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Understanding how cells move, change shape, and alter cellular behaviors to
form organs, a process termed morphogenesis, is one of the great challenges of
developmental biology. Formation of the Caenorhabditis elegans vulva is a powerful,
simple, and experimentally accessible model for elucidating how morphogenetic
processes produce an organ. In the first step of vulval development, three
epithelial precursor cells divide and differentiate to generate 22 cells of 7 different
vulval subtypes. The 22 vulval cells then rearrange from a linear array into a
tube, with each of the seven cell types undergoing characteristic morphogenetic
behaviors that construct the vulva. Vulval morphogenesis entails many of the
same cellular activities that underlie organogenesis and tissue formation across
species, including invagination, lumen formation, oriented cell divisions, cell–cell
adhesion, cell migration, cell fusion, extracellular matrix remodeling, and cell
invasion. Studies of vulval development have led to pioneering discoveries in
a number of these processes and are beginning to bridge the gap between the
pathways that specify cells and their connections to morphogenetic behaviors.
The simplicity of the vulva and the experimental tools available in C. elegans
will continue to make vulval morphogenesis a powerful paradigm to further our
understanding of the largely mysterious mechanisms that build tissues and organs.
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INTRODUCTION

The architect Louis Sullivan famously wrote that
‘form ever follows function’, a principal that is as

true in biology as it is in architecture. Organisms have
evolved body plans that are uniquely suited to carrying
out the tasks necessary for survival and reproduction.
In many multicellular organisms, the body is divided
into tissues (e.g., muscles, nerves), organs (e.g., skin,
lung), and systems (e.g., reproductive, digestive). The
formation of such ordered structures, a process termed
morphogenesis, remains one of the great mysteries
of biology. The inherent difficulty of understanding
morphogenesis is that it encompasses a broad range
of interconnected cellular activities that occur in
precise spatial locations at precise times.1 Despite the
experimental challenges presented by morphogenesis,
a greater understanding of how tissues and organs
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form holds the promise of improving human health
by enhancing our ability to diagnose and treat
developmental diseases, engineer tissues to replace
diseased body parts,2 and arrest the development of
tumors that use morphogenetic processes to mimic
native tissues.3 A useful experimental system to
study morphogenesis would feature three attributes:
(1) display a range of conserved cellular behaviors
that underlie morphogenesis across species; (2) allow
for the examination of the entire morphogenetic
process in vivo, in real-time, with high visual
resolution; and (3) be experimentally tractable so that
the system can be manipulated and examined. One
model that fits these criteria is development of the
Caenorhabditis elegans vulva, which offers a number
of experimental advantages to the researcher while
still featuring complex morphogenetic behaviors. This
review provides an overview of the morphogenetic
basis of vulval development, highlighting advances
in our understanding of oriented cell division, cell
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movement, invagination, cell fusion, cell invasion,
and the coordinated attachment of tissues. This array
of cellular behaviors results in the formation of the
simple, yet elegantly constructed C. elegans vulva.

Overview of Vulval Development
The C. elegans vulva is a hermaphrodite-specific
ectodermal organ that develops post-embryonically
and functions to connect the internal reproductive
system with the external environment. The vulva is
required for mating, as males inject sperm through
it, and for deposition of embryos after internal
fertilization (Figure 1(a)). Vulval development has
emerged as a paradigm of morphogenesis because
it offers a simple model of tissue rearrangement in
which a tube forms from an epithelial sheet of only
22 cells. The vulva also serves as an ideal system
for genetic screens,4 as mutations that affect mating
and egg-laying do not prevent hermaphrodites from
producing viable progeny. Plate-level genetic screens
have been conducted to identify vulval development
mutants, such as animals that are egg-laying defective
(Egl, retain developing embryos in the uterus), have a
protruding vulva (Pvl) or have multiple vulvae (Muv).
Higher magnification compound microscopic analysis
can further determine if these plate-level mutants lack
a vulva (Vul), have specific defects in the connection of
the vulva with the gonad (Cog), have a squashed vulva
(Sqv), or have defects in specific cellular behaviors
such as cell fusion, migration, or invasion. A further
advantage of studying vulval morphogenesis is that a
number of the signaling pathways that specify vulval
cell fates have been characterized.5,6 This makes the
vulva an emerging model to understand how cell
specification pathways connect to the morphogenetic
processes that shape tissues. These efforts are bringing
a more holistic level of understanding to the process
of organogenesis.

Vulval Cell Induction and Differentiation
During larval development, six epidermal cells on the
ventral surface of the hermaphrodite, P3.p–P8.p, are
competent to form vulval tissue. Through a series of
inductive interactions involving the LIN-3/epidermal
growth factor (EGF) and LIN-12/Notch pathways,
P6.p is induced to adopt the 1◦ vulval precursor
cell (VPC) fate, and P5.p and P7.p are induced to
the 2◦ VPC fate (Figure 1(b)). In wild-type animals,
P3.p, P4.p, and P8.p are not induced to a vulval fate
and contribute to the hypodermis, which generates
the cuticle that covers the animal. The 1◦ VPC
produces progeny cell types vulE and vulF, and the 2◦

VPCs produce progeny cell types vulA, vulB1, vulB2,

vulC, and vulD (Figure 1(c)–(e)). Each of the different
vulval cell types undergoes a distinct morphogenetic
program.8,9

Cell Division
Vulval induction determines the subsequent pattern
of cell divisions, which occur during the L3
larval stage. The 1◦ VPC, P6.p, undergoes three
rounds of cell division to produce eight cells,
and the 2◦ VPCs, P5.p and P7.p, divide three
times to produce seven cells each (Figure 1(c)–(e)).
After cell divisions, the vulval primordium has
22 cells displaying mirror-image symmetry, in
the sequence AAB1B2CCDEEFFFFEEDCCB2B1AA
(Figure 1(e) and (f)). The first two rounds of cell
division occur in the longitudinal (anterior–posterior)
orientation. The terminal cell divisions of vulC,
vulE, and vulF occur in the transverse (left-right)
orientations, and the terminal cell divisions of vulA
and vulB occur in the longitudinal direction. vulD does
not undergo a third cell division (Figure 1(e) and (f)).

Cell Arrangements, Invagination, Toroid
Formation, and Cell–Cell Fusion
After the second cell division, the 12 VPCs are
arranged as a linear array (Figure 2(a)). As the final
cell divisions occur, the central 1◦ VPCs invaginate
by detaching from the ventral cuticle and moving
dorsally (Figure 2(b)). In a proximal to distal tempo-
ral wave (inner to outermost), cells on each lateral
half extend apical membrane processes that form
rings with homotypic cells from the other lateral half
and undergo short-range cell migrations toward the
midline8 (Figure 2(c) and (d)). Distal cells migrate
along the ventral surface of the inner proximal cell,
which displaces cells dorsally and expands the invagi-
nation as cells compact around the vulval midline10

(Figure 2(e)). In addition to short-range migrations,
expansion of the vulval lumen also requires VPC
expression of glycosaminoglycans (GAGs), which are
thought to shape or maintain the lumen formed by
invaginating cells (Figure 2(e)).11,12 Through the L4
larval stage, ring formation and invagination con-
tinue, giving rise to a characteristic ‘Christmas tree’
appearance formed by the dorsal–ventral stack of
cells (Figure 2(f)). These ringed structures are termed
toroids, circular groups of cells with a central hole,
analogous to a bagel (Figure 2(g)). Cell fusions occur
during toroid formation to generate multinucleate syn-
cytia. First, sister cells on each half of the midline
fuse (i.e., vulA with vulA; Figure 2(b)), then cells of
the same subtype from contralateral halves fuse (i.e.,
anterior vulA with posterior vulA; Figure 2(f)). All
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FIGURE 1 | Legend on next page.

homotypic cells fuse with the exception of vulB1 and
vulB28 (Figure 2(e)).

Attachments to Other Tissues
The vulva ultimately forms a connection and a con-
tinuous lumen with the uterus to allow for mating

and egg-laying. The connection of these two tissues
is initiated by a cell invasion event from the uterine
anchor cell (AC), which breaches the basement mem-
brane separating these tissues and contacts the central
1◦ VPCs14 (Figure 6(a)). The uterine–vulval attach-
ment matures by further removal of the basement
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membrane, allowing direct attachment of vulF cells
with the overlying uv1 cells of the ventral uterus15

(Figure 3). After invasion, the AC fuses with neigh-
boring uterine cells, generating the multinucleated utse
cell that forms a thin cellular membrane between the
vulval and uterine lumens (Figures 2(f) and 3). The
vulva also forms attachments with hypodermal and
muscle tissues. vulE cells extend processes that con-
tact hypodermal seam cells on the lateral sides of
the animal, which is thought to structurally stabilize
the vulva. Eight sex muscle cells, four vm1 and four
vm2, contact the vulval lips to control opening during
mating and egg-laying (Figure 3). The muscles in turn
are innervated by motorneurons that are guided to
synaptic locations by cues from the vulva. The final
step in vulval formation is eversion, during which the
vulva turns partially inside out and the lumen closes
into a slit7,8 (Figure 1(a)).

VULVAL MORPHOGENESIS

Vulval Cell Induction and Differentiation
Vulval induction has been extensively studied (for
reviews, see Refs 17–20), and will be summarized
briefly here. During the L1 larval stage, 12 epidermal
cells (P1.p–P12.p) are born as the posterior daughters
of P ectoblast cell divisions and are positioned along
the ventral midline. Six of these cells (P1.p–P2.p,
P9.p–P12.p) fuse with the surrounding hypodermal
syncytium, hyp7, soon after birth.21 The remaining
unfused cells, P3.p–P8.p, are termed VPCs, because
all possess the potential to be specified as vulval
cells.9 In wild-type animals, however, only P5.p–P7.p
assume vulval identities due to an inductive LIN-
3/EGF signal from the AC, which is positioned dorsal

to P6.p (Figure 1(b)). P6.p is thought to receive the
highest levels of AC-secreted LIN-3 and through Ras
activation assumes the 1◦ VPC fate. P5.p and P7.p
receive moderate LIN-3 and assume the 2◦ fate. The
distal P3.p, P4.p and P8.p cells receive low EGF and
assume the non-vulval 3◦ fate, which is fusion with
the hyp7 syncytium.22 Recent work has supported
a model in which higher levels of Ras activation
in the P6.p lineage result in the engagement of the
LIN-45/Raf effector, which promotes the 1◦ fate,
whereas lower Ras activation in the P5.p and P7.p
lineages utilizes the RalGEF effector, which signals
a pro-2◦ fate.23 In addition to a gradient of LIN-3,
vulval fates are also patterned by sequential induction
in which the 1◦-fated VPC is first specified, and as
a result of this induction expresses transmembrane
and secreted DSL proteins that signal via the LIN-
12/Notch receptor on P5.p and P7.p to promote
the 2◦ fate.24 In addition to graded and sequential
induction, the 1◦ and 2◦ fates are also patterned
through pathway quenching. In the 1◦-fated VPC,
activation of the EGF/Ras/Raf pathway antagonizes
the LIN-12/Notch pathway in part by downregulating
the LIN-12 receptor,23–25 while in the 2◦-fated VPCs,
activation of LIN-12/Notch upregulates numerous
inhibitors of the EGF signaling pathway.24,26,27 Other
mechanisms appear to further contribute to the precise
patterning of the VPCs , including an early role for
Hox genes in regulating VPC induction competency,
and apparent roles for the Wnt pathway and the
ROM-1 protease in VPC induction (reviewed in
Ref 18). The extensive levels of redundancy in this
well-studied system of VPC induction likely reflects
more generally on how cell fate specification systems
are wired to ensure robust patterning of tissues during
development.

FIGURE 1 | Vulval cell divisions. (a) Adult worm at low (left) and high (right) magnification showing components of the reproductive system.
Oocytes in the gonad (outlined in red) move in a distal to proximal direction and are fertilized in the spermatheca (Sp). Embryos pass into the uterus
(Ut) and undergo the first rounds of cell division. Muscle contractions push embryos through the vulva to the external environment, where
embryogenesis continues until hatching. The posterior gonad is shown; the anterior gonad has an identical arrangement. For additional images of the
Caenorhabditis elegans reproductive system, see WormAtlas.7 (b)–(e) Cell divisions in the L3 larval stage. Left is schematic diagram; right is
differential interference microscopy (DIC) images of live animals. Lateral view with anterior left and dorsal top. (b) The P6.p cell is induced to the 1◦

vulval precursor cell (VPC) fate, P5.p and P7.p are induced to the 2◦ VPC fate, and P3.p, P4.p, and P8.p take on the non-vulval 3◦ VPC fate. The
anchor cell (AC) is located in the uterine epithelium (Ut) and positioned dorsal to P6.p (right DIC image). (c) All six VPCs divide in the mid-L3 larval
stage, after which the 3◦ VPCs arrest cell divisions and initiate fusion with the hyp7 syncytium. The 1◦ VPCs differentiate to vulE and vulF cell types;
the 2◦ VPCs differentiate to vulA, vulB, vulC, and vulD cell types. (d) The third VPC divisions take place in mid- to late L3 and produce 12 cells in a
longitudinal array. (e) The final VPC divisions occur during the L3/L4 molt. vulC, vulE, and vulF cell divisions occur in the transverse (T) orientation,
which is indicated by dashed lines in the lineage diagram. vulA and vulB divide in the longitudinal orientation (L), and vulD does not divide (N). In the
DIC image, only the longitudinally divided cells and vulD are in the plane of focus. (f) Dorsal view of the vulval primordium following terminal cell
divisions, with the AC at the vulval apex. Modeled after Ref 8. For additional schematics of vulval development and a time series of vulval images
from the L3/L4 molt to adulthood, see WormAtlas.7 (g) Heterchronic genes regulate the timing of VPC divisions. LIN-14, acting through the cell-cycle
repressor cki-1, inhibits cell divisions in L1, and LIN-28 and HBL-1 inhibit L2 cell divisions, acting through unknown targets. In L3, the miRNA lin-4
represses lin-14 and lin-28 mRNA translation to promote cell division. Analogously, the miRNAs mir-48, mir-84, and mir-241 redundantly repress
hbl-1 translation.
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FIGURE 2 | Vulval invagination and toroid formation. (a) After the second cell divisions, the vulval precursor cells (VPCs) are arranged in a
longitudinal array. The anchor cell (AC) is positioned at the junction of the vulF cells at the vulval midline. Apical domains are in blue here and in
other panels. (b) Concurrent with the final cell divisions, the 1◦ VPCs invaginate by moving dorsally. The vulF occupies the most dorsal position, with
vulE positioned ventral to it. (c) VPCs extend apical membrane processes toward the midline and establish junctions with homotypic cells from the
contralateral half, forming rings that encircle a tube in the center of the vulval primordium. In this schematic, vulC–vulF have formed rings. Sister vulA
cells on each lateral half fuse shortly after the final cell division,8 shown as a single-cell boundary. (d) Dorsal view of early-L4 VPCs, showing the
lateral migration of vulval cells toward the midline. (e) Invagination is driven by distal VPCs migrating toward the midline along the ventral surface of
inner cells, which forces cells to move dorsally.10 Glycosaminoglycans are expressed by the VPCs and are thought to maintain and shape the forming
lumen.11,12 (f) As the L4 stage continues, vulval cells continue to migrate and homotypic cells undergo fusions. A uterine lumen forms, and the uterine
and vulval epithelia become separated by the thin membrane of the utse syncytium (left differential interference microscopy image). The right image
shows labeling of apical junctions with the apical membrane marker AJM-1::GFP.13 At this stage, the sister cells on each lateral half have fused, and
contralateral vulA and vulD cells have fused at the midline. Red arrows indicate apical borders between vulB1, vulB2, vulC, vulE, and vulF cells.
(g) Schematic of vulval toroids in late-L4 after fusion has completed. Gray circles represent nuclei. All homotypic cells fuse except vulB1 and vulB2.
For additional images, see Refs 8 and 10 and WormAtlas.7

© 2012 Wiley Per iodica ls, Inc.



Advanced Review wires.wiley.com/devbio

UV1 UV1S
E

A
M

S
E

A
M

UTSE

vulF

vulE

vulD

vulC

vulB2

vulB1

vulA

vm2vm2

vmvm
1

vm

vm
2

m1
vm

1m1

vm
2

hyp7 hyp7

vm1vm1
Dorsal

Ventral

Left Right

FIGURE 3 | Attachments of the vulva to other tissues. (a) The vulA cells on the ventral surface contact the hyp7 hypodermal syncytium; vulE cells
extend laterally to contact the hypodermal seam cells; and vulF cells contact the uv1 cells and are overlaid by the utse (see Figure 2(f)). Eight vulval
muscles, four vm1 and four vm2, control vulval opening. vm1 cells contact the vulva between vulC and vulD toroids, and vm2 cells contact between
vulF and the uterus. Modeled after Refs 8 and 16. For additional images of late vulval development, see WormAtlas.7

Cell Division
During the L1 larval stage, P3.p–P8.p VPCs are born
and immediately arrest in an extended G1 phase.28

The VPCs remain in this quiescent state until the mid-
L3 stage, when they resume division. Proper vulval
formation requires the precise control of cell division
timing, cell-cycle number, spindle orientation, and
polarity. Many classes of genes and genetic pathways
have been found to regulate these distinct aspects of
vulval cell divisions and are discussed below.

Heterochronic Genes Regulate Vulval Cell
Division Timing
Genes that regulate developmental timing are referred
to as heterochronic, as their loss or gain of activity
leads to changes in the timing of specific developmen-
tal events in relation to development as a whole.29

Heterochronic genes that regulate the timing of VPC
divisions include the transcription factors LIN-14 and
HBL-1,30 the RNA binding protein LIN-28,31 and
the microRNA lin-4 (Figure 1(g)).32 LIN-14 func-
tions to promote L1 larval stage cell fates, whereas
LIN-28 specifies aspects of L2 fates.29,31 Loss of
lin-14 or lin-28 leads to an early G1 to S transi-
tion and precocious VPC divisions, presumably as a
result of skipping the L1 or L2 stages, respectively.
Although the vulva is precociously induced in lin-14
and lin-28 mutants, it displays normal lineage pat-
terns and marker gene expression. The vulva fails
to connect properly to the uterus, however, likely
because of mistiming in the development of the two
tissues.14,28,29 One downstream effector of LIN-14 is

cki-1, a C. elegans p21/p27 cyclin-dependent kinase
inhibitor, which maintains a G1 state and inhibits cell-
cycle progression.33 cki-1 is first expressed in the late
L1 stage and is absent in the L3 stage upon initiation
of cell divisions. lin-14 is required for the early larval
expression of cki-1, and the loss of cki-1 results in
precocious VPC divisions similar to lin-14 mutants.33

During VPC proliferation in L3, LIN-14 and LIN-28
protein levels are reduced through binding of lin-4
miRNA to the 3′ untranslated regions of lin-14 and
lin-28 mRNAs, leading to their translational repres-
sion (Figure 1(g)).28,31,34 In lin-4 loss-of-function
mutants, the first VPC divisions occur at the cor-
rect time in mid-L3, but subsequent cell divisions are
missing or delayed.28,35 lin-4 also has a role in spec-
ifying vulval fates, as P5.p and P7.p fail to adopt
2◦ VPC identities in lin-4 mutants. This is because
the continued presence of LIN-14 protein inhibits the
activity of LIN-12, which is necessary for 2◦ fate
specification.36

Similar to lin-28, the transcription factor hbl-1/
Hunchback also regulates timing of VPC divisions
by promoting L2 cell fates (Figure 1(g)). A mutant
allele of hbl-1 or RNAi depletion of the gene causes
precocious VPC divisions at or before the L2/L3
molt, leading to Pvl and Egl phenotypes.37 hbl-1 is
negatively regulated in a redundant manner by the let-
7 family microRNAs mir-48, mir-84, and mir-241.38

The mechanisms by which inhibition of HBL-1, LIN-
14, and LIN-28 lead to promotion of VPC divisions in
L3 is not well understood and cannot be accounted for
solely by cki-1 inhibition, as the phenotype of cki-1
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RNAi reduction of function is a single extra VPC cell
division in L2.33 Activation of the cell cycle in L3
thus appears to involve other targets that function
downstream of heterochronic gene repression.

General Cell-Cycle Machinery and Control
of Vulval Cell Divisions
The C. elegans cell-cycle machinery, built around
the regulation of expression and activity of cyclin-
dependent kinases (Cdks) and cyclins, is highly con-
served with other metazoans.39 Many general regula-
tors of the cell cycle have been found to influence the
number and timing of vulval cell divisions. As men-
tioned above, cki-1 is a key regulator of the G1 quies-
cent state of VPCs and its expression is positively reg-
ulated by the phosphatase cdc-14.40,41 The C. elegans
retinoblastoma (Rb) gene ortholog lin-35 functions
redundantly with the putative SCF complex regulator
lin-23 and the Cdh1/Hct1/FZR ortholog fzr-1 to limit
VPC cell division in the G1 quiescent state in the L1/L2
larval stages, possibly by reducing cyclin levels.42,43

Regulators of the cell cycle during the pro-
liferative L3 stage have also been identified. The
CUL-4/DDB-1 E3 ubiquitin ligase complex, which
downregulates CKI-1 protein expression in hypoder-
mal seam cells, also likely downregulates CKI-1 in
VPCs. ddb-1::GFP is expressed in all vulval cells, and
a ddb-1 null mutant has a reduced number of VPC
progeny, consistent with its loss leading to the contin-
ued expression of CKI-1.44 An additional general reg-
ulator of vulval cell divisions is cye-1/Cyclin E, which
promotes the G1- to S-phase transition.45 In cye-1
mutant animals, the VPC cell cycle in the L3 stage is
lengthened and the third cell division frequently does
not occur. cul-1 is an ortholog of mammalian cullins,
which targets Cyclin E for degradation as part of the
SCF E3 ubiquitin ligase complex.46 Consistent with a
role in limiting cell divisions through degradation of
CYE-1 protein, cul-1 mutants display vulval hyperpla-
sia, producing an average of 82 vulval cells.47 Similar
to lin-14 and lin-28 mutants, perturbations in cell
cycle do not affect vulval cell differentiation, suggest-
ing that cell-cycle regulation and differentiation can
be uncoupled.33,43,45,47 One exception to this finding
is the overproliferation defects associated with loss of
lin-35/Rb, in which vulval fate patterning and mor-
phogenesis are also aberrant.42 This suggests that lin-
35/Rb might have additional cell-cycle-independent
roles in vulval differentiation,48 similar to the roles of
Rb in vertebrate muscle and bone differentiation.49

Vulval-Specific Regulators of Cell Division
How developmental pathways regulate precise cell-
cycle progression during tissue formation and

organogenesis remains largely unknown.50 Although
some transcriptional regulators of vulval cell divisions
have been identified, the precise links between these
genes and the cell cycle remain unclear. During VPC
quiescence in L1 and L2, the transcription factors
LIN-1/Ets and LIN-31/FoxB promote the expression
of CKI-1 to prevent precocious VPC divisions.41

Upon exit from quiescence in the L3 stage, the
Hox gene lin-39 promotes the initiation of VPC
division.51 Still other transcription factors regulate
the number of cell divisions upon initiation of cell
division. Loss-of-function mutants of cog-1, an Nkx6
homeodomain transcription factor, display defects in
which the final cell divisions of vulB, vulC, and vulF
sometimes do not occur, and the vulD cells undergo
a third cell division.52 cog-1 also regulates vulval
gene expression and the proper connection of uterine
and vulval tissues, indicating that it is required for
several aspects of vulval differentiation.5,52 Mutations
in the zinc-finger transcription factor bed-3 cause a
cell division defect similar to cog-1, suggesting that
the two transcription factors form part of a regulatory
network required for differentiation of a subset of
vulval cells.53 The LIM homeodomain transcription
factor lin-11 also regulates multiple aspects of vulval
identity, including cell division arrest of vulD.54 A
future challenge will be to understand how these
vulva-specific transcriptional regulators direct the
general cell-cycle machinery in specific cell lineages.

Oriented Cell Divisions
Oriented cell division is a common morphogenetic
mechanism to shape organs.55 After the first two
rounds of longitudinal cell divisions, 6 of the 10
VPC granddaughters that divide a third time (vulC,
vulE, and vulF precursors) change their mitotic spin-
dle orientation to divide in the transverse direction
(Figure 1(e)). Our current understanding of the mech-
anisms that regulate mitotic spindle reorientation
during these cell divisions is rudimentary. Combined
loss of the Rac-like GTPases ced-10 and mig-2 alters
the terminal cell divisions of vulC and vulE, such
that they occur longitudinally or obliquely rather
than transversely. Interestingly, the vulF cell divisions
are still transverse after mig-2 and ced-10 loss, sug-
gesting that vulF may be regulated differently from
vulC and vulE.56 Mutations in the guanine nucleotide
exchange factor (GEF) unc-73/Trio produce a sim-
ilarly penetrant defect to combined loss of ced-10
and mig-2, indicating that unc-73 is likely the GEF for
both genes.56 Mutations in lin-40/MTA, a component
of the NuRD transcriptional co-repression complex,
also transform transverse to longitudinal divisions,
suggesting that changes in gene expression may be
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required to properly orient the mitotic spindle.57 It
will be important in the future to determine whether
these Rac genes or lin-40 ultimately influence spindle
orientation through conserved extrinsic (e.g., pla-
nar cell polarity, Fat/Dachsous) or intrinsic (e.g.,
LGN/Numa/Gαi) pathways known to regulate spindle
orientation.55

An evolutionary comparison of 51 rhabditid
species showed that the terminal cell divisions of dis-
tal VPCs (vulA and vulB) always occur longitudinally,
and terminal cell divisions of proximal VPCs (vulE
and vulF) always occur transversely. Terminal vulC
divisions are variable: transverse in Caenorhabditis
species but longitudinal in diplogastrids such as Pris-
tionchus pacificus.58,59 An analysis of ring formation
in 12 nematode species by Kolotuev and Podbilewicz60

found that longitudinal divisions generate two rings
(e.g., vulB1 and vulB2 in C. elegans), whereas one
ring forms from transverse or no cell divisions (e.g.,
vulC, vulD, vulE, vulF). While VulA is an apparent
exception to this rule as it forms one ring despite
dividing longitudinally,60 the divided VulA cells fuse
with each other in most species (including C. elegans)
prior to toroid formation, thus precluding two rings
from forming. Blocking vulA fusions in C. elegans
results in the formation of an additional toroid ring.
Further, an additional ring forms in lin-11 mutants in
which vulC undergoes a longitudinal division.60 Thus,
the number of toroid rings and the structure of the
mature vulva appear to be dictated by the orientation
of cell divisions and the number of dividing cells.

Establishing Mirror-Image Symmetry
The final order of cell types in the vulva has mirror-
image symmetry around the vulF cells (Figure 1(e)).
Although the molecular mechanism is unclear, the AC
is required for patterning of E-F-F-E fates in the 1◦

VPC lineage (Figure 6(c)). Ablation of the AC at the
two- or four-cell 1◦ VPC stage causes mispatterning of
vulE and vulF fates. A similar mispatterning defect is
observed in dig-1 mutants in which the AC is displaced
dorsally, demonstrating that proximity of the AC with
the 1◦ VPCs is required for proper patterning.61 The
Wnt pathway is required to polarize the 2◦ VPC
cell fates (P5.p and P7.p) and establish the mirror-
image symmetry of these lineages (A-B-C-D/D-C-B-A)
(Figure 1(c)). A Wnt ligand, EGL-20, is expressed in
posterior cells and acts at a distance as a directional
cue through a Ror tyrosine kinase receptor, CAM-1,
and the planar cell polarity core pathway component
VANG-1/Van Gogh, to generate a posterior-oriented
polarity in VPC cell divisions.62,63 A second group
of Wnt ligands refines the EGL-20-induced poste-
rior polarity to orient VPC cell divisions toward the
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FIGURE 4 | Wnt signaling determines the polarity of vulval
precursor cell (VPC) cell divisions. (a) In the presence of posterior-
expressed Wnt ligand egl-20 and AC-expressed Wnt ligands lin-44 and
mom-2, P5.p and P7.p have mirror-image symmetry in their cell division
patterns, which is termed ‘refined polarity’.63 (b) When lin-44 and
mom-2 are absent, egl-20 directs a posterior-oriented ‘ground polarity’,
such that both P5.p and P7.p divide in the same orientation. (c) In the
absence of lin-44, mom-2, and egl-20, P5.p and P7.p divide with
random polarity. This is considered the ‘default polarity’.63

center of the vulval primordium, thus reversing P7.p
polarity. This second group of Wnt ligands, LIN-44
and MOM-2, are expressed in the AC and function
redundantly via their putative VPC-expressed recep-
tors, LIN-17/Frizzled and LIN-18/Ryk, respectively
(Figure 4(a)). A third Wnt, CWN-2, also appears to
have a modest, redundant function with LIN-44 and
MOM-2.64–66 The phenotype of combined mutants
of lin-44 and mom-2 is that VPCs divide normally
and appear to be properly specified, but do so with
reversed P7.p polarity (Figure 4(b)), producing one
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P5.p and P6.p-derived vulva and a second P7.p-
derived pseudo-vulva.63–65 Reduction of all Wnts,
including posterior localized EGL-20, leads to ran-
domized P5.p and p7.p polarity, which is the apparent
default state (Figure 4(c)). The precise time of action
and downstream effectors used by LIN-17/LIN-18 and
CAM-1/VANG-1 to influence the orientation of P5.p
and P7.p remain an area for future study.

Cell Rearrangements, Invagination, Toroid
Formation and Cell–Cell Fusion
Cell Rearrangements and Invagination
Invagination initiates in the late-L3 stage after the AC
has invaded and just prior to the terminal VPC divi-
sions. The vulF cells detach from the ventral cuticle
and move dorsally to generate a small invagination at
the midline (Figure 2(b)). In a temporal order starting
with vulE, vulval cells extend unidirectional apical
membrane processes that make homotypic contacts
with their contralateral partner cells (i.e., vulD with
vulD) at the midline, which results in ring forma-
tion around a central lumen8 (Figure 2(c)). As they
form rings, vulval cells migrate laterally and ventrally
toward the midline relative to proximal cells, which
pushes inner cells dorsally and expands the invagina-
tion (Figure 2(d) and (e)). Ring formation has been
proposed as the driving force for invagination, mov-
ing the vulva dorsally as cells migrate toward the
midline.8,10 The cellular behaviors of vulval invagina-
tion are notably similar to those of ventral enclosure
in C. elegans embryogenesis, in which the coordinated
movement and extension of cellular processes toward
a contralateral partner at the ventral midline is key
to forming an epithelial monolayer that covers the
embryo.67 Initial studies suggest that a coordinated
action of guidance signaling pathways and cytoskele-
tal components regulates both processes.

Two reports have shown roles in vulval
morphogenesis for the guidance molecule SMP-1/
Semaphorin and its receptor PLX-1/Plexin.68,69

Following the cell divisions in L1 that produce the Px.p
cells, the VPCs extend longitudinally until establishing
contacts with neighboring cells. In smp-1 and plx-1
mutant animals, VPCs sometimes extend past their
neighbors and make contact on their lateral sides
rather than at their anterior–posterior ends. This
causes mispositioning of VPCs and later defects in
vulval morphogenesis.69 These results suggest an
inhibitory effect of SMP-1 on the outgrowth of
PLX-1 expressing VPCs, which is analogous to the
role played by the semaphorin MAB-20 in inhibiting
ectopic contacts between adjacent cells during ventral
enclosure.70

vulD
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FIGURE 5 | Molecular pathways of vulval cell migration. Cells that
are proximal to the midline (vulE in this example) express SMP-1 on the
apical membrane, downstream of LET-60/Ras, LIN-39/Hox, and the
zinc-finger transcription factor VAB-23. More distal cells (vulD) express
PLX-1, which regulates cell migrations in part through the Rac GTPase
CED-10 and its GEF UNC-73. A second pathway involving MIG-2 also
regulates migration. Modeled after Ref. 68.

There are instances in Drosophila and mouse in
which semaphorin molecules attract plexin-expressing
cells.71,72 Dalpe et al.68examined the role of the
SMP-1/PLX-1 pathway during later stages of vulval
development and identified an attractive role during
vulval cell migrations in the L4 stage.68 SMP-1 is
initially expressed on the lumen-facing surface of
proximal VPCs, and attracts distal cells expressing
PLX-1 on their apical membranes68 (Figure 5). As
distal cells migrate into the lumenal area, they switch
on the expression of SMP-1 to attract the PLX-1-
expressing cell ventral to it. SMP-1 expression is
downstream of LET-60/Ras, LIN-39/Hox, and the
zinc-finger transcription factor VAB-2373 (Figure 5).
In the absence of either smp-1 or plx-1, VPCs fail
to migrate and sometimes detach from neighboring
cells, causing Egl, Pvl, and Muv phenotypes.68 The
two described roles for the SMP-1/PLX-1 signaling
pathway during vulval development demonstrate that
a ligand–receptor interaction can be both attractive
and repulsive within the same cell lineage during
distinct temporal events.

The ced-10 and mig-2 Rac-like GTPases and
their GEF unc-73, which are required to orient
VPC division planes (see above), also regulate
VPC migration.56,68 ced-10 and mig-2 function
redundantly: animals with single gene mutations have
negligible vulval cell migration defects, whereas ced-
10;mig-2 double mutants are 77% defective. Genetic
evidence suggests that ced-10 regulates VPC migration
exclusively in a pathway with plx-1, whereas mig-2
has roles outside the plx-1 pathway, as a mig-2;plx-
1 double mutant enhances the migration defect of a
plx-1 null mutant. The unc-73 mutants also enhance
the plx-1 defect, consistent with it serving as the GEF
for mig-268 (Figure 5). There is therefore at least one
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parallel pathway of vulval cell migration involving
unc-73 and mig-2 that has yet to be elucidated.

Toroid Formation
Cell–cell adhesion plays a critical role in morpho-
genesis by generating changes in cell shape.74 Highly
regulated adhesions occur during the development
of the vulva, as homotypic cells form toroid rings
(Figure 2(b)). The mechanisms that mediate these
complex morphogenetic behaviors are poorly under-
stood. Only a single gene has been identified that is
specifically required for the midline adhesion of vul-
val cells: par-1, a membrane-associated EMK-family
serine/threonine kinase.75 In par-1 RNAi-treated ani-
mals, vulval cell specification, invagination, and
migration are normal, but cells fail to make con-
tact with or maintain attachments to their homotypic
partners. This results in a gap between rings from
each half-vulva and a Pvl phenotype. Fusions between
sister cells on each lateral half are normal, demon-
strating that the ability to fuse is not compromised by
the reduction of par-1.75 It is currently unclear how
par-1 functions to regulate adhesion of vulval cells.
Additional insight will come from the identification of
par-1 downstream targets.

The seven vulval cell types form only homotypic
adhesions, despite the close proximity of differently
fated cells. Even in cye-1 mutants with fewer than the
correct number of vulval cells or in plx-1 and smp-1
mutants with defects in migration, ring formation
between nonhomologous cells is not known to
occur.45,68,69 This cell-type matching is also observed
in ventral enclosure in C. elegans and in Drosophila
dorsal closure, in which two epithelial sheets adhere at
the midline, with only similarly patterned cells forming
adhesions. Filopodia extension has been observed in
leading edge cells during these processes and also
in vulval ring formation.10,68,76,77 It is thought that
filopodia sample the environment until encountering
a match, although the mechanisms of matching are
not well understood.77

Cell–Cell Fusions
Cell–cell fusions occur within five of the seven vulval
toroids during the L4 stage (Figure 2(f) and (g)). Sister
vulA, vulC, vulE, and vulF cells first fuse on each
lateral half, then homotypic cells from each half-vulva
fuse at the midline, in the order vulD, vulA, vulC,
vulF, and vulE.8 vulB1 and vulB2 toroids remain
unfused. Fusion is a common event in C. elegans—
300 of 1090 somatic cells undergo fusion, generating
multinucleate syncytia in the hypodermis, uterus,
and vulva.78 All C. elegans fusions are executed by
two proteins, EFF-1 and AFF-1, which function as

homotypic fusogens (i.e., mediate fusion between two
cells expressing the same fusogen). EFF-1 and AFF-1
are type I transmembrane proteins, and appear to be
the first identified membranes of a divergent, ancient
family of fusogens.79 Most vulval cell fusions require
eff-1, although fusions of vulA and vulD require aff-1
instead of or in addition to eff-1.80,81 In eff-1 mutant
animals, vulval specification, cell division, migration,
and midline attachment are normal, but membranes
fail to fuse, causing exploded or protruding vulva
phenotypes.80 The aff-1 mutants also appear normal
for vulva formation but are Egl, possibly due to a
failure to properly connect the uterus with the vulva
(see below).82

Ectopic expression of eff-1 or aff-1 in cultured
insect cells is sufficient to induce cell–cell fusions.82,83

Given this intrinsic fusogenic cabability, expression
of eff-1 and aff-1 is thought to be tightly controlled
to prevent premature fusion. In P3.p–P8.p VPCs, the
Hox gene lin-39 inhibits the expression of eff-1 prior
to LIN-3 induction of VPC fate. After induction, lin-
39 is downregulated in 3◦-fated VPCs, which results
in eff-1 expression and fusion to the neighboring
hyp7 cell.51 In the 1◦ and 2◦-fated VPCs, LET-60/Ras
acting downstream of LIN-3 maintains the expression
of lin-39, which through the expression of the zinc-
finger protein vab-23 suppresses eff-1 expression.73

The transcription factor nhr-67/Tailless also represses
eff-1 expression, and RNAi reduction of nhr-67 causes
inappropriate fusions between vulE and vulF cells.84

An interesting question for future studies is how the
pathways that repress eff-1 expression are themselves
shut down to allow expression of eff-1 during fusions.

Role of Sqv Mutants in Invagination
and Lumen Formation
In a screen for mutants with defective vulval
morphogenesis, Herman et al.11 identified eight
genes whose mutants have a squashed vulva (Sqv)
phenotype, as well as apparent defects are oogenesis
and early embryogenesis.11 In the sqv mutants, VPCs
detach from the cuticle and form an invagination, but
it is narrower and shorter than in wild-type animals.
Other aspects of VPC differentiation, including cell
division, ring formation, and cell fusion, are normal
in sqv mutants, indicating that the defect is limited to
the invagination process.11 Characterization of the
sqv genes revealed that all eight encode enzymes
that function to produce chondroitin and heparan
sulfate GAGs—large, unbranched oligosaccharides
that covalently modify proteins in the Golgi
apparatus.11,85–89 The modified proteins are secreted
into the extracellular matrix or, if transmembrane,
located at the plasma membrane with glycosylated
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regions on the extracellular face90 (Figure 2(d)).
Chondroitin appears to be the specific modification
necessary for vulval morphogenesis, as sqv-5 encodes
a glycosyltransferase specific for the production of
chondroitin,89 and a mutant allele of rib-2, a gene
required for initiation and elongation of heparan
sulfate, does not have a Sqv phenotype.91 The ways in
which GAGs regulate vulval morphogenesis have not
been ascertained, but a possible explanation is that the
presence of glycosylated proteins in the extracellular
space between the plasma membrane and cuticle
generates hydrostatic forces that allow expansion
of the forming lumen. GAGs are negatively charged
molecules that attract cations and water, generating
turgor pressure to resist external force.90 By analogy,
chondroitin sulfate is secreted into the extracellular
space during sea urchin gastrulation, and blocking
secretion by drug treatment impaired the timing and
extent of invagination.92 Other explanations have
been posited for the role of GAGs in invagination,
including the regulation of cell–cell adhesiveness,
extracellular matrix remodeling during migration, and
apical constriction.90,93

The expression pattern of SQV proteins is
consistent with a cell-autonomous role in vulval
invagination. SQV-1, SQV-5, and SQV-7 proteins
are expressed in cells throughout the vulva, and SQV-
4 is expressed in vulC–vulF cells.86,87,89 Upstream
regulators of sqv gene expression in the vulva have
not been identified to date. Interestingly, a Sqv
phenotype was observed in combined mutants of
lin-35/Retinoblastoma and spr-1, an ortholog of the
CoREST transcriptional repressor.91 The cause of the
Sqv phenotype in lin-35;spr-1 is not clear, as mutant
animals have wild-type levels of chondroitin in the
vulval cells.91 Thus, there appears to exist at least one
pathway that functions in parallel to the sqv genes
during vulval invagination.

Attachments to Other Tissues
Organogenesis requires functional connections
between different tissues in the body. The vulva
connects with three different tissues: (1) the uterine
epithelium, to generate a continuous lumen between
the tissues; (2) hypodermal cells, to structurally stabi-
lize the vulva by physically tethering it to the body
wall; and (3) muscle cells, to move embryos through
the vulva to the outside environment (Figure 3).

The Anchor Cell and the Uterine-Vulval
Connection
The uterine epithelium initially develops indepen-
dently of the vulval epithelium and is separated from

it by gonadal and epidermal basement membranes.
During the mid-L3 stage, the AC, a specialized ven-
tral uterine cell, breaches the basement membrane
separating the tissues and contacts the vulval cells
(Figure 6(a)).14 The AC is a striking example of
a single cell performing pleitropic functions during
development: in the late-L2 larval stage, the AC
induces VPC fates via LIN-3 expression22; in L3,
the AC expresses Wnt ligands to orient VPC planar
polarity (Figure 4),63 expresses the LIN-12/Notch lig-
and LAG-2/Delta to induce the surrounding ventral
uterine cells to adopt specific fates,94 patterns the
1◦ VPC lineage,61 and breaches the basement mem-
brane (Figure 6). The critical role for the AC in vulval
morphogenesis was appreciated by Judith Kimble and
David Hirsh, who named the cell for its ability to
‘anchor’ the gonad to the vulva.95

Cell invasion across basement membrane occurs
during several developmental events, and is also
a key cell biological process in tumor metastasis
and leukocyte trafficking.99 AC invasion integrates
a stimulatory signal from the developing vulva with
a cell-autonomous invasion program (Figure 6(b)).
The 1◦ VPCs secrete a diffusible chemotactic cue
that triggers invasion and guides the invading AC to
centrally located 1◦ VPCs. The presence of a diffusible
cue was demonstrated using genetic backgrounds in
which the 1◦ VPCs are displaced from the AC, which
results in the AC extending membrane processes
toward the ectopic VPCs and through the basement
membrane.14 Although the vulval cells are required
for complete invasion, the AC still invades 20% of the
time in Vul animals, demonstrating that AC invasion
through basement membrane may be triggered by
other cues or driven cell autonomously.14

The AC initiates its invasion program at around
the L2 molt by concentrating F-actin and other
cytoskeletal components at the basal (ventral) surface
in contact with the basement membrane.96 Among the
genes involved in cytoskeletal polarization are unc-
6/netrin, a guidance molecule expressed in the ventral
nerve cord (VNC), its receptor unc-40/DCC, and
pat-3/ina-1, whose protein products heterodimerize
to form the integrin–receptor complex (Figure 6(b)).
In the mid-L3 stage, the basal membrane of the
AC extends actin-enriched membrane protrusions
that penetrate the basement membrane at a location
between the two vulF cells (Figure 6(a)).96,100 AC
invasion requires the transcription factor fos-1a,
an ortholog of vertebrate Fos transcription factors
that are expressed in invasive tumor cells.101

A downstream target of FOS-1A in the AC is
zmp-1 (Figure 6(b)),102 a member of the matrix
metalloprotease (MMP) family of genes that have
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FIGURE 6 | The anchor cell (AC) connects the uterine and vulval tissues and patterns cell fates. (a) AC invasion into the vulval epithelium. At the
one-cell P6.p stage (top panel), the AC is positioned dorsal to P6.p (indicated with white bar) and separated from it by basement membrane (green).
Following the first vulval precursor cell (VPC) division (second panel), the AC initiates invasion across the basement membrane. By the four-cell P6.p
stage (third panel), a breach is evident in the basement membrane (indicated with arrow), and the AC has contacted the 1◦ VPCs. The AC remains at
the vulval apex following the final VPC division (bottom panel) and the gap in the basement membrane continues to expand beyond the border of the
AC membrane (arrows). The AC expresses a reporter for the plextrin homology (PH) domain of phospholipase Cδ fused to mCherry under an
AC-specific cdh-3 promoter.96 The basement membrane expresses GFP-tagged laminin β subunit under its own promoter.97 (b) Molecular pathways
regulating AC invasion. The transcription factor FOS-1A is required for invasion, and regulates the expression of the matrix metalloprotease ZMP-1.
The basal (ventral) AC membrane is enriched for cytoskeletal components F-actin and the INA-1/PAT-3 integrin–receptor complex. The UNC-6/netrin
ligand is released by the ventral nerve cord (VNC) and regulates invasion through its receptor UNC-40/DCC. A vulval cue from the 1◦ VPCs is also
required for complete invasion. Modeled after Ref 98 (c) The AC patterns uterine and vulval fates. The AC expresses LAG-2/Delta ligand, which
signals to the LIN-12/Notch receptor on six surrounding ventral uterine cells to induce the π fate rather than the default ρ fate. The presence of the
AC between the vulF cells is also required for 1◦ fate patterning.

been implicated in proteolytic breakdown of basement
membrane and are expressed downstream of Fos
proteins during tumor cell invasion.103 Analogous
to the situation in vertebrates, in which single or
double knockdown of MMPs results in only minor
developmental defects,104 a null allele of zmp-1
has no invasion defect.102 The simplified genetic
architecture of C. elegans, with only six MMPs,
makes the AC model of invasion particularly useful
for achieving greater clarity on the involvement of
proteases during cell invasion. More broadly, studies
on AC invasion are facilitating the identification of
novel genes that regulate the process of cell invasion. A
recent whole-genome RNAi screen identified 99 genes
that promote invasion, most of which were newly
identified regulators of this process. Knockdown of
human orthologs of two novel regulators, the NEMO-
like kinase lit-1 and the CCT chaperonin complex
component cct-5, reduced invasiveness in metastatic

human carcinoma cells.98 Thus, AC invasion is
an effective model to understand mechanisms that
regulate invasion and to identify new therapeutic
targets to block invasive behavior in cancer.

Following basement membrane invasion, the
AC remains at the vulval apex, where its basal
region contacts and moves between the central vulF
cells to complete the invasion process.8,16 Direct
contact of the AC with the vulF cells appears
to be required to pattern of E-F-F-E fates in the
1◦ VPC lineage61 (Figure 6(c)). Morphogenesis of the
vulva also requires the complete invasion of the
AC between the vulF cells.105 Animals mutant for
fos-1 or unc-6 have defective AC invasion through
the basement membrane and incomplete AC contact
with vulF, which results in a closed dorsal vulval
lumen, suggesting that AC invasion between the
vulF cells is required for dorsal lumen formation.105

Lumen formation in the vulF cells also depends on
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the NlpC/P60 family protein EGL-26, which may
function as a palmitoyltransferase.106,107 EGL-26 is
expressed in the vulE lineage and localizes to the apical
membrane where it might modify a lipid signaling
molecule required for proper vulF morphology.

The AC also patterns the ventral uterine (VU)
cells surrounding it, all of which are involved in
establishing the uterine–vulval connection.15 During
the L3 larval stage, the AC expresses LAG-2/Delta,
which signals via LIN-12/Notch on six adjacent VU
cells, inducing them to adopt the π (pi) cell fate
rather the default ρ (rho) cell fate94 (Figure 6(c)).
Specification of π fate is required for proper
uterine–vulval connection, as ablation of all π cells
causes a completely penetrant Egl phenotype, as do
gene mutations that result in the failure of VU cells
to adopt the π fate.94,108–110 Following specification,
the 6 π cells divide to generate 12 cells, 8 of which
fuse to form the uterine-seam (utse) syncytium, which
stabilizes the uterus through attachment to the lateral
epithelial cells16 (Figure 3). The remaining four π cells
are specified as uv1 cells, which contact the underlying
vulF cells through adherens junctions and stabilize
the uterine–vulval connection (Figure 3). LIN-3/EGF
signaling from vulF cells via LET-23 receptor tyrosine
kinase on uv1 cells is required for adoption of uv1
fate.111 egl-38, a homolog of Pax5 transcription
factor, is also required for the adoption of uv1 fate,
functioning in both vulF and uv1 cells.111–113

A question that until recently remained unsolved
was how the uv1 cells and vulF cells make direct
contact with each other, as basement membrane
initially separates these cells. A recent study revealed
that the gap in the basement membrane widens quickly
beyond the cell boundaries of the AC during the
mid- and late L3 larval stages (Figure 6(a)), thus
allowing uv1 and vulF cells to make direct contact.114

To understand how the basement membrane is
removed, animals expressing the tagged basement
membrane components laminin::Dendra and type IV
collagen::Dendra were examined. Dendra is a highly
stable, photoconvertible fluorescent protein that
changes irreversibly from a green to a red fluorescent
state following exposure to short-wavelength light.115

Optical highlighting of laminin::Dendra and type IV
collagen::Dendra revealed that laminin and type IV
collagen are removed through a novel mechanism
of basement membrane sliding, and that this shift
is dependent on the dividing and invaginating
vulval cells. Furthermore, an RNAi expression screen
identified the integrin receptor complex INA-1/PAT-3
and VAB-19, a homolog of the tumor suppressor
Kank, as regulators of basement membrane opening.
Both concentrate within vulval cells at the basement

membrane gap boundary and halt expansion of the
shifting basement membrane.114 Basement membrane
sliding followed by targeted adhesion represents
a newly identified mechanism for creating precise
basement membrane breaches that is likely used by
cells to break down compartment boundaries not only
in tissue morphogenesis, but also in disease states such
as cancer.

Following its invasion, the AC is positioned at
the vulval apex (Figure 6(a)), from which it must be
removed to form a continuous lumen between uterine
and vulval tissues. Removal of the AC is achieved
through fusion with the uterine utse cell during the
early L4 stage. After fusion, the AC nucleus and
cytoplasm are cleared, leaving a thin plasma mem-
brane between the uterine and vulval lumens that
is thought to be broken by first embryo passage15

(Figures 2(f) and 3). aff-1 is expressed in the AC and
utse and required for fusion. Its expression is down-
stream of the FOS-1A transcription factor, which is
expressed throughout the uterine tissue with strongest
expression in the AC.82,102 Also required for AC-utse
fusion are the AC-expressed ATPase NSF-1116 and
the π -cell expressed LIM domain transcription fac-
tor LIN-11.117 LIN-11 expression levels and retention
in the nucleus are regulated in π cells by the small
ubiquitin-like modifier SMO-1.118

Vulval Cell Attachments to Hypodermal Cells
and Muscles
In addition to attaching to uterine cells, the
vulva also contacts hypodermal and muscle cells,
which provides structural stability and controls the
opening of the vulva during mating and egg-laying,
respectively (Figure 3). The hypodermal connections
occur through vulA cell contact with the hyp7
syncytium at the ventral surface of the vulva, and
vulE contact with lateral seam cells near the dorsal
surface. The transcription factor lin-29 is expressed
in seam cells, and mosaic analysis suggests that the
loss of lin-29 in the subset of seam cells closest to
the vulva causes vulval morphology defects, possibly
through failure to attach to vulE cells.119 Little else is
known about the vulE–seam cell connection, such as
the molecular pathways that induce vulE membrane
extension and the mechanisms of cell–cell attachment.

More is known about the mechanisms guiding
muscle attachment to the vulva. The vulval
musculature is derived from two sex myoblasts (SM),
which are born in the posterior of the animal during
the L1 stage and migrate anteriorly during L2 and L3
to flank the developing gonad near the vulva region.
Following migration, the SM cells each divide three
times in the L3 stage to generate 16 total cells. Eight
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FIGURE 7 | Patterning of neuronal connections in the vulval region. Dorsal view of the everted vulva. The two hermaphrodite-specific (HSN)
neurons (shown is the right HSN in green) extend axons ventrally to the nerve cord, then anteriorly to the vulva. The interaction between
HSN-expressed SYG-1 and vulF-expressed SYG-2 serves to guide the future sites of synaptic contact, which occur on vm2 muscle cells (shown are two
of four vm2 cells, light blue) and ventral cord (VC) neurons. VC4 and VC5 have cell bodies at the anterior and posterior of the vulval epithelium,
respectively, and extend axons around the vulva and dorsally to synapse on vm2 cells. vulF-expressed BAM-2 is required to terminate axon branches.
Modeled after Refs 123 and 124.

of these, the um cells, induce contractions that move
eggs through the uterus. The other eight cells, four
vm1 and four vm2, extend processes in a diagonal
configuration that contact the vulval lips and control
opening during mating and egg-laying. The four vm2
cells connect between the uterus and vulF; the four
vm1 cells connect between vulC and vulD toroids8,15

(Figure 3).
The muscles that control vulval opening are

innervated by six ventral cord (VC) motorneurons
and two hermaphrodite-specific neuons (HSN). vm2
muscles are directly contacted by neurons, whereas
vm1 muscles are electrically linked to vm2.120 The
six VC neurons, VC1–6, run anterior–posterior along
the VNC and extend branches dorsally at the vulval
opening. VC4 and VC5 have cell bodies closest to
the vulva and extend the longest projections into the
vulval epithelium (Figure 7). The HSN cell bodies are
dorsal and posterior to the vulva, with axons that
extend ventrally to the VNC, run anterior toward
the head, defasciculate dorsally into the vulval region,
and branch to synpase onto vm2, VC4 and VC5120

(Figure 7). Branching of VC and HSN neuronal
processes and their correct synapse formation requires
signals from the vulva. In Vul animals, VC neurons do
not send dorsal processes, and HSN axon extension
toward the VNC and branching at the vulva are
defective. These defects are not observed in animals

lacking the gonad, SM cells, or other neurons,
demonstrating a singular role for the vulval cells in
regulating neuronal outgrowth branching and synapse
formation.121–123

Genetic screens have begun to provide insight
into the mechanisms by which the vulval cells direct
VC and HSN neurite outgrowth. VC4 and VC5 axonal
processes extend around the vulva without crossing
the midline. This pattern of outgrowth is dependent
on BAM-2, a neurexin-like transmembrane protein
that is expressed in vulF (Figure 7). In bam-2 mutants,
axon branches cross the midline, demonstrating that
BAM-2 functions in vulF as a signal to terminate
axon branching.124 HSN axon guidance and synapse
formation are also established by signals from the 1◦

VPCs. One 1◦ VPC-expressed signal is UNC-6/netrin,
which appears to combine with VNC-expressed
UNC-6 to coordinate the complex trajectory of HSN
axon growth. Specifically, 1◦ VPC-derived UNC-6
is the main determinant of HSN dorsal growth
from the VNC.125 The 1◦ VPCs also direct HSN
synapse formation onto muscles and neurons, which
occurs near the dorsal region of the vulva. SYG-2,
a transmembrane protein of the immunoglobulin (Ig)
superfamily, is expressed in 1◦ VPCs and acts as
a receptor for SYG-1, a second Ig transmembrane
protein expressed on HSN axons. SYG-2 serves as a
guidepost to localize SYG-1, which establishes sites of
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synaptic vesicle clustering (Figure 7). In syg-1 and
syg-2 mutants, HSN synaptic vesicle clusters are
located in ectopic anterior locations.123,126 These
findings highlight the key role of the vulva in
organizing both the outgrowth and neuronal contacts
necessary for egg-laying.

Bridging the Gap between Cell Fate
Specification and Morphogenesis
How cell fate specification is linked to morpho-
genetic behaviors that shape tissues remains largely
unknown.127 Five transcription factors have been
identified as major regulators of a gene regulatory
network (GRN) that helps to specify the fates of the
seven vulval cell types. These are the LIM home-
odomain protein LIN-11, the C2H2-type zinc-finger
protein LIN-29, the Nkx6 homeoprotein COG-1, the
Pax2/5/8 ortholog EGL-38, and the nuclear hormone
receptor NHR-67.5,6,84 How this GRN is regulated by
VPC induction and whether these transcription fac-
tors control the effectors of vulval morphogenesis are
unclear. Recently, a transcription factor, the C4H2
zinc-finger protein VAB-23, was found to bridge the
gap between cell fate specification and the effectors of
morphogenesis.73 During vulval induction, the Hox
gene lin-39 is upregulated in the induced VPCs by
EGF/Ras signaling.128 Pellegrino et al.73 found that
LIN-39 and its conserved cofactor CEH-20129 directly
control VAB-23 expression in the vulval cells, with
highest levels in the 1◦ lineage where EGF/Ras sig-
naling is strongest. VAB-23 functions to repress eff-1
expression in vulE and vulF cells and promotes smp-1
expression in vulF, vulE, and vulD cells.73 The vab-23
mutants have ectopic eff-1 expression, inappropri-
ate cell–cell fusions, a reduction in toroid number,
and defects in migration. VAB-23 is also required for
the correct differentiation of the vulF and vulE cell
fates, as determined by reporter gene expression.73

These results demonstrate the connection between
vulval induction (EGF/Ras), cell fate differentiation
(LIN-39/VAB-23), and morphogenetic effectors (EFF-
1/SMP-1), providing a paradigm for understanding
how cells link specification with morphogenesis.

CONCLUSION

The vulva has served as a model of organogene-
sis for more than two decades, providing insight
into developmental mechanisms of tissue patterning.
Studies on the vulva have expanded our knowledge
of important cellular processes, including oriented cell
division, migration, invasion, adhesion, and fusion.
The experimental advantages of the vulva—limited

number of cells, in vivo visual accessibility, and ease
of genetic and transgenic analysis—can now be com-
bined with advanced microscopic techniques such as
live cell imaging, convertible fluorophores, force sen-
sors, and optogenetics to provide insight into cellular
dynamics. The vulva is also amenable to the systems-
level approaches available in C. elegans, including
interactome, localizome, expression profiling, modEn-
code, and RNAi databases.130 Thus, future studies on
vulval development will yield greater knowledge about
fundamental mechanisms underlying morphogenesis.
Among the interesting future subjects to explore are:

Molecular Basis of Lumen Formation
Lumen formation allows movement of materials
between different tissues and the outside environment.
How lumens achieve their correct size and shape
is poorly understood.131 Vulval lumen formation
involves cell shape changes and migrations that
generate an invagination, and proteoglycan secretion
that is thought to create and maintain lumen shape.
Several questions remain unanswered about the
mechanisms of lumen formation, including the cues
that trigger the initial invagination, the upstream
regulators of sqv gene expression, and the identity
of the proteins modified by oligosaccharide chains.

Regulation of Adhesion and Fusion
VPCs extend membrane processes that meet their
matching partners at the midline to form adhesions,
but whether this recognition is based on cell-type
specific receptor complexes or different mechanisms
has not been determined. Fusions between homotypic
cells (other than vulB) follow their adhesion at the
midline. It is not well understood how the expression
and subcellular localization of EFF-1 and AFF-1
fusogens are regulated to control the precise timing of
fusions between matching cells.132

Anchor Cell Invasion
AC invasion into the vulval epithelium offers a
single-cell, in vivo model to study the cellular pro-
cesses of invasion. Genetic screens and candidate
gene approaches have led to the identification of
more than 100 genes required for normal AC
invasion.96,98,100,102,133,134 Many of the genes are
uncharacterized, and understanding how they func-
tion in AC invasion should provide insights into
this conserved biological process. Among the areas
of focus are the involvement of proteases, transcrip-
tional regulation of the invasive program, the identity
of exogenous stimulatory cues that target membrane
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processes to specific sites for invasion, and the mech-
anisms by which a cell shifts from cell–basement
membrane to cell–cell attachments.

Axon Branching and Synapse Formation
During development of the egg-laying system, the
vulva serves as an organizer of neuronal circuitry with-
out receiving direct innervations itself. It terminates
VC4 and VC5 axon branches by expression of the
transmembrane protein BAM-2, but the VC-expressed
binding partner of BAM-2 has not been identified.
The SYG-1/SYG-2 interaction between 1◦ VPCs and
the HSN neuron is an example of guidepost signaling,
in which a cell acts as a scaffold for synapse forma-
tion. The downstream effectors of the SYG-1/SYG-2
signaling pathway that regulates guidepost signaling
have yet to be determined.

Gene Regulatory Networks of Vulval Cell
Specification and Morphogenesis
The GRNs that connect the adoption of cellular iden-
tity with gene expression and cell biological behaviors
sit at the heart of understanding developmental mech-
anisms. Only a few developmental GRNs are under-
stood at even a rudimentary level.135 The two-step
patterning of vulval cell fates—induction by the gonad
followed by differentiation into seven different cellular
subtypes—is a model for how cell specification con-
nects with gene expression and morphogenesis. Future
work can build on the knowledge of vulval specifica-
tion pathways and the genes involved in morphogene-
sis to make connections between gene expression and
morphogenesis.
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