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The discovery of small molecule inhibitor of formin homology 2 domains (SMIFH2) has provided a unique tool to explore
formins’ functions from the molecular to the organismal scales. Due to the important pathophysiological roles of formins in
eukaryotes, SMIFH2 has been widely used.
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| 1. Introduction

Formin family proteins are key regulators of the cytoskeleton and are involved in a wide variety of essential processes in
eukaryotic cells W, Different formins are endowed with variable biochemical activities on actin and tubulin, but their
functions are typically fulfiled by formin homology (FH) 1 and 2 domains (Figure 1), which form an evolutionarily
conserved tandem [IZE! The FH1 domain harbors several profilin-binding motifs and modulates the nucleation and
elongation of linear actin filaments with the adjacent FH2 domain, which forms a donut-shaped dimer W&, |n mammals,
the formin family comprises fifteen proteins W&E, Diaphanous-related formin 3 (DIAPH3) or its functionally equivalent
and 85% identical mouse homologue Diap3 (aka mDia2), its paralogues DIAPH1 and DIAPH2 (mDial and mDia3 in mice,
respectively), and seven other formins share a common multi-domain architecture and make up the Diaphanous-related
formin (Drf) subfamily [ (Figure 1). The N-terminus of Drfs comprises a GTPase-binding domain (GBD) for activated Rho
A-C and F, followed by a Diaphanous Inhibitory Domain (DID) and a Dimerization Domain (DD) that mediates homo-
oligomerization @28, |nterestingly, DIAPH3 also harbors a partial Cdc42 Interactive Binding region (CRIB), to which
activated Cdc42 binds, partially embedded in the GBD . The C-terminal region of Drfs has a Diaphanous Auto-regulatory
Domain (DAD) that interacts with the N-terminal DID, thereby holding Drfs in a ‘closed’ auto-inhibited conformation L[2IE],
The binding of activated Rho to the GBD and the phosphorylation of two residues flanking the DAD can break the DID—
DAD interaction and convert Drfs to the ‘open’ active conformation W& |n keeping with this, mutations disrupting the
DID-DAD interaction render Drfs constitutively active €14, Furthermore, the DAD of mDial may assist actin nucleation
using the FH2 8 although it is unknown whether this is a general Drf property.
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Figure 1. Mammalian formins. Schematic representation of the multi-domain organization of the fifteen mammalian
formins, grouping together those belonging to the Drf subfamily. Domains are color-coded, and their names are shown in
the box (GBD: GTPase-binding domain; DID: Diaphanous inhibitory domain; DD: dimerization domain, CC: coiled-coil
region; FH1: Formin Homology domain 1; FH2: Formin Homology domain 2; DAD: Diaphanous auto-regulatory domain;
FSI: Formin-Spire interaction domain; PDZ: Postsynaptic density 95, Discs large, Zona occludens-1 domain; M:
microtubule binding domain; WH2/DAD: WASP homology 2-like domain/DAD). Predicted molecular weight or weight
ranges are indicated (kDa) close to the subfamily name. The CRIB domain is not displayed because it overlaps with the
GBD.



The FH1-FH2 of the majority of mammalian formins is sufficient to stabilize microtubules (MTs) via acetylation and to
induce coalignment between actin stress fibers and MTs in cells [&. In particular, the FH1-FH2 of mDia2 was shown to
bind and to stabilize MTs independently of actin binding and nucleation with the assistance of the C-terminal region 19,
However, the mDia2-mediated actin assembly is required for stable MTs to be able to reach the cell periphery 29, and the
binding of MTs to the C-terminal region of mDia2 inhibits actin nucleation 1, thus pointing toward an interplay between
the regulation of actin and the MTs. Upon activation by upstream signals and conversion to the open conformation, full-
length mDial and mDia2 may also stabilize cellular MTs indirectly by forming a complex with MT-regulatory proteins 12,

The unique ability to control both actin and MT dynamics qualifies formins as ideal master regulators of the crosstalk
between cytoskeletal networks I; accordingly, all eukaryotes rely on one or more formin-family protein(s) to locally
modulate the actin cytoskeleton and MTs. Formins have been implicated in several developmental and homeostatic
cellular processes such as actin-based mitochondrial fission 2], actin- and MT-based vesicle and organelle trafficking 14!
(151 actin-based ciliogenesis 18, actin-based membrane protrusion I8 actin-dependent endocytic pathways 29211,
the establishment and maintenance of polarity for (asymmetric) cell division (2223l and cell migration L. They also affect
actin-dependent cell signaling and gene transcription, and genomic integrity 2411231, Not surprisingly, germline and somatic
mutations perturbing formins’ activity and/or expression are associated with a growing number of pathological conditions,
including developmental defects of the heart, nervous system, and kidney and aging-related diseases, inherited human
diseases, and cancer [28]27],

However, the large number of formins and the seemingly functional redundancy among certain family members make it
cumbersome to attribute a given cellular function to a specific formin by means of gene knockout or knockdown
approaches. Furthermore, this is also a roadblock to studies requiring rapid inhibition of formin function. In this context,
both pan-formin as well as formin-specific inhibitors would greatly benefit research in the field. As such, the discovery of
small molecule inhibitor of formin homology 2 domains (SMIFH2) 28 has provided a unique tool to explore formins’
functions from the molecular to the organismal scales. Due to the important pathophysiological roles of formins in
eukaryotes, SMIFH2 has been so widely used that a Google Scholar search for ‘SMIFH2’ returned 835 entries as of May
2023. About half of them appear to be peer-reviewed scholarly contributions.

| 2. SMIFH2 Discovery and Characterization In Vitro and in Cells

Small molecule inhibitor of formin homology 2 domains (SMIFH2), a 2-thiooxodihydropyrimidine-4,6-dione derivative, was
identified in 2009 among approximately 10,000 commercially available small molecules (ChemBridge, San Diego, CA,
USA) screened for the ability to prevent actin assembly induced by the FH1-FH2 of mDial and of mDia2 in vitro [28l,

SMIFH2 was also able to fully inhibit profilin-actin assembly [half maximal inhibitory concentration (ICsp) 15 pM] and
exhibited specificity for formin-mediated actin assembly; indeed, it did not affect spontaneous polymerization of actin
monomers or barbed-end elongation, or actin polymerization stimulated by the Arp2/3 complex (28], This and the fact that it
is active on at least six of the seven mammalian formin subfamilies (ICsq from 6 to 30 uM) 22 as well as on formins from
evolutionarily distant species (ICsp from 5 to 15 pM) 28 qualify SMIFH2 as a general inhibitor of actin assembly mediated
by formins. The ICsq for formin-mediated elongation of actin filaments was 4.0 pM 28 suggesting that SMIFH2 is more
potent on formin-induced actin-filament elongation than nucleation. Consistent with formins associating processively with
the actin filament's barbed end and thereby accelerating its elongation in the presence of profilin-actin &, SMIFH2
decreased the affinity of formins for the barbed ends with an ICsq of about 30 uM 28, thus less efficiently than nucleation
and elongation. However, it should be noted that the ICsqg for formin-dependent nucleation obtained from TIRF-based
single-filament actin polymerization assays returned a more closely matching value (25 pM) 1281,

Treatment of fission yeast cells with 25 yM SMIFH2 for 30 min resulted in the disappearance of formin-dependent actin
cables and contractile actin rings 28], whereas actin patches, the formation of which relies on the activity of the Arp2/3
complex, were not affected (28, Nevertheless, a much lower concentration of SMIFH2 was sufficient to induce a full
disassembly of the actin cables as compared with the actin rings (2.5 uM vs. 25 pM) 28 This could be due to either the
inherently different stability of these actin structures or to Fur3 being more sensitive than Cdcl12 to SMIFH2. Interestingly,
10 uM SMIFH2 perturbed the localization of type Il myosin (Myo2) at the contractile ring, even though this actin-based
structure was intact (28], Despite the fact that these observations hinted that SMIFH2 could interfere with the activity of
myosins, as recently proven in animal cells B9, this possibility was neglected.

SMIFH2 induced cytotoxicity in immortalized murine fibroblasts (NIH3T3 cells) (ICsg 28 UM at 24 h post treatment) and the
appearance of large, presumably apoptotic blebs already at 6 h after the addition of 30 pM SMIFH2 28], Such cytotoxic
effects might have a cell-type-specific threshold, as a much higher ICsq (75 uM) was observed in A539 lung carcinoma



cells. This contention should however be taken with caution because 30 pM of SMIFH2 fully arrested cell growth in both
cell lines 281, Consistent with this latter finding and the multinucleation of SMIFH2-treated NIH3T3 cells (28 mitotic events
were rare in cells exposed to 25 yM SMIFH2 B, |n addition, massive rapid cell death that was independent of p53 status
or levels was observed in a number of mammalian cell lines at SMIFH2 concentrations higher than 25 uM 11,

Lamellipodium formation in NIH3T3 cells was reduced by SMIFH2 in a dose-dependent manner and fully suppressed
upon treatment with 30 uM SMIFH2 for 6 h 28], Accordingly, 10 uM of SMIFH2 halved the migration speed of NIH3T3 cells
and reduced the percentage of cells with thick stress fibers 28, The SMIFH2-induced loss of stress fibers was dose-
dependent, and the 5% of the treated cells devoid of stress fibers showed instead peripheral lamellipodia and reduced
focal-adhesion size 28], Six SMIFH2 analogues were tested, showing that their ability to inhibit formins in vitro could be
correlated with the disruption to actin cables and the contractile ring in fission yeast, whereas none of them perturbed the
actin patches. Surprisingly, these analogues did not affect the actin cytoskeleton in NIH3T3 cells 28, A subsequent in-
depth systematic study revealed that lamellipodium/ruffle formation increased between three and five hours of SMIFH2
treatment, and this temporally correlated with enhanced migratory abilities B1. Directionality was not concomitantly
affected, suggesting that SMIFH2 affects cell motility by transiently modulating actin-based protrusion B2,

Although formins regulate MT dynamics, whether and how SMIFH2 affects MTs was not investigated until several years
later. In  mammalian cells, a single dose of 25 pM SMIFH2 was found to induce alternated
depolymerization/repolymerization cycles of actin and tubulin B, To shed light on this unexpected result, cells were
treated with 25 yM SMIFH2, and the SMIFH2-contaning medium was replaced every two hours. Under these conditions,
progressive and persistent depolymerization of both F-actin and MTs could be observed. Given that the SMIFH2-
containing medium was prepared at the beginning of the time course, the depolymerization-repolymerization cycles of
actin and MTs were due to intracellular SMIFH2 breakdown and/or inactivation rather than intrinsic instability 1. The
integrity of the Golgi complex was damaged by SMIFH2, which was in good agreement with its effects on actin and MT
dynamics (311,

The mechanism of action of SMIFH2 remains ill-defined, and the binding site on its target proteins are hitherto unknown.
Notwithstanding this, the discrepancies outlined above raise the possibility that SMIFH2 and/or its analogues could have
species-specific off-target effects and affect the activity of other proteins in addition to inhibiting formins. In recent years,
unappreciated SMIFH2 targets have been discovered serendipitously B2 and through both candidate approaches B9 and
unbiased high-throughput screens (see PubChem bioassays below).

| 3. Identification of Mammalian Myosins and Interferons as SMIFH2 Targets
3.1. Myosins

Formins and myosins often act together in cells because many actin-based structures built and/or regulated by formins
are not only decorated with but also remodeled by myosins I2IL9BE3I34] - starting from the observation that treatment of
fibroblasts with 30 yM SMIFH2 inhibited the contraction of stress fibers and the movement of actin arcs, it has recently
been discovered that SMIFH2 can inhibit actomyosin contractility and myosin-decorated actin-filament flow in both living
and permeabilized cells BY, SMIFH2 inhibited the ATP-induced actomyosin contractility in a dose-dependent manner (ICs
of about 50 uM) in permeabilized cells Y. The centripetal movement of transverse actin arcs, which could also be
induced by the addition of ATP to permeabilized cells, was more sensitive to SMIFH2 than actomyosin contractility, being
fully inhibited at 50 pM B9, The effects of SMIFH2 on stress-fiber retraction and actin-arc movement in permeabilized cells
mimicked those of blebbistatin 3%, a myosin |l inhibitor B3], Of note, permeabilized cells did not contain G-actin, and the
employed ATP-containing buffer was supplemented with phalloidin, which stabilizes actin filaments BY. As actin dynamics
were not possible in this system, the results casted doubts on the selectivity of SMIFH2 for formins.

In vitro, SMIFH2 inhibited the basal ATPase activity of both human skeletal muscle and rabbit non-muscle myosin 2A (ICsp
around 50 pM), although the maximal inhibition was achieved at concentrations far above 100 pM and plateaued at 73%
(9, pespite incomplete inhibition, the absence of actin in these assays proved that SMIFH2 targets myosin rather than
indirectly inhibiting actin binding. SMIFH2 also interfered with the ability of both human skeletal muscle and rabbit non-
muscle myosin 2 to translocate actin filaments, as assessed using gliding actin in vitro motility assays B9, Inhibition of
human skeletal muscle myosin 2 was complete at high SMIFH2 concentrations (above 100 uM) and irreversible, whereas
rabbit non-muscle myosin 2A, which is partially phosphorylated and thus more active, could only be mildly inhibited by 250
UM SMIFH2 B9 Although SMIFH2 affected myosin 2A only at high concentrations, the basal ATPase activity of myosins
from other classes was inhibited at doses like those used to arrest formin-induced actin polymerization (bovine myosin 10:
ICs of about 15 pM, Drosophila myosin 7 and myosin 5: ICsq of about 30 and 2 uM, respectively) B9,



Direct inhibition of myosin 2 by SMIFH2 could in principle contribute to the effects of SMIFH2 observed in cells, but three
main reasons make this possibility unlikely. Firstly, the concentration of SMIFH2 sufficient to stop non-muscle myosin 2A-
dependent processes in cells (30 uM B9) is far below that needed to achieve the inhibition of its activity in vitro (250 uM
(39 secondly, the effects of SMIFH2 on non-muscle myosin 2-mediated gliding of actin filaments are irreversible in vitro
(891 whereas those observed in cells were both reversible (281381 and transient B4, Last but not least, SMIFH2 enhanced
mesenchymal-like cell migration on 2D surfaces B, a phenotype that would hardly be compatible with non-muscle
myosin 2 inhibition. Hence, it is more plausible that disrupted formin-actin filament interactions would account for the
effects of SMIFH2 on the contractility and flow of myosin-decorated actin filaments B4, Notwithstanding this point, the
similar ICsq of SMIFH2 for formins and for myosin 10 would be suitable to effectively counter cancer-cell invasiveness, to
which both formin-dependent and myosin 10-dependent filopodia contribute B4I38l  Although being a valuable dual
inhibitor, SMIFH2 would not allow us to dissect the molecular dependencies of these filopodia.

3.2. Interferons

Dysregulation of Interferon (IFN)-Janus Kinase (JAK)-Signal Transducer and Activator of Transcription protein (STAT)
signaling axis contributes to the pathogenesis of autoimmune and inflammatory diseases, as well as cancers B2, To find
new small molecule inhibitors of IFN-induced JAK-STAT signaling, HeLa cells were pre-treated with 40 pM SMIFH2 for 20
min, and the phosphorylation of STAT1 was assessed 20 min after IFNy stimulation. SMIFH2 virtually abrogated STAT1
phosphorylation and perturbed the actin cytoskeleton, causing the cell area to shrink 2. However, cell shrinkage could
also be due to cytotoxicity, which occurs at SMIFH2 concentrations higher than 25 uM B4, In any case, SMIFH2 might
inhibit the bioactivity of IFNs and/or interfere with JAK-STAT signaling B2,

Twenty-eight structural variants of SMIFH2 were synthetized to uncouple the effects on JAK-STAT signaling from those of
formins and to shed light on the underlying mechanism. Some of them retained the ability to inhibit the IFNy-induced
phosphorylation of STAT1-3 in a dose-dependent manner (from high nM to low puM) without cytotoxic effects at the
effective doses, but they no longer affected cell area 32, Some others showed instead the opposite behavior, suggesting
that the inhibition of IFNy signaling and of formins are independent events 2. Further experimentation showed that
STAT1 activation by EGF was not significantly perturbed by either SMIFH2 or the variants blocking IFN, but not formin,
activity, ruling out general non-specific effects B2, The fact that SMIFH2 blunted type I-1ll IFN signaling suggests that it
might be a pan-IFN inhibitor. However, inhibition of JAK-STAT signaling by SMIFH2 is evident only at concentrations much
higher than those currently recommended to avoid major off-target effects (>40 uM vs. <25 pM) BUE2 Although IFNs are
pleiotropic cytokines, SMIFH2 has different potency towards formins and IFNs, and this allows defining experimental
conditions that minimize the IFN-dependent effects.
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