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Differing and isoform-specific roles for the formin DIAPH3
in plasma membrane blebbing and filopodia formation
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Plasma membrane (PM) blebs are dynamic actin-rich cell protrusions that occur, e.g., during cytokinesis, amoe-
boid cell motility and cell attachment. Using a targeted siRNA screen against 21 actin nucleation factors, we identify a
novel and essential role of the human diaphanous formin DIAPH3 in PM blebbing during cell adhesion. Suppression
of DIAPH3 inhibited blebbing to promote rapid cell spreading involving B1-integrin. Multiple isoforms of DIAPH3
were detected on the mRNA and protein level of which isoforms 3 and 7 were the largest and most abundant isoforms
that however did not induce formation of actin-rich protrusions. Rather, PM blebbing specifically involved the low
abundance isoform 1 of DIAPH3 and activation of isoform 7 by deletion of the diaphanous-autoregulatory domain
caused the formation of filopodia. Dimerization and actin assembly activity were essential for induction of specific
cell protrusions by DIAPH3 isoforms 1 and 7. Our data suggest that the N-terminal region comprising the GTPase-
binding domain determined the subcellular localization of the formin as well as its protrusion activity between blebs
and filopodia. We propose that isoform-selective actin assembly by DIAPH3 exerts specific and differentially regu-
lated functions during cell adhesion and motility.
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Introduction

In response to extracellular cues, the plasma mem-
brane (PM) of mammalian cells is subject to dynamic
remodeling resulting in the formation of a diverse set
of cell protrusions including lamellipodia, podosomes,
filopodia and blebs [1-4]. Despite their distinct morphol-
ogies, formation of all these cell protrusions is governed
by dynamic F-actin remodeling including de novo for-
mation of actin filaments. Generation of new actin fila-
ments is mediated by a diverse set of cellular machines
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referred to as actin nucleators. In mammalian cells, more
than 20 different proteins have been identified thus far
that bear the intrinsic ability to mediate nucleation of
actin filaments, and that based on their domain organi-
zation and nucleation strategy, can be categorized into
distinct groups [5]. Among these, Arp2/3 represents
an actin nucleation machinery acting as a protein as-
sembly composed of seven subunits that caps pointed
ends of actin filaments to promote filament elongation
at the barbed end [6]. Arp2/3 activity is stimulated by
nucleation-promoting factors, which in the case of IMY
can bear actin nucleation activity themselves [7]. As an
independent actin nucleator, JMY is part of a group of
nucleators that recruit G-actin monomers via tandem re-
peats of WH2 domains, and the group includes the Spire,
cordon-blue and the muscle-specific leiomodin families,
the precise actin nucleation mechanism of which is still a
matter of debate [8]. Finally, the formin group of nuclea-



tors mediates actin polymerization by their signature
formin homology (FH)2 domain, which, facilitated by
the recruitment of profilin-actin by the adjacent FH1
domain, elongates F-actin filaments from the barbed end
via a stair-step mechanism that critically depends on the
dimerization of the FH2 domain [9, 10]. In addition to
these domains, that mediate actin polymerization, the so-
called diaphanous formins are subject to autoinhibition
[11] mediated by interaction of their C-terminal diapha-
nous autoregulatory domain (DAD) with an N-terminal
region also referred to as diaphanous inhibitory domain
(DID) that is part of the FH3 module. Activation through
release of autoinhibition can occur via phosphorylation
within the DAD, as demonstrated for FHOD1 [12, 13], or
by interaction of the N-terminal GTPase-binding domain
(GBD) with GTPases of the Rho family as exemplified
for mDial [11].

While the dynamics and molecular regulation of
lamellipodia and filopodia have been extensively stud-
ied, still relatively little is known about actin assembly
factors in the formation of non-apoptoptic PM blebs in
human cells. The term PM bleb refers to bulky protru-
sions of the PM that have been observed as early as 1919
([14], reviewed in [4]). Subsequently, studies on blebs
mainly focused on apoptotic cells that display large bleb-
like protrusions as byproduct of the cell death process [15,
16]. More recently, research has re-focused on non-apop-
totic blebs that are characterized by their smaller size and
more uniform morphology than those of apoptotic cells.
Such PM blebs are observed during physiologically dis-
tinct processes such as cytokinesis, amoeboid types of in-
vasive motility, and cell adhesion [17-19]. Blebbing can
also be induced experimentally, e.g. by disruption of the
genes encoding the actin-membrane crosslinker filamin
A or the tumor suppressor p53, or by overexpression of
SH4 domain membrane targeting signals [12, 20-25].
Despite their distinct physiological context and triggers,
PM blebs typically display high dynamics of bleb expan-
sion and retraction. Bleb halt and retraction rely on acto-
myosin contractility generated by Rho-ROCK signaling.
Hence, rapid actin assembly as well as Rho/ROCK ac-
tivity are essential for most, if not all, types of blebbing
analyzed thus far [4, 26]. The identity of specific actin
nucleators required for distinct modes of blebbing, how-
ever, has remained a key open question.

Since all currently identified players involved in PM
blebbing also represent core components for the forma-
tion of different types of cell protrusions, it remains
unclear how such a wide plasticity of distinct cell protru-
sions can be generated by a common machinery. Further-
more, the lack of identification of molecular components
with exclusive and specific roles in blebbing represents a
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major limitation to analyses of the physiological roles of
PM blebbing. Conceivably, the involvement of a distinct
and protrusion-specific combination of actin nucleators
may constitute a versatile means for such diversifica-
tion. As a largely unexplored source for generation of
even further diversity, multiple isoforms exist for many
actin nucleators. Using a targeted siRNA screen, we set
out to address which actin nucleators play essential roles
by monitoring the robust blebbing activity of cells dur-
ing the process of cell adhesion. Our results identify the
human formin DIAPH3 as a novel and essential factor
involved in PM blebbing and implicate isoform-specific
functions for this actin nucleator during cell protrusion.

Results

Adhering HelLa cells display dynamic PM blebbing

In search of an easily accessible experimental model
system that would allow us to identify and validate
relevant components for PM blebbing in human cells
without genetic manipulation, we first examined whether
HeLa cells undergo dynamic PM blebbing when adher-
ing to uncoated plastic or glass surfaces as described for
xenopus endothelial cells [19]. To be able to monitor
PM blebbing dynamics and F-actin remodeling in living
cells, we generated HeLa cell derivatives that stably ex-
press the F-actin-binding probe Lifeact. GFP (Figure 1A)
[27]. 2 h post plating, more than 60% of these HeLa cells
displayed prominent PM blebs with some incorporation
of F-actin in the bleb rim (Figure 1A and Supplementary
information, Figure S1B). Consistent with reports from
other blebbing models [21, 25], PM blebbing during
HeLa cell adhesion was highly dynamic, characterized
by rapid bleb expansion followed by a static phase and
subsequent slow retraction of the bleb (Figure 1A, see
also Supplementary information, Movie S1). Moreover,
F-actin was only detectable in blebs following the initial
expansion phase, but remained associated with the bleb
rim during bleb retraction (Figure 1A, lower panel). Ad-
dition of the actin polymerization inhibitor cytochalasin
D (Cyto D) or the Rho-kinase (ROCK) inhibitor Y-27632
rapidly arrested blebbing (Figure 1B and Supplementary
information, Movies S2 and S3). While Cyto D induced
the formation of large static blebs devoid of F-actin at
their rim, inhibition of ROCK triggered a gradual disap-
pearance of blebs. In contrast, microtubule disruption
by addition of nocodazole (Noco) increased blebbing to
result in the formation of extended bleb-in-bleb struc-
tures (Figure 1B and Supplementary information, Movie
S4). Consistent with the requirement for ROCK, PM
blebbing of adhering HeLa cells strictly required the ac-
tivity of the GTPase and ROCK regulator RhoA, while
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activity of Racl and Cdc42 GTPases was dispensable
(Supplementary information, Figure S1A and S1B). Fi-
nally and in line with previous results on blebs observed
upon SH4-domain expression or filamin A deficiency,
PM blebs were enriched in p-MLC, p-ERM and p-Src
that displayed distinct localizations at blebs (Supplemen-
tary information, Figure S1C) [12, 20]. Together, these
results establish PM blebbing of adhering HeLa cells as
a model system that mirrors the general characteristics of
PM blebbing and in which blebbing is governed by Rho-
ROCK signaling and F-actin remodeling.

Screening for actin nucleators involved in PM blebbing
We next used this experimental system for a targeted
siRNA screen to identify actin nucleators involved in PM
blebbing during HeLa cell adhesion. Similar to a previ-
ous screen for the role of formins in cancer cell invasion
[28], silencing against all 21 actin nucleators known to
be expressed in human non-muscle cells was achieved by
transfection with SMARTpool siRNAs consisting of four
distinct siRNAs against each target. 96 h post transfec-
tion, cells were replated and the frequency of cells with
prominent PM blebs quantified. A total of five indepen-
dent rounds of screening was conducted (three on cells
fixed post plating, two with live cell imaging of adhering
cells, see Supplementary information, Figure S2A and
Figure S2C for representative pictures and a summary
of the results of each screening round). As shown in the
summary of the results of all screening rounds (Figure
1C), PM blebbing of HeLa cells after treatment with a
non-targeting control siRNA was observed in almost
80% of the cells. The majority of nucleators such as DI-
APH2, FMNLI1 or Arp3 appeared dispensable for PM
blebbing, despite efficient knockdown at the mRNA
level (see knockdown efficiencies in Supplementary
information, Figure S2B). For DAAM?2 and FMN2,
knockdown efficiencies could not be determined due to
their low mRNA levels in our HeLa cells thus preclud-
ing assessment of their relevance for PM blebbing (see
Supplementary information Figure S2). In turn, silencing
of expression of DIAPH1, DIAPH3, FMNI1, Delphilin,
IFN2 and Spirl resulted in a statistically significant re-
duction of the percentage of blebbing cells. Among these
six candidate actin nucleators involved in PM blebbing,
silencing of DIAPH3 expression (see western blot shown
in Figure 1D, lower panel) resulted in the most robust re-
duction of blebbing and caused pronounced morphologi-
cal alterations of adhering cells. In addition to a complete
abrogation of PM blebbing in many cells, reduction of
DIAPH3 expression promoted cell spreading (Figure 1E
and Supplementary information, Movies S5 and S6). As
the current knowledge about this human formin is very

limited, we decided to further examine the role of DI-
APH3 (also referred to as Drf3) in PM blebbing.

Inverse correlation between PM blebbing and cell spread-
ing

Triggered by the altered morphology of adhering HelLa
cells following knockdown of DIAPH3, we addressed
the relationship between PM blebbing and cell spreading
on different substrates. Since cell spreading is strongly
facilitated by engagement of integrins [29], fibronectin
(Fbn) (Figure 2) and collagen I (data not shown) were
employed to trigger integrin activation, yielding similar
results. Expectedly, HeLa cells 3 h post plating on Fbn-
coated surfaces displayed potent cell spreading in the vir-
tual absence of PM blebs (Figure 2A, compare uncoated
and Fbn). Kinetic analysis of frequency of cells with PM
blebs revealed that on uncoated surfaces, blebbing was
efficiently observed as early as 30 min post plating and
that the blebbing frequency further increased over time.
In contrast, efficient blebbing was not observed at any
time of the observation period when cells were plated
on Fbn-coated surfaces (Figure 2B, left panel). Consis-
tent with a recent report [30], cell spreading, however,
steadily increased with time on Fbn-coated surfaces,
while blebbing cells on uncoated surfaces only displayed
inefficient cell spreading (Figure 2B, right panel). To test
if this switch between PM blebbing and cell spreading
in the presence of Fbn was mediated by integrins, cells
were incubated with the fl-integrin-blocking antibody
4B4 or with an antibody against transferrin receptor (TfR)
as isotype control. While blebbing was not affected by
treatment with a fl-integrin-blocking antibody on un-
coated control surfaces, it was fully restored in the pres-
ence of the 4B4 antibody on Fbn-coated surfaces (Figure
2C and 2D). Similarly, silencing of Bl-integrin expres-
sion resulted in efficient blebbing of HeLa cells on Fbn
(Figure 2E and 2F). Thus, B1-integrin-mediated signaling
and concomitant cell spreading negatively regulate PM
blebbing of adhering cells, suggesting that the initiation
of cell spreading by integrin activation may act as a stop
signal for PM blebbing. Importantly, kinetic analysis
of PM blebbing and cell spreading of HeLa cells in the
absence of integrin activation by Fbn but following si-
lencing of DIAPH3 revealed that blebbing was decreased
and cell spreading enhanced, respectively, relative to the
control siRNA (Figure 2G and 2H). This induction of
cell spreading upon depletion of DIAPH3 was paralleled
by the formation of elongated mature focal adhesions,
while in blebbing control cells, small focal complexes
were detected (Supplementary information, Figure S3)
[31]. Although less potent than Fbn, suppression of DI-
APH3 thus appears to phenocopy integrin activation with
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regards to cell spreading and PM blebbing.

PM blebbing involves a specific DIAPH3 isoform

We next sought to rescue PM blebbing in DIAPH3-
depleted cells by re-introduction of DIAPH3. Interest-
ingly, mRNA and/or protein sequences of multiple
isoforms of DIAPH3 generated by alternative splicing
are reported in the NCBI and Swiss-Prot databases (see
schematic in Figure 3A). To address which of these iso-
forms are expressed in our HeLa cells, we first analyzed
the presence of DIAPH3-specific mRNA species by
northern hybridization (Figure 3B). Indeed, a complex
but very similar pattern was observed in total RNA of
HeLa as well as 293T cells, suggesting that multiple
DIAPH3 isoforms are indeed expressed in human cells.
RNA from murine NIH3T3 cells did not give rise to any
specific signal (Figure 3B). The dominant signal in the
human cell lines corresponded well to the expected size
of the longest DIAPH3 isoform 3 mRNA (4.8 kb+polyA,
marked by an asterisk). Alternative splice products were
present in lower abundance, however, one of those was
concordant in size to the mRNA of isoform 1 (2.7 kb +
polyA, marked by a dot), indicating that this isoform is
present in HeLa cells. Consistently, at least four different
DIAPHS3 species were detected by western blotting in
HeLa cell lysates (Figure 3C and 3E), all of which were
affected by the pool of siRNAs used in our screen (Figure
1D). Among these, a high molecular weight species was
by far most abundant (Figure 1D). Shorter exposure of
the western-blot membrane revealed the existence of two

distinct high molecular weight DIAPH3 species (Figure
3C lane (—)). Based on their comigration with ectopi-
cally expressed variants of the respective isoforms and
confirmation of their corresponding 3’ ends at the mRNA
level (data not shown, see also Supplementary informa-
tion, Figure S4A), these DIAPH3 species were identified
as isoform 3 (Isof3) and isoform 7 (Isof7). Similarly, a
lower molecular weight species of significantly lower
abundance was identified as isoform 1 (Isofl) (Figure
3D). Of note, endogenous expression of Isof3, Isof7 and
Isofl was detected in Hela and 293T cells (Figure 3E).
The identity of the remaining molecular weight species
remained unclear.

Attempts to specifically interfere with the expression
of individual DIAPH3 isoforms via sequence- or UTR-
specific siRNAi remained unsuccessful and indicated
that the stability of individual DIAPH3 isoforms might
depend on the presence of all other isoforms (data not
shown). We thus generated expression constructs for
DIAPH3 Isofl, Isof3 and Isof7 as GFP fusion proteins
to address their relevance for PM blebbing. Although
being an abundant DIAPH3 isoform expressed in our
HeLa cells, DIAPH3 Isof3 (aa 1-1193; GFP.Isof3) did
not alter the blebbing behavior of control cells and did
not result in a significant increase of PM blebbing in
HeLa cells treated with DIAPH3-specific siRNA (Figure
4A and 4B). Similarly, no role in PM blebbing was ob-
served for DIAPH3 Isof7 (GFP.Isof7) that encompasses
aa 1-1112 and was previously referred to as full-length
mDia2/Drf3 [32]. We therefore tested a variant of Isof7

Figure 1 PM blebbing during HelLa cell adhesion depends on DIAPH3. Hela cells stably expressing the F-actin-binding probe
Lifeact. GFP were analyzed by wide-field live-cell imaging 2-5 h post plating on uncoated plastic or glass surfaces. Scale
bars, 10 um. (A) Adhering Hela cells display highly dynamic PM blebs. Still pictures of the indicated time points of Supple-
mentary information, Movie S1 are shown. The bottom panel depicts enlarged images of areas indicated in the top panel by
white boxes. Arrows point at individual sites of bleb formation and follow the individual blebs throughout their life cycle. Note
that expanding blebs are initially devoid of F-actin. (B) Effects of cytoskeleton-disrupting drugs on PM blebbing of adhering
Hela cells. Shown are still pictures from the indicated time points of Supplementary information, Movies S2-S4. At time point
0 s, Cyto D (2 uM), Y-27632 (10 pM) or Noco (100 pM) were added. Arrowheads point to bleb-in-bleb structures observed
after Noco treatment. (C-E) Small-scale RNAi screen for human actin nucleators. HelLa cells or Lifeact. GFP-expressing HelLa
cells were transfected with 30 pmol of the indicated siRNA SMARTpools. 96 h post transfection, cells were replated and cell
morphology and PM blebbing efficiency were analyzed on fixed cells stained for F-actin or by live-cell imaging of Lifeact. GFP-
expressing cells. (C) Quantification of the percentage of cells that displayed pronounced PM blebbing following treatment
with the indicated siRNAs. Presented are mean values + SD from five independent screening experiments, except for JMY
where the mean value of two independent experiments is shown. Blebbing efficiencies for DAAM2 and FMN2 are not shown
since low basal mRNA levels precluded assessment of knockdown efficiencies (see Supplementary information, Figure S2
for summary of individual screening rounds). At least 100 cells were analyzed for each condition. Bars in grey indicate siRNA
smartpools that induced statistically significant reduction in blebbing efficiency. (D) Western blots from lysates transfected
with control siRNA or DIAPH1 and DIAPH3-specific sSiRNA SMARTpools, respectively. The dashed line indicates where the
membrane was cut and incubated separately under identical conditions with DIAPH3-specific and secondary antibodies for
detection of low abundant, faster migrating MW species. (E) Stills of the Supplementary information, Movies S5 and S6 are
shown for control and DIAPH3 siRNA. Inset boxes represent magnified selected regions of cells, which are indicated by ar-
rows. Note the lack of PM blebbing and the pronounced cell spreading in DIAPH3 siRNA-treated cells.
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that is artificially activated by deletion of its autoinhibi-
tory DAD domain (GFP.Isof7ADAD), but is unlikely to
be expressed endogenously. Consistent with previous
reports for DIAPH3 as well as for analogous constructs
of the DIAPH3 mouse ortholog mDia2 [32-34], expres-
sion of Isof 7ADAD resulted in the formation of multiple
filopodia but not blebs independently of whether or not
endogenous DIAPH3 was depleted. In sharp contrast,
expression of isoform 1 fused to GFP (GFP.Isofl, en-
compassing residues 264-1112) in DIAPH3 knockdown
cells induced efficient PM blebbing that was sensitive to
inhibition of ROCK (Figure 4A and B, data not shown).
These cells also displayed occasional F-actin fibers (data
not shown). In contrast to the frequency with which PM
blebbing was observed, the number of blebs per individ-
ual cell was not increased by GFP.Isof1 expression (Figure
4C). Even though individual blebs induced by GFP.Isofl
were morphologically comparable to blebs of control
cells, they were distributed predominantly dorsally and
failed to cover the entire cell surface including the cell
periphery (Figure 4D). These blebs were overall less dy-
namic than typical blebs during cell adhesion but during
their formation, dynamic blebs displayed the character-
istic incorporation of F-actin at late stages of the bleb
cycle (Figure 4E). These results suggest that the different
DIAPH3 isoforms expressed in human cells exert indi-
vidual functions and that PM blebbing of adhering HeLa
cells specifically involves the DIAPH3 isoform 1. In this
scenario, DIAPH3 Isof1 is in principle sufficient to cause
PM blebbing during HeLa cell adhesion; however, ad-
ditional factors are likely involved in the coordination of
the dynamic blebbing process.

Dimerization and actin nucleation are critical for DI-
APH3-mediated PM blebbing

To explore the mechanism by which DIAPH3 facili-
tates PM blebbing, we expressed a series of DIAPH3

variants in HeLa cells (see western blot analysis in Fig-
ure 5C, bottom panel) and analyzed them at steady state
24 h post transfection. Expression levels varied between
these constructs, which however did not affect our sin-
gle-cell analysis that only considered cells with compa-
rable intensity of GFP fluorescence. GFP.Isof3 and GFP.
Isof7 localized diffusely in the cell cytoplasm and did
not cause formation of cell protrusions or affect cellular
F-actin organization (Figure 5B and 5C). Expression of
GFP.Isof 7ADAD frequently induced the potent formation
of filopodia and the formin localized to the tips of these
protrusions as well as to the PM in general. In contrast,
GFP.Isof1 triggered PM blebbing with the formin local-
izing to the bleb lumen. An alanine-to-valine polymor-
phism at position 274 of Isofl did not affect its subcellu-
lar localization or ability to induce PM blebbing. Single
alanine substitutions of residues W651 or 1725 in the
FH2 domain, which are critical in the murine ortholog
of DIAPH3, mDia2, for dimerization or actin nucleation
[35, 36] (see schematic in Figure SA), respectively, fully
abrogated bleb induction by Isofl. Both residues were
also essential for filopodia formation by Isof7ADAD
even though these mutant proteins still associated with
the PM. Similar results were obtained when PM blebbing
was observed during HeLa cell adhesion 3.5 h post plat-
ing (Supplementary information, Figure S5). This analy-
sis also indicates that the induction of filopodia occurs in
the absence of bleb formation in adhering cells.

Since transcription from the serum response element
(SRE) represents an established effector function of actin
remodeling triggered by diaphanous formins including
mouse mDia2 [37, 38], we assessed effects of DIAPH3
isoforms and mutants on SRE activation using a SRE-
luciferase reporter construct (Figure 5D). In line with the
observed absence of actin remodeling, GFP.Isof7 failed
to induce significant activation of serum response fac-
tor (SRF) transcriptional activity. In contrast, both GFP.

Figure 2 siDIAPH3 leads to decreased PM blebbing and enhanced spreading during HelLa cell adhesion, mimicking integrin
engagement. All quantifications present mean values + SD from three independent experiments. Over 100 or 25 cells were
analyzed per experiment for determination of blebbing frequencies and adhesion areas, respectively. Scale bars, 10 um. (A-B)
Hela cells were plated on uncoated or Fbn-coated coverglasses and fixed at different time points after plating. (A) Confocal
microscopy images of cells stained for F-actin at 3 h post plating. (B) Quantification of blebbing frequencies (left panel) and
cell adhesion areas (right panel). (C-D) Treatment of HeLa cells with the f1-integrin-blocking antibody 4B4 induces PM bleb-
bing on Fbn-coated surfaces. Cells were pretreated with 4B4 antibody for 30 min, detached and replated in the presence of
the 4B4 antibody onto uncoated or Fbn-coated coverglasses for 2 h. (C) Confocal images of cells stained for F-actin and (D)
quantification of blebbing frequencies are shown. Cells without antibody addition or following incubation with an isotype con-
trol antibody were used as controls; TfR, transferrin receptor. (E-F) Silencing of f1-integrin expression induces PM blebbing
on Fbn-coated surfaces. (E) Confocal images of cells stained for F-actin and (F) quantification of blebbing frequencies are
shown. The inset in F depicts a western blot from lysates of the cells used for analysis of blebbing. (G-H) Analysis of HelLa
cells treated with DIAPH3-specific or control siRNA. Cells were plated on uncoated coverglasses 96 h post siRNA transfec-
tion and analyzed for (G) morphology, (H) blebbing frequency (left panel) and adhesion area (right panel) in analogy to panels

(A-B).
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cells is marked with an asterisk, a potential isoform 1 (2.7 kb, NM_030932.3) mRNA is marked by a dot. (C-E) Western blot
analysis for identification of DIAPH3 isoforms on the protein level. (C) Lysates of 293T cells expressing HA.DIAPH3 Isof3
or Isof7 and lysates of untransfected Hela cells (-) were probed with DIAPH3- (left lanes) or HA-specific (right lanes) anti-
bodies. Dots indicate the position were the membrane was cut. (D) Western blot of lysates of 293T cell lysates expressing
HA.DIAPH3 Isof1 or untransfected HelLa cell lysates. The dashed line indicates where the membrane was cut and incubated
separately under identical conditions with DIAPH3-specific and secondary antibodies for detection of low abundant, faster mi-
grating MW species. (E) Western blot of lysates of untransfected HeLa and 293T cells analogous to D.

Isof7ADAD and GFP.Isofl triggered a potent SRF re-
sponse, demonstrating that SRF activation is not affected
by the type of cell protrusion induced by the respective
DIAPH3 variant. Notably and confirming the specific-
ity of the [725A mutation in the context of DIAPH3, the
corresponding FH2 domain mutants lacked any detect-
able SRF activation. Together, these results demonstrate
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that bleb and filopodia-inducing DIAPH3 variants differ
in their subcellular localization while they both depend
on dimerization and actin nucleation for induction of the
respective cell protrusions as well as for SRF activation.

DIAPH3 has potent actin assembly activity
Next, we assessed whether human DIAPH3 indeed
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functions as an actin nucleation and assembly factor.
To this end, FH2-DAD and FH1-FH2-DAD fragments
of DIAPH3 were recombinantly expressed and purified
(Figure 6A and 6B). In vitro analysis of F-actin assem-
bly kinetics of pyrene-actin revealed that the FH2-DAD
fragment of DIAPH3 is sufficient to polymerize actin
(Figure 6C) and that the additional presence of the FH1
domain does not significantly affect this activity (Figure
6D). Magnitude and kinetics of actin assembly were
comparable to the corresponding fragment of the mouse
counterpart mDia2 (Figure 6E). These results reveal the
human formin DIAPH3 as a potent actin assembly factor.

The GBD determines the cell protrusion specificity of DI-
APH3 variants

We then sought to define the molecular determinants
that govern the specificity of Isofl or Isof7ADAD for the
formation of PM blebs or filopodia, respectively. To this
end, we constructed a series of DIAPH3 deletion mutants
(schematic in Figure 7A) that were expressed to some-
what variable levels as GFP fusion proteins in HeLa cells
(Figure 7C, bottom panel). Of note, the filopodia-induc-
ing DIAPH3 variant GFP.Isof7ADAD lacks a C-terminal
DAD domain present in the bleb-inducing isoform 1.
Deletion of the DAD (see IsofIADAD), however, did not
affect induction of PM blebbing or localization of this
protein to the bleb lumen (Figure 7B and 7C). However,
the frequency of blebbing was slightly reduced in all
bleb-inducing DIAPH3 variants that lack a DAD (com-
pare e.g., Isofl and Isof IADAD). Thus, although the
DAD is not essential for blebbing per se, it contributes to
efficient bleb induction via DIAPH3.

The filopodia-inducing DIAPH3 proteins all contain
N-terminal regions that have been implicated in mem-
brane targeting of the mDial [39]. However, deletion of
the first 113 residues of DIAPH3 Isof7ADAD reported to
mediate membrane contacts in mDia2 (see 114-1057) did
not affect filopodia induction and tip localization (Fig-
ure 7). Furthermore, addition of the putative membrane-
targeting signal to the bleb-inducing DIAPH3 versions
(1-113/264-1112 and 1-113/264-1057) did not affect bleb
induction and also failed to target DIAPH3 to cellular
membranes (Figure 7). Therefore, the N-terminal 113
amino acids of DIAPH3 are unlikely to determine mem-
brane association or protrusion specificity of DIAPH3.

In contrast, further N-terminal deletions into the GBD
of the filopodia-inducing Isof7JADAD shifted DIAPH3's
biological properties and turned the protein into a bleb-
inducing variant that was now recruited to the bleb-
lumen. This phenotype was induced already by small
truncations (151-1057) and persisted upon further dele-
tion into the GBD/FH3 region (Isof7ADADAGBD).

These findings implicate a central role for the GBD/FH3
region in determining protrusion specificity, which was
further supported when analyzing blebbing in DIAPH3-
expressing HeLa cells 3.5 h post plating (Supplemen-
tary information, Figure S6). Of note, introduction of a
H181D mutation known to disrupt the interaction be-
tween the mDia2-GBD and Cdc42 [34, 40], did not affect
filopodia induction and failed to promote bleb formation
by Isof 7ADAD (see Isof 7ADAD HI181D, Figure 7B).
Together, these results reveal the GBD as a key determi-
nant for subcellular targeting and protrusion specificity
of activated human DIAPH3 and further define isoform
1 as a non-GTPase-regulated protein that is specifically
involved in PM blebbing.

Discussion

PM blebbing is observed under distinct physiological
scenarios triggered by a variety of extracellular cues. De-
spite this diversity, bleb dynamics follows common prin-
ciples and relies on Rho-ROCK-mediated contractility.
Only few studies previously addressed the involvement
of specific actin nucleators in PM blebbing. Using exper-
imental systems in which PM blebbing was induced by
genetic manipulation or protein overexpression, nuclea-
tors such as mDial, mDia2, FHOD1, Arp2/3 that are also
involved in the regulation of diverse additional cellular
actin remodeling events were implicated in blebbing
[12, 41-43]. In this present study, we conducted a com-
prehensive analysis of the involvement of endogenously
expressed human actin nucleators in PM blebbing of ad-
hering HeLa cells. siRNA screening identified six nucle-
ators with essential roles in PM blebbing. Even though
overexpression of individual nucleators may be sufficient
for the induction of blebbing, these results suggest that
physiologically, several nucleators may cooperate to co-
ordinate PM blebbing. Conceivably, the set of nucleators
involved may differ between cell types and bleb stimuli.
Identified already as a prerequisite for PM blebbing dur-
ing amoeboid invasion of cancer cells [41], Dial may
represent a nucleator with roles in a broad range of PM
blebbing scenarios. Interestingly, with Spirl and FMNI,
we also identified two nucleators that cooperate in regu-
lated actin remodeling [44, 45], and addressing their spe-
cific role in PM blebbing will be an interesting goal for
future studies.

Since the human formin DIAPH3 is not very well
studied, we decided to investigate its potential involve-
ment in bleb protrusions further. Partial inhibition of DI-
APH3 expression not only efficiently reduced PM bleb-
bing but also triggered rapid cell spreading. The murine
ortholog of DIAPH3, mDia2, also exerts well-established
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roles in diverse cellular processes such as formation of
filopodia or lamellipodia and completion of cytokine-
sis [32-34, 37, 46, 47]. Our results suggest that distinct
DIAPH3 isoforms, generated by alternative splicing,
govern specific biological processes as an important
source for such apparent multifunctionality. Since cell
type- or organelle-specific isoforms were also identified
for hDia2C and FHOD?3 [48, 49], human cells likely dis-
play a significantly higher complexity of actin nucleator
proteins than currently appreciated. Conceivably, cells
likely adjust the composition and regulation of this pool
of actin-remodeling factors to meet specific needs.

In the case of HeLa cells, ectopic expression of DI-
APH3 Isofl induced blebbing irrespective of whether
or not expression of endogenous DIAPH3 was silenced.
While this identifies Isofl as sufficient for the induction
of PM blebbing, bleb number, position and dynamics
were not fully restored upon exclusive expression of
Isofl. Consistent with the fact that our various siRNA
approaches all induced silencing of several DIAPH3 iso-
forms in addition to Isofl, these results indicate that dif-
ferent DIAPH3 isoforms may cooperate in the coordina-
tion of dynamic PM blebbing. Alternatively, the elevated
per cell levels of Isofl following ectopic expression rela-
tive to those observed for endogenous Isofl may inter-
fere with the proper organization of blebbing. In addition
to the identification of DIAPH3 Isofl as a novel regulator
of PM blebbing, our results confirmed that a constitutive
active version of DIAPH3 Isof7 (Isof/ADAD) triggers
formation of filopodia. Despite these different protru-
sion specificities, introduction of specific mutations that
interfere with dimerization and/or actin nucleation by the
FH2 domain completely inhibited generation of cell pro-
trusions as well as SRF activation by both DIAPH3 vari-
ants. Together with the demonstration of potent in vitro

actin nucleation by the FH1-FH2-DAD DIAPH3 module,
these results reveal that DIAPH3 exerts classical formin
functions. However, subcellular localization and biologi-
cal outcome of the respective actin assembly activity of
different isoforms were strikingly different. Truncation
mutagenesis revealed that the N-terminus of Isof7, which
is lacking in the bleb-inducing Isofl, is responsible for
this functional difference. Since filopodia induction cor-
related with PM localization of the formin, we analyzed
whether a putative membrane-targeting region in the far
N-terminus was essential for this activity [39]. How-
ever and in agreement with a recent study on mDia2
[50], we failed to detect a significant contribution of
the N-terminus of DIAPH3 for filopodia formation and
membrane recruitment. Instead, we found that the GBD
of Isof7ADAD was crucial for membrane association as
well as for filopodia induction. Moreover, deletion of the
GBD from DIAPH3 Isof7 switched this isoform from a
membrane-associated promoter of filopodia formation to
a cytoplasmic inducer of blebbing. Since the GBD was
fully preserved in the context of a DAD deletion and thus
absence of intramolecular autoinhibition of DIAPH3, we
conclude that this region likely exerts additional func-
tions beyond GTPase binding and regulation of autoinhi-
bition. Our results strongly suggest that subcellular tar-
geting, in the case of filopodia formation by DIAPH3 to
the PM, represents such an activity. Given its similarity
to Isof7, the activity of DIAPH3 Isof3 might be regulated
by identical mechanisms.

Surprisingly, our results with DAD-deleted versions of
Isofl revealed a contribution of this domain to the effi-
ciency of PM blebbing. In contrast to the classical role in
autoinhibition of diaphanous formins, however, deletion
of the DAD slightly decreased rather than stimulated the
biological activity of DIAPH3. While this provides an-

Figure 4 A specific isoform of DIAPH3 mediates PM blebbing during HeLa cell adhesion. (A-C) HelLa cells were transfected
with control or DIAPH3-specific siRNA. Transfections with GFP.DIAPH3-encoding plasmids were performed 48 h post siRNA
treatment. 24 h post plasmid transfection, cells were replated on uncoated surfaces for 3.5 h. (A) Wide-field microscope im-
ages of cells stained for F-actin (red) as well as GFP fluorescence (green) are shown. Scale bars, 10 um. Right panels de-
pict enlarged merged pictures of areas indicated by white boxes. Scale bars, 2.5 um. (B) Quantification of the frequency of
transfected cells that display blebs or filopodia. Data are mean + SD from three independent experiments with at least 100
cells analyzed per experiment. (C) Quantification of bleb number per cell. Z-stacks of individual cells transfected with siRNA
and plasmid DNA as indicated were acquired and blebs were counted manually. (D) HelLa cells were transfected with the
indicated expression constructs. 24 h post transfection, cells were replated on uncoated surfaces for 3.5 h. Z-stacks of fixed
cells stained for F-actin were acquired by spinning disk microscopy. Z-stacks were combined and the coronal and sagittal
planes as indicated by white lines as well as maximum projection images are shown. Scale bars, 10 um. (E) HelLa cells sta-
bly expressing Lifeact. GFP were transfected with an expression construct for mCherry.DIAPH3 Isof1. 24 h post transfection,
cells were replated on uncoated glass surfaces and analyzed by wide-field live cell imaging 3.5 h post plating. Still pictures
of Lifeact.GFP in a cell expressing mCherry.DIAPH3 Isof1 (mCherry fluorescence not shown) are depicted at the indicated
time points of the movie. Scale bar, 10 um. The bottom panel shows enlarged images as indicated in the top panel by white
boxes. Arrow points at a dynamic bleb that incorporates F-actin in its rim at later stages of bleb life cycle. Scale bar, 5 um.
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other indication for the lack of autoinhibition in DIAPH3
Isofl, this also suggests that the DAD may play an active
role in DIAPH3 actin remodeling. Such an activity could
be related to the potential ability of the DAD to regulate
the activity of other formins in trans [38] or to recruit
factors that facilitate DIAPH3-mediated actin remodel-
ing.

Together, our results can be integrated into the follow-
ing model to explain how different DIAPH3 isoforms are
selectively involved in the formation of specific cell pro-
trusions. DIAPH3 Isof7 is typically present in its auto-
inhibited form in the cytoplasm of cells. Engagement of
its GBD will recruit the formin to the PM and release its
autoinhibition. This recruitment may rely exclusively on
the interaction with GTPases such as Cdc42 or Rif and
may also involve yet-to-be defined alternative interac-
tions of the GBD. Once localized to the PM in its active
form, FH2-mediated actin assembly drives formation of
filopodia with the formin localizing to the filopodia tip.
In contrast, DIAPH3 Isofl resides in the cell cytoplasm
in an active form lacking autoinhibition. Subsequent to
yet unknown regulation that may involve subcellular
targeting and/or post-translational modifications but
not GTPase-mediated activation, actin nucleation by
this DIAPH3 isoform promotes dynamic PM blebbing.
Since PM blebbing in our experimental system is only
observed at early time points of cell adhesion and subse-
quently diminishes in spreading cells, this process must
be negatively regulated by extracellular cues. Our results
suggest that integrin engagement can provide such a
signal to blunt PM blebbing and to promote cell spread-
ing. The precise molecular mechanism of this regulation
clearly requires further investigation but likely involves
termination of stimulatory signals or modulation of DI-
APH3 by the integrin cascade.

In sum, we identify PM blebbing and filopodia for-

mation as specific functions that can be exerted by the
DIAPH3 isoform 1 or isoforms 7 and 3, respectively and
reveal that subcellular targeting by the GBD determines
the specific biological outcome of DIAPH3-mediated
actin assembly. The presence of actin nucleator isoforms
with specific biological properties expands the plasticity
of human cells for dynamic actin rearrangements in re-
sponse to physiological cues.

Material and Methods

Expression constructs, reagents and antibodies
DIAPH3 cDNAs (NM_030932.3 and BC034952.1) were PCR

amplified from Ultimate™ ORFs IOH26769 and IOH62076, re-
spectively, in Gateway entry vectors (Invitrogen) and cloned into
EcoRI/Kpnl sites of pEGFP-C1. NM_030932.3 and BC034952.1
correspond to the DIAPH3 isoform 1 or its A274V polymorphism,
respectively. EGFP-Drf3 full-length (DIAPH3 isoform 7) and
EGFP-Drf3 delta DAD (DIAPH3 isoform 7ADAD) were gifts
from J Faix [32]. The EGFP-tagged DIAPH3 Isof3 was generated
by ligation of the fragments 1-3 318 bp (amplified from the EGFP-
Drf3 full-length construct) and 3 319-3 582 bp (amplified from
HelLa ¢cDNA) into the Xhol/Kpnl sites of pEGFP-C1. The HA-
tagged versions of DIAPH3 Isofl, Isof3 and Isof7 were construct-
ed by PCR amplification of the individual isoforms with forward
primers containing the HA-tag coding sequence and ligated into
the Agel/Kpnl sites of pEGFP-C1. mCherry.DIAPH3 Isofl was
generated by EcoRI/Kpnl digestion of the pEGFP-C1.DIAPH3
Isofl plasmid and subsequent ligation of the released insert into
pmCherry-C1. Dimerization and actin nucleation-deficient mutants
were generated in analogy to mouse mDia2 [35] by site-directed
mutagenesis using the DIAPH3 expression constructs for Isof7,
Isof7ADAD, Isofl and Isofl A274V as template, respectively. The
Cdc42-binding mutant of DIAPH3 isoform 7ADAD (Isof7ADAD
H181D) was generated in analogy to mouse mDia2 [34] by site-di-
rected mutagenesis of DIAPH3 isoform 7ADAD construct. N- and
C-terminal DIAPH3 deletion constructs were generated by PCR
amplification and were cloned into pEGFP-C1. The 1-113/264-

Figure 5 Specific DIAPH3 variants selectively induce PM blebs or filopodia in a dimerization and actin nucleation-dependent
manner. (A) Schematic representation of the DIAPH3 constructs used. Amino-acid numbering and domain layout is based
on the Swiss-Prot database. GBD, GTPase-binding domain; FH, formin homology domain; DID, diaphanous inhibitory do-
main; DAD, diaphanous autoregulatory domain. Point mutations are indicated by black bars, W651A and I725A designates
DIAPH3 mutant proteins deficient in dimerization and actin nucleation, respectively. The right panel summarizes the effects
of the various DIAPH3 constructs on blebs and filopodia induction as well as their subcellular localization. (B-C) HelLa cells
were transfected with expression constructs for the indicated GFP.DIAPH3 fusion proteins and fixed 24 h post transfection.
(B) Confocal images of cells stained for F-actin (red) as well as GFP fluorescence (green) are shown. Scale bars, 10 pm.
The bottom panel depicts enlarged merge pictures of the areas indicated in the top panel by white boxes. Scale bars, 5 um.
(C) Quantification of the frequency of transfected cells that display blebs or filopodia. Data are mean + SD from three inde-
pendent experiments with at least 100 cells analyzed per experiment. The bottom panel depicts a western blot from lysates
of cells transfected with the indicated expression constructs. (D) Quantification of SRE transcription. NIH3T3 cells were co-
transfected with pTK-Renilla, a 5x SRE-Luc reporter plasmid and the indicated GFP.DIAPH3 expression construct and ly-
sed 24 h post transfection. Luciferase activity was measured and normalized for transfection efficiency. Fold activation was
calculated relative to samples transfected with the pEGFP-C1 vector control. Data are mean + SEM from three independent

experiments performed in triplicates.
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Figure 6 DIAPHS3 exerts potent actin nucleation activity. (A-B) Purified His.DIAPH3 fragments were separated by 12% SDS-
PAGE followed by (A) Coomassie staining and (B) western blotting using a DIAPH3-specific antibody. (C-E) Pyrenyl actin
assembly assays were performed with 2 uM actin, 10% pyrene labeled, and respective DIAPH3 or mDia2 fragments as indi-
cated. (C) DIAPH3 FH2/DAD, (D) DIAPH3 FH1/FH2/DAD, (E) mDia2 FH1/FH2/DAD. Actin was assembled in control buffer or
in the presence of different concentrations of individual proteins as indicated. Actin assembly activity is displayed in fluores-
cence arbitrary units (AU). FH, formin homology domain; DAD, diaphanous autoregulatory domain.

1112 DIAPH3 construct was generated by ligation of two distinct
PCR fragments into pEGFP-C1. Expression constructs for GFP-
tagged C3 transferase and for Myc-tagged GTPases were de-
scribed earlier [12]. Transfection of plasmid DNA was performed
using Lipofectamine 2000 (Invitrogen).

Reagents were as follows: Alexa Phalloidin-TRITC (Sigma),
Phalloidin-FITC (Sigma), Cyto D (Sigma), Y-27632 (Calbiochem),
Noco (Calbiochem), Mowiol 4-88 (Sigma) and Fbn (Sigma). 2.5
g Fbn per cm” was used for coating.

Antibodies used were as follows: rabbit anti DIAPH3 (Pro-
teinTech Group), rabbit anti DIAPH3 (Sigma-Aldrich), rabbit anti

www.cell-research.com | Cell Research

phospho-myosin light chain 2 (Ser19) (Cell Signaling), rabbit anti
phospho-Src (Tyr416) (Cell Signaling), rabbit anti phospho-Ezrin
(Thr567)/Radixin (Thr564)/Moesin (Thr558) (Cell Signaling),
rabbit anti HA Y-11 (Santa Cruz), mouse anti c-Myc 9E10 (Santa
Cruz), mouse anti o-tubulin clone B-5-1-2 (Sigma), mouse anti p1-
integrin (BD Biosciences), mouse anti-human TfR (Zymed Labo-
ratories), mouse anti pl-integrin 4B4 (Beckman Coulter), mouse
anti vinculin (Sigma-Aldrich), mouse anti GFP (Sigma), goat anti-
rabbit Alexa Fluor 488 (Invitrogen), biotin-rat anti-mouse (Invitro-
gen), Cy3-conjugated streptavidin (Jackson ImmunoResearch).
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Figure 7 The GTPase-binding domain determines the protrusion specificity of individual DIAPH3 variants. (A) Schematic
representation of DIAPH3 constructs used. Amino-acid numbering and domain layout is based on the Swiss-Prot database.
GBD, GTPase-binding domain; FH, formin homology domain; DID, diaphanous inhibitory domain; DAD, diaphanous auto-
regulatory domain. Effects on blebs and filopodia induction by distinct constructs and construct localization are summarized
in the right panel. (B-C) HelLa cells were transfected with the indicated GFP.DIAPH3 expression contsructs and fixed 24 h
post transfection. (B) Confocal images of cells stained for F-actin (red) as well as GFP fluorescence (green) are shown. The
bottom panel depicts enlarged merge pictures of the areas indicated in the top panel by white boxes. Scale bars, 5 um. (C)
Quantification of the frequency of transfected cells that display blebs, filopodia or both types of protrusions. Data are mean *
SD from four independent experiments with at least 100 cells analyzed per experiment. The bottom panel depicts a western
blot from lysates of cells transfected with the indicated expression constructs.
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Cell lines and culture

HeLa cells/HeLa cells stably expressing Lifeact. GFP and 293T
cells were cultivated in DMEM medium with 4.5 g/l glucose,
NIH3T3 cells in DMEM medium with 1.0 g/l glucose (Invitrogen)
supplemented with 10% fetal calf serum (FCS) and antibiotics. For
stable expression of Lifeact. GFP in HeLa cells, the respective cod-
ing sequence was cloned into BamHI and Smal restriction sites of
pWPXL (Addgene) from a Lifeact encoding pEGFP-N1 plasmid
provided by R Wedlich-Séldner [27]. Subsequently, pWPXL/Life-
act.GFP was co-transfected with psPAX2 (Addgene) and VSV-G-
expressing plasmids into 293T cells and virus was harvested 72 h
post transfection. Spin infection of HeLa cells was performed in
presence of Polybrene (Sigma) and HeLa cell clones with stable
Lifeact.GFP expression were selected by FACS sorting.

Immunostainings and microscopy

To detach HeLa cells, SmM EDTA was applied and cells were
subsequently replated into new dishes containing coverglasses for
3.5 h (or different time points where indicated). For F-actin stain-
ing, cells grown on coverglasses were fixed with 8% paraformal-
dehyde for 15 min, washed with PBS, permeabilized with 0.1%
Triton X-100 and incubated with fluorescently conjugated Phalloi-
din at room temperature for 1 h. For antibody staining, cells were
fixed and permeabilized, blocked with 1% BSA in PBS for 1 h and
then stained with appropriate primary and secondary antibodies
(room temperature, 1 h). For phospho antibodies, TBS was used
instead of PBS and staining with primary antibody was performed
at room temperature for 3-4 h. For vinculin staining, a biotin-
conjugated secondary antibody was used followed by a staining
with conjugated streptavidin for signal enhancement. Coverglasses
were mounted in Mowiol. For live-cell imaging with subsequent
drug addition, HeLa cells stably expressing Lifeact. GFP were
replated into p-Slides 8-well (Ibidi). Individual drugs or solvent
were added during the imaging at final concentrations: 2 uM Cyto
D, 10 uM Y-27632 and 100 uM Noco, respectively. Cells were
quantified, imaged and live-cell microscopy of drug-treated cells
was performed using an Olympus [X81 microscope with cellM
software. Live-cell microscopy of HeLa cells stably expressing
Lifeact GFP during the siRNA screen was performed on a Zeiss
Axiovert 200 M microscope with Metamorph Software equipped
with incubation chamber. Confocal images were taken using Zeiss
LSM 510 Axiovert, Leica TCS SP5 or Perkin Elmer spinning disk
confocal ERS6-line (Nikon Imaging Center Heidelberg) micro-
scopes. The presence of blebs was assessed microscopically in the
F-actin channel and cells were scored positive for blebbing if three
or more well-visible blebs protruded from their cell surface.

SiRNA knockdowns

For siRNA screen-mediated knockdowns, cells were trans-
fected with 30 pmol of SMARTpool siRNA, i.e., four oligo-
nucleotides targeting distinct sites in RNA (Dharmacon). See
Supplementary information, Figure S7 for catalog numbers and
target GENE IDs for formin nucleators and Supplementary in-
formation, Figure S8 for the target sequences of the DIAPH3
smartpool in diaph3 isoforms. For hDia2C, the siRNA sequence
5'-ucuauaguuggaaguaaagtt-3’ was used. Unspecific control siRNA
(MWG) sequence: 5'-agguaguguaaucgccuugtt-3'. Briefly, siRNA
was diluted in Opti-MEM I medium (Invitrogen), Lipofectamine
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RNAIMAX (Invitrogen) was added and the mixture was incubated
at room temperature before being added to diluted cells in com-
plete medium seeded simultaneously into 6-well plates. Cells were
incubated without medium change. Cells were replated on un-
coated coverglasses for analysis of fixed cells or on Glass Bottom
Microwell Dishes (MatTek Corporation) for live-cell imaging 96 h
post siRNA transfection. For adhesion area measurement/vinculin
staining and siRNA rescue experiments, cells were transfected
with a single siRNA derived from the DIAPH3 SMARTpool,
target sequence: 5'-guagacauuugcauagauc-3'. For siRNA rescue
experiments, GFP.DIAPH3 expression constructs were transfected
48 h post siRNA transfection and cells were replated on uncoated
coverglasses 24 h post plasmid transfection. Knockdown efficien-
cies were determined by qPCR. Total RNA was isolated using
Trizol (Invitrogen) followed by chloroform extraction, precipi-
tated with isopropanol and dissolved in water (Merck). RNA was
treated with TURBO DNase (Applied Biosystems) and reverse
transcribed using M-MuLV reverse transcriptase (BioLabs). gPCR
was performed with 7500 System Software (Applied Biosystems)
using Power SYBR Green PCR Master Mix (Applied Biosys-
tems). Primers used for qPCR are summarized in Supplementary
information, Figure S9 and were partially validated previously
[28]. The DIAPH3 amplicon is between 3154-3255 bp of DIAPH3
Isof3 and is thus present within all putative isoforms except for
Isof2. For B1-integrin knockdown, a validated siRNA from Qiagen
was used (Hs ITGB1 5 FlexiTube siRNA; SI00300573) and the
knockdown efficiency was determined by western blotting.

Northern blotting

Northern blot analysis and in vitro transcription was performed
as described previously [51]. In brief, total RNA was isolated from
HeLa, NIH3T3 and 293T cells using Trizol following the instruc-
tions of the manufacturer (Invitrogen). 10 ng of total RNA was de-
natured by treatment with 5.9% glyoxal in 50% dimethylsulfoxide
and 10 mM sodium phosphate buffer, pH 7.0 separated by electro-
phoresis on a 1% agarose gel in 10 mM sodium phosphate buffer,
pH 7.0 and transferred to a positively charged nylon membrane in
0.1 M NaOH using a vacuum blotting device. Prior to hybridiza-
tion, the membrane was stained with methylene blue to localize
the 28S rRNA. Hybridization followed standard techniques [52]
using a *’P-labelled negative sense riboprobe for detection of mR-
NAs encoding DIAPH3 isoforms.

To generate a template for in vitro transcripts correspond-
ing to the coding sequence of DIAPH3 isoform 1, the gene was
amplified by PCR and fused to a T7-promoter using forward
primer 5’'-ttgtaatacgactcactatagggatgagtgaggagaggagcect-3' and
reverse primer 5'-ttataaatacggtttattaccatgg-3’ on plasmid template
pEGFP-C1/DIAPH3 isoform 1 (264-1 112). For detection of dif-
ferentially spliced DIAPH3 transcripts, a region encompassing
1.1 kb of the 5'-coding region of Isofl (corresponding to 5-1 111
bp of DIAPH3 isoform 1) was amplified using forward primer 5'-
gtgaggagaggagcctttcc-3' and reverse primer 5'-ttgtaatacgactcacta
tagggacccaaatggcaggattggta-3' to generate a template suitable for
negative strand probe synthesis. All PCR products were purified
by phenol/chloroform extraction. /n vitro transcription and purifi-
cation of transcripts was done as described [51].

In vitro actin nucleation assay
Human DIAPH3 FH2/DAD (amino acids 616-1093), DIAPH3
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FH1/FH2/DAD (amino acids 561-1 093), and mouse mDia2 FH1/
FH2/DAD (amino acids 534-1171) cDNA fragments were cloned
into the pET20 + 2x His vector. Proteins were expressed in the
DE3 E. coli strain at 25 °C for 4 h and purified using NiNTA aga-
rose beads (Qiagen) and polypropylene columns (Qiagen). Pro-
teins were dialyzed against 2 mM NaH,PO, pH7, 150 mM NaCl, 0.1
mM EGTA, 0.1 mM MgCl,, 0.5 mM DTT. Pyrenyl actin assembly
assays were performed with minor modifications, as described
[54] using a reaction mix containing 10 pl energy-regenerating
mix (150 mM creatine phosphate, 20 mM ATP, 2 mM EGTA, 20
mM MgCl,), 10 pl pyrene-labeled actin (2 uM final concentration,
10% labeled; Hypermol) and proteins at required amounts. Pyrene
fluorescence was measured at 407 nm with excitation at 365 nm,
and the kinetics of actin filament assembly were monitored using a
SHIMADZU RF-5301PC spectrofluorphotometer.

Determination of SRE activity

SRE reporter assays were carried out essentially as described
[55]. Briefly, NIH3T3 cells were co-transfected with pTK-Renilla
and 5x SRE-Lucreporter plasmid provided by A Alberts [37, 38]
together with expression plasmids for GFP.DIAPH3 fusion pro-
teins using Lipofectamine 2000. Following transfection, cells were
starved in a medium containing 0.5% FCS. 24 h post transfection,
cells were lysed and luminescence measurement was performed
according to manufacture’s instructions (Dual Luciferase Reporter
Assay System, Promega).

Statistical analysis and software

Statistical significance was calculated by students ¢-test analy-
sis (¥**P < 0.0005; **P < 0.005; *P < 0.05; n.s., not significant).
Calculations were performed with Microsoft Excel or GraphPad
Prism software, image editing was performed using Adobe Photo-
shop and Illustrator CS4. For adhesion area measurements, confo-
cal images of cells were acquired at the sites of attachment to the
coverglass. Adhesion areas were quantified with the ImageJ soft-
ware using a freehand tool to define the cell boundary. The ImagelJ
Stack-Z-function Plugin was applied to generate maximum projec-
tion images or sagittal and coronal planes from single z-stacks.
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