpressing cells, the contractile ring is formed and regresses over time. (C, D) Apical
cell-surface area (C) and percentage of binucleate cells (D) in the fixed embryos (n= 171 cells
from four embryos [control] and 170 cells from four embryos [Dia1 DID-DD)]). (E) Success rate
of cytokinesis in live imaging (n = 12 cells from three embryos [control] and 32 cells from three
embryos [Dial DID-DD]). p values are 0.57 (C; t test), 0.00035 (D; Fisher's exact test), 0.0067
(E; Fisher's exact test). Scale bars: 10 pm.
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We also examined F-actin accumulation
during cytokinesis in Dial DID-DD-overex-
pressing cells (Figure 8B). Surprisingly, in the
cells that failed cytokinesis, some F-actin
accumulated broadly at the division site
and ingression initiated, but eventually the
F-actin became discontinuous and ingres-
sion halted. Finally, the contractile ring re-
gressed, resulting in a binucleate cell. These
results suggest that competitive removal of
Dial and Dia2 from cell-cell junctions re-
sults in cytokinesis defects.

DISCUSSION

Both cell-cell junctions and cytokinetic con-
tractile rings are regulated by Rho GTPases
and F-actin. DRFs regulate F-actin down-
stream of Rho GTPases, making them good
candidates to regulate linear actin assembly
at both types of contractile actin arrays. In
this study, we provide a comprehensive
characterization of the localization of all 15
vertebrate formins in epithelial cells. We
found that the DRFs Dia1, Dia2, Fhod1, and
Fhod3 are localized at cell-cell junctions,
and Dia3 is localized at cytokinetic contrac-
tile rings. When the localization of Dia1 and
Dia2 at cell—cell junctions is perturbed by
Dial DID-DD overexpression, Dial and
Dia2 are mislocalized at contractile rings in
dividing cells, resulting in increased cytoki-
nesis failure, suggesting that proper local-
ization of specific formins to distinct subcel-
lular locations is important for successful
cytokinesis.

Are specific formins sequestered at
cell-cell junctions?

Because Dial DID-DD overexpression
caused relocalization of Dial and Dia2 from
cell—cell junctions to the contractile rings, it
would be an attractive hypothesis that cell-
cell junctions sequester these formins to
prevent them from accumulating at contrac-
tile rings in excess amounts. An analogous
idea has been proposed for Cingulin (TJ
plaque protein) and Paracingulin (TJ and AJ
plaque protein), which sequester GEF-H1
and Tiam1 at cell-cell junctions (Aijaz et al.,
2005; Guillemot et al., 2008). It is also pos-
sible that Dial and Dia2 have a functional
role at cell-cell junctions that we could not
detect in this study.

Formins in cytokinesis

Formins have been shown to regulate
cytokinesis in yeasts, worms, and flies. In
vertebrates, however, the reports are quite
limited. Dia2 (mDia2 in mice) is localized at
the contractile ring and cleavage furrow of
mouse fibroblast NIH 3T3 cells in vitro
(Watanabe et al., 2008, 2010) and mouse
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erythroblasts in vivo (Watanabe et al., 2013) and is required for suc-
cessful cytokinesis in these cells. Because these cells are not epithe-
lial cells and do not have mature cell-cell junctions, we predict that
Dia2 is not sequestered at another cellular structure and can be re-
cruited to the contractile ring in the dividing cells. Whether DiaT,
Dia2, and Dia3 have redundant roles in cytokinesis and whether
they are used differentially in epithelial and nonepithelial cells are
interesting questions for future study.

The possibility that formins could be sequestered by cell—cell
junctions to attenuate formin activity at cytokinetic contractile rings
could have physiological significance. Cytokinesis failure results in
binuclear and multinuclear cells, which causes genome instability
and may contribute to tumorigenesis (Fujiwara, Bandi, et al., 2005).
Thus, it would be interesting to test in the future whether the mislo-
calization of formins induces cancer in vivo. Additionally, some spe-
cific types of epithelial cells, including hepatocytes and placental
trophoblast cells, are normally tetraploid or multiploid (Alfert and
Geschwind, 1958; Hoffman and Wooding, 1993; Margall-Ducos
et al., 2007). Whether formin-based regulation of the contractile
ring is involved in the generation of these cell types awaits future
studly.

Formins at cell-cell junctions

Formins have been implicated in the regulation of cell-cell junc-
tions. Among the 15 formins, Dial has repeatedly been implicated
in the regulation of AJs (Sahai and Marshall, 2002; Carramusa et al.,
2007; Ryu et al., 2009; Rao and Zaidel-Bar, 2016; Acharya et al.,
2017). In accordance with previous studies, Dia1 is also localized at
cell—cell junctions in the X. laevis epithelium, but by using a quanti-
tative imaging approach to separate the AJ and TJ, we showed that
Dia1 is localized specifically at TJs. Because localization along the
z-axis has not been closely assessed previously, it is possible that
Dia1 is also localized at TJs in other experimental models. When we
removed Dial and Dia2 from cell-cell junctions by Dial DID-DD
overexpression, there was no change in junctional F-actin organiza-
tion or junctional tension. This may be because the contribution of
Dia1 and Dia2 to junctional organization differs among cell types or
organisms, and Dial and Dia2 might not play major functional roles
in the regulation of junctions in the X. laevis epithelium. We also
identified Fhod1 and Fhod3 as AJ-localized formins. Because these
formins are known to be abundantly expressed in cardiac muscle
cells, the localization and function of Fhod1 and Fhod3 in epithelial
cells has not been extensively assessed before. In cardiomyocytes,
Fhod1 is localized at the intercalated disk, which is an AJ-like cell-
cell junction structure (Al Haj et al., 2015). In the future, it will be
interesting to investigate potential functional roles for Fhod1 and
Fhod3 in regulating junctional actin organization.

TJ-associated actin bundles

Although both TJs and AJs are regulated by the actin cytoskele-
ton, AJ-associated actin bundles have gained more attention. In
this study, we discovered that TJ-associated F-actin is more abun-
dant than AJ-associated F-actin in live and fixed X. laevis gastrula-
stage embryos (Supplemental Figure S7, B and C). Supporting this
idea, while the AJ has been recognized as a site of actomyosin-
mediated mechanotransduction, recent work shows that an
actomyosin-mediated conformational change of the TJ protein
Z0O-1 controls junctional recruitment and signaling of its interactors
(Spadaro et al., 2017). In the future, it would be interesting to ex-
amine whether the abundant TJ-associated distribution of F-actin
observed here is commonly observed in other cell types or model
organisms.
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Mechanism of Dia1/Dia2 recruitment to cell-cell junctions
Our data strongly suggest that the Ala-267 residue in Dial’s DID
domain is essential for localization of Dia1 at cell-cell junctions. This
is consistent with previous reports, which showed that partial or
complete deletion of the NT region, including the DID domain,
abolishes the localization of mDia1 at cell-cell junctions (Carramusa
et al., 2007) and that Drosophila Diaphanous loses its cortical re-
cruitment when the DID domain is removed (Homem and Peifer,
2009). An important future question will be to determine the precise
mechanism by which Dial and Dia2 are recruited to the cell—cell
junctions. On the basis of our data that Dial and Dia2 are localized
at TJs, we predict that the DID domain of Dial and Dia2 binds to
some TJ protein through the Ala-267 residue. Although the Ala-267
residue is also conserved in Dia3 (Ala280), Dia3 exhibited weaker
junctional localization compared with Dia1 and Dia2 (Figure 2 and
Supplemental Figures S5 and S6é). A better understanding of this
difference awaits future study. Loss-of-function studies to reveal
functional roles for Dial, Dia2, and Dia3 and domain-swapping
studies to reveal what drives their distinct localizations would be
fascinating questions to pursue in future studies.

Formins and microtubules

In addition to the formins’ well-accepted roles in the regulation of
the actin cytoskeleton, in vivo observations have long suggested
that formins also regulate the organization and dynamics of
microtubules (for a review, see Bartolini and Gundersen, 2010;
Breitsprecher and Goode, 2013). Furthermore, it has recently been
reported that formins are localized at microtubule plus ends and
accelerate actin assembly (Henty-Ridilla et al., 2016). In this study,
we found that Fmn1 is localized on microtubules (Figure 2), indicat-
ing that this formin is a good candidate for a microtubule-associated
regulator of actin assembly. Additionally, we found that mDia3 is
localized at cytokinetic contractile rings in epithelial cells. Of note,
mDia3 has been shown to mediate microtubule attachment to ki-
netochores independent of its actin polymerization activity (Yasuda
etal., 2004; Cheng, Zhang, et al., 2011). Future studies are required
to further examine whether Fmn1 and mDia3 regulate the organiza-
tion and dynamics of microtubules in epithelial cells.

Concluding remarks

In conclusion, this study provides a comprehensive analysis of the
localization of the 15 vertebrate formins in epithelial cells of an in-
tact vertebrate embryo. Our data reveal that, in epithelial cells,
Dia1, Dia2, Fhod1, and Fhod3 are localized at cell-cell junctions,
while Dia3 is localized at the contractile ring. Furthermore, we pro-
pose that cell-cell junctions may sequester Dial and Dia2, thus lim-
iting the amount of formins localized at the contractile ring. These
data suggest that cell-cell junctions may influence the cytokinetic
contractile ring by calibrating the amount of localized formin activity
available at the division site to ensure successful cytokinesis. It will
be interesting to explore whether cells coordinately regulate these
two actomyosin-based structures in other situations. Intriguingly, ex-
perimental removal of Dia1 and Dia2 from cell-cell junctions did not
cause obvious defects in cell-cell junctions, suggesting that Fhod1
and/or Fhod3 may play key functional roles at cell—cell junctions.

MATERIALS AND METHODS
cDNA cloning and constructs
cDNAs encoding 15 X. laevis formins were amplified by PCR using
Herculase Il DNA polymerase (600675; Agilent, Santa Clara, CA)
from a cDNA library that was generated from late tailbud-stage em-
bryos using TRIzol (15596026; Thermo Fisher Scientific, Waltham,

Molecular Biology of the Cell



MA) and Superscript Ill First-Strand Synthesis System (18080-051;
Thermo Fisher Scientific). Point mutants and fragments of Dial,
Dia3, Fhod1, and Fhod3 were generated by PCR using the corre-
sponding full-length ¢cDNAs as templates. cDNA encoding PLE-
KHA7 was amplified by PCR using Herculase Il DNA polymerase
from a cDNA library generated from gastrula-stage embryos. cDNAs
encoding human ZO-1, X. laevis E-cadherin, X. laevis Claudin-6, and
X. laevis Vinculin were described previously (Higashi et al., 2016).
cDNAs were cloned into pCS2+ with GFP, 3xGFP, mCherry, mRFP, or
mTagBFP tags. pCS2+/GFP-farnesyl, pCS2+/mCherry-farnesyl, and
pCS2+/Lifeact-GFP were described previously (Reyes et al., 2014;
Higashi et al., 2016). All DNA constructs were verified by sequenc-
ing (GENEWIZ, South Plainfield, NJ).

Semiquantitative reverse transcriptase-PCR

cDNA libraries were synthesized from fertilized eggs (stage 1),
morula (stage 5), blastula (stage 8), gastrula (stage 10.5), neurula
(stage 17), early tailbud (stage 25), late tailbud (stage 35), and
tadpole (stage 45) using TRIzol and the Superscript Il First-Strand
Synthesis System according to the manufacturer’s instructions.
Fragments (~300 base pairs) in the FH2 domain-coding sequences
were amplified for each formin gene using specific primers and
the stage 35 cDNA library as a template. The expression levels of
each formin ¢cDNA in the cDNA libraries from various develop-
mental stages were assessed by PCR using GoTaq polymerase
(M3005; Promega, Fitchburg, WI) with the purified fragments as
standards.

Xenopus embryos and microinjection

All studies conducted using X. laevis embryos strictly adhere to the
compliance standards of the U.S. Department of Health and Human
Services Guide for the Care and Use of Laboratory Animals and
were approved by the University of Michigan’s Institutional Animal
Care and Use Committee. X. laevis embryos were collected, in vitro
fertilized, dejellied, and microinjected with mRNAs for fluorescent
probes using methods described previously (Reyes et al., 2014;
Higashi et al., 2016). Embryos were injected at either the 2-cell or
the 4-cell stage and allowed to develop to the gastrula stage (Nieu-
wkoop and Faber stage 10-11). For mosaic expression of mCherry-
Dial DID-DD: 3xGFP-Dial, 3xGFP-Dia2, 3xGFP-Fhod1, 3xGFP-
Fhod3, Lifeact-GFP, or Vinculin-3xGFP was injected into both cells
at the 2-cell stage, and mCherry-Dia1 DID-DD was injected into two
cells at the 4-cell stage such that mCherry-Dia1 DID-DD-expressing
cells could be compared with neighboring internal control cells.
mRNA (5 nl) was injected into each cell at the following concentra-
tions: 3xGFP-formins (5 pg/ml), 3xGFP-Dia3 (Figure 1B) (2.5 pg/ml),
mRFP-ZO-1 (5-10 ug/ml), GFP-farnesyl (4 ug/ml), mCherry-farnesyl
(4 pg/ml), TagBFP-ZO-1 (5 pg/ml), PLEKHA7-mCherry (5 pg/ml),
3XGFP (5 pg/ml), Lifeact-GFP (4 pg/ml), Lifeact-RFP (5 pug/ml), Clau-
din-6-GFP (2 pg/ml), E-cadherin-3xGFP (5 pug/ml), Vinculin-3xGFP
(5 pg/ml), mCherry-Dial fragments (5 pg/ml), mCherry-Dial NT
(low conc. in Figure 5B) (1.25 pg/ml), mCherry-Dia1 DID-DD overex-
pression (50 pg/ml), and mCherry-Fhod1 and Fhod3 fragments
(5 pg/ml).

Immunofluorescence microscopy

For fixed staining of ZO-1, B-catenin, and phalloidin, albino em-
bryos were fixed at the gastrula stage (Nieuwkoop and Faber stage
10.5) with 1.5% formaldehyde in fixative buffer (80 mM K-PIPES [pH
6.8], 1 mM MgCl,, 5 mM ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N'-tetraacetic acid [EGTA], 0.2 mM Triton X-100) overnight
at room temperature. Embryos were washed three times with Tris-
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buffered saline (pH 7.4) containing 0.1% Nonidet P-40 (TBSN) and
hemisected with a sharp scalpel, and animal hemispheres were sub-
jected to immunostaining. Samples were blocked with TBSN con-
taining 10% fetal bovine serum for 30 min and incubated with
mouse anti—ZO-1 mAb (T8-754; generous gift from Masahiko Itoh,
Dokkyo Medical University, Mibu, Japan) and rabbit anti-B-catenin
pAb (ab2365; Abcam, Cambridge, MA) for 12 h. Samples were then
washed three times with TBSN, incubated with Alexa Fluor 488-
conjugated goat anti-mouse immunoglobulin G (IgG) (1:500,
A11001; Invitrogen/Thermo Fisher Scientific), Alexa Fluor 568—con-
jugated goat anti-rabbit IgG (1:500, A11011; Invitrogen/Thermo
Fisher Scientific), and Alexa Fluor 647—conjugated phalloidin (2.4
units/ml, A22287; Invitrogen/Thermo Fisher Scientific) in TBSN for 1
h and washed three times with TBSN.

For fixed staining of GFP-farnesyl-expressing embryos, albino
embryos were injected with GFP-farnesyl with or without mCherry-
Dia1 DID-DD at the 4-cell stage. At the gastrula stage (Nieuwkoop
and Faber stage 10.5), the embryos were fixed with 4% formalde-
hyde in fixative buffer, hemisected, blocked, and stained with mouse
anti-GFP mAb (JL-8, 632381; Clontech/Takara, Mountain View, CA),
rabbit anti-mCherry pAb (ab167453; Abcam), and 4’,6-diamidino-
2-phenylindole (DAPI; D1306; Invitrogen/Thermo Fisher Scientific).
Secondary antibodies used were Alexa Fluor 488-conjugated
goat anti-mouse IgG and Alexa Fluor 568-conjugated goat
anti-rabbit 1gG.

Live and fixed confocal microscopy

Fluorescence confocal images were collected on an inverted Olympus
Fluoview 1000 microscope equipped with a 60x supercorrected
PLAPON 60 x OSC objective (NA = 1.4, working distance = 0.12 mm)
and FV10-ASW software. Live and fixed imaging was carried out as
described previously (Reyes et al., 2014; Higashi et al., 2016).

Embryo lysates and immunoblotting

Gastrula-stage embryos (Nieuwkoop and Faber stages 10-11) were
lysed as previously described (Reyes et al., 2014), with the following
modification: PHEME lysis buffer did not contain phosphatase in-
hibitor cocktail. Samples were separated on 6% polyacrylamide
gels for 3xGFP-formins and 10% polyacrylamide gels for B-tubulin
and transferred onto nitrocellulose membranes. Membranes were
blocked with 5% nonfat dry milk and probed with anti-GFP (JL-8,
632381; Clontech/Takara) or anti—o-tubulin (DM1A, T9026; Sigma-
Aldrich, St. Louis, MO) overnight at 4°C in 1X phosphate-buffered
saline/0.1% Tween-20. Horseradish peroxidase—conjugated anti-
mouse IgG (W4021; Promega) was used as a secondary antibody.
Membranes were developed using an ECL detection kit (32209;
Pierce/Thermo Fisher, Grand Island, NY) on x-ray film.

Quantification of the localization of formins at cell—cell
junctions

Gastrula-stage embryos (Nieuwkoop and Faber stages 10-11) ex-
pressing 3xGFP-tagged formins together with mCherry-farnesyl
(membrane probe) were live imaged. Z-stack images of 30-40 opti-
cal slices with 0.5-pm thickness were taken from at least four em-
bryos. Square images (50 pixels x 50 pixels) of straight junctions
were excised from the original images, and 50 z-slices across the
junctions were averaged using ImageJ (Schneider et al., 2012). Fluo-
rescence intensity profiles along x- and z-axes were determined by
multiple line scans using ImageJ (four line scans from each embryo)
(also see Supplemental Figure S5). To determine whether formins
were localized at TJs or AJs, we applied the same analysis used for
the live images of embryos expressing 3xGFP-tagged formins or
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Lifeact-GFP (F-actin probe) together with TagBFP-ZO-1 (TJ probe)
and PLEKHA7-mCherry (AJ probe) and fixed embryos stained with
anti-ZO-1, anti-B-catenin, and phalloidin.

Bioinformatics analysis

The amino acid sequences of mouse and X. laevis formins and Sac-
charomyces cerevisiae Bnilp were aligned, and a phylogenic tree
was generated by the neighbor-joining method using the ClustalX
(www.clustal.org) and NJplot software packages (http://doua.prabi
fr/software/njprot) (Saitou and Nei, 1987; Perriere and Gouy, 1996;
Larkin et al., 2007). The bootstrap values were calculated with the
ClustalX package using the default setting.

Statistical analysis
A two-tailed unpaired t test was used for Figure 8C, and Fisher’s
exact test was used for Figure 8, D and E.
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