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SUMMARY

Niche cell enwrapment of stem cells and their
differentiating progeny is common and provides a
specialized signaling and protective environment.
Elucidating the mechanisms underlying enwrapment
behavior has important basic and clinical signifi-
cance in not only understanding how niches are
formed and maintained but also how they can be en-
gineered and how they are misregulated in human
pathologies, such as cancer. Previous work in
C. elegans found that, when germ cells, which are en-
wrapped by somatic gonadal niche cells, are freed
into the body cavity, they embed into other tissues.
We investigated this phenomenon using live-cell im-
aging and discovered that ectopic germ cells prefer-
entially induce body-wall muscle to extend cellular
processes that enwrap the germ cells, the extent of
which was strikingly similar to the distal tip cell
(DTC)-germ stem cell niche. Enwrapment was spe-
cific for escaped germ cells, and genetic analysis re-
vealed it did not depend on pathways that control cell
death and engulfment or muscle arm extension.
Instead, using a large-scale RNAi screen and
GFP knockin strains, we discovered that the enwrap-
ping behavior of muscle relied upon the same suite
of cell-cell adhesion molecules that functioned
in the endogenous niche: the C. elegans E-cadherin
HMR-1, its intracellular associates a-catenin
(HMP-1) and b-catenin (HMP-2), and the L1CAM
protein SAX-7. This ectopic niche-like behavior re-
sembles the seed-and-soil model of cancer metas-
tasis and offers a new model to understand factors
regulating ectopic niche formation.

INTRODUCTION

Cell and tissue boundaries are fundamental organizing mecha-

nisms of multicellular life, but these boundaries must sometimes
be breached during development and homeostasis. For

example, leukocytes extravasate into tissues duringwound heal-

ing and immune surveillance, macrophages, and neutrophils

encircle and phagocytose dying cells during apoptotic engulf-

ment, and numerous cells fuse together to form organs [1–3].

Cell-in-cell incorporation, cell invasion, and cell fusion are not

only important for normal processes but are also misregulated

in numerous pathologies, including immune disorders, develop-

mental defects, and cancer [1, 3–5]. These dynamic, intrusive

cellular behaviors are often rare and difficult to visualize in their

native settings [4–6]. As a result, the full repertoire of ways in

which cells encapsulate or enter other cells and tissues may

not yet be identified in both normal and disease contexts.

One area of active inquiry is how stem cells become

embedded in their niche. Cells that are enwrapped by supportive

niche cells include mouse spermatogonial stem cells and their

differentiating progeny [7]; Drosophila intestinal progenitor cells

[8], primordial germ cells, germ stem cells, and their progeny

[9]; zebrafish hematopoietic stem and progenitor cells [10]; and

C. elegans germ cell progenitors [11], stem cells [12–14], and

their progeny [12]. Niche enwrapment may increase surface

area to either amplify or spatially restrict niche signaling, to phys-

ically anchor cells in the niche, and to create physiologically buff-

ered microenvironments that nurture and protect stem cells

[10, 13–15]. Understanding the mechanisms that regulate the

establishment of physiological and ectopic niches has important

implications for fertility, renewal of aged and damaged tissues,

and the generation of tumor cell niches that sustain metastasis.

It is unclear whether cells are capable of inducing their own

enwrapment in ectopic locations, and the molecular mecha-

nisms regulating niche cell enwrapment are poorly understood

[9, 11, 14]. A system in which cells are endogenously enwrapped

and become ectopically enwrapped under certain conditions is

necessary to study these important questions.

In C. elegans mutant backgrounds that directly disrupt the

gonadal basement membrane [16–19] or cause germ cell hyper-

proliferation [20], germ cells escape the somatic gonad and enter

the body cavity. Over time, they appear to enter other tissues

[17, 19], though exactly which tissues and how they enter is

not known. We ruled out several known modes of tissue entry

and tested a new hypothesis that the tissue-disruptive behavior

of germ cells may be related to their ability to be enwrapped by
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their stem cell niche. By performing live-cell imaging in combina-

tion with genetic analysis to examine escaped germ cell interac-

tions with body wall muscles, we discovered that ectopic germ

cells induced cellular enwrapment bymuscle cells, which resem-

bled germ stem cell niche enwrapment. Through a large-scale

RNAi screen and genome editing, we demonstrated that

enwrapment by both the normal niche and bymuscle weremedi-

ated by the homophilic cell adhesion receptor HMR-1/E-cad-

herin complex in cooperation with the SAX-7/L1CAM adhesion

receptor. We found that displaced germ cells induced niche-

like cellular enwrapment ectopically, thus revealing a newmech-

anism of inappropriate cell entry into tissues that could possibly

establish de novo niches.

RESULTS

Muscle Cells Dynamically Enwrap Escaped Germ Cells
In various C. elegans mutants, escaped germ cells have been

postulated to be actively invasive, to fuse with other tissues, or

to be engulfed (as with apoptosis) by neighboring tissues

[17–20]. We developed a robust assay to examine ectopic

germ cells using RNAi targeting the epi-1/laminin a subunit

beginning at the L1 larval stage, which ruptured the distal

gonadal basement membrane in later larval stages (Figure S1).

Loss of basement membrane released germ cells into the body

cavity, which we then imaged in vivo (Figures 1A, 1B, and S1).

We found escaped germ cells (visualized by nuclear histone

marker mex-5p::H2B::mCherry) consistently embedded within

body wall muscle cells by the L4 stage (n = 6/6 egl-13p::GFP

muscle marked animals, Figure 1C; n = 33/33 myo-3p::

GFP::CAAX muscle marked animals with large basement mem-

brane ruptures, Figure S3).

We first asked whether ectopic germ cells fused with muscle

cells or were actively invasive. We conducted time-lapse imag-

ing of muscle and germ cell membranes (myo-3p::mCherry::

PLCdPH andmex-5p::GFP::PLCdPH::nos-2 30 UTR, respectively).
As evidenced by themembrane-membrane contact that persists

between the muscle and enwrapped germ cells (Figure S2,

n = 9/9 animals maintained distinct cell membranes), we

concluded that germ cells neither fused with muscle cell mem-

branes nor entered the cytoplasm of any muscle cell and thus

were not undergoing entosis (cell-in-cell invasion) [21]. Further,

the germ cells were not protrusive, nor did they actively invade

between muscle cells (Figure S2; n = 0/9 animals had invasive

germ cells; see STARMethods). Instead, we observed that mus-

cle cells extended protrusions that enwrapped escaped germ

cells in all time lapses (Figure S2; n = 9/9 animals had protrusive

muscle; Video S1). C. elegans germ cells exist in a syncytium,

and it is not clear whether muscle-enwrapped cells pinch off

from this syncytium or maintain their small cytoplasmic bridges

[22] to the rest of the germ cells.

We observed the same protrusive muscle phenotype more

clearly in a strain in which escaped germ cells were marked

with the nuclear marker (mex-5p::H2B::mCherry; Figure 1D;

n = 6/6 time-lapsed animals with protrusive muscles; compare

Video S2 to control Video S3). To determine whether this

behavior was specifically caused by laminin RNAi, we exam-

ined ectopic germ cells with gonadal basement membrane

breaks induced in other ways. Genetic loss of the basement
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membrane receptor dgn-1/dystroglycan causes germ cells to

escape [18], and upon RNAi knockdown of dgn-1, we observed

ectopic enwrapment by muscle (n = 17/17 animals with rup-

tures showed ectopic germ cell enwrapment; Figure S3).

Germ cell hyperproliferation also causes gonadal rupture, and

gonad ruptures in gld-2(q497) gld-1(q485) double mutants

[20, 23] led to ectopic enwrapment (Figure S3; n = 12/14 ani-

mals had enwrapped germ cells). Thus, the presence of

escaped germ cells in the body cavity alone was sufficient to

trigger enwrapping behavior by muscles. We cannot rule out

that muscle basement membrane disruption inherent in the

RNAi experiments, or potential mechanical damage to the mus-

cle that results from the organ failure of the gonad in all exper-

iments, contributes to the protrusive muscle phenotype. Still,

we only observe muscle protrusions in the presence of

escaped germ cells with these treatments and not along their

entire length. Regardless, we definitively establish that it is

the muscle, and not the germ cells, that acquires an abnormal

behavior when the two interact.

Muscle Cell Enwrapment Is Specific for Ectopic Germ
Cells
Previous transmission electron microscopy studies showed that

escaped germ cells enter muscle and gut tissue [17–19]. We per-

formed live-cell imaging with markers for muscle (Figure 1) and

two other major tissues—the gut (ges-1p::GFP) and hypodermis

(mlt-10p::GFP-PEST). We did not observe ectopic germ cells en-

wrapped by gut cells (n = 0/11 animals; Figure S4). However,

germ cells were occasionally enwrapped by the hypodermis

(n = 5/38 animals; Figure 2A). In these cases, fewer than ten

germ cells were observed enwrapped by the hypodermis in

each animal. In contrast, muscle enwrapped an average of 44

germ cells per animal (n = 13 animals). Together, these observa-

tions indicate that the muscle cells most readily enwrap escaped

germ cells.

We next examined whether other cells in the body cavity

induce this enwrapment by muscles. We found that body wall

muscles did not enwrap coelomocytes (marked by unc-122p::

GFP; n = 0/15 animals, including n = 0/2 coelomocytes adjacent

to enwrapped germ cells; Figure 2B), which are phagocytic cells

that are thought to function similarly to vertebrate macrophages

[24]. In addition, ectopic somatic gonad cells (zmp-5p::GFP)

freed by gonad rupture were never enwrapped (n = 0/19 animals,

including n = 0/9 somatic gonad cells adjacent to enwrapped

germ cells; Figure 2B). These data suggest that ectopic enwrap-

ment is specific for escaped germ cells.

Ectopic Germ Cell Enwrapment Is Not Directed by
Engulfment or Muscle Arm Extension Pathways
We next tested whether ectopic germ cells stimulate enwrap-

ment through two known pathways by which cells are induced

to extend cellular protrusions toward other cells: engulfment of

cells undergoing apoptosis [25] and muscle arm extension by

which muscles contact motor axons to form the neuromuscular

junction [26]. We found that most ectopic germ cells do not

express the TTR-52::mCherry marker of apoptosis [25] (n = 10

animals; total of 13/604 escaped germ cells positive for

TTR-52::mCherry; Figure 2C). Further, worms with the null allele

for the engulfment receptor ced-1/Draper ced-1(e1735) [27] all
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Figure 1. Muscle Cells Dynamically Enwrap Escaped

Germ Cells

(A) Schematics of L4 larval stage worms with areas of micro-

scopy boxed. Anterior left, dorsal top.

(B) Single confocal z-slices through center of gonad regions of L4

stage control (left) and animal treated with RNAi against laminin a

subunit encoded by epi-1 (right). Collagen::mCherry (emb-9p::

emb-9::mCherry) localizes to the basement membrane (top).

Germ cells (nuclei, pie-1p::GFP::H2B) typically enclosed in the

gonad are freed by gonadal basement membrane rupture

caused by epi-1 RNAi (middle). Overlay (bottom) is shown.

Gonad ruptures occur by L4 stage with high frequency (Fig-

ure S1) and after different geneticmanipulations (Figure S3; same

control and epi-1 images shown as in Figure 1B).

(C) Maximum intensity z-projections through 7 mmof control (left)

and epi-1 RNAi (right). Muscle cells (top, egl-13p::GFP) that

normally do not interact with germ cells (middle, mex-

5p::H2B::mCherry) enwrap escaped germ cells after epi-1 RNAi

treatment. Box and asterisk in overlay (bottom) show enlarge-

ment in Figure 1D; t = 0’.

(D) Maximum intensity z-projections through 7-mm stills every

24 min of a time-lapse experiment. Muscle (top, egl-13p::GFP)

grows to enwrap germ cells (middle, mex-5p::H2B::mCherry) in

an animal treatedwith epi-1RNAi. Arrowhead shows progression

of muscle extension. Asterisk in overlay (bottom) marks one germ

cell as it becomes enwrapped by muscle. Similar time-lapse

imaging in a strain with a germ cell membrane marker shows that

germ cell membranes are not protrusive (Video S1; Figure S2),

and Videos S2 and S3 show laminin RNAi and control animals as

in Figure 1C.

Scale bars are 10 mm.
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(A) In epi-1 RNAi-treated animals, the hypodermis

(hyp7; mlt-10p::GFP-PEST) occasionally enwraps

germ cells (arrowhead, mex-5p::H2B::mCherry),

but intestine does not (Figure S4). A 10-mm

maximum intensity z-projection is shown. Scale

bar is 10 mm.

(B) In epi-1 RNAi-treated animals, muscle cells

(myo-3p::mCherry) did not enwrap somatic gonad

cells (top, marked by zmp-5p::GFP) or coelomo-

cytes (bottom, marked by unc-122p::GFP). In (B)

and (C), germ cells were identified by differential

interference contrast (DIC) (see STAR Methods).

Single confocal z-slices are shown. Scale bars

are 10 mm.

(C) A marker for engulfment of apoptotic cells

(TTR-52::mCherry) was expressed by only a small

fraction (arrowhead) of escaped germ cells (blue

dashed line) following heat shock. A single

confocal fluorescent slice and corresponding DIC

image are shown. A white dashed line indicates

the intact gonadal basement membrane evident

by DIC; the break in the dashed line indicates a

break in the gonadal basement membrane. Scale

bar is 15 mm.

(D) There was no difference in enwrapment be-

tween control animals (top) and mutants for the

engulfment pathway (middle) or muscle-arm

extension pathway (bottom) treated with epi-1

RNAi. Muscle cells (left, myo-3p::GFP::CAAX)

enwrapped escaped germ cells (center, mex-

5p::mCherry::H2B) in the ced-1/Draper engulf-

ment-defective mutant ced-1(e1735) and in the

muscle arm extension-defective mutant unc-

40(e271). Maximum intensity z-projections of the

superficial-most 5 mmcontainingmCherry-labeled

germ cells are shown for muscle and germ cell

fluorescence signals and as an overlay (right).

Scale bar is 10 mm.
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exhibited robust enwrapment of germ cells (n = 22/22mutant an-

imals with enwrapment, compared to 23/23 controls; Fisher’s

exact test; two-tailed; p = 1.000; Figure 2D). We thus rejected

the hypothesis that muscle enwrapment of germ cells is phago-

cytosis of dying cells using the apoptotic engulfment pathway.

We next examined the function of the netrin receptor UNC-40/

DCC, which mediates muscle arm extension to motor axons

[26], as this is a developmentally regulated protrusive muscle

behavior that could potentially be co-opted to mediate ectopic

muscle-germ cell contact. Animals with the null allele for unc-

40(e271) had extensive germ cell enwrapment (n = 22/27 mutant

animals showed full enwrapment of escaped germ cells by dor-

sal body wall muscle compared to n = 10/10 controls; Fisher’s

exact test; two-tailed; p = 0.2954; Figure 2). We concluded

that ectopic germ cell enwrapment is mediated by neither

mechanisms controlling muscle arm extension nor apoptotic

engulfment.
4 Current Biology 29, 1–11, March 4, 2019
Ectopic Germ Cell Enwrapment Resembles Niche
Enwrapment but Does Not Support Germ Cell
Proliferation
C. elegans primordial germ cells, germ stem cells, and differen-

tiating progeny are enwrapped by somatic gonadal support cells

[11–14]. The distal tip cell (DTC) enwraps the germ stem cells to

form the germ stem cell niche [13, 14], and its many short protru-

sions (called the DTC plexus) [13] resemble ectopic muscle en-

wrapment of germ cells (Figure 3A). We hypothesized that the

ectopic enwrapment of germ cells by muscle might recapitulate

aspects of germ-cell-niche interactions and investigated

whether the muscle can serve as an ectopic stem cell niche.

Active signaling through the Notch pathway receptor GLP-1

is necessary and sufficient to maintain germ cells in a stem-

like undifferentiated state [28]. The Notch ligand LAG-2,

expressed by the DTC, is required for germline expansion

[29–31]; the Notch ligand APX-1 is also expressed by the DTC
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Figure 3. Ectopic Germ Cell Enwrapment Resembles Niche Enwrapment but Does Not Support Germ Cell Proliferation

(A) Maximum intensity z-projections through 5 mmof the DTC central plexus (top left, lag-2p::GFP::CAAX) and body wall muscle cell membrane (bottom left,myo-

3p::GFP:: CAAX). Germ cells (second column) are enwrapped both in the endogenous niche (top) and ectopically by muscle (bottom). Boxes in overlay (third)

show areas of enlargement (right) in which both DTC (top) and muscle (bottom) have thin, enwrapping projections that surround germ cells.

(B) Control (top) animal expressing lag-2p::GFP::CAAX (left) in the DTC (arrow) and muscle (arrowhead) after epi-1 RNAi have a robust germ cell population

(center,mex-5p::H2B::mCherry). DTC-ablated animals (bottom) had few germ cells 48 h post-ablation compared to controls. Single confocal z-slices are shown.

Full projection of the control animal also appears in Figure S5.

(C) The DTC niche (left, lag-2p::myr::tdTomato) expresses the CRISPR/Cas9-tagged Notch ligand LAG-2::mNeonGreen (center), which localizes in a punctate

pattern in the DTC membrane in 1-day adults. Maximum intensity z-projections through 2.5 mm of confocal slices are shown.

(D) Body wall muscles (left, myo-3p::GFP::CAAX) do not express LAG-2::mNeonGreen (center, punctate DTC expression visible), overlay (right). Maximum in-

tensity z-projections through 5 mm of confocal slices are shown.

Scale bars are 10 mm.

Please cite this article in press as: Gordon et al., Ectopic Germ Cells Can Induce Niche-like Enwrapment by Neighboring Body Wall Muscle, Current
Biology (2019), https://doi.org/10.1016/j.cub.2019.01.056
[31], but its endogenous expression is not sufficient to rescue

lag-2 loss of function [31]. Enwrapment by the DTC facilitates

activation of Notch targets [14]. A lag-2p::GFP::CAAX trans-

gene drove low levels of GFP expression in body wall muscle

(Figure 3B, arrowheads). To test whether the muscle provided

a niche-like cue leading to proliferation of the ectopic germ cells

or alternatively whether proliferation instead remained depen-

dent on the normal DTC niche, we ablated the DTCs in L3/L4

larvae treated with RNAi to cause gonad ruptures. We asked

whether the enwrapping muscle cells could support germ cell

proliferation in the absence of the DTC. The germ cell popula-

tion was dramatically diminished (n = 4/4 animals with few
germ cells; average of 32.75 ± 6.35 germ cells in the center of

the ruptured gonad arm) over the 48 h following DTC ablation

relative to controls (n = 4/4 animals with many germ cells;

average of 291.50 ± 18.60 germ cells in the center of the

ruptured gonad arm; see STAR Methods and Figure 3B). We

concluded that enwrapment by the muscle was not sufficient

to sustain ectopic germ cells and that their survival and prolifer-

ation required the endogenous signal from the DTC. We noted

that the DTC, which normally has long, branching projections

extending proximally in an intact gonad [13, 14] (Figure 3A),

sends projections in all directions when the gonad ruptures (Fig-

ures 3B and S5).
Current Biology 29, 1–11, March 4, 2019 5
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The muscle did not promote the proliferation of ectopic germ

cells in the absence of the DTC, yet it expressed lag-

2p::GFP::CAAX from an integrated array reporter (Figure 3B, ar-

rowheads), suggesting lag-2 may be expressed by muscle. This

transcriptional reporter, however, may not fully recapitulate

endogenous lag-2 expression. To examine endogenous expres-

sion, we tagged the lag-2 gene with mNeonGreen using

CRISPR/Cas9-mediated homologous recombination [32, 33].

The homozygous strain was viable and fertile, and lag-2 loss-

of-function mutants arrest and die as L1 larvae [34], assuring

us that the edited allele encodes a functional LAG-2. LAG-

2::mNeonGreen decorated the germ-cell-facing membrane of

the DTC, including much of the membrane that makes up its

long, enwrapping processes (n = 9/9 animals; Figure 3C). How-

ever, LAG-2::mNeonGreen was not detected in the muscle

(n = 13/13 animals; Figure 3D), so the lag-2p::GFP::CAAX

expression we observed in Figure 3B likely resulted from aber-

rant overexpression of the transgene. Together, these observa-

tions indicated that, although the muscle cells display niche-

like enwrapping behavior, they neither express the Notch ligand

LAG-2 nor support germ cell proliferation.

DTC Adhesion to Germ Cells Is Mediated by E-Cadherin
and L1CAM
A common feature of niches in mice, zebrafish, andDrosophila is

the cellular enwrapment of stem cells and their progeny by sup-

port cells [7, 8, 10, 15, 35, 36]. We hypothesized that the cell sur-

face proteins that control enwrapping behavior were commonly

expressed in both the niche and muscle, thereby priming the

muscle to respond to the presence of germ cells. We sought

the direct mediators of cell-cell interactions between the somatic

and enwrapped germ cells.

To identify genes that directly mediate DTC-germ cell enwrap-

ment, we undertook a DTC-specific large-scale visual RNAi

screen targeting 2,289 genes. Loss of 35 genes led to a qualita-

tively dramatic reduction in DTC length in at least 9/10 treated

animals (see STAR Methods and Table S1). To identify genes

that might also mediate ectopic enwrapment by muscle, we

cross-referenced these 35 genes with a body wall muscle tran-

scriptome [37] and found six candidates (Table S1, unshaded

rows), including hmr-1, which encodes the C. elegans ortholog

of the cell adhesion molecule E-cadherin [38]. Drosophila E-cad-

herin mediates embryonic germ progenitor cell enwrapment by

support cells and is one of the only genes known to mediate a

niche-like enwrapping behavior [9, 39]. Because null mutations

in hmr-1 cause embryonic lethality [38], we examined young

adult worms that were treated with hmr-1 RNAi beginning at

the L1 stage. Knockdown of hmr-1 (Figure 4A) resulted in

a >20% reduction in average DTC enwrapment in 1-day adults

as quantified by the number of short intercalating processes

that extend among the distal germ cells (Figure 4B). This pheno-

type is a more direct measure of enwrapment than total DTC

length, though it cannot be measured in a high-throughput

screen. As hmr-1/E-cadherin and the cell adhesion molecule

sax-7/L1CAM function synergistically during C. elegans gastru-

lation [40], we next examined whether loss of sax-7 also resulted

in enwrapment defects. Animals with the null mutation sax-

7(eq1) (Figure 4A) had a �40% reduction in the average number

of short intercalating processes, and hmr-1/cadherin RNAi
6 Current Biology 29, 1–11, March 4, 2019
knockdown in the null sax-7(eq1) background resulted in a

>50% reduction in the average number of short intercalating pro-

cesses relative to wild-type (Figure 4B). Together, these results

indicated that HMR-1/E-cadherin and SAX-7/L1 CAM adhesion

systems function together to promote germ cell enwrapment

by the niche.

HMR-1/E-Cadherin Mediates Ectopic Enwrapment of
Germ Cells by Muscle
We next investigated whether E-cadherin also regulates ectopic

enwrapment. We developed a two-generation sequential double

RNAi method to reduce hmr-1 function in the context of ectopic

enwrapment. This experiment was performed on a strain car-

rying the muscle membrane marker myo-3p::mCherry::PLCdPH

and a CRISPR/Cas9-tagged HMR-1::GFP allele [41] to assess

RNAi knockdown (see STAR Methods). Animals with visible dor-

sal gonad ruptures (Figure 4C, left) and knockdown of hmr-1

confirmed by loss of HMR-1::GFP signal (Figure 4C, bottom cen-

ter) were imaged and scored for the amount of enwrapment of

ectopic germ cells on the dorsal side. Among control animals

not treated with hmr-1 RNAi, 30/33 animals showed full enwrap-

ment of all of the escaped germ cells bordering the dorsal body

wall muscles; the remaining three showed partial enwrapment.

Among experimental animals treated with hmr-1 RNAi with

knockdown confirmed by complete or near-complete loss of

HMR-1::GFP in the muscle and germ cells, only 12/26 animals

showed full enwrapment of dorsal escapedgermcells (Figure 4D;

statistically different from control; Fisher’s exact test; two-tailed;

p = 0.0003). Furthermore, 4/26 RNAi-treated animals with the

most robust knockdown of HMR-1::GFP lacked body-crossing

muscle protrusions (Figure 4C; compare dashed lines). This fail-

ure of dramaticmuscle remodeling by ectopic germ cells was not

observed under any other conditions in which the gonadal

basement membrane rupture was large enough to free many

germ cells (for example, ced-1 and unc-40 mutants in Fig-

ure 2D). We concluded that hmr-1 mediates both normal niche

germ stem cell enwrapment and ectopic muscle germ cell

enwrapment.

Cadherin, a- and b-Catenin, and L1CAM Localize to DTC
and Muscle Protrusions Contacting Germ Cells
Classical cadherins are homophilic cell-cell adhesionmolecules

[41], and L1CAM most often mediates homophilic cell-cell ad-

hesions as well [42]. We thus next investigated whether these

proteins localized to points of contact between the DTC and

germ cells (Figure 5A). A functional, endogenously GFP-tagged

hmr-1 allele encoding HMR-1::GFP [41] was expressed in the

DTC and germ cells and was enriched at the sites of germ

cell-germ cell and DTC-germ cell contact (n = 16/16; Figure 5B,

top left). Similarly, functional, endogenously tagged isoforms

A–C of a-catenin (HMP-1::GFP; n = 19/19) [41] and b-catenin

(GFP::HMP-2; n = 11/11) [41], which associate with E-cadherin

[41], were also expressed in the DTC and germ cells and local-

ized to membrane contact sites (Figure 5B, left, second and

third rows). HMP-1::GFP only tags half of the HMP-1 isoforms,

which may make it more difficult to see. However, single

confocal slices clearly show that it is present in the DTC, mus-

cle, and germline (Figure S6). A fosmid transgene containing

sax-7p::TY1::EGFP [43] was expressed in the DTC and localized
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Figure 4. HMR-1/E-Cadherin Mediates Ectopic Enwrapment of Germ Cells by Muscle

(A) A control DTC (upper left, L4440 vector) hasmore intercalating processes than the DTC of an animal with hmr-1(RNAi) in the sax-7(eq1) background (lower left),

compared to mild defects observed in sax-7(eq1) animals (lower right) and hmr-1(RNAi) alone (upper right). Intercalating processes (arrowheads) are quantified in

(B). Maximum intensity core z-projections through 10 mm of confocal slices are shown.

(B) Boxplots quantifying intercalating processes for genotypes in (A). *p < 0.05; **p < 0.005; ***p < 0.0005; n R 24 animals for each group; ANOVA followed by

Tukey-Kramer test.

(C) Animals treated with epi-1 RNAi to induce rupture (left, ectopic germ cells visible in DIC image) expressing CRISPR/Cas9-tagged HMR-1::GFP (center) and

muscle membrane marker (right,myo-3p::mCherry::PLCdPH). Control (top) shows full enwrapment of all germ cells along the dorsal body wall (yellow asterisks).

RNAi against hmr-1 (bottom) before epi-1RNAi causes reduced HMR-1::GFP (center, except in uterus, arrowhead) and reduced enwrapment of germ cells (germ

cells that are not enwrapped marked by blue X). RNAi-treated animals also lack body-crossing muscle (white dashed line) protrusions. RNAi against hmr-1 not

only decreased the number of ectopic germ cells enwrapped but also the amount of muscle cell membrane forming muscle protrusions, which explains why

fluorescence in the right RNAi panel is dimmer than the control.

(D) The number of animals with full enwrapment is decreased after hmr-1 RNAi treatment. Fisher’s exact text; two-tailed; ***p < 0.0005. Wide-field DIC and

fluorescent images are shown. The candidate gene hmr-1 was identified with an RNAi screen; see Table S1.

Scale bars are 10 mm.
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to the membrane (n = 7/7; Figure 5B, bottom left). Protein

expression is reported in the germline [44], but the transgene

was not detected there, possibly as a result of germline trans-

gene silencing [45]. Consistent with a role for these proteins in

ectopic enwrapment, all endogenously tagged adhesion pro-

teins localized to the muscle protrusions enwrapping escaped

germ cells (Figure 5B, right; HMR-1, n = 10/10; HMP-1,

n = 10/10; HMP-2, n = 10/10; SAX-7, n = 11/11; Figure 5C).

Further, HMR-1::GFPwas enriched in the leading edges ofmus-
cle protrusions compared to the same muscle farther from the

site of germ cell contact (an average of 1.6-fold brighter fluores-

cence at the leading edge; n = 10 animals; one-tailed Wilcoxon

signed rank test is significant at p % 0.05). Taken together, the

functional requirements for hmr-1 and the localization of tagged

HMR-1, HMP-1, HMP-2, and SAX-7 suggested that ectopic

germ cells and enwrapping muscle exploit the same adhesion

systems as those mediating germ cell enwrapment by the niche

(Figure 6).
Current Biology 29, 1–11, March 4, 2019 7



muscle cell membraneDTC cell membrane

A

B

PF
G:: 1-

P
M

H
2-

P
M

H::
PF

G

*

*

DTC enwrapment ectopic muscle enwrapment (laminin RNAi)
PF

G::1-
R

M
H

*

S
A

X
-7

::G
FP *

Adhesion protein Adhesion proteinC

Figure 5. Cadherin, a- and b-Catenin, and L1CAM Localize to DTC and Muscle Protrusions Contacting Germ Cells

(A) Schematics show young adult worms with the distal intact gonad (left) and ruptured gonad region (right) boxed, adjacent to the dorsal body muscle (green).

(B) lag-2p::mKate:: PLCdPH DTC membrane marker (green) coexpressed with GFP-tagged adhesion proteins (magenta). Yellow boxes show areas of enlarge-

ment. Enlarged images show adhesion protein channel only, with the DTC membrane outlined by a yellow dashed line.

(C) myo-3p::mCherry:: PLCdPH muscle membrane marker (green) coexpressed with GFP-tagged adhesion proteins (magenta). Yellow boxes show areas of

enlargement. Enlarged images show adhesion protein channel only, with muscle membrane outlined in yellow dashed line and focal germ cell highlighted with

asterisk. All images are maximum intensity 2.5 mm z-projections. Additional HMP-1::GFP single slices are shown in Figure S6.

All scale bars are 10 mm.
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DISCUSSION

Niche enwrapment of stem cells and their differentiating prog-

eny is a common, yet poorly understood, aspect of diverse

niches that is thought to create a tightly regulated signaling,

adhesive, and protective environment [10, 11, 14, 15]. During

zebrafish development, circulating hematopoietic stem and

progenitor cells (HSPCs) trigger endothelial cell remodeling in

the caudal hematopoietic tissue to form a pocket that consti-

tutes the perivascular niche [10]. The mechanisms that direct

enwrapment of HSPCs in the caudal region are not known.

More is known about the molecular basis of niche enwrapment

in Drosophila. In the Drosophila testes, germ cells secrete the

epidermal growth factor (EGF) ligand Spitz, which stimulates

the EGF receptor on somatic cyst cells and directs process

extension and enwrapment through Rac guanosine triphospha-

tase (GTPase) activation [46]. Drosophila embryonic germ cell

enwrapment is dependent on E-cadherin expressed in both

soma and the germ cells [9], similar to the E-cadherin-based
8 Current Biology 29, 1–11, March 4, 2019
adhesion we observed in both niche and ectopic enwrapment

of C. elegans germ cells.

Ectopic stem cell niches have been described in Drosophila

and C. elegans germlines, where the normal niche is expanded

by misregulation of stem cell cues, shifted in its usual position,

or inappropriately occupied by other cells that respond to stem

cell niche cues [47–51]. A latent niche has also been observed

in the C. elegans gonad in mutant backgrounds that place undif-

ferentiated germ cells in contact with other somatic gonad cells

that express Notch ligands, which are sufficient to promote the

stem-like fate in an improper location [52]. Multiple independent

studies have found when C. elegans germ cells escape the

gonad and enter the body cavity, they embed in other tissues

[17, 18, 20]. By using live-cell imaging, we discovered that the

germ cells induce muscle cells to extend cellular processes

that intercalate among germ cells and that this remodeled mus-

cle cell appears similar to the normal germ stem cell niche,

though the muscle does not express the crucial stemness factor

LAG-2 and is therefore not a fully functional niche. Our work
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extends the notion of ectopic niches beyond the mispositioning

of niches or stem cells within an organ to show that ectopic germ

cells induce dramatic niche-like cellular enwrapment in a

completely distinct tissue—the body wall muscle. These results

suggest that misplaced stem and progenitor cells have the ca-

pacity to physically induce remodeling of distant tissues into

niche-like microenvironments.

Ectopic enwrapment may arise from common molecular sig-

natures between the muscle and DTC niche. We identified the

homophilic adhesionmolecule HMR-1/E-cadherin as a key regu-

lator of germ cell enwrapment by both the DTC and body wall

muscle. HMR-1 and its intracellular complex components

HMP-1/a-catenin and HMP-2/b-catenin localize to sites of

DTC-germ cell and muscle-germ cell contact, and loss of

HMR-1 disrupts both normal and ectopic enwrapment. Further,

we discovered that the adhesion molecule SAX-7/L1CAM also

localizes to sites of cell-cell contact during normal and ectopic

enwrapment and functions redundantly with HMR-1 to promote

DTC-germ cell enwrapment. HMR-1 and SAX-7 function redun-

dantly in early embryogenesis as well [40], suggesting that, as an

adhesion system is redeployed in different tissues, those tissues

may be primed to interact if they are brought into contact by

aberrant development. The C. elegans muscle might be espe-

cially receptive to enwrap ectopic germ cells, as body wall mus-

cles form muscle arm extensions that reach motor axons [26]

and thus harbor the intracellular cytoskeletal machinery for

membrane extension even if ectopic enwrapment is not medi-

ated by the muscle arm extension UNC-40/DCC signaling

pathway. Additionally, the muscle endogenously expresses

SAX-7 as well as HMR-1 and its intracellular complex members

[37]. SAX-7 and HMR-1 seem to be necessary, but not likely suf-

ficient to induce enwrapment, as HMR-1 and SAX-7 are ex-

pressed broadly and are present in the somatic gonad cells

that do not become ectopically enwrapped. Thus, we expect un-

known factors might be required to trigger ectopic enwrapment.

It is important to note that the muscle’s ability to respond to the

germ cells does not arise from muscle-cell-autonomous genetic

changes but rather from the response of the muscle to an

abnormal cue from ectopic germ cells. The protrusive myoepi-

thelial behavior is reminiscent of a mouse mammary gland can-

cer model in which a genetically wild-type myoepithelium

actively protrudes and enwraps escaping luminal cells express-

ing a prometastatic gene and requires P-cadherin to do so [53].
Similar interactions are likely important

for the establishment of the metastatic

niche in human cancers, in which the abil-

ity and specificity of secondary sites to

support tumor growth derives both from

intrinsic qualities of those sites and
changes at those sites that are induced by the cancer cells them-

selves [54, 55]. Insight into ectopic niche formation might also be

exploited clinically to establish de novo niches for regeneration

and tissue engineering purposes. Thus, ectopic germ cell en-

wrapment in C. elegans might serve as a robust model for iden-

tifying key signaling and intrinsic factors that may inform the

design of synthetic niches for tissue repair, as well as therapeutic

disruption of ectopic niches in diseases, such as cancer.
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60. Kelley, L.C., Chi, Q., Cáceres, R., Hastie, E., Schindler, A.J., Jiang, Y.,

Matus, D.Q., Plastino, J., and Sherwood, D.R. (2018). Adaptive F-actin

polymerization and localized ATP production drive basement membrane

invasion in the absence of MMPs. Dev Cell. Published online January

23, 2019. https://doi.org/10.1016/j.devcel.2018.12.018.

61. Roy, D., Kahler, D.J., Yun, C., and Hubbard, E.J.A. (2018). Functional

interactions between rsks-1/S6K, glp-1/Notch, and regulators of

Caenorhabditis elegans fertility and germline stem cell maintenance. G3

(Bethesda) 8, 3293–3309.

62. Zhou, S., Opperman, K., Wang, X., and Chen, L. (2008). unc-44 Ankyrin

and stn-2 g-syntrophin regulate sax-7 L1CAM function in maintaining

neuronal positioning inCaenorhabditis elegans. Genetics 180, 1429–1443.

63. Kamath, R.S., and Ahringer, J. (2003). Genome-wide RNAi screening in

Caenorhabditis elegans. Methods 30, 313–321.

64. Ziel, J.W., Hagedorn, E.J., Audhya, A., and Sherwood, D.R. (2009). UNC-6

(netrin) orients the invasive membrane of the anchor cell inC. elegans. Nat.

Cell Biol. 11, 183–189.

65. Edelstein, A., Amodaj, N., Hoover, K., Vale, R., and Stuurman, N. (2010).

Computer control of microscopes using mManager. Curr. Protoc. Mol.

Biol. Chapter 14, Unit14.20.

66. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M.,

Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.

(2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682.

67. Preibisch, S., Saalfeld, S., and Tomancak, P. (2009). Globally optimal

stitching of tiled 3D microscopic image acquisitions. Bioinformatics 25,

1463–1465.

68. Bargmann, C.I., and Avery, L. (1995). Laser killing of cells in

Caenorhabditis elegans. Methods Cell Biol. 48, 225–250.

69. Stiernagle, T. (2006). Maintenance of C. elegans. WormBook, 1–11.
Current Biology 29, 1–11, March 4, 2019 11

http://refhub.elsevier.com/S0960-9822(19)30085-5/sref32
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref32
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref32
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref33
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref33
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref33
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref34
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref34
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref35
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref35
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref35
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref36
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref36
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref36
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref37
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref37
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref37
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref37
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref38
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref38
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref38
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref39
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref39
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref39
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref39
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref40
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref40
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref40
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref40
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref41
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref41
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref41
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref41
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref42
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref42
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref43
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref43
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref43
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref44
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref44
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref44
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref44
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref44
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref45
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref45
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref46
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref46
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref46
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref47
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref47
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref48
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref48
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref48
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref49
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref49
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref49
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref50
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref50
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref50
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref50
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref50
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref51
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref51
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref51
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref52
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref52
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref52
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref52
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref52
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref53
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref53
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref54
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref54
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref55
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref55
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref55
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref55
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref56
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref56
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref56
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref57
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref57
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref57
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref58
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref58
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref58
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref58
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref59
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref59
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref59
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref59
https://doi.org/10.1016/j.devcel.2018.12.018
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref61
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref61
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref61
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref61
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref62
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref62
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref62
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref63
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref63
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref64
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref64
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref64
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref65
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref65
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref65
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref66
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref66
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref66
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref66
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref67
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref67
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref67
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref68
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref68
http://refhub.elsevier.com/S0960-9822(19)30085-5/sref69


Please cite this article in press as: Gordon et al., Ectopic Germ Cells Can Induce Niche-like Enwrapment by Neighboring Body Wall Muscle, Current
Biology (2019), https://doi.org/10.1016/j.cub.2019.01.056
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

RNAi feeding strain Caenorhabditis Genetics Center

(CGC)

HT115(DE3)

Ahringer RNAi Library Source Bioscience C. elegans RNAi Collection (Ahringer)

bacterial food: E. coli OP50 strain CGC OP50

Chemicals, Peptides, and Recombinant Proteins

hygromycin B from Streptomyces hygroscopicus Millipore Sigma CAS 31282-04-9

2,3-Butanedione monoxime (BDM) anesthetic Millipore Sigma CAS 57-71-6

Critical Commercial Assays

Q5 site-directed mutagenesis kit New England Biolabs Catalog #E0554S

Experimental Models: Organisms/Strains

C. elegans unc-119(ed4) for transgene rescue Paul Sternberg PS3460

axIs1677(pie-1p::GFP::H2B::pgl-1 30utr + unc-119(+));

qyIs46(emb-9p::emb-9::mCherry) X

WB Cat# JH2320, RRID:WB-STRAIN:

JH2320 from CGC

NK2386

qyIs86(egl-13p::GFP); naSi2(mex-5p::H2B::mCherry::

nos-2 30UTR) II
NK574 parent from [56] NK1671

qyIs448(myo-3p::mCherry::PLCdPH); xnSi1(mex-5p::

GFP::PLCdPH::nos-2 30UTR) II
FT598 parent from [57] NK1865

qyIs473(myo-3p::GFP::CAAX); gld-2(q497) gld-1(q485)

/hT2 I; naSi2(mex-5p::H2B::mCherry::nos-2 30UTR) II
WB Cat# JK2879, RRID:WB-STRAIN:

JK2879 parent from CGC [23],

NK2515

zcIs18(ges-1p::GFP); naSi2(mex-5p::H2B::mCherry::

nos-2 30UTR) II
WB Cat# SJ4144, RRID:WB-STRAIN:

SJ4144 parent from CGC

NK1655

naSi2(mex-5p::H2B::mCherry::nos-2 30UTR) II;
mgIs49(mlt-10p::GFP-PEST) IV

WB Cat# GR1438, RRID:WB-STRAIN:

GR1438 from [58]

NK2516

qyIs287[myo-3p::mCherry]; oxIs363(unc-122p::GFP) WB Cat# EG5071, RRID:WB-STRAIN:

EG5071 parent from CGC [59]

NK1676

qyIs287[myo-3p::mCherry]; qyIs245[zmp-5p::GFP] NK1803 parent from [60] NK1690

smIs119(hsp-16.2p::ttr-52::mCherry) [25] transgene smIs119

qyIs473(myo-3p::GFP::CAAX); ced-1(e1735) I;

naSi2(mex-5p::H2B::mCherry::nos-2 30UTR) II
WB Cat# CB3203, RRID:WB-STRAIN:

CB3203 parent from CGC

NK2185

qyIs473(myo-3p::GFP::CAAX); unc-40(e271) I;

naSi2(mex-5p::H2B::mCherry::nos-2 30UTR) II
WB Cat# CB271, RRID:WB-STRAIN:

CB271 parent from CGC

NK2037

qyIs353(lag-2p::GFP::CAAX); naSi2(mex-5p::H2B::

mCherry::nos-2 30UTR) II
nasi2 transgene from [61] NK1770

qIs154(lag-2p:: myr::tdTomato); lag-2(cp193[lag-2::

mNeonGreen^3xFlag])V

WB Cat# JK4472, RRID:WB-STRAIN:

JK4472 parent from CGC [13],

NK2517

qyIs287[myo-3p::mCherry]; lag-2(cp193[lag-2::

mNeonGreen^3xFlag]) V

This study NK2376

cpIs121(lag-2p::mNG:: PLCdPH::F2A::rde-1) I;

rrf-3(pk1426) II ; rde-1(ne219) V

[14] LP718

cpIs121(lag-2p::mNG:: PLCdPH::F2A::rde-1) I; rrf-3

(pk1426) II ; sax-7(eq1) IV; rde-1(ne219) V

WB Cat# LH81, RRID:WB-STRAIN:

LH81 parent from CGC [62],

NK2035

hmr-1(cp21[hmr-1::GFP+LoxP]) I; cpIs91(lag-2p::2x

mKate2::PH::3xHA::tbb-2 30UTR LoxN) II

WB Cat# LP172, RRID:WB-STRAIN:

LP172 parent from [41]

NK2518

cpIs91(lag-2p::2x mKate2::PH::3xHA::tbb-2 30UTR
LoxN) II; hmp-1(cp20[hmp-1::GFP + LoxP unc-

119(+) LoxP]) V

WB Cat# LP191, RRID:WB-STRAIN:

LP19 parent from [41]

NK2364

hmp-2(cp78[GFP::hmp-2A]) I; cpIs91(lag-2p::2x

mKate2::PH::3xHA::tbb-2 30UTR LoxN) II

WB Cat# LP316, RRID:WB-STRAIN:

LP316 parent from [41]

NK2368

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ddIs290[sax-7::TY1::EGFP::3xFLAG(92C12) + unc-

119(+)] II; cpIs91[lag-2p > 2x mKate2::PH::3xHA::

tbb-2 30UTR LoxN] II (heterozygotes)

WB Cat# TH502, RRID:WB-STRAIN:

TH502 parent from CGC

NK2451

qyIs450(myo-3p::mCherry:: PLCdPH); hmr-1(cp21

[hmr-1::GFP+LoxP]) I

WB Cat# LP172, RRID:WB-STRAIN:

LP172 parent from [41]

NK2173

qyIs455(myo-3p::mCherry:: PLCdPH); hmp-1(cp20

[hmp-1::GFP + LoxP unc-119(+) LoxP]) V

WB Cat# LP191, RRID:WB-STRAIN:

LP19 parent from [41]

NK2371

qyIs455(myo-3p::mCherry:: PLCdPH); hmp-2(cp78

[GFP::hmp-2A]) I

WB Cat# LP316, RRID:WB-STRAIN:

LP316 parent from [41]

NK2373

qyIs450(myo-3p::mCherry:: PLCdPH); ddIs290[sax-7::

TY1::EGFP::3xFLAG(92C12) + unc-119(+)] II

WB Cat# TH502, RRID:WB-STRAIN:

TH502 parent from CGC

NK2439

Oligonucleotides

myo-3 promoter F 50-TTCCCGACAAAACATGAG-30 This study N/A

myo-3 promoter R 50-AGATGGATCTAGTGGTCG-30 This study N/A

lag-2(cp193) 50 homology arm F 50-CTTGCAGTGTCA

AAGACGCC-30
This study N/A

lag-2(cp193) 50 homology arm R 50-CTGGAATAGAC

GGTGGACTTAA-30
This study N/A

lag-2(cp193) 30 homology arm F 50-TAGATTCTTCCT

TTATCCAAAAAATGTGT-30
This study N/A

lag-2(cp193) 30 homology arm R 50-CAATTTGGCGG

CGGGATAGA-30
This study N/A

lag-2(cp193) guide RNA primer 50-GAAGAATCTAGA

CATAGTGAC-30
This study N/A

hmr-1 RNAi F 50-ATGCAGAAGCGGCGGTGCACGT-30 This study N/A

hmr-1 RNAi R 50-TGAACGGAGAACACATCAAC-30 This study N/A

Recombinant DNA

epi-1 feeding RNAi clone Ahringer RNAi library [63] HGMP_Location IV-5J23

dgn-1 feeding RNAi clone Ahringer RNAi library [63] HGMP_Location X-5C20

hmr-1 feeding RNAi clone Ahringer RNAi library [63] HGMP_Location I-5F19

Improved hmr-1 feeding RNAi clone This study pLML30

Membrane expression vector with mCherry:: PLCdPH [64] pAA173, Addgene plasmid #21743

Membrane expression vector with GFP::CAAX Scott Alper pSA129

Plasmid for SEC CRISPR strategy [33] pDD268

eft-3p::Cas9+sgRNA expression vector [33] pDD162, Addgene plasmid #47549

RNAi empty vector for new RNAi cloning and controls Andrew Fire L4440, Addgene plasmid #1654

myo-3p::mCherry [59] pCFJ104

unc-119 rescue plasmid Morris Maduro pPD#MM016B

Software and Algorithms

mManager software v1.4.18 [65] https://micro-manager.org/

Axiovision software Carl Zeiss https://www.zeiss.com/microscopy/

us/products/microscope-software/

axiovision.html

FIJI 2.0 [66] https://fiji.sc/

Photoshop CC Adobe Systems N/A

Adobe Illustrator CC Adobe Systems N/A

FIJI stitching plug-in [67] https://imagej.net/Image_Stitching

Pic Stitch – Collage Editor Big Blue Clip https://itunes.apple.com/us/app/pic-

stitch-collage-editor/id454768104?mt=8

JMP Pro 13 JMP, Version 13. SAS Institute,

Cary, NC, 1989-2007.

https://www.jmp.com/en_us/software/

predictive-analytics-software.html

Versions 7 and 9
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David R.

Sherwood (david.sherwood@duke.edu). Strains containing mNeonGreen can only be distributed to labs with a mNeonGreen license

from Allele Biotechnology. Strains sourced from Caenorhabditis Genetics Center (CGC) are to be requested directly from CGC.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were maintained on standard NGMmedia at 16, 18, 20, or 23�C and fed E. coliOP50. For RNAi experiments, wild-

type controls were fed E. coli HT115(DE3) containing the L4440 plasmid (see RNAi experiments, STAR Methods). All animals scored

were hermaphrodites (as males have structurally different gonads) at the ages specified in the text.

Strains
In strain descriptions, we designate linkage to a promoter with a p following the gene name and designate promoter fusions and in-

frame fusionswith a double semicolon (::). The transgenes and alleles used in this study appear in the KeyResources Table. All strains

with multiple genetic elements were generated for this study by crossing the cited strains (Source column of Key Resources Table)

with genetic elements created for this study, and their Identifier is given according to theC. elegans naming convention of a two-letter

lab code (D. Sherwood lab strains begin with NK) followed by a number. Some integrated strains (xxIs designation) may still contain

unc-119(ed4) mutation and/or the unc-119 rescue gene in their genetic background, but these are not listed in the genetic back-

ground for the sake of concision, nor are most transgene 30 UTR sequences. Further details available upon request.

METHOD DETAILS

Molecular biology
We used the body wall muscle-specific expression of the myo-3 promoter to drive cytoplasmic mCherry and membrane-targeted

GFP::CAAX and mCherry::PLCdPH in body wall muscle cells. A myo-3p::mCherry strain was generated by coinjecting pCFJ104

(myo-3p::mCherry) [59] with transformation marker pPD#MM016B (unc-119) as well as EcoRI-digested salmon sperm DNA and

pBluescript II as carrier DNA at 50 ng/mL into unc-119(ed4) animals. A 2.3 kb region of themyo-3 promoter between forward primer

50-TTCCCGACAAAACATGAG-30 and reverse primer 50-AGATGGATCTAGTGGTCG-30 was amplified from genomic DNA by PCR and

fused to GFP::CAAX (pSA129) or mCherry:: PLCdPH (pAA173) by fusion PCR and similarly injected to generate transgenic lines.

pSA129 was a gift of Scott Alper. Recombinant DNA Identifiers in Key Resources Table are given as previously published or as listed

on Addgene, except pLML30, which was generated for this study.

Integrated lines were obtained by standard gamma irradiation protocol.

The allele cp193(lag-2::mNeonGreen^3xFlag) was constructed using Cas9-triggered homologous recombination with a self-

excising selection cassette [33]. Homology arms were amplified by PCR (50 homology arm forward primer 50-CTTGCAGTGTCAAA

GACGCC-30 and reverse primer 50-CTGGAATAGACGGTGGACTTAA-30; 30 homology arm forward primer 50-TAGATTCTTCCTT

TATCCAAAAAATGTGT-30 and reverse primer 50-CAATTTGGCGGCGGGATAGA-30) and cloned into a SpeI/AvrII-digested pDD268

backbone using Gibson assembly (New England Biolabs). Synonymous substitutions were engineered in the guide RNA target

sequence (50 -GAAGAATCTAGACATAGTGACAGG-30) to disrupt the PAM (in bold). Guide RNA sequence (50-GAAGAATCTAGACA

TAGTGAC-30) was cloned into the eft-3p::Cas9+sgRNA expression vector pDD162 using Q5 site-directed mutagenesis (New

England Biolabs) and co-injected into adult germlines with repair templates and extrachromosomal array markers as described pre-

viously [32, 33]. Candidate knock-ins were selected by hygromycin B treatment, phenotypic identification (roller), and the absence of

fluorescent extrachromosomal arrays.

For hmr-1/cadherin RNAi, the W02B9.1 clone from the Ahringer feeding RNAi library [63] was used in the screen (Table S1) and in

the experiment reported in Figure 4A. To increase efficiency of hmr-1 knockdown, a newRNAi clone targeting 1.5 kb of theN terminus

of hmr-1a was designed. An hmr-1a cDNA fragment of 1469 bp was amplified by PCR using forward primer 50-ATGCA

GAAGCGGCGGTGCACGT-30 and reverse primer 50-TGAACGGAGAACACATCAAC-30 from N2 cDNA, cloned into the vector

L4440, transformed into HT115 bacteria, and used in the experiment reported in Figure 4C. Effective hmr-1/cadherin knockdown

by RNAi was ensured by selecting animals with body morphology defects [38] for scoring in Figure 4A, and in Figure 4C animals

with visible knockdown of HMR-1::GFP fluorescence were scored.

Scoring of gonad rupture, cell enwrapment, apoptosis, and DTC processes
Gonadal ruptures were detected as breaks in the gonadal basement membrane, visible by DIC as an interrupted phase-dense line, or

as animals with no visible gonadal basement membrane that were filled with germ cells. Germ cells are clearly identifiable by DIC due

to their large nucleolus resulting in a distinctive ‘‘fried-egg’’ appearance.
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To be conservative in scoring enwrapment and ensure that reduced enwrapment in the hmr-1/E-cadherin RNAi-treated animals

was not caused by lack of contact between muscle and germ cells, ‘‘enwrapment’’ was defined as every germ cell along the dorsal

body wall muscle being enwrapped, and ‘‘reduced enwrapment’’ was scored as half or fewer of the cells in this position being en-

wrapped. Muscle enwrapment of somatic gonad and coelomocytes was scored for each fluorescently highlighted cell and found to

be absent in all cases (Figure 2B). Germ cell membranes were found not to be protrusive in n = 9/9 time-lapses of at least 60 minutes,

defined as the germ cell membranes facing the muscle membrane not deviating in position over the time-lapse period (as in dashed

line in second row labeled ‘‘germ cell membranes’’ in Figure S2.)

Apoptotic cells were identified visually by TTR-52::mCherry expression. Synchronized L1 animals were plated on OP50 and grown

at 20�C for 24 hours, then transferred to epi-1 RNAi plates to induce gonad rupture and grown at 20�C for another 14 hours prior to

heat-shock induction of the hsp-16.2p::ttr-2::mCherry transgene at 33�C for 45minutes (as previously performed in [25]). After recov-

ery at 20�C for five hours, animals were imaged at the mid-L4 stage.

As a measure of germ cell enwrapment by the DTC niche, we quantified the DTC plexus by counting the number of short DTC

processes intercalating between and surrounding germ cells in Figures 4A and 4B, as in [13].

Germ cell counts following DTC ablation
L1 larvae were grown on standard E. coliOP50 food until the L2 stage and then transferred to epi-1 RNAi to induce gonadal ruptures.

Laser ablation of the DTCs in these L3/L4 larvae was performed on aMicroPoint (Andor Technology) laser ablation setup by targeting

the DTC and firing the laser until nuclear changes were detected [68]; worms were rescued back to epi-1 RNAi. The criterion for suc-

cessful DTC ablation was loss of the DTCmarker lag-2p::GFP::CAAX. Ablated animals and non-ablated control animals were recov-

ered from the same slides to OP50 and imaged as adults at 48 hours post-ablation. Of these microsurgeries 4/18 ablation attempts

were successful and scorable at 48 hours post ablation. To standardize germcell counts between animals and account for variation in

escaped germ cell number along the anterior-posterior axis, germ cells were counted in a 120 3 50 mm box with 15 mm z-depth

centered on the ruptured gonad. Sperm were excluded from germ cell counts as sperm were typically retained within the sperma-

theca, which did not rupture on epi-1 RNAi.

RNAi screen
Weperformed aDTC-specific RNAi screen of clones targeting 2289 genes onChromosome 1 from the Ahringer Feeding RNAi Library

[63]. A strain carrying cpIs121(lag-2p:: mNG::PLCdPH::F2A::rde-1) with DTC-specific RNAi activity and fluorescently-labeled DTC

was used in this screen [14]. Animals were developmentally synchronized by bleaching [69] and plated as L1 larvae and allowed

to develop for �48 hours on bacteria expressing double stranded RNA. Scoring was performed after soaking in 100 mg/ml BDM

anesthetic in M9 buffer, under YFP filter fluorescence illumination on an AxioZoom V16 microscope with a PlanNeoFluar Z 2.3x/

0.57 FWD 10.6 mm objective at 168x magnification. Worms were scored qualitatively for the length of the DTC as either wild-type

(> 50 mm), mild defect (�20-50 mm), moderate defect (�10-20 mm) or severe defect (< 10 mm). For ease of analysis, wild-type and

mild defects were considered unaffected, andmoderate and severe defects were considered tomanifest a DTC reduction phenotype

(as in [14]). For the 35 clones that gave a phenotype in 9/10 or 10/10 animals examined, we verified the sequence identity of the

primers given in the library, corrected any errors, and reported the correct targets in Table S1.We noted some batch effects (sequen-

tial or nearby clones tested at the same time yielding strong phenotypes). To follow up on hmr-1, we generated an improved RNAi

clone (see Molecular Biology, above, and Sequential RNAi, below).

Sequential RNAi
Double RNAi against hmr-1/cadherin and epi-1/laminin was performed sequentially. A strain carrying cp21(hmr-1::GFP + LoxP) and

myo-3p::mCherry::PLCdPH was used. Larval animals were transferred to hmr-1 RNAi (see Molecular Biology section for RNAi

construct details), allowed to develop to reproductive age, and laid eggs on hmr-1 RNAi media. The offspring larva were allowed

to develop on hmr-1 RNAi media until the late L1/early L2 stage, when they were transferred to epi-1 RNAi media to induce gonad

rupture and release germ cells. Only animals with ruptured gonads were scored (see above and Figure 4C DIC images). Knockdown

of hmr-1 was verified by loss or dramatic reduction of HMR-1::GFP expression in muscles and germ cells (strong expression in the

uterine cells appeared to be relatively resistant to hmr-1 RNAi, as in Figure 4D).

Microscopy and image acquisition, processing, and analysis
Confocal DIC and fluorescent images were acquired on an AxioImager A1microscope (Carl Zeiss) equipped with an EMCCD camera

(Hamamatsu Photonics), a 100x or 40x Plan-Apochromat (1.4 NA) objective, and a spinning disc confocal scan head (CSU-10;

Yokogawa Electric Corporation) driven by mManager software [65] at 20�C. Widefield DIC and fluorescent images were acquired

with an AxioImager A1microscope (Carl Zeiss) equippedwith a CCD camera (AxioCamMRm;Carl Zeiss) and 100x Plan-Apochromat

objective (1.4 NA) driven by Axiovision software (Carl Zeiss). Wormsweremounted on 5%noble agar pads containing 0.01M sodium

azide for imaging during endpoint experiments. For time-lapse acquisitions, worms were anesthetized in 0.2% tricaine and 0.02%

levamisole inM9. Imageswere processedwith FIJI 2.0 and Photoshop CC (Adobe Systems). Images are displayed as single confocal
Current Biology 29, 1–11.e1–e5, March 4, 2019 e4
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z-slices or maximum intensity projections generated in FIJI. Full projections encompass the entire tissue of interest, and core pro-

jections were defined as the central confocal z-slices of the tissue. Tiled images of DTC-ablated animals in Figure 3B were stitched

using the FIJI stitching plugin [67]. Supplemental videos were generated with Imaris 7 and 9 (Bitplane) and annotated in Pic Stitch –

Collage Editor. Graphs generated by JMP Pro 13 or MS Excel were refined using Illustrator CC (Adobe Systems).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification
See STAR Methods for scoring details.

Statistical Analysis
Fisher’s exact tests, ANOVA followed by the Tukey-Kramer test, or one tailedWilcoxon SignedRank tests were performed in JMPPro

13 as noted in figure legends and text.
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Figure S1. Gonadal basement membrane ruptures allow germ cell escape in laminin 
RNAi-treated animals. Related to Figure 1. 
Control animals (top row each stage) and animals reared on epi-1(laminin) RNAi from the L1 
larval stage (bottom row of each stage) with basement membranes marked with emb-9p::emb-
9::mCherry (left, tagged collagen); germ cells marked with pie-1p::H2B::GFP (center). Overlay 
right. RNAi-treated animals experience gonadal basement membrane ruptures rarely in the L2 
stage (n = 1/21), and primarily during the L3 (n = 15/18) and L4 (n = 20/20) stages (and Figure 
1B); gonad rupture in control animals raised on the empty RNAi vector L4440 was not observed 
(n = 0/20 for L2 and L3, n = 0/10 for L4). Arrowheads indicate an example of a “distal rupture” of 
the basement membrane. Single optical sections through the middle of the gonad are shown. 
Scale bar is 10 μm. Graph shows quantification of gonadal rupture in epi-1-RNAi treated 
animals for the aforementioned datasets.  
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Figure S2. Escaped germ cells are not invasive, but muscle cells are protrusive. Related to 
Figure 1 and Video S1. Germ cells (mex-5p::GFP:: PLCdPH) escaped from the gonad (dashed 
white line) following epi-1 RNAi treatment (right top), but not control (left top). Breaks in white 
dashed line indicate ruptures in the basement membrane. The box indicates the magnified 
region. Over time (bottom panels), escaped germ cell membranes (green in overlay) were not 
protrusive, while muscle cell membranes (magenta in overlay, myo-3p::mCherry::PLCdPH) 
extended dynamic protrusions (n = 9/9 animals, 60-minute time-lapse movies). Yellow dashed 
line indicates starting boundary of germ cells (top row) and muscle cells (middle row) both in 
time t = 0 ’ and the same line superimposed over t = 60 ’ to show change over time. Arrowhead 
indicates a single growing muscle protrusion over time. Asterisk in overlay (bottom row) 
indicates a single germ cell nucleus becoming enwrapped over time. Same individual shown in 
Video S1. Figure 1C and 1D shows time-lapse with germ cell nuclei instead of membranes 
labeled. Animals were imaged at the L4 larval stage following laminin RNAi treatment at the L2 
stage. Single confocal z-slices are shown. Scale bar is 10 μm. 
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Figure S3. Muscle cells enwrap germ cells in multiple genetic backgrounds that cause 
gonadal basement membrane rupture. Related to Figure 1. 
Muscle cells (left, myo-3p::GFP::CAAX) enwrap escaped germ cells (center, mex-
5p::H2B::mCherry) following basement membrane ruptures caused by multiple treatments. No 
cases of gonadal basement membrane rupture were observed in animals fed empty RNAi 
vector L4440, while RNAi knockdown of epi-1/laminin (second row) and dgn-1/dystroglycan 
(third row, dataset also includes myo-3p::mCherry-marked worms), as well as germline 
hyperproliferation caused by loss of germline meiotic entry regulators GLD-2 and GLD-1 
(bottom row) caused gonadal rupture. Animals with gonadal ruptures were scored at the L4 to 
adult stages. The control and epi-1 RNAi dataset also appear in Figure 1. All images are 5 μm 
core projections of confocal z-stacks. Scale bar is 10 μm. 
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Figure S4. Escaped germ cells do not become enwrapped by intestine. Related to Figure 
2.  
Escaped germ cells (center, mex5p::H2B::mCherry) did not embed in the intestine (left, ges-
1p::GFP) in epi-1/laminin RNAi-treated animals (n = 0/11). Germ cells do embed in muscle 
(Figure 1C) and hypodermis (Figure 2A). A single confocal z-slice of each channel (left, middle) 
and overlay (right) are shown. Scale bar is 10 μm. 
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Figure S5. DTC protrusions persist after gonad rupture. Related to Figure 3. 
Four animals expressing lag-2p::GFP::CAAX (left) with the DTC (arrow in overlay, right) sending 
projections in all directions enwrapping a robust germ cell population (center, mex-
5p::H2B::mCherry) after epi-1 RNAi treatment. Maximum intensity z-projections through a depth 
encompassing the extent of the DTC processes are shown. Animals 1-3 imaged 48 h after mock 
ablation. Animal 4 imaged 24 hours after mock ablation. A narrower projection from animal 1 
appears in Figure 3. Scale bars are 10 μm. 
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Figure S6. HMP-1 is expressed in the DTC and in muscle. Related to Figure 5. 
Because only 3/6 isoforms of HMP-1 are tagged with GFP, and because the tagged protein is 
expressed in germ cells (center, and Figure 5), protein localization in confocal z-projections 
(Figure 5) can be difficult to see. Single confocal z-sections are shown here with HMP-1::GFP 
clearly visible in the DTC (A), germ cells (A, animal 3), and less strongly in muscle (B). 
Arrowheads indicate selected HMP-1::GFP localization in focal tissues. All scale bars are 10 
μm. 
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Sequence Name % defect Description  
F02E9.5 

 
100 ortholog of human OSER1  

F02E9.7 
 

100 ortholog of human ACP5 
K04G2.7 

 
100 enriched in germline  

T22A3.8, C43H8.3 lam-3 100 orthologous to human laminin alpha2; sterile worms noted on plate 
D1081.7 

 
90 enriched in germline 

W02B9.1 hmr-1 90 E-cadherin ortholog 
B0205.4   100 homolog of the human gene FUT1 
C03C11.1   100 enriched in germline  
C03D6.5 asfl-1 100 histone chaperone 
C03D6.8 rpl-24.2 100 ribosomal subunit L24 paralog; homolgous mammalian L30 and yeast Rlp24  
C43H8.1 arch-1 100 ortholog of human ZBTB8OS  
C47F8.7   100 unknown 
C54C8.11 gly-15 100 similar to 2/I N-acetylglucosaminyltransferase 
C54C8.9 nlp-39 100 unknown 
D1081.6   100 ortholog of human LY6D  
F02E9.1   100  divergent ortholog of S. cerevisiae VMA22  
F02E9.4 sin-3 100 histone deacetylase subunit 
F10D11.2   100 unknown 
F10D11.5   100 unknown 
F10D11.6   100 ortholog of members of the human BPIF family including BPI 
F26E4.5   100 SH2 domain-containing tyrosine kinase  
F35E2.3   100 enriched in germline  
F36D1.4   100 unknown 
F41D3.2 oac-26 100 predicted to have transferase activity 
F46A8.9   100 pseudogene 
K02B12.6   100 unknown 
K07A1.7 cri-1 100 ortholog of human HECA  
M04C7.2   100 transposon 
Y47H9C.12   100 unknown 
Y52B11A.7 mltn-2 100 mlt-10 related 
Y53C10A.10.1   100 enriched in germline  
Y95D11A.10   100 contains a MIF4G domain found in proteins involved in RNA metabolism 
C25A1.15   90 unknown 
K02B12.7   90 ortholog of human ARFGAP1  
Y67A6A.2 nhr-62 90 predicted zinc-binding steroid hormone receptor DNA-binding transcription factor 

N³10 in each trial; genes in white cells detected in muscle transcriptome 
 
Table S1. RNAi causing DTC defect in given percentage of animals. Related to Figure 4 
and Results section “DTC adhesion to germ cells is mediated by E-cadherin and L1CAM”.  
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