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Abstract

Biological time keeping, or the duration and tempo at which biological pro-

cesses occur, is a phenomenon that drives dynamic molecular and morphologi-

cal changes that manifest throughout many facets of life. In some cases, the

molecular mechanisms regulating the timing of biological transitions are

driven by genetic oscillations, or periodic increases and decreases in expression

of genes described collectively as a “molecular clock.” In vertebrate animals,

molecular clocks play a crucial role in fundamental patterning and cell differenti-

ation processes throughout development. For example, during early vertebrate

embryogenesis, the segmentation clock regulates the patterning of the embryonic

mesoderm into segmented blocks of tissue called somites, which later give rise to

axial skeletal muscle and vertebrae. Segmentation clock oscillations are charac-

terized by rapid cycles of mRNA and protein expression. For segmentation clock

oscillations to persist, the transcript and protein molecules of clock genes must

be short-lived. Faithful, rhythmic, genetic oscillations are sustained by precise

regulation at many levels, including post-transcriptional regulation, and such

mechanisms are essential for proper vertebrate development.
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1 | INTRODUCTION

Many rhythmic biological processes are controlled by a molecular “clock,” in which one or more genes are expressed in
an oscillatory manner with a predictable period (Oates et al., 2012; Zhang et al., 2014). Such biological clocks have been
implicated in periodic root branching in Arabidopsis (Moreno-Risueno et al., 2010), the molting cycle in Caenorhabditis
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elegans (Kim et al., 2013), circadian rhythms in all diurnal and nocturnal species (Patke et al., 2020), the timing of
mitosis to tightly regulate cell proliferation and tissue morphogenesis (Evans et al., 1983; Murray, 2004), and tissue
patterning during somitogenesis, a fundamental vertebrate developmental process (Kageyama et al., 2012). While some
oscillatory networks, like the Kai cyanobacterial circadian clock and circadian redox clock, are driven solely by dynamic
post-translational modifications (Milev et al., 2018; Snijder & Axmann, 2019), other genetic oscillators are often regu-
lated by a negative feedback loop, in which a core oscillator gene encodes a transcriptional repressor that inhibits
expression of downstream oscillators, including its own gene; this ultimately confers cell-autonomous control of genetic
oscillations (Bessho, Miyoshi, et al., 2001; Brend & Holley, 2009; Patke et al., 2020; Shimojo et al., 2008; Webb
et al., 2016). At the beginning of each gene expression cycle, the core oscillating gene promoter is activated and pro-
duces oscillatory gene mRNA and protein. As oscillatory protein levels rise and reach a critical threshold, oscillatory
gene transcription is inhibited, preventing further production of mRNA and protein. As oscillatory mRNA and protein
are degraded over time, transcriptional repression is released, allowing for another cycle of expression to begin. Collec-
tively, this form of autoregulation can generate a self-sustained negative feedback loop (Bessho, Miyoshi, et al., 2001;
Brend & Holley, 2009; Patke et al., 2020; Shimojo et al., 2008; Figure 1a). Whereas circadian clocks oscillate for a period

FIGURE 1 Negative feedback loops and somitogenesis. (a) Negative feedback loop autoregulation. Core oscillators, often encoding

transcriptional repressors, participate in negative feedback loops to sustain autoregulatory genetic oscillations. Within each gene expression

cycle, segmentation clock mRNA and protein are produced in increasing amounts, and increased protein levels correspond to decreased

transcriptional activation as segmentation clock protein inhibits its own expression. As segmentation clock mRNA and protein are both

degraded, repression of segmentation clock gene expression is released, allowing for another cycle of expression to begin. Collectively, this

forms a self-sustained negative feedback loop. (b) Species-specific segmentation clock periods. Clock periodicity varies widely across

vertebrates. However, the tempo of oscillations corresponds to the timing of somite formation in all species. The examples shown are classic

hairy enhancer of split orthologs, but other genes also oscillate. The tempo of oscillations is determined by species-specific biochemical rates

of gene expression. (c) Oscillating PSM cells receive positional information from anterior–posterior gradients. Core segmentation clock

oscillators, like zebrafish her1, are expressed in the PSM and tailbud. As cells in the tailbud proliferate, the tailbud extends and cells become

displaced into the posterior PSM. Once in the posterior PSM, cells initiate robust oscillatory gene expression. These cell-autonomous

oscillations appear as traveling waves across the PSM from posterior to anterior (shown in blue), and are coordinated by Notch-mediated

cell–cell communication. At the determination front, which is established by opposing Fgf/Wnt and retinoic acid signaling gradients, cells

transition from a presomitic to a somitic cell state, and a new somite boundary is formed. Although negligible over just one oscillation, PSM

size changes over developmental time, gradually shrinking as the tailbud ceases to proliferate and somite formation continues. Image
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of 24 h to regulate the daily rhythms of many organisms and their organ systems (Patke et al., 2020; Reinke &
Asher, 2019), ultradian clocks with periods of less than 24 h, like the vertebrate segmentation clock, can cycle on the
order of minutes and require rapid and robust gene regulation.

Vertebrate segmentation, or somitogenesis, is a critical developmental process in which the embryonic mesoderm is
sequentially divided into segments, or somites, along with the head-to-tail axis of all developing vertebrate embryos. Somitic
cells organize to form the dermomyotome and sclerotome, which collectively form the mature trunk dermis, axial skeletal
muscle, and vertebral column (Christ et al., 1978, 1986; Keynes & Stern, 1988). The sequential formation of somites is
governed by a genetic oscillator called the segmentation clock, which is a network of genes that iteratively undergo waves
of expression in the presomitic mesoderm (PSM) to establish boundaries between adjacent somites. Segmentation clock
period is species-specific and varies across vertebrates (zebrafish, �30 min; chick, �90 min; mice, �2 h; human, �4–5 h;
Matsuda, Hayashi, et al., 2020; Matsuda, Yamanaka, et al., 2020; Palmeirim et al., 1997), and at the core of the segmenta-
tion, clock are transcriptional repressors encoded by the Hes/her gene family whose expression is oscillatory among all ver-
tebrates examined to date (Bessho, Sakata, et al., 2001; Oates & Ho, 2002; Palmeirim et al., 1997) (Figure 1b). Hes/her genes
sustain cell-autonomous clock oscillations through an autoregulatory negative feedback loop, which is widely regarded as
the evolutionarily conserved pace-making unit of the segmentation clock (Bessho, Sakata, et al., 2001; Oates & Ho, 2002;
Palmeirim et al., 1997). Additionally, other canonical Notch, Wnt, and Fgf pathway genes also oscillate in the PSM and
have been implicated in initiating and synchronizing segmentation clock oscillations to propagate waves of clock gene
expression across the PSM (Ay et al., 2014; Krol et al., 2011; Webb et al., 2016). An analogy to waves of clock gene expres-
sion is the “stadium wave”, where spectators, representing individual cells, generate coordinated rhythmic waves by briefly
standing up (transcriptional activation), raising their arms (transcript/protein production), sitting down (transcriptional
repression), and lowering their arms (transcript/protein decay) with a defined periodicity. In zebrafish embryos, Notch sig-
naling and oscillatory Notch ligand-encoding genes like deltaC, help coordinate the oscillation phase between neighboring
cells (Delaune et al., 2012; Mara et al., 2007; Soza-Ried et al., 2014). Similarly, the chick and mouse Notch pathway gene
Lunatic Fringe (LFNG/Lfng) oscillates in the PSM and is important for synchronizing segmentation clock dynamics and
patterning the anterior skeleton (Okubo et al., 2012; Shifley et al., 2008). Like Notch pathway genes, some Fgf and Wnt
pathway genes are periodically expressed, though the specific genes that oscillate in each pathway vary between species
(Hubaud & Pourquie, 2014; Krol et al., 2011; Mara & Holley, 2007). In a segmenting embryo, cells proliferate in the tailbud
and eventually become anteriorly displaced toward the posterior PSM (Kanki & Ho, 1997; Mara et al., 2007; Mara &
Holley, 2007). Once cells are in the posterior PSM, robust, cell-autonomous oscillatory expression of segmentation clock
genes initiates. As the tailbud extends and somites form, PSM cells interpret their shifting axial position relative to these
anterior and posterior landmarks using opposing signaling gradients or “wavefronts”: Fgf/Wnt signaling, which originates
posteriorly from the tailbud, and retinoic acid signaling, which originates anteriorly from formed somites. Together, these
gradients provide dynamic positional information to PSM cells (Aulehla & Pourquie, 2010; Hubaud & Pourquie, 2014).
Although not well understood, the period of molecular oscillation lengthens in the anterior PSM (Shih et al., 2015;
Soroldoni et al., 2014). In a region of the anterior PSM termed the “determination front”, where levels of both Fgf/Wnt and
retinoic acid signaling are low, PSM cells transition from a presomitic to somitic state, molecular oscillations cease, and a
mature somite is segmented from the PSM by the formation of a somite boundary (Aulehla & Pourquie, 2010; Hubaud &
Pourquie, 2014; Figure 1c).

In order for molecular oscillations to regulate the timing of somite formation, rates of each step in the oscillation, from
initial transcription and translation to decay, must be precisely regulated to ensure the correct size and number of somites
are produced for the respective organism (Gomez et al., 2008; Holley et al., 2000; Keynes & Stern, 1988; Lewis, 2003;
Matsuda, Hayashi, et al., 2020; Palmeirim et al., 1997; Schroter & Oates, 2010). The pace of genetic oscillations required to
sustain clock periodicity has been investigated computationally and experimentally, whereby the rates of different steps in
the gene expression pathway, from transcription, to splicing, to translation and decay, have been mathematically modeled
and/or experimentally perturbed to determine the relative contribution of each step on clock periodicity (Ay et al., 2014;
Giudicelli et al., 2007; Lewis, 2003). Computational and modeling studies predict that transcriptional and translational time
delays (the amount of time from transcription or translation initiation to the emergence of a mature mRNA or protein,
respectively) and degradation rates of both transcript and protein are the parameters that have the largest influence on
clock period (Ay et al., 2014; Giudicelli et al., 2007). Experimental evidence from in vivo studies assessing the impact of
timing of mRNA production, splicing, protein synthesis, and protein degradation closely mirrors in silico predictions
(Hirata et al., 2004; Hoyle & Ish-Horowicz, 2013; Palmeirim et al., 1997; Takashima et al., 2011). Importantly, it is widely
appreciated that transcriptional regulation alone is not sufficient to produce genetic oscillations. Real-time in vivo segmen-
tation clock reporters designed to recapitulate clock dynamics must not only contain critical transcriptional regulatory
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regions that drive oscillatory expression but must also contain features, typically 30UTR sequences and protein motifs, that
destabilize reporter mRNAs and proteins, respectively (Aulehla et al., 2008; Delaune et al., 2012; Masamizu et al., 2006;
Yoshioka-Kobayashi et al., 2020). These observations underscore that multiple post-transcriptional regulatory mechanisms
promote proper oscillatory expression.

Defects in segmentation clock gene expression that are sufficient to disrupt tissue-level clock periodicity can result
in defects in somite patterning, which is a phenotypic readout commonly employed in genetic and reporter-based stud-
ies that have characterized the molecular mechanisms regulating clock period. Loss of segmentation clock gene func-
tion across multiple vertebrate species results in severe segmentation defects, characterized by irregular somite
boundaries and fused vertebrae and ribs in juvenile and adult animals (Bessho, Sakata, et al., 2001; Choorapoikayil
et al., 2012; Henry et al., 2002). Human congenital skeletal defects, like spondylocostal dysostosis, have been attributed
to mutations in the human segmentation clock genes HES7, DLL3, and LFNG; therefore, segmentation clock oscilla-
tions are critical for muscle and axial skeletal organization (Bulman et al., 2000; Sparrow et al., 2006, 2008). Previously
published reviews have provided comprehensive examinations of cellular signaling pathways and transcriptional regu-
lation involved in coordinating segmentation clock oscillations (Hubaud & Pourquie, 2014; Kageyama et al., 2012;
Oates, 2020; Oates et al., 2012). For this review, we provide perspective on the current understanding of post-
transcriptional mechanisms governing the segmentation clock and highlight those that may be shared with other devel-
opmental timing and oscillatory gene expression processes.

2 | 3 0UTR-MEDIATED REGULATION OF SEGMENTATION CLOCK GENE
TRANSCRIPTS

mRNA stability, localization, and translation are commonly modulated by cis-regulatory elements or structural motifs
present within the untranslated regions (UTRs) of mRNAs (Jambor et al., 2015; Lau et al., 2010; Lecuyer et al., 2007;
Sandberg et al., 2008; Vejnar et al., 2019; Wu & Bartel, 2017). Importantly, trans-acting factors that bind 30UTR ele-
ments can influence mRNA fate depending on the affinity of the trans factor to the mRNA and the availability of other
interacting factors belonging to large, multivalent complexes that work in concert to degrade, stabilize, translocate,
and/or regulate translation of an mRNA (Arvola et al., 2020; Atasoy et al., 1998; Azuma-Mukai et al., 2008; Bulbrook
et al., 2018; Chou et al., 2006; Enwerem et al., 2021; Landthaler et al., 2008; Moraes et al., 2006; Park-Lee et al., 2003;
Pullmann et al., 2007). Multiple studies investigating post-transcriptional control of oscillating genes have demonstrated
the importance of 30UTR-mediated regulation, uncovering specific cis-elements and potential trans factors that modu-
late oscillatory gene transcript stability. Rapid mRNA clearance is crucial for the persistence of genetic oscillations, and
studying the role of specific regulatory motifs within oscillatory gene mRNA 30UTRs helps define post-transcriptional
mechanisms that promote molecular oscillations.

Reporter-based studies of segmentation clock transcript 30UTRs have been conducted to analyze the expression
dynamics of segmentation clock mRNAs in several vertebrate genetic model systems (Davis et al., 2001; Gallagher
et al., 2017; Hilgers et al., 2005; Nitanda et al., 2013; Riley et al., 2013; Tietz et al., 2020; Wahi et al., 2017). This was first
demonstrated in Xenopus laevis embryos for the segmentation clock gene hairy2a, whereby the expression patterns pro-
duced from reporter constructs containing different regions of the hairy2a gene were analyzed to identify the minimal
regions required to recapitulate the endogenous striped hairy2 expression pattern (Davis et al., 2001). Results from these
experiments revealed that the hairy2a 30UTR was necessary to reconstitute the endogenous expression pattern and drive
the rapid decay of reporter transcripts. Similar findings have been reported in zebrafish, mouse, and chick embryos
(Kawamura et al., 2016; Riley et al., 2013; Tietz et al., 2020; Wahi et al., 2017), and more recent studies have identified
specific cis-regulatory elements within segmentation clock gene mRNA 30UTRs that influence transcript stability (Riley
et al., 2013; Tietz et al., 2020; Wahi et al., 2017). These studies have motivated future experiments aimed at assessing
the role of specific mRNA regulatory factors on segmentation clock mRNA decay and translation, and thus, the tempo
of genetic oscillations.

2.1 | miRNA-mediated regulation of oscillatory expression

miRNAs are well-described small noncoding RNA molecules that negatively regulate gene expression by promoting
mRNA decay and/or repressing translation of their target transcript (Behm-Ansmant et al., 2006; Naeli et al., 2022;

4 of 20 BLATNIK ET AL.



Pillai et al., 2004, 2005). miRNA-mediated regulation has been implicated in a broad range of developmental processes,
including the maternal to zygotic transition in zebrafish and Xenopus embryos (Giraldez et al., 2006; Lund et al., 2009),
muscle differentiation (Goljanek-Whysall et al., 2011), and development of multiple organ systems (Ason et al., 2006;
Bhaskaran et al., 2009; Zhao et al., 2007). Previous studies have investigated the role of miRNA-mediated segmentation
clock regulation by identifying miRNAs expressed in the PSM of developing embryos and analyzing expression of
reporter genes containing segmentation clock gene 30UTRs in the presence and absence of specific miRNAs (Riley
et al., 2013; Wahi et al., 2017). miR-125a-5p is expressed in the PSM of chick and mouse embryos, and binding sites for
the miR-125a-5p seed sequence are present in the 30UTR of the oscillating gene Lunatic fringe (Lfng; Riley et al., 2013;
Wahi et al., 2017). Expression of a reporter gene containing either the chick or mouse Lfng 30UTR was strongly down-
regulated following exogenous overexpression of miR-125a-5p, and this effect was abrogated upon mutation of the puta-
tive miR-125 binding sites in both 30UTRs (Riley et al., 2013). In chick embryos, morpholino-mediated interference of
the miR-125a-5p:LFNG 30UTR interaction (Choi et al., 2007) resulted in defects in somite patterning and oscillatory
expression of endogenous segmentation clock genes (Riley et al., 2013). Surprisingly, CRISPR/Cas9 mutagenesis of
miR-125a-5p in mouse embryos had no observed effect on endogenous segmentation clock gene oscillatory expression,
and homozygous mutant embryos were morphologically wild type (Wahi et al., 2017). Collectively, these data suggest
that, while miR-125a-5p is able to regulate Lfng mRNA stability, closely related miRNAs or other trans-acting factors
may compensate for loss of function of miR-125a-5p and bind the Lfng 30UTR to regulate transcript decay. While the
exact role of miR-mediated regulation is not fully understood, computational models suggest that miR-125a-5p-
dependent decay is important for minimizing fluctuations and fine-tuning Lfng oscillatory expression (Jing et al., 2015).
Future experimental work assessing the impact of mutating the miRNA seed sequences in the endogenous Lfng 30UTR
will address the impact of miRNA-mediated regulation on Lfng expression and vertebrate segmentation.

Hes/her oscillatory expression is also involved in regulating neurogenesis, whereby oscillatory expression of the
mammalian Hes1 gene maintains a multipotent neural progenitor fate and facilitates the proliferation of neural stem
cells (Shimojo et al., 2008). During neuronal differentiation, Hes1 oscillations are terminated through downregulation
of Hes1 expression, promoting the expression of proneural genes (Hatakeyama et al., 2004; Ohtsuka et al., 1999), and
30UTR analyses have revealed that miRNA-mediated mRNA decay is important for regulating Hes1 expression in multi-
ple animal models. Specifically, deletion of the seed-complementary sequence for miR-9 in a mouse Hes1 30UTR-
containing luciferase reporter gene, which matches endogenous Hes1 oscillatory expression, significantly increased
Luciferase protein expression and reduced the number of reporter gene oscillations, compared to reporters carrying the
wild-type Hes1 30UTR sequence (Bonev et al., 2012). In addition, direct interference between miR-9 and the endogenous
Hes1 30UTR miR-9 seed sequence using oligonucleotides that bind the 30UTR increased endogenous Hes1 mRNA levels,
while miR-9 expression was unaffected (Bonev et al., 2012). Furthermore, overexpression of miR-9 showed a dampening
effect on endogenous Hes1 oscillatory expression in murine neural progenitor cells. Damped Hes1 oscillatory expression
ultimately leads to increased expression of proneural genes, causing premature neuronal differentiation (Ishibashi
et al., 1995; Tan et al., 2012). miR-9 overexpression and downregulation has been shown to disrupt oscillatory expres-
sion of zebrafish her6 and Xenopus hairy1 (hairy-related genes) in the neural progenitor cells of each species (Bonev
et al., 2011; Soto et al., 2020), indicating that miR-9-mediated regulation is highly conserved and important for sustained
oscillatory expression of neural stem cell maintenance genes.

To ensure cell-autonomous oscillatory expression, HES1 protein, in addition to repressing its own expression, also
represses transcription of pri-miR-9, forming a double-negative feedback loop (Bonev et al., 2012). As a result, peak
levels of HES1 protein correspond to low transcription of pri-miR-9, and conversely, pri-miR-9 expression is high when
HES1 protein levels are lowest, resulting in anti-phase oscillatory expression between HES1 protein and pri-miR-9 tran-
scripts. Thus, Hes1 and pri-miR-9 are observed to oscillate out of phase, which in turn sustains neural progenitor fate.
In mouse and chick PSMs, mature miR-125a-5p is expressed uniformly throughout the PSM, suggesting this miR is not
expressed in an oscillatory manner (Riley et al., 2013). However, many mature miRNAs are known to have relatively
high stability, whereas primary miRNAs are considered short-lived intermediates (Gantier et al., 2011). This is observed
for mature miR-9, which progressively accumulates over multiple cycles of pri-mir-9 transcriptional activation and is
speculated to reach a critical threshold to help ensure precise inhibition of Hes1 expression during neuronal differentia-
tion (Bonev et al., 2012). Thus, it would be interesting to determine whether pri-miR-125a is in fact transcribed in an
oscillatory manner, further elucidating the mechanism of miR-125a-5p-mediated oscillatory Lfng expression.

Despite the impact of miRNA overexpression and depletion on Lfng and other oscillating gene transcripts, miRNA-
mediated regulation is not universal for all segmentation clock mRNAs nor all vertebrate species. In cells expressing a
luciferase reporter gene containing the mouse Hes7 30UTR, overexpression of mir-125a-5p does not affect Luciferase
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mRNA or protein levels, compared to expression changes observed using the Lfng 30UTR (Riley et al., 2013). This indi-
cates that different segmentation clock gene mRNAs are subject to distinct mechanisms of post-transcriptional regula-
tion. Furthermore, despite the presence of predicted miRNA target sites in the zebrafish her1 30UTR, embryos that are
deficient in Dicer-dependent miRNA processing have a normal her1 expression pattern (Gallagher et al., 2017). A
broader investigation into additional post-transcriptional regulatory factors, such as the RNA binding proteins discussed
below, will further elucidate the molecular mechanisms involved in maintaining genetic oscillations during
development.

2.2 | Analyzing 30UTR-dependent segmentation clock gene mRNA decay dynamics
using inducible reporter assays

Oscillating gene transcript expression is dynamic. Because transcripts are repeatedly and rapidly transcribed and
degraded, discerning newly transcribed mRNAs from mRNAs that are actively being translated or have been marked
for decay becomes a major challenge, particularly in whole embryo lysates. Thus, analysis of steady-state segmentation
clock mRNA levels can confound interpretations of oscillating gene transcript dynamics. The advent of vertebrate PSM
cell culturing methods, in which stem cells are differentiated into PSM cells or PSM explants are cultured in vitro, can
allow techniques such as nuclear or transcriptional run-on assays in combination with transcriptional inhibitors to be
used in the future to measure segmentation clock mRNA decay rates (Diaz-Cuadros et al., 2020; Hubaud et al., 2017;
Matsuda, Yamanaka, et al., 2020; Webb et al., 2014). However, analysis of segmentation clock gene transcript dynamics
in whole embryos using chemical inhibitors can be complicated by (1) poor penetration or difficult delivery of transcrip-
tional inhibitors to segmenting embryos, and (2) the rapid nature of oscillatory expression, particularly in zebrafish,
that is on a time scale that is not amenable to inhibitor treatments, which can require 24 h of treatments for effective
transcriptional inhibition. Using inducible reporter assays has thus been instrumental in investigating mechanisms reg-
ulating segmentation clock transcript decay, as rapid and specific induction and inhibition of reporter mRNA in whole
embryos can overcome potential secondary effects introduced by global transcription inhibition (Figure 2a).

Inducible segmentation clock reporters were first introduced into chick embryos using the Tet-Off system (Gossen
et al., 1995; Hilgers et al., 2005). Using this technique, it was observed that the chick LFNG 30UTR confers rapid transcript
degradation, a feature observed for mouse Lfng as well (Nitanda et al., 2013). Early in vivo studies of segmentation clock
reporter dynamics relied on electroporation of Tet-Off inducible reporter constructs into segmenting embryos, followed by
reporter quantification post-induction. Transient introduction of reporter constructs is subject to variability due to mosai-
cism; therefore, transgenic lines carrying stably-integrated reporter constructs have recently been developed in zebrafish to
better quantify mRNA half-lives conferred by the zebrafish her1 and dlc 30UTRs in segmenting embryos (Tietz et al., 2020).
These experiments revealed that both transcript 30UTRs impose rapid degradation of reporter transcripts, consistent with
30UTR analyses conducted in other vertebrates (Davis et al., 2001; Nitanda et al., 2013; Riley et al., 2013), and suggest that
strong destabilizing cis-regulatory elements reside in segmentation clock transcript 30UTRs.

2.3 | RNA binding protein motifs and segmentation clock mRNA stability

RNA binding proteins (RBPs) that bind to their cognate binding elements in 30UTRs can recruit protein complexes that
modulate mRNA stability and translation (Casolaro et al., 2008; Chou et al., 2006; Pullmann et al., 2007; Shyu
et al., 1991; Vasudevan & Steitz, 2007). RNA-binding protein motifs are prevalent in 30UTR sequences; therefore, par-
titioning a full-length 30UTR into smaller regions for functional reporter analyses identifies critical elements that are
necessary and sufficient to promote mRNA decay (Figure 2b).

Using this deletion strategy for the her1 30UTR to generate lines carrying stably integrated inducible reporter con-
structs, it was discovered that the last 179 nts of the full-length 725 nt her1 30UTR is both necessary and sufficient to
rapidly destabilize reporter transcripts (Tietz et al., 2020). Comparison of the last 179 nts of the her1 30UTR and the full-
length dlc and her7 30UTRs for candidate RNA-binding protein motifs, revealed that AU-rich elements (AREs) and
Pumilio Response Elements (PREs) were shared among all three transcript 30UTRs. Importantly, these elements are
absent in regions of the her1 30UTR that lack decay-promoting activity in reporter assays. Both motifs are associated
with well-described negative regulators of mRNA expression, often promoting decay and repressing translation of their
target transcripts (Arvola et al., 2020; Bulbrook et al., 2018; Enwerem et al., 2021). AU-rich binding proteins (ARE-BPs)
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are a large family of RBPs that can both stabilize and promote decay of mRNA targets (Chou et al., 2006; Vasudevan &
Steitz, 2007), and in the case of decay, ARE-BPs have been shown to recruit specific members of the CCR4-Not (CNOT)
complex to initiate deadenylation of their target transcripts (Lai et al., 2003). Well-characterized destabilizing ARE-BPs
include the ARE/poly (U)-binding/degradation factors 1 (AUF1), tristetraprolin (TTP), and KH-type splicing regulatory
protein (KSRP; Briata et al., 2005; Gratacos & Brewer, 2010; Lykke-Andersen & Wagner, 2005; Sanduja et al., 2011).
Similar to ARE-binding proteins, Pumilio proteins are also known to regulate mRNA stability through recruitment of
the CNOT complex to target transcript 30UTRs (Arvola et al., 2020; Enwerem et al., 2021; Goldstrohm et al., 2006; Joly
et al., 2013; Van Etten et al., 2012; Weidmann et al., 2014). Single mutation of the ARE or PRE in the her1 30UTR
reporter moderately stabilized reporter transcripts, whereas mutation of both elements dramatically stabilized reporter
transcripts and led to >8-fold increased half-life relative to the unmodified full-length her1 30UTR reporter (Tietz
et al., 2020). Results from reporter assays suggest that the ARE and PRE cooperatively promote decay and that both
ARE and PRE-mediated decay is crucial for normal her1 post-transcriptional regulation.

RBP-mediated post-transcriptional regulation is implicated in several developmental processes, and misregulation
of RBP function can lead to drastic developmental defects (Brinegar & Cooper, 2016; Colegrove-Otero et al., 2005; Dash
et al., 2016; Giudice & Cooper, 2014; Prashad & Gopal, 2021). Pumilio function is critical during mouse embryonic
development, and loss of function of either Pum1 or Pum2 results in defects in neurogenesis (Siemen et al., 2011; Zhang
et al., 2017), and Pum1/Pum2 double knockout leads to embryonic lethality during gastrulation (Lin et al., 2018), pre-
cluding an analysis of PUM requirement during segmentation. Because the RNA binding domain, or Pumilio Homol-
ogy Domain is highly conserved among many species analyzed to date, from Drosophila, to fish, to mammals, and
binds to a specific, well-defined PRE sequence, candidate PUM-regulated mRNAs can be bioinformatically predicted
through the presence of PRE motifs (Goldstrohm et al., 2018). In contrast, ARE-BPs can recognize a variety of AU-rich
sequences distinct from the defined canonical ARE and thus, are harder to predict bioinformatically. Many genes in the
ARE-BP superfamily are expressed during embryogenesis across vertebrates (Briggs et al., 2018; Collins et al., 2019;
White et al., 2017), and loss of function studies in mouse embryos have demonstrated the requirement of multiple
ARE-BPs for proper development of several tissues and organ systems (Beck et al., 1998; Bell et al., 2006; Katsanou
et al., 2009; Stumpo et al., 2009). Furthermore, orthologs of many ARE-BP-encoding genes are expressed in the PSM
across multiple vertebrate species, suggesting that ARE-BPs may play a conserved regulatory role in segmentation clock
gene expression (Table 1). It is interesting to note that for the chick, mouse, and human LFNG 30UTRs, there is at least

FIGURE 2 In vivo reporter assays and 30UTR deletion analysis. (a) Inducible reporter systems and measuring mRNA decay rates.

Inducible reporter assays are utilized to measure and compare reporter transcript stability in the context of varied 30UTR sequences.

Depending on the promoter sequence used, these constructs can be chemically or heat shock-induced in segmenting embryos, when the

appropriate segmentation clock transcript regulatory factors are expressed. To calculate reporter transcript decay rates, RNA is extracted

from embryos collected at regular intervals post-induction and reporter mRNA is subsequently quantified across time points using real-time

PCR. (b) 30UTR fragmentation and reporter transcript decay analysis. Because 30UTR sequences are rich in motifs that may or may not

influence stability, the generation of a set of reporters containing varying portions of a 30UTR can help to identify smaller regions that

influence reporter stability. Upon identification of minimal regions that influence reporter stability, motif analysis followed by mutagenesis

of potential regulatory elements can uncover miRNA and/or RBP binding sites that are the primary regulators of mRNA stability. Image

created using Biorender.com
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one canonical ARE (UAUUUAU) present, with the chick LFNG 30UTR containing two AREs (Hilgers et al., 2005).
While these similarities may allude to potential shared mechanisms of segmentation clock mRNA decay, the difference
in the strength and number of motifs among different species' clock transcript 30UTRs may contribute to observed dif-
ferences in mRNA decay rates. Consistent with this idea, recent massively parallel reporter assays show that ARE and
PRE presence and number are frequently associated with rapid transcript decay in other contexts (Rabani et al., 2017;
Siegel et al., 2022). It is interesting to consider whether the presence and strength of destabilizing 30UTR elements in
segmentation clock gene transcripts contribute to species-specific oscillation periods.

2.4 | Functional role of segmentation clock transcript 30UTR-mediated post-
transcriptional regulation on somitogenesis

Reporter-based studies have advanced our understanding of molecular mechanisms that are important for 30UTR-
dependent mRNA regulation. However, whether disruption of 30UTR-mediated post-transcriptional regulation of seg-
mentation clock transcripts affects clock period and somitogenesis is not fully understood. This was serendipitously
addressed in one study using mouse embryos, initially conducted to observe the effect of increasing transcriptional
delay of Hes7 by lengthening the gene (Fujimuro et al., 2014). Knock-in of an exogenous 10 kb DNA fragment from a
human intron into a locus just downstream of the endogenous Hes7 stop codon and directly upstream of the Hes7
30UTR disrupted oscillatory Hes7 mRNA expression and severely reduced Hes7 protein levels in mouse embryos homo-
zygous for the insertion. Homozygous mutant neonates also exhibited segmental defects in their vertebrae and ribs,
similar to phenotypes observed in Hes7 null mice (Bessho, Sakata, et al., 2001). However, upon further examination of
the knock-in allele, it was discovered that the inserted human intron was retained in mature Hes7 transcripts and led to
premature poly-adenylation within the retained human intron, ultimately producing a Hes7 transcript that lacked the
endogenous 30UTR. The replacement of the endogenous Hes7 30UTR with an exogenous human sequence resulted in a
30% decrease in Hes7 mRNA and near undetectable levels of HES7 protein (Fujimuro et al., 2014), suggesting that loss
of critical regulatory elements in the Hes7 30UTR interfered with proper Hes7 oscillatory expression and somite pattern-
ing. More specifically, the miRNAs and/or RBPs needed to refine mRNA oscillatory expression would be unable to pro-
mote decay or regulate translation, leading to disruption of the negative feedback loop. Introducing motif-specific
mutations in endogenous 30UTR sequences and analyzing segmentation clock mRNA and protein expression will more
directly address the role of cis-regulatory element-dependent mRNA regulation on the tempo of clock oscillations.

3 | STIMULATORS OF mRNA DECAPPING AND DEADENYLATION ARE
REQUIRED FOR SUSTAINED SEGMENTATION CLOCK GENE mRNA
OSCILLATIONS

In the final stages of an mRNA lifetime in eukaryotic cells, translation is terminated and transcript degradation occurs
by either endonucleolytic cleavage (directed by small RNA species, like miRNAs and siRNAs; Gu et al., 2018) or 30 and
50 end processing, followed by exonucleolytic degradation. Deadenylation is widely regarded as the rate-limiting and
the first step to occur in deadenylation-dependent mRNA decay, followed shortly by either 30 to 50 exonucleolytic decay
by the exosome or, more commonly, removal of the 50m7G cap and 50 to 30 Xrn1-mediated exonucleolytic decay

TABLE 1 ARE-BP expression in vertebrate PSMs or cultured PSM cells

Species ARE-BP encoding genes expressed in PSM (or cultured PSM cells)

Zebrafish (PSM) elavl1a, elavl1b, hnrnpd, hnrnpdl, khsrp, tia1, tia1l, tial1, zfp36l1a, zfp36l1b, zfp36l2 (Rauch et al, 2003; Thisse
et al, 2004; Thisse & Thisse, 2004; Wagner et al, 2018)

Xenopus (PSM) elavl, hnrnpd, hnrnpdl, khsrp, tia1, zfp36l1, zfp36l2 (Gawantka et al., 1998; Treguer et al., 2013; Briggs
et al., 2018)

Mouse (PSM) Elavl1, Hnrnpd, Khsrp, Tia1, Tial1 Zfp36l1, Zfp36l2 (Diaz-Cuadros et al., 2020)

Human (Cultured
PSM cells)

ELAVL1, HNRNPD, KHSRP, TIA1, TIAL, ZFP36L1, ZFP36L2 (Diaz-Cuadros et al., 2020)
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(Muhlrad et al., 1994; Yamashita et al., 2005; Zheng et al., 2008). Both of these processes, if left unhindered and
unaided, would occur at a rate determined only by the length of the poly (A) tail and relative strength of the decapping
and deadenylation complex protein interactions with the mRNA (Steiger et al., 2003). However, for transcripts targeted
for rapid decay, specific activators and RNA binding proteins facilitate rapid transcript turnover by recruiting or
increasing the activity of decapping and deadenylation complexes (Fenger-Gron et al., 2005; Muhlrad et al., 1994;
Nissan et al., 2010; Shyu et al., 1991). In fact, overexpression of a dominant-negative form of Cnot7, a member of the
CCR4-NOT deadenylase complex, in zebrafish embryos disrupts segmentation clock transcript oscillatory expression
and somite patterning (Fujino et al., 2018). Due to the dynamic expression of segmentation clock transcripts, it is rea-
sonable to predict that activators of mRNA decay or factors that sequester mRNAs from the translation machinery are
likely important for ensuring normal clock periodicity is maintained. A few such factors, described below, have been
identified and characterized with respect to their role in segmentation clock post-transcriptional regulation.

3.1 | Highly conserved deadenylation activators promote decay of segmentation
clock-associated transcripts

The RNA binding protein Celf1 (CUGBP [CUG binding protein] Elav-like Family Member 1), also known as Embryo
Deadenylation ElemeNt Binding Protein (EDEN-BP), is an activator of deadenylation and is known to promote rapid
mRNA decay of its target transcripts (Figure 3; Cibois et al., 2010, 2013; Gautier-Courteille et al., 2004; Moraes
et al., 2006; Rattenbacher et al., 2010). It preferentially binds to GU-rich elements but has also been shown to bind
AU-rich elements (Moraes et al., 2006; Paillard et al., 2002; Vlasova et al., 2008). Loss of Celf1 activity drastically
increases the abundance of polyadenylated ARE-containing Celf1-target mRNAs in vitro, likely due to direct interaction
between Celf1 and the deadenylase Poly (A)-specific ribonuclease (PARN; Moraes et al., 2006). In Xenopus embryos,
Celf1-dependent deadenylation is active during early embryogenesis and celf1 expression is enriched in the paraxial
mesoderm and PSM during somitogenesis (Gautier-Courteille et al., 2004). Both in vitro and in vivo UV cross-linking
experiments demonstrated that Celf1 protein directly binds the 30UTR of rbpj [recombination signal binding protein for
immunoglobulin Kappa J region, also known as suppressor of hairless, su (H)] (Gautier-Courteille et al., 2004). rbpj,
which does not oscillate, is an important modulator of segmentation clock gene expression in Xenopus, and segmenta-
tion is impaired upon direct interference between the Celf1:rbpj mRNA interaction (Cibois et al., 2010). The rbpj 30UTR
confers rapid Celf1-dependent deadenylation of reporter transcripts, and morpholino-mediated knockdown of celf1 in
Xenopus embryos increases the stability of endogenous rbpj mRNA (Gautier-Courteille et al., 2004). In contrast,
Xenopus oscillating genes hairy2a and esr9 are not direct targets of Celf1, suggesting that other mechanisms of segmen-
tation clock transcript decay exist to collectively promote segmentation clock mRNA oscillations.

One class of ARE-binding proteins, encoded by the zfp36 gene family (factors also known as TTP or Tis-11), was
found to negatively impact the expression of oscillatory genes esr5 and hairy2a and disrupted somite patterning when
overexpressed in Xenopus embryos (Treguer et al., 2013). Human ZFP36 and its related proteins, ZFP36L1 and
ZFP36L2, are known to directly bind mRNA and repress translation by promoting deadenylation-dependent mRNA
decay (Carballo et al., 2000; Moore et al., 2018; Mukherjee et al., 2014). ZFP36 can promote deadenylation through
recruitment of the CNOT deadenylase complex, via direct interaction with CNOT9, or recruitment and activation of
PARN (Figure 3; Bulbrook et al., 2018; Lai et al., 2003). Direct interactions have also been observed between human
ZFP36 and the decapping factors, DCP1A and DCP2, and this interaction enhances the decapping of ARE-containing
mRNAs in vitro (Fenger-Gron et al., 2005). It is important to note that in contrast to segmentation defects that arise
from zfp36 overexpression, morpholino-based knockdown of zfp36 expression in Xenopus embryos does not cause overt
segmentation defects (Treguer et al., 2013), and this may be due to redundant functions of other RBPs and/or incom-
plete zfp36 knockdown. Nevertheless, it is intriguing to consider the impact of Zpf36-mediated turnover of segmenta-
tion clock transcripts, and whether other RNA binding proteins may act in parallel to enhance deadenylation and
promote mRNA decay.

3.2 | Pnrc2, an enhancer of decapping, is required for segmentation clock transcript
turnover

In wild-type embryos, a striped pattern of segmentation clock mRNA expression is observed in the PSM at a fixed point
in time, which arises due to coordinated oscillations of adjacent cells along with the anterior–posterior axis. In a

BLATNIK ET AL. 9 of 20



forward genetic screen carried out in zebrafish to identify regulators of segmentation clock gene expression, the tortuga
deficiency allele was recovered, which when homozygous, displays defects in expression of segmentation clock tran-
scripts her1, her7, dlc, and other segmentation clock-related transcripts (Dill & Amacher, 2005). Rather than typical,
striped expression, tortuga mutant embryos exhibit uniform her1 and dlc mRNA expression throughout the PSM. This
misexpression phenotype arises due to a defect in the clearance of segmentation clock transcripts that occurs when the
function of proline-rich nuclear receptor coactivator 2 (pnrc2), a gene deleted in the tortuga deficiency, is lost (Gallagher
et al., 2017). In human cultured cells, PNRC2 has been described as a mediator between the nonsense-mediated mRNA
decay (NMD) and mRNA decapping complexes, specifically via its interactions with the NMD factor UPF1 and
decapping complex protein DCP1A (Cho et al., 2009, 2013, 2015; Lai et al., 2012; Mugridge et al., 2016). Regions of the
human PNRC2 protein important for PNRC2:DCP1A and PNRC2:UPF1 interactions show high sequence conservation
with zebrafish Pnrc2 (Gallagher et al., 2017). In human cell culture, specific mutations within regions encoding the con-
served SRC-homology (SH3) domain and NR-box of human PNRC2 disrupt binding to DCP1A and UPF1, respectively,
which in turn leads to stabilization of reporter mRNA (Lai et al., 2012). Similarly, rescue experiments demonstrate that
expression of zebrafish Pnrc2 containing the orthologous mutations within the SH3 domain and NR-box does not res-
cue her1 expression defects when introduced into pnrc2 mutant embryos, in contrast to wild-type Pnrc2 which fully
restores wild-type her1 expression in pnrc2 mutant embryos (Tietz et al., 2020). Morpholino-mediated depletion of upf1
enhances the effects of pnrc2 depletion on her1 expression, suggesting that Upf1 facilitates Pnrc2-mediated decay
(Gallagher et al., 2017). However, additional biochemical evidence is needed to confirm whether direct interactions
between Pnrc2 and other mRNA processing and decay factors are required for segmentation clock transcript decay.

Although the loss of Pnrc2-dependent segmentation clock mRNA decay in zebrafish embryos increases transcript
stability and abundance, corresponding protein levels do not appear to be increased, compared to wild-type embryos
(Gallagher et al., 2017; Tietz et al., 2020). Consistent with normal segmentation clock protein expression, pnrc2 mutant

FIGURE 3 Activators of deadenylation promote rapid mRNA decay. Both CELF1/EDEN-BP and ZFP36 proteins promote

deadenylation-dependent decay by binding 30UTRs of target transcripts and recruiting deadenylation factors. CELF1/EDEN-BP has been

shown to directly bind transcript 30UTRs and recruit the polyA ribonuclease (PARN) to promote rapid transcript deadenylation in Xenopus

embryos. Additionally, ZFP36 proteins bind AU-rich elements within transcript 30UTRs and promote deadenylation through recruitment of

PARN or the CCR4-NOT complex via CNOT9. Both RNA binding proteins have been shown to regulate segmentation clock transcript

stability, and further biochemical evidence will determine whether these precise interactions are also important in the context of

segmentation clock transcript deadenylation and decay. Image created using Biorender.com
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embryos form normal segments despite excess her1 mRNA, in contrast to earlier her1 overexpression studies that
resulted in somite patterning defects (Giudicelli et al., 2007; Takke & Campos-Ortega, 1999). Exogenous overexpression
of her1 mRNA through microinjection or heat-shock induction (Giudicelli et al., 2007; Takke & Campos-Ortega, 1999)
may overwhelm the mRNA decay and/or translational repression machinery, resulting in increased translation of seg-
mentation clock protein and disruptions in clock periodicity. Additionally, it is unclear whether exogenously expressed
her1 transcripts contain the complete suite of cis-elements that are required to fully recapitulate endogenous her1 post-
transcriptional regulation. By contrast, the accumulation of endogenous her1 transcripts as a result of loss of
Pnrc2-mediated mRNA decay has alluded to the importance of translational regulation of segmentation clock tran-
scripts. Elucidating the translation status and poly-adenylation state of accumulated transcripts in pnrc2 mutant
embryos will determine whether stabilized transcripts exist as decay intermediates or are actively translationally
repressed by yet unindentified translational regulatory factors.

4 | TRANSLATIONAL REGULATION OF OSCILLATORY GENE
EXPRESSION

In order for segmentation clock oscillations to be sustained, the proteins encoded by core segmentation clock genes
need to be degraded rapidly so that negative feedback loop-mediated oscillatory expression is maintained (Hirata
et al., 2004). The importance of HES7 protein instability in the mouse segmentation clock was demonstrated in mouse
embryos that express a mutant HES7 protein that has an increased half-life, but otherwise functions like wild-type
HES7 protein (Hirata et al., 2004). Mouse embryos expressing mutant Hes7 exhibited normal oscillations during early
somitogenesis; however, after forming 3–4 normal somites, mutant embryos had fused somites, coinciding with seg-
mentation clock gene mRNA and protein expression defects. On a molecular level, one would predict that stabilizing
segmentation clock protein would prolong transcriptional repression of segmentation clock gene transcription. This
would effectively dampen oscillations with each successive period and eventually perturb segmentation clock periodic-
ity, resulting in somite patterning defects. The emergence of morphological phenotypes observed in the Hes7 mutant
mouse embryos demonstrates a direct relationship between protein stability and segmentation clock periodicity. In con-
trast, increases in endogenous segmentation clock mRNA stability, as observed upon loss of Pnrc2-mediated decay in
zebrafish embryos, do not lead to overt segmentation defects. These observations indicate a robust post-transcriptional
mechanism of mRNA regulation exists to fine-tune the expression of oscillatory gene transcripts.

The importance of translational regulation of gene expression, particularly at the nexus between translational repres-
sion and mRNA decay, is well appreciated (Decker & Parker, 2012). A well-described model of translational regulation
posits that RBPs and/or miRNAs that suppress the expression of target mRNAs can inhibit their translation and shuttle
transcripts to cytoplasmic loci, such as processing bodies (P-bodies), which consist of several ribonucleoprotein compo-
nents, including mRNA processing and decay complex proteins (Decker & Parker, 2012; Hubstenberger et al., 2017). Trans-
criptomic analysis of purified P-bodies showed that mRNAs enriched in P-bodies collectively encode proteins that act as
regulatory switches among different biological processes, including RNA processing, cell division, differentiation, and devel-
opment (Hubstenberger et al., 2017). P-body enriched mRNAs are also correlated with poor translation efficiency, com-
pared to mRNAs that are not enriched in P-bodies (Hubstenberger et al., 2017). Intuitively, these findings are not
surprising, since the dynamics of cell division and fate specification processes, like somitogenesis and neurogenesis, are
characterized by rapid and highly regulated gene expression transitions. Translational repression has been described as a
method of regulation of the plant circadian clock (Juntawong & Bailey-Serres, 2012; Missra et al., 2015), and may also be
an efficient method of facilitating rapid downregulation of segmentation clock gene expression. Computational studies
aimed at understanding the critical parameters needed to sustain autoinhibitory transcriptional feedback loops, such as the
Hes/Her network, have shown that a translational time delay is particularly important for modulating the oscillation period
(Ay et al., 2014; Murray et al., 2021). Specifically, a mathematical model that includes translational time delays to accurately
model oscillation dynamics is consistent with the idea that there are translational repressive factors that help to refine the
negative feedback loop so that oscillations are maintained properly (Murray et al., 2021). Importantly, experimental evi-
dence derived from studies investigating cis-regulatory elements that promote decay of oscillatory gene transcripts has
alluded to putative translational regulatory factors (Bonev et al., 2012; Riley et al., 2013; Tietz et al., 2020).

In addition to their association with mRNA decay, RBPs, like Pumilio and ARE-BPs, and miRNAs also have well-
described roles in translational regulation. miRNAs have been shown to regulate translation at multiple steps, including
translation initiation and elongation (Fabian et al., 2010). Pumilio proteins are known to regulate translation by directly

BLATNIK ET AL. 11 of 20



inhibiting the binding of PABP (poly (A)-binding protein) to a target mRNA (Chritton & Wickens, 2011; Van Etten
et al., 2012; Weidmann et al., 2014). Additionally, ARE-BPs including TIA1 (Tia1 Cytotoxic Granule-associated RNA
Binding Protein) and TIAR [encoded by TIAL1 (Tia1 Cytotoxic Granule-associated RNA Binding Protein-like 1)], have
been found to inhibit translation initiation of immune response and cancer-associated mRNAs (Dixon et al., 2003;
Gueydan et al., 1999; Piecyk et al., 2000). Expression analysis of segmentation clock gene mRNA and protein levels
upon miRNA misregulation in mouse embryos (Riley et al., 2013; Wahi et al., 2017), and loss of Pnrc2-mediated decay
in zebrafish embryos (Gallagher et al., 2017; Tietz et al., 2020) suggest the translation of segmentation clock mRNAs is
tightly regulated. Further exploration into translational regulatory control mechanisms of segmentation clock tran-
scripts will fill the current knowledge gap that exists in our understanding of post-transcriptional regulation of oscilla-
tory gene expression.

5 | CONCLUSION AND PERSPECTIVES

Rapid changes in gene expression are hallmarks of many developmental processes, some of which are observed as early
as a few hours post-fertilization, such as the maternal to zygotic transition (MZT; Vastenhouw et al., 2019). Prior to the
onset of zygotic transcription, the development of metazoan embryos, particularly for animals that develop externally,
relies on maternally provided gene products. As development proceeds, zygotic genome activation requires rapid clear-
ance of maternal transcripts, marking the initiation of MZT (Vastenhouw et al., 2019). In Xenopus oocytes, Celf1/
EDEN-BP suppresses the expression of maternally deposited transcripts by promoting rapid deadenylation (Ezzeddine
et al., 2002). Human CELF1/CUGBP1 protein sequence is 88% identical to Xenopus EDEN-BP, and recombinant human
CELF1/CUGBP1 can directly bind and rapidly deadenylate Xenopus maternal transcripts in Xenopus egg extracts
(Ezzeddine et al., 2002; Paillard et al., 2003). Post-transcriptional mechanisms of maternal mRNA decay have also been
explored on a global scale in zebrafish embryos, in which a massively parallel reporter-based study investigating 30UTR
elements that drive rapid degradation of maternally provided transcripts identified three predominant motifs driving
decay of a subclass of transcripts: miR-430 seed sequences, AREs, and PREs (Rabani et al., 2017). It is interesting to
posit that these large-scale mRNA decay programs have been co-opted for use in other developmental processes which
require robust and rapid modulation of mRNA expression, like in the case of the segmentation clock, and that the func-
tions of key mRNA regulatory proteins are highly conserved. Post-transcriptional regulation is a key mechanism to
ensure proper developmental transitions, and critical regulatory factors may be re-utilized throughout embryogenesis
to quickly clear progenitor-associated gene products and facilitate progression into more differentiated states. Future
studies will further define the post-transcriptional regulatory program that ensures proper control of developmental
timing and to what extent these mechanisms are conserved.

Genetic oscillations are utilized throughout development to ensure that the timing of tissue growth and patterning
is properly coordinated. In this review, we have summarized evidence of post-transcriptional control of segmentation
clock gene expression from studies conducted across vertebrates, revealing robust regulation of mRNA expression. The
combination of 30UTR-interacting factors, deadenylation activators, and decapping enhancers facilitates precise regula-
tion of mRNA oscillations, which in turn promotes oscillatory expression, a critical feature for the maintenance of stem
cell fate. In segmenting embryos, Hes/her oscillations initiate in the posterior PSM and continue as cells are displaced
anteriorly. Once cells are positioned at the determination front in the anterior PSM, oscillatory expression ceases, coin-
ciding with pre-somitic to somitic cell differentiation and the formation of a somite boundary (Gomez et al., 2008; Shih
et al., 2015). Dynamic expression of Hes1 is also associated with progenitor fate in neural stem cells, and the termina-
tion of Hes1 oscillatory expression promotes neuronal differentiation (Shimojo et al., 2008). The question of whether
the cessation of genetic oscillations is a consequence or cause of cell differentiation, and how post-transcriptional regu-
lators play a role in this transition, is a topic of interest among researchers studying stem cell determination processes
(Hatakeyama et al., 2004; Momiji & Monk, 2009; Ohtsuka et al., 1999; Shimojo et al., 2008, 2016; Van Norman
et al., 2013). Future studies aimed at uncovering the post-transcriptional mechanisms involved in regulating genetic
oscillations will provide further insight into the regulation of cell fate specification across development.
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