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ABSTRACT

Robustness is a ubiquitous property of biological systems, however,
underlying mechanisms that help reinforce the optimal phenotypes despite
environmental or physiological perturbations are poorly understood.

C. elegans development consists of four larval stages (L1-L4) and well-
characterized invariant cell lineages, within which the heterochronic pathway
controls the order and timing of cell-fates. Environmental or physiological stress
signals can slow or temporarily halt larval stage progression; remarkably,
however, temporal cell-fate progression remains unaffected.

We show that two widely conserved signaling pathways, insulin and TGF-
B, that regulate C. elegans larval stage progression in response to starvation and
crowding, respectively, also regulate a rewiring of the heterochronic pathway so
that cell-fates remain temporally anchored to appropriate larval stages. This
rewiring is mediated by the nuclear hormone receptor DAF-12, and it involves a
shift from the reliance on let-7-family microRNAs to the reliance on LIN-46 for
proper downregulation of the transcription factor, Hunchback-like-1 (HBL-1),
which promotes L2 cell-fates and opposes L3 cell-fates. LIN-46 (which is a
homolog of bacterial molybdopterin molybdenum transferase (moeA) and human
gephyrin) post-translationally inhibits HBL-1 activity. LIN-46 expression is
repressed by the RNA-binding protein LIN-28 at the early stages to permit HBL-1

activity and hence the proper execution of L2 cell-fates.
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Our results indicate that robustness mechanisms of temporal cell-fate
progression in C. elegans involves 1) coordinated regulation of temporal cell-
fates and larval stage progression and 2) collaboration between translational
regulation exerted by microRNAs and post-translational regulation exerted by

LIN-46 to coordinate HBL-1 downregulation with stage progression.



Table 2.1.

Table 2.2.

Table 3.1.

Table 3.2.

Table 3.3.

Table 4.1.

Table 4.2.

Table 5.1.

Table 5.2.

Table 5.3.

viii

LIST OF TABLES

C. elegans strains used in Chapter ..., 70
Primers used in Chapter ... 75
New hbl-1, lin-46, daf-12 alleles generated in Chapterlll.................. 90
C. elegans strains used in Chapter lll................cinnn. 116
Cloning and PCR primers used in Chapter lll.............................. 118
C. elegans strains used in Chapter V..., 160
Cloning and PCR primers used in Chapter V... 164
C. elegans strains used in Chapter V... 201
Cloning and PCR primers used in ChapterV....................o.l. 203
RNAi clones usedin Chapter V..o 205



X

LIST OF FIGURES
Figure 1.1. Denoising and fine-tuning of gene expression by microRNAs............ 9

Figure 1.2. Hypodermal seam cell linage of C. elegans..................c.cooiene. 14

Figure 1.3. Heterochronic pathway and cell-fate progression defects in common
heterochronic Mutants........ ... 18

Figure 2.1. Temporal Fates of Hypodermal Seam Cells Are Robust against
Changes in Developmental Trajectory Induced by Crowding or Starvation......... 30

Figure 2.2. Chemicals and conditions used to obtain worm populations developing
continuously through L2d trajectory....... ... 36

Figure 2.3. Sensitized Genetic Backgrounds Reveal that L2d-Inducing
Environmental and Endocrine Signals Impact the Regulation of Temporal Cell

Figure 2.4. Ascarosides do not result in an increase in let-7 family levels in daf-
T12(rh67) DACKGIOUND. ... .ttt e e e 43

Figure 2.5. Testing of individual components of the pheromone cocktail for their
potencies to suppress the extra seam cell phenotypes of daf-712(rh61) and to
induce dauer formation......... ... 46

Figure 2.6. DAF-7/TGF-B and DAF-2/Insulin Signaling Pathways Act in Parallel to
Modulate a Ligand-Independent Activity of DAF-12 That Is Responsible for
Correcting Heterochronic Phenotypes Caused by Insufficient Expression of let-
7 Family MIiCrORNAS. . ... e e 49

Figure 2.7. Heterochronic Genes Associated with the Altered HBL-1
Downregulation Program in Post-Dauer Animals Are Required for the L2d
Suppression of Heterochronic Phenotypes Caused by Insufficient Expression
of let-7 Family MICTORNAS. ... e 56

Figure 2.8. Coordinate Regulation of Developmental Progression and Cell-Fate
Transitions in C. elegans Larvae............co.oieiii i e 60

Figure 2.9. HBL-1 is present throughout the L2 or the lengthened L2d stage but it
is absent at the post-L2 or post-L2d L3 stage.........covvieeiiiiiiiiiie 67

Figure 3.1. The C. elegans lin-28-lin-46 pathway regulates L2-to-L3 cell-fate
transitions independently of the let-7 and lin-4 complementary sites in the hbl-



Figure 3.2. HBL-1 accumulates in the cytoplasm of L3- and L4-stage seam cells
in larvae lacking LCSs in the hbl-1 3'UTR, and lin-46is required for this
cytoplasmic accumulation of HBL-1.........o i 94

Figure 3.3. The lin-28-lin-46 pathway regulates nuclear accumulation of HBL-1
Figure 3.4. Nuclear localization of GFP or mScarlet-l tagged DAF-12 is not
regulated DY liN-28.........o s 100
Figure 3.5. Schematic representations of nucleo-cytoplasmic localization of HBL-
1 in hypodermal seam cells across four larval stages and various genetic

DACKGrOUNGS. ... .. 103

Figure 3.6. Regulation of gene activity through microRNA-mediated repression of
translation accompanied by post-translational regulation of microRNA targets ..108

Figure 4.1. /in-28 and lin-46 5UTR prevent LIN-46 expression at the L1 and L2
S A e 128

Figure 4.2. CRISPR/Cas9 mutagenesis of the conserved 5’'UTR of lin-46...... 132

] €= o [T PP 135

Figure 4.4. Precocious LIN-46 expression causes precocious cell-fate transitions
in hypodermal seam and vulval cell lineages. ..., 138

Figure 4.5. LIN-46 is expressed in the vulval precursor cells (VPCs) and
precocious LIN-46 expression leads to precocious onset of vulva development.142

Figure 4.6. The architecture and conservation of the /in-46 5UTR................. 145
Figure 4.7. The effects of 5’UTR mutations on the folding of the trans-spliced
5'UTR of lin-46 and corresponding LIN-46 expression levels inferred from the
strength of the gain-of-function phenotypes.............c.coooiiiii i, 147

Figure 4.8. Model: LIN-28 controls temporal cell-fate progression by regulating
LIN-46 expression viathe 5UTR of in-46 mRNA..............oiiiiin. 157

Figure 5.1. All let-7-sisters, mir-48, mir-84, mir-241, mir-793, mir-794, and mir-
795, contribute to L2-to-L.3 cell-fate progression.............ccoooiiiiiiiiiiiiinnn. 177



Xi

Figure 5.2. Redistribution of roles among /et-7-family microRNAs during L2d
=071 ] e R PP 181

Figure 5.3. Factors regulating hbl-1 both independently of and through /let-7/lin-4
complementary sites in the hbl-1 3’'UTR collaborate in the L2d alternative
heterochronic pathway; and, LCS-independent factors regulating hbl-1 are
potentiated by L2d-inducing ascarosides. ............coovovveiiiiiiiiiii e 185

Figure 5.4. Stress-response genes are integrated into the heterochronic pathway
AUIING L2d. ... e 189

Figure 5. 5. The L2d rewiring: the shift from the L2 configuration to the L2d
configuration of the heterochronic circuit regulating hbl/-1 activity................... 193

Figure 6.1. Signaling events controlling the larval stage progression and the L2d
rewiring and corresponding L2 to L2d configurations of the heterochronic circuit
controlling Abl-T @ctiVity. ........ouoiiei s 209

Figure 6.2. Models of gene expression dynamics at the L2/L2d and L3 stages
illustrating the potential regulation of LIN-46 accumulation and hence HBL-1
activity inearly L3 animals........ ..o 217



Xil

PREFACE

Chapter Il of this dissertation was previously published: llbay, O. and
Ambros, V. (2019) ‘Pheromones and Nutritional Signals Regulate the
Developmental Reliance on let-7 Family MicroRNAs in C. elegans.’, Current
biology : CB. England, 29(11), pp. 1735-1745.e4. doi: 10.1016/j.cub.2019.04.034.

Chapter Ill of this dissertation was previously published: llbay, O. and
Ambros, V. (2019) ‘Regulation of nuclear-cytoplasmic partitioning by the /in-28-in-
46 pathway reinforces microRNA repression of HBL-1 to confer robust cell-fate
progression in C. elegans’, Development, 146(21), p. dev183111. doi:
10.1101/698977.

Chapter IV of this dissertation was previously published as a preprint:
libay, O., Nelson, C. and Ambros, V. (2019) ‘C. elegans LIN-28 Controls
Temporal Cell-fate Progression by Regulating LIN-46 Expression via the S’UTR
of lin-46 mMRNA’, bioRxiv, p. 697490. doi: 10.1101/697490. Experiments to
determine lin-46 mRNA levels as presented in Figure 4.3 was conducted by
Charles Nelson.

Victor Ambros aided in the experimental design and data interpretation of

the results presented from Chapter Il to Chapter V.



CHAPTER | — General Introduction



Robustness in biological systems

Despite lacking perfect biochemical mechanisms and inevitably living in
constantly changing environments, biological systems reproduce stereotyped
phenotypes. DNA replication and repair, which are responsible to generate and
maintain the copies of DNA that are inherited to daughter cells and next
generations, are error-prone processes, resulting in the accumulation of
mutations and hence genetic variation within populations. Complex signaling
molecules, mMRNAs, and proteins that specify the phenotypes -- often in a dose-
dependent manner -- are produced by biochemical reactions that are intrinsically
noisy, leading to unavoidable stochastic fluctuations in the quantities of these
critical molecules in cells. The environments where the cells and organisms live
are variable, changing within a range of favorable -- but not necessarily optimal --
conditions as well as between favorable and unfavorable conditions.
Remarkably, however, regardless of the inherent genetic and biochemical noise
and despite environmental perturbations, phenotypic outcomes are remarkably
robust -- in some cases essentially invariant.

The ability of a biological system to generate and maintain form and function
in the face of internal or external perturbations is defined as biological robustness
(Kitano, 2004). Biological robustness, phenotypic stability in the face of
perturbations, is an abstract concept, a ubiquitous but hidden property that is
recognized only when it is lost and sensitivity to conditions or phenotypic

variability emerges. Importantly, robustness mechanisms integrated into our



physiology is in part what allows us to remain healthy despite accumulating
mutations throughout our lives and inevitably living under suboptimal and
sometimes hazardous conditions. However, underlying genetic mechanisms of
biological robustness, which appear to be diverse and complex (de Visser et al.,
2003; Kitano, 2004), have not been studied well and are only poorly understood.

The core conserved processes of living organisms are thought to confer
robustness to biological systems, especially via deconstraining evolutionarily
younger biological processes, allowing (by minimizing fitness costs) the
accumulation of genotypic variation and hence increasing their evolvability
(Kirschner and Gerhart, 1998). Deconstraining properties of core processes
include versatile proteins (e.g. calmodulin), weak regulatory linkage (e.g.
cascaded organization of signal transduction pathways), and flexibility conferred
by exploratory mechanisms (e.g. vertebrate adaptive immunity or pathfinding
behavior of microtubules) (Kirschner and Gerhart, 1998).

The best experimental evidence of a core biological process conferring
robustness comes from the heat-shock protein Hsp90 -- a versatile chaperone
capable of recognizing a set of diverse proteins that are intrinsically unstable --
which was shown to provide fidelity to wildtype phenotypes by buffering against
otherwise cryptic mutations and environmental variations both in animals and
plants (Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002).

In yeast, a systematic search for phenotypic capacitors, like Hsp90, revealed 300



gene products, most of which belong to core biological processes that resulted in
increased morphological variation when perturbed (Levy and Siegal, 2008).

Robustness is evident and pervasive especially in the context of animal
development -- exhibited by the constancy of morphological features within each
species. Living organisms under natural selection have evolved genetic
mechanisms to increase the robustness of optimal phenotypic outcomes, through
a (hypothetical) process called “canalization” (Waddington, 1942). Mechanisms
of canalization are thought to involve the integration of “buffering strategies” that
confer robustness to gene regulatory networks controlling phenotypic outcomes
(Rutherford, 2000).

Developmental gene regulatory networks have complex, scale-free network
topologies (characterized by having widely different levels of connectivity among
its nodes), which are shown to be robust against random errors (Albert, Jeong
and Barabasi, 2000; Jeong et al., 2001). Aside from robustness perhaps being
an inherent feature of gene regulatory networks (Siegal and Bergman, 2002;
Bergman and Siegal, 2003), genetic redundancy (paralog genes), fail-safe
(alternative or parallel) pathways, and system control (feedback and feedforward
loops) are some of the prevalent features of gene regulatory networks that confer
robustness to network circuits and contribute to overall robustness of gene
regulatory networks (Wilkins, 1997; Freeman, 2000; Hartman, Garvik and

Hartwell, 2001; Kitano, 2004; Stelling et al., 2004).



Noise in gene expression, which is inevitable because it stems from the
inherent stochasticity of the biochemical reactions of gene expression (Raser and
O’Shea, 2005; Raj et al., 2006; Raj and van Oudenaarden, 2008), can -- if not
buffered -- lead to meaningful deviations in gene expression and consequently
phenotypic variation (Raj et al., 2010). Moreover, noise can propagate in gene
regulatory networks (transmitted noise), which can also be stochastically
amplified (Thattai and van Oudenaarden, 2001; Hooshangi, Thiberge and Weiss,
2005; Pedraza and van Oudenaarden, 2005), destabilizing genetic programs
even when the individual components have low intrinsic noise (Pedraza and van
Oudenaarden, 2005). Positive feedback loops can effectively amplify noise,
which is beneficial in the context of generating bi-stable switches; but, more
importantly, negative feedback loops -- and, in some cases, cooperativity --
reduce noise and/or prevent its propagation by distinguishing signal from noise
(Thattai and van Oudenaarden, 2001; Raj and van Oudenaarden, 2008). When
the rates of mMRNA production (transcription) and degradation as well as the rates
of protein production (translation) and degradation are taken into account,
increased translation efficiency is found to be the predominant source of noise in
gene expression in prokaryotes (Ozbudak et al., 2002). In eukaryotes, both
transcription and translation contribute to noise; and importantly, reduced
translation efficiency (e.g. low codon optimality) is capable of absorbing the
transcriptional noise in gene expression (Blake et al., 2003; Ebert and Sharp,

2012).



In recent years, MicroRNAs, post-transcriptional regulators of gene
expression (Lee, Feinbaum and Ambros, 1993; Reinhart et al., 2000), have been
increasingly associated with canalization of development and developmental
robustness (Hornstein and Shomron, 2006; Posadas and Carthew, 2014).
MicroRNAs are commonly found in feedback and feedforward control circuits
(Tsang, Zhu and van Oudenaarden, 2007; Martinez et al., 2008), regulate
thousands of genes in animal cells (Enright et al., 2004; Lewis, Burge and Bartel,
2005; Xie et al., 2005; Friedman et al., 2009), reduce noise in gene expression
(Stark et al., 2005; Schmiedel et al., 2015) and confer robustness to
developmental programs (Ebert and Sharp, 2012; Pelaez and Carthew, 2012).
MicroRNAs and their roles in developmental robustness

MicroRNAs are a class of small (22-nucleotides in length) non-coding RNAs
that serve as specificity factors for certain Argonaute proteins (Lee, Feinbaum
and Ambros, 1993; Hammond et al., 2001; Schirle and MacRae, 2012).
Arganaute-MicroRNA containing complexes [microRNA-induced silencing
complexes (MiRISCs)] interact with target messenger RNAs (mRNAs) through
RNA-RNA base-pairing and interfere with their translation, reducing protein
production and mRNA stability (Bartel, 2018).

Base-pairing between the microRNA seed region (nucleotides at positions 2-8
from the 5-prime end) and target mMRNAs confers specificity and is sufficient for
target regulation (Brennecke et al., 2005) -- although base-pairing between the

rest of the microRNA and target mRNA seems to support specificity and function



(Broughton et al., 2016). Metazoan genomes encode tens to hundreds of
microRNAs (e.g. 147 in Caenorhabditis elegans (Jan et al., 2011), 556 in
humans (Fromm et al., 2015)), some of which share the same seed and are
called microRNA seed families. Members of a microRNA seed family -- which are
usually, but not necessarily, paralogs -- can have unique as well as redundant
biological functions. For example, Caenorhabditis elegans (C. elegans) let-7
controls cell-fates during L4 to adult larval transition (Reinhart et al., 2000)
whereas its paralogs mir-48, mir-84 and mir-241 function redundantly to control
cell-fates during L2 to L3 larval transition (Abbott et al., 2005).

MiRISC targeting of mMRNAs can lead to substantial (10-20-fold) reductions in
protein production (Stadler et al., 2012), but more modest reductions (within 2-
fold) seem to be more common (Baek et al., 2008; Selbach et al., 2008). These
two classes of targets, which are substantially and modestly affected by
microRNA-mediated regulation, are also called “switch” and “tuning” targets,
respectively (Bartel and Chen, 2004). The impact of microRNAs on their targets
depends on: 1) the relative abundances of the microRNA and the target
(Mukheriji et al., 2011), 2) the strength of the microRNA-target interaction (e.g.
number of microRNA complementary sites) (Mukheriji et al., 2011) 3) the
organization of the control circuit containing the microRNA and the target,
including feedback, and coherent or incoherent feedforward loops (Herranz and
Cohen, 2010; Pelaez and Carthew, 2012). Accordingly, a particular microRNA

can function to denoise gene expression, which includes dampening of



fluctuations in protein production as well as generating thresholds in the
abundances of target mMRNAs for effective protein production -- which can
prevent gene expression from mRNAs that are inappropriately produced as a
result of leaky transcription (Figure 1.1). Alternatively, a microRNA can function
to fine-tune gene expression, which includes adjusting the steady-state protein
levels, and facilitating target protein down-regulation (Figure 1.1).

Unlike the first examples of microRNA encoding genes, /in-4 and let-7, whose
inactivation resulted in evident phenotypes, most microRNA mutants in C.
elegans did not produce any observable defects (Miska et al., 2007). This was in
part due to functional redundancy amongst microRNA family members (Alvarez-
Saavedra and Horvitz, 2010) and with other microRNA families (Brenner et al.,
2010). A potential predominance of fine-tuning roles and the scarcity of switch-
like roles of microRNAs in C. elegans would also explain the lack of evident
phenotypes in many cases. Namely, whereas /in-4 and let-7 act as OFF switches
and in their absence their targets remain ON, causing fully penetrant gain-of-
function phenotypes, most other microRNAs might act as denoisers or fine-
tuners rather than switches. The absence of such microRNAs may result in only
partially penetrant phenotypes due to 1) lack of denoising: occasional protein
bursts (especially in the cases where a positive feedback loop amplifies the initial
leak in protein production) or fluctuations that can reach the phenotype-altering
threshold (Raj et al., 2010), 2) lack of fine-tuning: elevated protein production

from target mRNAs or delayed and/or slowed
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Figure 2.1. Denoising and fine-tuning of gene expression by microRNAs.
Hypothetical profiles of microRNA target, non-target, and microRNA expression
over time are plotted to illustrate denoising (upper two plots) and fine-tuning

(lower to plots) functions of microRNAs.

10
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downregulation, which may again lead to occasional threshold violations and
hence a change in the phenotype. Lastly, in some cases, the overexpression of
the target -- regardless of being a switch or tuning target -- may not be
consequential; therefore, the loss of microRNAs regulating such targets may not
produce any mutant phenotypes.

In many cases, MicroRNA loss-of-function phenotypes are revealed or
enhanced under stress conditions, indicating that the biological functions of at
least certain microRNAs include conferring robustness to phenotypic outcomes
(Herranz and Cohen, 2010; Ebert and Sharp, 2012; Posadas and Carthew, 2014;
Ambros and Ruvkun, 2018). In Drosophila, mir-7 functions in two different gene
regulatory circuits to regulate photoreceptor and sensory organ precursor (SOP)
determination. Lack of mir-7 results in mutant phenotypes in both circuits due to
altered target gene expression under conditions of temperature fluctuations but
not under normal conditions, demonstrating that mir-7 imparts robustness to
these developmental programs against variations in temperature (Li et al., 2009).
Similarly, in C. elegans, pathfinding defects of the distal tip cells observed in
animals doubly mutant for mir-34 and mir-83 are enhanced when the animals are
subjected to temperature oscillations, indicating that these microRNAs protect
the distal tip cell migration program from the effects of unstable temperature
(Burke, Hammell and Ambros, 2015).

The heterochronic microRNAs, in particular, let-7-family microRNAs, of C.

elegans confer robustness to cell-fate progression (Ambros and Ruvkun, 2018).
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Temporal cell-fate defects observed in the mutants of /et-7-family microRNAs
(mir-48, mir-84, and mir-241) are enhanced when the worms are fed with
pathogenic bacteria instead of E. coli OP50 (Ren and Ambros, 2015). The
nuclear hormone receptor DAF-12 is required to activate the transcription of /et-
7-family microRNAs (Bethke ef al., 2009; Hammell, Karp and Ambros, 2009).
Insufficient expression of let-7-family microRNAs in daf-72-null animals results in
extra seam cell phenotype (Antebi et al., 2000; Hammell, Karp and Ambros,
2009); and this phenotype is enhanced by temperature oscillations (Hochbaum et
al., 2011). These studies demonstrate that /et-7-family microRNAs confer
robustness to cell-fate progression programs in C. elegans against both
pathogen stress and temperature variations.

C. elegans development and the heterochronic pathway

The nematode C. elegans is a relatively simple multicellular organism
comprised of diverse tissues built from a defined number of somatic cells. C.
elegans develops from a single cell through embryonic development followed by
four larval stages (L1-L4), each of which consists of an invariant set of cell-
division and cell-fate specification events (Sulston and Horvitz, 1977).

The order and timing of cell-fates within individual C. elegans cell lineages are
controlled by genes in the heterochronic pathway (Ambros and Horvitz, 1984;
Ambros, 2011). In this context, the seam cell lineage has been studied most
extensively. Larval seam cells are hypodermal stem cells that are positioned

side-by-side in a row along the lateral body axis from head to tail on each side of
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the worms. L1 larvae have ten seam cells on each side, nine of which divide
asymmetrically at the beginning of each larval stage and give rise to another
seam cell and a differentiated (hyp7) hypodermal cell. Importantly, six of the ten
seam cells divide symmetrically at the L2 stage, giving rise to six new (post-
embryonic) seam cells. Thus, L3, L4 and adults worms have sixteen seam cells
on each side of their bodies. In addition, at the end of the L4 stage, seam cells
fuse with each other, forming a seam syncytium along the lateral body axis, and
secrete special collagens to form a special cuticle structure called alae. These
two events, the increase in the seam cell number at the L2 stage and the
formation of alae structure at adult stage, are convenient markers of L2 and
young adult stage cell-fates, respectively, and have been heavily used to study
developmental timing in C. elegans (Figure 1.2 and 1.3).

Three transcription factors (TFs), LIN-14, HBL-1, and LIN-29, in the
heterochronic pathway specify L1, L2, and adult cell-fates, respectively (Ambros
and Horvitz, 1987; Rougvie et al., 1995; Abrahante et al., 2003; Lin et al., 2003)
(Figure 1.3). LIN-14 is regulated by lin-4 (Lee, Feinbaum and Ambros, 1993;
Wightman, Ha and Ruvkun, 1993) and HBL-1 is regulated by let-7-family (mir-48,
mir-241, mir-84) microRNAs (Abbott et al., 2005). LIN-29 is negatively regulated

by the TRIM-NHL protein LIN-41 (Slack et al., 2000), which is in turn regulated by
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Figure 1.2. Hypodermal seam cell linage of C. elegans.

A) Lineage diagram of seam cells (called V1-V4 and V6) showing cell division
and differentiation events during larval development. Seam cells (red)
asymmetrically divide at all stages, giving rise to hyp7 cells (green). One round of
symmetric cell division at the L2 stage results in an increase in the total seam cell
number. At the adult stage, seam cells secrete special collagens, forming a
cuticle structure called alae, which is represented by three horizontal lines over
the adult stage seam cells. B) Microscopy images showing seam cells, which
are marked with mCherry driven by pScm promoter and hyp7 cells, which are

marked with GFP driven by pCol-19 promoter.
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let-7 microRNA (Reinhart et al., 2000). There are also other regulatory factors
that act upstream of HBL-1; most notably, the RNA-binding protein LIN-28
(Moss, Lee and Ambros, 1997), the downstream effector gene lin-46 (Pepper et
al., 2004), and a nuclear hormone receptor DAF-12 (Antebi et al., 2000), which
regulates the transcription of let-7-family microRNAs (Bethke et al., 2009) (Figure
1.3).

The heterochronic TFs are necessary and sufficient to drive cell-fates of
specific larval stages and the heterochronic microRNAs are required to facilitate
their temporal regulation, ensuring cell-fate progression concomitant with larval
stage progression. The heterochronic microRNAs lin-4 and let-7 act as off
switches; in mutants lacking lin-4 or let-7, the expression of the corresponding
target, LIN-14 or LIN-41, persists into abnormally late stages, preventing
appropriate cell-fate progression. On the other hand, let-7-family (mir-48, mir-84,
mir-241) microRNAs, seem to serve as fine-tuners of gene expression acting in
parallel with other factors in regulating HBL-1 expression. Accordingly, in their
absence L2 to L3 cell-fate progression does not stop but is delayed, indicating a
delay in HBL-1 down regulation.

Importantly, in let-7-family mutants, the normal synchrony among seam cells
in their expression of stage-specific cell-fates is lost, presumably due to the
variability in HBL-1 downregulation among the seam cells. In the same animal,
some seam cells may reiterate L2 fates at the L3 stage, while other cells do not,

and still others may reiterate L2 fates not only at the L3 stage but also at the L4
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stage. This variability in the number of L2 fate reiterations results in variably
number extra seam cells in young adults in /et-7-family mutants, and the extra
seam cell phenotype that is modified by certain conditions, for example, it is
enhanced when the worms are fed with pathogenic bacteria instead of E.coli
(Ren and Ambros, 2015). Therefore, let-7-family microRNAs, by ensuring uniform
and robust HBL-1 downregulation in all seam cells and under different
environmental conditions, prevent the variance in temporal cell-fate progression
among the seam cell of an animal. Thus, in wildtype animals all seam cells
execute L2 fates at the L2 stage and progress to L3 fates concomitant with the
stage progression to L3 stage, maintaining the total number of seam cells in
young adults—which is 16--regardless of various environmental or physiological
perturbations.

The C. elegans genome encodes three more let-7 seed family microRNAs,
mir-793, mir-794, and mir-795 (Ruby et al., 2006). The seed sequence of two
these microRNAs, mir-793 and mir-794, differ from let-7 at position 8, but are
considered to be let-7 family members because they could, in principle, regulate
the same target MRNAs at the other family members. The functions of these
newer members of /et-7-family are not known. In particular, it is not known if
these understudied /et-7-family microRNAs might also be contributing to temporal
downregulation of HBL-1, and hence to proper L2 to L3 cell-fate transitions, in

parallel to mir-48, mir-84, and mir-241. And, if this were the case, it is not known
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Figure 1.3. Heterochronic pathway and cell-fate progression defects in
common heterochronic mutants.

(A) A simplified view of the C. elegans heterochronic pathway. Transcription
factors are shown in pink boxes and microRNAs are in blue boxes. L2 stage-
specific symmetric cell division is indicated by a yellow color in the lineage
diagram (B) Developmental timing defects observed in the mutants of certain
heterochronic genes are shown. The genotypes of the mutants are indicated at

the top of the lineage diagrams.
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if these new let-7-family members, similar to mir-48, mir-84, and mir-241, could
also have roles in conferring robustness to temporal cell-fate progression.

The C. elegans lin-28-lin-46 pathway acts in parallel to let-7-family
microRNAs and upstream of HBL-1 (Abbott et al., 2005; Vadla et al., 2012): lin-
28 loss-of-function suppresses and lin-46 loss-of-function substantially enhances
the let-7-family mutant phenotypes (Abbott et al., 2005). Therefore, the lin-28-lin-
46 pathway may be involved in modifying let-7-family mutant phenotypes by
environmental or physiological stresses. For example, lin-28 and/or lin-46 activity
might be affected by environmental stresses such that this parallel arm of the
pathway could compensate for reduced let-7-family levels under such conditions.
However, how LIN-28 regulates LIN-46 and how in turn LIN-46 regulates HBL-1,
which might shed light into potential microRNA-compensatory roles of the /in-28-
lin-46 pathway, are not known. Likewise, the underlying mechanism by which
LIN-46 could regulate HBL-1 activity and temporal cell-fates is unknown. Lin-46
encodes a protein with sequence similarity to a conserved molybdenum co-factor
biosynthesis enzyme and also to proteins shown to regulate the intracellular
localization of other proteins in mammal—called gephyrins (Kneussel et al.,
1999; Fuhrmann et al., 2002; Fritschy, Harvey and Schwarz, 2008). It is not
known whether or how such hypothetical activities of C. elegans LIN-46 could be

involved in its heterochronic pathway functions.
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Alternative life-history trajectories and the regulation of developmental
plasticity

Major natural habitats of C. elegans include ephemeral food sources such as
bacterial populations growing on rotting fruits (Frézal and Félix, 2015). C.
elegans is thought to colonize and rapidly populate these food sources owing to
its rapid reproductive larval development and the ability to produce hundreds of
eggs. However, as the population density increases and accordingly the
resources for the worm population decline, the worms employ a different life-
cycle strategy, which prioritizes survival and dispersal rather than reproduction:
during larval growth, instead of the L3 stage, worms can elect to arrest
development and enter a non-feeding and long-lived larval
stage called dauer stage (Cassada and Russell, 1975; Hu, 2007). Dauer
formation involves remodeling of larval tissues to render the larvae resistant to
stress, and capable of dispersal to reach and colonize distant food sources.

Signaling pathways controlling the choice between the two major alternative
life-history options have been studied very well (Fielenbach and Antebi, 2008).
Population density and food availability are the two major factors that affect the
decision between rapid reproductive larval development versus developmental
arrest as dauer larva. Concentrations of certain pheromones secreted by the
worms, called ascarosides (Butcher et al., 2007; Srinivasan et al., 2008), are
sensed by the worms and translated into TGF-B/DAF-7 signals that regulate the

dauer decision (Ren et al., 1996). Similarly, nutritional status is sensed by an
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insulin-like/DAF-2 signaling pathway that regulates the dauer decision (Kimura et
al., 1997) in parallel to the TGF-B/DAF-7 signals (Gottlieb and Ruvkun, 1994;
Fielenbach and Antebi, 2008). The TGF-B/DAF-7 and Insulin/DAF-2 pathways
converge on regulating the biosynthesis of the dafachronic acid (DA) hormone by
the cytochrome P540 enzyme DAF-9 (Fielenbach and Antebi, 2008). DA is a
ligand for the nuclear hormone receptor DAF-12 (Motola et al., 2006), which
mediates the dauer decision (Riddle, Swanson and Albert, 1981; Antebi et al.,
2000). Namely, ligand-bound DAF-12 allows reproductive development whereas

unliganded DAF-12 promotes dauer formation.

Coordinate regulation of temporal cell-fates and developmental trajectory

Temporal cell-fate defects of many heterochronic mutants are suppressed
or enhanced in larvae that develop through a temporary dauer arrest (Liu and
Ambros, 1991; S Euling and Ambros, 1996; Karp and Ambros, 2012), indicating
that proper temporal cell-fate regulation during different developmental
trajectories (e.g. rapid reproductive vs. dauer-interrupted) require non-identical
sets of heterochronic genes. These findings suggested that the heterochronic
pathway is altered by dauer diapause, and perhaps specifically by certain
signaling events or tissue remodeling programs occurring before, during, or
after dauer commitment.

Dauer entry is preceded by a lengthened L2 stage, called the L2d stage
(Golden and Riddle, 1984). Unlike the deterministic L2 stage, wherein

progression to L3 stage is the only option, the L2d stage represents a bi-potential
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developmental status. L2d animals are sensitive to the levels of dauer-inducing

pheromones and are capable of either initiating the dauer program or advancing
directly to the L3 reproductive trajectory, depending on the status of pheromone
and nutritional signals at a decision point in the late L2d (Schaedel et al., 2012).

L2d is initiated at the end of the L1 stage in response to dauer-inducing
conditions (Golden and Riddle, 1984). L2d larvae continue to monitor the severity
of the dauer-inducing conditions, and dauer-inductive signals -- TGF-f signaling
effector DAF-3 (Patterson et al., 1997) and/or insulin signaling effector DAF-16
(Ogg et al., 1997) -- reach the threshold for dauer commitment, L2d animals
enter dauer arrest. But, if these signals do not reach the threshold, L2d larvae
develop continuously through L3 and L4 larval stages. It is, however, not known
whether developing continuously through L2d or the presence of DAF-3 or DAF-
16 signals, similar to the dauer-interrupted development, could have an impact
on the heterochronic pathway; namely, could L2d modify heterochronic
phenotypes? or could L2d alter the reliance to certain heterochronic genes for
proper cell-fate progression?

The nuclear hormone receptor, DAF-12, is the main link between the
regulation of diapause and developmental timing (Antebi et al., 2000).
Dafachronic acid (DA), which is a ligand for DAF-12, is produced by the worms
when the conditions are favorable; and ligand-bound DAF-12 favors reproductive
development (Motola et al., 2006; Fielenbach and Antebi, 2008). Under

unfavorable conditions, DA production is inhibited by upstream signaling
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pathways, TGF- 3 or insulin; and, unliganded DAF-12 promotes dauer formation.
Importantly, while mediating the decision between reproductive development and
dauer arrest, DAF-12 also regulates /et-7-family microRNA levels (Bethke et al.,
2009; Hammell, Karp and Ambros, 2009). Liganded DAF-12 activates the
transcription of /et-7-family microRNAs and unliganded DAF-12 represses their
transcription (Bethke et al., 2009). Thus, let-7-family levels are high during the
L2-to-L3 transition and low during L2d-to-dauer or L2d-to-L3 transition (Hammell,
Karp and Ambros, 2009). It is, however, not clear how the /et-7-family target
HBL-1 is temporally downregulated during the L2d despite substantially reduced
levels of let-7-family microRNAs.

On the other hand, while developmental trajectory (such as L2-L3 versus
L2d-dauer-L3) can affect the expression of heterochronic phenotypes, genes in
the heterochronic pathway can exert control on the choice of developmental
trajectory. First, the heterochronic genes lin-14 and lin-4, which control
progression from L1 to L2 fates, also control at which larval stage dauer entry is
permitted (Liu and Ambros, 1989). Whilst wild-type animals
enter dauer diapause after the L2 stage, lin-14(If) larvae enter diapause one
stage earlier, after the L1 stage, and some gain-of-function (gf) alleles of /in-14
can cause larvae to enter diapause one stage later than normal, after the L3
stage. Moreover, high LIN-14 expression caused by /lin-4(If) or strong lin-14(gf)
mutations prevents dauer commitment altogether. Second, the RNA-binding

protein LIN-28, which is required for expressing L2 stage-specific cell-fates, is
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also required for uniform remodeling of the tissues during dauer larva formation
(Liu and Ambros, 1989). Third, hbl-1, which is expressed in the L1 and L2 and
promotes proliferative seam cell divisions at the early L2

stage, opposes dauer formation induced by TGF-B or insulin signals (Karp and
Ambros, 2011), which suggests that hb/-7 downregulation that occur at the end of
the L2 stage is required for dauer formation as well as proper progression to L3
stage cell-fates. Lastly, let-7-family microRNAs downregulate DAF-12; and in
combination with the modulation of DA hormone levels, let-7-family mediated
regulation of DAF-12 significantly affects the dauer decision (Hammell, Karp and

Ambros, 2009).
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CHAPTER Il -- Pheromones and Nutritional Signals Regulate the

Developmental Reliance on let-7 Family MicroRNAs in C. elegans

This chapter is published in Current Biology.
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Abstract

Adverse environmental conditions can affect rates of animal developmental
progression and lead to temporary developmental quiescence (diapause),
exemplified by the dauer larva stage of the nematode Caenorhabditis elegans (C.
elegans). Remarkably, patterns of cell division and temporal cell-fate progression
in C. elegans larvae are not affected by changes in developmental trajectory.
However, the underlying physiological and gene regulatory mechanisms that
ensure robust developmental patterning despite substantial plasticity in
developmental progression are largely unknown. Here, we report that diapause-
inducing pheromones correct heterochronic developmental cell lineage defects
caused by insufficient expression of let-7 family microRNAs in C. elegans.
Moreover, two conserved endocrine signaling pathways, DAF-7/TGF- 3 and DAF-
2/Insulin, that confer on the larva diapause and non-diapause alternative
developmental trajectories interact with the nuclear hormone receptor, DAF-12, to
initiate and regulate a rewiring of the genetic circuitry controlling temporal cell-
fates. This rewiring includes engagement of certain heterochronic genes, lin-46,
lin-4, and nhl-2, that are previously associated with an altered genetic program in
post-diapause animals, in combination with a novel ligand-independent DAF- 12
activity, to downregulate the critical let-7 family target Hunchback-like-1 (HBL-1).
Our results show how pheromone or endocrine signaling pathways can

coordinately regulate both developmental progression and cell-fate transitions in
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C. elegans larvae under stress so that the developmental schedule of cell-fates
remains unaffected by changes in developmental trajectory.
Introduction

Despite the vast complexity of animal development, developmental
processes are remarkably robust in the face of environment and physiological
stresses. Multicellular animals develop from a single cell through a temporal and
spatial elaboration of even