Investigating the Rapid Clearance of Oscillating Transcripts during

Vertebrate Segmentation

Dissertation

Presented in Partial Fulfillment of the Requirements for the Degree Doctor of
Philosophy in the Graduate School of The Ohio State University
By
Kiel Tietz, B.S.

Graduate Program in Molecular, Cellular, and Developmental Biology

The Ohio State University

2019

Dissertation Committee
Sharon L. Amacher, PhD., Advisor
Susan E. Cole, PhD.
Guramrit Singh, PhD.

James D. Jontes, PhD.



Copyrighted by
Kiel Tietz

2019



Abstract

Vertebrate segmentation is regulated by the segmentation clock, a
biological oscillator that controls periodic formation of embryonic segments. This
molecular oscillator generates cyclic gene expression in the tissue that generates
somites and has the same periodicity as somite formation. Molecular
components of the clock include the Hes/her family of transcriptional repressors,
but additional transcripts also cycle. Maintenance of oscillatory gene expression
requires that transcriptional activation and repression, RNA turnover, translation,
and protein degradation are rapid (one cycle is 30 minutes in the zebrafish). Little
is known about post-transcriptional control of cyclic transcripts during
somitogenesis and my work employs genetic and biochemical approaches to
better understand rapid cyclic transcript turnover.

The lab previously isolated a zebrafish segmentation clock mutant,
tortuga, that has elevated levels of cyclic transcripts. Loss of proline-rich nuclear
receptor coactivator protein Pnrc2 is responsible for cyclic transcript
accumulation in fortuga deletion mutants and a new pnrc2 loss-of-function
mutant displays an identical phenotype (Chapter 2). The her1 3’'UTR confers
instability to otherwise stable transcripts in a Pnrc2-dependent manner indicating

that the 3’'UTR of cyclic transcripts is critical for Pnrc2-mediated decay.
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Interestingly, cyclic protein levels do not accumulate in pnrc2-deficient embryos,
suggesting that stabilized cyclic transcripts are not efficiently translated and that
translation may be controlled by an additional post-transcriptional mechanism.
Together, these findings demonstrate Pnrc2 regulates cyclic transcript turnover
though 3’'UTR interactions and suggests another level of post-transcriptional
regulation maintains proper oscillations of cyclic genes in pnrc2 mutants during
somitogenesis.

To identify her1 3'UTR cis-regulatory elements critical for Pnrc2-mediated
decay (Chapter 3), | show the last 179 nucleotides of the 725 nt her1 3UTR is
sufficient and necessary to confer Pnrc2-dependent rapid instability to reporter
transcripts. Additionally, | show the 3'UTR of the deltaC (dlic) cyclic transcript also
confers Pnrc2-mediated decay. | hypothesize that mechanisms regulating cyclic
transcript turnover are shared among cyclic transcripts and have identified two
putative decay-inducting motifs that are present in the destabilizing 179 nt region
of the her1 3UTR and are conserved in the dic 3’'UTR, a Pumilio response
element (PRE) and a AU-rich element (ARE). | show here the PRE and ARE of
the her1 3'UTR functions in the turnover of reporter transcripts. These results
suggest Pnrc2 may function with Pumilio, a known decay factor, to regulate the
rapid turnover of cyclic transcripts during somitogenesis. My work explores
mechanisms regulating oscillation dynamics during vertebrate segmentation and
will further our understanding of pathways that control post-transcriptional gene

regulation.
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Chapter 1: Introduction

1.1 Somitogenesis

Somitogenesis is a conserved process that governs the organization of
the adult body of many species. The formation of somites (segments) is
important for development of all vertebrate species as somites give rise to the
vertebral column, ribs, skeletal muscle, cartilage, and tendons. This
developmental process is critical for proper locomotion of the species and
defects in somitogenesis can lead to severe immobility'2. Somites are bilaterally
paired blocks of mesoderm that form sequentially along the anterior-posterior
axis of the developing embryo (Figure 1.1A). They mature from an area of
mesenchymal cells termed the presomitic mesoderm (PSM). A region of
multipotent cells called the tailbud, forms the posterior-most part of the vertebrate
embryo, and is the source of PSM cells. As the embryo elongates, cells from the
tailbud are continuously displaced into the posterior PSM; anteriorly, PSM cells
become incorporated into forming somites (Figure 1.1B)34. Thus, cells transition
through the PSM as immature mesoderm progenitors in the posterior and
develop to more mature cells in the anterior. The progression of cell
differentiation is regulated by cellular oscillations and a permissive gradient of

gene expression across the PSM (Figure 1.1C). Cyclic expression of various key
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segmentation genes is required for proper segmentation®°7 and it is one of many

examples of genetic oscillators regulating cell fate.

A Zebrafish somitogenesis

12 somites 15 somites 18 somites 21 somites 24 somites
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Figure 1.1. Anatomy of the rhythmic and sequential segmentation process.
(A) Advancing stages of zebrafish embryo somitogenesis, lateral view. Somites
bud sequentially from the posterior unsegmented tissue: the pre-somitic
mesoderm (PSM, blue line). The position of the last formed somite is indicated
with an arrow. Embryonic growth and the segmentation process are coordinated.
(B) Dorsal view of the posterior of a segmenting vertebrate embryo. Somites form
in pairs on each side of the notochord. (C) The Clock and Wavefront mechanism
of vertebrate segmentation. The Clock consists of oscillating gene expression in
the PSM (blue) and the Wavefront by a posteriorly-moving front that arrests the
oscillations of the Clock. Resulting segments (red/white) have a length that is
determined by the period of the Clock multiplied by the regression velocity of the
Wavefront. (Figure from Oates et al, 2012. This figure was approved for use by
Company of Biologists)



1.2 Human defects in somitogenesis

In humans, disruption of somitogenesis is linked to diseases such as
Alagille syndrome (AGS) and spondylocostal dysostosis disorders (SCDO). AGS
is a developmental disorder that occurs in at least 1:70,000 live births and has
variable expressivity'2. Individuals with AGS display skeletal deformities such as
butterfly vertebrae. Mutation of the Notch ligand gene Jagged1 is mapped to the
AGS critical region and deletion of a single JAG1 allele is sufficient for AGS to
present, suggesting disruption of Notch signaling during somitogenesis may play
a role in vertebral segmentation defects observed with AGS8°. SCDO is a group
of disorders characterized by short trunk dwarfism with vertebral segmentation
defects along the entire spinal column. Individuals with SCDO can display
butterfly vertebrae and may also have increased or decrease number of total
vertebrae. Like AGS, many cases of SCDO are caused by mutation of genes
involved in the Notch signaling pathway'%-12. Both these diseases are linked to
disruption of genetic oscillations in the Notch pathway and illustrate a need to
better understand mechanisms by which genetic oscillators function.

1.3 Genetic oscillation in biological systems

Rhythms of gene expression are present in a large array of cellular
events. The circadian clock, neuronal differentiation, and segmentation are some
of the many examples. While gene expression is rhythmic in each of these

processes, the periodicity of the gene expression can vary vastly. One of the



most well-studied examples of biological oscillation is the circadian clock. The
circadian clock coordinates physiology and behavior of an organism on a 24-hour
time scale. In mammals, molecular expression of transcriptional activators such
as CLOCK (circadian locomotor output cycles kaput) and BMAL1 (brain and
muscle ARNT-like 1) and repressors PER (period) and CRY (cryptochrome)
function in two interlocking transcription/translation feedback loops to produce
robust rhythms of gene expression'®'4. The rhythmic expression of these
circadian genes coordinates the organism’s internal response to external stimuli
such as light, and it has been found that between 2 and 10% of the total genome
is transcribed in a circadian manner in various mouse tissues'>'” emphasizing
the importance oscillatory expression holds in biology.

Differentiation of neurons is another example of regulation by biological
oscillation. In mice, high concentrations of Hes1 maintain a progenitor state in
dividing neural progenitors by repressing proneural genes. Low amounts of Hes1
allow proliferation but permit differentiation away from the progenitor state. This
balance of neuronal cells between a progenitor and non-progenitor state is
accomplished through oscillation of Hes1 in neuronal cells every 2-3 hours'®.
This oscillatory expression of Hes1 allows cells to balance between the two
states without commitment to a single fate and illustrates regulation of cellular
differentiation by genetic oscillation.

Segmentation is another well-studied process by which genetic oscillators

play a critical role. Expression of various cyclic genes in the PSM comprises the



segmentation clock and functions with a molecular Wavefront to coordinate the
differentiation of cells in the PSM (Figure 1.1C). This mechanism was first termed
the Clock and Wavefront model by Cooke and Zeeman in 1976 and is still the
most widely accepted model for regulation of segmentation.

1.4 The Clock and Wavefront model

The Clock and Wavefront model is described as the mechanism by which
vertebrate models regulate the formation of segments during somitogenesis. The
‘Clock’ consists of molecular oscillations that keep neighbor cells in a
synchronized state while the ‘Wavefront’ moves across the PSM, arresting cells
that are in the permissive oscillation phase and driving differentiation'®?°. The
first molecular evidence of the ‘Clock’ was discovered 1997 when the first
oscillating (“cyclic”) gene was identified in chick embryos?'. In this study, the
authors discovered that an avian homolog of the Drosophila segmentation gene
hairy oscillated within the chick PSM and oscillation periodicity was the same as
the periodicity of somite formation. The gene was named c-hairy1 and was the
first direct evidence for a developmental clock linked to segmentation. This
developmental clock would later be termed the segmentation clock as homologs
of the hairy1 gene were found in mouse, fish, frog, and snake??-26.

The Wavefront is defined as the intersection of two opposing gradients:
Fgf8, Fgf4, and Wnt3a are expressed in the tailbud and decrease anteriorly and
retinoic acid is expressed in formed somites and decreases posteriorly?’-3°, As

somites form from anterior to posterior and the tailbud grows posteriorly, the



wavefront also shifts posteriorly. The continual movement of the tailbud
posteriorly creates a gradient of expression such that cells positioned more
posterior in the PSM have strong levels of Fgf8 and cells more anterior in the
PSM have weaker presence of Fgf8. In mouse and chick, Fgf8 is transcribed in
the tail bud and progressive decay of Fgf8a mRNA and presumably Fgf4 and
Wnt3a mRNA in the PSM generates the posterior gradient?”:3°. When cells in the
permissive phase of the segmentation clock contact the Wavefront, they undergo
cellular differentiation and form mature somites.

The Clock and Wavefront function together to repeatedly coordinate the
formation of segments along the anterior-posterior axis of the developing
embryo. Disruption of the Wavefront through manipulation of WNT and FGF
ligands in the PSM affects the position of somite boundaries?’-2%3", Disruption of
key segmentation clock genes such as her1 and her7 in zebrafish or Hes7 in
mice have also been shown to disrupt somite boundary formation®7:32-35, These
data emphasize the importance of both the segmentation clock and Wavefront in
regulating the formation of segments in vertebrate species and motivates studies
to better understand molecular mechanisms that govern these processes.

1.5 Components of the segmentation clock:

Since the discovery of c-hairy1, many genes with oscillatory expression
have been identified and segmentation clock dynamics have been well-studied in
the zebrafish and mouse systems®#. The mouse c-hairy? homolog Hes7 and

zebrafish c-hairy1 homologs her1 and her7 cycle dynamically in the PSM of each



species respectively®23:3336.37 These genes encode basic helix-loop-helix
transcriptional repressors and oscillate through a negative feedback loop in
which the Hes/Her protein inhibits its own transcription®6-3°. The period of the
oscillation at the Wavefront defines somite size, and each species has a specific
periodicity as zebrafish form a new somite pair every 30 minutes, chick every 90
minutes and mice every 2 hours?®. Once an oscillation is completed, boundaries
of elongating somites are formed and prolonged or shortened oscillation of the
Hes/her genes can increase or decrease somite size respectively (Figure
1.1C)73435, The expression cycle of these genes initiate in tailbud cells and then
continues to oscillate as cells become progressively anteriorly displaced in the
PSM”23, Each new oscillation begins from a more posterior location as the
tailbud extends posteriorly (Figure 1.1A). Of the Hes genes in mice, Hes7 has
been shown to be the most functionally important for the segmentation clock as
knockdown or overexpression of Hes7 causes failure of segmentation and fusion
of somites343%40_ |n zebrafish, the her genes her1 and her7 are both necessary
for proper segmentation®724. her1 is necessary for formation of anterior somite
boundaries, while her7 is necessary for formation of more posterior somite
boundaries?®?; deletion or depletion of both her? and her7 disrupts segmentation
along the entire axis®33. Expression of Hes/her genes must be tightly regulated
as deletion of only two introns in the mouse Hes7 gene has shown to accelerate
the segmentation clock enough to abolish oscillations and cause somite fusion3*.

Various Hes/her genes have been identified to oscillate, but Hes7 in mice and



her1 and her7 in zebrafish have been defined to be the core components of the
segmentation clock.

1.6 Post-transcriptional regulation segmentation clock genes:

In order to sustain oscillatory expression of segmentation clock genes,
mathematical modeling suggests both protein and transcript must be cleared
rapidly 3°41. While many studies have explored the activation and negative
feedback inhibition on oscillatory transcription32:36.3942-44 ‘nost-transcriptional
mechanisms that govern cyclic transcripts are still not well-understood. Studies
that have focused on post-transcriptional regulation of segmentation clock genes
have shown splicing®*3%, mRNA export*®, and translational delays?®? all attribute
to limited gene expression in the PSM. Studies examining turnover of oscillating
MRNAs have revealed the 3'UTR of cyclic transcripts account for some of the
differences in half-life37:46-48_In chick embryos, the miRNA miR-125a-5p was
shown to induce the destabilization of LFNG mRNA and inhibiting
miR-125a-5p-mediated repression of LFNG arrests the oscillations of LFNG and
leads to segmentation defects*®. In zebrafish it was shown that removal of the
her1 or her7 3'UTR more than doubled the half-life of the mRNA in vivo®2, and
our own work demonstrates the her1 3'UTR is sufficient to rapidly destabilize a
reporter transcript*®, suggesting features in the 3'UTR of cyclic transcripts are
important for rapid instability. Studies have illustrated the importance of post-
transcriptional regulation of key segmentation genes for sustaining

somitogenesis, but mechanisms that function to sustain oscillatory expression



through mRNA turnover are still not well-understood.

1.7 mRNA decay pathways

Over the past 25 years, discoveries on mechanisms of mMRNA decay have
highlighted the importance of transcript half-life in regulating gene expression.
MRNASs largely exist to produce protein product and the amount of protein
produced can in part be attributed by stability of the transcript. Most mMRNA decay
occurs by exonuclease activities from either the 5’ or 3’ end of the transcript
(Figure 1.2A), but some mRNAs undergo endonucleolytic activity within their
body followed by decay of both upstream and downstream cleavage products
(Figure 1.2B). All mMRNAs contain a 7-methyl guanosine cap (m’G-cap) at their 5’
termini that protects the transcript from 5’ to 3’ exonucleases®’. With exception to
histone mRNAs, the 3’ termini of mMRNAs also contain a stretch of adenylate
residues, termed the poly(A) tail, that functions with Poly(A)-binding protein
(PABP) to protect the transcript from 3’ to 5’ exonucleases®'. The process of
MRNA decay begins with shortening of the poly(A) tail on the 3’ end of the
transcript by a multisubunit deadenylating CCR4-NOT complex followed by the
hydrolysis of the 5’ cap by the mRNA-decaping enzyme DCP2 and the body of
the RNA is degraded with either 5’ to 3’ polarity by the exoribonuclease 1 (XRN1)
and/or 3’ to &’ polarity by exosome-assoicated exonucleases RRP44 or
EXOSC10 (Figure 1.2A)%253, How long the mRNA maintains the poly(A) tail and
the m’G-cap can vary dramatically and regulating the removal of these features

can affect the amount of protein product generated. Sequence elements within



the transcript and trans-acting factors that trigger removal of the m’G-cap and
poly(A) tail and the downstream decay of the mRNA have remained a large

interest of RNA biology and new factors and features involved in mRNA turnover

are continuously being discovered.
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Figure 1.2. Major pathways of mRNA turnover.

(A) Exonuclease-mediated decay pathway. This process begins with
deadenylation of the poly(A) tail through the complex of PAB-specific
ribonucleases PAN2 and PAN3 and the CCR4-NOT transcription complex or
by the deadenylase poly(A) ribonuclease PARN. Next the mRNA-decapping
enzyme Dcp2 hydrolyses the m’G-cap and 5’ to 3’ decay occurs through 5’
to 3’ exonuclease XRN1 and/or 3’ to 5’ decay occurs through the Exosome.
(B) Endonuclease-mediated decay pathway. Some mRNAs undergo
endonuclease cleavage within their body resulting in upstream and
downstream cleavage products. Decay of these cleavage products is similar
to the exonucleolytic decay process with 5’ to 3’ decay of downstream
products occurring by XRN1 and 3’ to 5’ decay of upstream products by the
Exosome. (Modified from Schoenberg and Maquat, 2012. This figure was
approved for use by Springer Nature.)
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1.8 Mechanisms that regulate mRNA turnover

The steady-state concentration of mMRNA is determined by both the rates
of synthesis and decay. Many mechanisms exist that regulate the turnover of
nascent or aberrant mMRNAs to avoid overexpression of potentially toxic proteins
or to change abundance of functional proteins because of cellular conditions.
Examples of these mechanisms are Nonsense-mediated mRNA decay (NMD),
STAU1-mediated mRNA decay (SMD), ARE-mediated mRNA decay, PUM-
mediated repression (PMR), and microRNA-mediated turnover.

Nonsense-mediated mRNA decay is one of the most well-studied quality
control mechanisms in the cell and is coupled to the process of translation. This
mechanism functions to prevent expression of defective transcripts that are
routinely generated during gene expression and post-transcriptional events®*.
After the splicing of exons occurs, the exon-junction complex (EJC) is deposited
~20-24 nucleotides®® upstream of the exon-exon junction. A termination codon
sensed ~50-55 nts upstream of an EJC is defined as a premature termination
codon and triggers NMD. The EJC serves many purposes but a major role is to
function in determination of a premature termination codon®®. In short, up-
frameshift 1 (UPF1), a key nonsense-mediated mRNA decay factor, functions
with suppressor of morphogenetic effect on genitalia 1 (SMG1), eukaryotic
release factor 1 (eRF1), and eRF3 to form the SURF complex at the premature
termination codon®’. A SMG1-UPF1 complex then associates with a downstream

EJC, resulting in phosphorylation of UPF1 and subsequent translational
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repression and recruitment of mRNA decay factors®®. Studies have shown
knockdown of UPF1 causes upregulation of ~5% of properly functioning
transcripts in HelLa cells suggesting NMD may also function in non-aberrant
transcript decay in addition to quality control®°.

STAU1-mediated mRNA decay (SMD) is another mechanism regulating
mMRNA turnover that targets transcripts carrying a STAU1-binding site (SBS) in
the 3’'UTR. Unlike traditional NMD targets, these transcripts are functional and
typically use the normal termination codon. However, factors involved in SMD
overlap with NMD as SBS bound Staufen1 (STAU1) has been shown to recruit
UPF1 to the 3'UTR and elicit presumably very similar downstream decay®. A
large difference between SMD and NMD is that SMD targets are not only newly
synthesized mRNAs but also older mRNAs®', and that SMD is independent of
EJC function. Targets of SMD vary but the mechanism has been implicated in
myogenesis and adipogenesis through influencing stability of mRNAs involved in
those pathways®263,

ARE-meditated mRNA decay is another mechanism of regulation that
functions through elements in the 3'UTR of the mRNA. An AU-rich element
(ARE) is defined as an AU-rich sequence within the 3’UTR and the canonical
motif generally contains one or more copies of the 5° AUUUA pentamer and is
surrounded in a U rich context. If classifying on sequence alone, ~9% of total
mRNAs contain canonical AREs®*. Decay of ARE-containing transcripts is similar

to the downstream decay of other pathways beginning with shortening of the
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poly(A) tail and subsequence steps to decay the mRNA 5’ to 3’ and 3’ to 5’
(Figure 1.2)85. ARE-binding proteins (ARE-BP) not only effect instability but can
also function to stabilize the transcript and ARE-BPs are classified by this effect.
Well-studied examples of destabilizing ARE-BPs are ARE/poly(U)-
binding/degradation factor 1 (AUF1), tristetrapolin (TTP), butyrate response
factor 1 (BRF1), BRF2, and KH-type splicing regulatory protein (KSRP)?6-68,
These factors function to recruit one or more of the degradative enzymes
outlined in Figure 1.2%¢. The ARE-BP HuR is a well-characterized stabilizer of
ARE-containing mRNAs and counteracts the destabilizing effect of AUF1, BRF1,
BRF2, and KSRP®°. AREs function in mMRNAs that encode proto-oncogene
proteins and inflammatory mediators and have important physiological and
pathological functions that are not all linked to mRNA turnover8”.70-73,
PUM-mediated repression (PMR) is another form of mMRNA regulation that
functions through recognition of one or more Pumilio Response Elements (PREs)
within the 3’'UTR of the transcript. Pumilio proteins PUM1 and PUM2 have been
shown to interact with PREs in 3'UTRs of mMRNAs and reduce levels of mRNA
and the encoded protein through translational repression’47¢. The PRE
consensus sequence is 5 UGUAHAUA, and the binding of Pumilio proteins to
the PRE is well conserved from Drosophila to humans’’. Transcriptome-wide
analyses found that the PRE is among the features most strongly correlated with
mRNA instability’8-8°, and massive parallel reporter assays showed PREs

destabilize MRNAs during vertebrate embryogenesis®'. PMR causes
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destabilization of the mRNA by recruitment the CCR4-NOT complex leading to
deadenylation of the poly(A) tail and subsequent decay of the transcript®?83, In
invertebrate systems, PMR has also been shown to cause decay of the transcript
through promoting decapping®*. Studies have revealed the importance of Pumilio
proteins and PMR in the regulation of a wide array of biological events ranging
from stem cell biology, growth, development, infertility, neurological disorders,
and even cancer’’.

MicroRNA-mediated repression is yet another mechanism that functions to
affect mRNA translation and stability through 3’'UTR interactions. MicroRNAs
(miRNAs) are endogenous ~22 nt long RNAs that bind to partially
complementary sequences of the target mMRNA and silence them by inducing
mRNA degradation or inhibiting translation®. To date, over 2000 miRNAs have
been identified in the human genome?®, and they control a broad array of
biological processes from development, differentiation, proliferation and stress
response®’®1. The miRNA process of silencing begins with formation of the RNA-
induced silencing complex (RISC) on the target mMRNA consisting of at least a
small RNA and Argonaute protein®. In mammals, the RISC complex will elicit
MRNA decay through recruitment of deadenylases such as the CCR4-NOT
complex causing deadenylation of target mMRNA and decay through the
downstream 5’ to 3’ exonucleolytic pathways (Figure 1.2)%°4. RISCs have also
been shown to recruit decapping factors to the target mMRNA to enhance

degradation through removal of the m’G-cap®. Although it is still unclear how
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mMiRNAs repress translation, studies have shown that translational repression
occurs at the initiation step prior and prior to mMRNA decay in systems such as
zebrafish®. New miRNAs are continually being discovered and their role in
development and homeostasis through mRNA suppression is a large focus of the
RNA community.

Research on mRNA turnover has shown that 3'UTRs are significant
components for transcript stability and contain features such as miRNA-binding
sites, AREs, and PREs that regulate decay of the transcript®'-°7-%, However,
other “destabilizing” 3'UTRs contain no currently defined decay element®®,
emphasizing our need to better understand cis features and trans-acting factors
that regulate mRNA turnover.

1.9 Molecular identification of tortuga

To identify regulatory genes of the segmentation clock, our lab conducted
an ENU mutagenesis screen examining expression of key segmentation genes
during mid-segmentation. A segmentation clock mutant, tortuga, was identified
where her1 transcripts persist in regions of the PSM that are otherwise cleared
during specific stages of the oscillation pattern'®. In these mutants, expression
of other cyclic genes such as her7 and the Notch pathway gene deltaC (dic), and
the segmentation clock-associated gene deltaD (dld) are also affected.
Surprisingly, despite accumulation of cyclic transcripts, her1 is still cyclically
transcribed in tortuga mutants'®. forfuga mutants form about three less somites

than wildtype embryos (unpublished data) and somite boundaries appear
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relatively normal (Figure 1.3)'%. The tortuga mutation maps to a 1.47 Mb deletion
on chromosome 16. A variety of experiments, including rescue experiments,
identified Proline-rich nuclear receptor co-activator 2 protein (Pnrc2) as the gene
responsible for cyclic transcript accumulation in tortuga mutants*®. | conducted
CRISPR/Cas9 mutagenesis frameshifting the pnrc2 locus and in pnrc2°722
mutants, her1, her7, dic, and dld are misexpressed like in tortuga mutants*e.
pnrc2°??2 mutants do not display head necrosis or develop less total somites than
WT siblings attributing those phenotypes to other genes in the fortuga deletion.
Survivorship of pnrc2°??2 mutants to adulthood is rare, and the pnrc2°???2 mutants
that reach adulthood appear lean much like mouse pnrc2 mutants'®'. pnrc2
MRNA is maternally provided and zygotically expressed throughout early
development and we have shown that maternally provided Pnrc2 also functions

in turnover of cyclic transcripts during somitogenesis (Chapter 3).

tor

Figure 1.3. Visible phenotype of the tortuga mutant.

Brightfield images of (A) WT siblings and (B) torfuga mutants 24 hours post-
fertilization (hpf). tortuga mutants display head necrosis and form roughly 3 less
somites than WT siblings. Interestingly, somite boundaries are relatively normal
in torfuga mutants. (Images from Thomas L. Gallagher)
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1.10 Pnrc2 in development and mRNA turnover

The pnrc2 gene encodes a 148 amino acid protein in zebrafish with two
highly conserved domains across various vertebrate species, a SRC-Homology 3
(SH3) domain and a Nuclear Receptor (NR-box) domain®®. Our lab was the first
to characterize function of Pnrc2 in zebrafish, and research on mouse and
human PNRC2 has implicated two roles for the protein; nuclear receptor co-
activation and mRNA decay'%21%3, The earliest research on human and mouse
PNRC2 determined an interaction with Estrogen Receptor a (ERa)'%4, and
knockout suggests a role in energy expenditure and adiposity’®'. More recent
studies using human cell culture have shown PNRC2 interacts with UPF1
through the NR-box domain, mMRNA-decapping enzyme 1A (DCP1A) through the
SH3-domain, and copurifies with STAU1, suggesting a role in SMD and
NMD#®2103.105 Data from our lab supports a genetic interaction of Upf1 and Pnrc2
as sub-optimal depletion of both gene-products increases her1 transcript
accumulation®®. Our lab performed RNA-seq analysis on Pnrc2 KD early-
segmentation embryos and Upf1 KD early-segmentation embryos found more
than 200-shared transcripts become up-regulated after knockdown of Upf1 and
Pnrc2 (Figure 1.4), some of which are characterized as cyclic mRNAs'%, This
data highlights that Pnrc2 and Upf1 may function together to regulate non-

aberrant cyclic transcripts during somitogenesis.
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A recent study supports interaction of PNRC2 and UPF1 but questions
whether PNRC2 functions in NMD as turnover of PTC containing reporter
transcripts appear unaffected by Pnrc2 KD'%7. This inconsistency in the field
illustrates a need to better understand how Pnrc2 functions to regulate turnover
of natural, non-reporter targets. In collaboration with othrers, | have identified
endogenous targets of Pnrc2 during early development (Chapter 2) and the

mechanisms by which Pnrc2 regulates these targets (Chapter 3).

A pnrc2 or upfl MO

RNA-
11 hours / seq

B RNA-seq results: > 800 transcripts upregulated including cyclic mRNAs

pnrc2 MO 821 up- Zebrafish cyclic genes: her1, tbx16, rhov,
regulated hs6st2, maf1, snrpd3l, sp4 Homologs of mouse
) oot and/or chick cyclic genes: shisa2, dact1
Mo MO ' | pnrc2 MO 220 up- Homologs of mouse and/or chick cyclic genes:
& upf1 MO regulated | Ifng, mycb, snaila, spSl
common to
both

Figure 1.4. RNA-seq results of Upf1 and Pnrc2 KD during early segmentation.
A) Diagram of the pnrc2 or upf1 KD experiment. 30 embryos were injected at the
1-cell stage with 6 ng pnrc2 morpholino or 2 ng upf1 morpholino and raised to 11hpf
then processed in biological triplicates for RNA-seq analysis.

B) Results from RNA-seq analysis. KD of pnrc2 caused up-regulation of over 800
transcripts including many cyclic transcripts such as her1, tbx16, rhov, shisa2, and
dact1 (bolded). Upregulation of over 200 transcripts are shared between pnrc2 KD
and upf1 KD including cyclic genes such as Ilfng and mycb, suggesting Pnrc2 and
Upf1 may function together in regulating these transcripts. Cyclic transcripts were
previously defined'06.
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Chapter 2: Pnrc2 regulates 3’'UTR-mediated decay of segmentation clock-

associated transcripts during zebrafish segmentation

This chapter contains published work. The publication reference is:

*Gallagher, T. L., *Tietz, K. T., Morrow, Z. T., McCammon, J. M., Goldrich, M. L.,
Derr, N. L., & Amacher, S. L. (2017). Pnrc2 regulates 3’'UTR-mediated decay of
segmentation clock-associated transcripts during zebrafish

segmentation. Developmental biology, 429(1), 225-239.

*Authors contributed equally to this work.

Contributions from authors other than myself will be denoted in the figure

legends.

2.1 Abstract

Vertebrate segmentation is controlled by the segmentation clock, a
molecular oscillator that regulates gene expression and cycles rapidly.
Expression of many genes oscillate during segmentation, including
hairy/Enhancer of split-related (her or Hes) genes, which encode transcriptional
repressors that auto-inhibit their own expression, and deltaC (dlc), which
encodes a Notch ligand. We previously identified the tortuga (tor) locus in a

zebrafish forward genetic screen for genes involved in cyclic transcript regulation
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and showed that cyclic transcripts accumulate post-splicing in for mutants. Here
we show that cyclic mMRNA accumulation in for mutants is due to loss of pnrc2,
which encodes a proline-rich nuclear receptor co-activator implicated in mRNA
decay. Using an inducible in vivo reporter system to analyze transcript stability,
we find that the her1 3'UTR confers Pnrc2-dependent instability to a
heterologous transcript. her1 mRNA decay is Dicer-independent and likely
employs a Pnrc2-Upf1-containing mRNA decay complex. Surprisingly, despite
accumulation of cyclic transcripts in pnrc2-deficient embryos, we find that cyclic
protein is expressed normally. Overall, we show that Pnrc2 promotes 3’'UTR-
mediated decay of developmentally-regulated segmentation clock transcripts and
we uncover an additional post-transcriptional regulatory layer that ensures
oscillatory protein expression in the absence of cyclic mMRNA decay.

2.2 Introduction

Ultradian oscillatory circuits, with periods of minutes or hours, are
pervasive in biological systems'%8-110 Oscillatory expression encodes an
enormous amount of potential information; for example, there can be critical
information in the number, amplitude, duration, or frequency of oscillations, as
well as signal integration among multiple oscillators that collectively determine
cellular response. A well-studied example of biological oscillation is the
segmentation clock, a rapid molecular oscillator that generates periodic
expression in developing embryos®221"1 The segmentation clock controls

vertebrate somitogenesis, the process by which the mesoderm is sequentially
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divided into segmental units called somites that later give rise to vertebrae and
ribs, body musculature, and dermis. Molecular oscillations during vertebrate
segmentation were first described for c-hairy1, a chick homolog of the Drosophila
pair rule gene hairy. In chick embryos, c-hairy1 expression cycles in the
presomitic mesoderm (PSM) and the period of each cycle corresponds with
segment formation?'. Since its discovery, c-hairy1 orthologs have been identified
in many vertebrate species. Mouse orthologs Hes? and Hes7 and zebrafish
orthologs her1 and her7 cycle dynamically in the PSM (2 hours in mouse and 30
minutes in zebrafish) and are required for proper
segmentation®7.2324.33.36.43.112.113 '|n zebrafish, overexpression of her mRNA is
associated with severe segmentation defects3>'"3, and more recent work has
confirmed that oscillatory expression is important for somite formation4.
Several studies have explored activation and negative feedback inhibition of
oscillatory transcription32:36:39.42-44 ‘More recently, studies have also investigated
post-transcriptional mechanisms regulating transcript processing and
clearance*”-115-117 Notable are studies that indicate splicing is a critical
parameter3435, mRNA export is a rate-limiting step®®, translational delays
contribute to traveling waves of expression38, oscillatory protein turnover is
required for transcriptional and post-transcriptional clock function*°, cyclic
transcript 3’'UTRs can promote decay3?'16.118 'and miRNAs regulate decay of
some cyclic transcripts*®119-121 Rapid clearance of cyclic transcripts likely occurs

using MRNA decay machinery that promotes deadenylation, 5’ cap removal,
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and/or exonucleolytic cleavage of natural, non-aberrant transcripts'??-28, though
how cyclic transcripts are efficiently targeted and cleared remains largely
unknown.

In a forward genetic screen, we discovered a zebrafish mutant, tortuga (tor),
with post-transcriptional accumulation of clock-associated transcripts, such as
her1, her7, deltaC (dic), and deltaD (dld)'®. For simplicity, we refer collectively to
clock-associated transcripts as cyclic through the body of this work, although
deltaD (dld) expression does not oscillate?*. Normally, cyclic expression appears
as dynamic stripes of expression in the anterior PSM due to rapid oscillatory
transcription followed by rapid mRNA decay; in tortuga mutants, the
accumulation of cyclic transcripts obscures the striped expression pattern even
though cyclic transcription appears normal’®. Although many genes are deleted
in the tortuga deficiency allele, we hypothesized that loss of pnrc2 specifically
leads to accumulation of segmentation clock transcripts in tortuga mutants.
PNRC2 was first identified in a yeast two-hybrid screen of a human mammary
gland cDNA library using mouse steroidogenic factor 1 (SF1) as bait'%? and
subsequently shown to interact with several classes of steroid hormone receptors
in vitro®®192.104 ‘More recently, Pnrc2 has been described as an adapter protein of
MRNA decay machinery that promotes decay of reporter mMRNA containing a
premature termination codon (PTC)?2:103.105,127-130 - \\/e show here that Pnrc2 is
required for rapid turnover of cyclic transcripts during vertebrate segmentation.

We demonstrate that the her? 3’UTR confers Pnrc2-dependent instability,
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extending previous work in cultured cells that shows that Pnrc2 affects mRNA
stability of synthetic PTC-containing reporters via NMD'93.105 We find that Pnrc2-
mediated decay of her1 transcripts does not require Dicer-dependent miRNAs
and likely occurs via interaction with the mRNA decay factor Upf1. Our work
identifies novel targets regulated by Pnrc2 in a developmental context and
implicates the existence of an additional post-transcriptional regulatory
mechanism that ensures proper oscillatory protein expression.

2.3 Materials and Methods

2.3.1 Animal stocks and husbandry

Adult zebrafish strains (Danio rerio) were kept at 28.5°C on a 14 hour (h)
light/10h dark cycle and obtained by natural spawning or in vitro fertilization, and
were staged according to Kimmel et al (1995). The tortuga (tor) mutant allele,
b644, was isolated in a screen designed to identify mutations that disrupt
segmental gene expression'%. The segmentation clock reporter line,
Tg(her1:her1-Venus)P'® was generated previously to visualize cyclic gene
expression''®131 The stable hsp70l:Venus-her1 3'UTR reporter line and the
pnrc2°?22 allele, described below, were generated in this study. Animal
experiments were performed in accordance with institutional and national
guidelines and regulations and were approved by the UC Berkeley and Ohio

State University Animal Care and Use Committees.
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2.3.2 Recombination mapping

Initial recombination mapping of the for’6## deletion allele was performed
using bulk segregant analysis'3? to identify polymorphic CA-repeat microsatellite
markers showing biased representation in pooled genomic DNA from haploid
progeny derived from an F1 AB/SJD hybrid female carrying the for®%#4 allele.
Recombination frequency for linked markers was calculated by analyzing marker
segregation among many mutant and wildtype F1 hybrid individuals. The extent
of the tor*%44 deletion was defined as described in Results. Mapping marker
locations and sequences are available at the Zebrafish Model Organism
Database (ZFIN), University of Oregon, Eugene, OR 97403-5274; URL.:
http://zfin.org/.
2.3.3 BAC injection

A total of 4 BACs spanning the tortuga®%44 deletion were injected at doses
of 0.4-30 pg directly into 1-cell stage embryos from a cross between
heterozygous tor’%#4 carriers. At 18 hpf, embryos in each BAC-injected clutch
were sorted for neural degeneration (a visible tor phenotype), and then fixed in
4% PFA for 5 hours at room temperature, processed for her1 in situ
hybridization, scored for her1 expression phenotype, and PCR genotyped. Only
BAC AL844887 restored normal her1 expression in for’5#4 mutants (Figure 2.1A).
BAC map position and sequence (CR848819, CR936374, AL844887, and

BX649265) are available at http://zfin.org.
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2.3.4 CRISPR/Cas9 mutagenesis

An optimal target site, 5-GGGCACCCCTAAGGCTCCTG-3', in the &’
coding sequence of pnrc2 was identified using the ZiFit Targeter software
package'33134, pnrc2-targeting gRNA (5- CAGGAGCCTTAGGGGTGCCC-3)
and Cas9 mRNA'"3® were synthesized and co-injected into 1-cell stage embryos
(135 ng and 200 ng, respectively) as described'3®. At 24 hpf, a subset of injected
embryos were individually screened by high-resolution melting analysis (HRMA)
to assess target site mutation efficiency in somatic cells. Remaining embryos
were raised and crossed to AB wild-type adults; F1 adults were screened for
germline transmission of CRISPR-induced mutations using HRMA. HRMA
revealed two unique pnrc2 mutant alleles transmitted by an individual FO founder
at a transmission rate of ~13% (2 of 15 F1 individuals). We recovered one allele,
pnrc2°??2 and outcrossed pnrc2°??? heterozygotes to the AB wild-type strain for
two generations before intercrossing for phenotypic analyses.
2.3.5 DNA extraction and pnrc2°#??2 genotyping strategy

Individual embryos and adult fin tissue were lysed in 50 ul 1X ThermoPol
Buffer (NEB) at 95°C for 10 minutes, digested at 55°C for 1-4 hours using 25-50
ug Proteinase K (BP1700, ThermoFisher), followed by Proteinase K inactivation
at 95°C for 10 minutes. 1 ul of DNA extract was used as template in a standard
25 ul reaction with Taq polymerase according to manufacturer’s protocol (NEB).
To molecularly identify pnrc2°7?? carriers after PCR amplification, samples were

digested with 20 units Nsil-HF (NEB) to distinguish cleavable wild-type from un-
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cleavable mutant amplicons. Reaction products were analyzed on a 2% agarose
gel stained with Gel Red (Biotium).
2.3.6 Morpholino injection

The pnrc2 splice-blocking morpholino (sbMO) sequence is: 5'-
ACTGGATGTCACctagcagaagaca-3' (uppercase, sequence complementary to
exon 3; lower case, sequence complementary to intron 2) (Gene Tools, LLC).
The upf1 sbMO, 5-TTTTGGGAGTTTATACCTGGTTGTC-3', was published
previously'’. The rbfox1/ sbMO, 5'-GCATTTGTTTTACCCCAAACATCTG-3', and
rbfox2 sbMO, 5-TATAATGCTTTATATACCCCGAACA-3', was published
previously'38139 Morpholinos were diluted to 0.1-2 ng/nl in 0.2M KCI and 0.1%
phenol red and injected into the yolk of 1-cell stage embryos. pnrc2 sbMO dose
was optimized by determining the highest dose that gave reproducible and
rescuable phenotypic defects with no toxicity. upf1, rbfox1l, and rbfox2 sbMO
doses were performed according to published methods using doses that gave
reproducible phenotypic defects matching published results'37-13°. Embryos were
incubated at 28.5°C until 6 hours post fertilization (hpf) and then transferred to
25°C thereafter, except for a subset of rbfox1l/rbfox2 double-injected and
uninjected control embryos that were incubated at 28.5°C until 24 hpf and
subsequently scored for ability to move.
2.3.7 mRNA injection

Full-length pnrc2 cDNA was amplified by RT-PCR and subcloned into

expression vector pCS2+ 40141 to generate plasmid SP6-pnrc2-cDNA (TLG109).
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For rescue experiments, pnrc2 mRNA was synthesized using the SP6
mMessage Machine Kit (Life Technologies), diluted in 0.2M KCI with 0.1%
phenol red, and injected into 1-cell stage embryos (150—-600 pg mRNA per
embryo).
2.3.8 In situ hybridization

Whole mount in situ hybridization was performed as previously
described’#?43 using DIG-labeled antisense probes. The full-length pnrc2 cDNA
was amplified by RT-PCR and subcloned into pBSKS+ (Stratagene), linearized
with BamHI, and transcribed using T7 RNA polymerase to make DIG-labeled
antisense pnrc2 riboprobe (Roche Life Science). The same construct was
linearized with Xhol and transcribed using T3 RNA polymerase to make DIG-
labeled sense pnrc2 riboprobe. Riboprobes for her1, her7, dic, did, and Venus
were made as previously described'"8_In situ hybridization chain reaction
(HCR-ISH) was performed using a combination of five anti-sense 50-nt probes
spanning the her1 transcript according to published procedures#4145 and a
zebrafish-specific protocol provided by Molecular Instruments. Probe targeting
sequences (5’ to 3’) were:
1) GGGTTTTGAAGTCGCGAATCTAAAGTATTATCCAGAAGAAGCGTTCGCAG,
2) CGCCTTGATCTCTCGCAGTCGCGGTTTTAGTCCTAATATACTCAACAGCC,
3) GAGAATGGAGGAGAGCTGCTTGAAAAGCCTGGAGACGGCGGAGGAGAAAT,
4) TCACCTGAAGATGAGGTCCTGGGACGACCGGTAATGAAGTCGTTGAGAGA, and

5) TCGTCTCAGAGTCCGTGGTTGAGAGGATTGAACAGAGCCACTAAACCGCA.
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2.3.9 RNA analysis

Whole embryos (n=20 per time point or condition) were solubilized in
Trizol for RNA extraction (Life Technologies). 1 ug total RNA was purified and
reverse transcribed into cDNA with random primers and Superscript lll reverse
transcriptase (RT) according to the manufacturer’s instructions (Life
Technologies). Expression analysis of pnrc2 using primer pairs spanning
constitutive exons 2 and 3 were used for RT-PCR-based detection of pnrc2
transcript (Figure 2.4G, Figure 2.8K). Splicing of pnrc2 using primer pairs
spanning within and across each of three constitutive exons of the 3146 nt pnrc2
MRNA were used for RT-PCR-based detection of spliced and unspliced pnrc2
transcript (Figure 2.8K-L).
2.3.10 Plasmid construction and Transgenesis

The heat-shock reporter hsp70l:Venus-her1 3UTR was assembled by
PCR amplification and restriction digestion of the hsp70l promoter from Tol2kit
construct #222 (entry plasmid p5E-hsp70/)'#¢, in parallel with restriction digestion
of the Venus-her1 3’'UTR sequence from the her1:her1-Venus plasmid''8,
followed by ligation of both fragments into a modified version of pBSKS+ plasmid
containing flanking I-Scel meganuclease recognition sites'#’. The Venus-her1
3'UTR fragment isolated from plasmid her1:her1-Venus contains the Venus
coding sequence followed by 1.1 kb of her1 3’ noncoding sequence that includes

the annotated 724-nt her? 3’'UTR and native her? pA signal sequence''8,
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Constructs were sequence confirmed. Transgenic lines were generated as
previously described using |-Scel-based transgenesis'#’.
2.3.11 Stably transgenic heatshock assay

Adult fish carrying the stable hsp70I:Venus-her1 3'UTR transgene that
transmits as a single Mendelian locus were crossed to AB wild-type fish and
resulting progeny were either injected at the 1-cell stage with 6 ng splice-blocking
pnrc2 morpholino (sbMO) or were set aside as uninjected control siblings.
Progeny were raised to mid-segmentation, heat-shocked at 37°C for 15 minutes,
and fixed in 4% PFA at 0, 20, and 30 minutes post-heat-shock and processed for
Venus in situ hybridization.
2.3.12 Immunohistochemistry

All embryos described below were immunostained following standard
protocols using 4% PFA fixation, dehydration and rehydration in a methanol
series, and incubation in blocking solution for 1 hour. Tg(her1:her1-Venus)><"°
embryos were immunostained in 2% BSA/2% goat serum/1% DMSO/0.1%
Tween-20/PBS blocking solution with 1:1000 dilution chicken anti-GFP that
recognizes Venus protein (A10262, Life Technologies), and 1:400 dilution goat
anti-chicken Alexa-Fluor-488 (A11039, ThermoFisher). Mid-segmentation
embryos from wild-type and pnrc2°7?? crosses were immunostained in 2%
BSA/5% goat serum/0.1% Tween-20/PBS blocking solution with 1:200 dilution
anti-zdc2 that recognizes DeltaC protein (ab73336, Abcam) according to

previously published methods3? or immunostained in 2% BSA/10% goat
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serum/0.5% Triton X-100/PBS blocking solution with 1:100 anti-zdd2 that
recognizes DId protein according to previously published methods'® (ab73331,
Abcam), followed by 1:800 dilution goat anti-mouse Alexa-Fluor-488 (A11001,
ThermoFisher). Nuclear counter-staining was performed by transferring and
mounting dissected in situ-hybridized embryos from 80% glycerol into SlowFade
Gold Antifade Mountant with DAPI (S36939, Thermo Fisher) and incubation at
4°C overnight prior to imaging.
2.3.13 Microscopy and Imaging

In situ hybridized embryos were mounted in Permount and imaged using
an Axiocam HRc digital camera with AxioPlan2 microscope (Zeiss).
Immunofluorescent embryos were dissected and flat mounted or whole mounted
in 80% glycerol and imaged at 10x, 20x, and 60x magnification using MetaMorph
software (Molecular Devices) on an Andor™ SpinningDisc Confocal Microscope
(Oxford Instruments) with iXon Ultra EMCCD and Nikon Neo cameras; laser
wavelength and intensity were set at 488 nm and 100% for Venus protein
detection, 488 nm and 50% for Dlc protein detection, 488 nm and 100% for DId
protein detection, 561 nm and 30% for her1 mRNA detection, 405 nm and 40%
for DAPI detection, respectively, and bit depth at 16-bit. Maximum intensity
projections using MetaMorph software are shown for Venus, Dic, and DId protein
detection (Figure 2.7D-E, K-N). Single z-sections are shown for her1 HCR-ISH

and DAPI (Figure 2.7C-C’, F-F’; Figure 2.13A-B’”).
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2.4 Results

2.4.1 tortuga®®** is a Chromosome 16 deficiency allele

The tortuga®®# allele is an ENU-induced deletion that leads to the post-
transcriptional accumulation of segmentation clock transcripts'. Using genetic
markers that distinguish wild-type AB and SJD mapping strains, we found that
b644 is a deficiency that maps to a 1.46 Mb region on Chromosome 16 spanning
an interval of at least 20 known or predicted protein-coding RefSeq-annotated
genes in genome assembly GRCz10/danRer10'4°. Haploid-based mapping
revealed that the tortuga lesion lies 0.30 cM to the left and 0.37 cM to the right of
the SSLP markers z13511 and z9511, respectively (Figure 2.1A). Using PCR-
amplification of genomic regions (mostly in protein-coding genes) that lie
between the two SSLP markers, we characterized the extent of the deletion in
diploid embryos derived from heterozygous b644 intercrosses by identifying
genes that fail to amplify in tortuga homozygous mutant versus wild-type sibling
embryos (Figure 2.1B). To better map deletion breakpoints, we analyzed
presence or absence of amplicons near the presumptive ends of the tortuga
deletion region of Chromosome 16. At the end near z13511, an intergenic region
located ~124 kb upstream of pou3f2b failed to amplify, indicating the break lies in
a ~206 kb interval between mms22/ and the intergenic region (Figure 2.1B).
Similar analysis at the other end indicates that the other breakpoint lies in the

~2.9 kb genomic interval between exon 1 and intron 3 of snip1 (Figure 2.1B).
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2.4.2 Injection of a BAC that includes pnrc2 rescues the her1 expression
defect in tortuga mutants

To narrow the list of relevant candidate gene(s) in the tortuga deficiency,
we injected four BACs spanning regions of the deletion interval between pou3f2b
to snip1 into zebrafish embryos at the 1-cell stage and assessed her1 expression
phenotype. Because tortuga mutants do not survive beyond larval stages, BACs
were injected into embryos from a heterozygous intercross, from which ~25% are
homozygous for the tor deletion. Injection of zebrafish BAC clone AL844887
spanning nine full-length open reading frames rescues the her1 expression
defect in tor mutants in a dose-dependent manner (Figure 2.1A, Figure 2.2A-D).
2.4.3 Loss of pnrc2 is associated with accumulation of her1 mRNA in
tortuga mutants

To identify the gene or genes on BAC AL844887 that restore proper her1
expression in tortuga mutants, we first analyzed candidate gene expression by
RT-PCR before and during segmentation. Of nine candidates present on BAC
AL844887, only seven are expressed at relevant time points (Figure 2.2E; data
not shown for me1). Of these seven, only pnrc2, rragca, and to a lesser extent,
akirin1, are detectably expressed from BAC AL844887 when injected into
tortuga®%** mutants (Figure 2.2F). We injected antisense morpholinos (MOs) into
1-cell stage wild-type embryos to determine whether knockdown of any of the
three candidates recapitulated the tor-like her1 expression defect. Injection of

translation-blocking MOs targeting akirin1 and rragca does not cause overt
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morphological or her1 expression defects (Figure 2.21-J), and injection of
maximal non-toxic doses of akirin1 or rragca mRNA into tortuga mutants does
not rescue her1 expression defects (data not shown). In contrast, injection of
pnrc2 splice-blocking MOs (sbMOs), that effectively disrupt proper pnrc2 splicing
(Figure 2.2K-L), disrupts her? expression just as in tortuga®®44 mutants (Figure
2.1C-D). Injection of a second pnrc2-targeting translation-blocking MO gave the
same phenotype (Figure 2.1H; see Methods). Importantly, co-injection of MO-
resistant pnrc2 mRNA with pnrc2 sbMO restores normal her1 expression (Figure
2.1C-E; Table 2.1).
2.4.4 Pnrc2 restores proper her1 expression in tortuga mutants

To determine whether Pnrc2 can also restore normal her1 expression in
tortuga mutants, we injected pnrc2 mRNA into embryos from a for®644
heterozygote intercross. To discriminate “rescued” tor mutants and wild-type
siblings among injected intercross progeny, we developed a visual assay to
unambiguously identify fish homozygous for the tor deletion. The pou3f1 gene
lies within the tortuga deletion (Figure 2.1A) and thus is not expressed in tor*44
mutant embryos, whereas in wild-type siblings, pou3f1 mRNA is expressed
anteriorly in a pattern easily distinguished from that of her7 mRNA expression.
By co-hybridizing pou3f1 and her1 antisense probes, tor’®#4 mutants are readily
identified and assessed for rescue of her1 expression. Using this assay, we find

that pnrc2 mRNA-injected tortuga mutants exhibit wild-type her1 expression
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(Figure 2.3A-D’; Table 2.2), indicating that Pnrc2 can restore proper her1
expression in tor mutants.
2.4.5 Targeted mutation of pnrc2 recapitulates the cyclic transcript
accumulation phenotype of tor°®4 mutants

Because the tor*# allele is a multi-gene deficiency, we used
CRISPR/Cas9 mutagenesis'36:150.1%1 to generate a nonsense pnrc2 allele. We
isolated a 17 bp deletion allele, pnrc2°7?? that causes an early frame shift and
likely results in a truncated Pnrc2 protein. Compared to wild-type Pnrc2 (148
amino acids), the predicted mutant protein determined from sequenced genomic
DNA contains the N-terminal 35 amino acids followed by 11 aberrant residues
(Figure 2.3E), terminating well before the two highly conserved SH3 and NR box
regions (Figure 2.1F). To determine whether the pnrc2°7?? frame-shifting allele
fails to complement the tor’%#4 deletion allele, we crossed pnrc2°??? and tor*%44
heterozygotes and found that all pnrc2°7?2/tor*%44 trans-heterozygote progeny
display the tor’%*4 her1 expression defect (Figure 2.3F-G). As expected,
homozygous pnrc2°??? mutants phenocopy the for’6#4 her1 expression defect
(Figure 2.3H-H’). Additionally, expression of segmentation clock-associated her7,
dlc, and dld transcripts is also abnormal in pnrc2°7?? mutants (Figure 2.4) and in
the cases of her1 and dlc, arise due to post-transcriptional accumulation of
mRNA (Figure 2.5), all consistent with previous observations in tor’%#4 mutants
using intronic and exonic in situ probes that distinguish nascent from processed

transcripts'%. Unlike tor*%44 mutants, pnrc2°???2 mutants and pnrc2°72?/tor*644
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trans-heterozygotes do not have neural degeneration and somite shape defects,
suggesting these for mutant phenotypes are caused by loss of function of
another gene or genes in the tor deletion interval. pnrc2°722/0222 embryos appear
morphologically normal and survive through 6 days post fertilization, but very few
survive to adulthood (data not shown). Reduced survivorship of zebrafish
pnrc207220z22 mytants contrasts with Pnrc2-null mice that survive to adulthood
and are indistinguishable from wild-type littermates up to 12 months of age'®".
2.4.6 pnrc2 is broadly expressed during segmentation

To characterize embryonic pnrc2 expression, we performed whole mount
in situ hybridization and found that pnrc2 is broadly expressed, with slight
enrichment in somites and neural tissue during segmentation stages (Figure
2.6A-F). RT-PCR analysis of mMRNA extracted from wild-type embryos confirms
that pnrc2 is expressed across similar stages examined by in situ (Figure 2.6G).
Expression at the 8-cell stage (Figure 2.1A) and at the 1- and 2-cell stages (data
not shown) suggests that pnrc2 transcripts are maternally provided.
2.4.7 The her1 3'UTR confers instability to transcripts in a Pnrc2-dependent
manner

In previous studies, heat-shock-induced reporter transcripts containing
her1 or her7 coding and 3’'UTR sequences decayed rapidly post-induction32.
Because 3'UTR sequences can influence mRNA stability®2123.126  we
hypothesized that the her1 3'UTR alone might be sufficient to trigger Pnrc2-

mediated decay. We therefore developed a stable transgenic heat-shock reporter
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line to drive expression of a Venus transcript followed by the her1 3UTR. We
compared reporter expression after heat-shock of uninjected and pnrc2 sbMO-
injected hsp70I:Venus-her1 3'UTR transgenic siblings across multiple time
points. Heat-shock-induced Venus transcripts are almost completely absent by
30 minutes post heat-shock (pHS) in the reporter line (Figure 2.7A-C). However,
injection of pnrc2 sbMO into hsp70I:Venus-her1 3'UTR embryos negates the
destabilizing effect of the her1 3'UTR (Figure 2.7D-F; Table 2.3). These results
support our hypothesis that Pnrc2-mediated decay of her transcripts occurs
through destabilizing features of the her1 3'UTR.
2.4.8 her1 expression is unaffected in embryos lacking maternal and
zygotic Dicer function

It is well established that microRNAs (miRNAs) play an essential role in
post-transcriptional gene regulation in developing zebrafish embryos®:152-156
Using TargetScan Fish'®’, we find that predicted miRNA target sites are present
throughout the her? 3’'UTR and other cyclic transcript 3'UTRs (data not shown).
The 3'UTRs of her1, her7, dic, and did lack a common predicted target site,
however some target sites are present in at least two of the four 3UTRs
analyzed. We therefore reasoned that miRNAs might influence the decay of her1
and other transcripts. Using maternal-zygotic dicer (MZdicer) mutants that lack
Dicer-dependent miRNA processing’®?, we find that segmenting MZdicer

mutants, despite having severe morphogenesis defects'>3, have a normal striped
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her1 expression pattern (n=11/11), demonstrating that proper her1 expression is
independent of Dicer-dependent miRNA function (Figure 2.7G-H).
2.4.9 Pnrc2 and Upf1 may genetically interact to promote her17 transcript
decay

Human PNRC2 binds directly to nonsense-mediated decay (NMD) factors,
including UPF1, and these interactions are required for decay of reporter mMRNA
in cultured cells'%3195 We therefore predicted that Pnrc2 and Upf1 might also
interact to promote decay of non-aberrant, cyclic transcripts during segmentation.
To determine whether Pnrc2 and Upf1 cooperatively regulate cyclic mMRNA
decay, we co-injected MOs targeting both transcripts and examined her1
expression. As expected, injection of pnrc2 sbMO at the optimal dose
(“moderate”, 6 ng) causes strong her1 misexpression, but has no effect at a sub-
optimal (“low”) dose (2 ng) (Figure 2.8A-C). Strikingly, co-injection of a sub-
optimal dose of pnrc2 sbMO (2 ng) with a sub-optimal dose of upf1 sbMO (0.25
ng) results in a her1 expression defect markedly similar to that observed with
optimal doses of pnrc2 sbMO alone (6 ng) (Figure 2.8B-E, quantified in F).
Interestingly, single upf1 knockdown at published (0.65 ng) or higher doses (2
ng) does not alter her1 mMRNA expression, but does induce the expected
published phenotypes including neural necrosis and abnormal segment formation
(data not shown)'37:158  As a control, we injected a sub-optimal dose of pnrc2
sbMO (2 ng) with an unrelated MO, rbfox1/ sbMO, at the published 6 ng

dose'8139 and observed that her1 mRNA expression is normal (Figure 2.9),

38



suggesting that her1 misexpression in embryos co-injected with sub-optimal dose
pnrc2 and upf1 sbMOs is not due to non-specific MO effects. To confirm effective
rbfox1/ knockdown, we co-injected rbfox1/ and rbfox2 sbMOs (6 ng each) in
parallel experiments because neither sbMO produces an overt morphological
phenotype when injected alone. We observed the expected paralysis phenotype
in all double-injected embryos (n=27/27 paralyzed embryos at 24 hpf)'38139,
confirming that we were using an effective rbfox/1 sbMO dose in our experiments
(n=27/27 paralyzed embryos at 24 hpf). Taken together, these results reveal that
depletion of Upf1 sensitizes embryos to partial loss of Pnrc2. Although depletion
of Upf1 alone does not affect her? expression, it is possible that low levels of
Upf1 protein persist in upf1 morphants and may be sufficient for cyclic mMRNA
clearance in the presence of normal levels of Pnrc2.
2.4.10 Unlike mRNAs, cyclic proteins do not accumulate upon Pnrc2
depletion

Our data indicate that Pnrc2 triggers decay of reporter mMRNAs and natural
cyclic transcripts like her1. Previous work has shown that embryos injected with
her1 mRNA at the 1-cell stage have severe somite patterning and boundary
defects, as well as decreased expression of Her1 transcriptional targets like dlc
and her732773, The morphological phenotype of embryos constitutively
overexpressing her1 contrasts sharply with that of pnrc2°???2 mutant embryos,
which have normal somite numbers and boundaries (Table 2.4 and data not

shown) despite dramatic accumulation of endogenous her1 and other cyclic
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transcripts. We therefore hypothesized that accumulated her? transcripts in
pnrc2°722 mutants do not result in increased Her1 protein. Because a Her1
antibody is lacking, we tested this idea by depleting pnrc2 function in a validated
transgenic cyclic reporter line, Tg(her1:her1-Venus)?*'°, that infers her1 transcript
and Her1 protein dynamics via detection of her71-Venus reporter mMRNA and
protein''8131 As expected, her?-Venus transcripts are misexpressed in pnrc2
morphants carrying the cyclic reporter transgene, mirroring what is observed for
endogenous her1 transcripts (Figure 2.10A-B). Her1-Venus reporter protein
expression, however, is indistinguishable between uninjected and pnrc2 sbMO-
injected transgenic embryos (Figure 2.10D-E). Her1-Venus protein expression is
similarly unaffected in transgenic reporter embryos injected with sub-optimal
doses of pnrc2 sbMO (2 ng) and upf1 sbMO (0.25 ng) as well as transgenic
reporter embryos co-injected with an optimal dose of pnrc2 sbMO (6 ng) together
with higher dose of upf1 sbMO (2 ng) (Figure 2.11). Together, the observed
misexpression of her71-Venus mRNA, but not Her1-Venus protein, is consistent
with our hypothesis that pnrc2 mutants segment normally because accumulated
her1 transcripts do not result in abnormal levels of Her1 protein.

Discordant transcript and protein expression in pnrc2 mutants and
morphants might be due to nuclear retention of accumulated mRNA, so we
employed in situ hybridization chain reaction (HCR-ISH)'44.145 coupled with DAPI
nuclear counter staining to assess sub-cellular localization of her1 mRNA. As a

control for probe set specificity, we first performed her1 HCR-ISH on wild-type
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and Df(Chr05:her1,her7,ndrg3a)?°%” homozygote embryos that lack the linked
her1 and her7 genes®® and find that b567 homozygotes lack detectable signal
(Figure 2.12). We then performed HCR-ISH on both wild-type and pnrc2 mutants
and find substantial cytoplasmic localization of her1 mRNA in both conditions,
suggesting that accumulated transcripts in pnrc2 mutants are not retained in the
nucleus and are properly exported to the cytoplasm (Figure 2.10C-C’, F-F’;
Figure 2.13A-A", B-B”). Because relative intensity of her1 HCR-ISH in pnrc2
mutants to wild-type embryos is high, levels have been reduced in pnrc2 mutant
panels (Figure 2.10F-F’; Figure 2.13B-B”). Intensity maps of raw her1 HCR-ISH
signal reflect the extent of her! mMRNA accumulation in pnrc2°??2 mutants (Figure
2.13A’’, B’’). Overall, despite the increase in her1 mRNA levels, accumulated
transcripts in pnrc2 mutants are exported from the nucleus, consistent with our
hypothesis that Pnrc2 promotes decay of cyclic mRNA, a process that likely
employs cytoplasmic decay machinery22.126,

Having established that her1-Venus reporter mMRNA, but not protein, is
misexpressed in pnrc2 morphants, we next asked whether discordant expression
occurs for other cyclic transcripts and proteins. Siblings from a pnrc2°722
heterozygote intercross were split and processed in parallel for mMRNA and
protein expression analysis. While pnrc2°??2 homozygous mutants were readily
distinguished from unaffected siblings based on dic and dld mRNA
misexpression (Figure 2.10G-J), there were no discernible differences in DIc and

Dld protein expression among sibling embryos (Figure 2.10K-N). Overall, we
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provide evidence that despite the accumulation of cyclic transcripts in pnrc2°72?
mutants, cyclic protein expression is unaffected, which may help explain the
absence of obvious segmentation phenotypes.

2.5 Discussion

In this work, we present evidence that Pnrc2 promotes the decay of cyclic
MRNAs and that the her1 3’'UTR is sufficient to trigger Pnrc2-mediated decay.
Our work builds upon previous studies of Pnrc2-regulated mRNA decay and
reveals natural, developmentally-regulated transcripts that are targets of Pnrc2-
mediated decay. Zebrafish Pnrc2 shares significant similarity with human
PNRC2. Residues in human PNRC2 that are required for decay of reporter
MRNA containing a premature termination codon (PTC) are conserved in
zebrafish, and include K109 (K119 in zebrafish), W114 (W124 in zebrafish), and
the C-terminal KTLLK nuclear receptor domain (NR box) (KSLLK in zebrafish)
(Figure 2.1F)193.105, PNRC2 does not bind mRNA directly in human cultured cells,
but instead functions via interactions with decay factors SMG6, DCP1A, UPF1,
and STAU1 to regulate decay of PTC-containing reporter transcript?:103,105,127-129
Our work shows that in segmenting zebrafish embryos, pnrc2 and upf1 may also
interact to promote decay of natural, developmentally-regulated transcripts.
Future identification of factors that participate in the Pnrc2-mediated decay
process will define this key aspect of oscillatory gene regulation and to what

extent it employs existing, well-characterized RNA decay machinery.
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Cyclic transcript accumulation is due to loss of Pnrc2 in tortuga and pnrc2
mutants

Because the tor*®# allele is a multi-gene deficiency, we generated a
nonsense pnrc2 allele. As expected, pnrc2°???2 mutants show misexpression of
cyclic transcripts including the cyclic transcripts her1, her7, and dlc, as well as
did (Figures 2.3 and 2.4), and in the cases of her1 and dlc, accumulate post-
transcriptionally (Figure 2.5), all consistent with previous observations in for?%44
mutants’®. Because an early frame shift pnrc2 mutation has the same impact on
her1 post-transcriptional regulation as complete deletion of the pnrc2 locus, it is
unlikely that accumulation of her1 transcripts is due to loss or mutation of
mMiRNA- or IncRNA-encoding genes at or near the pnrc2 locus, but is instead due
to loss of Pnrc2 protein.
Pnrc2 translation may be developmentally regulated

pnrc2 transcripts are maternally provided and broadly expressed (Figure 2.6),
however pnrc2 may be subject to translational regulation. Using global ribosomal
profiling experiments in developing zebrafish embryos, Giraldez and colleagues
showed that the pnrc2 transcript contains a conserved upstream open reading
frame (UORF) that lies out of frame with the Pnrc2-coding ORF and is
preferentially associated with translational machinery during early embryonic
stages’®®. The presence of two ORFs, an uORF and the Pnrc2-coding ORF,
suggests that Pnrc2 translation may be affected by translation at the uORF, as

has been demonstrated in other organisms and contexts'6%-1%¢_ An uORF can
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also act as an NMD-inducing feature'®”:1%8 adding another layer of possible post-
transcriptional regulation. It is also interesting that transcripts encoding several
NMD factors, like UPF2 and SMG factors, themselves contain uORFs that confer
post-transcriptional regulation via feedback control'®®. Future development of
antibodies for detection of zebrafish Pnrc2 and other decay factors will help to
advance our understanding of Pnrc2-mediated decay in a developmental context.
Expression patterns of cyclic proteins appear normal despite accumulated
cyclic transcripts in pnrc2-deficient embryos

It is remarkable that the dramatic accumulation of Pnrc2-regulated cyclic
transcripts like her1 in tor and pnrc2 mutant embryos does not confer phenotypes
typically associated with excess Her1, like somite boundary defects and down-
regulation of Her1 transcriptional targets including dic and her732113, Similarly,
accumulation of dlc transcripts in tor and pnrc2 mutants does not confer somite
boundary defects associated with excess Dic protein''4. We find that pnrc2
mutants lack such phenotypes and hypothesize that this is due to normal cyclic
protein expression despite mMRNA accumulation. It remains unclear why
accumulated her1 transcripts in prnc2 mutants fail to produce defects associated
with excess Her1, particularly because previous her1 overexpression
experiments included the full-length her? 3'UTR32'13 that we now show confers
Pnrc2-dependent instability. Overall, because Her1-Venus reporter protein and
endogenous Dlc and DId proteins are expressed normally despite misexpression

of mMRNA in pnrc2-deficient embryos (Figure 2.10; Figure 2.11), we suggest that
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Pnrc2-mediated mRNA decay acts in addition to a regulatory layer that controls
oscillatory protein expression. Although the her1 transcript does not contain
obvious NMD-inducing features such as an uORF and accumulated her1
transcripts in pnrc2 mutants do not appear retained in nuclei (Figure 2.10F’,
Figure 2.13B”), there are other mechanisms that may function to repress or
prevent translation%%170-174  Alternatively, normal cyclic protein expression in
pnrc2 mutants might occur because protein decay machinery compensates for
increased cyclic expression. Treatment of cultured mouse cells with ubiquitin-
proteasome inhibitors stabilizes Hes1 protein (closely related to zebrafish Her1)*
and mathematical modeling predicts short half-lives for zebrafish Her1 and Her7
proteins®. More recently, it has been shown that translational fusion of Her1 to
Venus reporter protein confers protein instability’'® and measurements of Her7
protein half-life reveal rapid turnover of Her7 protein within 3.5 minutes*'. Future
investigation into destabilizing features that trigger rapid protein decay might
provide insight into the contribution of protein decay in maintaining oscillatory
expression.

Potential cis-regulatory elements reside in the her7 3’'UTR

Our data show that the her1 3'UTR is sufficient to trigger Pnrc2-dependent
decay of reporter mRNA. It is well known that 3’'UTR sequences can influence
MRNA stability by length-dependent, sequence, and/or structural feature
recognition®2123.126 \We favor the latter two possibilities because the her? 3UTR

is of average length with respect to the post-gastrulation zebrafish
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transcriptome’®157.175 " and analysis of the her? 3’'UTR using the mfold Web
Server 76 predicts a stable stem-loop structure (data not shown). Future
biochemical methods of structure probing coupled with deletion reporter assays

will help determine if mfold-predicted structures are functionally relevant.

mRNA decay pathways include AU-rich element (ARE)-mediated’””, Staufen1
(Stau1)-mediated'”®, nonsense-mediated’?®, and miRNA-mediated?:152.154-156
decay. Normal her1 expression in MZdicer mutants (Figure 2.7G-H) suggests
that miRNA-mediated decay does not contribute to her? oscillatory expression
despite the presence of numerous predicted miRNA 3’'UTR sites (data not
shown), although we have not ruled out the possibility that Dicer-independent
miRNAs contribute to her1 mRNA decay. Additional motif searches of the her1
3'UTR using AREsite2'”® yield four ARE core motif ATTTA sequences in addition
to numerous other ARE-related motifs for her? and other cyclic 3’UTRs that
might promote mMRNA decay (data not shown). Experiments using deletion
reporter assays are underway that will functionally test the role of these and other

potential regulatory elements.

We favor nonsense mediated decay (NMD) and/or Stau1-mediated decay
(SMD), both of which are Upf1-dependent, as the most likely pathway(s) utilized
to clear natural cyclic transcripts during segmentation. Upf1 and Pnrc2 promote
decay of cyclic transcripts during segmentation (Figure 2.8; Figure 2.11) and
others have shown that human PNRC2 acts as a decay adapter that physically
interacts with decay factors DCP1 and UPF1 and can promote decapping activity
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of Dcp2 in vitro®2:103.105,127-130 Transcripts annotated in zebrafish EST and
GenBank databases (GRCv10) for her1, dlc, and dld lack canonical NMD-
inducing features (retained introns, premature termination codons, upstream
ORFs, or intron-containing 3’'UTRs), although there exists an intron-retained her7
isoform. Global analyses of UPF1-binding sites in murine embryonic stem cells
(mESCs) uncovered a large class of UPF1-3’'UTR-bound mRNAs that undergo
repression by NMD despite lacking canonical NMD-inducing features, although
cyclic transcripts were not among those analyzed'8°. Because upf1 knockdown
alone does not affect her1 expression, but partial knockdown of pnrc2 together
with upf1 leads to accumulated her1 mRNA (Figure 2.8; Figure 2.11 and data not
shown), it is unlikely that Upf1 is absolutely required for Pnrc2-mediated decay of
cyclic transcripts (although maternally-provided upf1 function may mask such a
function). Instead, it may be that Pnrc2 promotes decay through a combination of
Upf1-dependent and -independent mechanisms. Alternatively, low levels of Upf1
protein may be sufficient for Pnrc2-mediated cyclic mMRNA decay. Substantial
depletion of Upf1 protein is achieved with splice-blocking morpholinos, however,
Upf1 is faintly detected by immunoblot'3” and this may be sufficient for cyclic
MRNA clearance when Pnrc2 levels are normal. Future biochemical and genetic
interaction studies with known factors of NMD and SMD will further enhance our
understanding of mechanisms that drive rapid decay of cyclic transcripts during

segmentation.

47



2.6 Figures

Figure 2.1. The tortuga®%* allele is a 1.46 Mb deficiency that includes the
pnrc2 gene.

Haploid-based mapping revealed that the torfuga lesion lies 0.30 cM to the left
(4/1434 recombinants) and 0.37 cM to the right (4/1083 recombinants) of the
SSLP markers z13511 and z9511, respectively (A). The extent of the deletion
was refined by PCR-based screening of regions within and around the deletion
interval from pooled genomic DNA samples of 10 wild-type (WT) and 10 tortuga
mutant embryos (B); regions that fail to amplify in mutants are deleted in the
tor*%44 allele (A, B). Among BACs spanning the deletion interval, only BAC
AL844887 restores her1 expression when injected into tor mutants (A; Figure
2.2A-D). In wildtype embryos, her1 is expressed in a striped pattern (n = 54/54)
(C). In contrast, embryos injected with 6 ng of pnrc2 splice-blocking morpholino
(sbMO) have a tortuga-like her1 expression defect (n=37/39) (D). When pnrc2
MRNA is co-injected with 4 ng pnrc2 sbMO, her1 expression is partially restored
in a dose-dependent manner (n = 3/19 WT her1 expression, 150 pg pnrc2
MRNA; n = 7/17 WT her1 expression, 600 pg pnrc2 mRNA) (E; Table 2.1).
Alignment of vertebrate Pnrc2 amino acid sequences reveals a conserved 10
amino acid N-terminus (purple) and conserved C-terminal SRC-Homology 3
(SH3) (red) and Nuclear Receptor (NR box) domains (F). Clustal alignments
were performed in consultation with published alignments for vertebrate Pnrc2181.

(Data in Figure 2.1A-E were generated by Thomas L. Gallagher.)
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MGGGERFNIPGQHRNNLGK---QI-NRQK-LEFDRNNQKM-—---———— NTSH--TK
MVGGERFNIPVPQSRNITKNHQQLKNRQKKNKDONS-QM-—-—————— KKTY--MK
MGGGERYNIPAPQSRNVSKNQQQL-NRQK-TKEQNS-QM—-——————— KIVH--KK
MGGGERYNIPAPQTRNVSKNQQQL-SRQOK-TKDONS-QM-—-—————— KIVH--KK
MGGGERYNIPDPQSRNASKNQEQQ-NRQK-SKDONSSQT--————-— KIAH--KK
MGGGERYNIPDPQSRNASKNQQQH-NRQK-TKDONS-QM-——————— KIVH--KK

GEKGTSYSWSPEARQAVSVDKKNGSVRFATPYDONWESHL---NKLLSAQCGQONY
-DRGRGCGTS-LAWQAMQ--—--NGINNNAFSPNQONWSAGFPASKNLETDEDNQNY
KERGHGCNSLSGAWQAMQ---KAGKNNVHFPCNQNWSPNLSNRNLFFSPQTNQONY
KERGHGYNSSAAAWQAMQ—----NGGKNKNEFPNNQSWNSSLSGPRLLFKSQANQNY
KERGHTYNSSSAAWQAMQ----NGGKNKNFPNNONWNSSLSSPTLLEFKSQTNQNY
KERGHGYNPAAAAWQAMQ----NGGKTKSLSNNSNWNAGLSSPSLLEFKSQASQONY
KERGHGYNPS-——-- AVQ----NGGKTKSLSNNSNWNASLSSPSLLFKSQASQONY

AGAKFSEPPSPSVLPKPPSHWVSLPMG-DHRELMTFQLKSLLKVQA 148 aa
AGAKFSEPPSPSVLPKPPSHWVLLSCSPAEKELMSFQLKTLLKVQA 135 aa
AGAKFSEPPSPSVLPKPPSHWVPVSFKPSDKEIMTFQLKTLLKVQA 141 aa
AGAKFSEPPSPSVLPKPPSHWVPVSEFNPSDKEIMTFQLKTLLKVQV 139 aa
AGAKFSEPPSPSVLPKPPSHWVPVSFNPSDKEIMTFQLKTLLKVQV 139 aa
AGAKFSEPPSPSVLPKPPSHWVHVSLNPSDKETMTFQLKTLLKVQV 140 aa
AGAKFSEPPSPSVLPKPPSHWVHVSLNPSDKETMTFQLKTLLKVQV 134 aa
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Figure 2.2. pnrc2 is the best candidate within the tortuga interval for the
gene regulating cyclic transcript decay.

Injection of 30 pg BAC AL844887 does not affect her1 expression in wild-type
sibling embryos (n=27/27) (A versus C), but does significantly reduce
accumulation of her1 transcripts in fortuga®%** mutants (n=10/10) (B versus D).
BAC-injected tor mutants are indistinguishable from wild-type siblings and are
identified by PCR-based genotyping of individual embryos after her? in situ
hybridization (data not shown). (E) RT-PCR expression analysis of genes on
BAC AL844887 reveals that seven are expressed during cleavage (C) and
segmentation stages (S), with particularly robust detection of pnrc2 and akirin{.
In addition to RefSeqg-annotated genes on BAC AL844887, snap91 and dopey1,
both of which lack RefSeq annotation, are detectably expressed during cleavage
and segmentation stages (E). (F) RT-PCR expression analysis of genes on BAC
AL844887 in tortuga mutants indicates that pnrc2, rragca, and to a lesser extent
akirin1 are expressed from injected BAC DNA. dopey1, snap91, cnr2, and rhbdl2
are not expressed from the BAC (data not shown). (G-I) Injection of translation-
blocking morpholinos (tbMOs) targeting akirin1 and rragca into 1-cell stage wild-
type embryos has no effect on the striped her1 expression pattern observed in
WT embryos (G vs |, J), but injection of a pnrc2 tboMO has a dramatic effect (G vs
H). A range of doses (1.5 ng-6 ng) was tested for each MO (n>50 per dose). (J)
Schematic depicts primer and splice-blocking MO (sbMO) target location (Figure

2.2 caption continued on page 52)
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(Figure 2.2 caption continued from page 51) on the pnrc2 transcript. (K) RT-PCR
splicing analysis was performed to detect both spliced and unspliced pnrc2
transcript in uninjected wild-type and pnrc2 morphant embryos (see
Supplemental Methods). One primer combination was used to specifically amplify
unspliced product (green and blue arrows in K) and exon-specific primers
(orange and red arrows in K) were used to amplify both spliced and unspliced
product for semi-quantitative splicing analysis'3. Injection of pnrc2 sbMO
reduces normal pnrc2 splicing by >70% knockdown in a dose-dependent manner
(n=20 per dose) (L). Although intron retention alone does not disrupt pnrc2
coding potential as this lies entirely in exon 3 (K), aberrant transcripts induced by
pnrc2 sbMO-injection coincide with elevated her1 mRNA levels (Figure 2.1D)
suggesting that pnrc2 sbMOs are effective. Injection of either pnrc2 splice-
blocking (sbMO) or a pnrc2 tboMO have similar, dose-dependent effects on her1
expression when injected at doses ranging from 1.5-6 ng (n>50 per dose) (data
not shown). All PCR products were sequenced. ORF=pnrc2 open reading frame;

KD=knockdown. (Data in Figure 2.2 were generated by Thomas L. Gallagher.)
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Figure 2.3. tor mutant embryos are rescued by injection of pnrc2 mRNA
and phenocopied by frame-shifting mutation of the pnrc2 locus.

Injection of 100 pg pnrc2 mRNA has no effect in wild-type sibling embryos
(n=15/15 non-mutant siblings) (A, A’ vs B, B’) but restores striped her1
expression in tor mutant embryos (n=10/10 mutants) (C, C’ vs D, D’; Table 2.2).
In these experiments, rescued tor*%44 mutant embryos were distinguished from
wild-type siblings by lack of expression of pou3f1, a gene located in the tor*®44
deficiency interval. Asterisks (*) mark the neural pou3f1 expression domain.
Arrows mark the her1 expression domain (A-D), magnified in dorsal view to the
right of each embryo (A’-D’). Using CRISPR-based mutagenesis, we induced a
17 bp deletion within the pnrc2 coding sequence, creating an early frameshift
allele, designated pnrc2°%?? (E). Predicted mutant protein sequence is based on
sequenced genomic DNA (E). The pnrc2°??? allele fails to complement the her1
accumulation phenotype of the tor*%44 deletion allele (n = 4/15 embryos from a
heterozygote intercross with tor-like her1 accumulation) (F, G). Similar to tor*®44
mutants, pnrc2°??> mutant embryos lack a striped her? expression pattern (H, H').

(Data in Figure 2.3A-D’ were generated by Thomas L. Gallagher.)
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Figure 2.4. Segmentation clock transcripts accumulate in pnrc2 mutant
embryos.

Like her1, other segmentation clock genes, dlc (A, B), did (C,D), and her7 (E, F),
are misexpressed in pnrc2 mutant embryos, with expression detected throughout
the presomitic mesoderm (PSM) in the expected one-quarter of embryos in a
pnrc2°??2 intercross, n = 8/25 (X2 = 0.65, p = 0.4), 6/25 (X? =0.013, p = 0.9), and

8/25 (X? = 0.65, p = 0.4), respectively (A-F).

56



57



Figure 2.5. her1 and dic transcripts accumulate post-transcriptionally in
pnrc2°??2 mutants.

Exonic in situ probes reveal that segmentation clock-associated her1 and dic
transcripts are misexpressed in the expected one-quarter of embryos in a
pnrc2°??2intercross, n=13/57 (X?=0.1, p=0.7) and n=8/30 (X?=0.04, p=0.83),
respectively (A, B and D, E). Intronic in situ probes, however, reveal no
differences in expression among embryos from the same clutch, n=30/30
(X?=10.0, p=0.0016) and n=45/45 (X?=15.0, p=0.0001), respectively (C, F).
These results are consistent with previous observations in tor’%44 mutants using
intronic and exonic in situ probes that distinguish nascent from processed

transcripts'®. (Data in Figure 2.5A-F were generated by Zachary T. Morrow.)
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Figure 2.6. pnrc2 is broadly expressed during segmentation stages.
pnrc2 transcripts are detected during early embryonic stages and throughout
segmentation stages by in situ hybridization (n > 15 per time point) (A-F). As
expected, there is no detectable staining with a pnrc2 sense probe (n = 15/15)
(data not shown). RT-PCR expression analysis for pnrc2 at 2 hours post
fertilization (2 h) through mid-segmentation (18 h) is consistent with in situ
detection of pnrc2 transcript (see Methods and Results) (G). (Data in Figure

2.6A-F were generated Thomas L. Gallagher.)
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Figure 2.7. Pnrc2-mediated decay functions via 3’UTR recognition and does
not require Dicer-dependent miRNAs.

Stably transgenic embryos carrying the hsp70I:Venus her1 3’°UTR reporter were
injected at the 1-cell stage with pnrc2 sbMO or reserved as uninjected controls.
Embryos were then raised to mid-segmentation stage, heat-shocked for 15 min,
then collected at the indicated minutes post-heat-shock (pHS) and processed by
Venus in situ hybridization (n=65, 6 ng pnrc2 sbMO; n=55, uninjected controls)
(A-F). Venus transcripts are not detected in the absence of heat-shock (n = 10)
(not shown). To determine whether Dicer-generated miRNAs contribute to her1
MRNA decay, MZdicer mutants (n = 11) and wild-type controls (n = 10) were
raised to mid-segmentation stages (16—18 hpf) and processed by her1 in situ
hybridization (G, H). At this timepoint, MZdicer mutants are developmentally
delayed relative to wild-type controls’®3, and thus have a different overall shape.
(Data in Figure 2.7A-F were generated by Thomas L. Gallagher and Nicolas L.

Derr.)
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Figure 2.8. pnrc2 and the nonsense-mediated decay effector Upf1 promote
decay of cyclic mRNA.

Injection of low dose pnrc2 sbMO (2 ng) has little to no effect on her1 expression
(A, C), contrasting with the expected her1 misexpression observed after injection
of moderate dose pnrc2 sbMO (6 ng) (B). Low dose injection of upf1 sbMO (0.25
ng) also has little effect on her1 expression (D), but when combined with a low
dose of pnrc2 sbMO (2 ng), her1 misexpression is observed in about 50% of
injected embryos (E). The proportion affected in each condition is plotted on a
bar graph that indicates significant differences between single morphants, double
morphants, and controls (F). sbMO = splice-blocking MO; **** = p < 0.0001.

(Data in Figure 2.8A-F were generated by Thomas L. Gallagher.)
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Figure 2.9. her1 expression is normal in embryos injected with a control
MO, either alone or in combination with a sub-optimal dose of pnrc2 sbMO.
Injection of a sub-optimal dose of pnrc2 sbMO (2 ng) has little to no effect on
her1 expression (A, C), contrasting with the expected her? misexpression
observed after injection of a moderate dose of pnrc2 sbMO (6 ng) (B). Injection of
a moderate dose of an unrelated sbMO targeting rbfox1/ (6 ng) either alone (D)
or combined with a sub-optimal dose of pnrc2 sbMO (2 ng) has no effect on her1
expression (E). The proportion affected in each condition is plotted on a bar
graph that indicates significant differences between single morphants, double
morphants, and controls (F). To confirm effective rbfox1/ knockdown, we co-
injected rbfox 1/ and rbfox2 sbMQOs (6 ng each) in parallel experiments (neither
sbMO produces an overt morphological phenotype when injected alone) and
observed the expected paralysis phenotype in all double-injected embryos
(n=27/27 paralyzed embryos at 24 hpf)'38.13° confirming that we were using an
effective rbfox/1 sbMO dose in our experiments. sbMO = splice-blocking MO; ****

= p<0.0001. (Data in Figure 2.9A-F were generated by Thomas L. Gallagher.)
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Figure 2.10. Both reporter and endogenous cyclic transcripts accumulate in
Pnrc2-depleted embryos, but protein expression appears normal.

Embryos carrying the her1:her1-VenusP*'° transgenic clock reporter were
injected with pnrc2 splice-blocking morpholino (sbMO) and processed to detect
Venus transcripts (A, B) and Venus protein (D, E) at mid-segmentation stages.
Representative embryos are shown in A (n=21/21); B (n=18/18), D (n=32/32),
and E (n=29/29). Venus immunofluorescence panels (D, E) are at slightly higher
magnification than Venus in situ panels (A, B). Detection of her1 mRNA by in situ
hybridization chain reaction (HCR-ISH) (C, F) is consistent with chromogenic
NBT/BCIP-based in situ detection of endogenous her1 transcript in wild-type and
pnrc2 mutant embryos (Fig. 2.3F, H’), with substantial cytoplasmic localization
revealed by DAPI counter staining in 500X magnified view (C’, F’). Because
relative intensity of her1 HCR-ISH in pnrc2 mutants to wild-type embryos is high,
levels have been reduced in pnrc2 mutant panels (F-F’; see Figure 2.13A’”, B’”).
Misexpression of dic and dld mRNA is detected throughout the presomitic
mesoderm (PSM), formed somites and neurons in the expected one-quarter of
embryos in a pnrc2°%?? intercross, n = 5/28 (X?=0.76, p=0.4) and n = 7/40 (X? =
1.2, p = 0.3), respectively (G-J). In contrast, Dic and DId protein expression is
indistinguishable among siblings of the same pnrc2°??? heterozygote intercross
(K-N). Dlc and DId immunolabeled embryos were genotyped prior to imaging and
a subset of wild-type and mutant siblings were imaged by confocal microscopy

with representative (Figure 2.10 caption continued on page 69)
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(Figure 2.10 caption continued from page 68) embryos shown (K-N). Total
genotyped individuals per representative panel: n =5 (K),n=6 (L), n=12 (M), n =
4 (N). Scale bars = 50 ym (D, F), 50 nm (F’), 100 pym (K). (Data in Figure 2.10A-

F’ were generated by Thomas L. Gallagher.)
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Figure 2.11. Venus reporter transcripts accumulate in pnrc2- and upf1-
deficient embryos, but Venus protein expression appears normal.
Embryos carrying the her1:her1-VenusP*'° transgenic clock reporter were
injected with a moderate pnrc2 sbMO dose (6 ng) or co-injected with low pnrc2
and upf1 sbMO doses (2 ng and 0.25 ng, respectively) to detect Venus
transcripts (A-C) and Venus protein (D-F) at mid-segmentation stages.
Representative embryos are shown in A (n=12), B (n=8), C (n=9), D (n=36), E
(n=24), and F (n=27). Venus immunofluorescence panels (D-F) are at slightly
higher magnification than Venus in situ panels (A-C). sbMO = splice-blocking
MO; scale bar = 50 um (D-F). (Data in Figure 2.11A-F were generated by

Thomas L. Gallagher.)
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Figure 2.12. her1 transcripts are not detected in embryos homozygous for a
her1 deficiency.

Detection of her1 mRNA by in situ hybridization chain reaction (HCR-ISH) by
confocal microscopy reveals striped her1 expression in the presomitic mesoderm
(PSM) of wild-type embryos (A), mirroring what is observed by colorimetric in
situ. As expected, Df(Chr05:her1,her7,ndrg3a)?°°” homozygote embryos, imaged
using the same laser intensity and exposure as wild-type embryos in A, lack
detectable her1 expression (B). Scale bar = 50 um. (Data in Figure 2.12A-B were

generated by Thomas L. Gallagher.)
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Figure 2.13. her1 mRNA accumulates dramatically in pnrc2°#??2 mutants.
Detection of her1 mRNA by in situ hybridization chain reaction (HCR-ISH)
reveals her1 misexpression throughout the presomitic mesoderm (PSM) of pnrc2
mutants (A, B). Representative embryos are shown (n=5in A, n=5 in B).
Substantial cytoplasmic localization revealed with DAPI counter staining is
apparent in both unaffected siblings and pnrc2 mutants (A’, B’, 470X magnified in
A”, B"). Because detection of her! mRNA in pnrc2°???2 mutants is very high
relative to wild type, levels have been reduced in pnrc2 mutant panels (B-B”).
When wild-type and pnrc2 mutants are imaged at the same laser level, raw
intensity maps of her1 HCR-ISH signal reveal the extent of her1 mRNA
accumulation in pnrc2°???2 mutants (A’”’, B”’). Scale bars = 50 um (B), 50 nm (B”).

(Data in Figure 2.13A-B’” were generated by Thomas Gallagher.)
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Table 2.1. Injection of pnrc2 mRNA partially restores normal her1

expression in pnrc2 morphants.

her1 expression?
Condition Partial tor-
Normal like tor-like

Uninjected WT 54/54 (100%) 0/54 (0%) 0/54 (0%)
4 ng pnrc2 sbMO  2/39 (5%) 28/39 (72%) 9/39 (23%)

4ng pnrc2 sbMO + 150 pg
pnrc2 mRNAP  3/19 (16%) 12/19 (63%) 4/19 (21%)

4 ng pnrc2 sbMO + 600 pg
pnrc2 mRNAP  7/17 (42%) 9/17 (53%) 1/17 (6%)

aWild-type embryos were injected at the 1-cell stage with 4 ng pnrc2 sbMO
with and without increasing doses of MO-resistant pnrc2 mRNA, raised to 16-
18 hpf, and processed by her1 in situ hybridization. Normal, her1 is expressed
in visible stripes separated by regions of low expression; Partial tor-like, her1
stripes are distinguishable, but there is substantial her1 detected between
stripes; tor-like, her1 expression is strong throughout the PSM with no obvious
peaks or troughs.

bChi-square analysis indicates a significant difference in her? expression
between pnrc2 morphants with and without co-injection of pnrc2 mRNA. Co-
injection of 150 pg and 600 pg of pnrc2 mRNA significantly restores her1
expression in morphants (p<2.1 x 103 and p<8.8 x 108, respectively). (Data in
Table 2.1 were generated by Thomas L. Gallagher.)
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Table 2.2. Injection of pnrc2 mRNA restores normal her1 expression in

tor°%44 mutants.

mRNA Live Embryonic WT her1 ISH/ WT her1 tor her1 ISH/

dose Phenotype WT ISH/ tor
(pg) WT?2 neural genotype® tor genotype®
degen? genotype®
0 103 31 103/103 0/31 31/31
75 64 20 64/64 19/20° 1/20¢
100 15 10 15/15 10/10° 0/10¢

a At the 16-18 somite stage, pnrc2 mRNA-injected embryos from a tor*644
heterozygote intercross were scored for neural degeneration, a non-somitic
phenotype observed in tor mutants.

b After sorting by live phenotype, injected embryos were processed by her? in
situ hybridization to assess phenotypic rescue and with pou3f1 to identify
individuals homozygous for the tor deletion. Representative embryos are
shown in Figure 2.3.

¢Both 75 and 100 pg doses correlate with restoration of normal her1
expression. At the 100 pg dose, all for mutants have a normal her1 expression
pattern.

d Chi-square analysis indicates a significant difference in her? expression
among pnrc2 mRNA-injected for mutants compared to uninjected homozygous
siblings (p<4.7 x 107 and p<3.9 x 103, for 75 pg and 100 pg doses,
respectively). (Data in Table 2.2 were generated by Thomas L. Gallagher.)
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Table 2.3. Pnrc2 is required for the transcript destabilizing effect of the her1

3’UTR.
hsp70I:Venus-her1 pHS Expression Number Mean
3'UTR  recovery Level® of Expression
Condition? time® 3 2 1 embryo
s
Uninjected 0 20 O 4 24 2.7¢
6 ng pnrc2 MO 0 27 0 0 27 3.0d
Uninjected 20 0O 0 6 6 1.0
6 ng pnrc2 MO 20 11 O 0 11 3.0d
Uninjected 30 O 8 17 25 1.3
6 ng pnrc2 MO 30 27 0 0 27 3.0¢

aA stably transgenic male carrying a hsp70I:Venus-her1 3’'UTR reporter was
crossed to a wild-type female; half of the progeny were injected with pnrc2
sbMO and the other half used as uninjected sibling controls.

bAt 14-16 hpf, embryos were heat-shocked at 37°C for 15 minutes, followed by
fixation at indicated post-heat shock (pHS) recovery times.

°Fixed embryos were processed and scored as described in Table 2.1.
Embryos completely lacking Venus expression were not included because we
could not discriminate the expected 50% of embryos that did not inherit the
transgene from transgenic embryos lacking detectable Venus expression.

dAverage expression levels reveal that pnrc2 MO-injection into transgenic
embryos dramatically stabilizes Venus transcript levels post heat-shock across
the recovery time course of 30 minutes when compared to uninjected controls.
(Data in Table 2.3 were generated by Thomas Gallagher.)

Table 2.4. pnrc2 mutants segment normally.

Genotype
Feature Wild type pnrc2*- pnrc2’-
Segment 34707 (n= 353+03(n= 343+04 (n=
number 14) 14) 14)

Sibling embryos from a pnrc2°??? heterozygote intercross were raised to 36 hpf
and processed by cb1045 (xirp2a) in situ hybridization that reliably marks
segment boundaries. PCR-based genotyping was performed for individuals
after in situ hybridization and segment counts. No significant differences were
observed between genotypes. Segment numbers are given as mean + 95%
confidence interval (Student’s t test).
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Chapter 3: Features of cyclic transcript 3’'UTRs regulate Pnrc2-mediated

decay during somitogenesis

This chapter is a manuscript in preparation for publication. The current reference
for this publication is: Tietz, K. T., Gallagher, T. L., Mannings, M. C., Morrow, Z.
T., Derr, N. L., & Amacher, S. L. (2019). Features of cyclic transcript 3'UTRs
regulate Pnrc2-mediated decay during somitogenesis.

Contributions from authors other than myself will be denoted in the figure

legends.

3.1 Abstract

Vertebrate segmentation is regulated by the segmentation clock, a
biological oscillator that controls periodic formation of somites, or embryonic
segments, which give rise to many mesodermal tissue types. This molecular
oscillator generates cyclic gene expression with the same periodicity as somite
formation in the presomitic mesoderm (PSM), an area of mesenchymal cells that
give rise to mature somites. Molecular components of the clock include the
Hes/her family of genes that encode transcriptional repressors, but additional
genes cycle. Cyclic transcripts are cleared rapidly, and this depends upon the
gene pnrc2 (proline-rich nuclear receptor co-activator 2) that encodes an mRNA
decay adaptor. Previously, we showed that the her1 3’UTR confers instability to

otherwise stable transcripts in a Pnrc2-dependent manner, however, the

80



molecular mechanism(s) by which cyclic transcripts are cleared remained largely
unknown. To identify features residing in the her? 3'UTR that are critical for
Pnrc2-mediated decay, we developed an array of transgenic inducible reporter
lines and find that the last 179 nucleotides (nts) of the her? 3'UTR is necessary
and sufficient to confer rapid instability. Motif analysis reveals a Pumilio response
element (PRE) and AU-rich element (ARE) within the last 179 nts of the her1
3'UTR, both of which are required for rapid turnover of reporter mRNA. Similar to
the her1 3’'UTR, the dlc 3'UTR also contains PRE and ARE motifs and confers
instability to reporter mMRNA. Taken together, we find that features including
PREs and AREs residing within cyclic 3’UTRs promote instability. Our findings
suggest that factors including Pumilio (Pum) and AU-rich binding proteins (ARE-
BPs) may cooperate or act independently of Pnrc2 to promote the rapid turnover
of clock-related transcripts during somitogenesis.

3.2 Introduction

Genetic oscillations underlie many cellular events and function in the
regulation of critical developmental processes. A well-studied example of genetic
oscillation is the segmentation clock, a rapid ultradian oscillator that generates
periodic expression in developing embryos®221'1, The segmentation clock
controls vertebrate somitogenesis, the process by which the mesoderm is
sequentially divided into segmental units called somites that later give rise to
vertebrae and ribs, body musculature, and dermis. Molecular evidence for the

segmentation clock was first observed in the c-hairy gene, a chick homolog of the
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Drosophila pair rule gene hairy?'. c-hairy encodes a member of the
Hairy/Enhancer of split-related (Hes)/Hes-related (her) family of helix-loop-helix
transcription factors that oscillate through a negative feedback loop in which the
Hes/Her protein inhibits its own transcription36:373943 Homologs of hairy have
since been identified in vertebrate models such as mouse, fish, frog, and snake?*
26_and in each species, members of the Hes/her family undergo oscillatory
expression in the presomitic mesoderm (PSM). Studies have shown mouse
hairy1 homolog Hes7 and zebrafish hairy1 homologs her1 and her7 are core
segmentation genes that cycle in the PSM of each species with the same
periodicity of segment formation®723.24.33-3540 Maintenance of oscillation
periodicity requires many levels of regulation as a somite pair develops very
rapidly in developing embryos (30 minutes in zebrafish, 90 minutes in mouse)3*.
Studies have explored transcriptional activation and the effect of negative
feedback inhibition on oscillatory expression3?:36:3942-44 ' and have emphasized
the importance of post-transcriptional regulation in maintaining proper oscillatory
periodicity*”115-117 Recent studies have demonstrated splicing3*2> and mRNA
export*® are rate limited steps of oscillatory expression, and that cyclic transcript
3’UTRs can promote rapid decay of oscillating transcripts3248.116.118  miRNAs
have been shown to regulate decay of some cyclic transcripts4®119-121 put
specific mechanisms that govern cyclic transcript turnover are still not well-

understood.
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In a forward genetic screen, we discovered a zebrafish mutant, tortuga (tor),
with disrupted cyclic expression'®. Many genes are deleted in the tor deficiency
allele, although loss of a single gene, pnrc2, is responsible for defects in cyclic
expression*8. Early studies showed Pnrc2 interacts with steroid hormone
receptors in vitro and in yeast two-hybrid assays®>19%1%4 More recent studies
described human PNRC2 as a decay adapter protein that interacts with decay
factors such as UPF1, DCP1A, and STAU1, suggesting Pnrc2 functions in
STAU1-mediated mRNA decay (SMD) and nonsense-mediated mRNA decay
(NMD)82:103,105,127-130 Tethering of PNRC2 to reporter mRNAs confers
instability193.105.107 " syggesting PNRC2 can recruit decay machinery when directly
associated with transcripts. However, recent findings showed destabilization of
NMD-inducing reporter transcripts is unaffected by PNRC2 knockdown,
suggesting PNRC2 is not necessary for NMD function'?’. This inconsistency in
the field illustrates the need to better understand Pnrc2-mediated decay.

We previously showed pnrc2 functions in clearance of cyclic transcripts such
as her1, her7, and deltaC (dlc) during zebrafish segmentation*3. Normally, clock-
related transcript expression appears striped in the anterior PSM when observed
at a single time point due to rapid oscillatory transcription followed by rapid
mRNA decay; in pnrc2°7?? mutants, the accumulation of cyclic transcripts
obscures the striped expression pattern even though cyclic transcription appears
normal*®. Our previous data provided evidence that pnrc2 is maternally provided

and zygotically expressed throughout somitogenesis*®. We show here that
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maternally provided pnrc2 partially compensates for loss of zygotic pnrc2
expression in the turnover of endogenous cyclic transcripts during

somitogenesis. We show two cyclic transcripts 3'UTRs confer Pnrc2-mediated
instability to reporter transcripts, suggesting a shared mechanism of 3’UTR
regulation by Pnrc2 may function to destabilize cyclic transcripts. Through a
series of inducible transgenic reporter lines containing various portions of the
her1 3'UTR fused to reporter mRNA, we find the last 179 nucleotides (nts) of the
725 nt her1 3'UTR is necessary and sufficient to confer Pnrc2-dependent
instability to reporter mRNA. We find the dic 3’'UTR confers Pnrc2-dependent
instability as well, demonstrating 3'UTR-mediated instability elements function in
both cyclic transcripts. Motif analysis comparing features of the last 179 nts of the
her1 3'UTR to other cyclic transcript 3’'UTRSs, including the dic 3'UTR, reveals two
potential cis-regulatory motifs: a Pumilio response element (PRE) and an AU-rich
element (ARE). We show precise disruption of the PRE or the ARE partially
disrupts the destabilizing effect of the her? 3’'UTR on reporter mRNA, suggesting
both the ARE and PRE of the her?1 3’'UTR contribute to the rapid turnover of
endogenous her1 transcripts. This work suggests ARE-binding proteins (ARE-
BPs) and Pumilio proteins may function with Pnrc2 in the 3’UTR-mediated

turnover of cyclic transcripts during vertebrate segmentation.
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3.3 Methods

3.3.1 Animal stocks and husbandry

Adult zebrafish strains (Danio rerio) were kept at 28.5°C on a 14 hour (h)
light/10h dark cycle and obtained by natural spawning or in vitro fertilization, and
were staged according to Kimmel et al (1995). The stable hsp70I:Venus-her1
3’UTR-SV4(00744 0245 0246 hsp70I:Venus-her1 3’°UTRA1-362-SV4(Q0747, 0248, 0249, 0250,
hsp70l:Venus-her1 3’'UTRA363-725-SV4(0751. 0252, 0253, 0254 - hspn70I:\Venus-her1
3’UTRA1-546-SV 40755 0256, 0257, 0258, 0259 hsp70l:Venus-her1 3’'UTRA1-362;4547-
725-SV400%60. 0261 hsp70l:Venus-her1 3’UTRA363-546-SV/4(0°762 0263
hsp70l:Venus-disrupted PRE her1 3’UTR-SV4(0z69, 0270, 0z71, 0z72, 0273
hsp70I:Venus-disrupted ARE her1 3’UTR-SV4(00774 0275, 0276, 0277, 0278, 0279
hsp70I:Venus-S V400764 0z65, 0266, 0267, 0268  and hsp70l:Venus-dic 3’ UTR-SV40°780.
0z81, 0282, 0283 rgporter lines, described below, were generated in this study and
displayed in Table 3.1. Animal experiments were performed in accordance with
institutional and national guidelines and regulations and were approved by the
Ohio State University Animal Care and Use Committees.
3.3.2 DNA extraction and pnrc2°???2 and Venus genotyping strategy

Individual embryos and adult fin tissue were lysed in 50 ul 1X ThermoPol
Buffer (NEB) at 95°C for 10 minutes, digested at 55°C for 1-4 hours using 25-50
ug Proteinase K (BP1700, ThermoFisher), followed by Proteinase K inactivation
at 95°C for 10 minutes. 1 ul of DNA extract was used as template in a standard
25 ul reaction with Taq polymerase according to manufacturer’s protocol (NEB).
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To molecularly identify pnrc2°7?? carriers after PCR amplification, samples were
digested with 20 units Nsil-HF (NEB) to distinguish cleavable wild-type (WT) from
un-cleavable mutant amplicons. Reaction products were analyzed on a 2%
agarose gel stained with Gel Red (Biotium). To identify carriers of the heat-shock
inducible reporters, embryos were either screened post-heat shock (pHS) for
Venus fluorescence or molecularly identified by PCR amplification of Venus
coding sequence. Genotyping was performed with 1 ul of DNA extract as
template in a standard 25 ul reaction with Taq polymerase according to
manufacturer’s protocol (NEB). Primers were designed to amplify presence of
Venus coding sequence in the reporter lines and reaction products were
analyzed on a 2% agarose gel stained with Gel Red (Biotium).
3.3.3 Plasmid construction and Transgenesis

The heat shock reporter construct hsp70l:Venus-her1 3’'UTR-SV40 was
assembled using standard restriction digestion-based cloning and replacement of
the 1.1 kilobase (kb) her1 3’ noncoding sequence present in construct
hsp70I:Venus-her1 3’'UTR used in Gallagher et al (2017) with a synthetic 725 nt
her1 3’'UTR sequence directly fused to an SV40 polyadenylation (polyA)
sequence synthesized by GeneArt® Gene Synthesis (Invitrogen/Thermo Fisher
Scientific). Truncation constructs of the her1 3’UTR, outlined in Figure 3.5, were
generated by restriction digestion or PCR amplification of the hsp70I:Venus-her1
3’UTR-SV40 plasmid, in parallel with removal of the full-length her1 3'UTR from

the hsp70I:Venus-her1 3’UTR-SV40 plasmid by restriction digestion, followed by
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ligation of the truncated her1 3’'UTR sequence into the digested hsp70I:Venus-
her1 3’UTR-SV40 plasmid. Modifications of the PRE and ARE sequences in the
her1 3'UTR was performed by site-directed mutagenesis of the hsp70I:Venus-
her1 3’'UTR-SV40 reporter using KOD polymerase (EMD Millipore) with
mutagenic primers followed by Dpnl digestion and transformation into E. coli. The
full-length 1327 nt dic 3'UTR was cloned by extracting total RNA from WT
embyos at mid-segmentation with Trizol Reagent according to manufacturer
procedures (Invitrogen/Thermo Fisher Scientific), followed by reverse-
transcription with Superscript Il (Invitrogen/Thermo Fisher Scientific) using a dlc-
specific reverse primer followed by PCR amplification of the dlc 3’'UTR using
gene-specific primers containing restriction enzyme sites for cloning. In parallel,
construct hsp70I:Venus-her1 3’'UTR-SV40 was digested to remove the her1
3’UTR followed by replacement with the dic 3'UTR. Constructs were sequence
confirmed. Transgenic lines were generated as previously described using |-
Scel-based transgenesis'’, and at least two separate founder lines were
analyzed for each transgene (Table 3.1) to minimize the impact of locus-specific
insertional effects on transgene expression.
3.3.4 Heat shock assay

Adult fish carrying the stable reporter transgenes were crossed to AB WT
fish. Resulting progeny were raised to mid-segmentation, heat shocked at 37°C
for 15 minutes, and fixed in 4% PFA at defined intervals post-heat shock. Time

points post-heat shock were determined through detection of Venus transcript by
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in situ hybridization and qPCR analysis to best display turnover of the reporter.
For transgenic lines illustrated in Figures 3.3 and 3.5, 0, 30, 60, and 90 minute
time points post-heat shock were selected, for Figures 3.4 and 3.7, 30, 60, and
90 minute time points post-heat shock were selected, for Figure 3.6, 0, 30, and
60 minutes post-heat shock was selected. All transgenic lines were analyzed for
Venus expression post-heat shock by colorimetric in situ hybridization or gPCR
analysis in parallel (each method described below).
3.3.5 mRNA injection

Full-length pnrc2 cDNA was generated as previously described*? to create
plasmid SP6-pnrc2-cDNA (pTLG109). For rescue experiments, WT and mutant
pnrc2 mRNAs were synthesized using the SP6 mMessage Machine Kit (Thermo
Fisher), diluted in 0.2M KCI with 0.1% phenol red, and injected into 1-cell stage
embryos (40 pg mRNA per embryo). All modifications of the pnrc2 mRNA were
performed by site-directed mutagenesis using KOD polymerase (EMD Millipore)
with mutagenic primers followed by Dpnl digestion and transformation into E.
coli. All constructs were sequence verified.
3.3.6 In situ hybridization

Whole mount in situ hybridization was performed as previously
described’#?143 using DIG-labeled antisense probes. Riboprobes for her1, dic,

and Venus were made as previously described!9%.118,
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3.3.7 RNA extraction

Whole embryos at mid-segmentation (n=10 per time point or condition)
were solubilized in Trizol for RNA extraction and purified following standard
procedures (Life Technologies). 0.5 -1 ug total RNA was purified and reverse
transcribed using random primers or gene specific reverse primers and
Superscript lll reverse transcriptase (RT) according to the manufacturer’s
instructions (Life Technologies).
3.3.8 Quantitative PCR

Quantitative PCR was performed using PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific), following manufacture’s procedures and 4.5 ul cDNA
(diluted 1:50) in 10 ul reactions. Negative controls included no-template for each
primer set. All reactions were subjected to thermal melting to confirm that each
reaction gave single peaks. All reactions were carried out in at least technical
duplicate for each of three biological replicates per heat shock line and transcript
levels were normalized to mobk13 (mob4)'82. Cycle thresholds (C:) were
determined using the Bio-Rad CFX manager software. Changes in mRNA
expression were calculated by AACt = ACttarget - ACt control. Relative changes in
MRNA expression levels are represented graphically as fold changes, wherein
relative mRNA fold change = 2-24Ct, All data analysis was performed in GraphPad

(Prism8).
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3.3.9 Microscopy and Imaging

In situ hybridized embryos were mounted in Permount and imaged using
an Axiocam HRc digital camera with AxioPlan2 microscope (Zeiss).
Immunofluorescent embryos were whole mounted in 80% glycerol and imaged at
20x magnification using MetaMorph software (Molecular Devices) on an Andor™
SpinningDisc Confocal Microscope (Oxford Instruments) with iXon Ultra EMCCD
and Nikon Neo cameras; laser wavelength and intensity were set 488 nm and
50% for Dlc protein detection, 488 nm and 100% for DId protein detection, and bit
depth at 16-bit. Maximum intensity projections using MetaMorph software are
shown for Dlc, and DId protein detection (Figure 3.2A-B, C-D).
3.3.10 Immunohistochemistry

All embryos described below were immunostained following standard
protocols using 4% PFA fixation, dehydration and rehydration in a methanol
series, and incubation in blocking solution for 1 hour. Mid-segmentation embryos
from wild-type and pnrc2°??? crosses were immunostained in 2% BSA/5% goat
serum/0.1% Tween-20/PBS blocking solution with 1:200 dilution anti-zdc2 that
recognizes Dlc protein (ab73336, Abcam) according to previously published
methods®? or immunostained in 2% BSA/10% goat serum/0.5% Triton X-
100/PBS blocking solution with 1:100 anti-zdd2 that recognizes Dld protein
according to previously published methods'#® (ab73331, Abcam), followed by

1:800 dilution goat anti-mouse Alexa-Fluor-488 (A11001, ThermoFisher).

90



3.4 Results

3.4.1 Zygotic and maternal pnrc2 promotes cyclic transcript decay

We previously showed that zygotically expressed pnrc2 promotes decay
of cyclic transcripts, including her? and dlc, during somitogenesis*®. Because
pnrc2 transcript is detected in wild-type (WT) embryos at early time points
including the 8-cell stage*®, we hypothesized that pnrc2 is maternally provided
and may partially compensate for loss of zygotic pnrc2 function during
somitogenesis. To examine maternal pnrc2 function, we generated maternal-
zygotic pnrc2°??? (MZpnrc2) mutant embryos and compared expression of cyclic
transcripts to WT embryos, maternal pnrc2°7?? (Mpnrc2) embryos that possess
zygotic pnrc2 function, and zygotic pnrc2°??? (Zpnrc2) mutant embryos that have
maternal but lack zygotic pnrc2 function. Consistent with previous results*®, both
her1 and dlc transcripts are misexpressed in Zpnrc2 embryos (Figure 3.1A vs B,
E vs F). Interestingly, her1 and dlc expression appear normal in Mpnrc2 embryos
(Figure 3.1A vs C, E vs G), suggesting pnrc2 zygotic function is sufficient to
regulate turnover of cyclic transcripts during somitogenesis. Although zygotic
pnrc2 function is sufficient to promote her1 and dic transcript decay, MZpnrc2
embryos lacking both maternal and zygotic pnrc2 function show an enhanced
misexpression phenotype compared to Zpnrc2 embryos (Figure 3.1B vs D, F vs
H). Because colorimetric in situ hybridization is qualitative, we quantified her1
and dlc transcript levels by quantitative PCR (gPCR). To distinguish between

transcriptional and post-transcriptional effects, primers that separately anneal to
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spliced and unspliced transcript were employed. MZpnrc2 mutant embryos
exhibit ~4-fold accumulation of spliced her? and dlc transcripts whereas Mpnrc2
sibling embryos exhibit WT levels of her1 and dlc spliced transcripts (Figure 3.11
and K), indicating that her? and dlc transcripts accumulate post-transcriptionally
in MZpnrc2 mutants. These results are consistent with our previous work that
showed pnrc2 mutant embryos accumulate clock-associated transcripts due to a
post-transcriptional defect*®1%0, Surprisingly, despite accumulation of clock-
associated transcripts in MZpnrc2 mutants and WT transcript levels in Mpnrc2
mutants, gPCR analysis reveals a ~2-fold decrease of unspliced her? and dlc
transcripts in both MZpnrc2 and Mpnrc2 mutants compared to WT embryos
(Figure 3.1J and L). Together, these results suggest maternally-provided and
zygotically-expressed pnrc2 promotes the rapid turnover of her?1 and dlc
transcripts during somitogenesis.

3.4.2 Unlike mRNAs, cyclic proteins do not accumulate in MZpnrc2
mutants.

Our previous work showed that protein expression of cyclic transcripts
such as dlc and the segmentation clock-associated transcript deltaD (dld) are
unaffected in zygotic pnrc2 mutants*®. To determine if protein expression is also
unaffected in MZpnrc2 mutants, we examined endogenous Dlc and DlId protein
expression in MZpnrc2 mutant and WT embryos by immunofluorescence.
Interestingly, while MZpnrc2 mutant embryos display ~4 fold higher levels of dic

transcript than WT embryos (Figure 3.1K), there are no discernible differences in
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Dlc protein expression among MZpnrc2 and WT embryos (Figure 3.2A-B,
magnified in A’-B’). Similarly, there are no discernible differences in DId protein
expression among MZpnrc2 and WT embryos (Figure 3.2C vs D), despite a
dramatic accumulation of dld transcript in MZpnrc2 mutant embryos (data not
shown). These data provide evidence that despite accumulation of clock-
associated transcripts in MZpnrc2 mutants, clock-associated protein expression
is unaffected, which may explain the absence of a morphological segmentation
phenotype.

3.4.3 Pnrc2 restores proper her1 expression in MZpnrc2 mutants and
requires specific residues residing within conserved domains.

Zebrafish pnrc2 encodes a 148 amino acid protein with highly conserved
C-terminal SRC-Homology 3 (SH3) and Nuclear Receptor-box (NR-box)
domains*®. Human PNRC2 interacts with the mRNA decapping enzyme DCP1A
through the SH3 domain and with the nonsense-mediated mRNA decay (NMD)
effector UPF1 through the NR-box domain and SH3 domain03:105,130,183,184
Mutation of W114A in the SH3 domain and deletion of the NR-box abrogates
binding to DCP1A and UPF1 and these interactions are required to elicit decay of
reporter MRNA'0%197 Because depletion of zebrafish Upf1 sensitizes embryos to
partial loss of Pnrc2 and the SH3 and NR-box domains are 100% identical
between human and fish*8, we hypothesized these domains might be essential
for Pnrc2-mediated decay of cyclic transcripts. We injected WT and mutant forms

of pnrc2 mRNA into MZpnrc2 mutants and assayed rescue (Table 3.2). Cerulean
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coding sequence was translationally fused to WT and mutant forms of pnrc2
MRNA to validate injected mRNA expression (data not shown). Whereas
injection of WT Cer-pnrc2 mRNA restores proper her1 expression in MZpnrc2
mutants, injection of Cer-pnrc2 mRNA containing the W124A mutation
(orthologous to human PNRC2 W114A) into MZpnrc2 mutants did not restore
proper her1 expression (Table 3.2). Injection of Cer-pnrc2 with NR-box deletion,
however, restored her1 expression in ~50% of MZPnrc2 mutant embryos (Table
3.2). Overall, these results suggest that interaction of Pnrc2 with known decay
machinery may be necessary for turnover of non-aberrant cyclic transcripts.
3.4.4 The her1 3’UTR confers instability to transcripts in a Pnrc2-dependent
manner.

While aberrant mRNAs containing well-described features such as
premature termination codons (PTCs) are targeted for decay, it remains unclear
how non-aberrant cyclic mRNAs are targeted for decay. We set out to answer
this question by performing cis-regulatory analysis through the use of inducible
reporters. In previous studies, heat shock-induced reporter transcript containing
the her?1 3'UTR decayed rapidly post-induction3?48 and this destabilizing effect
requires Pnrc2 function*®. To identify sequence elements within the her? 3’'UTR
that are required for Pnrc2-mediated decay, we modified our previously
published transgenic heat shock reporter line*® to drive expression of Venus
transcript followed by various portions of the her1 3'UTR. Because a subset of

reporter lines lack the endogenous her1 polyadenylation (pA) signal, we included
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an SV40 pA signal on all reporters, including the full length her1 3’'UTR, so that
all reporters utilize the same pA signal. Use of the SV40 pA was validated by 3’
RACE in the last 179 nt her 3'UTR reporter used in Figure 3.4 that still maintains
the endogenous pA signal (data not shown). As a control for baseline Venus
stability, Venus transcript fused only to the SV40 pA signal (Venus-SV40) was
developed and tested in parallel. Reporter mRNA containing the full-length her1
3'UTR (Venus-her1 3’'UTR-SV40) is rapidly decayed between 30 to 90 minutes
pHS when compared to reporter mRNA devoid of her1 3'UTR sequence (Venus-
SV40) by in situ hybridization (Figure 3.3B-I), demonstrating that the full-length
her1 3'UTR is sufficient to convey rapid instability. Quantification by gPCR
analysis comparing fold-change of the her1 3’UTR containing reporter transcript
from 30 minutes pHS to 60 and 90 minutes pHS reveals dramatic instability of
the reporter by 90 minutes pHS (Figure 3.3J).To test Pnrc2 dependence for rapid
reporter decay, Mpnrc2 and the MZpnrc2 mutant embryos were heat shocked
and analyzed in parallel. Mpnrc2 and WT embryos expressing Venus-her1
3’UTR-SV40 reporter mRNA are indistinguishable across all pHS time points
(Figure 3.3 F-M). In contrast, reporter mMRNA in MZpnrc2 mutant embryos is
stabilized (Figure 3.3 N-Q), indicating that Pnrc2-mediated decay of her1
transcript occurs through destabilizing features of the her1 3'UTR.
3.4.5 The last half of the her1 3’'UTR promotes Pnrc2-mediated decay

To define regions of the her1 3’UTR that are necessary and sufficient for

Pnrc2-dependent decay, we conducted truncation analysis of the her1 3’'UTR.
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Transgenic lines were generated with hsp70/ promoter sequence driving
expression of Venus coding sequence fused to either the first 362 nts or the last
363 nts of the her1 3'UTR followed by a SV40 pA. Induction of the reporter was
performed as in Figure 3.3A, and time points of 30, 60, and 90 minutes pHS were
examined because of lack of decay and/or continued induction from 0 to 30
minutes pHS (Figure 3.3 and data not shown). Reporter lines containing only the
first 362 nts of the her1 3'UTR display minimal destabilization by 90 minutes pHS
by in situ hybridization (Figure 3.4A-C). Reporter lines containing the last 363 nts
of the her1 3'UTR display instability much like the Venus-her1 3’'UTR reporter
(Figure 3.4D-F). Consistent with in situ hybridization results, gPCR analysis
comparing fold-change of the reporter fused to the last 363 nts of the her?1 3’UTR
displays dramatic instability by 90 minutes pHS (Figure 3.4G). qPCR analysis of
the reporter carrying the first 362 nts of the her? 3’'UTR displays minimal decay
by 90 minutes pHS (Figure 3.4G). These data indicate the last 363 nts of the
her1 3'UTR are necessary and sufficient to confer instability to reporter transcript.
3.4.6 The last 179 nucleotides of the her1 3’'UTR are sufficient and
necessary for Pnrc2-mediated decay of reporter transcripts

To identify specific features of the her?1 3’'UTR that confer destabilization,
we conducted further truncation analysis on the last 363 nts of the her? 3'UTR.
Heat-shock inducible transgenic lines were generated as previously described
carrying only the last 179 nts of the her1 3'UTR. Reporters fused to the last 179

nts of the her1 3’'UTR become destabilized from 30 to 90 minutes pHS by in situ

96



hybridization (Figure 3.4H-J). Destabilization of the reporter by the last 179 nts of
the her1 3’UTR is similar to the destabilization observed by the full-length her1
3'UTR and the last 363 nts of the her1 3'UTR by in situ hybridization (Figure
3.3F-l and Figure 3.4D-F vs Figure 3.4H-J), suggesting instability elements of the
her1 3'UTR were not lost in the truncation. Overall, the collection of various
truncations of the her1 3'UTR, summarized in Figure 3.5, indicate that the last
179 nts are required for instability. To determine if destabilizing features within
the last 179 nts of the her1 3'UTR are Pnrc2-dependent, we examined
destabilization of the last 179 nt her1 3’'UTR reporter in Mpnrc2 and MZpnrc2
mutant backgrounds. MZpnrc2 mutants display persistence of the reporter at
time points pHS not observed in WT embryos (Figure 3.4H-M). In Mpnrc2
mutants, the reporter is destabilized similar to WT embryos (data not shown).
These experiments reveal similar results compared to the full-length her? 3’'UTR
reporter (Figure 3.3F-Q), but persistence of the last 179 nt her1 3'UTR reporter
does not appear as robust in MZpnrc2 mutants as the full-length her1 3UTR
reporter, suggesting her1 3’'UTR elements outside those in the last 179 nts may
be important for recruitment of a Pnrc2-containing decay complex.
3.4.7 The dIc 3’UTR confers instability to reporter transcript in a Pnrc2-
dependent manner.

Pnrc2 function is important for proper her1 expression and also promotes
proper dic expression. To determine if the dlc 3'UTR contains features that

promote Pnrc2-dependent decay, we modified our heat shock inducible system
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to drive expression of Venus transcript followed by the full-length 1327 nt dic
3'UTR that includes an SV40 pA (Venus-dic 3’'UTR-SV40) and compared
reporter expression between WT, Mpnrc2, and MZpnrc2 embryos. Time points of
0, 30, and 60 minutes pHS were chosen to best capture decay by in situ
hybridization. We find that reporter expression is indistinguishable between WT
and Mpnrc2 mutant embryos across all time points observed (Figure 3.6A-C vs
D-F). In contrast, reporter expression in MZpnrc2 mutants is stabilized relative to
WT and Mpnrc2 mutant embryos at 30 and 60 minute time points (Figure 3.6A-F
vs G-l). These data reveal that in addition to the her1 3’'UTR, the dic 3UTR
promotes Pnrc2-dependent transcript decay and suggests cyclic transcripts may
contain a common Pnrc2-dependent decay feature(s) within their 3’UTRs.

3.4.8 Both her1 and dic 3’UTRs contain Pumilio response and AU-rich
elements.

To determine if the her1 and dic 3'UTRs contain a common destabilizing
feature, we searched for shared motifs using MEME analysis'®. Because the last
179 nts of the her1 3'UTR is necessary and sufficient for Pnrc2-mediated decay,
we compared this region with the dic 3’UTR and identified two common motifs: a
Pumilio response element (PRE) and an AU-rich element (ARE) (Figure 3.6J).
The her1 3'UTR contains a single 5 UGUAHAUA PRE within the minimal
destabilizing 179 nt region while the dic 3’UTR contains three 5UGUAHAUA
PREs. The her1 3'UTR also contains a single 5UAUUUAU ARE located near the

PRE in the last 179 nts of the 3’'UTR and the dic 3’'UTR contains three
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5’UAUUUAU AREs. Because PREs and AREs are associated with mRNA
instability’”1%6, we focused on these motifs to determine their contribution to
cyclic transcript turnover.

3.4.9 The her1 PRE and ARE promote transcript decay.

To determine if the her1 PRE and ARE promote decay of reporter
transcript, we modified the Venus-her1 3'UTR-SV40 reporter by mutation of the
PRE or ARE and compared Venus expression in parallel with the unmodified
Venus-her1 3’UTR-SV40 reporter. The PRE in the her1 3'UTR was disrupted by
replacement of PRE base positions 2 and 3 from GU to CC, a replacement that
disrupts the ability of human PUMILIO to bind target mMRNAs'8. Reporter mRNA
carrying the PRE mutation appears stabilized relative to unmodified Venus-her1
3’UTR-SV40 reporter mRNA (Figure 3.7A-F). Consistent with in situ hybridization
results, gPCR analysis reveals a stabilizing effect from PRE mutation, shifting the
reporter half-life from 46.5 to 70.9 minutes when compared to the unmodified
Venus-her1 3’ UTR-SV40 reporter (Figure 3.7G). To determine the contribution of
the her1 ARE, ARE positions 3-5 were changed from UUU to CCC, a
replacement that disrupts ARE-binding protein association with target mMRNAs'®”.
Reporter mRNA carrying the ARE mutation also appears stabilized relative to
unmodified Venus-her1 3’'UTR-SV40 reporter mRNA (Figure 3.7H), shifting
reporter half-life from 46.5 to 57.0 minutes. Together, these results suggest that

both the PRE and ARE in the her1 3'UTR promote transcript decay.
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3.5 Discussion

In this work, we present evidence that Pnrc2 promotes 3'UTR-mediated
MRNA decay of the cyclic genes her1 and dlc. This work builds upon evidence
that Pnrc2 promotes decay of non-aberrant transcripts*®197 and identifies mMRNA
features that promote Pnrc2-mediated decay. Human PNRC2 is implicated in
MRNA turnover through interactions with decay factors SMG6, DCP1A, UPF1,
and STAU1, and studies have shown PNRC2 functions in decay of PTC-
containing reporter transcripts®2.103.105.127-128 'However, a recent study found that
levels of PTC-containing reporter transcripts were unaffected by PNRC2
knockdown'%”. These conflicting results suggest Pnrc2 function may be
differentially required in different cell types, developmental stages, or
environmental conditions, or may reflect partial redundancy of Pnrc2 with other
decay factors and demonstrates a need to better understand Pnrc2-dependent
decay in vivo. We show here the last 179 nts of the her1 3’'UTR are necessary
and sufficient for Pnrc2-dependent decay of non-PTC containing reporter mRNA.
We show the full-length dic 3’'UTR also confers Pnrc2-mediated decay to reporter
transcripts, demonstrating elements within cyclic transcript 3’UTRs are sufficient
for triggering Pnrc2-dependent decay. Both the her? and dic 3'UTRs contain at
least one PRE and ARE, raising the possibility that Pnrc2 promotes decay via
Pumilio and/or ARE-BPs. Future analysis examining interaction of Pum1, Pumz2,

and ARE-BPs with Pnrc2 will provide a better understanding of mechanisms by
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which Pnrc2 regulates transcript stability and provide insight to pathways in
which Pnrc2-mediated decay functions.
Maternal pnrc2 also regulates cyclic transcript turnover

Zebrafish utilize a large contribution of maternally-provided mRNA and
proteins due to external fertilization'8. We show here maternal deposition of
pnrc2 partially compensates for loss of zygotic pnrc2 during somitogenesis.
Embryos without functional maternal and zygotic pnrc2 display a stronger
accumulation of her1 and dlc transcripts compared to embryos without zygotic
pnrc2, suggesting maternally provided pnrc2 also mediates cyclic transcript
stability (Figure 3.1). Interestingly, loss of functional maternal pnrc2 has no
consequence on her1 and dlc transcript levels when pnrc2 is still zygotically
transcribed, suggesting zygotic pnrc2 expression alone is sufficient to clear cyclic
transcripts during somitogenesis. Because reporter expression in Mpnrc2 mutant
embryos is indistinguishable from reporter expression in wild-type embryos
(Figure 3.3 and 3.6), it appears that zygotically-expressed pnrc2 is sufficient to
regulate cyclic transcript turnover. Incomplete compensation of Zpnrc2 mutants
by maternal pnrc2 is likely the result of eventual depletion of maternal pnrc2
during somitogenesis, but post-transcriptional processes such as splicing and/or
translation may differ between zygotic pnrc2 and maternal pnrc2 and future

studies should examine these processes in Zpnrc2 and Mpnrc2 mutants.
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Other cyclic transcript 3’'UTRs contain Pnrc2-dependent instability
elements

Our previous work demonstrates the full-length her? 3’UTR is sufficient to
confer Pnrc2-mediated decay*®, but it was unknown if other cyclic transcript
3'UTRs maintained this capacity. We show here the full-length dic 3’'UTR is also
capable of destabilizing transcripts in a Pnrc2-dependent manner (Figure 3.6),
suggesting a conserved mechanism of Pnrc2-dependent destabilization may
regulate cyclic transcripts through 3'UTR interactions. The 1327 nt dic 3UTR is
almost twice the length of the 725 nt her1 3’UTR, and more rapid destabilization
of reporter constructs by the dic 3’UTR may be attributed to decay factors such
as UPF1 that display preference to longer 3'UTRs"8. Identification of additional
Pnrc2-regulated “destabilizing” 3’UTRs will provide a greater opportunity to
identify and test conserved decay features of cyclic 3’'UTRs and determine if
3'UTR length is a factor in Pnrc2-mediated decay. Future investigations should
examine the 3’'UTR of other endogenous Pnrc2-regulated transcripts such as
her7 and dld to determine if common conserved features regulate decay.
PRE and ARE motifs are found in multiple cyclic transcripts

Transcriptome-wide analyses show that the PRE is among the features
most strongly correlated with mRNA instability”-8%, and a recent study found
global enrichment of PREs and AREs in the 3'UTR of maternal transcripts rapidly
degraded during zebrafish embryogenesis®'. Our work provides evidence that

disruption of the PRE and ARE in the her1 3’'UTR affects destabilization of
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reporter transcripts (Figure 3.7), suggesting these features may regulate
instability of endogenous her1 transcript. Cyclic transcripts such as dlc and her7
and the clock-associated transcript dld also contain putative PRE and ARE motifs
(Figure 3.6J and data not shown), suggesting PRE and ARE motifs may function
in the regulation of multiple cyclic transcripts during somitogenesis. The dic
3'UTR appears to confer more rapid destabilization of reporter transcripts than
the her1 3’UTR, and this may be contributed to the presence of multiple PREs
and AREs in the 3'UTR, allowing for recruitment of many decay factors. Because
mutation of the PRE or ARE alone are not sufficient to fully stabilize reporter
mMRNA (Figure 3.7G-H), these motifs may function independently and future
experiments should investigate the function of both the ARE and PRE sequences
in the regulation of endogenous her1, dic, her7, and did expression through
precise mutagenesis of both elements in the endogenous 3'UTR sequence.

We cannot rule out the possibility that decay features other than the PRE
and ARE also function in the regulation cyclic transcripts. A canonical
5’'UGCUGU Muscleblind-like 1 (MBNL1) binding motif is present in the last 179
nts of the her?1 3’'UTR and the dic 3'UTR. MBNL1 regulates turnover of mRNA
through 3'UTR interactions'9%191 and future studies should also examine function
of the MBNL1 binding motif in cyclic transcript turnover. There is also potential for
a secondary structure element that is sustained in the last 179 nts of the her1

3'UTR that recruits decay factors. Further mutagenesis experiments of the her1
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3'UTR will help determine if features outside of the PRE and ARE also function to
destabilize cyclic transcripts.
Pumilio proteins and ARE-BPs may regulate cyclic transcript expression
during somitogenesis

PREs are well-studied binding sites for Pumilio proteins across a variety of
species’+76.192 Studies have shown human PUM1 and PUM2 associate with
overlapping sets of PRE-containing mRNAs'®3-1%_and both PUM1 and PUM2
must be simultaneously depleted to fully alleviate PRE-mediated repression’#197,
suggesting partial redundancy of PUM1 and PUM2 proteins. Pumilio proteins
confer instability through recruitment of the major deadenylation machine, the
Ccr4-Not complex (CNOT) to target mRNAs’4:82.83.198,19 'hyt also repress protein
levels through antagonism of poly(A)-binding protein (PABP)74.198.200 Repression
by Pumilio proteins have been found to function in a range of biological
processes including growth and development, gametogenesis, and
neurogenesis'95201-207 ‘and dysfunction of Pumilio proteins have been linked to
diseases such as neurodegeneration and cancer?01:206.208,209

Zebrafish express both pum1 and pum?2 transcript throughout
somitogenesis?'?, and our data suggests Pum1 and/or Pum2 may interact and
regulate decay of her1 and other cyclic genes. Normal cyclic protein levels in
MZpnrc2 mutants (Figure 3.2) may be explained by translational repression of
accumulating cyclic transcripts by Pum1 and/or Pum2 and future genetic studies

should examine cyclic transcript expression in pum1 and pum?2 single mutants,
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pum1; pum2 double mutants, and pum1;pum2;pnrc2 triple mutants. Because of
the redundant function of human PUM1 and PUM2, we hypothesize pum1;pum?2
double mutants will impact cyclic transcript expression and anticipate both cyclic
transcript and protein will accumulate in pum1;pum2;pnrc2 triple mutants, leading
to disrupted oscillatory expression and segmentation defects.

Interestingly, human PNRC2 transcript and zebrafish pnrc2 transcript both
contain a PRE itself, and studies identifying direct interactions of human PUM1
and PUM2 identified PNRC2 as a top target'92193.19%6.211 A recent study has also
shown knockdown of PUM1 and PUM2 causes upregulation of PNRC2
transcript'®’, further supporting PNRC2 expression itself is regulated by Pumilio
proteins. These findings suggest Pumilio proteins may also indirectly regulate
turnover of cyclic transcripts through regulation of Pnrc2 expression and future
experiments should examine expression of pnrc2 transcript and Pnrc2 protein in
pum1;pum2 mutants during somitogenesis.

Our data also show disruption of the ARE in the her1 3’'UTR affects
stability of reporter transcript (Figure 3.7H). Many factors recognize AREs and
not only function to destabilize but also stabilize transcripts. Examples of well-
studied destabilizing ARE-BPs are the ARE/poly(U)-binding/degradation factor 1
(AUF1), tristetrapolin (TTP), and KH-type splicing regulatory protein (KSRP)?-
68,72.210 Other ARE-BPs such as TIA-1 and TIAR have been found to inhibit
translation?'?2'4, Similar to Pumilio-mediated repression, deadenylation is the

first and rate-limiting step in degradation of many ARE-containing mRNAs?15-220,
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Zebrafish orthologs of AUF1, KSRP, TTP, and TIA-1 are all expressed
throughout somitogenesis?'?, and future studies should investigate the role of
ARE-BPs in the turnover of her1 and dic transcripts. Normal cyclic protein levels
in MZpnrc2 mutants (Figure 3.2) may also be explained by translational
repression by ARE-BPs such as TIA-1 and future work should investigate the
role of the ARE-BPs in the regulation of cyclic transcript and protein expression.

A recent study found inhibition of the CCR4-NOT deadenylation complex
increases abundance of her1 and her7 transcripts in zebrafish and suggests
features in the her?1 and her7 3'UTRs may recruit the CNOT deadenylase??.
PRE and ARE motifs confer transcript instability through deadenylation, and our
work and others raises the possibility that recruitment of the CNOT deadenylase
to the her1 3’'UTR may be through Pumilio proteins and/or ARE-BPs recognizing
the PRE or ARE. Future biochemical and genetic approaches should examine
interactions of the ARE and PRE motifs in cyclic transcripts to determine if Pum1,
Pum2 and/or ARE-BPs directly bind and influence transcript stability.

Overall, we propose Pnrc2 regulates cyclic transcript expression through
3'UTR-mediated mRNA decay. Features in the last 179 nucleotides (nts) of the
her1 3'UTR are necessary and sufficient to confer Pnrc2-mediated decay to
reporter transcript and the dic 3'UTR also confers Pnrc2-dependent decay to
reporter transcript. We have identified a PRE and ARE motif in the last 179 nts of
the her1 3UTR and demonstrate that both motifs promote turnover of reporter

transcripts. Future biochemical, molecular, and genetic studies of Pnrc2, Pum1,
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Pum2, and ARE-BPs will provide a deeper understanding of regulators of the
segmentation clock and post-transcriptional mechanisms that regulate oscillatory

expression.
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3.6 Figures

Figure 3.1. Maternal and zygotic pnrc2 promotes proper her1 and dic
expression.

Wild-type (WT), zygotic pnrc2°%?? (Zpnrc2), maternal pnrc2°??2 (Mpnrc2), and
maternal-zygotic pnrc2°%?? (MZpnrc2) mutant embryos were raised to mid-
segmentation stage (16-18 hpf) and probed for her1 (A-D) and dlc expression (E-
F) by in situ hybridization (n > 10 each). WT, MZpnrc2, and Mpnrc2 mutant
embryos (n = 10 each) were analyzed by qPCR using primers that span exon-
exon boundaries to detect spliced her7 (1) and dic (K) transcripts or primers that
span intron-exon boundaries to detect her? (J) and dlc (L) unspliced transcripts.
MZpnrc2 mutant embryos display ~4-fold higher levels of spliced her1 and dlc
MRNA by qPCR and Mpnrc2 mutant embryos display similar levels of spliced
her1 and dic mRNA compared to WT embryos by qPCR (I and K). Both MZpnrc2
and Mpnrc2 mutant embryos display a ~2-fold decrease in unspliced her?1 and
dlc transcripts compared to WT embryos by gPCR (J and L). hpf = hours post-

fertilization.
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Figure 3.2. DIc and DId protein levels are not elevated in maternal-zygotic
pnrc2°#? mutants during somitogenesis.

WT and MZpnrc2 mutants were fixed during mid-segmentation and endogenous
Dlc or DId protein was detected by immunofluorescence (A-D) (n =3 WT and n =
3 MZpnrc2 mutants per antibody). (A’) Magnified image of the PSM of the WT
embryo probed for DIc in A. (B’) Magnified image of the PSM of the MZpnrc2

mutant embryo probed for Dic in B.
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Figure 3.3. The her1 3’'UTR confers Pnrc2-dependent instability to reporter
transcripts.

(A) Diagram illustrating the heat-shock protocol used for transgenic lines in this
study. Transgenic embryos carrying the hsp70l:Venus-her1 3’°UTR-SV40 reporter
or hsp70I:Venus-SV40 reporter were raised to mid-segmentation stage, heat-
shocked for 15 minutes, then collected at the indicated minutes pHS and
processed by Venus in situ hybridization (B-1) (n > 10 embryos per time point).
Venus transcript is not detected in the absence of heat-shock (n = 10) (not
shown). (J) gPCR analysis comparing Venus transcript fold-change from 30
minutes pHS to 60 and 90 minutes pHS between the hsp70I:Venus-her1 3’UTR-
SV40 and hsp70I:Venus-SV40 reporter lines (n = 10 per time point). (J-Q) Mid-
segmentation stage Mpnrc2 mutant embryos and MZpnrc2 mutant embryos
carrying the hsp70I:Venus-her1 3°UTR-SV40 reporter were heat-shocked and
processed by Venus in situ hybridization as previously stated (n > 10 embryos
per time point). Representative embryos were genotyped post-imaging to confirm
genotype. pHS = post heat-shock. (The hsp70I:Venus-her1 3’UTR-SV40 and

hsp70I:Venus-SV40 reporters were constructed by Nicolas L. Derr.)

112



A Cross trangenic )
i /. 24hours 15 minutes
AN S

T a /} — 5 Probe for Venus

line

— | A iy
,\»’// 250C E g}? 37°C transcript

Venus fold change

= \enus-SV40 3'UTR
-m= \enus-hert 3'UTR
L

Minutes

(Figure 3.3 continued on next page)

113



114



Figure 3.4. The last 179 nucleotides of the her1 3’UTR is sufficient for
Pnrc2-mediated decay of reporter transcripts.

Transgenic embryos carrying the hsp70I:Venus-her1 3’ UTRA363-725-SV40
reporter or hsp70I:Venus-her1 3UTRA1-362-SV40 reporter were raised to mid-
segmentation stage and heat-shocked for 15 minutes, then collected at the
indicated minutes pHS and processed by Venus in situ hybridization (A-F) (n > 6
per time point). (G) gPCR analysis comparing Venus transcript fold-change from
30 minutes pHS to 60 and 90 minutes pHS between the hsp70l:Venus-her1
3’UTRA363-725-SV40 or hsp70I:Venus-her1 33UTRA1-362-SV40 reporter lines
(n =10 per time point). Mid-segmentation stage WT and MZpnrc2 mutant
embryos carrying the hsp70I:Venus-her1 3’°UTRA1-546-SV40 reporter construct
were heat-shocked and processed by Venus in situ hybridization as previously
stated (H-M) (n > 10 embryos per time point). Representative embryos were
genotyped post-imaging to confirm genotype. pHS = post heat-shock; nts =
nucleotides. (The hsp70I:Venus-her1 3’'UTRA363-725-SV40 and hsp70l:Venus-

her1 3UTRA1-362-SV40 reporters were constructed by Nicolas L. Derr.)

115



her1 3UTR A 363-725
i Venus

WT

C

60’ ' pHS

hert 3UTR A 1-362

G s
[}
{e)]
c
g 1.0
(3]
k=]
o - Venus-her1 3UTR A363-725
@ 0.5 = Venus-her! 3UTR A1-362
g

o
=]

T T T
30 60’ 90'
Minutes

(Figure 3.4 continued on next page)

116



her1 3UTR A 1-546
(5 Y

117



Figure 3.5. Reporter constructs that contain the last 179 nucleotides of the
her1 3’'UTR become rapidly destabilized.

Summary of reporter destabilization in transgenic embryos carrying various
truncations of the her1 3’'UTR (A-F). All lines were raised to mid-segmentation
stage and heat-shocked for 15 minutes, then collected and processed by Venus
in situ hybridization at 0, 30, 60, and 90 minutes pHS. (A) hsp70I:Venus-her1
3’UTR-SV40 reporter. (B) hsp70Il:Venus-her1 3’°UTRA1-362-SV40 reporter line.
(C) hsp70I:Venus-her1 3’°UTRA363-725-SV40 reporter. (D) hsp70I:Venus-her1
3’UTRA1-546-SV40 reporter. (E) hsp70l:Venus-her1 3’UTRA1-362,4547-725-
SV40 reporter. (F) hsp70l:Venus-her1 3’°UTRA363-546-SV40 reporter. At least 2
separate stable lines were established and analyzed for each reporter construct
(Table 3.1). pHS = post heat-shock. (The hsp70I:Venus-her1 3’°UTR-SV40,
hsp70l:Venus-her1 3°UTRA363-725-SV40, and hsp70I:Venus-her1 3’ UTRA1-

362-SV40 reporters were constructed by Nicolas L. Derr.)
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Figure 3.6. The dic 3’UTR confers Pnrc2-mediated decay to reporter
transcripts.

Transgenic embryos carrying the hsp70l:Venus-dic 3°UTR-SV40 reporter were
raised to mid-segmentation stage and heat-shocked for 15 minutes, then
collected at the indicated minutes pHS and processed by Venus in situ
hybridization (A-C) (n > 10 embryos per time point). Mpnrc2 (D-F) and MZpnrc2
mutant embryos (G-I) carrying the hsp70I:Venus-dic 3’'UTR-SV40 reporter were
heat-shocked and processed for Venus transcript as previously stated (n > 10
embryos per time point). Representative embryos were genotyped post-imaging
to confirm genotype. (J) MEME analysis'® identifies a PRE (yellow), and ARE
(white) in the last 179 nts of the her1 3'UTR and in the full-length dlc 3’'UTR. The
her1 3'UTR contains a single 5 UGUAAAUA PRE, and the dic 3'UTR contains
three 5 UGUAHAUA PREs. The her1 3'UTR contains a single 5 UAUUUAU
ARE and the dlc 3'UTR contains three 5 UAUUUAU AREs. pHS = post heat-
shock; PRE = Pumilio response element; ARE = AU-rich element. (The

hsp70I:Venus-dic 3’ UTR-SV40 reporter was constructed by Zachary T. Morrow.)
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Figure 3.7. The Pumilio response element and AU-rich element in the her1
3’UTR are necessary for normal turnover of reporter transcript.

Transgenic embryos carrying the hsp70l:Venus-her1 3’°UTR-SV40 reporter (A-C)
or the embryos carrying the hsp70I:Venus-her1 3’°UTR-SV40 reporter with a 2 nt
mutation in the PRE sequence (D-F) were raised to mid-segmentation stage and
heat-shocked for 15 minutes, then collected at the indicated minutes pHS and
processed by Venus in situ hybridization (n > 10 embryos per time point). (G)
gPCR analysis comparing Venus transcript fold change from 30-minutes pHS to
60 and 90 minutes pHS between the hsp70I:Venus-her1 3’UTR-SV40 reporter
and the hsp70I:Venus-her1 3’'UTR-SV40 reporter with PRE mutation (n = 10
embryos per time point). Half-life calculation of the reporters display a 24.4-
minute stabilization when the PRE is disrupted. (H) gPCR analysis comparing
Venus transcript fold change from 30-minutes pHS to 60 and 90 minutes pHS
between the hsp70I:Venus-her1 3’ UTR-SV40 reporter and the hsp70I:Venus-
her1 3’UTR-SV40 reporter with a 3 nt mutation in the ARE sequence (n = 10 per
time point). The ARE in the her1 3'UTR is mutated from 5UAUUUAU to
5’'UACCCAU. Half-life calculation of the reporters display a 10.5-minute
stabilization upon ARE disruption. pHS = post heat-shock; PRE = Pumilio

response element; ARE = AU-rich element; nt = nucleotides.
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Table 3.1 List of transgenic lines generated in this study.

Allele

0z44

0z45

0z46

oz47

0z48

0z49

0z50

0z51

0z52

0z53

0z54

0z55

0z56

0z57

0z58

0z59

0z60
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Transgene
hsp70Il:Venus-her1 3’°UTR-SV40
hsp70Il:Venus-her1 3’°UTR-SV40
hsp70Il:Venus-her1 3’°UTR-SV40

hsp70Il:Venus-her1 3’°UTRA1-362-
SV40
hsp70I:Venus-her1 3’ UTRA1-362-
SV40
hsp70l:Venus-her1 3’°UTRA1-362-
SV40
hsp70l:Venus-her1 3’°UTRA1-362-
SV40
hsp70Il:Venus-her1 3’°UTRA363-725-
SV40
hsp70Il:Venus-her1 3’°UTRA363-725-
SV40
hsp70l:Venus-her1 3’°UTRA363-725-
SV40
hsp70l:Venus-her1 3’UTRA363-725-
SV40
hsp70l:Venus-her1 3’°UTRA1-546-
SV40
hsp70l:Venus-her1 3’°UTRA1-546-
SV40
hsp70Il:Venus-her1 3’°UTRA1-546-
SV40
hsp70I:Venus-her1 3’ UTRA1-546-
SV40
hsp70l:Venus-her1 3’°UTRA1-546-
SV40
hsp70l:Venus-her1 3’°UTRA1-362;
A547-725-SV40



0z61

0262

0z63

0z64

0z65

0z66

0z67

0z68

0z69

0z70

0z71

0z72

0z73

o0z74

0z75

0z76

oz77

0z78

0z79

0z80

0z81

hsp70l:Venus-her1 3’°UTRA1-362;
A547-725-SV40

hsp70l:Venus-her1 3’°UTRA363-546-

SV40

hsp70l:Venus-her1 3’'UTRA363-546-

SV40
hsp70I:Venus-SV40

hsp70Il:Venus-SV40
hsp70I:Venus-SV40
hsp70Il:Venus-SV40

hsp70I:Venus-SV40

hsp70I:Venus-disrupted PRE her1

3’UTR-SV40

hsp70l:Venus-disrupted PRE her1

3’UTR-SV40

hsp70I:Venus-disrupted PRE her1

3’UTR-SV40

hsp70I:Venus-disrupted PRE her1

3’UTR-SV40

hsp70l:Venus-disrupted PRE her1

3’UTR-SV40

hsp70I:Venus-disrupted ARE her1

3’UTR-SV40

hsp70l:Venus-disrupted ARE her1

3’UTR-SV40

hsp70I:Venus-disrupted ARE her1

3’UTR-SV40

hsp70l:Venus-disrupted ARE her1

3’UTR-SV40

hsp70l:Venus-disrupted ARE her1

3’UTR-SV40

hsp70l:Venus-disrupted ARE her1

3’UTR-SV40
hsp70l:Venus-dic 3’ UTR-SV40

hsp70l:Venus-dic 3’ UTR-SV40



0z82 hsp70l:Venus-dic 3’ UTR-SV40
0z83 hsp70l:Venus-dic 3’ UTR-SV40
*Each oz number represents a separate founder line generated with each

transgene, which should represent an independent transgene insertion event.

Table 3.2. Specific residues in the SH3 domain of Pnrc2 are necessary for

rescue of her1 accumulation in MZpnrc2 mutants.

her1 expression?

Condition Percent
Normal Accumulated affected
Uninjected 14/29 15/29 51.7%
Cerulean-pnrc2 48/49 1/49 2.0%
Cerulean-pnrc24NR 22/27 5/27 18.5%
Cerulean-pnrc2W->A 26/50 24/50 52.0%

aAt the 16-18hpf, pnrc2 mRNA-injected embryos from a pnrc2°??2 homozygous
female crossed to pnrc2°??? heterozygous male were processed by her? in situ
hybridization to assess phenotypic rescue. The cross generates 50%
MZpnrc2°7?? mutants and 50% M pnrc2°??2 mutants. Because Mpnrc2°7%?
mutants display no her?1 accumulation as shown in Figure 3.1, only half of the
embryos are expected to display the her1 accumulation phenotype.

bChi-square analysis indicates a significant difference in her? expression
among Cerulean-pnrc2 mRNA-injected MZpnrc2 mutants versus uninjected
embryos and no significant difference among pnrc2V->A mRNA-injected
MZpnrc2 mutants compared to uninjected embryos, p < 0.0001 and p =
0.7773 respectively. W->A = W114A mutation; ANR = deletion of Nuclear
Receptor domain; hpf = hours post-fertilization. (Data in Table 3.2 were
generated by Monica M. Mannings)
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Chapter 4: Concluding remarks and Future work

4.1 Summary of Findings and Significance

My work investigates cis elements and trans-acting factors critical for
cyclic transcript decay, a recognized but largely unexplored component of the
segmentation clock?®. | have determined zygotically expressed and maternally
provided pnrc2 contributes to clearing spliced her1, her7, dic, and dld transcripts
during somitogenesis (Chapter 2 Figure 2.3 and Figure 2.4; Chapter 3 Figure 3.1;
data not shown) and show the her?1 3’'UTR confers Pnrc2-dependent instability to
reporter transcripts (Chapter 2 Figure 2.7; Chapter 3 Figure 3.3). Sub-optimal
depletion of both Pnrc2 and Upf1 causes accumulation of her? transcripts
(Chapter 2 Figure 2.8), and specific residues in the SH3 domain of Pnrc2 are
necessary for rescue of MZpnrc2 mutants ( Chapter 3 Table 3.2). Although cyclic
transcripts accumulate in pnrc2°??2 mutants, | show cyclic protein levels do not
(Chapter 2 Figure 2.10; Chapter 3 Figure 3.2), suggesting another mechanism of
regulation ensures proper protein levels of segmentation clock genes such as
rapid protein turnover or translational repression. | have determined the last 179
nts of the her?1 3’'UTR is necessary and sufficient to confer Pnrc2-dependent
decay (Chapter 3 Figure 3.4 and Figure 3.5) and have shown the dlc 3’'UTR also
confers Pnrc2-dependent decay (Chapter 3 Figure 3.6), suggesting cyclic
transcripts may be regulated through a conserved 3’'UTR-mediated decay

mechanism. | show her1 transcript turnover is independent of Dicer-generated
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miRNAs (Chapter 2 Figure 2.7) and identified conserved PRE and ARE motifs in
the her1 and dlc 3’'UTRs (Chapter 3 Figure 3.6). Mutation of the PRE and ARE in
the her1 3’UTR disrupts ability of the 3’UTR to convey normal turnover to
reporter transcripts (Chapter 3 Figure 3.7), suggesting Pumilio and/or an ARE-
BPs function to regulate transcript turnover during somitogenesis.

The purpose of this work is to define pathways regulating the rapid clock

we [ hert coding [NEASUTRIN .

Pumilio

UGUAAAUA  uauuuau i
606 PRE ARE 662

Figure 4.1. Potential decay factors involved in turnover of her1 mRNA.

transcript turnover required to maintain Segmentation Clock function. Recent
studies have determined that ultradian Hes oscillators are operating in other
biological systems such as neural stem cells, embryonic stem cells and possibly
even in cancer cells??2223, These oscillators regulate how cells respond to
environmental signals and only by better understanding mechanisms of
molecular oscillators will we learn to manipulate them in a developmental or
cancerous context. | anticipate this work will be relevant to other oscillating
systems and to other developmental processes where transcript clearance
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facilitates developmental transitions and patterning. This work expands on our
understanding of endogenous, non-aberrant targets of Pnrc2, and provides
context to how Pnrc2 may regulate non-cyclic transcripts in other biological

systems.

4.2 Future Directions

4.2.1 Identifying direct interactions of the her?1 and dic 3’UTRs

There remain aspects of Pnrc2-mediated cyclic transcript turnover that are
still not well-understood. A large question not yet addressed in these studies is
the directness of Pnrc2-mediated decay. Does Pnrc2 directly bind to the her?
and dlc 3'UTRs and drive instability or does Pnrc2 indirectly cause decay of
these transcripts through regulation of another factor? To address this, future
research should use biochemical assays using the her? and dic 3'UTRs as bait
to identify direct interactions. Because the dic 3'UTR is 1327 nts long and non-
specific interactions may create difficulties for pulldown experiments, | suggest
first using the her1 3'UTR to detect interacting factors, then determine if relevant
factors also interact with the dlc 3’'UTR. The destabilizing last 179 nt
“destabilizing” region of the her1 3'UTR should be used as bait for an RNA
pulldown and the non-destabilizing upstream 184 nt “non-destabilizing” region of
the her1 3’'UTR should be used as a control. Lysates from mid-segmentation
MZpnrc2°??2 mutants and wildtype embryos should be used to reveal relevant
proteins that bind only when Pnrc2 is functional. Factors that bind only the

destabilizing region of the her1 3’UTR should be the initial focus. Mutations of the
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PRE and ARE in the her1 3’'UTR that have been shown to affect destabilization
of reporter transcripts should also be utilized in the pulldown to identify factors
that uniquely bind when the PRE and/or ARE are intact. All pulldown experiments
should be followed by western blot analysis for known decay factors and by mass
spectrometry for unknown factors. Tethering of human PNRC2 to reporter
transcripts has been shown to destabilize the reporter'®3.107 suggesting direct
interaction of PNRC2 to a target can affect stability. | hypothesize a Pnrc2-
containing complex directly binds to specific decay elements in the her? and dic
3'UTRs. | also hypothesize that Pumilio1 and/or Pumilio 2 interact with the PRE
in the last 179 nts of the her?1 3’'UTR and Pumilio proteins will be detected using
the destabilizing region of the her1 3'UTR. These experiments will provide
support for direct or indirect regulation of cyclic transcripts by Pnrc2 and will also
assist in identifying any ARE-BPs that interact with the destabilizing region of the
her1 3'UTR.
4.2.2 Identifying direct interactions of Pnrc2

To complement the 3’'UTR analysis, future research should also define
interacting partners of Pnrc2 during somitogenesis. Decay factors that bind to the
her1 and dlc 3’'UTRs should also be examined for direct interaction with Pnrc2.
Commerically-available antibodies against Pnrc2 have been unsuccessful in
zebrafish, but our lab has generated biochemically-tagged versions of Pnrc2 that
do not interfere with cyclic transcript clearance as these modified versions of

Pnrc2 are capable of rescuing pnrc2°??> mutants (Chapter 3 Table 3.2). Using
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these methods, future researchers should fuse either FLAG or GFP to Pnrc2 and
conduct FLAG or GFP pulldowns using lysates from MZpnrc2°%?? mutants to
avoid binding competition from endogenous Pnrc2. Disruption of specific
residues in Pnrc2 affects ability to rescue cyclic transcript turnover pnrc2°722
mutants (Chapter 3 Table 3.2), and these non-functional versions of Pnrc2 could
be used in the pulldown experiments as a controls to focus on factors that only
recognize functional Pnrc2. It is important to note that critical decay factors may
still bind to non-functional versions of Pnrc2 but become inactive because of the
mutation. Because of this, researchers should initially examine the role of factors
that bind only functional versions of Pnrc2 and later expand the search to all
decay factors that recognize both functional and non-functional versions of
Pnrc2. Human cell culture studies show PNRC2 interacts with UPF1 and
DCP1A"93.107 "and our own work supports a genetic interaction with Upf1
(Chapter 2 Figure 2.8). | hypothesize Upf1 and Dcp1a interact directly with Pnrc2
during somitogenesis and these factors function in 3’UTR-mediated decay of
cyclic transcripts such as her1 and dlc. These experiments will also provide
evidence to whether Pumilio 1 and/or Pumilio 2 and a known ARE-BP directly
interact with Pnrc2 during somitogenesis.
4.2.3 Determine if Pnrc2 and Pumilio proteins function in a common mRNA
decay mechanism

Another important question remaining from this study is whether Pnrc2-

mediated decay functions through the PRE and/or ARE in the her1 3'UTR, or if
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there are alternative features in the last 179 nts of the her7 3'UTR that mediate
Pnrc2-dependent instability (Figure 4.1). To address this, future work should
utilize our heat-shock inducible reporter assay to examine reporter stability when
fused to the her1 3'UTR with a disrupted PRE or ARE (Chapter 3, Figure 3.7) in
the MZpnrc2°7?2 background. If Pnrc2 functions through the PRE or ARE, |
hypothesize reporter stability will display no difference between MZpnrc2°72?
mutants and WT embryos. If Pnrc2 functions through a separate feature in the
last 179 nts of the her1 3’'UTR, | hypothesize to see a cumulative effect on the
reporter, leading to a more dramatic stabilization than observed with the PRE or
ARE mutation alone (Chapter 3, Figure 3.7). If the data supports the latter
hypothesis, then additional truncations or small internal deletions of the last 179
nts of the her1 3’'UTR may identify additional Pnrc2-regulated destabilizing
motifs. These experiments will help address if Pnrc2 functions through the PRE
and ARE in the her1 3’'UTR or if these motifs function separate from Pnrc2-
mediated decay to mediate rapid turnover of cyclic genes.
4.2.4 Determine the post-transcriptional status of cyclic transcripts in
pnrc2°??2 mutants

The post-transcriptional status of accumulated cyclic transcripts in
pnrc2°??2 mutants is still unknown from this study. Removal of the poly(A) tail and
the 5’ cap is critical for efficient mRNA decay??4, and determining the status of
both modifications on her? and dlc transcripts in pnrc2°%?? mutants will provide

insight to what downstream process of mMRNA decay Pnrc2 functions. Future
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work could analyze the 5’ cap status of her? and dlc transcripts by circularization
RT-PCR (cRT-PCR)??°. The 5 monophosphate of a decapped transcript can be
ligated to its own 3’ hydroxyl, causing circularization of the mRNA. Primers can
be designed to only amplify products over the 5’- 3’ junction, allowing the
quantification of decapped her1 and dlic transcripts compared to total RNA. This
technique will be performed in RNA extractions from MZpnrc2°722 mutant
embryos and wildtype embryos. Human PNRC2 has been implicated in mRNA
decapping by several reports'03.105.107.130 ' gnd | hypothesize that the ratio of
decapped to capped her? and dlc transcripts will be decreased in pnrc2°7%2
mutant embryos compared to WT embryos. Because inhibition of decapping can
result in accumulation of deadenylated transcripts??®, | also expect that partially
or completely deadenylated her? and dlc transcripts will be increased in pnrc2°7%?
mutants. To examine the poly(A) tail status of her? and dlc transcripts in
MZpnrc2°???2 mutants compared to wild-type embryos, a poly(A) tailing assay
should be performed??4. This method allows detection of mMRNA products whose
only difference in size will be the poly(A) tail length. | hypothesize that poly(A)
tails on her? and dlc transcripts will be shortened in pnrc2°%?? mutants because of
a decapping defect in the mutants. Shortening of the poly(A) tail affects
translation rates and if the hypothesize is true, it may explain the lack of protein
overexpression for Her1 and Dlc observed in pnrc2°%?? mutants (Chapter 2 Figure

2.10; Chapter 3 Figure 3.2). These experiments will help identify how Pnrc2
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functions to regulate mMRNA turnover during somitogenesis and may provide
insight to how Pnrc2 regulates decay of other non-cyclic transcripts.
4.2.5 Identify mechanisms that regulate proper protein levels in pnrc2°#22
mutants

Another intriguing observation from this research is the near wild-type
levels of cyclic proteins such as Her1 and Dlc in pnrc2°??? mutants. Data reveals
a ~4-fold increase of her? and dlc transcripts in MZpnrc2°???2 mutants but protein
levels appear unaffected (Chapter 2 Figure 2.10; Chapter 3 Figure 3.2). These
results suggest that an additional regulatory mechanism is ensuring proper
protein levels in pnrc2°%?? mutants to sustain oscillatory expression. | hypothesize
a mechanism of translational repression or rapid protein turnover is maintaining
proper cyclic protein levels in pnrc2°%?? mutants. To address if translation
repression occurs in mutants, ribosomal profiling of MZpnrc2°??? mutants and
wild-type embryos could be performed to compare the association of ribosomes
with her1 and dlc transcripts. If translational repression is occurring, |
hypothesize wild-type and MZpnrc2°7?? mutants will display similar levels of her1
and dlc transcripts associated with active ribosomes. On the other hand, if
accumulating transcripts are actively translated in pnrc2°7?? mutants, |
hypothesize there will be a ~4-fold increase in her1 and dlc transcripts associated
with active ribosomes compared to wild-type embryos. If the data support the
latter hypothesis, the protease inhibitor MG132227-22° could be used to assay if

rapid protein turnover is responsible for the maintenance of normal Her1 and Dic
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levels in pnrc2°7?? mutants. One could incubate MZpnrc2°7?> mutant embryos
with MG132 during segmentation and observe spatial expression of endogenous
Dlc by immunofluorescence (Chapter 2, Figure 2.10; Chapter 3, Figure 3.2) and
quantify Dlc levels by western blot analysis. The her1:her1-Venus® ' transgenic
clock reporter (Chapter 2, Figure 2.10) could also be utilized to examine levels of
Venus-Her1 protein in MZpnrc2°7?2 mutants treated with the MG132 protease
inhibitor. If rapid protein turnover is maintaining proper levels of Her1 and Dic in
pnrc2°??2 mutants, | hypothesize there will be a significant increase of Her1 and
Dlc protein by immunofluorescence and western blot analysis in MG132-treated
pnrc2°??2 mutant embryos compared to the untreated pnrc2°??2 mutant control.
These experiments will be very informative to understanding mechanisms that
function to ensure proper protein levels of cyclic genes during somitogenesis and
will provide insight to why pnrc2°??2 mutants do not display a segmentation
defect.

4.3 Conclusion

This work investigates the role and significance of RNA decay as a
process of regulating sensitive genetic oscillations during development. Our
current knowledge of the post-transcriptional regulation of cyclic transcripts is
limited, and the studies detailed above and the proposed experiments will lead to
a more complete understanding of the mechanisms controlling rapid decay of
oscillating transcripts. Understanding regulatory features and factors that drive

Pnrc2-mediated decay will also provide a better understanding of general
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mechanisms regulating rapid transcript turnover in various cellular and

developmental contexts.
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