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Abstract

Understanding how a single cell, the zygote, can divide and differentiate to produce the diverse
animal cell types is a central goal of developmental biology research. The model organism
Caenorhabditis elegans provides a system that enables a truly comprehensive understanding of this
process across all cells. Its invariant cell lineage makes it possible to identify all of the cells in
each individual and compare them across organisms. Recently developed methods automate the
process of cell identification, allowing high-throughput gene expression characterization and
phenotyping at single cell resolution. In this Review, we summarize the sequences of events that
pattern the lineage including establishment of founder cell identity, the signaling pathways that
diversify embryonic fate, and the regulators involved in patterning within these founder lineages
before cells adopt their terminal fates. We focus on insights that have emerged from automated
approaches to lineage tracking, including insights into mechanisms of robustness, context-specific
regulation of gene expression, and temporal coordination of differentiation. We suggest a model
by which lineage history produces a combinatorial code of transcription factors that act, often
redundantly, to ensure terminal fate.
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Background

Developmental control is a central function encoded in animal genomes. Decades of
developmental genetics research has provided invaluable insights into signaling pathways
and regulatory mechanisms. However due to the incredible complexity of animal
development, most developmental decisions in most model organisms remain relatively
unexplored. When Sydney Brenner set out on the search that ultimately led him to develop
C. elegans as a model organism, one of his goals was to choose an animal simple enough to
understand “completely” from genes to development and behavior (1987). One of the most
striking features of C. elegans s its reproducible development and small cell count. Each
adult hermaphrodite has the 959 somatic cells, and these cells are produced by an almost
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identical pattern of cell divisions in each animal, termed the “invariant lineage.” An
additional ~2000 nuclei are present in the syncytial germ line of hermaphrodites, and these
have no fixed lineage (Kimble and Hirsh 1979). In the 1970s and 1980s, Brenner’s original
ambition inspired the Herculean efforts of others resulting in the complete cell
lineage(Sulston and Horvitz 1977; Sulston et al. 1983), which has become a cornerstone for
C. elegans research. At the time, tracing the embryonic lineage required laboriously
following a small group of individual nuclei by eye while sitting at a microscope until an
embryo hatched, then starting over with a new embryo and a new group of nuclei until each
cell had been traced multiple times. In this way, Sulston et al both verified the invariance of
the lineage, and defined the precise cell division patterns that produce each of the 558
terminal cells present when the embryo hatches and the 113 embryonic programmed cell
deaths (Sulston et al. 1983).

Methods for lineage analysis in embryos

The long cell cycles lengths of the postembryonic lineage and the ease of identifying cells
based on their position and morphology in larvae made this stage a practical tool for genetic
screens for lineage regulators. Such screens for defects in postembryonic lineages led to
major insights including the discoveries of miRNAs (Lee et al. 1993; Wightman et al. 1993),
lateral inhibition between EGF and Notch signaling pathways (Kimble 1981; Seydoux and
Greenwald 1989) and mechanisms controlling directed cell migration (Aroian et al. 1990;
Han and Sternberg 1990) among many others.

In contrast, most of the embryonic lineage has proved more challenging to work with due to
the difficulty of distinguishing cells that have very similar morphology and are rapidly
dividing. While it was possible to identify maternal effect regulators of the very earliest cell
fate distinctions acting prior to the 12-cell stage due to the larger cell sizes and the
substantial changes in terminal cell types present in these mutants (Kemphues et al. 1986;
Kemphues et al. 1988; Mello et al. 1992; Bowerman et al. 1993; Hutter and Schnabel 1994;
Mello et al. 1994; Lin et al. 1995), characterizing defects in later decisions was more
challenging. The visual lineage tracing methods used for postembryonic lineages and the
initial map of the embryonic lineage were simply too cumbersome.

The development of 3D time-lapse microscopy and advent of efficient data storage systems
allowed for the first time entire lineages of single embryos to be tracked by manually
annotating each cell in each time point using custom software (Martinelli et al. 1997;
Schnabel et al. 1997; Hench et al. 2009). Applying these approaches to mutants (e.g. (Hutter
and Schnabel 1994; Kaletta et al. 1997; Lin et al. 1998)) or embryos where cells had been
rearranged (Bischoff and Schnabel 2006) provided insight into signal transduction and
lineage specification. However the methods were inefficient, requiring days or weeks of
annotation for a single embryo, limiting the methods from widespread application.

Methods to automatically track nuclei from DIC embryos (Onami et al. 2001; Hamahashi et
al. 2003) proved challenging due to low contrast, and were most useful for classifying
RNAi-induced defects the first 2 embryonic divisions (Gunsalus et al. 2005; Sonnichsen et
al. 2005). To get around the contrast problem, we and others (Bao et al. 2006; Dzyubachyk
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et al. 2009; Giurumescu et al. 2012; Mace et al. 2013) developed methods for cell
identification and tracking in 4D images of embryos expressing fluorescently tagged histone
proteins. These transgenes improve cell tracking because of the higher contrast of bright
nuclei and dark background (cytoplasm), the retention of histones in chromatin during
mitosis, and the ability with confocal microscopy to achieve sufficiently high resolution for
identification of nuclei and divisions throughout the depth of a z-stack.

These efforts generated an integrated suite of methods and tools that dramatically increased
efficiency in lineage tracing and allowed new applications. After collecting 4D fluorescent
images using a wide variety of microscopy platforms (Bao et al. 2006; Murray and Bao
2012; Moore et al. 2013; Richards et al. 2013; Wu et al. 2013), the analysis software
StarryNite identifies (Santella et al. 2010) and tracks (Santella et al. 2014) nuclei over time.
The automated process is highly accurate (>99.6%) but the sheer number of cells being
identified and tracked requires manual curation and editing of the automated output, which
is facilitated by custom software (AceTree)(Boyle et al. 2006). Each step of this process has
been refined over time to increase imaging throughput, reduce error rates in automated
segmentation and tracking, and make curation more efficient (Aydin et al. 2010). Currently
eight or more embryos can be imaged per day on resonance scanning or spinning disk
imaging platforms and it is common to trace lineages up to the point where the embryo
begins to move within the eggshell (Mace et al. 2013; Richards et al. 2013; Walton et al.
2015; Zacharias et al. 2015).

Automated lineage tracing allows large-scale mapping of gene expression
and phenotypes

We adapted the automated lineage tracing approach to map gene expression at single cell
resolution across the organism (Murray et al. 2008). The ubiquitous fluorescent histone
images allow lineage tracing and a gene of interest can be tagged with a second color
fluorescent reporter and imaged simultaneously to measure gene expression. The reporter for
a gene of interest can be transcriptional or translational. A transcriptional reporter can
contain as little as individual enhancer elements up to several kilobases of upstream
intergenic sequence driving the expression of a stable nuclear localized fluorescent reporter,
while a translational reporter incorporates a fluorescent tag on the protein of interest, either
in the context of a fosmid or the endogenous locus (Murray et al. 2012; Sarov et al. 2012).
Transcriptional reporters give more precise information about the location of relevant
regulatory sequences and are easier to generate at scale but translational reporters with more
genomic context better recapitulate the endogenous gene’s expression. Both types of
reporters give qualitatively and quantitatively reproducible expression across embryos for
the same reporter and allow identification of genes coexpressed in each cell. We used this
approach to generate the EPIC database, which currently contains expression profiles for
over 180 genes, mostly transcription factors (TFs). (Murray et al. 2012; Sarov et al. 2012;
Mace et al. 2013; Araya et al. 2014). We and others have used this dataset to identify
mechanisms and regulators controlling lineage identity and cell fate determination (see
below).
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Automated cell tracking is also a powerful tool for cellular resolution phenotyping. Each
lineage is traced de novo without assuming particular cell division or cell migration patterns,
allowing the quantitative comparison of wild-type and mutant embryos. We created a
reference embryo model, and showed that features such as cell cycle length, cell position
and division orientation are highly consistent across embryos under normal conditions, and
become more variable after temperature stress (Bao et al. 2008; Richards et al. 2013). For
example, the mean variability (Coefficient of Variation) of each cell cycle length is only
~4.4% at 22C. This high consistency between wild-type embryos simplifies identification of
cell cycle and cell position defects in mutants or after RNAi (Ho et al. 2015; Kruger et al.
2015; Walton et al. 2015). Analyzing fluorescent reporters of terminal fate makes it possible
to reliably characterize homeotic lineage transformations (Moore et al. 2013). This general
approach has been applied to identify lineage transformations after RNAi for the majority of
embryonic lethal genes (Du et al. 2014; Du et al. 2015).

In the remainder of this Review, we summarize previous knowledge about pathways
controlling lineage fate, and then provide examples of insights gleaned from these
automated lineaging resources and methods

Specification of founder lineage identities

A major problem in C. elegans developmental biology is to determine how cell fate is
encoded in the lineage. While spatial cues are important for organization of the body axes
and for specific signals (especially through the Notch pathway), many cell fate decisions are
determined by lineage history as opposed to spatial patterning; isolated early embryonic
blastomeres often divide to produce the same terminally differentiated fates as they would
have in the embryo (e.g. (Cowing and Kenyon 1996; Hashimshony et al. 2015)). Over the
last three decades geneticists have worked out many of the major pathways involved. Our
current understanding of this process can be summarized as follows. First, maternally
provided regulators are sorted to early blastomeres, and their activity leads to initial
establishment of lineage identity for the major founder lineages (AB, E, MS, C/D, P4).
Following this establishment phase, each founder cell divides in a series of synchronous
cleavage divisions. Despite the synchrony of these divisions, they are not fate-symmetric.
Instead, the action of signaling pathways, especially the Wnt and Notch pathways, ensures
that the daughters of nearly every division have unique molecular identities. In most cases
the relevant targets of these pathways are not known, probably due to both the historical
difficulty of identifying cells in mid-embryogenesis and the fact that many of these early
zygotic regulators are fully or partially redundant (see below). Finally, cells begin to adopt
their terminal tissue identity, a process controlled primarily by the appropriate expression of
conserved metazoan tissue-specific master regulators.

Lineage tracing methods have been informative for each of these steps, but the details of
how lineage identity is translated into fate remains elusive for most cells. Three major
pathways have been implicated in these processes: PAR polarity, and the Notch and Wnt
signaling pathways. As excellent reviews describe each of these pathways’ roles in C.
elegans embryogenesis (Nance 2005; Priess 2005; Sawa 2012; Hoege and Hyman 2013;
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Sawa and Korswagen 2013), we focus here on describing how these pathways are integrated
to regulate lineage and tissue identity.

Establishment of the A-P axis by sperm entry and PAR-mediated polarity

The location of sperm entry during fertilization determines the initial anterior-posterior axis
of the zygote by regulating microtubule dynamics and asymmetric inheritance of maternal
factors through the PAR protein polarity system (Kemphues et al. 1986; Kemphues et al.
1988; Boyd et al. 1996; Cowan and Hyman 2004; Tsai and Ahringer 2007; Hoege and
Hyman 2013). As a result, the two cells resulting from first cleavage (AB and P1) inherit
distinct combinations of cytoplasmic factors. In the next division AB divides symmetrically
to generate ABa and ABp, while P1 divides asymmetrically using the PAR polarity system
to generate EMS (specified by the activity of the transcription factor SKN-1 (Bowerman et
al. 1993)) and P2 (which contains global transcriptional inhibitors such as oma-1 and pie-1
that prevent expression of SKN-1 targets (Mello et al. 1996; Guven-Ozkan et al. 2008)),
giving the embryo four cells.

Notch induction of ABp fate

The symmetry of the AB daughters is broken by signaling through the Notch pathway. The
Notch receptor protein GLP-1 is present in both equivalent AB daughters (Mango et al.
1994; Mello et al. 1994), and the Notch ligand APX-1 is expressed only in P2 (Priess and
Thomson 1987; Mickey et al. 1996). The diamond-shaped orientation of the four cells
(Figure 1) ensures that ABp contacts P2 but ABa does not. This allows specific induction of
Notch target genes in ABp; these targets include the Hes family of bHLH transcriptional
repressors ref-1 and hih-25/26/27/28/29. These factors repress the transcription of tbx-37
and #bx-38, limiting their expression to the ABa lineage (Neves and Priess 2005) where they
redundantly promote ABa fate (Good et al. 2004).

Reiterative PAR polarity and PAL-1 in C lineage and germline fates

In addition to the P1 division, PAR polarity recursively polarizes the daughters of P2 (C and
P3) and P3 (D and P4) (Guo and Kemphues 1995; Boyd et al. 1996). As a result, the
maternally expressed homeodomain transcription factor PAL-1 is translated in the EMS, C
and D cells. In EMS, SKN-1 antagonizes the C-fate inducing activity of PAL-1 activity
(Hunter and Kenyon 1996, ), but SKN-1 is degraded by the time C and D are born (see
below). Thus in the C and D lineages cells PAL-1 can act as a master regulator of lineage
identity, allowing induction of skin and muscle fates, in part through a positive feedback
loop in which maternal PAL-1 induces zygotic PAL-1 expression (Baugh et al. 2005;
Fukushige and Krause 2005). P4 expresses none of these maternal transcription factors and
inherits global silencers of transcription (in the P-granules) and regulators that allow it to
adopt a germline identity (reviewed in (Strome 2005)).

Wnt induction of EMS fate

In EMS, the presence of SKN-1 in the absence of PIE-1 activates zygotic expression of
transcription factors important for EMS fate, including med-1 and med-2 (Maduro et al.
2001; Maduro et al. 2015). A Wnt signal from P2 then orients the EMS division (Goldstein
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1995) (Thorpe et al. 1997) and cooperates with SKN-1, MED-1/2 and PAL-1 to induce the
daughter in contact with P2 (E) to express the GATA factors end-1 and end-3 (Maduro et al.
2005b), which are necessary and sufficient for intestinal fate specification(Zhu et al. 1997;
Zhu et al. 1998; Maduro et al. 2005a). The other daughter (MS) instead expresses the T-box
TF TBX-35 and the homeodomain TF CEH-51, which together regulate the fate of that
lineage (Broitman-Maduro et al. 2006; Broitman-Maduro et al. 2009).

Recursive activation and repression by the TCF/B-catenin asymmetry
pathway are a lineal cue to diversify cell fates

Genetic screens identified two genes, pop-1 and /it-1, with mutant phenotypes that suggested
they play broad roles in symmetry breaking between sister cells throughout the embryo
(Kaletta et al. 1997; Lin et al. 1998). pop-1 encodes a TCF family transcription factor (Lin et
al. 1995) and /it-1 encodes a Nemo-like Kinase homolog (Rocheleau et al. 1999). These
factors act downstream of Wnt and a parallel MAPK signaling pathway (Thorpe et al. 1997,
Park et al. 2004) to distinguish the fates of most sister cell pairs. The mechanism for this was
worked out primarily in the EMS division described above but appears to work similarly in
later divisions. Posterior-produced Wnt ligand orients the spindle of each dividing cell along
the anterior-posterior axis, in part by localizing the Frizzled receptor MOM-5 to the
posterior of the cell (Thorpe et al. 1997; Park et al. 2004; Goldstein et al. 2006). A non-
transcriptional role of Wnt signaling through mom-5in parallel with a Src-related signaling
pathway are required for normal division orientation (Bei et al. 2002).

The activity of Frizzled receptors (MOM-5 in the early embryo (Park et al. 2004)) and other
Whnt pathway components also cause preferential nuclear import of the B-catenin protein
SYS-1 (Huang et al. 2007; Phillips et al. 2007) and the B-catenin-related protein WRM-1
(Nakamura et al. 2005) in the posterior daughter, which is closer to the source of Wnt.
WRM-1 then recruits LIT-1 to phosphorylate the TF POP-1, inducing its partial nuclear
export (Rocheleau et al. 1999; Lo et al. 2004). POP-1 is thought to bind to targets in both
cells (Maduro et al. 2002) and the posterior Wnt signaled daughter expresses target genes
activated by the TCF-B-catenin complex, while in the unsignaled anterior cell, TCF represses
these target genes, possibly by recruiting Groucho and other co-repressors (Calvo et al.
2001; Shetty et al. 2005). Manual lineage tracing of mutants for pop-1 or the nuclear export
regulator /it-1 indicated that these mutants exhibit widespread anterior-to-posterior or
posterior-to-anterior fate transformations (Kaletta et al. 1997; Lin et al. 1998), and most
embryonic divisions are polarized along the A-P axis (Sulston et al. 1983; Richards et al.
2013) indicating a broad role for this pathway in fate specification, but until recently only a
few embryonic POP-1 targets had been identified (Maduro et al. 2002; Streit et al. 2002;
Maduro et al. 2005b; Shetty et al. 2005; Bertrand and Hobert 2009). As described later in
this review, the EPIC single cell expression database has allowed identification of many
additional TFs that require POP-1 for their expression patterns (Murray et al. 2012;
Zacharias et al. 2015).
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While the Wnt pathway is notable for its broad activity in distinguishing daughters of nearly
every embryonic division, the Notch signaling pathway also plays a major role for a more
restricted set of cells. The C. elegans genome encodes two Notch receptor genes: /in-12and
glp-1 (reviewed in (Greenwald 2012; Greenwald and Kovall 2013)). In addition to the signal
through GLP-1 that distinguishes ABp from ABa at the four-cell stage, about half a dozen
additional later Notch inductions specify the anterior pharynx and break left-right symmetry
in a small number of cells derived from the ABp and E lineages (reviewed in (Moskowitz
and Rothman 1996; Priess 2005; Rasmussen et al. 2008). Unlike the Wnt pathway, it appears
that Notch regulates a common set of targets, the ref-2/Hes family of bHLH-1 TFs in many
of the cells in which the pathway is activated (Neves and Priess 2005). We used automated
lineage tracing of embryos expressing a LIN-12::GFP fusion to identify additional cells
where this Notch receptor may be active, as judged by the accumulation of the GFP-tagged
C-terminal intracellular domain in the nucleus (Sarov et al. 2012). These findings show the
utility of applying lineage analysis to the study of signaling pathways—it can identify
divisions in which the pathway is active that may be too late in development or too
downstream of initial defects to be efficiently identified by mutant phenotypes.

-catenin asymmetry pathway regulates diverse fates across the

The successive rounds of POP-1/B-catenin asymmetry in sister cells are a major contributor
to patterning the diverse fates of the 558 terminal embryonic cells. Several groups have
proposed that this pathway patterns the lineage by iterative binary differentiation of sister
cells (e.g. (Huang et al. 2007; Bertrand and Hobert 2010)). In this model, the expression of
POP-1 target genes in a posterior daughter cell can cause its daughters to express different
target genes in response in the next cell division (Figure 2). Bertrand and Hobart defined
these as successive transient regulatory states in which a particular combination of
transcription factors exists in the nucleus of a given cell for a short period of time, perhaps
as short as a single cell cycle. These transient regulatory states represent a sequential
combinatorial code that ultimately defines each cell during development. This model
requires POP-1 to regulate different targets in different cells, and so a key question is how
input from POP-1 is integrated with other cues to ensure expression only in the appropriate
context.

Synthetic enhancers containing a large enough number of POP-1 binding sites drive
embryonic expression in reproducible subset of posterior daughter cells after the 100 cell
stage, with activity correlated with nuclear B-catenin concentrations (see below) (Zacharias
et al. 2015). Surprisingly, even reporters with seven POP-1 binding sites do not drive
substantial expression in the E cell, an early cell where multiple likely direct POP-1 targets
have been identified (Maduro et al. 2002; Maduro et al. 2005b; Shetty et al. 2005). The
explanation for this is likely that these direct targets contain binding sites for additional TFs
(including SKN-1, PAL-1, MED-1 and MED-2) that are co-expressed only in the E cell and
its close relatives (EMS and MS) (Maduro et al. 2005b; Maduro et al. 2015). The E cell may
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rely on these co-regulators to help activate direct POP-1 targets because the levels of the
POP-1 co-activator SYS-1 are relatively low compared to those observed later development
(Zacharias et al. 2015). Together these factors induce a moderate level of expression of
direct target genes like end-1 and end-3in both E and MS even in the absence of POP-1.
(Maduro et al. 2002; Maduro et al. 2005b; Shetty et al. 2005; Maduro et al. 2015; Zacharias
et al. 2015) The additional influence of POP-1 binding upstream of these direct targets
boosts expression in the posterior sister E and represses expression in the anterior sister MS.
Thus competence for POP-1-dependent expression is defined by other TFs bound to an
enhancer and POP-1 converts these enhancers into A-P switches (Maduro et al. 2002; Shetty
et al. 2005). Similar results have been seen for other targets including the myogenic factor
hih-1in the C lineage muscle (Lei et al. 2009), and the homeobox TF ceh-101in the AlY
neuron (Bertrand and Hobert 2009).

Chromatin states may also play a role in the ability of Wnt signals to activate different
targets in cells with different lineage histories. In the specification of the E and MS sister
lineages, the histone acetyltransferase, CBP-1, counters the repressive activity of the histone
deacetylase, HDA-1, in the E lineage to allow activation of end-1 in response to Wnt
pathway activation (Shi and Mello 1998; Calvo et al. 2001). In the MS lineage, POP-1
binding in the absence of SYS-1 recruits HDA-1 and another repressor, UNC-37/groucho, to
repress expression of end-1 (Calvo et al. 2001). It remains unclear whether the activity of
CBP-1 in the MS lineage is offset by the higher concentration of POP-1 in MS or if another
mechanism drives its differential activity in E and MS.

Quantitative differences in nuclear TCF and p-catenin encode a memory of
previous states

The POP-1/SYS-1 system is described above as a binary switch that acts at each division
across the lineage to promote expression in the posterior daughter and repress expression in
the anterior daughter. We tested whether quantitative variation in this pathway’s activity
might influence target selection by using automated lineage tracing to measure nuclear
levels of fluorescently tagged SYS-1 and POP-1 (Zacharias et al. 2015). We found that not
all posterior sister cells are equivalent; instead they show substantial and reproducible
quantitative differences in nuclear SYS-1. One major source of this variation is lineage
history; “double-posterior” cells (posterior daughters of mothers that were themselves
posterior sister cells and thus had high nuclear SYS-1) have substantially more nuclear
SYS-1 than single-posterior cells whose mother had low nuclear SYS-1. The reciprocal
pattern exists for POP-1, with higher levels in double-anterior cells (unsignaled for two
consecutive generations). The net effect is that the stoichiometric ratio of POP-1 to SYS-1
varies depending multiple generations of lineage history. Since this stoichiometry is thought
to determine the balance between POP-1 mediated repression and POP-1:SY'S-1 mediated
activation, we predicted that POP-1 should be a more potent activator in double-posterior
cells. We tested this by using synthetic enhancers containing different numbers of POP-1
binding sites. Synthetic enhancers containing seven POP-1 binding sites were expressed in
many posterior lineages with a bias for double-posterior lineages. As predicted by the
quantitative model, this bias was stronger for enhancers containing fewer POP-1 binding
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sites; a three-site enhancer is expressed only in triple-posterior cells. Thus the POP-1:SYS-1
is able to activate targets with weaker binding sites more strongly in these cells with history
of multiple consecutive signaling events. A similar logic suggests that POP-1 may be a more
potent repressor in double-anterior cells, although this was not yet experimentally tested.

The mechanisms underlying this memory of cellular signaling history are not yet fully clear.
The enrichment of SYS-1 in double-posterior cells requires a functional proteasome
(Zacharias et al. 2015), suggesting that the lack of activity of the conserved j-catenin
destruction complex in the signaled posterior daughters could allow SYS-1 to accumulate in
the absence of transcriptional or translational compensation (Phillips et al. 2007; Baldwin
and Phillips 2014). The accumulation of POP-1 in double-anterior cells is independent of the
proteasome, indicating it uses a separate mechanism. One possible mode of regulation is via
the pathway controlling POP-1 nuclear export in signaled cells. For example, the //t-1 kinase
that phosphorylates POP-1 and triggers its export (Takeshita and Sawa 2005) could be
differentially inherited between unsignaled and signaled daughter cells. Future imaging and
genetic studies will be needed to test these mechanisms.

Posterior lineally repetitive TFs are context-specific targets of POP-1

To identify candidate regulators of lineage identity that may act downstream of Wnt to
specify cell fates, we traced the expression patterns for reporters of hundreds of embryonic
regulators through the 350-cell stage by lineage tracing (Murray et al. 2012; Sarov et al.
2012; Mace et al. 2013; Araya et al. 2014). We identified the expected pattern for known
maternally controlled regulators of early blastomere identity, with expression limited to a
single lineage. Surprisingly, we did not identify any additional TFs expressed in single
lineages later in development. Instead, many are expressed in a type of pattern that we refer
to as “lineally repetitive” (Figure 3). This class of expression is defined by expression in
multiple lineages comprised of either related posterior or related anterior daughter cells, but
not both, typically in progenitors of multiple tissue types (Murray et al, 2012). This type of
expression had been previously identified for the POU homeodomain TF unc-86
(Baumeister et al. 1996) and the Hox TF ceh-13 (Streit et al. 2002); our work suggests it is a
widespread mode of regulation, with at least 30 TFs (of 127 examined in the initial study)
showed this type of expression pattern (Murray et al. 2012).

About half of these TFs with lineally repetitive expression are specifically in multiple related
lineages derived from posterior daughter cells where the Wnt pathway canonically activates
targets through POP-1 (Figure 2). Nearly all of these TFs’ expression is altered when pop-1,
sys-1 or other pathway components are depleted by RNAI (Zacharias et al. 2015), and each
carries predicted POP-1 binding sites in its regulatory sequences, consistent with them being
targets of POP-1. Intriguingly, for some of these targets pop-Z RNAI causes gain of
expression in anterior sister lineages of the normally expressing cells, while for others it
causes loss of expression in posterior lineages. This is consistent with the lineage specificity
of each target being defined by binding sites for other transcription factors (“context sites”),
with POP-1 acting as a switch to confer posterior-specific expression. Such enhancers could
fall into two categories. In one, the context sites alone are sufficient to drive expression
throughout the relevant lineage; in this case POP-1-mediated repression in the anterior sister
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cell leads to posterior-specific expression. In the second, the context sites are insufficient to
drive robust expression; in this case the additional activity of the POP-1:SY'S-1 complex
pushes the target above the threshold required for expression (Figure 2B).

This provides a way evolution could exploit the quantitative differences in nuclear POP-1
and SY'S-1 described above to help ensure context specific expression. To drive expression
specifically in double-posterior lineages, where POP-1:SY'S-1 activation is strongest, an
enhancer with very weak activity in the absence of POP-1 and/or with low affinity POP-1
binding sites could be used. Consistent with this, genes expressed in double-posterior
lineages are more likely to require pop-1 for activation as opposed to repression (Zacharias
et al. 2015). Detailed identification of the binding sites for POP-1 and context TFs in
multiple target enhancers will be needed in order to determine the relative balance of these
mechanisms in regulating the lineally repetitive TFs.

Overall, it appears that Wnt is not acting as a traditional morphogen during C. elegans
embryonic development. The secretion of Wnt ligand from cells at the posterior of the
embryo does not cause cells at the posterior to respond more strongly, its primary role seems
to be to orient divisions, ensuring cell fates are coupled appropriately to embryonic position
(Bischoff and Schnabel 2006; Goldstein et al. 2006; Zacharias et al. 2015). Furthermore,
Whnt is not acting strictly as a temporal morphogen: levels of SYS-1 and POP-1 rise quickly
after mitosis and plateau until the next division, even for cells with very different cell cycle
lengths (Zacharias et al. 2015). Cells’ responses to Wnt occur during particular phases of
mitosis (Mizumoto and Sawa 2007; Sugioka et al. 2011). This suggests that the Wnt
response may be gated on mitosis—a cell cannot respond to an additional Wnt signal until it
re-enters mitosis. Therefore, we propose that Wnt behaves as a transmitotic morphogen; it
has different effects when a cell responds a signal in consecutive rounds of mitosis. Thus,
the number of consecutive rounds of mitosis in which a cell has high SYS-1 and low POP-1
has the potential to trigger distinct fates.

Possible mechanisms controlling expression in anterior sister lineages

These results provide a framework for understanding how lineage specification may work in
posterior sister cells, but how genes become expressed in anterior sister-specific patterns is
less well understood. One mechanism is for Wnt and POP-1 to activate expression of
repressors in posterior sister lineages, and these repressors then prevent expression of their
targets in those lineages, leading to anterior-specific expression. This has been shown for
example in the C lineage, where the lineage-specific TF PAL-1 combines with POP-1 to
regulate expression of the myogenic TF A/h-1/MyoD exclusively in the posterior
granddaughters of the C founder cell (Lei et al. 2009). //h-1 then represses the skin
specification TF e/f-1/GATA, leading to its anterior-specific expression (Yanai et al. 2008).

However several lines of evidence suggest that Wnt pathway components may directly
regulate some anterior sister-specific genes. Similar numbers of genes are expressed in
“anterior” lineally repetitive patterns as in posterior-specific patterns (Murray and Bao
2012). The time between commitment (birth of the anterior lineage) and first detection of
fluorescent reporters is similar between the two classes, and not delayed for the anterior-
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specific genes as would be predicted from the indirect repression model. The t-box TF
thx-35, which specifies the fate of the anterior-specific MS cell, is misexpressed in E (the
posterior sister of MS) when pop-1 is depleted but not when the two Wnt-regulated GATA
TFs (end-1 and end-3) required for E fate are lost. This suggests that 6x-35 is not subject to
POP-1 dependent indirect repression by end-1 and end-3and is instead either repressed by
other POP-1 targets or directly repressed by POP-1 (Broitman-Maduro et al. 2006;
Broitman-Maduro et al. 2009). Finally, a recent study suggested that the homeodomain TF
ttx-3, which specifies the fate of the “Al'Y mother cell” (an anterior sister cell), is directly
regulated by POP-1 in the absence of SYS-1 in an “opposite” fashion to canonical targets
(Murgan et al. 2015). The model proposed is that POP-1 is recruited to a #£x-3 enhancer not
through direct DNA binding to its motif, but indirectly through the lineage-specific TF
REF-2 (itself an anterior lineage-specific TF), with the REF-2:POP-1 complex activating
ttx-3expression directly in the anterior cell through an unknown mechanism. In the posterior
sister, SYS-1 interferes with the formation or activity of this complex, thus preventing
expression. Several examples of this type of opposite regulation have now been identified in
different model systems (Piepenburg et al. 2000; Theisen et al. 2007; Blauwkamp et al.
2008; Zhang et al. 2014). The proposed mechanisms include not just indirect recruitment of
the TCF factor but also binding of TCF to noncanonical motifs or adjacent to cofactors,
allosterically affecting TCF function, or at sites overlapping a separate regulator, preventing
its binding. The relative importance of these different mechanisms across the diversity of
anterior-specific genes remains to be determined.

Lineally repetitive transcription factors act redundantly to regulate robust
lineage identity

Each individual lineally repetitive TF is expressed in many lineages, but combinations of
these TFs uniquely mark each lineage (Figure 3). Thus these TFs represent a combinatorial
encoding of lineage history that could be used to translate this history into terminal fates.
Support for the importance of these TFs comes from the fact that deletion mutants for many
of these are reported to be lethal either singly or in combination with deletion of a redundant
homolog (The C. elegans knockout consortium 2012; Howe et al. 2015). Mammalian
orthologs of many of these are important for regulating cell fate in progenitor cells (e.g.
(Lufkin et al. 1991; Acampora et al. 1995; Acampora et al. 1996; Monaghan et al. 1997;
Rossel and Capecchi 1999; Pabst et al. 2000; Martinez-Morales et al. 2001; Wellik et al.
2002; Levantini et al. 2003; Wellik and Capecchi 2003; Kmita et al. 2005; Tischfield et al.
2005; Zhang et al. 2006)), suggesting the possibility that this regulation could be conserved.
Together, this indicates that Wnt pathway activity distinguishes lineages by generating a
combinatorial code of lineally repetitive TFs that then act to ensure appropriate expression
of the “terminal selector” TFs responsible for establishing and maintaining terminal fates.

Why then have genetic screens identified so many maternally expressed genes involved in
early lineage specification but so few zygotic genes involved in progenitor identity? The
answer may be in the redundancy built into the network to ensure robustness. Most well
characterized early zygotic regulators have one or more redundant paralogs. In some cases,
these were identified fortuitously; for example the redundant E lineage master regulators
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end-1and end-3(Zhu et al. 1997; Maduro et al. 2005a) and ABa-lineage regulators tbx-37
and tbx-38 (Good et al. 2004) are each in close proximity to their paralog on the same
chromosome, allowing them to be identified based on large deletions that remove both
genes. In other cases (Andachi 2004; Neves and Priess 2005), the redundant paralogs were
predicted from sequence homology and tested directly for redundancy by simultaneously
disrupting both genes. Genome-wide expression time courses of early embryos has
identified many TFs and other genes expressed in early embryos whose functions are
unknown; many of these fall into groups of paralogs suggesting they may play similarly
redundant developmental roles (Robertson et al. 2004; Baugh et al. 2005; Levin et al. 2012;
Hashimshony et al. 2015).

This redundancy could result from the constraints associated with rapid cell division and
simultaneous transcription. Expression in the context of rapid cell division is likely be noisy.
One approach to buffer against this transcriptional noise is by averaging. For example in the
syncytial early Drosophilaembryo, noise in transcription of the critical zygotic regulator
Hunchback in individual nuclei is buffered by spatial averaging as molecules diffuse
between adjacent cells (Little et al. 2013). Both spatial and temporal averaging likely also
occurs in the C. elegans oogenesis, since each oocyte contains mMRNA and protein produced
by hundreds of nuclei in the syncytial germline (Kimble and Hirsh 1979; Wolke et al. 2007).
These mechanisms are not feasible in the rapidly dividing and fully cellularized early C.
elegans embryo; instead the embryo benefits from averaging across multiple paralogous
gene copies. Consistent with this, a maternal effect mutation in the skn-1 gene results in
partial penetrance loss of gut specification (Bowerman et al. 1992). This phenotypic
variability was shown to result from increased expression variability of the skn-1 target
end-1 coupled to the loss of expression of its redundant paralog end-3 (Raj et al. 2010).
Similarly, robust end-1 and end-3 expression depends on the binding of the upstream pair of
redundant GATA TFs med-1 and med-2 (Maduro et al. 2015). Together this suggests that
one role of seemingly redundant paralogs expressed in early embryogenesis is to increase
the robustness of differentiation.

Genetic redundancy does not have to occur between paralogs. Indeed several examples of
non-paralogous parallelism have been identified. We showed that the homeodomain TFs
ceh-36/0tx and unc-30/Pitx are redundantly required for robust specification of two early
embryonic lineages (Walton et al. 2015). These TFs are coexpressed early in the ABplp and
ABprp lineages and have distinct expression in other lineages. We used automated lineage
tracing to test for defects in cell cycle length, cell migration and division orientation in
embryos carrying mutations in these genes. ce#-36 mutant embryos have low penetrance
defects in a wide range of cells that normally express that TF and all hatch, with ~60%
larvae arresting later in development, while unc-30 mutants have no early embryonic
defects. However the double mutant is 100% lethal and has both higher-penetrance and
higher-frequency (across cells) defects in the ABplp and ABprp lineages. Both ceh-36and
unc-30had been previously identified in genetic screens for defects in specification of
specific terminal neurons. unc-30was particularly well-known as a master-regulator of
GABAergic neuronal identity (Jin et al. 1994), but our results show that in ABplp and
ABprp it regulates other non-neuronal fates. Other embryonic TFs also play distinct roles

Genesis. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zacharias and Murray Page 13

postembryonically (Bishop and Guarente 2007) suggesting this may be a common principle
and emphasizing the importance of context in determining TF function.

Even in cases where the individual TF mutants are lethal, defects in cell fate specification
may be low-penetrance or absent. For example, embryos lacking the conserved myogenic TF
hih-1/MyoD, make a fairly normal quantity of muscle cells, and die as larvae due to defects
in muscle function (Krause 1995). It is only when the parallel regulators unc-120/SRF and
hnd-1/HAND are removed as well that muscle differentiation is completely lost (Fukushige
et al. 2006). Similarly, in unc-30;ceh-36 double mutants, we observed partially penetrant
defects in cell division and position as well as expression of the downstream lineage-specific
TF mls-2/Hmx (Walton et al. 2015). This suggests that even essential TFs or TF
combinations may have additional redundant partners in any given cellular differentiation
decision, thus lethality in mutant animals is a function of the number and identity of cells
impacted along with the penetrance of the individual defects.

Temporal coordination of proliferation and differentiation

Redundancy may also provide a buffer for the rapid pace of early embryonic development.
As noted above, early C. elegans embryonic cells have both rapid rates of cell division and
simultaneous expression of genes important for lineage specification. This provides major
challenges to the organism. In early zygotic cells interphase can be as short as 10 minutes
(Sulston et al. 1983; Schnabel et al. 1997; Bao et al. 2008; Richards et al. 2013). Assuming a
transcription rate of ~1-1.5 kb/minute as has been seen in other organisms (Garcia et al.
2013), production of a gene with a 10kb primary transcript would be severely limited in
these cell cycles, and even shorter transcripts are limited in how many messages can be
produced. Cells needs to transcribe and translate critical regulatory TFs rapidly enough to
allow them to act as early as 15 minutes later in daughter cells to regulate additional fate
decisions. Due to this so-called “intron delay,” early zygotic genes have short primary
transcripts in Drosophila, zebrafish and mouse (Heyn et al. 2014) as well as worms. In C.
elegans, early zygotic primary transcripts are on average half the length of those for
maternally expressed genes. The presence of redundant paralogs provides another way to
boost total production of important regulators.

An additional remaining question is how the timing of differentiation is coordinated with the
cell cycle. Different lineally repetitive TFs are often expressed in subsequent cell cycles
within the same lineage, with distinct regulatory decisions separated by as little as 15
minutes (Figure 3). Yet, the pattern of fate specification remains robust over a 2-fold range
of cell cycle rates between 15°C and 25°C and in delayed mutants such as ¢/k-1 (Wong et al.
1995; Nair et al. 2013). An attractive possibility would be coupling of expression to a
temporal cue such as mitosis. Pioneering work showed that this is not true for genes in
clonal lineages such as the E (intestine) lineage, which goes on to express terminal
differentiation markers even if cell division is blocked pharmacologically at the 8-cell stage
(Edgar and McGhee 1988). We showed that when the cell cycle is specifically perturbed
using cell cycle mutants, in both the clonal E lineage and the C lineage, which gives rise to
multiple tissues, genes are expressed at the normal time, even if an inappropriate number of
cells are present (Nair et al. 2013). This appears to rule out the cell cycle lock as a dominant
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mechanism, although it remains possible that other genes are regulated by the cell cycle
more directly.

Dynamic turnover of transcription factors is likely to play a role in temporal control; one
striking result of our survey of translational reporters by lineage tracing is how common
such dynamics are. Many TFs are initially expressed in a broad lineage and but rapidly
degraded in some or all cells, leading to a dynamic temporal expression domain. The most
striking examples of this were several factors that were present in either lineage-specific
patterns or in all embryonic cells for brief temporal pulses, typically 2-3 cell cycles in
length (Sarov et al. 2012; Walton et al. 2015). This turnover is sometimes important for
developmental progression. A survey of embryonic lethal RNAI treatments by automated
lineage tracing found that genes involved in ubiquitin-mediated degradation of SKN-1 are
important for progression in the EMS lineage (Du et al. 2014; Du et al. 2015). SKN-1
protein in EMS specifies that lineage’s fate, and SKN-1 is degraded when EMS divides to
generate an anterior mesodermal daughter MS and a posterior endodermal daughter E.
Blocking this degradation leads to a reiteration of the EMS fate, where the cell that should
be MS divides to produce an MS-like daughter and an E-like daughter. Similar fate
reiterations occur in other lineages after loss of proteolysis regulators, suggesting that
degradation of progenitor fate regulators may be a general mechanism for directional
differentiation.

for the future of C. elegans lineage analysis

There is still much to learn from the C. elegans lineage. While the latest approaches allow
lineage tracing through the onset of movement, extending automated lineage tracing through
the second half of embryogenesis (or postembryonically) is more challenging because the
embryo begins to twitch (and later roll) within the eggshell. One approach is to use even
faster, less phototoxic imaging approaches such as inverted Selective Plane Illumination
Microscopy (iSPIM) or Bessel Beam microscopy, which allows collection of 4D image
series at 2-second resolution over the full 14-hour time period from first cleavage to hatch
(Wu et al. 2013; Santella et al. 2015). Combining this greater temporal resolution with
approaches to correct for the movements that do occur in between 2-second intervals, may
allow specific subsets of cells, or even full lineages, to be followed during the period when
the embryo is moving, allowing late-onset expression to be accurately annotated and
allowing detailed description of cell morphology changes over time. This could be especially
useful for neurons, for which the complex shape changes occurring during this phase of
development are a powerful phenotype (e.g. (Heiman and Shaham 2009)).

Extending the resource of expression patterns to the full set of embryonically expressed
transcription factors, not to mention other genes, remains a major challenge. With improved
methods for single-cell transcriptomics (Macosko et al. 2015), it may be possible to define
expression dynamics across the lineage genome-wide. However, answering many of the
remaining questions about fate specification will require detailed dissection of individual
enhancers and their constituent TF binding sites, where imaging based methods are currently
the only practical method. Additional improvements to image quality and cell tracking
algorithms could further reduce the error rate and the amount of hands-on time needed for
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curation, allowing higher throughput. Together, the next ten years should see a clear model
emerge of how the remarkable C. elegans lineage is regulated.
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Figurel.
Establishment of cell fate in the early embryo. Red = PAR-3/PAR-6/PKC-3 localization,

Green = PAR-1/PAR-2 localization, Purple = Whnt signaling/signaled cells, Blue = Notch
signaling/signaled cells. Yellow dots = P granules
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Model for quantitative regulation by the TCF/p-catenin asymmetry pathway. A) SYS-1-
catenin levels are higher in posterior cells where it complexes with low levels of POP-1/TCF
to activate TFs that can partner with POP-1/SYS-1 in later cells to regulate new targets.
Quantitative differences in POP-1 and SYS-1 levels due to memory of signaling states from
previous mitoses further influences target selection. B) Proposed model explaining the three

categories of TCF targets: targets that require TCF for repression and activation have

intermediate activity provided by additional “context TFs,” targets that require TCF only for

activation have low levels of context TF activity, and targets that require TCF only for

repression have high levels of context TF activity.
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Model for combinatorial control by lineally repetitive TFs, using the ABplp/prp lineage as
an example. ceh-36 and unc-30 are expressed throughout the ABplp and ABprp lineages
(which are symmetric for all TFs included in this figure). Later TFs including nob-1, nhr-67,
ceh-13, ets-7and ceh-27 are expressed in distinct subsets of this pattern. We propose that the
combinations of these and other lineally repetitive TFs then go on to specify terminal fates
combinatorially. Redundancy between these genes may explain the frequent low penetrance

phenotypes seen for mutants.
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