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Abstract

Lack of prominent developmental defects arising from loss of many individual miRNAs is
consistent with the observations of collaborative networks between miRNAs and roles for
miRNAs in regulating stress responses. However, these characteristics may only partially explain
the seemingly non-essential nature of many miRNAs. Non-miRNA gene expression regulatory
mechanisms also collaborate with miRISC to support robust gene expression dynamics. Genetic
enhancer screens have revealed roles of miRNAs and other gene repressive mechanisms in
development or other cellular processes that were masked by genetic redundancy. Besides
discussing the breadth of the non-miRNA genes, we will use LIN-28 as an example to illustrate
how distinct regulatory systems, including miRNAs and multiple protein stability mechanisms,
work at different levels to target expression of a given gene and provide tissue-specific and stage-
specific regulation of gene expression.
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The enigma of miRNAs

Outside of developmental timing (heterochrony), roles for many miRNAs (microRNAS)
are still unclear. Using C. elegans, many individual miRNAs were shown to be non-essential
[1] and even entire families of mMiRNAs were shown to be non-essential [2]. In mice,
deletions of highly abundant miRNAs in certain muscle tissues were sometimes found to
yield no discernable phenotype [3]. Though obtaining such results leaves one very unsettled,
these findings strongly imply that functional redundancy is commonly associated with
miRNAs, assuming that every expressed miRNA has some function. The notion of
redundancy is consistent with the fact that loss of specific miRNASs typically results in less
than two-fold changes in protein expression for relevant targets [3]. However, despite their
apparent redundancy, genetic studies have implicated miRNAs in diverse diseases including
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multiple types of cancer, numerous cardiovascular disease phenotypes, and even a form of
hearing loss due to a defect in hair cell sensory neurons [4]. Thus, understanding and
overcoming the difficulty presented by genetic redundancy associated with miRNAs is very
critical to understanding their roles in specific physiological events.

Lack of prominent developmental phenotypes associated with mutating individual miRNA
or miRNA families may be partly due to the fact that many miRNAs and global miRISC
have been shown to function in response to stressors or environmental changes [5].
Examples from more recent studies in C. efegans include roles in recovery from starvation
[6], longevity regulation [7,8], pathogen resistance [9,10], and neuronal regulation of the
decision to enter dauer (an alternative larval phase for enduring harsh conditions) [11].
Additionally, miRNAs are important in ensuring fecundity at elevated temperatures [12] and
keeping the cell death pathway in check [13]. In these examples, specific physiological
functions of miRNAs are also often executed through multi-miRNA-target interaction
networks [9,11-13].

For a specific physiological function, it has been well documented that a group of miRNAs
often functions to repress the expression of a group of targets or even a single target [3]. As
an example of the latter, the mMRNA of the /in-28 pluripotency factor is targeted by multiple
miRNAs in C. elegans, including LIN-4 and LET-7 families that function in the conserved
developmental timing pathway [14-17]. The molecular and genetic mechanisms related to
developmental timing and the consequent cellular events provide an exciting case study of
gene regulatory networks. The C. elegans model has arguably provided the most insight into
the genetics of the deeply conserved developmental timing circuitry.

The balance between LIN-28 and LET-7 is important for the timing of the early and late
larval programs in C. elegans. This balance is necessary for seam cell divisions and vulval
development. The L1 stage in C. elegans is specified by the LIN-14 transcription factor that,
among other things, promotes the LIN-28-dependent L2 stage-specific symmetric division of
lateral seam cells (a stem-like cell type of the epidermis). A rapid down-regulation of
LIN-28 protein by the mid-L3 stage leads to the subsequent upregulation of LET-7, and
results in a final transition from proliferation to differentiation in seam and vulval tissues
[18]. Prolonged LIN-28 levels cause additional symmetric divisions of seam cells leading to
supernumerary seam cells by the L4 stage and gapped adult alae [14]. Prolonged expression
of LIN-41 (TRIM71), a target of LET-7 in the mid-L3 stage, levels lead to inappropriate
vulval morphogenesis that ultimately causes rupturing due to a loss of vulval-uterine
integrity [19].

Although mutations in the developmental timing pathway may cause different phenotypes
across metazoans, the critical genetic wiring has been highly conserved. Thus, understanding
additional factors in this network is important. Moreover, understanding how compensatory
regulators collaborate with miRNAS to ensure robust outcomes is fundamentally important
to understand the architecture of post-transcriptional gene expression dynamics. Several
recent genetic experiments have utilized strong tools to tackle the problem of miRNA-
related redundancy. Very recent molecular analyses of non-miRNA collaborators have begun
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to unravel the mechanistic basis of the associated dynamic post-transcriptional gene
regulation. This review will consider some of these new findings.

Complexity within the miRNA pathway

In addition to redundancy between miRNAsS, redundancy also appears to be associated with
proteins involved in miRNA-related functions. Such redundancy was demonstrated in C.
elegans using a genomic-scale RNAI screen that identified enhancers of a weak /et-7
mutation that alone did not produce developmental timing defects [20]. This enhancer screen
focused on the vulva bursting phenotype associated with strong loss-of-function /et-7alleles.
It was found that mutations in many candidate genes, showed a very strong and reliable
synthetic vulval bursting phenotype when combined with the weak /et-7mutation. Since the
let-7mutant had a modest reduction in mature LET-7 expression and the enhanced vulval
bursting phenotype was suppressed by loss of the key LET-7 target, LIN-41, it was
concluded that many of the enhancer genes likely function in steps downstream of LET-7.
Subsequent work has since shown that /in-41 overexpression is solely responsible for vulval
bursting as a result of /et-7(=) mutation [19], making /in-41(-) suppression of the synthetic
phenotype a strong demonstration of /et-7-pathway function. It was hypothesized that these
genes may be important for sorting (loading) LET-7 into miRISC, for targeting of LET-7-
miRISC to relevant mRNAs, or for detecting LET-7-miRISC target mMRNA interactions
(Figure 1).

In a similar experiment using C. elegans, mutation of several non-essential MiRNAs
produced severe viability phenotypes, including defective gonad migration or adult lethality,
when in the context of a sensitized genetic background such as mutations in alg-1, an
argonaute gene [21]. Argonaute proteins are required for miRISC formation and function.
Since ALG-1 is one of the two argonaute proteins specifically involved in miRNA function,
such enhanced phenotypes also likely reflect genetic redundancy within miRNA systems.
Intriguingly, loss of multiple other non-essential mMiRNAs actually suppressed alg-1(-)
mutant defects including gapped adult alae and/or adult lethality [21]. The observation of
enhancement or suppression with distinct miRNAs suggests the possibility of epistatic
functions within the miRNA pathway. Moreover, a few miRNAs exhibited both suppression
of an alg-1(-) phenotype, such as gapped adult alae, with concurrent enhancement of
another alg-1(-) phenotype, such as embryonic lethality [21]. The percentages involved
between the phenotypes rule out a possibility of a directly inverse relationship between the
two phenotypes. Altogether, these findings imply a complex relationship of factors within
the miRNA pathway.

Early signs of pathways converging with miRNA regulation

A possibility to consider is that miRNAs may collaborate with non-miRNA pathways to
convergently regulate targets. In this model, a miRNA and a non-miRNA pathway act on the
same target, but at different levels of gene regulation. This convergent regulation can be
considered as two genetic pathways acting in parallel.
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Another interaction screen was done in C. elegans by treating multiple viable miRNA
mutants with RNAI against several chromatin regulatory hub genes to reveal synthetic sterile
phenotypes [21]. Such convergent gene regulation is depicted in Figure 2. An important
distinction in genetic interactions needs to be made here. Many genes identified using the
weak reduced-function allele of /et-7, which results in slightly reduced processing of let-7
miRNA, likely further impaired processing of the mature miRNA, including loading into
miRISC, for example [20]. However, the study that utilized miRNA null mutations (large
deletions) to identify synthetic interactions, was more likely to identify targets convergently
regulated by miRNAs and different chromatin regulators, as the given miRNAs were
abolished in the null mutants [21]. However, there still remains the potential caveat that the
observed interactions between miRNAs and chromatin regulators may still be due to
redundancy between different miRNAS, as the chromatin regulators could potentially be
involved in the expression of other specific MiRNAs.

MiRNAs get a little help from a lot of friends

To identify non-miRNA genes working in parallel to the general miRNA/miRISC pathway
to regulate the same target gene, a genomic-scale RNAI screen was used to systematically
reveal genes that are essential when global miRISC function is compromised in C. elegans
[22]. In order to identify a potentially broad range of functional collaborators, this miRISC
enhancer screen examined multiple synthetic phenotypes including developmental stall,
sterility, embryonic lethality, or other catastrophic outcomes. The miRISC screen identified
126 genes that become essential with loss of one of the GW182 proteins, AIN-1 or AIN-2.
Importantly, only 8 of these interactors were also identified by the screen for miRNA
pathway factors using the weak reduction-of-function /et-7allele [20]. Thus, more than 90%
of the factors identified in the miRISC enhancer screen were not known to function with
miRNA-related pathways, indicating a strong enrichment for genes working convergently
with miRNA/miRISC pathways. The identified non-miRNA genes distribute over broad
functional categories including cell migration, protein stability, and apoptosis. Interestingly,
the largest category “unknown function”, includes almost a third of the identified genes.
These findings clearly underscore the difficulty in understanding genomic function masked
by genetic redundancy and pleiotropism.

Several studies also observed strong enhancement of developmental defects between
mutations in miRNAs and RNA binding proteins (RBPs) [23-27]. There are two basic
models to explain the interactions between these RBPs and miRNAs. In the first model,
specific RBPs work physically with miRISCs to enhance miRISC function (Figure 3). As an
example of this scenario, it was shown that NHL-2, a TRIM-NHL protein, functions as a
cofactor for the miRISC [23]. NHL-2 is required for efficient down-regulation of miRISC
target MRNASs such as hb/-1(hunchback) and let-60(Ras) by LET-7 [23]. NHL-2 interacts
physically with CGH-1, a key P-body component, and miRISC components including
ALG-1 and AIN-1 [23]. In the second model, some RBPs work in parallel to (and
independent of) miRISC to regulate common targets through direct or indirect interactions
with the targets. The latter scenario has the potential to result in severe synergistic
phenotypes when both the RBP and miRISC function are compromised (Figure 3). As an
example of this situation, one study showed that vg/n-1(vigilin) likely acted in parallel to
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miRISC function [27]. The authors found that loss of both vg/n-1 and ain-Zresulted in 100
percent L1 arrest, while the individual mutants showed little or no arrest [27].

Importantly, the miRISC enhancer studies revealed previously unknown functions for many
non-essential MiRNAs, and the robustness of gene expression dynamics often requires
collaborative efforts from miRNASs and other non-miRNA-related repressive mechanisms. In
many cases, miRNAs regulate one level of gene regulation (production of new protein) while
another factor regulates another level of gene expression (protein stability, for example)
(Figure 4) [22].

Unexpected support from a caspase

In the miRISC enhancer study, one intriguing interacting gene was the ced-3 caspase [22].
CED-3 was originally identified as the classic programmed cell death caspase [28-30]. As a
caspase, CED-3 functions as a cysteine aspartase to cleave proteins C-terminal to a caspase
cleavage sequence, DxxD [31]. Intriquingly, it was found that a/in-1(-) mutation did not alter
programmed cell death, thus suggesting that CED-3 had a non-apoptotic function in parallel
to miRISC [22].

Non-apoptotic functions for ced-3have also been implicated in neuronal regeneration [32],
stress responses [33], and ageing [34]. Although those studies did not identify specific non-
apoptotic targets, genetic experiments suggested that CED-3 may work in these processes as
a cell signaling regulator. Specific targets for a non-apoptotic function of CED-3 were first
reported in the developmental timing pathway where CED-3 functioned in parallel to AIN-1/
miRISC to repress several developmental factors, including LIN-28 [22]. This finding
enhanced the argument for the presence of mechanistic non-apoptotic functions associated
with CED-3. By screening many miRNA mutants for developmental defects when treated
with ced-3(RNAJ), mutants of the /et-7family showed synergistic developmental timing
defects including supernumerary seam cells and gapped adult alae [22]. Genetic and
biochemical data suggested that CED-3 caspase likely cleaved LIN-28 to inactivate the
pluripotency factor. In addition, purified CED-3 cleaved the DISL-2 RNAse and partially
cleaved the LIN-14 transcription factor in vitro [22]. Interestingly, human Dis3I2 (DISL-2
ortholog) has been shown to function with (but downstream of) LIN-28 to degrade poly-
uridylated /et-7[35]. LIN-14 is a well-established upstream positive regulator of LIN-28.
Importantly, these findings established a non-apoptotic role for CED-3 caspase in the
developmental timing pathway—Ilikely working on multiple targets. This non-apoptotic role
is also non-canonical in that it functions as a direct, negative gene expression regulator and
not in cell signaling.

Eliminating LIN-28: The task of unmasking the new proteolytic players

LIN-28 (LIN28) is critical to development across diverse phyla including roles in
developmental timing (heterochrony) and promoting pluripotency [18,36], as well as
important roles in various cancers [37]. The /in-Z8 mRNA is targeted by miRNAs in both C.
elegans and humans [15]. However, recent findings show several examples of proteolytic
pathways acting to regulate LIN-28 levels in worms and humans.
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How CED-3 recognizes LIN-28 was an interesting question, as this caspase has well-
established functions in programmed cell death. Therefore, how a caspase with both
apoptotic and non-apoptotic functions is able to differentially recognize targets is
fundamentally important to understand. Although CED-3 was shown to be necessary for the
robust inactivation of LIN-28 [22], alone it was found to be insufficient for this inactivation
role [38], suggesting the involvement of an additional proteolytic system.

The Arg/N-end rule pathway controls protein stability largely as a function of certain N-
terminal amino acids [39]. Specifically, this proteolytic pathway has three important
determinants for substrates, including a destabilizing N-terminal residue, an internal Lysine
for poly-ubiquitination, and an unstructured N-terminus [39]. Amongst the required factors
within the Arg/N-end rule pathway, the N-terminal arginine transferase (ATE-1) adds an N-
terminal Arg to substrates that are then recognized by a UBR-type E3 ligase (UBR-1) for
poly-ubiquitination [39]. Genetically, both ATE-1 and UBR-1 were found to function in
parallel to miRISC to negatively regulate symmetric seam cell divisions [38]. Biochemically,
both ATE-1 and UBR-1 were found to physically and specifically interact with CED-3
caspase [38]. Surprisingly, the Arg/N-end rule E3 ubiquitin ligase, UBR-1, was found to be
required for efficient CED-3-mediated cleavage of LIN-28 substrate that triggers further
degradation of LIN-28 by the proteasome [38]. Moreover, human caspase 8 and human
UBR2 were also found to physically interact [38], suggesting that caspase-UBR interactions
may be conserved. Human caspase 8 has been implicated in non-apoptotic functions
including monocyte differentiation and trophoblast fusion [40,41], adding even more interest
to these findings. In fact, non-apoptotic caspase functions represent a rapidly emerging field
with critical functions throughout eukaryotes [42].

In addition to regulating seam cell development, LIN-28 is important in other aspects of
developmental timing including the juvenile-to-adult transition [43]. The LEP-2 gene in C.
elegans is the sole Makorin (Mkrn) ortholog and encodes an E3 ubiquitin ligase with RING
and C3H1-type zinc fingers. The functions of Makorins are not well established.
Interestingly, /ep-2 mutations from several forward screens were found to affect the timing
of male tail morphogenesis [43]. In fact, LEP-2 was found to function as an important
developmental timing regulator with a critical role in normal molting processes in both sexes
[43]. Expression analyses indicated a role for the LEP-2 Mkrn protein in regulating LIN-28
protein stability in certain non-seam cell tissues [43]. While the mechanism for LEP-2
regulation of LIN-28 stability remains to be understood, comparing the CED-3-UBR-1
findings with the LEP-2 findings demonstrates an exciting feature of non-miRNA genes in
collaborating with the miRISC by imparting tissue-specific functions.

An important demonstration of signal transduction in regulating LIN28 stability in human
cells was recently reported [44]. Using a targeted screen of kinase inhibitors in human
embryonal carcinoma cells, the ERK signaling pathway was found to control LIN28
phosphorylation [44]. Intriguingly, this phosphorylation increased stability of LIN28 [44].
Moreover, the ERK-mediated phospho-regulation separates LET-7-dependent from LET-7-
independent LIN28-mediated effects [44]. A phospho-mimetic mutation in LIN28 also
enhanced reprogramming efficiency in induced pluripotent stem cells [44]. However, the
proteolytic pathway acting on LIN28 in a phospho-dependent manner is not yet known.
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Altogether, the findings of multiple protein stability mechanisms acting on LIN-28 (LIN28)
provide a strong case study for convergent regulation with the miRISC pathway. Clearly,
miRNAs require substantial collaboration to ensure robust and dynamic gene regulation.
This conclusion is not meant to undermine or trivialize the importance of miRNAs, rather
the opposite. The miRNA pathway seems particularly adept at integrating with other levels
of gene regulation. The extensive network converging on an individual target gene, such as
1/in-28, also clearly demonstrates the difficulty of identifying genetic functions of specific
regulatory inputs for a specific physiological function.

Concluding remarks

Although robustness is an innate property of all life-ensuring outcomes, its mechanistic
underpinnings remain an important topic of investigation. Importantly, the role of non-
homologous genes in convergent gene regulation provides an extra layer of complexity for
gene expression dynamics. Additionally, the ability of one gene to assume many roles, such
as the CED-3 caspase working in programmed cell death and non-apoptotic regulation of
pluripotency, imparts enhanced versatility but also imposes a regulatory quandary. That is to
say, how does a protease with such dichotomous functions—promoting death of some cells
while supporting the vigor of other cells—achieve these distinct outcomes? In other words,
what differences in the cellular milieu or upstream signaling account for the different
functions? Recent findings that demonstrate coupling mechanisms, such as the CED-3
complex formation with UBR-1, begin to address this regulatory dilemma.

The collaboration of non-miRNA genes with the miRISC provides several important
features, including tissue-specific regulation, synergy, and dynamic control of gene
expression. As an example of tissue-specific functions, the CED-3-UBR-1 function supports
the transition of stem-like cells from proliferative to differentiated fates during mid-larval
development; whereas, LEP-2 supports the juvenile-to-adult molting that promotes tail tip
morphogenesis. Additionally, the miRISC acts on /in-2Z8 mRNA while CED-3-UBR-1
irreversibly eliminates LIN-28 protein, supporting a fully committed mid-larval transition of
the stem-like seam cells. Thus, by acting at different levels of gene expression, the two
systems confer collaborative and dynamic temporal control of gene expression (Figure 5).
Importantly, as seen with CED-3-UBR-1 function, proteolytic regulators have the distinct
advantage to rapidly commit gene expression programs by executing an irreversible form of
gene regulation.

As an interesting possibility, collaborating gene regulators provide ample material for
evolutionary processes to act upon. Since gene regulation is often the result of complex
networks of factors, minor alterations within a regulatory network or additional interactions
across networks could allow new functions to emerge without substantial detriment to the
organism.
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AIN Genes
Encode the C. elegans GW182 orthologs, AIN-1 and AIN-2. ALG-1 INteracting proteins.

ALG Genes
Encode several of the C. elegans argonaute orthologs. Argonaute (plant)-Like Gene.

Argonaute
First identified in the Arabidopsis plant, a family of proteins conserved throughout
eukaryotes and prokaryotes. Required for miRNA or siRNA-mediated gene silencing.

Arg/N-End rule

A multi-enzyme pathway that recognizes N-terminal destabilizing residues in the context of
an unstructured N-terminus and available internal lysine residue for poly-ubiquitination. For
type 1 N-degrons, tertiary destabilizing residues (Ash and Gln) can be oxidized (by an
NTAN or NTAQ homologs) to secondary destabilizing residues (Asp and Glu), and then
arginylated by an ATE homolog (Arginyl-TransferasE) to generate a primary destabilizing
residue. Positively charged primary destabilizing residues (Arg, Lys, His) are type 1 V-
degrons; whereas bulky aliphatic primary destabilizing residues (Phe, Trp, Tyr, Leu, lle) are
type 2 N-degrons. The A-degrons are recognized by an N-recognin of the UBR-type E3
ubiquitin ligase family.

Caspase

Class of proteases that are cysteine aspartases required for programmed cell death and
certain non-apoptotic or non-canonical functions. The sole caspase in C. efegans, CED-3,
was first identified as Cell Death defective mutant 3.

Developmental timing
Developmental processes resulting from heterochrony. See heterochronic pathway.

Genetic Interaction

When two (or more) genetic mutations in distinct genes are combined and result in a
phenotype that is not seen (or only marginally seen) with the individual mutants. The
interaction can suppress or enhance a phenotype. In addition, reduction of gene expression
for a given gene by RNAI in a mutant for another gene can also reveal a genetic interaction.

Genetic Redundancy
A situation where one gene can substitute or partially substitute for another gene. Also
known as genetic masking.

GW182 Genes
Mammalian TNR6A-C proteins (TriNucleotide Repeat-containing gene 6 proteins),
Drosophila Gawky, C. elegans AIN-1 and AIN-2 all contain GW-type repeats.
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Heterochronic pathway

Also referred to as developmental timing pathway. Elaborate genetic network regulating
rates of developmental processes including cell/tissue specification. LIN-4 and LET-7 family
of miRNAs are critical in this pathway. As an example, LIN-28 is a critical miRNA target.
LIN-28 is also targeted at the protein level by the CED-3 caspase-UBR-1 E3 ligase complex
in some tissues and LEP-2 Makorin in other tissues.

Heterochrony

Developmental processes owing to changes in the timing or rate of certain events relative to
other events, resulting in alterations in size, shape, or cell/tissue specification. Regulated by
factors in the heterochronic pathway.

MiRNA or microRNA
Class of small non-coding RNA molecules 21-24 nucleotides in length. Mature miRNAs are
functional in the miRISC.

miRISC

miRNA-Induced Silencing Complex. A ribonucleoprotein complex consisting of a mature
miRNA in specific association with an argonaute protein, a GW182 protein, mRNA
deadenylases, a poly-A nuclease (PAN), and other factors.

Pleiotropism

A situation where one gene has more than one physiological function within an organism
giving rise to numerous phenotypic traits. Often the traits may appear unrelated to each
other. Some traits are often masked by the manifestation of other traits.

RNAI

RNA-interference. Used to reduce gene expression and is often achieved by introducing an
exogenous RNA fragment through various means into an organism and results in reduction
or elimination of expression of an endogenous RNA or mRNA.

Robustness

An innate property of all living systems that ensures outcomes. Genetic redundancy is a
major contributor to robustness. This form of robustness is also known as canalization.
Robustness can also refer to the strength of a phenotypic outcome.

UBR-type E3 ligase

The E3 ubiquitin ligases that function as A-recognins and act in one or more branches of the
N-End rule (Arg, Ac, or Pro). Canonical UBR-type ligases contain several structural features
including the atypical zinc finger UBR-box motif, a ClpS core adaptor motif, and a RING/
FYVE/PHD-type Zinc finger motif. Human UBR1, human UBR2, yeast UBR1, and C.
elegans UBR-1 all share significant homology.
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. miRNA pathways converge with diverse non-miRNA regulatory mechanisms

. Convergent regulation at different levels of gene expression imparts tissue-

. Proteolytic pathways provide a strong commitment in gene regulation since

. Genetic redundancy remains a critical barrier in understanding genomic

. Genes with known functions may have additional important non-canonical

Trends Box

to regulate common targets.

specific functions, synergy, and precise temporal gene regulation.

proteolysis is irreversible without new protein synthesis.

architecture and regulatory networks.

functions.
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Outstanding questions
How do miRNA pathways converge with non-miRNA pathways in evolution?

Based on findings from multiple genetic studies, collaboration of regulatory systems is
not unigue to miRNAs. However, miRNAs may be particularly well-suited for this
adaptation due to the small seed sequence needed to target an mRNA and the abundance
of different miRNAs providing many possible seed sequences.

Are apoptotic caspases widely used to regulate gene expression?

Studies in various organisms suggest that usage of caspases to limit gene expression in
non-apoptotic process is unlikely to represent a rare phenomenon, but the broadness of
the usage may need to be addressed by systematic methods with both genetic and
biochemical approaches.

What other mechanisms underlie the differential recognition of non-apoptotic
targets from apoptotic targets by caspases?

The coupling between CED-3 and the Arg/N-end rule pathway shown by Weaver and
colleagues (2017) provided one likely mechanism. However, other mechanisms may also
exist because not all targets may be good Arg/N-end rule substrates.

How are tissue-specific functions differentially regulated?

Based on emerging findings, tissue-specific regulation is a wide-spread phenomenon.
Identifying upstream factors regulating the tissue-specific effectors has proven to be
particularly difficult.

How do genes acquire additional non-canonical functions?

This is difficult to understand fully since acquisition of a novel function cannot
compromise the original function. As a speculation, a non-miRNA gene, such as a
caspase, may drift in substrate recognition while a miRNA-based mechanism acts as a
buffer to ensure gene regulation of the relevant targets. The concept of miRNAs acting as
buffers has been previously considered as an analog to chaperones buffering mis-folded
proteins as discussed by Ebert and Sharp (2012). Conversely, it is also possible that the
non-miRNA-based mechanism may buffer regulation while a miRNA mechanism is
altered.
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Figure 1. Robustness within a miRNA pathway
Genes involved in functions downstream of LET-7 including sorting, targeting, and detection

of miRISCs were identified in an enhancer screen using a weak reduction-of-function allele
(see text). Reduction in each of these genes alone displayed no severe phenotype. When the
heterochronic function of LET-7-miRISC insufficiently limits LIN-41 levels, a burst vulva
phenotype is observed.
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Figure 2. Genetic redundancy due to potential parallel regulation by miRNAs and chromatin
factors on the same target genes

Synergistic phenotypes were observed for viable miRNA mutants when treated with RNAI
for various chromatin hub regulatory genes. It is also possible that the regulation by
chromatin regulators is indirect, mediated by other miRNAs.
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Figure 3. Potential redundancy between miRNAs and RNA binding proteins
RNA binding proteins (RBPs) may positively enhance the effects of miRNA regulation (first

scenario). This enhancement may involve physical interaction of the RBP with the miRISC
to upregulate its activity. Alternatively, RBPs may act in parallel to miRNAs by acting at a
different level of gene expression such as processing of mMRNA (second scenario).
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Figure 4. Convergent gene regulation by non-homologous genes at distinct levels of gene
expression

Two pathways acting at different levels of gene expression ensure robust biological
responses. In this example, miRNAs working in the miRISC complex negatively regulate
lin-28translation while CED-3 caspase (or LEP-2) function to proteolytically inactivate
LIN-28 protein already present.
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Key Figure: Figure 5. Robust gene expression dynamics ensured by convergent pathways
Transitioning from proliferative to differentiated states requires dynamic changes in gene

expression. (A) As an example from C. elegans, in the stem-like cell type, seam cells,
LIN-28 levels are rapidly downregulated toward the end of the second larval stage and
nearly absent by the middle of the third larval stage. Temporal expression patterns for
several other factors are also shown. When names differ, mammalian orthologs are indicated
in parentheses. (B) The miRNA pathway prevents production of additional LIN-28 protein.
*Multiple miRNAs, including LET-7 family members and LIN-4, collaborate within the
miRNA pathway. CED-3 caspase, coupled in a complex with Arg/N-end rule components
(ATE-1 and UBR-1), is able to recognize LIN-28 to downregulate the protein in a non-
canonical function that negatively regulates pluripotency. The collaboration between the
miRNA and caspase pathways in seam cells provides a tissue-specific function and dynamic
gene regulation. Other tissues utilize additional factors such as LEP-2.
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