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Specialized Positioning of Myonuclei
Near Cell-Cell Junctions

Margherita Perillo " and Eric S. Folker *

Department of Biology, Boston College, Chestnut Hill, MA, hited States

Skeletal muscles are large cells with multiple nuclei thatre precisely positioned. The
importance of the correct nuclear position is highlighted ¥ the correlation between
mispositioned nuclei and muscle disease gpiro et al., 1966; Gueneau et al., 2009.

Myonuclei are generally considered to be equivalent and tmefore how far nuclei are
from their nearest neighbor is the primary measurement of rlear positioning. However,
skeletal muscles have two specialized cell-cell contactsthe neuromuscular (NMJ) and
the myotendinous junction (MTJ). Using these cell-cell cdacts as reference points, we
have determined that there are at least two distinct populadns of myonuclei whose
position is uniquely regulated. The post-synaptic myonuel (PSMs) near the NMJ, and
the myonuclei near the myotendinous junction myonuclei (Mds) have different spacing
requirements compared to other myonuclei. The correct posioning of pairs of PSMs
depends on the speci ¢ action of dynein and kinesin. Positias of the PSMs and MJMs
relative to the junctions that de ne them depend on the KASHdomain protein, Klar. We
also found that MJMs are positioned close to the MTJ as a consguence of muscle

stretching. Our study de nes for the rst time that nuclei inskeletal muscles are not all
equally positioned, and that subsets of distinct myonuclehave specialized rules that
dictate their spacing.

Keywords: myonuclei, nuclear position, nesprin, KASH, skel etal muscle

INTRODUCTION

Syncytia are multinucleated cells that typically exist abrgmic developmental transitions, such
as the y syncytial blastoderm, or as a terminal di erentidtspecialized cell, including skeletal
muscles, osteoclasts, or placenta. Although much work hasméeted how these cells become
syncytial Mazumdar and Mazumdar, 2002; Gerbaud and Pidoux, 2015; Kial.£2015; Deng
etal., 201), how many nuclei share acommon cytoplasm is less well-utagisOne fundamental
question is whether all of the nuclei in a multinucleated eet functionally equivalent. If nuclei do
indeed have independent functions, each function is liketyulated by the position of the nucleus
relative to other nuclei and cellular hallmarks.

In skeletal muscle cells, individual nuclei undergo selveralear movements that result
in peripherally positioned nuclei evenly spread along the serfaicthe myo ber. The regular
positioning of nuclei, and the movements that generate thistepa, are conserved from
Drosophilato mammals Folker and Baylies, 2013; Roman and Gomes, R0lhe evolutionary
conservation suggests that myonuclear movements arecalrito muscle development and
function. Furthermore, mispositioned nuclei are abundamseveral muscle disorders, including
Centronuclear myopaties (CNM), Duchenne muscular dystrophyM@), Emery-Dreifuss
muscular dystrophy (EDMD), and Fascioscapulohumural muscadyatrophy. Finally, genes that
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are mutated in patients with EDMD, DMD, CNM, and FSHD RESULTS

all directly impact myonuclear movemengyiro et al., 1966; . . .
Puckelwartz et al., 2009; Zhang et al., 2009; D'Alessandib, e Identi Ca_tlon of Subsets Of Nuclei o
2015: lyer et al., 2016; Collins et al., 2017: Vanderplane et To determine whether all nuclei in a myo ber are positioned by

2019. Collectively, these results suggest that the positiomolfie :jhe same melchgnlsmfs, |tv;/§s r§t nepﬁgsz?]ry o detelrrrlnemglet
nucleus is critical to its function. istinct populations of nuclei exist within the syncytial mye

Myonuclear position is a microtubule-dependent proceSSWe_(_:hssected 3rd m;_taDrosophnaIarvae and measured the_
that requires the plus-end directed motor Kinesin and thePositions of the nuclei in abdominal muscle 6 because the entir

minus-end directed motor DyneinGadot et al., 2012; Folker muscle is easily visible after dissection. In controls, @iusiere

et al., 2012: Metzger et al., 2012; Wilson and Holzbaur, 201@9_sitioned intwo paraIIeI_ rows alongthe_anterior-posterioHPA _
2019. Mechanistically, Dynein and Kinesin coordinate nuclear™'S of the muscle berRigure 1)_' In previous studies, aI_I nuclei
movement by two distinct pathways. The cortical pathwa))"’,ere treated as equal, and a single value of average inteamuc
relies on Dynein that is stabilized at the cell cortex byd'Staf‘CG IVIZaS replorted fo.r each musdﬁirﬁnany.-Tarrr]llrlet al., |
Partner of Inscuteable (Pins/Rapsynoid on Flybase). Froen thggiij 'éon'er eta .I, Zgéz%l_l'\/letzger eta 2032’ Schu mzn ﬁt al.
cortex, Dynein pulls microtubule minus-ends, and the atedh o olins et_ al., - ).7Here, we _SP_eC' cally measured the
myonuclei toward the cell cortexFblker et al., 2012 In the position of nuclei relative to two specialized cell-cell cotgathe

proximal pathway, Kinesin and Dynein exert force directly be t NMJ and the MTJ.

nucleus and transport the nucleus as a large vesiglas¢n and In vertebrates, several nuclei, called post-synaptic myonucle
Holzbaur, 2012, 2014; Folker et al., 214 (PSMs), cluster near the NMG(ady et al., 2005However, there

necessitat@ no obvious clustering of nuclei near the NMJ Drosophila
s larval muscles. To determine whether the nuclei neareshitid

domain proteins span the outer nuclear membrane and providgIad a distinct spacing cqmpared to other nuclei in the muscle_‘
the connection between the nucleus and the cytoskeleto er, we measured the distances between each nucleus and its

(Starr and Han, 2002; Crisp, 2006; Luxton and Starr, p014"€arest neighbor on the A-P axis because nuclei were positione
KASH-domain proteins are critical for nuclear movement!" (WO parallel rows on the A-P axis. Compared to all other
and position in several cell types including skeletal muscl@”de" the_nuclel adjacent to the NMJ were f_urther from their
(Fridolfsson et al., 2010; Elhanany-Tamir et al., 2012; Wilsonearest neighboiHigure 1B). Because the NMJ is near the center

and Holzbaur, 2014; Collins et al., 201Although the KASH- of the muscle, this di erence could be a consequence of their

domain proteins, Dynein, and Kinesin regulate myonuclearcentral position rather than their being adjacent to the NMJ.
movements in mammalian cultures and Brosophilait has not Therefore, we measured the internuclear distance for theéenuc

been investigated whether all nuclei are equally senditiae near the center of t.he muscle, but on the side opposjte from the
activities of these proteins. NMJ. These ngcle! were closer to their nearest ne|ghbor than
Muscles have two distinct cell-cell contacts that mayVe'® the nuclei adjacent 'Fo _the NMJ_. Thus, f[he nuclei that are
necessitate specialized nuclear positioning, the neuroutaisc hearest to the NM\_]_have d'St'nCt spacing requirements compared
junction (NMJ) and the myotendinous junction (MTJ). In to other myonuclei inDrosophilaWe therefore de ned PSMs as

several vertebrate organisms, myonuclei cluster undeinnibe myonuclei .that were positioned betwe.en 0 ando from.the
NMJ (Englander and Rubin, 1987: Sanes et al., 1991; Gra J (the diameter of one myonucleusjigure 1, blue nuclei and

et al., 200p However, it is not known whether clustering of igure 2A).

postsynaptic myonuclei (PSMs) is conserve®iosophila The . .

MTJ is the contact between a muscle cell and tendon ceFI)OStTSynaptIC Myonuclei (PSMs) Are

through which force is transmitted during muscle stretapiand  SPatially Different From the Other

contraction (Tidball, 1991; Weitkunat et al., 2014; Valdivia et al. Myonuclei

2017. No unique positioning of nuclei at the MTJ has beenWe counted the number of PSMs in control 3rd instar

described Bruusgaard et al., 20p4however the possibility has larvae, and found that muscles had between 1 and 4 PSMs

not been rigorously tested. (Supplementary Figure ), accounting for between 7 and
Here we demonstrate that nuclei near the NMJ have uniqu85% of total myonuclei in the myo berHigure 2B). Closer

spatial requirements compared to most myonuclei. Furtherepor inspection revealed that there were two subpopulations of PSMs

certain populations of myonuclei are uniquely sensitive to thgFigures 2G,H. One population of PSMs was between 0 and

disruption of genes that regulate nuclear position. Spediygal 5mm from the nearest bouton and accounted for 36.52% of total

Dynein and Kinesin act to regulate the distance betweeRPSMs. The second population of PSMs was between 5 amch20

myonuclei near the NMJ, whereas Klar regulates the distan@vay from the nearest bouton, and accounted for 63.47% of the

between myonuclei and the NMJ. Finally, Klar also regulates thtotal PSMs.

position of nuclei relative to the MTJ, and the positional respen We then measured the distance between PSMs and specic

of those nuclei to mechanical stimulus. Overall, these dataed  sets of neighbor nuclei, including their nearest neighbors

for the rsttime that nuclei in skeletal muscles are not ajually  either the A-P axis (on which PSMs have both non-PSM and PSM

positioned, and that di erent populations respond di erently to neighbors) or the D-V axis (on which PSMs only have non-PSM

the depletion of proteins that move nuclei. neighbors, positioned dorsally). In controls, the distaneteen

Both mechanisms of nuclear movement
interactions between the nucleus and the cytoskeleton.HkA
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FIGURE 1 | Subsets of myonuclei are de ned by their proximity to cell-c# contacts. (A) Cartoon of a 3rd instar larval muscle 6. Post-synaptic myontlei (PSM) are
shown in blue, myotendinous junction myonuclei (MJM) are slwn in green, and the other unde ned myonuclei are shown in gra Black arrows indicate the
measurements described in the text(B) Tukey boxplots indicating the distance to the nearest nuclas for nuclei positioned in the muscle center, but on the oppsite
side from the NMJ; in the muscle center adjacent to the NMJ, ofor all myonuclei. **fy < 0.0005, ****p < 0.0001.

PSMs and their nearest non-PSM neighbor on the A-P axis was We next tested whether Pins (partner of inscuteable,
greater than the distance between two non-PSHigyre 2C).  Rapsynoid on Flybase), which recruits and stabilizes Dyagin
Additionally, the distance between two PSMs was greater thahe cortex, and is important for general positioning of myoreicl
average internuclear distance for all nuckeigure 2C). However, (Folker et al., 20)2has any speci ¢ e ects on PSM position. Pins
the distance between PSMs and their nearest neighbor on thiepletion did not a ect the distance between pairs of PSMs or
D-V axis was similar to the D-V spacing of all other nucleithe distance between PSMs and their non-PSM neighbor on the
(Figure 2Q). These data further suggest that the PSMs hava-P axis Figures 2A,D,E,). However, PSMs were further from
unique spacing requirements on the A-P axis of the muscléheir nearest neighbor on the D-V axis compared to controls
compared to the majority of myonuclei. (Figure 2F. These data suggest that the D-V spacing of PSMs is
particularly sensitive to Pins expression. All togethersthdata
demonstrate that Dynein, Kinesin and Pins have unique impact

Dynein and Kinesin Regmate Nuclear on the positioning of the PSMs compared to other myonuclei.

Position Near the NMJ
To determine the factors necessary for the unique positigraifi ) .
PSMs, we depleted genes that regulate general nuclear positiorlarsicht Regulates the Distance Between
the developingdrosophilamuscle Elhanany-Tamir et al., 2012; PSMs and the NMJ
Folker etal., 2012; Metzger et al., 2T exclude the potential Having found that the distance between PSMs is regulated by
in uence of the motor neuron on the position of myonuclei, we Dynein and Kinesin, we tested whether the distance between
expressed RNAI speci cally in muscle using bmef2-GAL40 PSMs and the NMJ is also regulated by these two microtubule
drive the expression of UAS-RNAB(and and Perrimon, 1993  motors. In Dynein-depleted muscles the number of PSMs
We rst depleted the microtubule motors, Dynein and (Figure 2B), and the distances between PSMs and the NMJ
Kinesin, which provide the force to move myonuclei. Becauswere similar to controls Kigures 2A,G,). In Kinesin-depleted
depletion of either Dynein or Kinesin disrupted generalmuscles the total number of PSMs was reducEjre 2B).
myonuclear position Folker et al., 2012; Metzger et al., 2012Furthermore, the number of PSMs withimam of the NMJ (close
Wilson and Holzbaur, 2012 we measured PSM position as aPSMs) was decreased, and the number of PSMs between 5 and
function of general nuclear spacing throughout the myo bse¢ 20nm from the NMJ (far PSMs) was increasdtdgures 2A,G,).
Materials and Methods section). Kinesin depletion and DyneirPins depletion reduced the percentage of myonuclei that were
depletion had opposite e ects on the distance between PSMBSMs Figure 2B), and increased the percentage of PSMs that
In Dynein-depleted muscles, PSMs were closer together whevere far from the NMJFigures 2A,H). These data suggest that
compared to controls Kigures 2A,D,)). In Kinesin-depleted Kinesin and Pins are essential for positioning PSMs close to the
muscles, PSMs were further apart when compared to controldMJ (within 5nm).
(Figures 2A,D,)). Although the distance between two PSMs To position nuclei, the cytoskeletal factors that generated
was sensitive to the depletion of either Dynein or Kinesirg th must interact with the nucleus. KASH-domain proteins span
distance between a PSM and a non-PSM was Rigiufes 2E,.  the outer nuclear envelope and facilitate the direct intécac
These data suggest that the position of PSMs, relative to othbetween the nucleus and the cytoskeleton, and are necessary
PSMs, is coordinated by a balance of Dynein and Kinesin &gtivi transmit force from the cytoskeleton to the nucleoskeletdra(r
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FIGURE 2 | axis, postsynaptic myonuclei (PSMs) are further from thefreighbors when compared to the other nuclei(D) Tukey boxplots indicating the distance
between neighboring PSMs (when more than 1 PSM per muscle cabe counted). The distance is normalized to the average distece between all myonuclei and their
nearest neighbor on the AP axis for the entire musclgE,F) Tukey boxplots showing the distance between PSMs and their @arest neighbors on the A-P axigE) or
the distance between a PSM and the nearest neighbor on the D-¥xis (F) for the indicated genotypes. Distances were normalized tohe average inter-nuclear
distance for all nuclei on the same axis within the same musel (G,H) Graphs indicating the distribution of distances between PBls and the NMJ. Student's t-test
was used for comparison to controls (indicated as a black dalsed line). In all boxplot graphs, controls are in black and thether genotypes are in gray(l) Summary of
the data shown in(A—H). Nuclei represent the average nuclear positions. Verticllack dotted lines indicate PSM position in controls. Studets t-test was used for
comparison to controls; *p < 0.05, **p < 0.005, **p < 0.0005, ****p < 0.0001.

and Han, 2002; Luxton et al., 2010; Guilluy et al., JGhat is the distance between the MTJ and the MJMs at both the
composed of nuclear lamins. Both KASH-domain proteins andanterior and posterior end of the musclé&igures 4A,B. In

the nuclear lamin, LamC (Lamin A/C in mammals), are necessargontrol muscles, stretching did not immediately change the
for proper nuclear positioning in muscléd(alynas et al., 2010; position of the MJMs at either the anterior of posterior muscle
Folker et al., 2011; Elhanany-Tamir et al., 2012; Zwergei.et end (Figures 4A,B and cartoon inFigure 4G statistics is in
2013. Therefore, we tested whether positioning of PSMs waSupplementary Table R After a 2-h recovery, posterior MIMs
dependent on thé®rosophilaKASH proteins (Klar and Msp300) were closer to the MTJHgures 4A,B and cartoon irFigure 4G).

and LamC. In muscles depleted of Klar, the total number of PSM§hese data suggest that MJMs are anchored in position, but that
(Figure 2B) and the percentage of PSMs that were withimB of  stretching triggers a response that moves MJMs closer to the MTJ.
the NMJ were reduced{gures 2A,H,l). There was no changein ~ We next tested whether the proteins necessary for positioning
the number or position of PSMs in Msp300-depleted or LamCnuclei near the MTJ also regulate the movement of MJMs
depleted animalsHigure 2H). Thus, the KASH-domain protein following muscle stretching. Although MJMs in Klar-depleted
Klar is speci cally required to position nuclei withinfim of the  muscles were positioned further from the MTJ before stretghin

NMJ. their behavior in response to stretching was similar to cotsr
Anterior MJMs did not change position after stretching whereas

Klar and Pins Position Myonuclei Near the posterior MJMs were closer to the MTJ 2h after stretching

MTJ (Figures 4A,F. Although nuclei moved in the same direction,

The myotendinous junction (MTJ) is another specialized cellthe degree of movement was reduced in Klar-depleted muscles
cell contact that may specify a unique subset of myonuclei. Teompared to controls. In Pins-depleted muscles, posterior MIMs
test this, we measured the positions of MTJ myonuclei (MJMs)vere signi cantly further from the MTJ immediately after
We de ned MJIMs as the nuclei in each row that are nearesgtretching Figures 4A,B. After a 2-h recovery, posterior MIMs
to either the anterior or posterior MTJF{gure 1). In controls ~ Were still further from MTJ Figures 4A,B. In both Klar- and
(Figures 3A,B, the anterior and posterior MIMs were the samePins-depleted animals, only the posterior MJMs changed position
distance from the MTJ. after a mechanical stimulus. Because the posterior MIJMs were
We next depleted genes necessary for general myonucledpser to the MTJ before stretching, these data may suggesst th
positioning and measured the position of MJMs. Neithernuclear movement as a response to stretching may be dependent
Kinesin-depletion nor Dynein-depletion had any impact on the©n the initial nuclear position.
position of MJIMs relative to the MTJF{gures 3A,B. Klar- To determine the impact of the cytoskeleton on stretch-
depletion had no eect on the position of posterior MIMs induced nuclear movement, we depleted Dynein and Kinesin
(Figures 3A,B but caused the anterior MIMs to be further and measured nuclear position after stretching. In Dynein-
from the MTJ compared to controlsF{gures 3A,B. Pins- depleted muscles, anterior MJMs did not change position 2h
depletion also caused anterior MIMs to be further form the MTJafter stretching, but posterior MIJMs were closer to the MTJ
Additionally, in Pins-depleted animals, the posterior MJMs werdmmediately after stretchingHgures 4A,Q. Being already close
closer to the MTJRigures 3A,B. Together, these data indicate t0 the MTJ, posterior MJMs maintain their position at 2h
that the anterior MIMs are particularly sensitive to the expressi after stretching. These data suggests that Dynein funstion

of Klar and Pins (results are summarizedfigure 30). maintain MJMs in place during stretching. The nuclei in Kinesin-
depleted muscles responded to mechanical stress. However, in

Nuclei Move Closer to the MTJ in these muscles, the anterior nuclei moved closer to the MTJ and

Response to Mechanical Stimuli the posterior nuclei maintained their positiofrigures 4A,D,G.

Because the MTJ is susceptible to damage during stretch or

eccentric contractionsT(dball, 1991; Frenette and Cote, 2000 DISCUSSION

nuclear position may change as a consequence of mechanical

stress. We measured the position of MIJMs before and aftén vertebrates, myonuclei at the post-synaptic site are
muscle stretching to determine whether nuclei moved inclustered near the NMJ Epglander and Rubin, 1987;
response to a mechanical stimulus. Third instar larvae wer€rady et al., 2005 However, the mechanism that
stretched for 10 min, then dissected either immediately rafteunderlies nuclear spatial commitment, and whether non-
stretching (timeD 5 min) or after a 2-h recovery. We measureduniform nuclear distribution is conserved, is not known.
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FIGURE 3 | Distance between MJMs and the MTJ.(A) Max intensity projections of confocal images of myotendinas regions of the indicated genotypes.
Microtubules, magenta; nuclei green. Scale bab 20 mm (B) Tukey boxplots showing the distance between MJIMs and the MTJor the indicated genotype in
segments A3 (top) and A4 (bottom)(B(b Same data as in(B), but with anterior and posterior MIMs grouped vertically. Aterior MIJMs are shown on the left and
posterior MIMs are shown on the right. Vertical dashed blackines indicate the median value for the controls(C) Summary of the data shown in(A,B). For sake of
simplicity, only one MJM is represented for each MTJ. Nucleepresent the average nuclear positions. Vertical black dted lines indicate MJM position in controls.
Gray dotted lines indicate position of MIMs that are signi catly different from controls. Studentst-test was used for comparison to controls; *p < 0.005,

**4p < 0.0005, ***p < 0.0001.

Using Drosophila as a model organism, we found that those necessary to maintain a mitotic spindkza@lio, 199% The
PSMs are further from their nearest neighbor compareck ect of Kinesin-depletion is surprising given that in general
to all other myonuclei demonstrating that unique Kinesin-depletion causes nuclei to cluster in muscle. Thus, th
positioning of PSMs is conserved. More broadly, theseequirements and the mechanisms of positioning nuclei near
data suggest that each nucleus may have specialized spatiied NMJ are unique compared to those for general nuclear
requirements. positioning.

The proteins that position PSMs are the same as those that Additionally, Kinesin and the KASH-domain protein Klar
position all myonuclei. However, disrupting expression ofshe regulate the distance between the NMJ and the PSMs. That
proteins has distinct e ects on PSMs. Depletion of Kinesin andynein is not involved suggests that cortical pulling doe$ no
Dynein had opposite e ects on the distance between PSMegulate the nal distance between a nucleus and the NMJ. This
suggesting that the distance between PSMs is regulated syggests a Kinesin- and Klar-dependent mechanism, sinvlar t
microtubules and may require a balance of forces similar téthe mechanisms that drive lipid droplet transport in embryos
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FIGURE 4 | Effects of larval stretching on MJM positioning(A) Max intensity projections of confocal images of anterior ahposterior MTJs for the indicated
genotypes stained for -integrin (gray) and nuclei (green). White asterisks mankathea branches, which are not part of the muscle. Scale basil0 mm (B-F) Tukey
boxplots showing the distance between MJMs and the MTJ in laral that have not been stretched (not stretched), larvae diected immediately after stretching
(stretched), larva that have been stretched and dissectedfter a 2 h recovery (stretchedC2 h). (G) Cartoon of MJIM position in stretching experiments. Summarpf
the stretching experiments from(A-F). For sake of simplicity, only one MJIM is represented for eacMTJ. Black arrows indicate the direction of the change in ndear
positioning. *p < 0.05, ***p < 0.0005, ***p < 0.0001.

and nuclear migration in the developing ey&/¢lte et al., 1998; undergoing repair or growth which involved the incorporatioh
Mosley-Bishop et al., 1939moves PSMs to their the nal additional nuclei Bruusgaard et al., 20p4However, that study
position. did not provide measurements or genetic regulators. Here we
Prior to this work, the position of nuclei relative to the MTJ measured for the rst time the position of MJMs, and found
had not been extensively analyzed. One study showed that that these nuclei were 25-8®n from the MTJ and that the
mouse extensor digitorum longus muscles, myonuclei at thpositioning of myonuclei near the MTJ was Klar-dependent and
MTJ did not show a unique distribution, unless the ber wasPins-dependent. Thus, Klar (on the nuclear envelope), and Pin
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(at the cell cortex) are required for the precise positionirfg ocontaining 100 mM PIPES (P6757; Sigma- Aldrich), 115 mM d-
nuclei near both specialized cell-cell junctions. sucrose (BP220-1; Fisher Scienti ¢), 5 mM trehalose (18258;

Perhaps the most surprising result of this work is thatAcros Organics), 10 mM sodium bicarbonate (BP328-500; Fishe
myonuclei were positioned closer to the MTJ after the larvé&cientic), 75mM potassium chloride (P333- 500; Fisher
was stretched (results are summarizedrigure 4G. That the  Scienti ¢), 4 mM magnesium chloride (M1028; Sigma- Aldrich)
movement of nuclei was not immediate, but required a 2-hand 1 mM ethylene glycol tetraacetic acid (28-071-G; Fisher
recovery indicates that the movement is an active response facienti c) and then xed with 4% Formaldehyde in PIPES bu er
stretching. Force transmission at the MTJ is supported by &8P531-500; Fisher Scienti c).
high concentration of cytoskeletal and structural proteiaad Antibodies for larva let staining were used at the following
regional synthesis of contractile proteins happens at the MThal dilutions: rat anti- tyrosinated tubulin, 1:400 (MAB186
when muscles are stretche®ig, 1990. Thus, MIJMs may be Millipore), mouse anti-myospheroid bfintegrin), 1:100
moved toward the MTJ to direct local translation of structura (CF.6G11, Developmental Studies Hybridoma Bank). Larval
proteins for repair. NMJs were labeled with Alexa-Fluor 647-conjugated goat

Because MJMs did not change position immediately afteanti-HRP, 1:500 (123-605-021,Jackson ImmunoResearch
stretching, they are likely anchored in position. Anchorinf§ Laboratories). We used Alexa Fluor 488- and Alexa Fluor
myonuclei is dependent on many of the factors that move nucleb55- conjugated uorescent secondary antibodies (1:40f@; L
during embryonic muscle development. Depletion of Pins cause@iechnologies), and Hoechst 33342n{d/ml, ThermoFisher).
MJMs to move away from the MTJ immediately after stretching.arvae were mounted in ProLong Gold (P36930; Life
whereas depletion of Dynein caused nuclei to move closereo thTechnologies).
MTJ immediately after stretching. Thus, the anchoring of MJMs All images were acquired on a Zeiss 700 LSM using an
is Dynein- and Pins-dependent. Apochromat 40 /1.4 numerical aperture (NA) objective.

Here, we have shown that not all nuclei are positioned at an
equ_a_l distance from their neighbors. First, PSMs at_the _NMJ argtretching Experiments
positioned such that the gap between PSMs and their neighbors|| L2
greater than for other myonuclei. The distance between pirs :jntact .th'rd instar larva 4-4.5mm long were put on a
PSMs is dependent on Dynein and Kinesin, while the distancels.Secuon plate and held from both the head and the tail

using a vacuum system. Larvae were then stretched along

between a PSM and the NMJ depends on Kinesin and Klaf, _. ; - . . .
Second, we found that the distance between MJMs and the MTJ.[lr%eIr AP axis for 10min, dissected immediately and xed for

regulated by Klar and Pins. Last, we showed for the rst tilmatt immunohistochemistry or put on agar plates for 2h before

: o . dissection. Larval length increased 2mm during stretching
nuclei are positioned closer to the MTJ after muscle streighin Stretching was visually monitored throuah a stereomi
Our identi cation of unique subsets of myonuclei indicatidet g y g

. . . .Control larvae were larvae form the same lay pot and of the same
simple analysis of the average distance between myonuclei is
; ; . size that had not been stretched.
insu cient to understand how di erent genes regulate nuctea
position. Furthermore, because nuclear position is aberiant ) -
many muscle disorders, either directly or as a consequefce Analysis of Nuclear Position
ongoing muscle repair, this work opens new possibilities talar We focused our analysis on muscle 6 (ventral longitudinal feusc
understanding the role that subsets of nuclei have in sucB) because this muscle is at the surface in the dissecteatland
disorders. the nuclei are stereotypically arranged in two parallel roloag
the length of the muscle. We de ned PSMs as myonuclei that are
positioned between 0 and 20n from the NMJ (the diameter
MATERIALS AND METHODS of one myonucleus), measuring the distance between the rcente

: : of a nucleus and the nearest NMJ branch. The distance between
Drosoph_lla Genetics .. PSMs and their neighbor nuclei was compared to the distance
The following stocks were grown under standard condition

at 25 C: UAS-Dhc64C RNAI (36698; Bloomingtdbrosophila “between gll myonpcle| and their nearest neighbAft nuclel.
Stock Center [BDSC], Bloomington, IN), UAS-Khc RNAI (357700 AP neighbdp distance fom) of all not-de ned myonuclei
' gton, ™), to their closest nucleus on the AP axBSM to AP neighbbr

BDSC), UAS-Pins RNAI (53968, BDSC), UAS-Klar RNA (36721distance (rm) of PSM to their closest neighbor nucleus on the

BDSC), UAS-MSP300 RNAI (32377; BDSC), UAS-LamC RNAA o : . .
’ . ; AP axis;PSM to PSM neighb@sdistance of PSM to its closest
(31621; BDSC), UAS-mCherry RNAI (35785; BDSC). UAS_RN%SM neighbor, that is always on the AP a¥d; nuclei to DV

constructs were d_nven speci cally in the r.nUSde usiylef2- neighbob distance m) of all not-de ned myonuclei to their
GALA4.In all experiments, the mother carried the Gal4 and the g .
father carried the UAS-RNAI closest nucleus on the DV axiBSM to DV neighbd@ distance

) (mm) of PSM to their closest neighbor nucleus on the DV axis.

_ _ The internuclear distance was measured by using the segmented
Immunohistochemistry line tool on ImageJ software. We measured the distance from
Larvae were dissected as previously describedi(is etal., 2017; the center of each nucleus to the center of its nearest nuclea
Camuglia et al., 20)8Brie y, larvae were dissected in ice-cold neighbor. The distance of MJM to the MTJ was measured from

1,4-piperazinediethanesulfonic acid (PIPES) dissectiorerbu the center of each MIM to the closest MTJ edge.
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Statistics Paula Slater and Burcu Erdogan. This work was supported by
All statistics were performed using Prism 4.0 (Graphpad). Gsaphgrants from The Hood Foundation and the American Heart

(Figures 2 4, all graphs) are depicted as Tukey boxplots (boxAssociation to EF.

extend from 25th to 75th percentiles) and include valuesrujlei
nuclear distance measurements. Horizontal dotted grag im
the box indicates the median for the control. Bars indicdte t

SUPPLEMENTARY MATERIAL

max and min value. Values greater than the 75th percentile plushe Supplementary Material for this article can be found

1.5 times the interquartile distance are represented aslesingonline at;

points. For normal distributions, studentstest was used for
comparison to controls;p< 0.05, p< 0.005, p< 0.0001.

https://www.frontiersin.org/articles/10.38tphys.
2018.01531/full#supplementary-material

Supplementary Figure 1| PSM number. Tukey plot that show the number of

We used the Mann-Whitney test when the data did not follow apswms as row values (not normalized for total myonuclei/muselas in Figure 2A).

Gaussian distribution. Details of statistical analysisiactuded
in Supplementary Tables 1-3
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