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SUMMARY

Proper distribution of organelles can play an important role in a moving cell’s performance. During C. elegans
gonad morphogenesis, the nucleus of the leading distal tip cell (DTC) is always found at the front, yet the sig-
nificance of this localization is unknown. Here, we identified the molecular mechanism that keeps the nucleus
at the front, despite a frictional force that pushes it backward. The Klarsicht/ANC-1/Syne homology (KASH)
domain protein UNC-83 links the nucleus to the motor protein kinesin-1 that moves along a polarized acen-
trosomal microtubule network. Interestingly, disrupting nuclear positioning on its own did not affect gonad
morphogenesis. However, reducing actomyosin contractility on top of nuclear mispositioning led to a dra-
matic phenotype: DTC splitting and gonad bifurcation. Long-term live imaging of the double knockdown re-
vealed that, while the gonad attempted to perform a planned U-turn, the DTC was stretched due to the lag-
ging nucleus until it fragmented into a nucleated cell and an enucleated cytoplast, each leading an
independent gonadal arm. Remarkably, the enucleated cytoplast had polarity and invaded, but it could
only temporarily support germ cell proliferation. Based on a qualitative biophysical model, we conclude
that the leader cell employs two complementary mechanical approaches to preserve its integrity and ensure
proper organ morphogenesis while navigating through a complex 3D environment: active nuclear positioning

by microtubule motors and actomyosin-driven cortical contractility.

INTRODUCTION

Organ morphogenesis involves cell and tissue movement thro-
ugh complex three-dimensional environments. As a result of
their interactions with neighboring cells and the extracellular ma-
trix (ECM), navigating cells experience multiple kinds of mechan-
ical stress. How cells endure these physical challenges and
maintain their shape and function, leading to robust organ forma-
tion, remains unclear.

An internal physical barrier to cell movement is the large and
bulky nucleus.”? Nevertheless, several studies revealed that
actively positioning the nucleus at either the front or rear end
of the cell facilitates migration in various ways. Rearward nuclear
localization promotes polarization in fibroblast cells migrating on
a 2D surface,® while in cells squeezing through a 3D matrix, it
functions as a “piston”: it is pulled forward by actomyosin
contractility, pressurizing the cytoplasm and leading to forward
movement.? Leukocytes employ their front-positioned nucleus
as a “mechanical gauge” to identify the migratory path of least
resistance® or to breach through the endothelial barriers.®

Nuclear positioning is mainly mediated by a well-conserved
linker of the nucleoskeleton and cytoskeleton (LINC) com-
plex.””'° It connects the nuclear envelope to the cytoskeletal

networks of actin, microtubules, and intermediate filaments.'"?

Mispositioning of the nucleus underlies multiple pathologies,
such as embryonic lethality, lissencephaly, Emery-Dreifuss mus-
cular dystrophy, and cardiomyopathy.'®'* Despite the well-es-
tablished role of nuclear positioning in several cellular con-
texts,®? the significance of nuclear position and movement
during organ morphogenesis remains largely unexplored.

Here, we investigated the role of nuclear localization during
C. elegans gonad morphogenesis, wherein the nucleus of the so-
matic leader cell, known as the distal tip cell (DTC), is positioned
at the front during the entire course of gonadogenesis.'® The
C. elegans gonad has two symmetrical U-shaped arms housing
germ cells. Each of the gonadal arms is enwrapped within a
basement membrane (BM) and sheath cells and is capped by
a DTC. The DTC functions as a stem cell niche, promoting
germ cell proliferation.’®'” Previously, we revealed that the
DTC is propelled by a pushing force exerted by the proliferating
germ cells behind it."® The DTC secretes matrix-degrading met-
alloproteases and thus provides an outlet for the release of pro-
liferative pressure, leading to directional gonad elongation.
Furthermore, the DTC brings about gonad turning by asymmet-
rically positioning cell-matrix adhesions in response to chemo-
tactic cues.'®?'
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Figure 1. Nuclear positioning at the distal tip cell (DTC) front, mediated by UNC-83 and UNC-84, is dispensable for gonad morphogenesis
(A) lllustrations (left) and the respective microscopic images (right) of the 4’,6-diamidino-2-phenylindole dihydrochrolide (DAPI)-stained gonads expressing lag-
2p::mNeonGreen (MNG)::PH show the position of the DTC nucleus before (orange box), during (blue box), and after the turn (green box). Pink, germ cell nuclei;
blue, DTC; purple, DTC nucleus. Yellow arrowheads and circles indicate nucleus position within the DTC. White dotted lines outline the gonad.

(B) A schematic showing the localization of LINC complex proteins: the SUN protein, UNC-84 (orange), localizes at the inner nuclear membrane (INM), where it
interacts with KASH proteins, UNC-83 (yellow) and ANC-1 (green), which reside on the outer nuclear membrane (ONM). On the cytoplasmic side, UNC-83
connects to microtubules, whereas ANC-1 is attached to actin filaments.

(C) Nuclear localization of UNC-83:GFP::KASH (left) and UNC-84::GFP (right) in a DTC expressing cytoplasmic mig-24p::WrmScarlet during different stages of
gonad development.

(D) Representative images showing the position of the nucleus in DTCs expressing LMN-1::GFP, lag-2p::mNeonGreen:PH, and mKate2::TBA-1 in control versus
DTC-specific unc-83(RNAi) and unc-84(RNAi) worms.

(legend continued on next page)
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In this study, we found that the torque associated with gonad
turning generates substantial stress on the DTC, which is allevi-
ated by two cell-intrinsic mechanisms: frontal nuclear positioning
and actomyosin contractility. Nuclear localization at the front of
the DTC was dependent on the LINC complex protein UNC-83
and kinesin microtubule motor (kinesin light chain 2, KLC-2 and ki-
nesin heavy chain, UNC-116). Nuclear mispositioning on its own
did not affect gonad morphogenesis. However, DTC-specific
depletion of non-muscle myosin Il (NMY-2) contractility in conjunc-
tion with nuclear mispositioning led to an unexpected phenotype:
DTC fragmentation and gonad bifurcation. Long-term live imaging
revealed that, during the turn, the DTC fragmented into a nucleated
cell and an enucleated cytoplast, each leading an independent
gonadal arm. Strikingly, the enucleated cytoplast maintained po-
larity and secreted metalloproteases but could retain stem cell
niche function only for a brief period. By integrating a mechanical
model with quantitative imaging, we explain how nuclear position
and cortical contractility regulate the force balance within the DTC,
preserving its shape and integrity.

RESULTS

Nuclear positioning at the DTC front, mediated by LINC
complex proteins UNC-83 and UNC-84, is dispensable
for gonad morphogenesis

We examined nuclear position in the DTC of fixed worms stained
with a chromatin marker (Figure 1A) as well as live worms ex-
pressing a cytoplasmic fluorescent marker (Figure S1A; Video
S1). The leading edge or the front of the DTC is the side facing
the direction of movement, while the rear end is closely adhered
to germ cells (Figures 1A and 1B). We found the nucleus posi-
tioned at the extreme leading edge of the DTC—abutting the
plasma membrane—as the gonad elongated on the ventral sur-
face during the second larval stage (L2), consistent with previous
reports.'>?? During the third larval stage (L3), when the gonad
made a U-turn, the DTC nucleus moved from the ventral toward
the dorsal surface concomitantly with the movement of the cell
body. After the turn, the gonad continued to elongate on the dor-
sal surface and the DTC nucleus retained its position at the lead-
ing edge (Figure 1A).

To investigate the mechanism regulating DTC nuclear posi-
tioning, we explored the role of three major LINC complex pro-
teins: UNC-83, ANC-1, and UNC-84. UNC-83 and ANC-1 have
conserved Klarsicht/ANC-1/Syne-1 homology (KASH) domains
and localize on the outer nuclear envelope, while UNC-84, with
a conserved Sad1/UNC-84 (SUN) domain, resides on the inner
nuclear envelope®®2° (Figure 1B). UNC-83, ANC-1, and UNC-
84 are important for nuclear positioning in multiple tissues during
C. elegans development.?®?*2~3 ANC-1 is required for nuclear
anchorage to actin filaments,**** while UNC-83 interacts with
microtubule motor proteins®*~¢ (Figure 1B).

As shown in Figure 1C, both endogenously GFP-tagged UNC-
83%" and UNC-84° localized prominently around the DTC
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nucleus. Also, ANC-1 was present around the nucleus with
more rearward enrichment (Figure S1B). Consistent with their
localization, DTC-specific depletion of either UNC-83 or UNC-
84 caused nuclear mispositioning within the DTC (Figures 1D
and 1E). However, nuclear position was unaffected by DTC-spe-
cific depletion of ANC-1 (Figure S1B). Interestingly, the nucleus
was not mispositioned while the gonad elongated on the ventral
surface (Figure 1D, left) but began to deviate from its normal po-
sition at the front of the DTC, along the cell’s symmetry axis, dur-
ing the gonad turning phase (Figure 1D, middle). The nucleus re-
mained mispositioned while the gonad elongated on the dorsal
surface (Figure 1D, right). Thus, it appears that UNC-83 plays a
critical role in nuclear movement during the gonadal turn.
Notably, UNC-84 depletion caused the nucleus to be displaced
slightly toward the rear, while retaining its position along the DTC
axis of symmetry. In contrast, UNC-83 depletion resulted in a
significant displacement of the nucleus from the front during
the turn; the angular deviation of the nucleus increased with
the progression of the DTC’s turn, until it arrested at the rear
edge of the DTC (Figures 1D and 1E).

Next, we investigated whether nuclear positioning at the lead-
ing edge of the DTC is essential for gonad morphogenesis. DTC-
specific RNAi-mediated depletion of UNC-83, UNC-84, or
ANC-1 did not affect DTC migration and gonad morphogenesis
(Figures 1F, S1C, and S1D). We confirmed the efficiency of
RNAi knockdown by carrying out unc-83(RNAI), unc-84(RNAi),
and anc-1(RNAi) on endogenously GFP tagged proteins, and
we observed 79%, 86%, and 91% reductions in their fluorescent
intensity as compared to controls, respectively (Figures S1B and
S1E-S1l). Together, these observations suggest that frontal DTC
nuclear positioning is not essential for gonad morphogenesis,
consistent with a previous report.'®

Since gonad morphogenesis was unaffected by DTC nu-
cleus mispositioning, we further explored if it impacts the
fecundity of the worm or alters DTC architecture. DTC-spe-
cific depletion of UNC-83 did not affect germline function,
as unc-83(RNAI) adult worms were able to form proper oo-
cytes and embryos; however, the DTC structure was severely
disrupted (Figure S1J).

Depletion of UNC-83 and non-muscle myosin II, NMY-2,
results in DTC fragmentation and gonad bifurcation
during the turn

Previously, we found that DTC-specific knockdown of several
cytoskeletal proteins, including NMY-2, does not affect gonad
morphogenesis.'® This led us to hypothesize that some of these
cytoskeletal elements function redundantly to regulate gonad
morphogenesis. A candidate double-RNAi screen (Table S1) re-
vealed that DTC-specific co-depletion of UNC-83 and NMY-2 re-
sulted in multiple gonad morphogenesis defects, including turn
defects (17%), failure to complete elongation (10%), and
branched gonadal arms (42%) (no. of worms observed, n = 59)
(Figures 2A and 2B).

(E) Quantification of nuclear displacement from the DTC front (as shown in schematic) in control (n = 19) versus DTC-specific unc-83(RNAI) (n = 17) and unc-
84(RNAI) (n = 15) worms. Statistical analysis was carried out using one-way ANOVA. *** indicates p value < 0.0001; ns, not significant.

(F) Representative images showing the morphology of gonads expressing a germ cell membrane marker (pie-1:mCherry:PH, pink) and a DTC membrane marker
(lag-2p::mNeonGreen:PH, cyan) in control (n = 37) versus DTC-specific unc-83(RNAi) (n = 35) and unc-84(RNAi) (n = 29) worms. Insets on the right display
magnified images of the DTC. Orange arrows indicate the direction of DTC movement. Scale bar, 10 um. See also Figure S1 and Video S1.
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Figure 2. Formation of an enucleated DTC and a bifurcated gonadal arm after DTC-specific depletion of UNC-83 and NMY-2

(A) Representative images showing the morphology of gonads expressing a germ cell membrane marker (pie-1:mCherry:PH, pink) and a DTC membrane marker
(lag-2p:mNeonGreen:PH, cyan) in control (n = 44) versus DTC-specific unc-83; nmy-2 (RNAI) (n = 59) worms.

(B) Percentage of gonad morphology defects observed in DTC-specific depleted unc-83;nmy-2(RNAi) worms. Color code corresponds to the defects shown in (A).
(C) Images from time-lapse videos of gonads expressing a germ cell membrane marker (pie-1:mCherry:PH, pink) and a DTC membrane marker (lag-
2p:mNeonGreen:PH, cyan) in control (top) and DTC-specific unc-83;nmy-2(RNAi) worms (middle and bottom). The middle panel depicts an example in which
DTC fragments move in the same direction after the turn, while the bottom panel shows an example where, after DTC fragmentation, gonadal arms elongate in
opposite directions. Yellow arrows indicate the site of DTC splitting.

(D) Representative image of the bifurcated gonadal arms of DTC-specific unc-83;nmy-2(RNAi) worms expressing a DTC membrane marker (lag-2p:mNeonGreen:PH,
cyan) and stained with an F-actin marker (phalloidin, gray) and a nuclei marker (DAPI, pink). Magnified insets on the right show an enucleated DTC (top, green box) and

nucleated DTC (bottom, orange box). Yellow arrowheads point to the DTC nucleus. Scale bar, 10 um. See also Figures S1-S4, Table S1, and Video S2.

Surprisingly, DTC-specific co-depletion of UNC-84 and
NMY-2 resulted in a much milder phenotype, with only 7% of
the worms having branched gonadal arms (Figures S1D and
S1K). We did not see any gonad morphogenesis defects after
DTC-specific co-depletion of ANC-1 and NMY-2 (Figures S1C
and S1D). We tested the efficacy of UNC-84 and ANC-1 knock-
down and found the intensity of endogenous UNC-84::GFP was
reduced to 18% in unc-84;nmy-2(RNAi) worms, while endoge-
nous ANC-1::GFP intensity decreased to 9% in anc-1;nmy-
2(RNAi) worms as compared to control (Figures S1B-S1E,
S1H, and S1l). Together, these results indicate that UNC-83
and NMY-2 function redundantly to ensure proper gonad
morphogenesis. UNC-83 is known to transmit force from the
cytoplasm to the nucleus by interacting physically with the inner

4 Current Biology 34, 1-14, June 3, 2024

nuclear envelope SUN domain protein UNC-84 during embryo-
genesis.**° The milder phenotype observed in unc-84;nmy-
2(RNAi) worms as compared to unc-83;nmy-2(RNAi) worms indi-
cates either that UNC-83 interacts with a different SUN protein
present in the inner nuclear envelope of the DTC or that the
observed phenotype results from non-LINC-complex-depen-
dent function of UNC-83, as reported for ANC-1.%°

To better understand the functional redundancy between
UNC-83 and NMY-2, we studied the localization of NMY-2 and
its role in nuclear positioning within the DTC. Endogenously
tagged NMY-2 showed significant enrichment at the rear end
of the DTC during different stages of gonad development (Fig-
ure S2A). Depletion of NMY-2 did not affect nuclear position
within the DTC; however, unlike in control worms, we observed
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the presence of long DTC membrane extensions (Figure S2B).
We confirmed efficient depletion of NMY-2 (>95%) by measuring
the fluorescence intensity of endogenously tagged NMY-2:
mKate after nmy-2(RNAi) and unc-83;nmy-2(RNAI) (Figures
S2B and S2C).

Since the majority of unc-83;nmy-2(RNA)) worms had
branched gonadal arms, we focused our attention on this novel
phenotype. To trace the origin of the branched gonad pheno-
type, we employed a microscope-mounted microfluidic device
that permits long-term imaging.*' As shown in Video S2 and Fig-
ure 2C (upper), imaging of worms with fluorescently labeled DTC
and germ cell membranes, from the L3 stage until the late L4
stage, allowed us to capture the dynamics of gonad ventral elon-
gation, turning, and dorsal elongation. Importantly, imaging of
DTC-specific unc-83;nmy-2(RNAi) worms revealed that during
the turn, the DTC breaks apart into two cell fragments (Figure 2C;
Video S2). After the turn, we observed two different outcomes of
the DTC breaking apart into a nucleated cell and an enucleated
cytoplast. In most (67%) cases, both the cell- and cytoplast-led
gonadal arms elongated in the same direction, toward the mid-
body of the worm (Figure 2C, middle; Video S2). In a third of
the cases, the cell- and cytoplast-led gonad arms elongated in
opposite directions (Figure 2C, bottom; Video S2). Either way,
the enucleated fragment formed from the front of the cell while
the nucleated fragment formed from the rear of the DTC.
Remarkably, the gonadal arm elongating on the dorsal surface
in the wrong direction—i.e., away from the midbody —invariably
was led by the nucleated DTC, while the enucleated DTC led
the gonad arm elongating in the correct direction. Also, in the
majority (75%) of cases, the gonadal arm led by the enucleated
DTC elongated further than the gonadal arm led by the nucle-
ated DTC.

To confirm that the DTC is torn apart during the turn and does
not undergo normal cell replication and division, we stained go-
nads expressing a DTC membrane marker with a nuclear marker
and an F-actin marker. As evident in Figure 2D, after DTC-spe-
cific co-depletion of UNC-83 and NMY-2, one cell fragment con-
tained the nucleus while the other one was enucleate. This
phenotype of DTC fragmentation is distinct from the phenotype
of extra DTCs*” formed due to transdifferentiation of somatic
cells into DTCs,*® hyperproliferation of DTCs,** and abnormal
cell-fate specification®® in that additional DTCs in these cases
have nuclei. For example, each of the ectopic DTCs formed at
the expense of an anchor cell, following the depletion of the nu-
clear hormone receptor NHR-25,¢ have a nucleus (Figure S3).

DTC fragmentation is not due to an inability to detach
cell-matrix adhesions

Cellular fragmentation is a known phenotype in cultured motile
cells with impaired myosin contractility.*”*** Previous studies
have demonstrated this effect in cells that utilize crawling
motility, in which the adhesions at the rear of the cell generate
resistive forces that pull the cell backward, while actin polymer-
ization at the front pushes it forward.*® Myosin contractility pulls
against the resisting rear adhesions, thereby lowering the elastic
stress in the cell. Without myosin contractility, these opposing
forces produce a large stress in the elastic cellular elements
(such as the plasma membrane and passive cytoskeleton), lead-
ing to fragmentation. In contrast to these findings, our previous
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study showed that the propulsive force for DTC moatility is pro-
vided by external pressure exerted on the DTC by the bulk of
the gonad.'® Cell-substrate adhesions are not required for for-
ward motion in this case but are rather utilized for steering.'®
Consistently, DTC-specific depletion of NMY-2 did not cause
DTC fragmentation, although we observed the presence of
long DTC membrane extensions (Figures S2B and S4A). We pro-
pose that these long extensions are attributable to reduced
cortical contractility rather than due to the inability of the DTC
to detach itself from the substrate in the absence of NMY-2.
Consistent with this hypothesis, attenuation of cell-matrix adhe-
sions by depleting a-integrin INA-1 along with NMY-2 failed to
prevent the formation of membrane extensions (Figure S4A).
The presence of gonadal arms displaying turn defects indicated
efficient depletion of INA-1 in ina-1;nmy-2(RNAi) worms. We also
quantified INA-1 knockdown percentage by carrying out ina-
1;nmy-2(RNAi) on the worms expressing INA-1:mNG. We
observed a 93% reduction in INA-1::mNG intensity as compared
to control (Figures S4B and S4C). Together, these results show
that long DTC membrane extensions formed in the absence of
NMY-2 are not due to strong DTC-matrix adhesions, and there-
fore DTC fragmentation is not likely a result of its inability to
detach cell-matrix adhesions.

Enucleated DTCs can invade but do not retain stem cell
niche function for long

Cell shape and polarity, which are important for cell invasion and
vesicular trafficking, are maintained by cell adhesion and the
cytoskeleton. Intrigued by the observation that the enucleate
DTC supports gonad elongation, we investigated its cytoskeletal
organization in comparison with nucleated DTCs. No notable dif-
ference was observed in the localization pattern of F-actin (Fig-
ure 2D), B-integrin/PAT-3 (Figure 3A), Talin/TLN-1, or the actin
nucleator Arp2/ARX-2 (Figure 3B) between the nucleated DTC
fragment and the enucleated DTC cytoplast. Consistent with
their ability to lead gonad arm elongation, we found that enucle-
ated DTCs also exhibited polarized localization of the metallo-
protease GON-1"8°%°" (Figure 3C). Also, both gonadal arms,
led by nucleated and enucleated DTC, were surrounded by lam-
inin, a BM component (Figure 3D). Altogether, these results indi-
cate that after DTC fragmentation, the enucleated DTC cytoplast
recapitulates the structure of a nucleated DTC.

To test whether the enucleated DTC is under pressure from the
germ cells, as was shown for the normal DTC,'® we performed
laser incision experiments on the BM. A small incision at a region
behind the enucleated DTC caused an instant release of pres-
sure, indicating the presence of proliferative pressure within
the gonadal arm led by enucleated DTC (Video S8). This is
consistent with our previous study, where we showed the pres-
ence of proliferative pressure not only behind the DTC but also
far from the DTC in the loop region.'®

Since the DTC also functions as a stem cell niche, promoting
the proliferation of adjacent germ cells through GLP-1/Notch
signaling,'®°? we examined whether the DTC cytoplast can sup-
port germline stemness. To this end, we examined larval and
adult gonads for expression of SYGL-1, a downstream target
of GLP-1/Notch signaling.’”°**° Interestingly, gonadal arms
led by enucleated DTC cytoplasts showed a progressive decline
in the level of SYGL-1 with increasing age, and no staining was
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Figure 3. Enucleated DTC can invade but loses stem cell niche function over time
(A) Representative images of a gonad expressing GFP::PAT-3 (cyan) and a DTC marker (mig-24p::WrmScarlet, gray) in control and unc-83;nmy-2(RNAi) worms.
Magnified views of the DTCs are shown on the right, depicting enucleated and nucleated DTCs from different Z-planes of the same gonad.

(legend continued on next page)
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detected in the adult stage. In contrast, SYGL-1 staining was re-
tained in the gonadal arm with a nucleated DTC in the larval and
adult stages as seen in the control (Figures 3E and 3F). Consis-
tently, in the adults with bifurcated gonad arms, dividing germ
cells, identified by their mitotic spindle, were observed only in
the gonadal arm with the nucleated DTC (Figure S5). These re-
sults indicate that enucleated DTCs can initially function as
stem cell niches but progressively lose this ability. Collectively,
these results indicate that enucleated DTC retains its architec-
ture and invasive activity but fails to sustain the stem cell niche
function for an extended period.

A polarized acentrosomal microtubule network and
kinesin-1 activity are responsible for the frontal nuclear
position required to preserve DTC integrity during the
turn

Given that UNC-83 is linked to the microtubule network, we next
explored whether DTC fragmentation in the absence of UNC-83
and NMY-2 is related to a cell-wide disruption of the DTC’s micro-
tubule cytoskeleton. Examining endogenously tagged a-tubulin/
TBA-1, we did not discern any defects in the organization of mi-
crotubules after DTC-specific depletion of UNC-83 alone or
together with NMY-2 (Figure 4A). We further analyzed microtu-
bule polarity and dynamics in the DTC using an endogenously
mKate2-tagged microtubule end binding protein, EBP-2,°° which
labels the plus-end tips of growing microtubules.” We observed
that most microtubules grow from the rear end toward the leading
edge of the DTC in control worms, and this directionality was
unaffected in unc-83(RNAI) and unc-83;nmy-2(RNAi) worms (Fig-
ure 4B; Videos S4 and S5). Given this polarity, we visualized cen-
trosomes in the gonad with endogenously tagged TAC-1 and
ZYG-9°8 and found that the DTC microtubule network is acentro-
somal (Figure S6A). This was further confirmed by temporal pro-
jection views of the time-lapse videos of EBP-2::mKate2. The
EBP-2 comet tracks did not grow from any single point, consis-
tent with acentrosomal microtubules (Figure S6B). To assess
microtubule dynamics, we measured the growth length and
speed of EBP-2 comets. Growth length and speed were
unaffected in the nucleated DTC of unc-83(RNAI) (growth length =
1.1 £0.03 um; speed =0.73 £ 0.05 um/s, n = 10) and unc-83;nmy-
2(RNAI) worms (growth length = 1.17 + 0.05 pm; speed = 0.66 +
0.03 um/s, n = 11) but were moderately increased in enucleated
DTC of unc-83;nmy-2(RNAi) worms (growth length = 1.27 +
0.07 um; speed =0.75 + 0.02 um/s, n = 9) as compared to the con-
trol (growth length = 1 + 0.03 um; speed = 0.60 + 0.02 um/s, n =
11) (Figure 4C). Thus, depletion of UNC-83 does not perturb
microtubule organization and dynamics. No significant difference
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in the microtubule organization was observed between the nucle-
ated and enucleated DTC of unc-83;nmy-2(RNAi) worms, but
they grow slightly longer and faster without a nucleus.

UNC-83 functions as a cargo adapter, connecting the nucleus
with three microtubule motor protein complexes®'°: a kinesin-1
complex®* (KLC-2/UNC-116) and two dynein complexes (BICD-
1/EGAL-1/DLC-1 and NUD-2/LIS-1).%>°° Therefore, we investi-
gated which motor proteins are responsible for maintaining the
nucleus at the front of the DTC and whether this is how UNC-
83 prevents cell fragmentation in the absence of NMY-2. We per-
formed DTC-specific RNAi against proteins from each of the
three complexes. DTC depletion of LIS-1 and DLC-1 showed a
slight displacement of the nucleus from the leading edge, while
the nucleus was substantially displaced toward the rear end of
the DTC after the depletion of KLC-2 or UNC-116 (Figures 5A
and 5B), phenocopying the knockdown of UNC-83 (Figures
2A-2C). These results demonstrate that the major force for
DTC movement and positioning at the cell front is provided by
the plus-end-directed motor protein kinesin-1. This conclusion
is congruous with our EBP2::mKate2 data, which showed plus-
end growth directed toward the leading edge of the DTC (Fig-
ure 4B; Video S4). In accordance with their minor role in DTC
nuclear positioning, DTC-specific knockdown of dynein motor
proteins, on its own or in combination with NMY-2 depletion,
did not show any defect in gonad morphogenesis. In contrast,
DTC-specific klc-2(RNAi) and unc-116 (RNAi) worms showed
the splitting of gonadal arms phenotype with low penetrance
(8.4%; n = 60 and 5.6%; n = 53, respectively), and this defect
was considerably enhanced when the kinesin motor was
depleted along with NMY-2 (15%; n = 53 and 23%; n = 53,
respectively). In addition, such cells showed path-finding de-
fects, failure to turn, and failure to complete elongation pheno-
types (Figures 5C and 5D). These results suggest that active
forces mediated via UNC-83 and kinesin-1 motor activity are
responsible for maintaining the nucleus at the front of the DTC
and that this frontal position is essential to preserve the integrity
of the cell during the turn, especially in the absence of NMY-2.
Furthermore, the kinesin results rule out the possibility that
gonad bifurcation is the result of changes in gene expression
due to the absence of UNC-83.

A mechanical model explains how nuclear positioning
and contractility safeguard DTC integrity during the
gonadal turn

To gain further insight into the cause of DTC fragmentation, we
closely examined the morphology of the DTC during the turn in
control, nmy-2(RNAi), unc-83(RNAi), and unc-83;nmy-2(RNAI)

(B) Representative images of a gonad expressing ARX-2::RFP (pink) and GFP::TLN-1 (cyan) in control and unc-83;nmy-2 (RNAi) worms. Enlarged views of the
DTCs are shown on the right, depicting enucleated and nucleated DTCs from different Z-planes of the same gonad.

(C) Representative images of a gonad expressing GON-1::mNeonGreen (MNG) in control and unc-83;nmy-2(RNAi) worms. Magnified insets show the localization
of GON-1::mNG in the DTCs in different conditions.

(D) Representative images of a gonad expressing LAM-1::Dendra (green) and a DTC marker (mig-24p::WrmScarlet, pink) in control and unc-83;nmy-2(RNAi)
worms.

(E) Representative images of anti-FLAG antibody (gray) and DAPI (a nuclear marker, pink) stained gonads in control and DTC-specific depleted UNC-83 and
NMY-2 worms. These gonads express FLAG::SYGL-1, a mitotic germ cell marker, and a DTC membrane marker (lag-2p::mNeonGreen::PH, cyan). An orange
arrowhead highlights the gonadal arm led by an enucleated DTC.

(F) Quantification of FLAG::SYGL-1 intensity in the branched gonads of unc-83;nmy-2(RNAi) worms with nucleated versus enucleated DTC (early L4 stage, n = 8;
mid-L4 stage, n = 10; late L4 stage, n = 7; adult stage, n = 11). Statistical analysis was carried out using one-way ANOVA. **** indicates p value < 0.0001; ***
indicates p value < 0.001; ns, not significant. Scale bar, 10 um. See also Figure S5 and Video S3.
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Figure 4. A polarized microtubule network in the DTC is unaffected by unc-83 RNAi, and enucleated DTC cytoplasts have moderately
enhanced microtubule dynamics

(A) Representative images of gonads expressing mKate2::TBA-1 (pink) and a DTC marker (mig-24p::WrmScarlet, cyan) in control versus DTC-specific depleted
unc-83(RNAI) and unc-83;nmy-2(RNAi) worms. Magnified insets on the right display mid-plane and maximume-intensity projected views of the DTCs. Yellow
asterisks indicate the position of the DTC nucleus.

(B) Representative time-lapse color-coded images of EBP-2::mKate2 in the DTC of control versus unc-83(RNAI) and unc-83;nmy-2(RNAi) worms to show
microtubule growth directionality. Images were acquired at 200 ms intervals for a period of 2 s. Green color denotes the first time point, while red denotes
the end time point. Yellow asterisks indicate the position of the DTC nucleus.

(C) Microtubule growth length and growth rate in the DTC of control versus unc-83(RNAI) and unc-83;nmy-2(RNAi) worms. Statistical analysis was carried out

using one-way ANOVA. ** indicates p value < 0.01; ns, not significant. Scale bar, 10 um. See also Figure S6 and Videos S4 and S5.

worms. Depletion of NMY-2 or UNC-83 on their own did not have
an obvious effect on DTC morphology. However, their concurrent
depletion led to a significant deformation of the DTC (Figure 6A).
We quantified the perimeter and aspect ratio of the entire DTC
and the average radius of curvature along the DTC front edge
for the various conditions. We found that knockdown of NMY-2
showed a mild defect, but when combined with the knockdown
of UNC-83 the DTC adopts a more elongated shape with a signif-
icantly higher radius of curvature than the control (Figure 6B).

To explain these observations, we propose an expanded me-
chanical model for the role of the DTC nucleus in maintaining
cellular integrity throughout the gonad morphogenesis process.
According to our model, pressure from proliferating cells in the
bulk of the gonad is the driving force behind DTC motion. The
mechanical role of the DTC during elongation is to cap the elon-
gating end of the gonad and to steer its path.'® During gonad
turning, the DTC develops an asymmetric adhesion pattern,
with a highly adherent region in its dorsal region. The pressure

8 Current Biology 34, 1-14, June 3, 2024

from the bulk of the gonad applies a bending moment to the
DTC about the adherent region, resulting in DTC rotation.'®
Throughout the DTC’s progress, its nucleus experiences
increased friction with the surrounding environment due to its
size and rigidity, and, subsequently, is under greater resistance
to motion than the rest of the cell. This assumption is supported
by the observation that the gonadal arm led by the enucleated
DTC elongated faster than the arm led by the nucleated DTC in
the majority of unc-83;nmy-2(RNAi) worms. As the pressure in
the gonad is expected to equilibrate rapidly in comparison with
its rate of motion,® an equal pushing force is applied to both
the enucleated and nucleated branches. The reduced speed of
the nucleated branch is therefore explained by the nucleus’ trac-
tion. This finding is in agreement with previous studies showing
that the nucleus produces additional resistance to motion in a
confined environment.®":?

Since the DTC’s nucleus experiences increased traction, kine-
sin-based active forces are required to counter this friction and
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Figure 5. Active nuclear positioning by kinesin-1 and non-muscle myosin Il contractility together preserve DTC integrity during gonad

morphogenesis

(A) Representative images showing the position of the nucleus in a DTC expressing LMN-1-1::GFP; lag-2p::mNeonGreen:PH in control worms and after DTC-
specific depletion of the dynein regulator LIS-1, dynein light chain 1 (DLC-1), kinesin light chain 2 (KLC-2), and kinesin heavy chain (UNC-116).

(B) Quantification of nuclear displacement from the DTC front in control (n = 20) versus DTC-specific RNAi depletion of lis-1 (n = 13), dlc-1 (n = 16), klc-2 (n = 15),
and unc-116 (n = 14) worms. Statistical analysis was carried out using one-way ANOVA. **** indicates p value < 0.0001; ** indicates p value < 0.01.

(C) Representative images showing gonad morphology in worms expressing a germ cell membrane marker (pie-71::mCherry:PH, pink) and a DTC membrane
marker (lag-2p::mNeonGreen:PH, cyan) in control versus DTC-specific RNAi depletion of kic-2, unc-116, kic-2,nmy-2, and unc-116;nmy-2.

(D) Percentage of different gonad morphology defects observed in DTC-specific klc-2(RNAi) (n = 60), unc-116(RNAI) (n = 67), kic-2,nmy-2(RNAI) (n = 53), unc-
116;nmy-2(RNAI) (n = 53). Color code corresponds to the gonad morphology defects shown in (C). Orange arrows indicate the direction of DTC movement.

Scale bar, 10 um.

rotate the nucleus together with the rest of the cell about the
high-adhesion pivot region (Figure 6C, control). Disruption of
the microtubule positioning mechanism results in lagging of the
nucleus behind the overall rotation of the DTC (Figure 6C, unc-
83). Whereas the entire DTC is under proliferating pressure
from the gonad bulk, friction with the environment is relatively
localized to the nucleus and to the adhesion sites at the dorsal
surface of the DTC. When the nucleus is actively positioned
near this adhesion site, the DTC can rotate about this common
anchoring region, leading to gonad bending. However, when
the nucleus becomes mispositioned to the cell region furthest
from the adhesion site, the DTC cap is essentially anchored by
both the nucleus and the adherent region. Under such conditions
the gonad pressure, P, will act to expand, rather than rotate the

DTC cap, resulting in stretching tension, 7 within it (Figure 6C,
unc-83 and unc-83;nmy-2).

While a direct measurement of the mechanical stress in the
DTC is not available, this value may be qualitatively estimated
by neglecting the cell thickness and coarsely considering
the DTC as a curved cap. The total DTC tension, i, that is
required to resist the pressure is given by the Laplace relation
7ot ~ Rc*P, where R is the radius of curvature of the DTC
cap. External stretching forces applied to cells are countered
by two types of intracellular stress: active actomyosin contrac-
tility as well as passive stress due to the resistance to deforma-
tion of elastic cellular elements, such as the cell membrane,®>%*
so that the total tension in the DTC cap is 7wt = Tact + Ter- The
passive stress falling on the elastic elements of the DTC is

Current Biology 34, 1-14, June 3, 2024 9
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Figure 6. Excessive mechanical strain, due to nuclear mispositioning and reduced actomyosin contractility, leads to DTC fragmentation
(A) Midplane and maximume-intensity projection views of DTCs expressing lag-2p0:mNG::PH in control versus DTC-specific unc-83(RNAi), nmy-2(RNAi), and unc-
83;nmy-2(RNAi) worms during the turn from the ventral to dorsal surface. Scale bar, 10 um.

(B) Quantification of perimeter, aspect ratio, and cell-averaged radius of curvature of maximum-intensity projection views of DTCs (as shown in A) in control (n =
11, 11 and 18) versus DTC-specific unc-83(RNAi) (n = 11, 11 and 13), nmy-2 (RNAI) (n = 10, 11 and 16), and unc-83;nmy-2(RNAI) (n = 14, 14 and 16) worms. ****
indicates p value < 0.0001; *** indicates p value < 0.001; ** indicates p value < 0.01; * indicates p value < 0.05.

(C) Schematic representation of DTC forces. During the turn, the DTC nucleus (blue circle) is localized at the front, close to the region of high adhesion (pink), in a
balance between a frictional force exerted on the nucleus fgiction and a kinesin based restoring force fyinesin. The DTC has both elastic 7¢ and active contractile
elements fyosin (red-green dashed curve) that resist the pressure from the gonad (P) (control). Depletion of the kinesin-based restoring force fyinesin (Unc-83
(RNAI)) mislocalizes the nucleus away from the site of high adhesion. DTC shape is maintained by a force balance between friction force exerted on the nucleus
frriction and actomyosin force frmyosin against the gonadal pressure (P). A DTC with impaired fgnesin @nd frmyosin (UNc-83;nmy-2(RNAI)) stretches and elongates
(between two anchor points, i.e., the mislocalized nucleus and region of high adhesion) due to increased elastic tension 7¢ (green curve). Beyond a critical

threshold 7it, increased elastic tension | leads to DTC fragmentation.

therefore given by 7o = R -P — 74t and is elevated both by in-
crease in R. as well as by decrease in 4. A rise of the elastic
stress beyond some critical threshold 7¢ > 7t Will lead to DTC
fragmentation®®® (Figure 6C, unc-83;nmy-2). We note that the
radius of curvature of the DTC edge is not constant, indicating
variations in the localized traction forces with the environment.
We therefore utilize an averaged value of the curvature along
the edge, thereby partially obscuring the observed flattening ef-
fect. We further note that in cases where the DTC is spread over

10 Current Biology 34, 1-14, June 3, 2024

the gonad’s bent region (Figure 2C), the inherent bending rigidity
of the gonad’s bulk strongly affects the curvature of the outer
edge,'® further reducing the accuracy of this estimate of the in-
ternal DTC tension.

Based on this qualitative model, we understand that the func-
tion of the active positioning by kinesin motors is to keep the nu-
cleus close to the cell adhesions in order to allow the DTC to
rotate about a common region of high friction while maintaining
the cell shape. It is further seen that myosin activity may play a
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double role in preventing DTC fragmentation: myosin contrac-
tility both limits the deformation of the DTC, preventing an in-
crease in the total stress, and relieves some of the stress that
falls on the passive elastic elements in the cell. Failure of both
the kinesin- and myosin-based forces results in acute cell defor-
mation, mechanical strain, and subsequent fragmentation of
the DTC.

DISCUSSION

The DTC employs two complementary mechanical mechanisms,
active nuclear positioning by microtubule motors and actomy-
osin-driven cortical contractility, in order to preserve its integrity
and ensure proper organ morphogenesis while navigating
through a complex 3D environment. A similar approach might
be employed during morphogenesis of branched organs, such
as lungs, kidneys, and salivary glands. Relying on more than
one mechanism to maintain leader cell integrity confers robust-
ness to the process of organogenesis. Multiple mechanical pro-
cesses acting in concert to ensure robust morphogenesis have
been described in several developmental systems. For instance,
successful ventral furrow formation in Drosophila requires apical
constriction, basal relaxation, and cell shor‘tening,67 while basal
constriction in conjunction with tissue compaction caused by
cell migration drives retinal neuroepithelium invagination in Ze-
brafish embryos.®®

The nucleus is the primary site for gene regulation and genome
protection. In addition, attributes such as its size, position, and
stiffness and its interaction with the cytoskeleton render the nu-
cleus a dominant physical entity within the cell. Our results sug-
gest that friction between the nucleus and the ECM is a major
impediment to cell movement. Although crawling cells and
DTCs utilize distinct physical mechanisms for forward propulsion
(actin polymerization at the front in crawling cells and external
pressure from the gonadal bulk in the DTC), in both cases intra-
cellular forces are required to overcome localized resistance to
motion: traction forces of rear adhesions in the case of crawling
cells®® or resistance by the nucleus in the case of the DTC mo-
tion. Moreover, since myosin functions as an actin cross-linker
as well as a motor,”? its inhibition results in an impaired connec-
tivity of the cortical network, leading to reduction of the critical
tension beyond which the cell fragments. Inhibition of myosin
is therefore a common mechanism that leads to elongation,
deformation, and eventual break-up of motile cells under such
conditions.

Our results also reveal the remarkable capability of a cyto-
plast to repolarize and organize its cytoskeleton to support
continued invasion. To the best of our knowledge, this is the
first report showing that a cytoplasmic fragment can invade
and direct organ morphogenesis in vivo. Enucleated cells are
present in several physiological contexts,”' including erythro-
cytes,”>"® cornified keratinocytes,”* and eye lens fiber cells.”®
The elimination of the nucleus is essential for the erythrocytes
to fit into the narrow blood capillaries and for keratinocytes to
form a tough and water-resistant barrier, and it allows lens fiber
cells to create a transparent eye lens.”’ Cytoplasts are also
observed in pathological situations: for instance, neutrophil
cytoplasts trigger severe asthma,’® and circulating tumor
cytoplasts formed by shear stress assist in metastasis.”’

¢ CellP’ress

Interestingly, cytoplasts have been genetically engineered for
targeted drug delivery.”® Given that the DTC cytoplast retains
polarity, cytoskeletal architecture, and invasive behavior, it
may serve as an in vivo model to gain further insight into the ca-
pabilities of a cell devoid of a nucleus.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FLAG M2 antibody Sigma Cat # F1804; RRID: AB_262044
Alexa Fluor 488-conjugated goat anti-mouse IgG Abcam Cat # ab150113; RRID: AB_2576208

Bacterial and virus strains

E. coli OP50
HT115 (DEJ)
E. coli: Ahringer and Vidal RNAI library

Caenorhabditis Genetics Center (CGC)
Caenorhabditis Genetics Center (CGC)
Source Bioscience

OP50
OP50
C. elegans RNAI collection

Chemicals, peptides, and recombinant proteins

Chlorotrimethylsilane Sigma Aldrich 89595

DAPI Santa Cruz Biotechnology SC-3598
IPTG Gold Biocom 12481C100
Optiprep Sigma Aldrich D1556

PDMS - Elastosil RT601 A/B Ameba 60080682 A/B
Alexa Fluor™ 568 Phalloidin Thermo Fisher Scientific A12380

SU8 photoresist GM1050 Gersteltec GM1050

SU8 photoresist GM1060 Gersteltec GM1060
Silicon wafers Siegert Wafer 4P0/>1/525 + 25/SSP/TTV<10
Pluronic F127 Sigma Aldrich P2443
Propylene glycol methyl ether acetate PGMEA Sigma Aldrich 484431

10X PBS Hylab BP507/500D
Ampicillin Formedium AMP100
Levamisole Sigma L9756-5G
Triton X-100 Sigma X100-100ML
Tween 20 Sigma P1379-100ML
BSA VWR Life Science 97061-420
Formaldehyde BioLab 06750523
Methanol BioLab 001368350100
Glycine BioLab 000713239100
Agarose SeaKem LE 50004
Chlorotrimethyl silane Sigma 92361
Vectashield Vector Laboratories H-1200
Experimental models: Organisms/strains

cpls121 I; rrf-3(pk1426) II; rde-1(ne219) V Linden et al.”® NK2115
cpls121 I; rrf-3(pk1426) II; rde-1(ne219) V;Itis44 Agarwal et al.® RzZB353
[Ppie-1::mCherry::PH(PLC1deltal); unc-119(+)] IV

mig-24p::Venus Kiyoji Nishiwaki lab NF2169
mig-24p::SKl-Lodge casette::WrmScarlet Agarwal et al.'® RZB350
cpls121 I; rrf-3(pk1426) II; rde-1(ne219) V;tba-1 Agarwal et al.'® RZB354
((knu639 [pPNU1541 - N-terminal degron

mKate2 unc-119(+)] unc-119(ed3) Il))I

unc-83(yc26[unc-83::gfp::kash+LoxP])V Bone et al.®’ UD473
unc-84(yc24Junc-84::gfo+LoxP])X Lawrence et al.*® UD476
mig-24p::SKl-Lodge casette::WrmScarlet; This study RZB386
unc-83(yc26[unc-83::gfp::kash+LoxP])V/+

mig-24p::SKl-Lodge casette::WrmScarlet; This study RzZB387

unc-84(yc24func-84::gfp+LoxP])X

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

anc-1(yc68[GFP::anc-1bj) Hao et al.*° UD612

mig-24p::SKl-Lodge casette::WrmScarlet; This study RZB491

anc-1(yc68[GFP::anc-1b])

nmy-2(cp52 [nmy-2::kate + LoxP unc-119(+) LoxP]) I; Heppert et al.?° LP229

unc-119 (ed3) Il

qls56 [lag-2p::GFP + unc-119(+)]; nmy-2 This study RZB326

(cp52[nmy-2::mkate]) |

ccls4810 [(pJKL380.4) Imn-1p::imn-1::GFP::Imn-1 Haithcock E et al.® LW697

3'utr + (PMH86) dpy-20(+)] |

cpls121 I; rrf-3(pk1426) Il; rde-1(ne219) V;tba-1 ((knu639 This study RZB418

[pPNU1541 - N-terminal degron mKate2 unc-119(+)]

unc-119(ed3) Il))I; ccls4810 [(pJKL380.4)

Imn-1p::Imn-1::GFP::Imn-1 3'utr + (PMH86) dpy-20(+)] |

cas725 [arx-2::TagRFP knock-in] Zhang et al.?? GOU2905

pat-3(zh115[gfp::pat-3]) I. Alex Hajnal lab AH4617

tin-1(zh117[gfo::tin-1]) I. Walser et al.®® AH3437

tin-1(zh117[gfp::tin-1]) I; cas725 [arx-2::TagRFP knock-in] This study RZB376

gon-1(qy45[gon-1::mNG+loxP]) IV. Keeley et al.®* NK2590

rrf-3(pk1426); pat-3::GFP; mig-24p:: Agarwal et al.'® RZB392

SKI-Lodge casette::WrmScarlet

mig-24p::SKi-Lodge casette::WrmScarlet;qyls108 Agarwal et al."® RzB422

[lam- 1p::lam-1::dendra +unc-119(+)]

sygl-1(am307[3xFLAG::sygl-1]) | Kocsisova Z et al.”® WU1770

cpls121 I; rrf-3(pk1426) Il; rde-1(ne219) V; This study RZB394

sygl-1(am307[3xFLAG::sygl-1]) |

tac-1(or1955[gfp::tac-1]) Il; ItIs37 IV Chuang CH et al.*® EU3121

2yg-9(or1956[gfp::zyg-9j) Il; ItIs37 IV Chuang CH et al.*® EU3169

ebp-2(or1954[ebp-2::mKate2]) Il; ruls57 Sugioka K et al.*® EU3068

mig-24p::SKl-Lodge casette::WrmScarlet;ina-1 Agarwal et al."® RZB423

(qy23[ina-1::mNGJ) Il

Recombinant DNA

Plasmid L4440 Addgene #1654

Plasmid T444T Addgene #113081

Software and algorithms

Adobe lllustrator Adobe https://www.adobe.com

Fiji Schindelin et al.®® http://fiji.sc/

GraphPad Prism GraphPad Software https://www.graphpad.com

MATLAB MathWorks https://ch.mathworks.com/
products/matlab.html

Metamorph Molecular devices 7.10.2.240

Other

1/16" tygon tubing Thermo Fisher Scientific 15157044

1/32" tygon tubing Thermo Fisher Scientific 15137044

283G hollow steel pins Gonano Dosiertechnik IP7R23050

23G blunt needles Gonano Dosiertechnik GGA723050

30G blunt needles Gonano Dosiertechnik IP730050

10 um filter pluriSelect pluriStrainer Mini 10 um

High-resolution film mask Micro Lithography Services Ltd N/A

Silicon Wafer Siegert Wafer 4P0/>1/525 + 25/SSP/TTV<10

Cover glass 50 x 24mm Hecht assistant, Germany 41014551

20G Catheter Punch SYNEO CR0350255N20R4

Syringe Pump World Precision Instruments AL-1000
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1 mL Syringe Fisher Scientific 11338763
Solenoid Distrelec 154-22-898
Solenoid Base Distrelec 154-22-899
Cable Distrelec 143-46-643
M5 to 6mm push-in adapter Distrelec 110-30-131
M5 to 4mm push-in adapter Distrelec 110-30-128
Nylon-Luer-Fitting Fisher Scientific 11776048
6mm Polyurethane tubing Angst+Pfister 1201150604
4mm Polyurethane tubing Angst+Pfister 1201150402
Manometer Distrelec 154-23-643
Pressure regulator Distrelec 154-23-579
G1/4 to 6mm push-in adapter Distrelec 301-69-323
Air plasma Zepto Plasma cleaner N/A
Elastosil RT601 Ameba 60080682
Mask aligner Kloe UV-KUB3
iLAS Pulse system GATACA Systems N/A
Microscope Nikon Ti2E
Spinning disk confocal Yokogawa CSU-W1
sCMOS camera Photometrics Prime 95B
Microscope objective Nikon 60X and 100X oil immersion

Plan-Apochromat objective

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ronen
Zaidel-Bar (zaidelbar@tauex.tau.ac.il).

Materials availability
All the C. elegans strains and resources used in this study will be available upon request with the lead contact.

Data and code availability

® Raw microscopy data reported in this paper will be available upon request with the lead contact.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper are available upon request from the lead
contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans maintenance
All strains used in this study were grown on plates containing nematode growth media (NGM) seeded with OP50, an E. coli strain, at
20°C.%° The genotypes of the strains used or generated for this study are detailed in the Key Resource Table.

METHOD DETAILS

RNA interference

RNAI experiments were conducted by using the standard feeding protocol.®” For RNAi, HT115 bacterial clones expressing dsRNA,
against specific genes, were obtained either from the Ahringer or Vidal RNAi library. For some of the genes, RNAI clones were not
available from either library. These genes were amplified from wild-type genomic DNA, cloned into the T444T plasmid,®® and then
the plasmid was transformed into HT115 bacteria. RNAi bacterial culture grown overnight was diluted to 1:100 and grown again
at 37°C until it reached an OD of 0.5. Then, the culture was induced with 10 mM IPTG for 3 h. After induction, the culture was spread
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on NGM plates containing 100 pg/mL ampicillin and 1 mM IPTG. To enhance the RNAI efficiency of UNC-84, we added 100 mM IPTG
to the RNAI plates after spreading the bacterial culture. Gravid adult worms were kept on the RNAI plates and allowed to lay embryos
for 2 h. Later, the adult worms were removed from the RNAI plates, and after 48 h, i.e. at the L4 stage, the phenotype of the progeny
was scored. HT115 bacteria containing empty L4440 plasmid (for the RNAi clones obtained from Ahringer®® or Vidal RNAi library®®) or
empty T444T plasmid (for the RNAI clones obtained by cloning genes into T444T plasmid) was used as control. For double knock-
down conditions, worms were grown on equal ratio of the bacteria containing the two RNAi clones.

Phalloidin staining

Synchronized worms at appropriate stage (50-100) were washed with PBS buffer and then decapitated in 0.5mM levamisole using a
syringe needle to extrude the gonads out of the worm body. Extruded gonads were fixed with 3.5% formaldehyde for 20 min. After
fixation, gonads were washed thrice with 1X PBS and then incubated for 5 min in 1X PBS containing 0.025% Triton X-100 for
permeabilization. Fixed and permeabilized gonads were stained with TRITC-phalloidin and DAPI (4',6-diamidino-2-phenylindole di-
hydrochloride, 1:1000) for 20 min in the dark. After staining, gonads were washed thrice with 1X PBS and mounted on 3% agarose
pad with a few microliters of Vectashield mounting medium (Vector Laboratories, H-1200) for imaging.

Immunofluorescence staining for FLAG epitope

Synchronized appropriate stage worms (50-100) were washed with PBS buffer and then decapitated in 0.5mM levamisole using a
syringe needle to extrude the gonads out of the worm body. Fixation and staining was carried out as described previously.® Extruded
gonads were fixed with 4% formaldehyde for 10 min followed by treatment with ice-cold methanol for 10 min at —20°C. Fixed gonads
were washed thrice with PBS-Tween (0.25% Tween in 1X PBS) and incubated with blocking buffer (1% BSA, 0.1% Tween and 30mM
glycine in 1X PBS) for 1 h at room temperature. After blocking, gonads were incubated in 50uL of primary mouse anti-FLAG antibody
(Sigma M2, 1:1000) overnight at 4°C. Next day, gonads were washed thrice with 1X PBS and incubated in secondary Alexa Fluor
488-conjugated goat anti-mouse IgG (Abcam, Cat # ab150113, 1:400) for 2 h at room temperature. Stained gonads were washed
thrice for 10 min with 1X PBS. The final wash was carried out with 1:1000 dilution of DAPI (4’,6-diamidino-2-phenylindole dihydro-
chloride) in 1X PBS to visualize the nuclei. Washing of the gonads was repeated two times with 1X PBS. Gonads were then mounted
on 3% agarose pad with a few microliters of Vectashield mounting medium (Vector Laboratories, H-1200) for imaging.

Fluorescence imaging

Live imaging was carried out with a spinning disk confocal (Yokogawa CSU-W1) on a Nikon Ti2E microscope using a prime 95B
sCMOS camera (Photometrics) and Metamorph software (Molecular devices, Sunnyvale, California). Appropriate stage live worms
were mounted on a 3% agarose pad placed on a glass slide with 5ul of 10mM levamisole. Fixed and stained gonads were mounted
with Vectashield mounting medium (Vector Laboratories, H-1200). To analyze gonad morphology and nucleus displacement, images
were acquired using 60X and 100X oil-immersion Plan-Apochromat objective, respectively.

MICROFLUIDIC DEVICE FABRICATION

Microfluidic devices were fabricated as described in Berger et al.*" Briefly, master molds were fabricated following standard photo-
lithography protocols,®' using SU8 photoresist (GM1050 and GM1060, Gersteltec) on silicon wafers (Si-Wafer 4P0/>1/525 + 25/SSP/
TTV<10, Siegert Wafer). The fluidic layers of different height (5 and 15 um for the feeding and worm sections respectively, L2-A device
type) were fabricated consecutively on the same wafer, and aligned using a mask aligner (UV-KUB3, Kloe). The master mold for the
control layer was fabricated on a separate wafer at a single height of 20 um. Wafers were treated with chlorotrimethyl silane (Sigma-
Aldrich) vapor prior to PDMS casting. PDMS devices were assembled by first spin coating (750 rpm for 30 s) the fluidic wafer with a
thin layer of PDMS (Elastosil RT601; ratio 20:1, Wacker). Simultaneously a ~4 mm thick layer of PDMS (Elastosil RT601; ratio 5:1,
Wacker) was cast on the control layer wafer. Both PDMS layers were partially cured at 70°C (15-20 min). Once sufficiently cured
the control layer was peeled from the wafer, cut to size and access holes punched (20G Catheter Punch, Syneo). The control layer
was then aligned to the fluidic layer using a stereomicroscope. Both layers were thermally bonded to one another overnight at 70°C.%?
Bonded devices were peeled off the wafer, access holes punched (20G Catheter Punch, Syneo) and bonded to cover glass (50 x
24 mm cover glass with selected thickness 0.17 + 0.01 mm, Hecht Assistant) using an air plasma (Zepto Plasma cleaner, Diener).
Fully assembled devices were baked overnight at 70°C to ensure reliable bonding.

Device operation

Microfluidic device were operated as described in Berger et al.*" First, the on-chip hydraulic valve was filled with deionized water by
applying a constant pressure (10-15 psi) to the dead-end valve channel. Second, the device was filled with the bacteria and pres-
surized to remove all air bubbles from within the device. Finally, worms were introduced via the worm inlet, with animals loaded
into the tubing. The tubing was connected to the worm inlet, ensuring that no air was introduced into the system, and worms
were pushed into the device by gently applying and releasing pressure on the syringe plunger. Worms were pushed from the common
inlet into individual channels of the trap array. All fluidic connections to the device were made using 1/16” tygon tubing (15157044,
Thermo Fisher Scientific), 23G blunt needles (GGA723050, Gonano Dosiertechnik) and 23G hollow steel pins (IP7R23050, Gonano
Dosiertechnik), except for the food supply connected were a 1/32” tygon tubing (15137044, Thermo Fisher Scientific) and 30G blunt
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needles (IP730050, Gonano Dosiertechnik) was used. Both worm and food supply tubing were connected to 1mL syringes, and the
general outlet to a waste container. Bacteria food was supplied at a flow rate of 1 ulL/h, with an increase in flow rate to 100 ulL/hfor 15 s
every 30 min, to remove possibly accumulated debris (Aladdin AL-1000, WPI). All worm loading was monitored at 10X magnification.
Once channels were filled and suitable worms identified within the trap array, a high magnification, high NA objective was focused
onto the device and image acquisition started.

On-chip RNAi
L1 stage worms were initially grown on RNAI plates (prepared using the method described in RNA interference section) for 24 h and
then, harvested and loaded into the microfluidic device as described above.

Worms on-chip were fed the RNAi bacteria (empty vector, or unc-83;nmy-2(RNAi)). Bacteria food was prepared starting with 20 mL
overnight culture in LB medium supplemented with ampicillin (0.1 mg/mL), followed by addition of 20mL LB medium supplemented
with IPTG (1 mM) and ampicillin (0.1 mg/mL) to induce dsRNA synthesis. The saturated bacterial cultures was pelleted by
centrifugation (3000 g for 2 min) and washed with fresh S-Basal buffer for a total of three washes. Note: For double RNAi experiments
(unc-83; nmy-2(RNAI) ), half the volume was prepared for each RNAi condition, processed as described and combined prior to the
final washing step. Finally, bacteria were pelleted and re-suspended in 1 mL fresh S-Basal, and 1 mL of bacterial suspension was
mixed with 0.59 mL Optiprep (Sigma-Aldrich) for density matching of bacteria in suspension, 0.39 mL S-Basal supplemented with
1wt% Pluronic F127 (Sigma-Aldrich) and an additional 0.002 mL of IPTG (1 M stock concentration). Before filling the device, the bac-
teria suspension was passed through a 10 um filter (pluriStrainer Mini 10 um, PluriSelect) to remove any large aggregates or debris.
Bacteria food was prepared fresh for every experiment.

All images on-chip were acquired using a spinning disk confocal (Yokogawa CSU-W1) on a Nikon Ti2E microscope using a prime
95B sCMOS camera (Photometrics) and Metamorph software (Molecular devices, Sunnyvale, California). Images were acquired us-
ing a 60X oil immersion lens in two colors at a z-spacing of 0.5 um and a time interval of 15 min for up to 24 h. Image acquisition as well
as actuation of the on-chip hydraulic valve (10-15 psi, activated from 10s before until end of image acquisition) was controlled
through a custom-built module on Metamorph software. All images were acquired at 20 + 0.5°C, with temperature control achieved
via the room air-conditioning system.

Image analysis

In Figures 1E and 5B, the distance between the nucleus and the DTC front was measured using FIJI software.®> The distance was
calculated by measuring the length of a straight-line drawn between the front edge of the nucleus and the DTC front, as shown in the
schematics along with the graphs. For fluorescent intensity measurements, background intensity was quantified at a region outside
the worm and subtracted from the whole image. In Figures 1G, S1E and S1l, the average intensity of ANC-1::GFP, UNC-
83::GFP::KASH and UNC-84::GFP, respectively, was measured by drawing a 3-pixel circle around the nucleus periphery. In
Figures S2C and S4C, the average intensity of NMY-2::mKate and INA-1::mNG was quantified in the entire DTC. In Figure 3E, average
fluorescent intensity of FLAG::SYGL-1in the nucleated and enucleated arm was quantified by measuring the mean intensity at three
distinct regions near the DTC, and then the ratio of intensity between them was calculated and plotted in the graph (Figure 3F). For
Figure 4C, EBP-2::mKate2 comets were detected, tracked in time and their growth length and rate calculated using the spot detec-
tion tool in the Imaris software (Oxford Instruments). For Figure 6B, perimeter and aspect ratio under different conditions were
measured by FlJI software after thresholding the maximum intensity projected images of the DTC membrane marker (as shown in
the right panel of Figure 6A). The curvature of the DTC edge contour was calculated from microscopy images using a custom
MATLAB script. The script performs binarization and morphological skeletonization of the raw images using functions from the
MATLAB Image Processing Toolbox. The local curvature of the resulting skeleton images was calculated by an adaptation of the
curvature detection algorithm presented in Driscoll et al.”®

Laser ablation

Laser ablation experiments were carried out using an iLAS Pulse system (GATACA Systems). It is equipped with a 355nm laser with
an average of 16mW power output. The laser was pulsed at 20Khz frequency with 0.5ns pulse width. L4 stage worms expressing a
basement membrane marker, laminin-1::Dendra, were first immobilized using 10mM levamisole and then mounted on a 3% agarose
pad placed on a glass slide. A small circular incision was performed using 80% laser power with 20 repetitions at the basement mem-
brane near the distal end of the enucleated DTC of the unc-83;nmy-2 (RNAi) worms. Subsequently, images were acquired every 1 s
for a total duration of 10 s.

QUANTIFICATION AND STATISTICAL ANALYSIS
Prism 9 (GraphPad) and Imaris 8.4.1 (Oxford Instruments) software were used for statistical analysis. Comparison between two sam-
ples was done using Student’s t-test or Mann Whitney U-test. One-way ANOVA analysis was used when comparing more than two

samples. Data are represented as mean + sem. Sample numbers are indicated in the figure legends or the main text, and a minimum
of three or four independent repeats were conducted for each experiment.
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Figure S1. DTC-specific depletion of UNC-83, ANC-1, or UNC-84 does not affect gonad
morphogenesis. Related to Figure 1 and 2.

(A) Time-lapse fluorescent images of the DTC, expressing mig-24p::Venus, showing the frontal
nuclear position during the turn. Scale bar, 10um. (B) Confocal images of DTCs expressing ANC-
1::GFP (cyan) and a DTC marker (mig-24p::WrmScarlet, pink) in control versus anc-1(RNAi) and
anc-1,;nmy-2(RNA1) worms. White arrowhead indicates the DTC nuclear position. (C) Representative
confocal cross section images of gonads expressing a germ cell membrane marker (pie-
I::mCherry::PH, pink) and a DTC membrane marker (lag-2p::mNG::PH, cyan) in control (N = 30)
versus anc-1(RNA1) (N =40) and anc-1;nmy-2(RNA1) (N =45 ) worms. (D) Percentage of gonad
morphology defects observed in the different knockdown conditions. (E) Quantification of ANC-
1::GFP intensity at the DTC nucleus periphery in control (N = 13) versus anc-1(RNAi) (N =13 ) and
anc-1;nmy-2(RNA1) worms (N = 13). (F) Representative images of DTCs expressing UNC-
83::GFP::KASH (cyan) and DTC marker (mig-24p::WrmScarlet, pink) in control versus unc-
83(RNA1) worms. (G) Quantification of UNC-83::GFP::KASH intensity at the DTC nucleus
periphery in control (N = 15) versus unc-83(RNA1) worms (N = 22). (H) Representative images of the
DTC expressing UNC-84::GFP (cyan) and DTC marker (mig-24p::WrmScarlet, pink) in control
versus unc-84(RNA1) and unc-84,nmy-2(RNA1) worms. (I) Quantification of UNC-84::GFP intensity
at the DTC nucleus periphery in control (N = 22) versus unc-84(RNA1) (N = 18) and unc-84,nmy-
2(RNA1) worms (N = 16). (J) Representative images of gonads expressing a germ cell membrane
marker (pie-1::mCherry::PH, pink) and a DTC membrane marker (/ag-2p::mNG::PH, cyan) in control
(n=21) versus unc-83(RNA1) adult stage worms (N = 18). Magnified insets on the right display the
maximum intensity projected view of the DTC membrane morphology. The nucleus is indicated by a
yellow arrow. (K) Representative images showing the morphology of a gonad expressing a germ cell
membrane marker (pie-1::mCherry::PH, pink) and a DTC membrane marker (/ag-2p::mNG::PH,
cyan) in control (N = 37) versus unc-84, nmy-2(RNA1) (N = 80) worms. Two phenotypes are shown
along with their penetrance. Percentage of depletion of the respective proteins are indicated in each
graph in red. Statistical analysis was carried out using One-way ANOVA analysis (C and H) and
Mann—Whitney U-tests (F). **** indicates p value < 0.0001. Scale bar, 10pum.
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Figure S2. Depletion of non-muscle myosin-1I, NMY-2, results in long DTC membrane
extensions, but does not affect nuclear positioning within the DTC. Related to Figure 2.

(A) Representative images of the gonads expressing NMY-2::mKate, and a DTC marker, lag-2p::GFP
before, during and after the DTC turn. Magnified insets on the right show NMY-2::mKate distribution
within the DTC during different stages. Rightmost panel display the corresponding fire look-up table
images. (B) Representative images of the DTC expressing NMY-2::mKate, and a DTC marker, lag-
2p::GFP in control versus unc-83(RNA1), nmy-2(RNAIi) and unc-83;nmy-2(RNAi) worms. Yellow
arrowhead indicated the position of the DTC nucleus and yellow arrow points towards the long
membrane extensions. (C) Quantification of NMY-2::mKate intensity within the DTC in control (N =
16) versus unc-83(RNAi) (N =19), nmy-2(RNAi) (N =12) and unc-83;nmy-2(RNAi) (N = 12) worms.
Percentage of depletion of NMY-2::mKate intensity in each genotype is indicated in the graph in red.
Statistical analysis was carried out using One-way ANOVA analysis. **** indicates p value < 0.0001,
ns, non-significant. Scale bar, 10um.
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Figure S3. Ectopic DTCs formed after the depletion of NHR-25, a nuclear hormone receptor,
possess nuclei. Related to Figure 2. Representative images of gonads expressing a germ cell
membrane marker, mCherry::PLC16-PH, and a DTC marker, /ag-2p::GFP. Top panel shows the
image of a control gonad, while middle and bottom panels show two different examples of nhr-25
(RNAI1) gonads. The right panel shows magnified images of the DTCs, and yellow arrows point to
nuclei. White arrowhead indicates proximal end of the gonad. Scale bars, 10um.
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Figure S4. Depletion of the a-integrin, INA-1, does not prevent the formation of long DTC
membrane extensions formed in the absence of NMY-2. Related to Figure 2.

(A) Representative maximum Z-projections showing the morphology of a gonad expressing a germ
cell membrane marker (pie-/::mCherry::PH, pink) and a DTC membrane marker (/ag-2p::mNG::PH,
cyan) in control (N = 23) versus nmy-2(RNAi) (N = 24) and ina-1,nmy-2(RNA1) (N = 35) worms.
Yellow arrows indicate the long DTC membrane extensions. (B) Representative images of the DTC
expressing INA-1::mNG, and a DTC marker (mig-24p::WrmScarlet, cyan) in control versus ina-1;,
nmy-2(RNA1) worms. (C) Quantification of INA-1::mNG intensity in the DTC in control (N =11)
versus ina-1;,nmy-2(RNA1) worms (N = 11). Percentage of depletion of INA-1::mNG intensity is
indicated in the graph in red. Statistical analysis was carried out using Mann Whitney U-test. ****
indicates p value < 0.0001. Scale bar, 10um.
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Figure S5. Gonadal arm lead by enucleated DTC lacks mitotically proliferating germ cells in the
adult. Related to Figure 3.

Representative images of DAPI stained gonads expressing a DTC membrane marker (lag-
2p::mNG::PH, cyan) and microtubule marker (mKate2:: TBA-1, green) in control versus DTC-specific
unc-83;nmy-2(RNA1) in adult stage worms. Magnified regions show the mitotically dividing
metaphase stage germ cell nuclei (topmost, blue box, and bottommost panel, green box). Middle panel
depicts a magnified region of the enucleated arm without any dividing germ cells (orange box). Scale
bars, 10um.
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Figure S6. Distal tip cells have acentrosomal microtubules. Related to Figure 4.

(A) Representative images of a DTC expressing endogenously GFP-tagged centrosome markers,
GFP::TAC-1 and GFP::ZYG-9. Top panel images are shown with normal exposure while the bottom
panel shows overexposed images of the same DTCs. Yellow arrows point toward the centrosomes of
the dividing germ cells. (B) Time projection view of a time lapse movie of EBP-2::mKate2 comets.
Images were acquired at 200 msec intervals for a period of 15 seconds. Scale bar is 10um.



Targeted gene combinations Number of worms analyzed
nmy-2; cyk-1 20
nmy-2; arx-2 25
nmy-2; wve-1 25
nmy-2; wsp-1 20
nmy-2; cgef-1 23
nmy-2; act-4 20
nmy-2; fln-2 20
nmy-2; unc-83 30
nmy-2; unc-84 24
nmy-2; anc-1 27
nmy-2; Imn-1 20
unc-83; cyk-1 23
unc-83; arx-2 25

Table S1. Double RNAi combinations used for screening defects in gonad morphogenesis.
Related to Figure 2.
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