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Abstract

The sarcomere is the basic contractile unit of muscle, composed of repeated sets of actin thin 

filaments and myosin thick filaments. During muscle development, sarcomeres grow in size to 

accommodate the growth and function of muscle fibers. Failure in regulating sarcomere size 

results in muscle dysfunction; yet, it is unclear how the size and uniformity of sarcomeres are 

controlled. Here we show that the formin Diaphanous is critical for the growth and maintenance of 

sarcomere size: Dia sets sarcomere length and width through regulation of the number and length 

of the actin thin filaments in the Drosophila flight muscle. To regulate thin filament length and 

sarcomere size, Dia interacts with the Gelsolin superfamily member Flightless I (FliI). We suggest 

that, through controlling actin dynamics and turnover, that these actin regulators generate 

uniformly sized sarcomeres tuned for the muscle contractions required for flight.
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Introduction:

Sarcomeres are the basic contractile units of striated muscles. Sarcomeres arrange 

themselves sequentially to form a myofibril, and multiple myofibrils are found within each 

muscle fiber. The proper size, uniformity, and arrangement of sarcomeres are prerequisites 

for muscle function. Over the past several years, significant progress has been made in 

identifying proteins that are involved in sarcomere assembly (Burkart et al., 2007; Molnár et 

al., 2014; Orfanos et al., 2015; Pappas et al., 2010). However, it is still unclear how the size 
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and uniformity of sarcomeres are determined and maintained, particularly during periods of 

muscle growth.

The Drosophila indirect flight muscles (IFMs) provide an ideal system to study sarcomere 

size and function: firstly, the components and structure of sarcomeres are conserved from 

Drosophila to humans. Secondly, IFMs are a sensitive system with an easily accessible 

readout: minor changes in muscle structure can lead to deficits in flight ability (Reedy et al., 

2000). Thirdly, IFMs most resemble human cardiac muscle both structurally (Spletter et al., 

2015) and functionally (Tu and Daniel, 2004). Hence, identifying genes that regulate 

sarcomeric structure and function in this system will have important ramifications for human 

skeletal and cardiac muscle development and homeostasis. Lastly, this system allows the use 

of the powerful genetics and imaging approaches available in the Drosophila model system.

In both Drosophila and humans, sarcomeres are primarily composed of thick filaments and 

thin filaments and their associated proteins (Figure 1A). Thick filaments are composed of 

myosin bundles that are crosslinked at the M-line. Thin filaments contain parallel actin 

filaments of uniform length. The barbed ends of the actin filaments are anchored to the Z-

disc through α-actinin, and their pointed ends are oriented to the edge of the M-line. 

Mutations in genes that encode thin filament proteins such as Actin (ACTA1), Troponin I 

(TNNI1, TNNI2, TNNI3), Tropomyosin (TPM2, TPM3), and Nebulin (NEB) are known to 

cause congenital myopathies in human, such as actin myopathy, intranuclear rod myopathy, 

and Nemaline Myopathy (Clarkson et al., 2004; Malfatti and Romero, 2016; Ochala, 2008; 

Sewry et al., 2019).

Despite its highly ordered, uniform, and nearly crystalline-like appearance, the proteins that 

constitute the sarcomere are subject to turnover: during sarcomere assembly and growth, 

actin incorporates into thin filaments at both the barbed and the pointed ends of the actin 

filaments, with the majority of the actin incorporation occurring at the pointed ends 

(Littlefield et al., 2001; Perkins and Tanentzapf, 2014). After sarcomere growth is 

completed, the dissociation and incorporation of actin at both ends of thin filaments still 

occur, without disrupting the overall sarcomere organization and function (Ono, 2010; 

Perkins and Tanentzapf, 2014). The continuous turnover of actin suggests that actin 

dynamics are regulated to preserve uniform sarcomere size and thus, optimal contraction. 

Previous studies have identified actin regulatory factors that influence sarcomere size by 

controlling actin filament elongation, stabilization, or severing. These factors include the 

actin elongating protein Sarcomere Length Short (SALS) (Bai et al., 2007), capping 

proteins: CapZ (Cpa and Cpb) (Pappas et al., 2008; Schafer et al., 1995) and Tropomodulin 

(Tmod) (Littlefield et al., 2001; Littlefield and Fowler, 2008; Mardahl-Dumesnil and Fowler, 

2001; Sussman et al., 1998), the scaffolding proteins Titin (Sallimus) (Orfanos et al., 2015) 

and Nebulin (Lasp) (Fernandes and Schöck, 2014), and the severing protein Cofilin-2 

(Twinstar/DmCofilin) (Balakrishnan et al., 2020; Kremneva et al., 2014). However, how 

these different types of proteins coordinate to ensure the uniform length of thin filaments 

remain largely unclear.

Formins are a family of proteins that control actin nucleation and polymerization in a 

number of cell contexts, including muscle. In C. elegans body wall muscles, the formins 
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FHOD-1 and CYK-1 are involved in determining and maintaining sarcomere size and in 

anchoring thin filaments to Z-discs (Mi-Mi and Pruyne, 2015). In mammalian cardiac 

muscles, thirteen formins are expressed and play critical roles in myofibril development and 

maintenance (Arimura et al., 2013; Iskratsch et al., 2013; Kan et al., 2012; Rosado et al., 

2014; Taniguchi et al., 2009; Wooten et al., 2013). In Drosophila, the formins DAAM and 

Fhos are required for thin filament assembly (Molnár et al., 2014; Shwartz et al., 2016). 

Despite our understanding that formins are involved in thin filament assembly and 

maintenance, much remains unknown: it is unclear how formins coordinate with other actin 

regulators to control actin turnover, the types of proteins with which they interact at the 

sarcomere, and whether there are other targets of formin activity in sarcomeres.

Diaphanous is the first identified member of the Drosophila formin family of proteins 

(Afshar et al., 2000). Dia has been shown to regulate actin polymerization in various 

developmental events in Drosophila, such as myoblast fusion (Deng et al., 2015), wing hair 

morphogenesis (Lu and Adler, 2015), dorsal closure (Bilancia et al., 2014; Nowotarski et al., 

2014), wound healing (Matsubayashi et al., 2015), apical secretion of epithelial tubes 

(Rousso et al., 2013), synaptic growth (Pawson et al., 2008), and cytokinesis (Afshar et al., 

2000). Dia is also known to stabilize microtubules (Daou et al., 2014) by interacting with the 

microtubule plus end tracking proteins, End binding 1 (EB1), and Adenomatous polyposis 

coli (APC) (Palazzo et al., 2001; Wen et al., 2004). Drosophila embryos homozygous for 

Dia null alleles die during embryogenesis (Afshar et al., 2000). Dia function has been 

extensively studied in migrating and dividing cells; these studies have provided insights to 

the mechanisms by which Dia, and potentially other formins, regulate different subcellular 

behaviors. Although the function of Dia in early Drosophila muscle development has been 

reported (Deng et al., 2015), whether Dia plays a role in muscle function and maintenance 

has not been investigated.

In this study, we show that the Diaphanous is required during sarcomere growth in the IFMs. 

Dia localizes to the M-line during sarcomere growth, determining the length and width of 

each sarcomere. Subsequently Dia is relocalized to the Z-disc where it is involved in thin 

filament maintenance. Taking advantage of the highly sensitive IFM system, we identified 

Flightless I (FliI), the Gesolin ortholog and an actin severing protein, as a Dia interacting 

partner. We propose that these proteins together regulate actin structure and turnover during 

sarcomere growth and maintenance; this, in turn, generates sarcomeres with optimal thin 

filament number and length and provides the conditions necessary for the muscle contraction 

required for flight.

Materials and Methods :

Fly stocks:

UAS-dia-RNAi (IR) (VDRC #103914), UAS-dia-RNAi (TRiP) (Bloomington #28541), 

UAS-DiaDN::GFP (Deng et al., 2015), UAS-dia::GFP (M. Peifer) (Homem and Peifer, 

2008); UAS-dicer-2, Dmef2-Gal4, MHC-Gal4, tubP-Gal80ts/FM7 (Bloomington #7016), 
UAS-Act88F-GFP (Bloomington #9253), UAS-fliI-RNAi (VDRC #39528), UAS-fliI::HA 
(this study), UAS-chic-RNAi (VDRC #102759), UAS-Jupiter::GFP (Karpova et al., 2006). 
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Fly stocks used in screen are listed in Supplementary Table 2. The GAL4-UAS system was 

used for expression studies (Brand and Perrimon, 1993).

Immunohistochemistry:

Adult flies were dissected, fixed in 4% PFA, and stained according to protocol described 

below. Antibodies were used at the following concentrations: α-Dia (1:1000) (S. 

Wasserman), α-Alpha-actinin (1:200) (Abcam #ab50599), α-GFP (1:400)(Abcam #ab6556), 

α-FliI (1:50) (Santa Cruz Biotechnology SC-30046), α-HA (1:100) (Roche #11867423001), 

α-Alpha-tubulin (1:400) (Sigma Aldric #T9026), Hoechst (Invitrogen H1399), α-Beta PS 

integrin (1: 50) (DSHB #CF.6G11), α-Tmod, α-Obscurin (1:100)(gift of B. Bullard, Burkart 

et al., 2007), Alexa Fluor 555-Phalloidin (1:100) (Invitrogen A34055), α-Chickadee/Profilin 

(1:100) (DSHB #chi 1J). For secondary antibodies, Alexa Fluor 488-, Alexa Fluor 555-, and 

Alexa Fluor 647-conjugated fluorescent secondary antibodies at 1:200 dilution (Invitrogen) 

were used. Fluorescent images were acquired on a Leica SP5 laser scanning confocal 

microscope equipped with a 63X 1.4 NA HCX PL Apochromat oil objective and LAS AF 

2.2 software. Maximum intensity projections of confocal Z-stacks were rendered using 

Volocity.

Transmission electron microscopy:

IFM muscles were dissected into half thoraces as described above and were fixed in a 

solution composed of 2% Glutaraldehyde, 4% Paraformaldehyde, 2mM CaCl2, 0.5% Tannic 

acid in 0.1M Sodium Cacodylate buffer, pH 7.4. The samples were then fixed for 3 minutes 

using the Pelco Biowave (Ted Pella), followed by overnight fixation at 4°C. Samples were 

post-fixed with 1% osmium tetroxide containing 1.5% Potassium Ferrocyanide in 

Cacodylate buffer for 1 hour on ice. After fixation, samples were stained with 1% Uranyl 

Acetate aqueous solution at room temperature for 30 minutes. The samples were then 

dehydrated in a graded series of ethanol using the Pelco Biowave, followed by Acetone 

dehydration at room temperature for 10 minutes. After dehydration, each half thorax was 

infiltrated and embedded with Eponate 12™ (Ted Pella) and was subsequently sectioned into 

60–70nm ultrathin sections. For each genotype, 3 samples were sectioned using a Reichert 

Jung Ultracut E microtome. After sectioning, samples were stained with 2% Uranyl Acetate 

and Sato’s lead stain. Images were taken under a JEOL 100CX Transmission Electron 

Microscope at 80kV equipped with an XR41-C camera and AmtV600 software (Advanced 

Microscopy Technology Corp., Woburn, MA).

Signal intensity measurement:

ImageJ (Fiji) was used to measure and plot signal intensities of the sarcomeres. The area to 

be measured was defined by dropping a box that covers the length of a sarcomere (box 

spanned from the end of M-line to the end of M-line of the following sarcomere). The size 

of box is adjusted according to the size of sarcomere. Fluorescent intensity is measured 

along the long axis of box and plotting into intensity curve.

To measure the relative ratio of fluorescence signal at the M-line and Z-disc, three boxes 

with the same size were dropped at Z-disc (Z), M-line (M) and between Z-disc and M-line 

(B). The relative ratio of signal at the Z-disc was calculated as (Z-B)/[(Z-B)+(M-B)]. The 
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relative ratio of signal at the M-line was calculated as (M-B)/[(Z-B)+(M-B)]. Quantifications 

were made using 5 flies per genotype, 3 sarcomeres per fly, n = 15 sarcomeres signal 

measurements.

Fusion index:

The Fusion index was quantified by counting the number of nuclei in a 100μm × 5μm area 

of the IFM. For each genotype, 5 flies were dissected; the number of nuclei in 2 sample 

areas was counted in each fly (n = 10 nuclear counts per genotype).

Molecular cloning:

Drosophila fliI was amplified from cDNA (BDGP DGC clones: LD21753) with primer : 

forward: 5’CACCATGAGCGTGCTGCCGTT3’, reverse:5’ TAAATACACCTTGAAGGC3’. 

The gene was cloned into pUAST vectors with C-terminal HA tag and sequenced. The UAS-

fliI::HA construct was validated by sequencing before being sent out for injection.

Flight assay:

Individual flies were dropped into a vial, and its flight ability was recorded (Banerjee et al., 

2004). For each genotype, 25 flies were collected each day and tested for their flight ability 

on the 3rd day after eclosion. Three repeats were done for each genotype (n=75). Flies were 

separated by their flight ability and dissected for IFM staining.

Flight performance assay:

Flight performance was measured as described by (Babcock and Ganetzky, 2014). Vials 

containing ~20 flies were dropped down a tube suspended over a 90cm graduated cylinder. 

The cylinder was lined with a removable acrylic sheet coated with adhesive. A tray of oil 

was placed on the bottom of the cylinder. Once the flies were dropped into the tube, 

attempted to fly and were stuck on the adhesive, the acrylic sheet was removed and imaged 

using a digital camera. Fiji software was used to calculate the landing heights of flies. The 

number of flies that fell into the oil at the bottom were also counted and landing height 

recorded as 0 cm. The experiment was repeated 3–5 times, until the landing heights were 

recorded for a minimum of n=50 flies for each genotype (Control Day 0: 140 flies; Control 

Day 4: 51; Control Day 11: 103; dia-RNAi Day 0: 67; dia-RNAi Day 4: 54; dia-RNAi Day 

11:85).

Flight muscle dissection:

Flies were collected immediately after eclosion and were kept at room temperature. 

Thoraces from 1–7 day old adult flies were dissected using published protocols (Hunt and 

Demontis, 2013; Schnorrer et al., 2010). For 1 day old adults, newly eclosed flies with white 

cuticles were used. After anaesthetizing the flies with CO2, the head, abdomen, legs and 

wings from thorax were removed with scissors. Thoraces were kept in Relaxing buffer 

before fixation (20mM PBS, pH=7.0, 5mM MgCl2, 5mM EGTA). Thoraces were then pre-

fixed in fresh 4% paraformaldehyde (PFA) in relaxing buffer for 10min. After pre-fixation, 

thoraces were dissected into hemi-thoraces by cutting longitudinally with scissors and 

transferred into 24 well plates. Samples were washed twice with PBT (PBS+0.3% Triton 
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X-100), and incubated in relaxing buffer for 15min, followed by fixation in 4% PFA for 20 

minutes. After fixation, samples were washed in PBT 2×10min, and incubated in primary 

antibody overnight at 4°C. On the second day, thoraces were removed from the primary 

antibody, and washed in PBT 3×20min. After washing, samples were incubated in secondary 

antibody for 2h at room temperature. After rinsing in PBT 3×20min, hemi-thoraces were 

mounted in Prolong gold (Invitrogen P36930) and analyzed using Leica SP5 confocal 

microscope. For each experiment, unless further specified, the average myofibril length or 

width was calculated from each fly, using 5 flies per genotype, n =5 average myofibril length 

or widths.

For transverse muscle cross-sections, day 5–7 old flies were frozen in liquid nitrogen. 

Thoraces were removed and cut at the transverse suture. Cross sections were fixed in 4% 

paraformaldehyde for 1.5 hours, washed in PBST (PBS + 3% Triton X-100) three times for 

10 minutes, and stained with Hoescht (1:100, Invitrogen H1399) and Phalloidin (1:200, 

Invitrogen A34055) for 1 hour at room temperature. Following staining, cross-sections were 

washed in PBST and mounted in Prolong gold.

Co-IP:

Drosophila S2 cells were co-transfected with Ubiquitin-Gal4, UAS- Dia::GFP (or UAS-GFP 

alone) and UAS-3xHA::FliI constructs. Cells were lysed at day3 in Lysis buffer (150mM 

NaCl, 2mM MgOAc, 20mM Tris, pH 7.5, 5% Glycerol, 0.5% NP40) for 30 minutes. Protein 

levels in the lysates were quantified using a Bradford assay (Bio-Rad 500–0006). Cell 

lysates were then incubated with Protein G-Agarose beads overnight at 4°C using rabbit 

anti-GFP (Torrey Pines #TP401) or anti-rabbit IgG (Santa Cruz # SC-7392) for mock 

immunoprecipitation controls. The beads were washed four times with Lysis buffer and 

boiled in 4x Laemmli Buffer. GFP-purified samples were then run on SDS-PAGE and 

blotted with rat anti-HA (Roche # 1867423).

Muscle Area Measurements

Images of muscle cross sections were taken using Zeiss LSM 880 scope. The area of the 3rd 

dorsal longitudinal muscle (DLM3) was measured using ImageJ (Fiji) polygon tracing tool. 

Area measurements of DLM3 muscles were made from 5 flies in control (n =6 DLM3 

muscles) and Dia-RNAi (n = 7 DLM3 muscles).

Myofibril Area Measurements

An approximately 36 × 36 μM portion of DLM3 transverse muscle image was selected and 

converted into a binary image for averaged myofibril area analysis using Fiji. Objects 

outside the range of 0.4 – 3μM were omitted from myofibril area averages. Five sections 

were measured per fly, using 5 flies per genotype, n = 25 average myofibril area 

measurements.

Viability Assay

Flies were monitored for viability on the indicated days following transgene induction using 

control and dia-RNAi flies. Viability experiments were repeated three times using 17–20 

flies per experiment, n = 3.
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Statistical analyses:

Statistic tests were done in GraphPad Prism. Means of two groups were compared with 

Student’s t-test. Means of three or more groups were compared with one-way ANOVA test. 

Means of 2 groups over time were compared using 2-way ANOVA test. The difference 

between groups is considered significant when p<0.05.

Results:

Diaphanous knockdown impairs flight ability and sarcomere size in IFMs

To investigate the role of Dia in the indirect flight muscles, we reduced Dia levels 

specifically in muscles and examined the behavioral and anatomical phenotypes in adult 

flies. When we knocked down Dia using RNAi, we found that the flight ability was 

significantly impaired (Supplemental movie 1–2, Figure 1B; Percentage of flightless flies: 

control: 1.3%±2.31%, dia RNAi (IR): 100%±0%, dia RNAi (TRiP): 98.7%±2.31%, 

p<0.0001). The flightless phenotype associated with Dia knockdown was specific for 

abrogation of Dia function: expression of Dia::GFP in muscles rescued the flight phenotype 

associated with dia RNAi (Figure 1B; Percentage of flightless flies: dia RNAi (TRiP): 

98.7%±2.31%, rescue: 49.7%±19.86%, p<0.0001). Expression of a DiaDN construct that 

abrogates Dia activity (Deng et al., 2015) also increased the percentage of flightless flies 

(Supplemental Figure 1A), reinforcing a role for Dia in flight ability.

As Dia is known to play a role in myoblast fusion and cell adhesion (Deng et al., 2015), we 

examined whether aberrations in these cellular functions contributed to the loss in flight 

ability seen upon Dia knockdown. We first assessed whether myoblast fusion was affected 

by counting the number of myonuclei in the IFMs (Supplemental Figure 1B). Expression of 

dia RNAi in the developing muscle did not significantly change the myonuclear number, as 

compared to control flies (Supplemental Figure 1B and C). As Dia is required for cell 

adhesion, we also investigated whether the loss of flight ability was due to detachment of 

IFMs from their tendon cells. No detached muscles or myospheres were detected in Dia 

knockdown thoraces. Moreover, we assessed the integrity of the myotendinous junctions 

(MTJ) by immunostaining with antibodies to β-PS integrin, a critical component of MTJ 

(Fernandes et al., 1996). We found that β-PS integrin was present at the myotendinous 

junctions similar to that seen in controls. No obvious changes in distribution or levels were 

noted in dia RNAi conditions (Supplemental Figure 1D). Taken together, our data suggest 

that Dia plays a role in flight muscle development after fusion and attachment.

As an additional control for these experiments, we confirmed the dia-RNAi –mediated 

reduction in Dia levels by immunostaining for Dia in the flight muscles. We found that dia-
RNAi reduced Dia levels in the knockdown muscles compared to the controls (Supplemental 

Figure 1E). However, when we adjusted the brightness and over saturated the image (e.g. 

increasing the signal 3-fold using Volocity software), we found that residual Dia was 

detected in muscles expressing dia-RNAi. These data indicated that Dia knockdown was not 

100% efficient and may explain why muscles with Dia knockdown can bypass earlier events 

in myogenesis, such as myoblast fusion.
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We next investigated how reduction in Dia impaired flight ability. Dia is known to regulate 

actin filament nucleation and polymerization (Chesarone et al., 2010; Evangelista et al., 

2002; Pruyne et al., 2002). As actin filaments are the major components of the sarcomere 

thin filaments (Figure 1A), we examined the morphology of myofibrils and sarcomeres in 

IFMs by immunostaining for F-actin. We first observed that the myofibrils in the Dia 

knockdown muscles are disorganized (Supplemental Figure 1F). The myofibrils at the 

surface of the muscle fiber and around the nuclei contain fraying actin filaments 

(Supplemental movie 3,4). In addition, the sarcomeres that make up these myofibrils 

appeared to be smaller (Figure 1C, Supplemental Figure 1F). We confirmed our observations 

through quantification of sarcomere length and width (Figure 1D) and found that, in muscles 

with reduced Dia function, the sarcomeres were shorter (length) and thinner (width) 

compared to controls (Figure 1C and D) (Sarcomere length: control: 3.6±0.15μm, dia-RNAi 
(IR): 2.3±0.39μm, dia-RNAi (TRiP): 2.6±0.28μm, p<0.0001, 20%−40% reduction in length. 

Sarcomere width: control: 1.6±0.13μm, dia-RNAi (IR): 1.0±0.10μm, dia-RNAi (TRiP): 

1.1±0.11μm, p<0.0001, 30%−40% reduction in width). Sarcomeres with reduced lengths 

were also seen in muscles expressing DiaDN (Supplemental Figure 1G and H). When we 

examined Dia knockdown flies in which the flight ability was rescued by expression of 

Dia::GFP, we found that the length and width of the thin filaments were restored (Figure 1C 

and D) (length: 3.5±0.14μm, width: 1.6±0.14μm, p<0.0001).

To further investigate muscle morphology and myofibril size as well as organization, we 

examined cross sections of the Drosophila flight muscle. Our analysis showed that muscles 

with Dia knockdown were reduced in size compared to control (3rd dorsal longitudinal 

muscle (DLM3), control: 13603.7μM ± 898.93μM, dia-RNAi (IR): 10584.9μM ± 572.65μM, 

p<0.05) (Figure 1E and F). Closer examination of these muscles revealed that reduced Dia 

levels lead to disorganized myofibrils as well as reduced myofibril cross-sectional areas 

compared to controls (control: 2.1μM ± 0.05μM; dia-RNAi (IR), 1.5μM ± 0.02μM, 

p<0.0001) (Figure 1E, G).

We further investigated the morphological modifications to the sarcomere in Dia knockdown 

muscles using Transmission Electron Microscopy (TEM). Similar to what we observed with 

immunofluorescence, the sarcomere phenotype included highly irregular myofibrils as well 

as myofibrils consisting of sarcomeres with reduced size (Figure 1H, Supplemental Figure 

1I and J). TEM of flight muscles from newly eclosed flies showed that reduced Dia levels 

resulted in a reduced number of thin and thick filaments, which led to sarcomeres with 

reduced widths (Figure 1H). In addition to reduced sarcomere size, both longitudinal and 

cross section showed that the organization of the actin filaments is disrupted in Dia 

knockdown muscles (Figure 1H, Supplemental Figure 1I and J). From these data, we 

conclude that Dia is important for IFM function by regulating different aspects of muscle 

structure: Dia controls myofibril arrangement and alignment, and it also regulates sarcomere 

size by controlling the length, number, and organization of the actin thin filaments.

Dia regulates sarcomere growth and maintenance

The sarcomeres in Drosophila IFM assemble at the early pupae stage (36hr APF) (Orfanos 

et al., 2015; Reedy and Beall, 1993). After the initiation of assembly, sarcomeres continue to 
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grow in both length and width for the next, approximately 64 hours of pupal development 

(Mardahl-Dumesnil and Fowler, 2001; Spletter et al., 2015) (Supplemental Figure 2A). In 

newly eclosed flies, we find that the sarcomeres also continue to grow for several hours. 

Subsequently, sarcomere length and width are maintained over the remainder of adulthood 

(Figure 2A–B). To investigate Dia’s role in sarcomere growth, we measured sarcomere size 

in IFMs with Dia knockdown on the first day after eclosion. While the sarcomeres are 

correctly established, we found that they are smaller in size compared to control, suggesting 

impaired sarcomere growth during the pupal stage. We also examined sarcomere size in 

IFMs with Dia knockdown on days 1, 3, and 7 after eclosion. We found that, unlike wild-

type controls in which sarcomere size continued to grow during early adulthood (Figure 2A–

B), the length and width of the sarcomere in Dia knockdown did not increase (Figure 2C–

D). Together, these data suggest Dia is important for sarcomere growth in Drosophila IFMs.

To investigate Dia’s role in sarcomere maintenance, we used the temperature sensitive Gal80 

system (Caygill and Brand, 2016) to knock down Dia in the IFMs 3 days after eclosion 

when the final adult sarcomere length and width are achieved (Figure 2E). Using this 

experimental design, we first determined that expressing dia-RNAi in IFM after eclosion did 

not change viability (Figure 2F). Flight performance, however, was significantly altered 

under these conditions (Figure 2G). Flight performance was measured using landing height 

as an indicator of flight muscle function (Babcock and Ganetzky, 2014). After 4 days of 

transgene induction, flies with dia-RNAi showed decreased flight performance with a 17 % 

reduction in landing height relative to control (control: 69.55cm±1.0cm; dia-RNAi: 57.49cm

±3.99cm, p<0.05). There was a similar performance difference between control and dia-
RNAi flies after 11 days of transgene induction (22% reduction, control: 62.47cm±1.98cm; 

dia-RNAi: 48.69cm±4.69cm, p<0.0001).

Given the defects in flight performance, we next examined the IFM sarcomere phenotype in 

flies subjected to this experimental design (Figure 2F). At day 0 of dia-RNAi induction, the 

sarcomeres display no morphological differences between control and Dia knockdown group 

(Figure 2H–J). We examined sarcomere phenotype at 4 days and 7 days after induced dia-
RNAi expression. While control sarcomere size remains constant over time during the 

maintenance phase, there is a reduction in length (control: 3.36μm±0.17μm; dia-RNA: 

2.28μm±0.09μm, p<0.0001) and width (control: 1.37μm±0.02μm; dia-RNAi: 0.74μm

±0.06μm, p <0.0001) after 4 days of dia-RNAi induction. After 11 days of transgene 

induction, similar differences are observed in dia-RNAi flies compared to control in length 

(control: 3.461 μm±0.15 μm; dia-RNAi: 2.195 μm±0.09 μm, p <0.0001) and width (control: 

1.43 μm±0.05 μm; dia-RNAi: 0.82 μm±0.05 μm, p-value<0.0001). This sarcomere 

phenotype is consistent with the defects in flight performance that we detect. Based on these 

data, we conclude that Dia contributes to IFM function through regulating sarcomere growth 

and maintenance.

Diaphanous knockdown changes the localization of actin capping proteins

Thus far, our data suggest that Dia regulates sarcomere size through controlling the growth 

of sarcomeres via its actin polymerization activity, namely the addition of actin to the 

preexisting actin thin filaments as well as through the addition of new actin thin filaments to 

Deng et al. Page 9

Dev Biol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the Z disc. Actin dynamics at either end of the thin filament is regulated by two different 

actin capping proteins, Cap Z and Tropomodulin (Tmod). CapZ stabilizes the barbed end of 

the actin thin filament, which is anchored to the Z-disc, and promotes actin filament 

organization (Schafer et al., 1995). Tmod caps the pointed end, which localizes towards the 

center of the sarcomere near the M-line, and prevents actin filament elongation (Littlefield 

and Fowler, 2008). A two-segment model has been proposed to explain how thin filament 

length is regulated: the actin thin filament is composed of two parts, the proximal segment 

that starts at the Z-disc with constant length and the distal segment close to the M-line with 

variable length. During sarcomere growth, actin monomers (Gokhin and Fowler, 2013) or 

short actin filaments (Molnár et al., 2014) compete with Tmod capping at the pointed end to 

associate with the thin filament and, therefore, elongate the thin filament. After growth and 

during muscle homeostasis, a higher level of actin turnover is seen at the barbed ends at the 

Z-discs (Perkins and Tanentzapf, 2014). To gain additional insight to the impact of Dia on 

sarcomere size, as well thin filament length and organization during growth, we examined 

the effect of Dia knockdown on the localization of actin capping proteins CapZ and Tmod.

CapZ, the barbed end actin capping protein, localizes mainly at the Z-disc in wild-type 

muscles (Figure 3A). Using antibodies against the CapZ subunit Cpa, we found that the 

localization of CapZ is disrupted with Dia knockdown. Although CapZ was still observed at 

the Z-disc, an increased CapZ signal was detected at the M line as well as in the region 

between the myofibrils (Figure 3A). This change in the localization pattern of CapZ 

suggested that fewer barbed ends are available at the Z-disc for CapZ to bind, which is 

consistent with the thinner sarcomeres found in Dia knockdown muscles. However, more 

barbed ends of the actin filaments are also available near the M-line to associate with CapZ 

in the Dia knockdown.

Tmod, the pointed end actin capping protein, is reported to localize to the M-line in wild-

type muscles (Bai et al., 2007) (Figure 3B–C). Immunostaining of Tmod revealed that, in 

control IFMs, Tmod mainly localized to the M-line during the period of sarcomere growth, 

with diffused signal throughout the sarcomere (Figure 3B). After sarcomere growth is 

completed (day 3 and later), Tmod is restricted to the M-line, consistent with it labeling the 

pointed ends of actin thin filaments (Figure 3B). In IFMs with Dia knockdown, however, 

Tmod is present at both Z-disc and M-line (Figure 3C). The localization pattern of Tmod in 

the Dia knockdown condition suggested the presence of actin pointed ends, even at the 

proximal segments of thin filaments. We suggest that these filaments fail to elongate due to 

Dia knockdown.

Altogether, these data indicated that there is a mislocalization of actin capping proteins 

during sarcomere growth in the Dia knockdown IFMs. We suggest that the specific patterns 

of these proteins found in the Dia knockdown reflect alterations to actin dynamics that occur 

in the sarcomere during growth. Specifically, these data would suggest a function for Dia in 

regulating thin filament elongation at the Z-disc as well as near the M-line during growth.

The localization of Dia in sarcomeres changes during IFM growth

To better understand how Dia regulates thin filament growth and organization in sarcomere, 

we investigated the localization of Dia in the sarcomere. We used antibodies generated 
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against Dia to examine Dia localization in Drosophila IFMs 1–7 days after eclosion. In flies 

which have just eclosed (day 1), Dia localizes mainly to the M-line (Figure 4Ai, arrows). As 

the flies age, sarcomere growth ceases, and homeostasis occurs (days 3 and 7). At these 

timepoints, higher Dia levels were found at the Z-discs compared to day 1 (Figure 4Aiii–v). 

Specifically, at day 3, similar Dia levels were observed at M-line and Z-disc, while at day 7, 

higher levels of Dia were found at Z-disc compared to the M-line (Figure 4A, arrowheads). 

This change in Dia’s localization was confirmed by measuring the fluorescence intensity 

across the sarcomere at the different time points, as well as by determining the relative ratio 

of Dia at the Z-disc and M-line (Figure 4A and B). Since studies have shown that actin 

incorporation occurs at both ends of the thin filaments, but preferably at the pointed ends 

near the M-line during growth (Littlefield et al., 2001; Perkins and Tanentzapf, 2014), the 

localization of Dia at the M line suggested that Dia regulates the elongation of thin filaments 

during growth; it subsequently relocates to the Z-discs when the sarcomere size stabilizes 

and is then maintained.

Dia interacts with FliI to regulate sarcomere assembly

To further understand how Dia controls sarcomere growth, we performed a limited genetic 

screen to identify Dia-interacting proteins (Supplemental Table 1). We selected our 

candidate genes based on their known involvement in sarcomere formation, actin 

polymerization activity, or actin depolymerization activity (Supplemental Table 2). We 

examined whether knock down of these genes would enhance the Dia knockdown 

phenotypes, leading to a change in viability rates. Using this assay, we isolated two genes 

that genetically interacted with dia during adult myogenesis: chickadee (chic) and flightless 
I (fliI). Flies expressing chic RNAi constructs alone in the muscles are viable and able to fly. 

Flies expressing fliI RNAi constructs in the muscles are viable but flightless. Double 

knockdowns of dia and chic, or dia and fliI, in the developing musculature resulted in pupal 

lethality, an earlier defect than seen with knockdown of any of the three genes alone 

(Supplemental Table 2).

Chickadee (Chic), the sole Drosophila Profilin, is a known Dia-interacting protein that 

promotes actin filament elongation (Geisbrecht and Montell, 2004; Webb et al., 2009). 

Isolation of Chic thus validated our screen. Knockdown of dia did not change Chic 

localization in muscles (Supplemental Figure 3A). Examination of the developing IFMs at 

100h APF revealed that reducing both Dia and Chic blocked myoblast fusion and impaired 

the formation of both myotendinous junctions and myofibrils (Supplemental Figure 3B and 

C), consistent with previously published data (Deng et al., 2015). As the focus of this paper 

is the sarcomere, we no longer pursued the interaction between Chic and Dia in this context.

The other Dia-interacting protein that we identified in the screen was Flightless I (FliI). FliI 

is a member of the Gelsolin superfamily of proteins that severs actin filaments (Janmey et 

al., 1985; Kinosian et al., 1998). In Drosophila, FliI is known to play roles in actin 

distribution during cellularization (Straub et al., 1996), and it was uncovered in a large scale 

RNAi screen that focused on adult myogenesis (Schnorrer et al., 2010). Consistent with its 

flightless phenotype (Supplemental Table 2) and previous reports (Schnorrer et al., 2010), 

knockdown of FliI in the IFM resulted viable flies with increased filamentous actin and 
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disorganized myofibrils (Figure 5A and B). We then examined, in more detail, the actin 

structures in FliI knockdown muscles. We categorized these actin structures within 

individual IFMs into two groups. The first group was composed of bundles of filamentous 

actin that exhibited longer actin filaments in comparison to the wild-type controls (Figure 

5A, arrow). The second group consisted of myofibrils that were composed of, unexpectedly, 

shorter and thinner sarcomeres (Figure 5A, arrowhead and Figure 5 C and D) and that also 

labeled with antibodies directed to other sarcomeric proteins, such as α-actinin (Figure 5E). 

The presence of these two types of actin structures in the FliI knockdown muscles lead us to 

hypothesize: 1- depletion of FliI leads to a reduction of actin severing activities in the 

muscle cell and unbridled actin polymerization as seen in group 1 actin structures, and 2- the 

smaller sarcomeres found in the group 2 actin structures result from insufficient FliI actin 

severing and, as a result, reduced actin recycling in the cell (Bearer et al., 2002). We 

investigated these hypotheses and FliI’s relationship with Dia in more detail below.

To first confirm that the fliI knockdown phenotype was not due to off-target effects, we 

created an fliI::HA rescue construct. When we expressed FliI::HA in muscles in a fliI 
knockdown background, we found that the sarcomere phenotype were 100% rescued (Figure 

5A). Consistent with a function for the actin severing activity of FliI in sarcomerogenesis, 

overexpression of FliI::HA in otherwise wild-type muscles resulted in shorter (control: 

3.6±0.11; fliI-HA: 2.8±0.11; p<0.01, 22% reduction in length on average) and slightly 

thinner (control: 1.7±0.15; fliI-HA: 1.5±0.20, p<0.1, 12% reduction in width on average) 

sarcomeres (Figure 5C and D). Despite the sarcomere size change, the orientation and the 

parallel alignment of the myofibrils were not disrupted with FliI expression (Figure 5C), 

suggesting that sarcomere size and myofibril alignment are regulated through independent 

mechanisms. In addition to the fliI rescue experiment, we also examined the flight muscle 

phenotype in fliI3 flies. fliI3 is a viable mutant allele with a specific point mutation (G601A) 

in the conserved gelsolin-like domain, which is thought to abrogate FliI’s severing ability 

(de Couet et al., 1995; Miklos and De Couet, 1990). Similar to fliI-RNAi flies, analysis of 

fliI3 mutant IFMs revealed bundles of actin filaments as well as shorter and thinner 

sarcomeres (Supplemental 4A–C). Altogether, our data indicate that the actin severing 

activity of FliI is required for proper sarcomere size.

Our screen revealed that knockdown of both Dia and FliI in muscle led to lethality (Figure 

5B). Given that knockdown of either Dia or FliI alone resulted in smaller sarcomeres, we 

next investigated the actin phenotypes in IFMs that were knocked down for both Dia and FliI 

(Figure 5C and D). As double knockdown of FliI and Dia resulted in lethality prior to 

eclosion, we examined the IFMs in 100h APF pupae. We found that a double knockdown of 

Dia and FliI resulted in shorter and thinner sarcomeres compared to wild-type controls 

(length 2.1±0.05μm, 30% reduction; width 0.5±0.02μm, 50% reduction) or compared to a 

knockdown of either Dia (length: 2.3±0.03μm, p<0.01, ~10% reduction, width: 0.9±0.02μm, 

p<0.0001, ~40% reduction), or FliI alone (length: 2.3±0.04μm, p<0.01, ~10% reduction, 

width: 0.7±0.02μm, p<0.0001, ~30% reduction) (Figure 5C and D). Similar as fliI-RNAi, 
the fliI3 mutant allele enhances Dia knockdown phenotype by further reducing sarcomere 

width (0.7±0.07μm, p<0.05), but unlike fliI-RNAi, it does not further reduce sarcomere 

length in Dia knockdown flies (Supplemental Figure 4A–C). The long actin filament bundles 
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that do not stain with Z disc markers and are characteristic of the FliI knockdown were still 

found in the FliI and Dia double knockdown (Figure 5C iv).

Both the viability and the sarcomere data suggested Dia and FliI work together to promote 

sarcomere growth. These observations are consistent with an earlier report from mammalian 

cell culture and in vitro experiments that found that FliI promotes Dia activity (Higashi et 

al., 2010) This work suggested that FliI directly binds to the Dia C-terminal DAD domain: 

there, it competitively accelerates the dissociation between DID and DAD domain and thus 

enhances the actin assembly activity of Dia (Higashi et al., 2010). To investigate whether 

such a direct interaction between Dia and FliI exists in Drosophila, we examined physical 

interactions between FliI and Dia in Drosophila S2 cells. We expressed FliI::HA and 

Dia::GFP in Drosophila S2 cells and tested whether FliI-Dia physically interacted by co-IP. 

Despite the strong genetic interaction in the developing adult musculature (Supplemental 

Table 2), we found no evidence of physical interactions between FliI and Dia in S2 cells 

(Supplemental Figure 4D). Moreover, the additive nature of the double knockdown 

sarcomere phenotype (Figure 5C and D) suggest that FliI and Dia act in parallel pathways 

that act together to regulate sarcomere size.

We also examined the localization of FliI in wild-type muscles during sarcomere growth and 

maintenance. Using antibody staining, we found that FliI localizes to the sarcomere Z-discs 

at day 1, day 3, and day 7 (Figure 5E). Unlike Dia (Figure 4A), which mainly localizes at 

the M-line during growth and relocates to Z-disc during maintenance, FliI is localized to the 

Z-disc and remains at the Z-disc throughout the growth and homeostasis phases (Figure 5E, 

Supplemental Figure 4E). The different localization patterns supported our data that FliI 

does not physically interact with Dia, at least during the period of IFM growth. Together, 

these data suggest that FliI does not work directly with Dia to regulate sarcomere size during 

growth.

Based on the phenotype of the sarcomeres, myofibrils, and actin bundles in Dia and FliI 

knockdown muscles, we generated an alternative hypothesis to explain how Dia and FliI 

could indirectly act together to regulate sarcomere size. We hypothesized that both the 

polymerization activity of Dia and the severing activity of FliI are needed to regulate thin 

filament size and, thus, sarcomere size. However, both activities are also needed to control 

the level of available G-actin: actin severed by FliI from a thin filament’s barbed end re-

enters the G-actin pool, while Dia incorporates G-actin from this pool into thin filaments to 

regulate sarcomere length and width. This hypothesis would explain the sarcomere 

phenotypes that we observed in the Dia and FliI knockdown muscles: when both Dia and 

FliI levels are reduced in muscles, long actin filament bundles characteristic of the FliI 

knockdown were observed due to the lack of actin severing activity, and the pool of available 

G-actin is reduced. Due to the reduced G-actin pool, as well as reduced actin polymerization 

activity resulting from Dia knockdown, the sarcomeres are shorter and thinner (Figure 6).

As a test of our model, we predicted that we would see further shortening of sarcomeres 

when we express dia RNAi in a FliI overexpression background. In this context, we would 

have excessive actin filament severing caused by FliI overexpression but insufficient actin 

polymerization due to Dia knockdown. Consistent with our hypothesis, expressing dia RNAi 

Deng et al. Page 13

Dev Biol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and FliI::HA in muscles led to thin filaments that were both shorter (2.4±0.04μm, 33% 

reduction) and thinner (1.4±0.03μm, 18% reduction) compared to control as well as 

compared to expression of dia RNAi alone (length: 3.6±0.04μm, p<0.0001, width: 

1.5±0.04μm, p<0.1), or FliI::HA alone (length: 2.8±0.02μm, p<0.0001, width: 1.6±0.04μm, 

p<0.1) (Figure 5F–G). Due to the excess severing capabilities with FliI overexpression, we 

did not observe the long actin bundles that were seen in Fli knockdown, which is also 

consistent with our hypothesis that these actin bundles are formed through insufficient 

severing activity (Figure 6).

Together, our data show that the function of Dia is required for sarcomere growth and 

maintenance. Moreover, the collaboration between Dia and FliI contributes to the regulation 

of sarcomere size. Dia and FliI localize at different ends of the thin filaments during growth. 

The actin polymerization activity of Dia and the F-actin severing activity of FliI coordinate 

to control actin dynamics and turnover in flight muscles.

Discussion:

In this study, we identified Diaphanous as a novel regulator of sarcomere size. We found that 

reduction of Dia function in the indirect flight muscles of Drosophila resulted in 

disorganized myofibrils that contained fraying actin filaments and smaller sarcomeres. As a 

functional readout of the sarcomeric defects that we have uncovered, the flies are flightless. 

Immunostaining of actin, TEM images, and localization of actin capping proteins suggest 

that the nucleation and elongation of actin thin filaments are impaired in the Dia knockdown 

muscles. We found that Dia localizes primarily to the M-lines during sarcomere growth but 

relocates to Z-discs as sarcomere growth ceases; these data suggest that Dia functions at the 

M-line during sarcomere growth to determine the length and width of sarcomere and at the 

Z-disc to maintain sarcomere size. Importantly, we also find that Dia genetically interacts 

with the actin severing protein Flightless I (FliI). Together we propose that these key actin 

regulators control sarcomere size through their actin polymerization and severing abilities 

and through their regulation of the balance between F-actin and G-actin pools (Figure 6).

Dia determines sarcomere size by regulating thin filament growth

Despite their nearly crystalline-like structures, sarcomeres are dynamic structures, with G-

actin incorporating into, and depolymerizing from, thin filaments during sarcomere 

assembly, growth, and homeostasis (Littlefield et al., 2001; Mardahl-Dumesnil and Fowler, 

2001; Perkins and Tanentzapf, 2014). How thin filaments are organized in sarcomeres has 

been under extensive investigation, and studies have reported numerous proteins that 

regulate thin filament length, such as Sallimus (Titin), Tropomodulin (Tmod), Lasp 

(Nebulin), Fhos, and DAAM. It has been proposed that the thin filament is composed of two 

segments: the proximal segment that is capped by CapZ at the Z-disc and its length is 

controlled by Nebulin, and the distal segment that is capped by Tmod and may undergo 

faster actin turnover (Gokhin and Fowler, 2013). Our observations fit with this two-segment 

model of thin filament growth and are consistent with Dia’s activity in polymerizing actin 

filaments: the localization of Dia, as well as the short actin thin filaments found in the Dia 

knockdown suggest that Dia elongates the distal segment of the thin filament during the 
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sarcomere growth phase. The localization of Dia during the maintenance phase suggests that 

Dia regulates G-actin polymerization mainly at the barbed ends of the proximal segment 

after muscle maturation. Based on the thinner sarcomere phenotype in the Dia knockdown 

muscles, Dia may also function to nucleate and elongate additional actin filaments. Further 

analysis of how actin thin filaments are added to the Z disc to increase the width of the 

sarcomere remains a goal of future studies.

It is notable that in our Dia knockdown studies, sarcomeres and myofibrils still form. This is 

likely due to incomplete Dia knockdown as well as the partial redundant effects of other 

formins, including DAAM and Fhos (Molnár et al., 2014; Shwartz et al., 2016). We have 

shown that residual Dia could be detected in the muscles with Dia knockdown 

(Supplemental Figure 1E). This incomplete Dia knockdown would explain why the earlier 

steps in myogenesis, such as myoblast fusion and myotendinous junction formation, are 

unaffected, despite Dia’s known roles in these processes (Deng et al., 2015). Nevertheless, 

the muscle specific knock down allowed us to investigate Dia’s role in sarcomerogenesis. By 

using temporally-restricted induction of UAS-dia-RNAi after eclosion, we were able to 

separate the role of Dia in sarcomere formation and sarcomere maintenance. We found that 

reducing Dia levels after the sarcomere is fully formed results in smaller sarcomeres, 

indicating that Dia is required to maintain the structure and function of sarcomere.

In addition to Dia, DAAM, another formin family member, is known to be expressed in 

Drosophila IFM and to play a critical role in the initial assembly of thin filament (Molnár et 

al., 2014). Likewise, other formins, such as Fhos, have also been reported to determine and 

maintain sarcomere size in C. elegans body wall muscles (Mi-Mi and Pruyne, 2015). A 

recent study in Drosophila showed that Fhos plays an important role in the assembly and 

growth of the sarcomere thin-filament during adult myogenesis (Shwartz et al., 2016). Thus, 

redundant roles with these other formins could explain why sarcomeres still form and actin 

polymerization is still detected upon Dia knockdown. However, it is notable that the other 

formins do not completely complement Dia’s function, as the sarcomeres are smaller and the 

myofibrils are disorganized, in Dia knockdown muscles.

Dia works with the severing protein FliI to regulate sarcomere size

We identified FliI as a functional partner of Dia in sarcomere formation, growth, and 

homeostasis. In vitro experiments have reported that FliI enhances the activity of Dia by 

directly binding to the C-terminal of Dia (Higashi et al., 2010). However, the different 

localization patterns of Dia and FliI in the sarcomeres during growth suggest that it is 

unlikely that FliI and Dia directly interact with each other during this period. With the caveat 

that we are not getting complete removal of Dia or FliI, the additive effect of the double 

knockdown on sarcomere size would also suggest the two proteins working in parallel 

pathways. These observations were further supported by Co-IP experiments with FliI::HA 

and Dia::GFP from S2 cells, which indicated that FliI and Dia did not physically interact 

under our IP conditions. We note that our S2 cell experiment cannot completely rule out the 

possibility that Dia and FliI physically interact in the adult Drosophila muscles. Therefore, it 

remains possible that Dia and FliI directly interact to maintain sarcomere structure in mature 

muscle.
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Staining for F-actin in muscles with FliI knockdown revealed two groups of actin structures: 

group one had multiple long actin filaments without Z-disc proteins and group two were 

myofibrils with shorter and thinner sarcomeres with M-line and Z-disc proteins. Based on 

these two groups of actin structures, as well as FliI’s known role in actin severing (Burger et 

al., 2016; Nag et al., 2013), we propose that the severing activity of FliI and the 

polymerization activity of Dia regulate thin filament length and that these actin regulators 

collaborate to control actin pools required for these activities (Figure 6). Our model suggests 

that during sarcomere formation, FliI localizes to the barbed ends of thin filaments, severing 

actin filaments. The severed and depolymerized G-actin then enters into the muscle G-actin 

pool and is subsequently incorporated via Diaphanous (and other formins) into the thin 

filament’s pointed ends. Our model (Figure 6) explains the actin/sarcomere phenotypes that 

we observed in the FliI-Dia genetic experiments. In FliI and Dia double knockdown 

muscles, reduced FliI activity leads to reduced severing of thin filaments and reduced G-

actin pools; reduced Dia activity leads to impaired actin polymerization at the thin filaments. 

Therefore, the sarcomeres are both shorter and thinner than in each single knockdown. In 

muscles with FliI overexpression and Dia knockdown, increased FliI activity leads to 

enhance severing and increased G-actin levels. Reduction of Dia in this background, reduces 

polymerization and use of the available G-actin. Hence, the sarcomeres are still shorter and 

thinner than sarcomeres in muscles that only express dia RNAi or FliI::HA. To further 

support our hypothesis about G-actin pool, we attempted to rescue the FliI knockdown 

phenotype by overexpressing an IFM specific actin, Actin88F, in the muscles. However, 

over-expression of Actin88F alone resulted in shorter, yet wider, sarcomeres. Future 

experiments using different actin reagents will provide further tests of our model.

The Drosophila fliI gene encodes a protein that shares a 56% identity with its human 

homologue. The human FLII gene is located at chromosome 17p11.2. This region of the 

chromosome is deleted in patients with Smith-Magenis Syndrome. With the 29 genes 

located on chromosome 17p11.2, RAI1 is the gene located at this region of chromosome that 

is believed to be the cause of Smith-Magenis Syndrome. However, there are clinical features 

that are seen in patients carrying the chromosome deletion and not seen in patients with 

RAI1 mutations alone; these include cardiac abnormality (45% vs 20%), renal anomaly 

(19% vs 0%), and hearing loss (67% vs 20%) (Bi et al., 2004), suggesting in addition to 

RAI1, other genes on the region of the chromosome might contribute to the syndrome. 

Interestingly, these clinical features are all related to mutations in Dia or Dia-related formins 

(Lynch et al., 1997; Rosado et al., 2014; Sun et al., 2014; Thelen et al., 2015). Hence, the 

interactions that we have uncovered between Dia and FliI provide a potential explanation for 

the expressivity and penetrance of Smith-Magenis Syndrome.

Thick filaments are disrupted in dia knockdown muscles

In addition to thin filaments, the assembly and stability of thick filaments also play a role in 

controlling sarcomere size (Contompasis et al., 2010; Reedy et al., 2000). Thick filaments 

are myosin-based structures with myosin bundles cross-linked at the M-line. We found that 

with Dia knockdown, the thick filaments were shorter and each sarcomere has fewer thick 

filaments (Figure 1F, Supplemental Figure 1F–G). The integrity of M-line was not disrupted 

in muscles in Dia knockdown condition (Supplemental Figure 5A). Thus our data suggest 
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that Dia also plays a role in thick filaments organization. Interestingly, it has been reported 

that microtubules are required to transport muscle myosin to the M line to form the thick 

filaments in mouse muscles(Pizon et al., 2005; Pizon et al., 2002), and more recently, it has 

been shown that microtubules are required for myofibril and sarcomere assembly in the 

Drosophila IFMs (Dhanyasi et al., 2020). Given that Dia regulates microtubule formation 

and stabilization (Palazzo et al., 2001), we examined microtubule organization in the muscle 

and found that the microtubule network was disrupted (Supplemental Figure 5). Whether 

Dia regulates thick filament organization and sarcomere size through microtubule 

organization remains to be investigated.

In conclusion, we report that Diaphanous is a novel actin regulator that controls sarcomere 

assembly and maintenance. Dia regulates the formation of actin networks in myofibrils, and 

therefore controls thin filament formation. We also identified FliI as the interacting partner 

of Dia. We propose a model that describes FliI and Dia working together to generate 

sarcomere size via their severing and polymerization activities on thin filaments, 

respectively, and via regulation of G-actin levels. These data identify new proteins involved 

in sarcomere formation and homeostasis that may be likely targets in human muscle disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Knockdown of Diaphanous impairs flight ability and sarcomere size in IFMs
A. Schematic diagram of the structure of the sarcomere, noting Z disc, M line, thin and thick 

filaments. Length and width of the sarcomere are indicated. B. Flight assay: 25 flies per 

replicate, 3 replicates per genotype, n= 75 flies. The flight ability of individual flies was 

tested 3 days after eclosion. dia RNAi constructs were expressed in muscles with UAS-
dicer2;;DMef2-Gal4. Reduced Dia activity resulted in impaired flight ability (p<0.0001). 

Rescue experiments were performed by expressing Dia::GFP in muscles along with dia 
RNAi (TRiP). The ability to fly was partially rescued by expressing Dia::GFP (p<0.0001). 

C. Myofibril and Sarcomere organization in flight muscle. Sarcomere length is indicated by 

the horizontal arrows, and sarcomere width is marked by the vertical arrows. Scale bar: 5μm; 

D. Quantification of sarcomere length and width: 5 flies per genotype, n = 5 average 

sarcomere length or width measurements per fly. In muscles with reduced Dia activity, both 

sarcomere length and width are significantly reduced (p<0.0001). Expressing Dia::GFP in 
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the muscles restores flight capability, sarcomere length and width. E. Muscle cross sections 

indicating muscle size and myofibril organization. Scale bar: 10μm. F. Quantification of 

DLM3 cross-sectional areas: DLM3 from 5 flies per genotype, control n = 6 and dia-RNAi = 

7 DLM3 muscles). In muscles with reduced Dia activity, muscle area is smaller than that of 

the controls, *p<0.05). G. Quantification of flight muscle myofibril area: 5 flies per 

genotype, 5 average myofibril area measurements per fly, n = 25 average myofibril area 

measurements per genotype. In muscles with reduced Dia activity, myofibril area is 

significantly smaller than that of the controls (****p<0.0001). H. Sarcomere morphology of 

newly eclosed adults using Transmission Electron Microscopy (TEM). Dia knockdown 

results in shorter and thinner sarcomeres. The numbers of thin and thick filaments are 

reduced. Scale bar: longitudinal sections: 600nm, cross sections: 200nm.
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Figure 2: Knock down of Diaphanous impairs thin filament growth in IFMs.
A-B. Changes in IFM sarcomere size in wild-type adult flies. Wild-type flies were dissected 

at days 1 (newly eclosed), 3, and 7 after eclosion. The length and width of the individual 

sarcomeres was measured and recorded (5 flies per genotype, n = 5 average sarcomere 

length or width measurements/fly). Sarcomeres in newly eclosed flies are significantly 

shorter (p<0.0001) and thinner (p<0.0001) than the sarcomeres of flies 3 days after eclosion. 

There is no significant difference in sarcomere size between day 3 and day 7 flies. These 

data are consistent with continued growth of the sarcomeres in newly eclosed flies (day 1), 

followed by sarcomere maintenance (thereafter). Scale bar: 5μm C-D. Sarcomere 

phenotypes upon Dia knockdown in the muscle. Sarcomere size was measured on Day 1, 3 

and 7 after eclosion (5 flies per genotype, n = 5 average sarcomere length or width 

measurements/fly). There is no significant difference in sarcomere size between each group. 

E. Diagram of experimental design. dia-RNAi was induced in adult muscle 3 days after 

eclosion. F. Viability of adult fly was examined after induction of dia-RNAi. No significant 

difference in viability was observed between control (n = 56 flies) and Dia knockdown (n = 

52 flies) groups at the indicated time points. G. Quantification of Flight Performance 

following Dia knockdown. Flight performance was measured after 0, 4 and 11 days of 
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induced dia-RNAi (3, 7, and 14 days after eclosion). Difference of flight performance was 

observed between control (Day 0; n = 140 flies, Day 4; n =51 flies, Day 7;n = 103 flies) and 

Dia knockdown (Day 0; n = 67 flies, Day 4; n = 54 flies, Day 7;n = 85 flies) groups 

following 4 (p<0.05) and 11 (p<0.0001) days of induction. H-J. Sarcomere morphology and 

size was examined after dia-RNAi induction. Average myofibril measurements were made at 

the indicated days of knockdown induction. Four days after induced Dia knockdown, 

sarcomere length and width are significantly reduced compare to control (5 flies per 

genotype, n = 5 average sarcomere length or width measurements/fly, ****p<0.0001). Scale 

bar: 2μm.
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Figure 3: Knock down of Diaphanous results in changes in the localization of thin filament 
capping proteins.
A. CapZ localization upon Dia knockdown in the IFMs. Flies were dissected 3 days after 

eclosion. 5 flies per genotype were dissected. 4 myofibrils/fly were imaged for analysis. 

Muscles are labeled with Phalloidin (white) and with an antibody against Cpa, a subunit of 

CapZ. B-C. Tmod localization in the IFMs upon dia knockdown. Flies were dissected 1 and 

3 days after eclosion. 5 flies per genotype were dissected. 4 myofibrils/fly were imaged for 

analysis. Muscles are labeled with Phalloidin (white) and with an antibody against Tmod 

(red). Scale bar: 5 μm.
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Figure 4: Diaphanous localization in IFM sarcomeres.
A. Dia localization in flies from day 1 (i), 3 (iii) and 7(v) after eclosion. Sarcomere thin 

filaments are labeled with Phalloidin (white). Z-discs are labeled with an antibody against α-

actinin (red). Dia localization is visualized by staining with an antibody against Dia (green). 

Dia localizes mainly to the M-lines (arrow) 1 day after eclosion, and then shifts to the Z-

discs as the sarcomeres cease growing (arrow head). The shift in Dia localization is verified 

by plotting the fluorescent signals in the boxed area: day 1 (ii), day 3 (iv) and day 7 (vi). B. 
Quantification of Dia localization in adult flies 1–7 days after eclosion. Fluorescence 

intensities of Dia were measured at the Z-disc, M-line, and at the area between the two 

regions from immunostained images. The relative percentage of Dia signal at the Z-disc and 

M-line was calculated and plotted (5 flies per genotype, 3 sarcomere signal measurements 

per fly, n = 15 sarcomere signal measurements, **** p<0.0001).
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Figure 5: Dia and FliI genetically interact to regulate sarcomere size.
A. Sarcomere phenotype in muscles upon FliI knockdown. Flies were dissected 3 days after 

eclosion. Myofibrils are stained with Phalloidin (white), myofibrils without M-lines are 

marked with an arrow. Short sarcomeres are marked with an arrowhead and shown in the 

enlarged images. The bottom panel shows the sarcomere phenotype in flies that are rescued 

with FliI::HA. B. Survival assay. 25 embryos/genotype/day are selected for 3 days. Survival 

rates were calculated at the larval, pupal and adult stages. Knockdown of both Dia and FliI 

results in 100% lethality at the pupal stage. C. Sarcomere phenotypes in the pupae. 100 APF 

pupae were dissected. The morphology of myofibrils and sarcomeres are visualized with 

Phalloidin (white) Scale bar: 5 μm D. Quantification of sarcomere size. Knockdown of both 

FliI and Dia significantly reduces sarcomere length (p<0.01) and width (p<0.0001) 

compared to individually depleting either of the 2 proteins (5 flies per genotype, n = 5 

average sarcomere length or width measurements/fly). E. Localization of FliI in an IFM. 
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Control flies were dissected 1 to 7 days after eclosion. Muscles are labeled with Phalloidin 

(white) and with an antibody against α-actinin (red). The localization of FliI is visualized 

with a FliI antibody (green), which co-localizes with α-actinin at the Z-discs. Scale bars: 5 

μm. F. Sarcomere phenotype in IFMs with FliI overexpression and Dia knockdown. 

Morphology of myofibrils and sarcomeres are visualized by labeling with Phalloidin (white). 

Scale bar: 5μm. G. Quantification of sarcomere size (5 flies per genotype, n = 5 average 

sarcomere length or width measurements/fly). Expressing both dia RNAi and FliI::HA in the 

muscles with two copies of DMef2-Gal4 significantly reduces sarcomere length (p<0.001) 

and width (p<0.1) in comparison to dia RNAi or FliI::HA alone.
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Figure 6: Model: Dia and FliI collaborate to regulate sarcomere size and uniformity.
Under wild-type conditions, Dia and FliI act upon actin thin filaments during sarcomere 

growth to determine sarcomere size. Dia nucleates and polymerizes actin filaments, while 

FliI severs actin filaments. Together, Dia and FliI regulate the dynamics of actin thin 

filaments and maintain the balance between the F-actin and G-actin pools. Without Dia 

activity, actin filament elongation is impaired and the sarcomeres are shorter and thinner 

when compared to the control. Without FliI activity, long F-actin bundles form as a result of 

impaired actin-severing activity. Reduced actin severing also decreases the G-actin pool that 

limits actin polymerization by Diaphanous into the thin filament. As a result, the sarcomeres 

are shorter and thinner in comparison to the wild-type control. Knockdown of both FliI and 

Dia results in long F-actin bundles that form due to reduced actin severing activity and 

polymerization by residual Dia or other formins; however, the sarcomeres are even smaller 

than the single knock downs, due to both reduced G-actin pools and reduced actin 
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elongation. When FliI is overexpressed in a background where Dia is knocked down, 

excessive actin severing and insufficient actin elongation results in sarcomeres that are 

smaller than just by manipulating either of the proteins individually.
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