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ABSTRACT

REPEATED SEQUENCES ENCODING CYS2HIS2 ZINC FINGER MOTIFS INFLUENCE

MRNA POLYADENYLATION AND LOCALIZATION

The Cysteine2 Histidine2 zinc finger (C2H2-ZNF) proteins are a vast family with over
700 members in primates, many of which are transcription factors with important roles in
development, differentiation, cell cycle progression, and tumor suppression. Due to the sheer
number of C2H2-ZNF proteins and their roles in modulating expression of other genes, any
mechanism for coordinating their expression could have wide-ranging impacts on cell function
and phenotype.

Previously, a large subset of C2H2-ZNF transcripts were determined to have significant
populations with short poly(A) tails. Here, we show that multiple C2H2-ZNF mRNAs accumulate
with very short or undetectable poly(A) tails, even when newly transcribed. Furthermore, these
C2H2-ZNF mRNAs are restricted to the nucleus. Reporter mRNAs with sequences from the
ZNF12 open reading frame (ORF) and/or the 3’ untranslated region (3’ UTR) have short poly(A)
tails and are retained in the nucleus. Deletion analysis suggests that repeated sequence
elements in the ZNF12 mRNA that code for zinc finger protein motifs are important in controlling
both poly(A) tail length and nuclear localization. Remnants of C2H2-ZNF motif sequences found
in the ZNF12 3’ UTR are also able to confer short poly(A) tails and nuclear retention. Finally, we
use RNA-fluorescence in situ hybridization (RNA-FISH) to reveal that ZNF12 reporter transcripts
are found in foci within the nucleus that could represent sites for storage or processing. Overall,
our findings suggest repeated sequence elements encoding C2H2-ZNF protein motifs play a
dual role as regulatory elements that may coordinate expression of the C2H2-ZNF protein family

by controlling post-transcriptional events.
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CHAPTER 1: INTRODUCTION

1.1.1 Overview of the C2H2-ZNF proteins

The Cysteine2 Histidine2 zinc finger (C2H2-ZNF) genes encode transcription factors that
utilize zinc finger motifs to bind DNA and influence gene expression (Brown, 2005; Gamsjaeger
et al., 2007; Hall, 2005; Wolfe et al., 2000). They comprise one of the largest and most rapidly
evolving gene families with over 700 members in humans (Ding et al., 2009; Emerson and
Thomas, 2009). Although the functions of most C2H2-ZNF proteins are unknown, they have
been proposed to protect the genome by silencing endogenous retrotransposon activity (Jacobs
et al., 2014; Lukic et al., 2014; Rowe and Trono, 2011; Rowe et al., 2010) or to facilitate the
coercion of transposable element sequences to regulate cellular gene expression (Ecco et al.,
2016). C2H2-ZNF proteins with known functions are key regulators of stem cell maintenance,
development, differentiation, cell cycle progression, and tumor suppression (Jen and Wang,
2016; Razin et al., 2012). The sheer number of these genes supports the possibility that they
may have wide-ranging impacts on gene expression. In addition, the C2H2-ZNF genes possess
conserved and redundant sequence elements and protein motifs that provide opportunities for
shared regulatory strategies (Dovat, 2002; Huang et al., 2010; lyengar and Farnham, 2011,
Rizkallah et al., 2011; Schnall-Levin et al., 2011). The goal of this study was to uncover novel

mechanisms that might control and coordinate C2H2-ZNF gene expression.

1.1.2 C2H2-ZNF protein structure

Zinc finger motifs facilitate the interaction of the C2H2-ZNF proteins with DNA and are
generally present in multiple copies, ranging from one motif to over thirty (Stubbs et al., 2011).
Each motif is composed of around 30 amino acids (Brown et al., 1985; Miller et al., 1985) and

contains appropriately spaced cysteine and histidine residues which coordinate a zinc ion (Miller



et al., 1985). A highly conserved six amino acid linker with the consensus TGEKPY/F generally
lies between each of the zinc finger motifs (Figure 1) (Stubbs et al., 2011).

In addition to the zinc finger domains, many of the C2H2-ZNF proteins also have N-
terminal effector domains. The KRAB (Krlppel-associated box) repressor domain is the best
characterized and is found in at least a third of the C2H2-ZNF proteins (Huntley, 2006; Looman
et al., 2002). After binding to the target chromatin site, C2H2-ZNF proteins containing the KRAB
domain recruit KAP1 (KRAB-associated protein 1 also known as TRIM28), which interacts with
histone deacetylases and histone methyl transferases to modify the chromatin and repress
transcription (lyengar and Farnham, 2011; Urrutia, 2003). Notably, KAP1 also binds to and
represses many of the KRAB-containing C2H2-ZNF genes to potentially coordinate C2H2-ZNF

autoregulation (Groner et al., 2010; O’Geen et al., 2007).

1.1.3 Evolutionary history of the C2H2-ZNF genes

While most transcription factors are highly conserved throughout evolution, many of the
C2H2-ZNF genes found in humans are primate-specific (Liu et al., 2014a). Analyses in different
mammalian species indicate that the rapid expansion of this gene family occurred by tandem
duplication, as many C2H2-ZNF genes are found in chromosomal clusters (Bellefroid et al.,
1993; Eichler et al., 1998; Emerson and Thomas, 2009; Huntley, 2006). Evidence also suggests
that specific C2H2-ZNF genes were either duplicated or lost in groups in different mammalian
species after divergent points of evolution (Tadepally et al., 2008). Duplications and losses of
individual ZNF domains have also been observed, as well as the appearance of “ZNF” relics in
3’ UTRs following acquisition of frameshift or premature termination mutations (Looman et al.,

2002).



Figure 1: Structure of tandem C2H2-zinc finger motifs. Each of the zinc ions are
stabilized by paired cysteine (C) and histidine residues (H). The zinc finger motifs are joined
by the consensus sequence TGEKPY/F linker regions.



1.1.4 Functions of C2H2-ZNF proteins

It is proposed that many of the KRAB-domain containing C2H2-ZNF proteins evolved to
repress transposable elements (TES) as the rapid expansion of this gene family coincides with
the emergence of these elements in vertebrate genomes (Thomas and Schneider, 2011).
Endogenous retroviruses (ERVs) are TEs composed of remnants from a retroviral infection in
which the proviral DNA becomes integrated into the host genome and is passed along to the
next generation through the germline (Nelson et al., 2003; Stoye, 2012). While ERVs have
played important roles in evolution, these elements can also wreak havoc on the genome by
contributing to genetic instability and therefore must be silenced (Castro-Diaz et al., 2015). In
mammalian cells, ZFP809 recognizes and recruits KAP1 to silence the transcription of ERVs
and other retroelements (Wolf and Goff, 2009). Furthermore, depletion of KAP1 in mouse and
human embryonic stem cells leads to upregulation of ERVs (Rowe et al., 2010; Turelli et al.,
2014). KRAB-zinc finger proteins can also interact with other types of TEs. For example, ZNF91
and ZNF93 seemingly evolved to repress the SINE-VNTR-Alu (SVA) retrotransposon and long
interspersed nuclear element (LINE) 1 (L1) in the human genome (Jacobs et al., 2014). Notably,
the C2H2-ZNF proteins can also bind TEs in adult cells to promote or inhibit the expression of
nearby genes. This coercion of TEs by the C2H2-ZNFs may be a novel way to regulate cellular
gene expression (Ecco et al., 2016).

Many of the C2H2-ZNF proteins with known functions are transcription factors that
regulate expression of genes involved in stem cell maintenance, erythropoiesis, cardiac
remodeling, and muscle and organ development (Swamynathan, 2010). Numerous C2H2-ZNF
transcription factors also influence the expression of genes involved in cancer (Jen and Wang,
2016). In some instances, C2H2-ZNF proteins enhance cancer progression. For example,
ZKSCANS (also known as ZNF306 or ZNF309) is overexpressed in colon cancer, multiple
myeloma, and prostate cancer and activates transcription of genes involved in cell proliferation,
cell migration, and angiogenesis (Yang et al., 2008a, 2008b, 2011a; Zhang et al., 2012). In
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prostate cancer cells, ZNF280B enhances transcription of the ubiquitin protein ligase MDM2,
which promotes protein degradation of the tumor suppressor p53 (Gao et al., 2013). ZNF282 is
overexpressed in many esophageal squamous cell carcinomas and serves as a co-activator of
E2F1, a transcription factor involved in cell progression and cell proliferation, to promote
tumorigenesis (Yeo et al., 2014). Alternatively, other C2H2-ZNF proteins function as tumor
suppressors. ZNF545 is downregulated in many different tumor types and represses the activity
of signaling pathways involved cell proliferation (Cheng et al., 2012). In breast cancer tissues,
ZNF24 inhibits angiogenesis by repressing transcription of the vascular endothelial growth
factor (VEGF) gene (Harper et al., 2007; Jia et al., 2013). ZNF668 regulates MDM2 by
disrupting the activity of MDM2 to stabilize p53 (Hu et al., 2011), thus having the opposite effect

on p53 compared to ZNF280B (Gao et al., 2013).

1.1.5 Coordinated control of C2H2-ZNF protein activity and expression

The massive size of the C2H2-ZNF gene family and the abundance of highly conserved
and repetitive elements among these genes promote the idea of their coordinated regulation. As
transcription factors, C2H2-ZNF proteins influence the expression of genes involved in
numerous vital biological processes such as development, differentiation, cell-cycle progression,
and apoptosis (Jen and Wang, 2016; Razin et al., 2012). Therefore, simultaneous regulation of
C2H2-ZNF genes during these processes could allow for rapid changes in gene expression
programs that significantly influence cell activity and behavior. Several strategies have been
identified that may be designed to coordinate the activity and expression of the C2H2-ZNF
proteins. These include phosphorylation of the linker region during mitosis (Dovat, 2002;
Rizkallah et al., 2011), miRNA binding to repetitive mMRNA sequences (Huang et al., 2010),
regulated mRNA decay (Neff et al., 2012), and control of poly(A) tail length (Figure 2) (Yang et

al., 2011b). Each of these are discussed in further detail below.
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Figure 2: Potential strategies to coordinate the expression and activity of the C2H2-
ZNF proteins. See text for detail.




1.1.5.1 C2H2-ZNF proteins are phosphorylated during mitosis

During mitosis, the TGEKPY/F linker region of C2H2-ZNF proteins is phosphorylated to
inhibit the DNA-binding ability of these proteins (Dovat, 2002). This phosphorylation event is
highly synchronous and starts just after the nuclear envelope breaks down at mid-prophase. By
the end of telophase (the final stage of the cell cycle), the phosphorylation is of the linker is
completely reversed (Rizkallah et al., 2011). Thus, this linker region may have been conserved
throughout evolution of the C2H2-ZNF genes to facilitate rapid and simultaneous inactivation of

these transcription factors during mitotic progression.

1.1.5.2 MicroRNAs target C2H2-ZNF ORF sequences

The seed sequences of microRNAs bind to target mRNASs to induce translational
silencing and deadenylation-mediated decay (Eulalio et al., 2008; Huntzinger and Izaurralde,
2011). Interestingly, many of the C2H2-ZNF mRNA open reading frames (ORFs) contain
putative binding sites for miRNAs from four families (miR-23, miR-181, miR-188, and miR-199).
These miRNA binding sites are often located near the highly conserved and repeat-rich zinc
finger motif and linker sequences. Therefore, one miRNA can potentially target numerous sites
in multiple C2H2-ZNF mRNAs to simultaneously downregulate their expression through

translational repression and/or mRNA decay (Huang et al., 2010; Schnall-Levin et al., 2011).

1.1.5.3 C2H2-ZNF mRNAs are differentially stabilized in stem cells and differentiated cells
The amount of MRNA available for protein synthesis is influenced by the rates of both
transcription and mRNA decay (Schoenberg and Maquat, 2012). In a global analysis of mMRNA
decay rates in human foreskin fibroblasts (HFFs) and genetically matched induced pluripotent
stem (iPS) cells, the mRNAs encoding over 100 different C2H2-ZNF proteins were found to
have longer half-lives in iPS cells (Neff et al., 2012). This suggests that there may be one or
more common mechanisms that differentially regulate the decay of the C2H2-ZNF mRNAs in
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stem cells versus differentiated cells. One such a mechanism could be miRNA-mediated decay
as the miRNAs that target C2H2-ZNF mRNAs (Schnall-Levin et al., 2011) are significantly less

abundant in iPS cells than HFFs (Neff et al., 2012).

1.1.5.4 Many C2H2-ZNF mRNAs have short poly(A) tails

A poly(A) tail is added to the 3’ end of most mRNAs during transcriptional processing
and is involved in promoting nuclear export, stimulating translation, and regulating mRNA decay
(Millevoi and Vagner, 2010). Notably, multiple different C2H2-ZNF mRNAs exist with unusually
short poly(A) tails in HeLa and H9 embryonic stem cells (Yang et al., 2011b). Some C2H2-ZNF
MRNAs are primarily non-polyadenylated while others exist with both short and long poly(A)
tails and are classified as “bimorphic.”

We were especially interested in determining the sequences and pathways involved in
regulating C2H2-ZNF mRNA poly(A) tail length. Conserved sequences in the C2H2-ZNF
MRNAs may recruit factors such as miRNAs and RNA binding proteins that contribute to the
short poly(A) tail. Alterations in poly(A) tail length could have impacts on splicing, nuclear
export, translation, and decay of these mRNAs to coordinate the post-transcriptional regulation

of C2H2-ZNF gene expression.

1.2.1 The mRNA poly(A) tail

The poly(A) tail is a non-templated stretch of adenosine residues added to the 3’ end of
most mMRNAs during processing. There are two steps to generate a poly(A) tail: cleavage at the
poly(A) site, followed by the addition of adenosine residues one at a time at the newly created 3’
end. In the first step, cleavage and polyadenylation factors recognize canonical sequences that
specify the 3’ end and perform the cleavage reaction (Proudfoot, 2011). Then, poly(A)
polymerases (PAPs) work in conjunction with the nuclear poly(A) binding protein (PABPN1) to

add 150-250 adenosine residues (Eckmann et al., 2011). Another poly(A) binding protein,
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ZC3H14 or Nab2 in yeast, also associates with the nascent poly(A) tail to control its length
(Kelly et al., 2014). Both PABPN1 (Banerjee et al., 2013; Muniz et al., 2015) and ZC3H14/Nab2
influence the efficiency of splicing and export of the newly synthesized mRNA (Brockmann et
al., 2012; Hurt et al., 2009; Soucek et al., 2016).

In the cytoplasm, the poly(A) tail is bound by cytoplasmic PABPs (PABPC1-4 in
mammals) (Gray et al., 2015). The translation initiation factor, elF4G interacts with PABPCL1 to
stimulate cap-dependent translation (Hinnebusch and Lorsch, 2012; Kahvejian et al., 2005).
Poly(A) tails can be shortened via deadenylation, which generally triggers rapid mRNA decay
(Chen and Shyu, 2011), but can also provide a mechanism for temporary translational silencing
(Weill et al., 2012). Transcripts silenced in this manner can be re-activated through cytoplasmic
polyadenylation pathways (Charlesworth et al., 2013). Thus, modulating the length of the
poly(A) tail influences mRNA processing, localization, translation efficiency, and mRNA decay
(Weill et al., 2012; Zhang et al., 2010). This section will discuss the mechanisms and roles of

poly(A) tail length regulation in eukaryotic cells.

1.2.2 Canonical polyadenylation

During pre-mRNA 3’ end processing, the cleavage/polyadenylation specificity factor
(CPSF) recognizes and binds to the polyadenylation signal (PAS), generally AAUAAA or a
similar variant (Proudfoot, 2011). Additional sequence elements, including an upstream element
and a U/GU-rich downstream element are also required for proper poly(A) site usage (Chen and
Wilusz, 1998; Tian and Graber, 2012). RNA polymerase Il (Pol Il), Symplekin, CPSF, the
cleavage stimulation factor (CstF), cleavage factors | and Il (CFI and CFIl), and PAP form a
complex that cleaves the transcript at a CA dinucleotide about 10-30 nt downstream of the
AAUAAA poly(A) signal (Figure 3) (Shi and Manley, 2015). The poly(A) tail is then added in two
phases. First, PAP slowly adds an initial poly(A) tail, but this enzyme is inefficient on its own
(Wahle, 1991). As soon as the tail reaches a length of 10-12 residues, PABPN1 can associate,
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and in conjunction with CPSF, stimulates rapid polyadenylation by PAP (Figure 3) (Bienroth et
al., 1993). PABPNL1 restricts the final length of the poly(A) tail to ~250 nt (Wahle, 1995). This
length disrupts the interaction between PAP and CPSF to terminate processive polyadenylation
(Kuhn et al., 2009). Additional factors involved in regulating poly(A) tail length include
nucleophosmin (NPM1) and ZC3H14/Nab2. NPM1 is deposited on the 3’ end of transcripts
following polyadenylation (Palaniswamy et al., 2006). Knockdown of NPM1 causes
hyperadenylation, suggesting that this protein is involved in controlling poly(A) tail length
(Sagawa et al., 2011). ZC3H14/Nab?2 also keeps poly(A) tail length in check. The mechanism
for this regulation is not completely understood (Fasken and Corbett, 2016), but ZC3H14/Nab2
may interact with factors involved in splicing, cleavage, and polyadenylation to restrict PAP
activity or it may recruit a ribonuclease to trim the poly(A) tail to the correct length (Soucek et al.,

2012).

1.2.3 Polyadenylation and splicing

Splicing is the co-transcriptional processing step that removes introns and is closely
coupled to 3’ end formation and polyadenylation. Multiple splicing proteins interact with 3’ end
formation factors to enhance the efficiency of cleavage and polyadenylation (Kyburz et al.,
2006; Millevoi and Vagner, 2010; Millevoi et al., 2006). Splicing factors are also involved in
defining the terminal exon and poly(A) site, which influences mRNA 3’ UTR length and post-
transcriptional regulation (Di Giammartino et al., 2011; Proudfoot et al., 2002). In addition, both
polyadenylation and splicing facilitate the release of a processed mRNA from Pol Il (Rigo and
Martinson, 2009). Notably, the 3’-end processing machinery may stimulate splicing, suggesting
a reciprocal relationship between these two processes (Kaida, 2016; Misra and Green, 2016).
Multiple lines of evidence suggest that regulation of poly(A) tail length and splicing are linked.
Splicing factors including U2 snRNP auxiliary factor (U2AF) (Gu, 2003) and the U1 snRNP-A
protein (U1A) (Lutz et al., 1996) influence poly(A) tail length. PABPN1 and PAP promote
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Figure 3: Complexes involved in cleavage and polyadenylation. CPSF binds the
poly(A) site (AAUAAA) while CstF recognizes the GU/U-rich downstream element (DSE).
These two factors, along with PAP, Symplekin, the C-terminal domain (CTD) of Pol II, CFI
and CFIl from the complex that cleaves the poly(A) site (often at a CA). Following the
cleavage event, PAP adds the poly(A) tail. CSPF and PABPN1 enhance the processivity of
poly(A) tail elongation and define its length.
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splicing of terminal introns through a mechanism dependent on polyadenylation (Muniz et al.,
2015). In addition, ZC3H14/Nab interacts with the spliceosome to potentially link regulation of

splicing and polyadenylation (Soucek et al., 2016).

1.2.4 The role of the poly(A) tail in mRNA quality control

As the final stage of pre-mRNA processing, 3’ end cleavage and polyadenylation may be
involved in quality control to prevent aberrant mRNAs from being exported to the cytoplasm and
translated. Proteins involved in regulating poly(A) tail length are also involved in mMRNA quality
control pathways. For instance, PABPN1 and PAP will hyperadenylate nuclear mRNAs that
have not been properly spliced to stimulate their degradation by the nuclear exosome (Bresson
and Conrad, 2013; Bresson et al., 2015). ZC3H14/Nab2 interacts with splicing factors, regulates
poly(A) tail length, and is involved in nuclear export (Soucek et al., 2016) and therefore may
also play a key role in mRNA quality control (Fasken and Corbett, 2016). In yeast, the Trf4/5-
Airl/2-Mtr4d polyadenlyation (TRAMP) complex is a key component of nuclear surveillance and
adds oligo(A) tails to non-coding and coding RNAs to promote degradation by the nuclear
exosome (Schmidt and Butler, 2013). In humans, the nuclear exosome targeting (NEXT)
complex mediates nuclear surveillance of RNA Pol Il transcripts and is associated with the 3’
end processing complex (Di Giammartino and Manley, 2014). NEXT can recruit the exosome to
RNAs with unprotected 3’ ends (Lubas et al., 2015), which could lead to degradation of mMRNAs
that were not properly processed and polyadenylated (Goss and Kleiman, 2013; Liu et al.,
2014b). Thus, poly(A) tails that are excessively long or that are too short may mark aberrantly
processed mMRNAs for degradation in the nucleus. However, some mRNAs are stable despite
having a short poly(A) tail (Peng et al., 2005; Subtelny et al., 2014). The 3’ ends of these
MRNAs may be protected by a protein or other trans-acting factor or by forming an RNA

structure that stalls the nuclear exosome (Conrad, 2014).
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1.2.5 The poly(A) tail and nuclear export

The poly(A) tail is an important identifier of mMRNAs that are ready for nuclear export
(Fuke and Ohno, 2008). Interestingly, proteins involved in regulating poly(A) tail length including
PABPN1 (Bear et al., 2003), NPM1 (Crockett et al., 2004), and ZC3H14 (Hurt et al., 2009) also
interact with nuclear export factors, suggesting that poly(A) tails may need to be a particular
length for mMRNAs to be exported. This is further supported by evidence that hyperadenylated
MRNAs are retained in the nucleus, either as a quality control mechanism (Bresson and
Conrad, 2013) or during disease or stress conditions (Kumar and Glaunsinger, 2010). While
reduced poly(A) tail length may prevent binding of proteins necessary for nuclear export, some
MRNAs with short poly(A) tails are still efficiently exported (Peng et al., 2005). These mRNAs
may contain other sequence elements that interact with trans-acting factors to facilitate nuclear

export, independent of the poly(A) tail.

1.2.6 The poly(A) tail influences translation

Once an mRNA is in the cytoplasm, the poly(A) tail continues to play an important part in
post-transcriptional regulation. The cytoplasmic version of the poly(A)-binding protein (PABPC1)
binds to the poly(A) tail and stabilizes the translation initiation complex composed of the cap-
binding protein elF4E, initiation factor elF4G, the elF4A helicase, and elF3, which recruits the
ribosome (Figure 4) (Charlesworth et al., 2013). This mRNA-protein complex forms a closed
loop that enhances translation initiation and may facilitate recycling of ribosomes for continued
rounds of translation (Burgess and Gray, 2010; Kahvejian et al., 2005; Wells et al., 1998). This
structure may also resist mMRNA decay (Weill et al., 2012). Once an mRNA is no longer needed
for protein synthesis, translation termination can be coupled with deadenylation and mRNA

decay (Roy and Jacobson, 2013).
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Figure 4. Closed mRNA loop enhances translation. The translation initiation complex
composed of elF4E, elF4G, and elF4A interact with the 5’ cap and PABPC1 bound to the
poly(A) tail to form a closed loop structure. This structure promotes the recruitment and
recycling of ribosomes to enhance translation. The closed loop can also protect the mRNA

from the decay machinery.
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1.2.7 Deadenylation and mRNA decay

For most eukaryotic mRNAs, removal of the poly(A) tail initiates mRNA decay and is
generally performed by the deadenylases CCR4-NOT and PAN2-PAN3 (Doidge et al., 2012).
Deadenylation is a biphasic process (Figure 5). First, PAN2-PAN3 is recruited by interacting
with PABPC1 and slowly shortens the poly(A) tail until it is about 110 nt. Next, CCR4-NOT
further degrades the poly(A) tail until only 10 or so adenine residues remain (Chen and Shyu,
2011; Yamashita et al., 2005). Once the poly(A) tail is shortened to the critical length, decapping
enzymes remove the 5’ cap and the mRNA can be decayed by the 5’ to 3’ exonuclease XRN1
(Braun et al., 2012). Alternatively, the exosome can degrade the mRNA from 3’ to 5’ after the
poly(A) tail has been removed (Schmid and Jensen, 2008). Thus mRNAs with short poly(A) tails
generally exist for only a very short period of time.

The poly(A)-specific ribonuclease (PARN), is another important deadenylase that targets
MRNAs in both the nucleus and the cytoplasm. There are several other less studied
deadenylase enzymes including Nocturnin and related proteins (Godwin et al., 2013). These

deadenylases may target specific transcripts, or be activated during certain cellular conditions.

1.2.8 The significance of poly(A) tail length

In mammalian somatic cells at steady-state conditions, median mRNA poly(A) tail length
ranges from 50-100 nt (Chang et al., 2014; Subtelny et al., 2014). Poly(A) tail length is
controlled at multiple stages during the mRNA lifecycle. In the nucleus, the initial poly(A) tail
length is determined by nuclear polyadenylation carried out by PAP, which can be influenced by
additional factors that can stimulate or inhibit its activity (Laishram, 2014). In addition, non-
canonical PAPs can target specific mRNAs to control poly(A) tail length in place of canonical
PAPs and may modulate gene expression profiles (Kandala et al., 2016; Kappel et al., 2015;
Kuchta et al., 2016; Mohan et al., 2015). After nuclear polyadenylation is complete, poly(A) tail
length can be reduced by deadenylation in the nucleus or the cytoplasm. Deadenylation can

15



PAN2-PAN3

5 @ AAAAAAAAAA(A) 50

Cap
l CCR4-NOT
5 @ AAAAA(A) 110
Cap
Decapping
Exosome
XRN1

AA)10 @

Figure 5: Deadenylation initiates mMRNA decay. During the first phase of deadenylation,
PAN2-PAN3 shorten the poly(A) tail. Then CCR4-NOT remove most of the remaining
poly(A) tail, which can stimulate decapping and subsequent decay by XRN1 in the 5’ to 3’
direction. Alternatively, the RNA exosome can target deadenylated mRNAs for 3’ to &’

decay.
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instigate mMRNA decay or temporarily repress translation (Yan, 2014). Cytoplasmic
polyadenylation can then reactivate translationally silent mMRNAs by increasing mRNA poly(A)
tail length (Charlesworth et al., 2013).

While increases in poly(A) tail length enhance translation in oocytes (Reyes and Ross,
2016), embryonic cells (Subtelny et al., 2014), and neurons (Udagawa et al., 2012), this does
not appear to be the case for the majority of mMRNAs in somatic cells. Recent studies of global
poly(A) tail length revealed that there is no correlation between poly(A) tail length and rates of
translation (Chang et al., 2014; Subtelny et al., 2014). This suggests that beyond the minimal
length necessary for PABPC to bind the poly(A) tail and facilitate recruitment of translation
initiation factors and prevent decay, poly(A) tail length has minimal impact on translation in
somatic cells. However, there are exceptions for certain sets of mMRNAs (Burns et al., 2011;
Yamagishi et al., 2016) or under some cellular conditions (Kojima et al., 2012; Novoa et al.,
2010; Park et al., 2016). More studies are needed to clarify the overall impact poly(A) tail length
has on translation.

Transcripts with poly(A) tails that are too short for PABPs to interact with (<12 nt) are
normally rapidly targeted for decay (Gorgoni and Gray, 2004), but some mRNAs (e.g. those
encoding ribosomal proteins) are stable and translated despite having short poly(A) tails
(Subtelny et al., 2014). Such mRNAs must be protected from mRNA decay, potentially mediated
by specific RNA-binding proteins or unique 3’ end structures that inhibit the degradation
machinery (Marzluff, 2012). In addition, cellular conditions could potentially inhibit efficient
decay of mMRNAs with short poly(A) tails. Some mRNAs with short poly(A) tails may be
translationally silent, and are reactivated by cytoplasmic polyadenylation (Norbury, 2013).
Alternatively, mRNAs with short poly(A) tails may interact with proteins not yet identified that

promote efficient translation, independent of poly(A) tail length (Peng and Schoenberg, 2005).
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1.2.9 Restriction of poly(A) tail length in the nucleus

It is assumed that the vast majority of mMRNAs are polyadenylated to a default length of
~150-250 nt, but there are important examples of transcripts that have initial poly(A) tail lengths
that are much shorter (Gu et al., 1999). Polyadenylation can also be inhibited during certain
cellular conditions such as the cell cycle (Bond et al., 2000) and heat shock (Di Giammartino et
al., 2013). In addition, deadenylation can reduce poly(A) tail length of nuclear mRNAs after
dissociation of the polyadenylation machinery. While the consequences of poly(A) tail length
restriction in the nucleus are not completely understood, this could impact downstream

processes such as nuclear mRNA decay, export, and translation.

1.2.9.1 Poly(A) Limiting Elements

Two sequences elements have been identified that are able to restrict the length of the
nascent poly(A) tail-AREs and PLEs. Tristetraprolin (TTP), an RNA-binding protein that
promotes rapid cytoplasmic mRNA decay of mMRNAs containing AU-rich elements (ARES)
(Brooks and Blackshear, 2013), can also prevent polyadenylation in the nucleus; however, the
biological significance of this regulation is not known (Su et al., 2012).

Poly(A) limiting elements (PLEs) are pyrimidine-rich sequences that inhibit the
processive phase of polyadenylation to keep the poly(A) length below 20 nt. (Das Gupta et al.,
1998; Gu et al., 1999; Rao, 1996; Schoenberg et al., 1989). The PLE restricts poly(A) tail length
through its interaction with U2 snRNP auxiliary factor (U2AF65), a splicing factor that is
predicted to recruit an additional protein to limit poly(A) tail length (Gu, 2003). It is not clear what
effect the PLE has on function as mRNAs containing this element are stable and are efficiently
translated (Peng and Schoenberg, 2005; Peng et al., 2005). It is possible that an unidentified
trans-acting factor binds to the PLE to stabilize mRNAs and facilitate translation, essentially
acting as a substitute for PABPC1. To date, the PLE has only been found in a small set of
transcripts, therefore it is not known how many mRNAs are subject to this type of poly(A) tail
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length control (Gu et al., 1999). C2H2-ZNF mRNAs may contain conserved sequences that
behave like AREs or PLEs and recruit one or more factors that disrupt nuclear polyadenylation

to restrict poly(A) tail length of these mRNAs.

1.2.9.2 Inhibition of polyadenylation

Restriction of PAP activity reduces mRNA poly(A) tail length to potentially downregulate
the expression of certain genes. For example during the cell cycle, PAP is hyperphosphorylated
by cyclins to reduce its activity and contribute to reduced poly(A) tail and protein synthesis
during mitosis (Bond et al., 2000; Colgan et al., 1996). During heat shock, PAP is modified by
the poly(ADP-ribose) polymerase 1 (PARP1), which adds poly(ADP-ribose) to target proteins in
a reaction called PARYylation. This modification reduces PAP’s ability to bind and polyadenylate
MRNAs that encode proteins that are not required for the heat shock response (Di Giammartino

et al., 2013).

1.2.9.3 Deadenylation in the nucleus

During DNA-damaging conditions, the PARN deadenylase forms a complex with CstF to
impede 3’ end processing and shorten the nascent poly(A) tail (Cevher et al., 2010). This may
be a mechanism to prevent further processing, export, and translation of certain mRNAs
allowing the cell to prioritize expression of genes needed in response to DNA damage (Zhang et
al., 2010). While other deadenylases can be found in the nucleus, it remains to be determined if
they are also involved in removing poly(A) tails of nuclear mRNASs to potentially modulate gene
expression (Yan, 2014). Nuclear deadenylases could target C2H2-ZNF mRNAs, either through
direct recruitment to one or more sequence elements or mediated by a trans-acting factor, to

shorten the poly(A) tails.
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1.2.10 Cytoplasmic events controlling poly(A) tail length
1.2.10.1 Sequences and factors that promote cytoplasmic deadenylation

Removal of the poly(A) tail in the cytoplasm is modulated by specific mMRNA sequence
elements which recruit trans-acting factors. The rate of deadenylation strongly influences the
average poly(A) tail length of a specific mMRNA as rapid deadenylation will result in an mRNA
population with a shorter median poly(A) tail length. Although the end result of deadenylation is
often mRNA decay, this process can also lead to translational silencing (Norbury, 2013).
PABPC1 binding to the poly(A) tail is disrupted by deadenylation, which interferes with the
closed loop structure that promotes translation (Roy and Jacobson, 2013) and leaves the 3’ end
of the mRNA unprotected from the degradation machinery (Yan, 2014). Sequences that
influence deadenylation rates include AU-rich elements (ARES) (Barreau, 2005; Fabian et al.,
2013; Gherzi et al., 2004), GU-rich elements (GRES) (Moraes et al., 2006; Rattenbacher et al.,
2010), Pumilio protein binding sites (Miller and Olivas, 2011; Weidmann et al., 2014), and
MiRNA seed sequences (Chekulaeva et al., 2011; Fabian et al., 2011; Huntzinger and
Izaurralde, 2011; Zhang et al., 2015). RNA-binding proteins and miRNAs bind to these sites and
directly interact with deadenylases, including CCR4-NOT and PARN, to enhance deadenylation
of targeted mMRNAs (Weill et al., 2012). Multiple different factors can bind overlapping mRNA
sites or to the same RNA-binding protein to synergistically or antagonistically influence poly(A)
tail length (Ciafré and Galardi, 2013; Dan et al., 2015; Zhang et al., 2015). Clearly, numerous
sequences and factors are involved in controlling poly(A) tail length and can ultimately influence
rates of translation and mRNA decay.

As previously discussed, the ORFs of numerous C2H2-ZNF mRNAs contain multiple
putative miRNA binding sites (Huang et al., 2010; Schnall-Levin et al., 2011), which could be
involved in regulating poly(A) tail length of these mMRNAs. It is also possible that RNA-binding
proteins could also target C2H2-ZNF mRNAs and recruit deadenylases. If C2H2-ZNF mRNA
poly(A) tail length is altered by cytoplasmic deadenylation, these mRNAs would have to possess
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a mechanism to prevent rapid mRNA decay. This could be mediated by an RNA-binding protein

or an mRNA structural element that inhibits the decay machinery.

1.2.10.2 Cytoplasmic polyadenylation

As noted above, not all polyadenylation occurs in the nucleus. In fact, there are a
number of poly(A) polymerases that can extend the poly(A) tail in the cytoplasm. For example,
in transcriptionally silent oocytes, cytoplasmic polyadenylation activates translation of specific
MRNAs during meiotic progression (Piqué et al., 2008). These mRNAs undergo canonical
polyadenylation in the nucleus, but the poly(A) tail is removed by deadenlyases in the cytoplasm
to keep these mMRNAs dormant (Weill et al., 2012). In oocytes, the cytoplasmic polyadenylation
element (CPE) is a UA-rich sequence or a U-rich involved in regulating poly(A) tail length during
oocyte maturation (Fox et al., 1989; Simon and Richter, 1994). The CPE is targeted by the
cytoplasmic polyadenylation element binding protein 1 (CPEBL1), the major factor involved in
regulating cytoplasmic polyadenylation. CPEB1 forms a complex with Symplekin, CPSF, PARN,
and the GLD2/PAPD4 non-canonical poly(A) polymerase. PARN continuously removes A-
residues, keeping the poly(A) tail short. To stimulate translation of specific mMRNAs, CPEB1 is
activated by phosphorylation, which dissociates PARN from the mRNA. This allows
GLD2/PAPD4 to elongate the poly(A) tail (Kim and Richter, 2006).

Only a few examples of cytoplasmic polyadenylation have been clearly demonstrated in
somatic cells. In neurons, cytoplasmic polyadenylation is regulated by CPEB to stimulate
localized translation at synapses, which is crucial for synaptic plasticity, learning, and memory
(Darnell and Richter, 2012). During mitosis, CPEB1 and CPEB4 regulate poly(A) tail length to
control translation and stimulate entry into M-phase and cell proliferation (Novoa et al., 2010).
Circadian rhythm is also linked to cyclical fluctuations in poly(A) tail length, which may
temporally regulate expression of specific proteins in mammals. While is some instances,
increases in poly(A) tail length is attributed to nuclear polyadenylation of newly transcribed
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MRNAS, other transcripts appear to be polyadenylated in the cytoplasm by CPEB1 and CPEB2
(Kojima et al., 2012). More recently, RNA-binding protein QKI-7 promotes cytoplasmic
polyadenylation by recruiting GLD2/PAPDA4 to target mMRNAs, indicating that non-CPEB proteins
can also increase poly(A) tail length to stimulate translation (Yamagishi et al., 2016). Continued
studies are needed to determine the full extent of cytoplasmic polyadenylation in somatic cells.
Such investigations could contribute to new insights on how remodeling poly(A) length
influences key biological processes in different types of cells and in response to various cellular
conditions. For example, the C2H2-ZNF mRNAs may have short poly(A) tails to temporarily
silence translation. Specific cellular conditions may then stimulate cytoplasmic polyadenylation

to activate synthesis of the C2H2-ZNF proteins.

1.3.1 Nuclear export of MRNAs

In eukaryotes, the nuclear membrane physically separates transcription and mRNA
processing from the translation machinery. Nuclear pore complexes (NPCs), regulate the
transfer of RNAs and proteins from the nucleus to the cytoplasm. The transcription/export
(TREX) complex is recruited to nascent mMRNA by proteins involved in transcription and
processing steps including capping, splicing, and 3’ end formation (Heath et al., 2016). The
TREX component ALY/REF interacts with nuclear export factors that dock the mRNA on the
NPC where the mRNA is translocated to the cytoplasm (Katahira, 2015). This coordination of
pre-mRNA processing and nuclear export helps ensure that only properly transcribed and
processed mMRNAs are exported to the cytoplasm for translation, while incompletely processed
or aberrant MRNAs are retained in the nucleus and degraded (Eberle and Visa, 2014).

Regulation of nuclear export can also influence gene expression. This can be mediated
by specific sequence elements and trans-acting factors that can affect the rate of mMRNA export
(Wickramasinghe and Laskey, 2015). Additionally, non-membranous subnuclear compartments
can concentrate proteins and other factors that facilitate nuclear retention while mMRNAs
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undergo further processing or as a storage site (Bahar Halpern et al., 2015; Sleeman and
Trinkle-Mulcahy, 2014). Intron retention can inhibit nuclear export as a potential mechanism to
regulate gene expression (Wong et al., 2016). During the course of this work, we discovered
that several C2H2-ZNF transcripts are abundant in the nucleus (Chapter 3, Section 3.6) and
that the ZNF12 reporter mRNA accumulates within nuclear foci (Chapter 3, Section 3.10).
Therefore, here we provide an overview of mMRNA nuclear export and discuss the impact this

process has on post-transcriptional regulation of gene expression.

1.3.2 Overview of the mRNA nuclear export pathway

An export-competent mMRNP is formed through recruitment of the TREX complex, which
consists of factors involved in transcription, pre-mRNA processing, and nuclear export (Heath et
al., 2016; Katahira, 2012). Components of the TREX complex including the THO complex, RNA-
helicase UAP56, and ALY/REF are recruited to mRNASs through interactions with the nuclear
cap-binding complex and the exon junction complex (EJC) formed during splicing (Cheng et al.,
2006; Masuda, 2005). Efficient assembly of the active TREX complex is also associated with 3’
end formation (Katahira, 2012). The nascent mRNA is then transferred to ALY/REF, which
recruits the nuclear export factor 1 (NXF1 also known as TAP) and its co-factor NXT1/p15 to the
export-ready messenger ribonucleoprotein complex (MRNP) (Heath et al., 2016). At the NPC,
the NXF1-NXT1/TAP-p15 heterodimer interacts with the FG-nucleoporins to dock the mRNP
(Katahira, 2015). Movement through the NPC is not completely understood, but is thought to
rely on an ATP-dependent mechanism that facilitates remodeling of the mRNP at the
cytoplasmic face to “ratchet” the mRNP through the pore (Stewart, 2007). In metazoans, the
DEAD-box RNA helicase DDX19 along with co-factors GLE1 and inositol hexaphosphate 6 (I1Pg)
enables the remodeling of the mRNP that leads to export and release through the NPC
(Folkmann et al., 2011; Sloan et al., 2016). Although most mMRNAs are exported by the NXF1-
NXT1 pathway, some are transported to the cytoplasm via the chromosomal region
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maintenance protein 1 (CRM1) pathway, the major receptor for protein export. These mRNAs
require additional adaptor proteins to mediate export through this alternative pathway (Carmody
and Wente, 2009; Delaleau and Borden, 2015; Natalizio and Wente, 2013). Thus, nuclear
export is dependent on the assembly of an export competent mMRNP formed during pre-mRNA

processing.

1.3.3 Implications of regulated mRNA export

The coupling of transcription and pre-mRNA processing with recruitment of nuclear
export factors enhances the rate of mMRNA transport to the cytoplasm (Oeffinger and Zenklusen,
2012; Tilgner et al., 2012). However, increasing evidence indicates that certain mRNAs
accumulate primarily in the nucleus (Bahar Halpern et al., 2015; Barthelson et al., 2007; Djebali
et al., 2012; Gondran et al., 1999; Prasanth et al., 2005; Solnestam et al., 2012). This can be
achieved either through rapid degradation in the cytoplasm or through active retention of
transcripts in the nucleus. Nuclear retention of aberrant or unprocessed mRNAs can ensure that
only correctly transcribed and completely processed transcripts are exported to the cytoplasm
for translation (Bonnet and Palancade, 2014; Eberle and Visa, 2014). Selective mRNA export
of “normal” mRNAs can also regulate gene expression (Wickramasinghe and Laskey, 2015). In
addition, nuclear retention may help overcome highly variable or “bursty” transcription to reduce
variability in cytoplasmic mRNA abundances (Bahar Halpern et al., 2015; Battich et al., 2015).

The implications of either promoting or inhibiting nuclear export are further discussed below.

1.3.3.1 Quality control and mRNA decay in the nucleus

Quiality control measures in the nucleus prevent export and subsequent translation of
aberrant mRNAs, which could lead to the synthesis of detrimental protein products. Nuclear
guality control mechanisms recognize defects in the various stages of pre-mRNA processing
and mRNP assembly to target defective transcripts for decay. The exonuclease DXO degrades
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pre-mRNAs that have defective caps (Jiao et al., 2013). In yeast, the NPC-associated proteins
including MIp1/2 and PmI39p can retain unspliced transcripts (Eberle and Visa, 2014). In
mammalian cells, the translocated promoter region (TPR) nuclear basket protein may be
involved in a similar pathway and prevent the export of unspliced mRNAs through NXF1-
NXT1/TAP-pl15-mediated export (Coyle et al., 2011; Rajanala and Nandicoori, 2012). As
previously discussed in Section 1.2.4, 3’ end processing and polyadenylation also contribute to
nuclear quality control. Improperly processed mRNAs are generally targeted for decay by the
nuclear exosome (Chlebowski et al., 2013) or the nuclear 5’ to 3’ exonuclease XRN2
(Nagarajan et al., 2013).

The nuclear exosome can also degrade completely processed and polyadenylated
MRNAs. In the recently identified poly(A) tail exosome targeting (PAXT) pathway, PABPN1
directly interacts factors that recruit the nuclear exosome, leading to the decay of mature
MRNAs that have not been efficiently exported to the cytoplasm. This degradation pathway may
prevent unnecessary protein synthesis resulting from excessive transcription (Meola et al.,
2016). Notably, transcripts that stably accumulate in the nucleus must be able to avoid
PABPN1-mediated decay. Perhaps the C2H2-ZNF mRNAs have short poly(A) tails to prevent

nuclear degradation by the PAXT pathway.

1.3.3.2 Regulation of gene expression

Selective export of MRNAs can regulate the expression of genes involved in key
biological processes including maintenance of pluripotency (Wang et al., 2013b), cell
differentiation (Tran et al., 2014), cell proliferation (Culjkovic et al., 2006), gene expression
(Wickramasinghe et al., 2014), cancer progression (Culjkovic-Kraljacic et al., 2012),
hematopoiesis (Mancini et al., 2010), and heat shock (Katahira et al., 2009). Enhanced export of
MRNAs can facilitate rapid synthesis of proteins required in response to changing cellular
conditions, while inhibited export can temporarily store transcripts that are not currently required
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for future export and translation (Wickramasinghe and Laskey, 2015). The mechanisms involved
in regulating nuclear export of MRNAs are not completely understood, but generally involve
specific adaptor proteins that interact with export receptors (Delaleau and Borden, 2015) or
NPCs (Bonnet and Palancade, 2014). These adaptor proteins can recognize specific sequence
elements or other proteins that are deposited on mRNAs during splicing and other processing
events (Katahira, 2015; Natalizio and Wente, 2013). Therefore, the ability of adaptor proteins to
recognize and bind target mMRNAs can influence nuclear export rates and alter gene expression
in response to cellular stimuli. The nuclear export of the C2H2-ZNF mRNAs may be highly

controlled to alter the rates of their protein synthesis during specific cellular conditions.

1.3.3.3 Nuclear retention may buffer transcription bursts

Transcription in mammalian cells frequently occurs in bursts, which can lead to
increased variability in mRNA abundance. Recent evidence suggests that mMRNA nuclear
retention can reduce transcript variability in the cytoplasm to potentially maintain cell
homeostasis despite bursts in transcription (Bahar Halpern et al., 2015; Battich et al., 2015).
RNA sequencing of nuclear and cytoplasmic fractions from MIN6 mouse pancreatic beta cells
and mouse liver tissue revealed multiple spliced and polyadenylated mRNAs are enriched in the
nucleus. Analysis of transcription, nuclear export, and mRNA decay dynamics of two of these
MRNASs, Mixipl and NIrp6, indicated that these mRNAs are not rapidly degraded in the
cytoplasm following export, but are specifically retained in the nucleus to buffer transcriptional
bursts (Bahar Halpern et al., 2015). Similarly, in HeLa cells, nuclear compartmentalization of
MRNASs reduces transcriptional noise in the cytoplasm to prevent uncontrolled fluctuations in

gene expression (Battich et al., 2015).
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1.3.4 Regulation of nuclear export
1.3.4.1 Splicing promotes nuclear export

Splicing is closely linked with export efficiency of MRNAs as the EJC, SR splicing
factors, and other components of the splicing machinery recruit crucial components of the
export pathway to the mRNP (Bjork et al., 2015; Luo and Reed, 1999; Shen, 2009). The splicing
process can even overpower the nuclear retention element of the B-globin mRNA to promote its

export (Akef et al., 2015).

1.3.4.2 Subnuclear bodies have roles in mMRNA processing and storage

Specific non-membranous compartments in the nucleus or “subnuclear bodies” are
composed of proteins and RNAs involved in regulating numerous nuclear processes including
ribosomal and small nuclear RNA biogenesis, transcription, non-coding RNA and mRNA
processing, stress response, and nuclear retention (Morimoto and Boerkoel, 2013; Sleeman
and Trinkle-Mulcahy, 2014). Subnuclear bodies involved in mRNA processing and storage
include nuclear speckles and paraspeckles. It is possible that the nuclear-retained C2H2-ZNF
MRNAs could be located in these subnuclear bodies.

Nuclear speckles are dynamic structures often located near active transcription sites and
are involved in pre-mRNA splicing and 3’ end processing (Spector and Lamond, 2011). Key
components of nuclear speckles include the long-noncoding RNA MALAT1, serine/arginine (SR)
splicing factors, components of the EJC, cleavage and polyadenylation factors, nuclear export
factors, and polyadenylated RNA (Huang, 1994; Hutchinson et al., 2007; Saitoh, 2004).
MALAT1 recruits splicing factors to actively transcribed chromatin sites and regulates alternative
splicing (Bernard et al., 2010; Tripathi et al., 2010). Interestingly, proteins that bind N6-
methyladenosine (m6A)-modified mMRNAs are also found in nuclear speckles and regulate
splicing (Xiao et al., 2016) and nuclear export (Zheng et al., 2013). Many of the other proteins
and factors found in nuclear speckles also impact splicing, 3’ end formation, and nuclear export
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to regulate mRNA processing and post-transcriptionally modulate gene expression (Morimoto
and Boerkoel, 2013). Notably, spliced and polyadenylated nuclear mRNAs Mixipl and NIrp6
(Section 1.3.3.3) co-localize with nuclear speckles, suggesting that these sites may also be
involved in storing completely processed mRNAs in the nucleus (Bahar Halpern et al., 2015).
Paraspeckles are often found near speckles and are involved in regulating multiple RNA
processing steps and nuclear retention of edited RNAs (Fox and Lamond, 2010). Components
of paraspeckles include the long non-coding RNA NEAT1, Drosophila Behavior/Human Splicing
(DBHS) proteins, and other RNA-binding proteins involved in RNA processing (Morimoto and
Boerkoel, 2013). NEATL1 is required for paraspeckle formation and organization (Clemson et al.,
2009; Sasaki et al., 2009). The DBHS proteins p54/NRB and PSF are also essential for
paraspeckle formation (Sasaki et al., 2009) and are involved in transcription, splicing (Kameoka

et al., 2004), and 3’ formation (Rosonina et al., 2005).

1.3.5 Mechanisms of mMRNA nuclear retention
1.3.5.1 A-to-1 editing

One interesting mechanism for nuclear retention involves A-to-1 RNA editing. Editing by
ADARZ1 occurs in the nucleus on duplex RNA structures, such as those formed by inverted Alu
repeats or other highly repetitive sequences, and can contribute to nuclear retention and gene
silencing of edited RNAs (Chen and Carmichael, 2008; DeCerbo and Carmichael, 2005). In
mice, the polyadenylated CTN-RNA has multiple A-to-I edited sites in the 3’ UTR and is retained
in the nucleus. Under stress, the CTN-RNA is post-transcriptionally cleaved to remove the
edited sites and produce the mCAT2 (mouse cationic amino acid transporter 2) mRNA, which is
then quickly exported to the cytoplasm to encode a protein necessary for nitric oxide production
as part of the inflammatory response. This interesting mechanism for storing an mRNA as a
nuclear precursor RNA allows for a rapid response to a cellular stimulus to accelerate protein
synthesis (Prasanth et al., 2005). The mRNAs from numerous genes, including some C2H2-

28



ZNFs, also possess A-to-I edited sites in Alu-derived sequences that regulate nuclear retention
mediated by paraspeckle components to potentially influence gene expression (Chen and

Carmichael, 2009; Chen et al., 2008; Wang et al., 2013a).

1.3.5.2 Intron retention

Emerging evidence suggests that intron retention may be a mechanism to regulate gene
expression by altering nuclear export rates of mMRNASs involved in significant biological events
including cancer (Dvinge and Bradley, 2015), erythropoiesis (Pimentel et al., 2016), neuronal
development (Yap et al., 2012) and activity (Mauger et al., 2016), and the cell cycle (Heyn et al.,
2015). Several mechanisms that alter splicing to modulate intron retention have been described.
For example, RNA Pol Il stalling inhibits the recruitment of the splicing machinery. This leads to
intron retention that may prevent expression of transcripts that are not relevant to the cell type
or current stage of development (Braunschweig et al., 2014). In mouse cells, the polypyrimidine
tract-binding protein (Ptbp1) represses splicing of the 3’ terminal intron in multiple pre-mRNAs
involved in neurogenesis. This leads to nuclear retention and degradation of these mRNAs to
regulate gene expression during different stages of neural development (Yap et al., 2012). The
nuclear poly(A) binding protein PABPNL1 similarly promotes the retention of the 3’ terminal intron
of its own mMRNA, which is then retained in the nucleus and decayed by the nuclear exosome as
an auto-regulatory mechanism to control PABPN1 expression (Bergeron et al., 2015).

Intron retention does not always lead to nuclear mRNA decay, but can be involved in
temporally regulating the expression of specific genes by confining polyadenylated mRNAs to
the nucleus (Boutz et al., 2015; Mauger et al., 2016). In mouse neurons, retained introns are
excised from fully transcribed and polyadenylated nuclear mRNAs in response to neuronal
activity to allow rapid export to the cytoplasm followed by translation (Mauger et al., 2016).
Therefore, intron retention can be a mechanism to facilitate rapid changes in gene expression in
response to cell stimuli.
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1.3.6 Alternative roles of nuclear mRNAs

Many of the RNAs localized to the nucleus are non-coding and have a variety of
functions such as serving as protein scaffolds, regulating transcription, or pre-mRNA processing
(Morris and Mattick, 2014). Interestingly, mMRNAs may also have functional roles in the nucleus
in addition to encoding proteins in the cytoplasm (Karapetyan et al., 2013; Kloc et al., 2011).
The mRNAs from multiple different genes, including some C2H2-ZNF transcripts, interact with
chromatin-associated proteins (Bonasio et al., 2014; Hendrickson et al., 2016; Zhao et al.,
2010). While it is not yet clear if these interactions have a specific function, it is possible that
nuclear-retained mMRNAs could facilitate recruitment of proteins involved in activating or
repressing transcription to particular chromatin sites to regulate gene expression. Additional
studies are needed to investigate the possibility that certain nuclear retained mRNAs have a

dual purpose as non-coding transcripts.

1.4 Rationale and Hypothesis

C2H2-ZNF mRNAs share homologous sequences that could allow coordinated post-
transcriptional regulation of these genes with potential to significantly impact cell function. In
support of this, previous studies have shown that C2H2-ZNF mRNAs (i) are over-represented
among non-polyadenylated transcripts in highly proliferative cells, including stem and cancer
cells (Yang et al., 2011b), (ii) are more stable in stem cells than in primary fibroblasts (Neff et
al., 2012), and (iii) are targeted by miRNAs that recognize repeated elements within their open
reading frames. Our goals in this study were to gain insight on possible connections among
these observations regarding the C2H2-ZNF mRNAs, to better characterize the short poly(A) tall
phenotype, and to determine the sequence element(s) responsible.

Hypothesis: Specific elements in the C2H2-ZNF mRNA ORF and/or 3’ UTR
determine poly(A) tail length to impact one or more aspects of post-transcriptional
regulation of gene expression.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Cell culture
2.1.1 HelLa cells

HelLa S3 cells adapted for adherent culture were maintained in DMEM (4.5 g/L glucose)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 0.37% sodium
bicarbonate without antibiotics at 37°C in 5% CO,. HelLa Tet-Off Advanced cells (Clontech)
were maintained in DMEM supplemented with 10% tetracycline-free FBS (Clontech), 2 mM L-
glutamine, 0.37% sodium bicarbonate, and 100 pg/mL of G418 to maintain expression of the
tet-off transactivator. For all HeLa cells, media was changed every 3 days and cells were
passaged when they neared confluency, typically every 5 to 7 days. To passage cells, the
media was removed, cells were washed with phosphate buffered saline (PBS), then incubated
in 0.25% trypsin/EDTA (Thermo Fisher Scientific-Hyclone) at 37°C until the cells detached from
the plate. Complete media was added to the cells to quench the enzymatic activity of trypsin.
For maintenance, cells were diluted ~10-fold for replating. HeLa cells were cryopreserved in
50% media, 40% FBS, and 10% dimethyl sulfoxide (DMSO), cooled slowly to -80°C in a

freezing chamber, and then placed in liquid nitrogen for long-term storage.

2.1.2 iPS cells

Induced pluripotent stem (iPS) cells (System Biosciences Cat # SC101A-iPSC, Lot #
110415-01) were cultured on Matrigel (BD Biosciences) in mTesR1 media (STEMCELL
Technologies) at 37°C in 5% CO,. Media was changed daily. Differentiating cells were removed
from the plates regularly by marking cells that no longer showed the iPS cell morphology,
manually detaching the differentiated cells from the plate using a pipette tip, and then changing
the media to remove the detached cells. Cells were passaged every 5-7 days using either

Dispase (STEMCELL Technologies) or manual passage by visual selection of iPS cell colonies
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with the proper phenotype. iPS cells were cryopreserved in mTesR1 media with 10% DMSO,
cooled slowly to -80°C in a freezing chamber, and then placed in liquid nitrogen for long-term

storage.

2.1.3 Human foreskin fibroblasts

Human foreskin fibroblasts (HFFs) (System Biosciences Cat # SC101A-HFF, Lot #
110509) were maintained in DMEM (4.5 g/L glucose) supplemented with 2 mM L-glutamine,
0.1 mM non-essential amino acids, and 10% FBS without antibiotics at 37°C, 5% CO,. Media
was changed every 3 to 4 days and cells were passaged at a 1:3 ratio every 7 to 10 days. To
passage cells, the media was removed, the cells were washed twice with PBS, and then
incubated in a 1:1 ratio of 0.25% trypsin/EDTA (Thermo Fisher Scientific-Hyclone) and PBS at
37°C until the cells were just starting to detach from the plate. Complete media was added to
the cells to quench the enzymatic activity of trypsin. The cells were collected by centrifugation at

300 x g for 5 min, then resuspended in complete media for plating.

2.1.4 Transfections

Reporter plasmids were subjected to endotoxin removal (MiraCLEAN from Mirus Bio)
and then were transfected into HelLa Tet-Off Advanced cells using the jetPRIME (Polyplus)
transfection reagent according to manufacturer’s instructions with the following changes: cells
were transfected at the time of passage using 3 UL reagent/ug of plasmid. Cells were harvested

for analysis 24-30 h after transfection.

2.1.5 Transduction and selection of stable DICER KD cell lines

DICER knockdown and control cell lines were made by Joe Russo by transducing HelLa
cells with lentiviral particles containing the shRNA construct against DICER (Sigma-Aldrich:
TRCNO0000051261) or pLKO.1 empty vector as previously described (Stewart et al., 2003). To
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select for stably transduced cells, 10 pg/mL puromycin was added to complete media 2 days
after transduction. Pools of antibiotic resistant cells were maintained in 1 pg/mL puromycin for

further experimentation.

2.2 Plasmids and cloning
2.2.1 Templates for in vitro transcription of polyadenylated control RNAs

Short regions derived from the ACT1, GAL1, MET3, and MET25 genes from S.
cerevisiae were cloned into pGEM4 plasmids containing 15, 30, 45, and 149 adenosines
downstream of the multiple cloning site, respectively (courtesy of Alan Godwin). S. cerevisiae
MRNA (courtesy of the Stargell laboratory) was reverse transcribed into cDNA. The inserts were
amplified using the primers listed in Appendix A Table 1 with restriction site sequences for
BamHI on the forward primer and Sall on the reverse primer and cloned into the pPGEM4
plasmids using standard molecular biology techniques. Plasmids were then purified using the

PureLink MaxiPrep kit (Invitrogen).

2.2.2 ZNF12 and PPIA reporter plasmids

Luciferase reporter plasmids used the pTRE3G-BI-ZsGreen plasmid (Clontech) as a
backbone. The (3-globin/IgG chimeric intron was amplified from the pCl-Neo vector (Promega)
by PCR using primers listed in Appendix A Table 2 with Apal restriction sites and cloned intro
the unique Apal site of pTRE3G-BI-ZsGreen. The remainder of the cloning was performed using
In-Fusion HD (Clontech) or NEBuilder HiFi (New England Biolabs) cloning kits to allow multiple
fragments to be cloned simultaneously via ligation independent cloning. Renilla luciferase was
amplified from pLightSwitch (SwitchGear Genomics), ZNF12 (NM_016265.3) and PPIA
(NM_021130.4) ORF and 3’ UTR inserts were amplified from cDNA, and the ZNF12
downstream region (NC_000007.14) was amplified from genomic DNA. Primers (see Appendix
A Table 2) for each insert were designed with at least 15 bp extensions homologous to the
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vector or adjacent insert sequences. For reporter constructs with the SV40 poly(A) signal left
intact, the pTRE3G-BI-ZsGreen plasmid was digested with Notl. To remove the SV40 region for
ZNF12 All and 3’ UTR reporter constructs, plasmids were digested with Bglll and Tfil. The
fragments were mixed in recommended ratios and reactions were incubated at 50°C for 20-30
min before transformation into DH5a E. coli cells. Plasmids were then purified using the

PureLink MaxiPrep kit (Invitrogen).

2.3 In vitro transcription

The A15, A30, A45, and A149 plasmids were linearized using Pvull restriction enzyme
and the empty pGEM4 plasmid was linearized with Smal to make the AO reporter. Then, 1 ug of
each plasmid was used as template for in vitro transcription reactions by adding 4 pL of 5X RNA
polymerase buffer, 2 uL of 5 mM NTPs, 1 uL of RiboLock RNase inhibitor (Thermo Fisher
Scientific), 2 uL of SP6 RNA polymerase (Thermo Fisher Scientific), and nuclease-free water up
to 20 pL total. Reactions were incubated overnight at 37°C and the resulting RNA products were
gel purified and extracted using phenol/chloroform. The purity and quantity of each reporter

RNA was assessed using the NanoDrop spectrophotometer (Thermo Fisher Scientific).

2.4 RNA isolation

To isolate RNA, TRIzol (Invitrogen) was adding directly to cells and the manufacturer’s
protocol was followed with the following changes: after the addition of chloroform, the aqueous
phase was placed in a new tube and an additional phase separation using
phenol/chloroform/isoamyl alcohol (25:24:1) was performed prior to addition of isopropanol.
RNA from non-transfected cells was treated with 10 units of DNase | with RiboLock RNase
inhibitor (Thermo Fisher Scientific) in a 100 pL reaction at 37°C for 30 minutes. To remove
plasmid DNA from the transfected HelLa Tet-Off Advanced cell samples, the RNA was treated
with TURBO DNase (10 units/pig of RNA) with RNase inhibitor and Dpnl in 100 pL reactions at
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37°C for 3 hours. After either DNase treatment, the RNA was purified using a
phenol/chloroform/isoamyl alcohol phase separation step followed by ethanol precipitation. The
purity and quantity of the RNA was assessed using a NanoDrop spectrophotometer (Thermo

Fisher Scientific).

2.5 Oligo (dT) Fractionation

Oligo (dT).s magnetic beads (New England Biolabs) were used to separate
polyadenylated RNAs from oligo- and non-adenylated RNAs. Prior to the selection, 100 pL of
beads were washed in binding buffer (20 mM Tris-HCI, pH 7.5, 500 mM LiCl, 0.5% LiDS, 1 mM
EDTA, 5 mM DTT) at room temperature for 2 min with agitation. A magnetic field was used to
pull the beads to the side of the tube and the binding buffer was removed. Equimolar amounts
(0.02 pmol) of each of the A0, A15, A45, A149 control RNAs were added to 10-25 pg of total
RNA and the mixture was denatured for 2 min at 70°C in binding buffer. The washed beads
were then mixed with RNA in binding buffer, and incubated for 10 min at room temperature with
agitation. The magnetic field was used to isolate the RNA bound to the beads and the
supernatant was removed and placed it in a separate tube for the unbound/oligo(A) fraction.
The beads were washed in 100 pL of wash buffer (20 mM Tris-HCI, pH 7.5, 500 mM LiCl,
0.1% LiDS, 1 mM EDTA, 5 mM DTT) with 1 pL of Ribolock RNase inhibitor (Thermo Fisher
Scientific). Using the magnetic field to isolate the RNA bound to the beads, the wash buffer
supernatant was removed and added to the oligo(A) fraction. After repeating the wash step,
100 pL of low salt buffer (20 mM Tris-HCI, pH 7.5, 200 mM LiCl, 1 mM EDTA) was added to the
beads and mixed with agitation for about 1 min. The magnetic field was used to isolate the
beads and the supernatant was added to the oligo(A) fraction. To elute the mRNA, 50 pL of
elution buffer (20 mM Tris-HCI, pH 7.5, 1 mM EDTA) and 1 yL of RNase inhibitor was added to
the beads, and then incubated at 50°C for 2 min, with occasional agitation. Using the magnetic
field to isolate the beads, the supernatant was put into a new tube for the bound/poly(A)+
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fraction. The elution step was repeated to ensure as much poly(A)+ RNA was collected as
possible. RNA in each fraction was precipitated using ethanol with ammonium acetate and
glycogen. The RNA pellets were resuspended in 20 uL of nuclease-free water and 1 yL of each
fraction was used to make cDNA. Following reverse transcription (Section 2.8) and quantitative
PCR (Section 2.9), the relative abundance of each transcript in the unbound and bound
fractions were determined. The percent of each transcript in the unbound/oligo(A) fraction of

total (unbound and bound relative abundances added together) was then determined.

2.6 4-thiouridine Ultra-Short Labeling to Isolate Nascent RNAs

Newly transcribed RNAs were isolated from HelLa cells according to previously
published protocols (Dolken et al., 2008; Windhager et al., 2012). Briefly, HeLa cells were grown
and maintained on 150 mm cell culture dishes until near confluency then treated with 500 uM of
4-thiouridine (4sU) in the same media for 10 min at 37°C. The media was removed and cells
were collected in TRIzol. Total RNA was isolated using the RNeasy kit (Qiagen) according to
the manufacturer’s protocol. For the labeling reaction, 75 ug of 4sU labeled RNA was combined
150 pL (2 pL/1 pg of RNA at 1 mg/mL) of EZ-Link Biotin-HPDP (Thermo Fisher Scientific), 75 pL
of 10X biotinylation buffer (100 mM Tris pH 7.4, 10 mM EDTA) and nuclease-free water to bring
the total reaction to 525 yL. The reactions were incubated for 2 h with rotation in the dark. After
choroform/isoamyl extraction and ethanol precipitation, the RNA was resuspended in 110 uL of
TE.

To isolate the 4sU labeled transcripts, 100 pL of streptavidin magnetic beads was added
to the 100 pL of RNA (10 pyL was reserved as Total RNA) and incubated for 15 min at room
temperature while mixing. 100 pL of the equilibration buffer was added to the yMacs magnetic
column (Miltenyi Biotec), then the column was washed twice with 100 pL of 1X biotinylation
buffer (10 mM Tris pH 7.4, 1 mM EDTA). The collection tube was placed under the column and
100 uL of RNA-streptavidin bead solution was transferred to the equilibrated column, saving the
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flow-through. The column was washed with 200 uL wash buffer (100 mM Tris-HCI pH 7.5,

10 mM EDTA, 1 M NaCl, 0.1% Tween 20, heated to 65°C) four times, saving the first two
washes with the flow-through. The column was washed twice more with room temperature wash
buffer. The bound RNA was eluted with 100 pyL of 100 mM DTT and the eluate was placed into
a fresh tube. The elution step was repeated 5 min after the first elution. The flow-through and

eluted RNA fractions were then precipitated using ammonium acetate and isopropanol.

2.7 Subcellular Fractionation

Nuclear and cytoplasm cellular fractions were separated based on a previously
published protocol (Weil et al., 2000). Media was removed and cells from 60 or 100 mm plates
were collected in cold PBS using a cell scraper, then placed in 15 mL conical tubes. The tubes
were placed in a centrifuge at 500 x g for 5 min and the supernatant was discarded. 1000 ul of
NP-40 lysis buffer (0.5% vol/vol NP-40, 10 mM Tris-HCI pH 8.5, 1.5 mM MgCl,, 10 mM EDTA,
140 mM NaCl) was added to each 15 mL tube. The cells were then transferred to microfuge
tubes using a 1 mL serological pipette to gently break up the cell pellets. The cells were then
incubated in the lysis buffer on ice for 10-15 min. A small amount of cell lysate was stained with
trypan blue and visualized using a microscope to ensure adequate cell lysis. The nuclei were
pelleted by centrifugation for 5 min at 500 x g at 4°C. The cytoplasmic supernatants were
removed from the nuclear pellets and placed in new tubes after each centrifugation. The nuclear
pellets were washed with 500 pL of the NP-40 lysis buffer twice, gently breaking up the nuclear
pellet each time to remove any remaining cytoplasm. The first wash was added to the
cytoplasmic fraction and the second wash was discarded. The nuclear pellet was then lysed in
500 pL of TRIzol and an equivalent volume of TRIzol was added to each tube of the cytoplasmic
fraction prior to isolating RNA as described previously (Section 2.4). Following reverse
transcription (Section 2.8) and quantitative PCR (Section 2.9), the relative abundance of each
transcript in the nuclear and cytoplasmic fractions were determined. The percent of each
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transcript in the nuclear fraction of total (nuclear and cytoplasmic relative abundances added

together) was then determined.

2.8 Reverse transcription

For reverse transcription (RT) reactions, 1 ug of total RNA or equal volumes (cell
equivalents) of oligo (dT) fractionated or subcellular fractionated RNA samples were annealed
to 0.5 pg of random hexamer primers. The reaction was brought to 10 pL total volume with
nuclease-free water, incubated at 70°C for 5 min, then placed on ice for 5 min. Next, 4 uL of
Improm-11 5X buffer (Promega), 3 pL of 25 mM MgCl,, 1 pyL of 10 mM dNTPs, 1 pL of RiboLock
RNase inhibitor (Thermo Fisher Scientific), and 1 yL of Improm-Il Reverse transcriptase
(Promega) were added to the reaction, which was carried out at 25°C for 5 min, 42°C for

60 min, and 70°C for 15 min.

2.9 Quantitative PCR

For gPCR, 2.5 uL of cDNA was used as the template and mixed with IQ SYBR Green
2X Supermix (Bio-Rad) according to manufacturer’s instructions. After an initial denaturation
step of 95°C for 3 min, a two-step amplification protocol was used with an annealing
temperature of 60°C for 30 s and a melting temperature of 95°C for 10 s for 40 cycles. The melt
curve was generated by starting at 60°C with temperature increases of 0.5°C every 5 s until a
temperature of 95°C was reached. Primer pairs (see Appendix A Table 3) were standardized by
amplifying six 5-fold serial dilutions of cDNA and plotting the resulting Cq values to determine
the line of best fit. Primer pairs were considered adequate if they generated a PCR efficiency
between 90 and 110% (except for ZNF43 primer set, efficiency = 114.2) with a correlation

coefficient (R? value) of >0.98.
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2.10 Linker-Ligation Mediated Poly(A) Test

LLM-PAT assays were performed according to a previously published protocol (Garneau
et al., 2008). Briefly, an AO marker was made by denaturing 1 ug of RNA at 70°C for 5 min and
placing it on ice to prevent refolding. The RNA was then combined with 1 yL of 10X RNase H
Digestion Buffer, 2 yL RNase H, 2 pL oligo (dT).s (500 ng/uL), and nuclease-free water up to
10 pL total. The reaction was incubated for 45 min at 37°C. The volume of the reaction was
brought up to 100 pL with water and the RNA was isolated using a phenol/chloroform/isoamyl
alcohol extraction and ethanol precipitation. The pellet was resuspended in 6 uL of nuclease-
free water.

For the linker ligation, 1 ug each of RNA and RNase H-treated RNA (for the A0 marker)
was mixed with: 1 yL of the 5’adenylated and 3'dideoxy C Linker-3 RNA (10 uM 5’'rApp-
TTTAACCGCGAATTCCAG-ddC, Integrated DNA Technologies Linker-3),

1 pL 10X Ligase buffer (New England Biolabs), 1 uL T4 ssRNA Ligase 1 (New England
Biolabs), and 1 pL RiboLock RNase Inhibitor (Thermo Fisher Scientific). The reactions were
incubated at 16°C overnight. The volume of the reaction was brought up to 100 pL with water,
and the RNA was recovered by phenol/chloroform/isoamyl alcohol extraction and ethanol
precipitation. The pellet was resuspended in 9 uL of nuclease-free water.

The cDNA was made by adding 1 L of the reverse transcription linker-specific primer
(100 uM CTGGAATTCGCGGTT) to the A0 and PAT (non-RNase H treated) RNA. The samples
were incubated at 65°C for 5 min, then placed on ice. To make cDNA, reverse transcription was
performed using ImProm-IlI (Promega) as described previously.

For the PCR amplification step, 1 uL of A0 or PAT cDNA was combined with 5 pL of
5X OneTaqg Reaction Buffer (New England Biolabs), 0.5 pL of 10 mM dNTPs, 0.125 pL of
OneTag Hot Start Polymerase (New England Biolabs), 0.5 pL of gene-specific forward primer
(see Appendix A Table 4), and water to total 25 pL. Residual linker-specific primer from the
reverse transcription step served as the reverse primer. The PCR conditions were: 94°C for
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30 s; (94°C for 30 s, 55-59°C for 30 s, 68°C for 30 s) x 27-32 cycles; 68°C for 5 min; hold at
4°C. The PCR products were separated on 2.5% low-melting point agarose gels. The gels were
stained after electrophoresis with ethidium bromide in TBE for 10-20 min, then briefly destained
in water. Image Lab Software (Bio-Rad) was used to determine the most frequent poly(A) tail
length of PAT PCR products. A standard curve was made using a 100 bp DNA ladder to
determine the size of the A0 marker and most intense region of the PAT products based on the
distance the products migrated in the gel. To determine the most common poly(A) tail length,

the size of the A0 marker was subtracted from the size of the PAT product.

2.11 Western blot analysis

Protein for DICER KD validation was prepared using TRIzol according to manufacturer’'s
instructions. Briefly, after the aqueous phase was removed during RNA extraction, DNA was
isolated from the organic phase using ethanol and the supernatant was kept for protein
isolation. Isopropanol was used to precipitate the protein, and the pellet was washed three times
in 0.3 M guanidine hydrochloride in 95% ethanol, then in 100% ethanol, air-dried briefly, and
dissolved in a 1:1 ratio of 1% SDS and 8 M urea. Protein concentration was determined using
the Bradford Assay (Bio-Rad). About 50 pg of protein from the DICER KD and pLKO.1 empty
vector control cells was mixed with SDS protein loading dye (0.5 M Tris-HCI pH 6.8, 20%
glycerol, 2% SDS, 20% B-mercaptoethanol, and trace bromophenol blue) and denatured at
95°C for 2 min. Proteins were then resolved by SDS-PAGE using a 6% gel. The gel was
transferred to the 0.45 yM PVDF Immobilon-P membrane (Millipore) charged with methanol by
semi-dry transfer in transfer buffer (48 mM Tris base, 39 mM glycine, 0.1% SDS). The
membrane was blocked using 5% non-fat dry milk in 1X TBST (10 mM Tris-HCI pH 8, 150 mM
NacCl, 0.1% Tween-20) for 1 h then rinsed with 1X TBST. Membranes were incubated with
primary antibodies (rabbit anti-DICER [H212; Santa Cruz Biotechnology; 1:50]; rat anti-HSC70
[1B5; Santa Cruz Biotechnology; 1:1000]) in 5% non-fat dry milk in 1X TBST at 4°C overnight.
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Membranes were washed with TBST and incubated with secondary antibodies (goat anti-rabbit
IgG HRP conjugate [Bio-Rad; 1:2,500]; goat anti-rat HRP conjugate [Santa Cruz Biotechnology;
1:5,000) for 1 h at room temperature. After washing the membranes with TBST, SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) was added to the membrane
and protein bands were detected using the ChemiDoc XRS and analyzed using Image Lab

Software (Bio-Rad).

2.12 RNA-fluorescence in situ hybridization procedure (RNA-FISH)

Hela Tet-Off Advanced cells were transfected with the ZNF12 or PPIA reporter plasmids
(Section 2.2.2) using jetPRIME (Polyplus) and plated onto coverslips 24-30 h prior to the RNA-
fluorescence in situ hybridization procedure (RNA-FISH). Coverslips were washed with 1 mL of
PBS. To fix and permeabilize the cells, the coverslips were incubated for 10 min in 1 mL of a 3:1
mixture of methanol:glacial acetic acid at room temperature, then 2 h at 4°C. The fixation and
permeabilization solution was removed, then each coverslip was washed in 1 mL of wash buffer
(10% deionized formamide, 2X sodium chloride/sodium citrate [SSC]) and incubated for 5 min.
After removing the wash buffer, the coverslips were placed cell-side down onto hybridization
buffer (10% deionized formamide in Stellaris RNA-FISH hybridization buffer [Biosearch
Technologies, Inc.]) containing 125 nM of the Stellaris RNA-FISH probe recognizing Renilla
luciferase labeled with Quasar 570 (VSMF-1034-5, Biosearch Technologies, Inc.) on Parafilm in
a humidified chamber and incubated at 37°C in the dark for 16 hours. The hybridization buffer
was removed and the coverslips were incubated in wash buffer at 37°C for 30 min. The wash
buffer was removed and the coverslips were washed twice with 1X SSC. After removing the
excess SSC, the coverslips were mounted onto glass microscope slides using ProLong
Diamond Antifade Mountant with DAPI (Molecular Probes by Life Technologies). The slides
were allowed to cure at room temperature in the dark overnight and coverslips were fixed to
slides using clear nail polish. The cells were visualized using an Olympus 1X71 inverted
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fluorescent microscope at 100X magnification using the 31000 DAPI/Hoechst filter (EX360,
EMA460) to visualize DAPI and the 41002 TRITC (Rhodamine)/Cy3 filter (EX535, EM610) to

visualize Quasar 570. Images were captured using a digital camera (Q Imaging Retiga 2000R).

2.13 Semi-quantitative PCR to analyze splicing

The cDNA made from HelLa Tet-Off cells transfected with PPIA or ZNF12 reporter
plasmids was used as the template for PCR reactions to assess splicing efficiency of the -
globin/IgG chimeric intron. For the PCR amplification step, 1 pL of reporter cDNA was combined
with 4 uL of 5X Go Taq Flexi Buffer (Promega), 0.4 pL of 10 mM dNTPs, 0.1 uL of Go Taq Flexi
Polymerase (Promega), 0.2 pL of forward primer (AGGTAGCCTTGCAGAAGTTGGT), 0.2 uL of
reverse primer (CTCTAGCCTTAAGAGCTGTAATTGAAC) and water to total 20 uL. The PCR
conditions were: 95°C for 2 min; (95°C for 30 s, 55°C for 30 s, 72°C for 20 s) x 20-35 cycles
(based on quantity of reporter mRNA in sample as determined by gPCR); 72°C for 5 min; hold
at 4°C. The PCR products were separated on 2.2% agarose gels. The gels were stained with
ethidium bromide in TBE for 10-20 min, and then briefly destained in water. Image Lab Software
(Bio-Rad) was used to determine relative quantity of each band by measuring the intensity of
the unspliced and spliced products. The relative quantities of the unspliced products were
divided by 2 to adjust for molecular weight differences between spliced and unspliced bands.
The percent of the intron retained in each reporter mMRNA was then determined by dividing the

relative quantity of the unspliced product by the total (unspliced + spliced).
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CHAPTER 3: RESULTS

3.1 RNAs with poly(A) tails of <30 nucleotides bind inefficiently to oligo (dT)s

We first wanted to determine whether we could recapitulate the findings of Yang et al. by
demonstrating that C2H2-ZNF mRNAs indeed have shorter than average poly(A) tails (Yang et
al., 2011b). In order to address this, we needed to establish how RNAs with poly(A) tails of
different lengths behaved during oligo (dT) fractionation, which separates RNA populations by
relative poly(A) tail length. Meijer et al. found that the majority of mMRNAs that bound efficiently to
oligo (dT) had poly(A) tails <30 nucleotides (nt) in length (Meijer et al., 2007). To see if this
would also be the case for our study, we generated control RNASs by in vitro transcription, each
containing a sequence from a different S. cerevisiae gene and having 15, 30, 45, or 149 A-
residues at the 3’ end. We also made an AO control RNA by in vitro transcribing part of the
pGEM-4 empty vector. Then, we tested how well each control RNA would bind to an oligo (dT),s
matrix in order to fractionate RNAs based on relative poly(A) tail length. As RNAs require
poly(A) tails to properly base pair with oligo (dT) to be retained on the matrix, we naturally
expected all of the RNAs with no poly(A) tail (the ‘A0’ control RNA) to end up in the unbound
fraction. Because of its short (A) tail and limited ability to hybridize efficiently with the oligo (dT).s
matrix, we predicted that a portion of the RNAs with a 15 nt (A) tail might remain unbound. We
expected very little, if any, of the control RNAs with longer poly(A) tails, (e.g. A30, A45, and
A149) would end up in the unbound fraction, as previously demonstrated (Meijer et al., 2007).

As anticipated, all (>99%) of the AO control ended up in the unbound fraction (Figure
6B). Approximately 30% of the A15 control RNA was in the unbound fraction, indicating that an
RNA with a relatively short poly(A) tail binds inefficiently to oligo (dT),s. The A30, A45, and A149
reporter RNAs were all highly efficient at binding oligo (dT),s as less than 3% of each of these
MRNAs were present in the unbound fraction. Based on these results, we concluded that RNAs

found in the unbound fraction will have poly(A) tails <30 nt, and probably fewer than 15 nt. In

43



A. Bound _ qRT-PCR

Collect Isolate  =ontrol Mix with /

cells in ——3 Total F RnaAs =P0ligo d(T),
TRIzol RNA beads

Unbound **gRT-PCR

B. 100% -

T 80% -

=

2 60%

= 0

=

€ 40% A

Q

£ I

& 20% -

Oo/l) T T T == T = 1

Q ) o S )
A S S

Figure 6: Characterization of the behavior of RNAs with poly(A) tails of different
lengths during oligo (dT) fractionation. A. Overview of oligo (dT) fractionation assay to
assess relative poly(A) tail length. Total cellular RNA was mixed with in vitro transcribed
control RNAs with the indicated number of adenosine residues at the 3’ end. Then, the RNA
was added to oligo (dT),, magnetic beads in the presence of 500 mM LiCl. Unbound RNAs

were collected and the beads were washed several times prior to the elution step, which
was carried out at 50°C using a buffer containing no salt. This procedure is designed to
separate RNAs with long poly(A) tails (bound to beads) from those with a shorter tail or no
tail (unbound). B. Distribution of control in vitro transcribed RNAs between fractions was
determined using gRT-PCR. Each RNA contains the indicated number of adenosine
residues at the 3’ end. Error bars represent the standard deviation of 3 independent
experimental replicates.
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addition, these results were consistent with the findings of Mejier et al. As the RNAs in the
unbound fraction could have short poly(A) tails, we will classify this as the “oligo(A)” fraction.
Thus oligo (dT),s fractionation followed by gRT-PCR appeared to be an appropriate method to

rapidly assess relative poly(A) tail length.

3.2 Bimorphic C2H2-ZNF transcripts have large populations with short poly(A) tails

We next assessed the poly(A) status of endogenous HelLa cell mMRNAs. PPIA and
GAPDH mRNAs, which are expected to possess long poly(A) tails (Yang et al., 2011b), were
selected to serve as endogenous positive controls for the oligo (dT) fractionation assay. We also
selected seven C2H2-ZNF mRNAs for analysis, six that were projected to be bimorphic (ZNFs
2,12, 43, 134, 280B, and 627) and one that was reported to be polyadenylated (ZNF282) (Yang
et al., 2011b). As seen in Figure 7, only ~10% of the PPIA and GAPDH mRNAs had oligo(A)
tails. These findings are consistent with the expectation that most mRNAs are rapidly degraded
following removal of the poly(A) tail and are therefore observed primarily with long poly(A) tails
(Chen and Shyu, 2011). Similarly, only ~10% of the ZNF282 mRNA possessed oligo(A) tails
consistent with previous findings (Yang et al., 2011b). Interestingly, each of the bimorphic
C2H2-ZNF mRNAs had a significantly larger population with oligo(A) tails (ranging from ~30 to
70% of the total RNA) compared the PPIA and GAPDH transcripts. Based on the results for the
in vitro transcribed control RNAs (Figure 6), mRNAs ending with oligo(A) tails compose a large

proportion of the population of transcripts for the six bimorphic C2H2-ZNF mRNAs we tested.

3.3 LLM-PAT in combination with oligo (dT) fractionation reveals that C2H2-ZNF mRNAs persist
with unusually short poly(A) tails
We wanted to determine if each of the six bimorphic C2H2-ZNF mRNAs actually exist in

a single population with relatively short poly(A) tails (<30 nt) that bind to oligo (dT) inefficiently or
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Figure 7: Multiple C2H2-ZNF mRNAs have short poly(A) tails. Total HeLa cell RNA was
isolated using TRIzol and oligo (dT) fractionation was used to separate poly(A) and oligo(A)
RNAs. gRT-PCR was used to measure relative abundance of the mRNA in each fraction.
The percent of each mRNA in the oligo(A) fraction of total was then determined. Error bars
represent standard deviation of 3 biological replicates. * p<0.05 compared to PPIA by one-
way ANOVA followed by Dunnett’s post-hoc test for multiple comparisons to one control.
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if there are indeed two distinct classes of transcripts with long and short poly(A) tails. In order to
gain a more accurate picture of the poly(A) tail lengths of bimorphic C2H2-ZNF mRNAs, we
performed a linker-ligation mediated poly(A) tail (LLM-PAT) assay (Garneau et al., 2008). As
shown in the diagram depicting this method in Figure 8, a 5’ adenylated and 3’ dideoxy modified
oligonucleotide was ligated to the 3’ ends of HeLa RNA in an ATP-independent fashion. These
modifications prevent unwanted ligation reactions. Following ligation, cDNA was made using a
linker-specific primer for the reverse transcription reaction and then PCR-amplified using a
linker-specific reverse primer and a gene-specific primer located approximately 100-200 bp
upstream of the poly(A) site. In parallel we made A0 markers, which show where the PCR
product should migrate if it was derived from an RNA without a poly(A) tail. These were made
by RNase H/oligo (dT) treatment. The AO and LLM-PAT PCR products were visualized on a
native agarose gel. Because the poly(A) tails are heterogeneous, the LLM-PAT PCR product
appears as a smear migrating from the A0 up to several hundred nucleotides longer. The smear
produced from polyadenylated RNAs would likely obscure the products with short poly(A) tails,
making it difficult to detect and thereby analyze the oligo(A) tails. Therefore, we decided to
characterize the poly(A) tails after oligo (dT) fractionation.
We selected two polyadenylated mRNAs, PPIA and GAPDH, and two bimorphic C2H2-

ZNF mRNAs for analysis by LLM-PAT. Based on the efficiency with which the PPIA and
GAPDH mRNAs bound to the oligo (dT).s matrix (Figure 7), we anticipated that these mRNAs
would have long poly(A) tails in the PAT assay. For the C2H2-ZNFs, there were two
possibilities: (i) we would see mRNAs with relatively short tails (~15 nt) in both oligo(A) and
poly(A) PCR products, or (ii) we would see a short poly(A) tail on the product from the unbound
fraction and a long poly(A) tail on the PCR product from the bound fraction.

As expected, GAPDH and PPIA were readily detected in the poly(A)+ fraction and the
PCR products migrated in a smear consistent with having poly(A) tails >50 nt in length (Figure
9). We noted that the most common poly(A) tail for GAPDH in the poly(A)+ fraction was ~100 nt

47



ATP-free Reverse PCR
ligation transcription
Linker-specific Linker-specific
RNA R'I;Bﬂmer cDNA PCR;pEmer
+ Gene-specific
RNA PCR primer
Linker
Gel Analysis
— h
|_poly(A)
tail
| -
A0

Figure 8: Overview of the linker-ligation mediated poly(A) tail (LLM-PAT) assay to
assess poly(A) tail length. Briefly, an RNA linker was ligated to the 3’ end of the RNAs.
The RNAs were reverse transcribed using a linker-specific primer for the reaction. The
cDNAs were then amplified using a gene-specific forward primer and the linker-specific
primer for the reverse reaction. Products were then analyzed using agarose gel
electrophoresis. The A0 marker was made using the same protocol except that the poly(A)
tails were removed using oligo (dT) and RNase H prior to the ligation.
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shorter compared to the results for PPIA. This difference is consistent with a recent analysis of
global poly(A) tail lengths which reported that many mRNAs encoded by housekeeping genes,
such as GAPDH, have shorter poly(A) tails compared to the general mMRNA population
(Subtelny et al., 2014). In addition, a product was detected in the unbound/oligo(A) fraction for
both GAPDH and PPIA. The band was about 20-30 nt above the corresponding A0 band,
suggesting that the GAPDH and PPIA mRNAs in the oligo(A) fraction possess short poly(A) tails
(Figure 9). The 20-30 nt product in the oligo(A) fraction was expected given that once the
poly(A) tail is sufficiently shortened, most mRNAs are rapidly degraded and no longer
detectable (Chen and Shyu, 2011). These results, along with those from the reporter RNAs with
artificial poly(A) tails, (Figure 6) demonstrate that mMRNAs with poly(A) tails less than ~25 nt do
not appreciably bind to the oligo (dT) matrix under the conditions used here.

As expected, ZNF12 and ZNF627 LLM-PAT products were also detected in both poly(A)
and oligo(A) fractions (Figure 9). The ZNF12 and ZNF627 transcripts in the poly(A) fraction
have poly(A) tail lengths in the same range as those of GAPDH and PPIA. However, the ZNF
products detected in the oligo(A) fraction both migrate at the same molecular weight as the
artificially generated A0 marker. This indicates that despite having no detectable poly(A) tail,
these mRNAs are not rapidly turned over.

We noted that the relative amount of product in the bound and unbound fractions does
not reflect the quantity of each mRNA found in these fractions by qRT-PCR. This is perhaps not
surprising given that the steps of the LLM-PAT assay vary in efficiency, especially during the
linker ligation step (Hafner et al., 2011). It is also possible that the 3’ end of the AO RNA derived
from the ZNF transcripts may be inaccessible for linker ligation (Zhuang et al., 2012). Taking the
results from both the oligo (dT) fractionation and LLM-PAT assays into account, we conclude
that for both ZNF12 and ZNF627 at least 50% of the total mMRNAs have a very short (<10 nt)
poly(A) tails, while the rest of the mRNA is normally polyadenylated. These results closely
reproduce and extend observations made by Yang et al. (2011), and support that in HeLa cells,
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Figure 9: C2H2-ZNF mRNA poly(A) tails have a bimorphic distribution. A. LLM-PAT
assays were performed on RNA after oligo (dT) selection to determine poly(A) tail length in
the poly(A) fraction and oligo(A) fraction. B. Quantification of LLM-PAT results. A standard
curve was made using a 100 bp DNA ladder to determine the molecular sizes of the A0
marker and PAT PCR products. To determine the most common poly(A) tail length, the size
of the AO marker was subtracted from the size of the most intense region of the PAT PCR
product. Values for poly(A) tail length are the mean +/- SD of 2 (PPIA and ZNF627) or 3
(GAPDH and ZNF12) biological replicates.
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multiple C2H2-ZNF mRNAs are truly bimorphic and have two populations with poly(A) tails of

very different lengths.

3.4 Nascent bimorphic C2H2-ZNF transcripts have short poly(A) tails

There are two main ways for an mRNA to acquire a short poly(A) tail: (i) the mRNA is not
polyadenylated effectively, or (ii) a long poly(A) is initially added to the mRNA and later removed
by deadenylation, but the mRNA is not decayed. To distinguish these possibilities, we assessed
poly(A) tail length for nascent C2H2-ZNF mRNAs. We added 4-thiouridine (4sU), a metabolic
label that is incorporated into RNA during transcription, to HelLa cells in culture (Dolken et al.,
2008). Consistent with previous reports (Rabani et al., 2011; Windhager et al., 2012), we used a
10 minute labeling period to label only recently made RNAs, which were then isolated via
biotinylation and streptavidin pull-down as outlined in the diagram in Figure 10A.

We assessed poly(A) tail length of the nascent (4sU labeled) C2H2-ZNF mRNAs using
the oligo (dT) selection assay. If the C2H2-ZNF mRNAs undergo normal polyadenylation, we
would expect nascent C2H2-ZNF mRNAs to behave like the nascent PPIA mRNAs and bind
efficiently to oligo (dT). Instead, the nascent C2H2-ZNF mRNAs were significantly more
abundant in the oligo(A) fraction compared to the nascent PPIA mRNAs (Figure 10B). This
indicates that for 40-50% of the population of these C2H2-ZNF mRNAs, poly(A) tail length may
be restricted from the start. However, we cannot rule out the possibility that all of the C2H2-ZNF
MRNAs are efficiently polyadenylated, and then the poly(A) tail is rapidly removed for about half
of these mMRNAs. Either way, the mRNAs from multiple C2H2-ZNFs have oligo(A) tails very
early on in their lifespan, likely before export from the nucleus.

Compared to the steady-state mRNAs (Figure 7), the nascent PPIA and GAPDH
MRNAs were approximately 5-10% more abundant in the oligo(A) fraction (Figure 10). In
addition, the nascent ZNF282 mRNAs were about 20% more abundant in the oligo(A) fraction
compared to steady-state. These differences were not surprising given that some of these
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Figure 10: Nascent C2H2-ZNF mRNAs are inefficiently polyadenylated. A. HelLa cells
were treated with 4-thiouridine (4sU) for 10 min to label newly made RNAs. Total HeLa
RNA was collected from the cells and the 4sU labeled RNA was biotinylated. Biotin forms a
disulfide bond with the 4sU. Streptavidin beads were used to bind the biotinylated RNAs
(nascent fraction). Dithiothreitol (DTT) was added to break the 4sU-disulfide bond and elute
the bound RNA off of the column. B. Oligo (dT) selection was used to separate the nascent
RNA into poly(A) and oligo(A) fractions. gRT-PCR was used to measure the relative
abundance of mMRNA in each fraction. The percent of each mRNA in the oligo(A) fraction of
total was determined. Error bars represent standard deviation of 3 biological replicates.

* p<0.05 compared to PPIA by one-way ANOVA followed by Dunnett’s post-hoc test for
multiple comparisons to one control.
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MRNAs were probably not completely processed and had not yet been fully polyadenylated
(Windhager et al., 2012). Nonetheless, the majority of the nascent PPIA, GAPDH, and ZNF282
MRNAs were polyadenylated.

We also noted minor differences in the abundance of nascent C2H2-ZNF mRNAs with
short poly(A) tails compared to steady-state (Figure 10B). In some cases, the differences were
consistent with removal of the poly(A) tail at some point after transcription, for instance by
deadenylation. A specific example is the ZNF627 mRNA, which went from ~60% of the mRNA
having oligo(A) tails at synthesis to ~70% at steady-state (Figure 7). In other examples, we saw
the opposite trend as with ZNF134, which went from ~50% with oligo(A) tails at synthesis to
~30% at steady-state. This suggests that the poly(A) tail of ZNF134 is short early on in its
lifespan and then the poly(A) tail was added by a poly(A) polymerase. It is also possible that
C2H2-ZNF mRNAs with different poly(A) tail lengths have different decay rates. One might
predict the mRNAs with oligo(A) tails would be degraded more rapidly because the poly(A) tail
helps stabilize mMRNAs (Dreyfus and Régnier, 2002; Smith et al., 2014), but it also possible that
C2H2-ZNF mRNAs with short poly(A) tails are more stable given their accumulation. This is
atypical, but not out of the question. Unfortunately, because both poly(A) tail remodeling (i.e.
polyadenylation and deadenylation) and mRNA decay are ongoing processes, it is difficult to
assess the overall mMRNA stability rates of C2H2-ZNF mRNAs with short versus long poly(A)
tails. In general, these C2H2-ZNF mRNAs were produced with a population possessing oligo(A)

tails to start with and continued to maintain this population.

3.5 MicroRNAs do not influence the accumulation of C2H2-ZNF mRNAs with oligo(A) tails
It is likely that trans-acting factors recognize specific sequence elements within the
C2H2-ZNF mRNAs to control polyadenylation. Notably, C2H2-ZNF mRNAs contain multiple
MiRNA target sites in their coding sequences. These sites are in regions containing highly
repetitive sequence elements, primarily in the zinc finger motif and linker region encoding
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sequences (Huang et al., 2010; Schnall-Levin et al., 2011). While miRNAs have established
roles in inhibiting translation and contributing to deadenylation and decay of mMRNAs in the
cytoplasm (Eulalio et al., 2008; Guo et al., 2010), miRNAs also have roles in the nucleus
(Roberts, 2014). Most of the evidence thus far shows that nuclear miRNAs regulate the
biogenesis of non-coding RNAs (Liang et al., 2013), but miRNAs could potentially influence the
nuclear processing of mMRNAs as well. We decided to investigate the possibility that miRNAs
bind to the C2H2-ZNF mRNAs in order to influence the poly(A) tail length.

Because multiple miRNAs are known to bind to the C2H2-ZNF mRNAs (Schnall-Levin
et al., 2011), we wanted to use a broad approach to reduce overall miRNA abundance in HelLa
cells. To do so, we used a cell line stably expressing an shRNA targeting DICER; an enzyme
required for miRNA processing. The control cell line contained the empty shRNA vector.
Western blot analysis showed noticeable reduction of the DICER protein and gRT-PCR results
showed an average of 60% reduction in DICER mRNA levels compared to the control (Figure
11). To ensure that the DICER KD had indeed reduced miRNA expression, we first assessed
the abundance of the LIN28 mRNA, a well-known target of the Let-7 microRNA family (Zhong et
al., 2010). Let-7 should be reduced in the DICER KD cells, thereby preventing miRNA mediated
decay of LIN28. Thus, we expected LIN28 to be increased in the DICER KD cells, and indeed it
was (Figure 11B).

We then assessed steady-state abundance of the C2H2-ZNF mRNAs in the DICER KD
cells. We selected three C2H2-ZNF mRNAs (ZNFs 2, 12, and 627) that were previously shown
to contain putative target sites for miRNAs 181, 188, and 199 (Schnall-Levin et al., 2011). ZNF2
contains 4 predicted miR-188 sites, ZNF12 contains 20 predicted miR-181 sites and 10
predicted miR-188 sites, and ZNF627 contains 7 predicted sites each for miR-188 and miR-199.
We used gRT-PCR to compare the relative expression of the C2H2-ZNF mRNAs in control cells

versus the DICER KD cells. We found no significant difference in steady-state abundances of
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Figure 11: DICER knockdown does not alter abundance of C2H2-ZNF mRNAs.

A. Western blot analysis of the DICER protein in the DICER shRNA cells compared to the
control cells. Data were normalized to HSC70. Representative of two biological replicates.
B. The abundance of the indicated MRNAs was determined using gRT-PCR. Expression
was normalized to GAPDH. Error bars represent standard deviation of three biological
replicates. * p<0.05 for DICER KD compared to control samples (paired, two-tailed
Student’s T-test).
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each of the ZNF mRNAs (Figure 11B), but these findings do not rule out the possibility that
miRNAs influence poly(A) tail length.

We then used the oligo (dT) selection assay to see if the C2H2-ZNF mRNAs showed
any changes in poly(A) tail length in the DICER KD cells, but saw no differences compared to
the empty vector control cells (Figure 12). Therefore, it appears that miRNAs do not play a

significant role in determining the poly(A) tail length for C2H2-ZNF mRNAs.

3.6 C2H2-ZNF mRNAs are localized to the nucleus

In general, mMRNAs require poly(A) tails of ~200 nt for efficient nuclear export, mediated
by interactions of PABPs with nuclear export factors (Di Giammartino and Manley, 2014; Fuke
and Ohno, 2008). Because a significant proportion of the C2H2-ZNF mRNAs have short poly(A)
tails, we hypothesized that these mRNAs would be inefficiently exported and therefore be more
abundant in the nucleus compared to typical mRNASs, such as PPIA and GAPDH. We used
detergent-based subcellular fractionation to isolate nuclear and cytoplasmic RNA (Weil et al.,
2000) followed by gRT-PCR to determine how much of each mRNA was in the nucleus.

We first assessed two control RNAs to ensure adequate subcellular fractionation (dark
bars in Figure 13). As tRNA is required for translation, it is generally located in the cytoplasm
(Liao et al., 2010). Only about 4% of the tRNA was in the nuclear fraction, which indicated that
this fraction was truly nuclear. The 45S ribosomal precursor RNA (45S rRNA) is processed in
the nucleus to produce the smaller ribosomal RNAs (Gondran et al., 1999), therefore we should
expect to see all of this RNA represented in the nuclear fraction. As anticipated, >99% of the
45S rRNA was in the nuclear fraction. Thus we could be confident that this subcellular
fractionation protocol adequately separated the nuclear and cytoplasmic RNAs.

We evaluated the same seven C2H2-ZNF mRNAs that we used in the oligo (dT) assay
to assess subcellular localization, expecting that the failure of polyadenylation would prevent
efficient nuclear export. Therefore, the C2H2-ZNF mRNAs, except for the polyadenylated
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Figure 12: DICER knockdown does not influence polyadenylation of the C2H2-ZNF
MRNAs. Oligo (dT) selection was used to separate poly(A) and oligo(A) RNA fractions from
total RNA isolated from Control and DICER KD cells. gRT-PCR was used to measure the
relative abundance of mMRNA in each fraction. The percent of each mRNA in the oligo(A)
fraction of total was determined. Error bars represent standard deviation of three biological
replicates.
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Figure 13: C2H2-ZNF mRNAs are abundant in the nucleus. Detergent-based subcellular
fractionation was used to separate nuclear and cytoplasm cellular fractions. TRIzol was
added to each fraction for RNA isolation. Relative abundance of the mRNAs in each
fraction was determined using qRT-PCR. Fractionation controls are shown in the dark bars
(tRNA=cytoplasmic control, 45S rRNA=nuclear control). Error bars represent standard
deviation of 3 biological replicates. * p<0.05 compared to PPIA by one-way ANOVA
followed by Dunnett’s post-hoc test for multiple comparisons to one control.
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ZNF282 mRNA, would be more abundant in the nucleus compared to polyadenylated PPIA and
GAPDH mRNAs. As shown in Figure 13, PPIA and GAPDH mRNAs were exported efficiently
with less than 20% of each transcript found in the nucleus, while all of the C2H2-ZNF
transcripts, including ZNF282, had over 40% of their population restricted to the nucleus. For
some of the C2H2-ZNFs (ZNF12 and ZNF280B), as much as 80% of the mRNA was in the
nuclear fraction.

A linear regression analysis of percent nuclear versus percent oligo(A) suggests that the
nuclear localization of the bimorphic C2H2-ZNF mRNAs may be correlated with the short
poly(A) tails (Figure 14). We excluded ZNF282 from the analysis because unlike the other
C2H2-ZNFs, this mRNA has a long tail but is restricted to the nucleus. There are examples of
MRNAs that have long poly(A) tails, but are abundant in the nucleus due to intron retention
(Bhatt et al., 2012; Yap et al., 2012) or are stored in subnuclear domains, such as nuclear
speckles (Bahar Halpern et al., 2015) or paraspeckles (Fox and Lamond, 2010). The ZNF282
polyadenylated mRNA may be retained in nucleus through such mechanisms. We noted that
while ~70% of the ZNF627 mRNA was in the oligo(A) fraction (Figure 7), it was not as abundant
in the nucleus compared to the other bimorphic C2H2-ZNF mRNAs. It is possible that the
polyadenylated ZNF627 mRNAs are exported from the nucleus and deadenylated in the
cytoplasm more quickly than the other ZNF mRNAs, thereby increasing the steady-state

abundance of ZNF627 mRNAs possessing oligo(A) tails.

3.7 C2H2-ZNF mRNAs have oligo(A) tails and are localized to the nucleus in other cell types
HelLa cells are extensively used as a model system for molecular research; however, as
cancer cells, they are highly abnormal. Therefore, we also wanted to assess the behavior of
C2H2-ZNF mRNAs in other cell types. For this purpose, we selected human iPS cells as
another highly proliferative cell line and HFFs as a differentiated primary cell line with limited
capacity to divide. We used the oligo (dT) fractionation assay to assess the same seven C2H2-
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Figure 14: Percent of mRNASs in the nuclear fraction is positively correlated with the
percent in the oligo(A) faction. Scatter plot of the average percent nuclear versus
average percent oligo(A) for each of the mRNAs assessed by subcellular fractionation and
oligo (dT) fractionation.
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ZNF mRNAs previously characterized in HeLa cells. In both HFFs and iPS cells, most of the
C2H2-ZNF mRNAs were more abundant in the oligo(A) fraction compared to the PPIA mRNA,
except for polyadenylated ZNF282 (Figure 15). In addition, we determined that there were no
significant differences in the overall distribution of the C2H2-ZNF mRNAs in the oligo(A) fraction
among Hela, HFF, and iPS cells (Figure 16). These results also suggest that the short poly(A)
tails of C2H2-ZNF mRNAs do not significantly contribute to the differential stability previously
identified in these mMRNAs in HFFs and iPS cells (Neff et al., 2012). Thus, C2H2-ZNF mRNAs
have short poly(A) tails in all human cell lines tested, suggesting this is a general property of
these transcripts and not limited to cancer cells or proliferating cells.

We also used the subcellular fractionation assay followed by gRT-PCR to assess C2H2-
ZNF mRNA nuclear abundance in HFFs and iPS cells. As in HelLa cells, most of the C2H2-ZNF
MRNAs were enriched in the nucleus compared to the PPIA mRNA in both the HFF and iPS
cells (Figure 17). We also noted that there were no significant differences in the overall nuclear
localization of the C2H2-ZNF mRNAs among Hela, HFF, and iPS cells (Figure 18). C2H2-ZNF

MRNAs therefore accumulate in the nucleus in multiple human cell lines.

3.8 Overview of the reporter construct design

We established that the mRNAs of multiple different C2H2-ZNFs have short poly(A) tails
and are unusually abundant in the nucleus. Our next goal was to identify potential sequences
involved in regulating the short poly(A) tail and nuclear localization. We used reporter constructs
to complete this task. With this type of system, we could narrow down the specific C2H2-ZNF
sequences that influence the poly(A) tail length and nuclear abundance of a reporter mRNA.
The ZNF12 mRNA population has a bimorphic poly(A) tail distribution, with short poly(A) tails in
~50% of the transcripts (Figure 7). In addition, the majority of the ZNF12 mRNAs (~80%) were

localized to the nucleus (Figure 13). Given both of these attributes, ZNF12 was a good
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Figure 15: C2H2-ZNF mRNAs have short poly(A) tails in other human cell lines.

Total RNA was isolated from HFF and iPS cells using TRIzol. For each cell line, oligo (dT)
fractionation was used to separate poly(A) and oligo(A) RNA fractions. qRT-PCR was used
to measure relative abundance of the mRNA in each fraction. The percent of each mRNA in
the oligo(A) fraction of total was then determined. Error bars represent standard deviation of
3 biological replicates. * p<0.05 compared to PPIA by one-way ANOVA followed by
Dunnett’s post-hoc test for multiple comparisons to one control.
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Figure 16: Box-plot comparing the proportion of C2H2-ZNF mRNAs in the oligo(A)
fraction in HeLa, HFF, and iPS cells. There were no statistically significant differences
among group means as determined by one-way ANOVA (F=2.43, p=0.102).
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Figure 17: C2H2-ZNF mRNAs accumulate in the nucleus in other human cell lines.
For each cell line, detergent-based subcellular fractionation was used to separate nuclear
and cytoplasm cellular fractions. TRIzol was added to each fraction for RNA isolation.
Relative abundance of the mRNAs in each fraction was determined using gRT-PCR. The
percent of each mRNA in the nucleus was determined. Fractionation controls are shown in
the dark bars (tRNA=cytoplasmic control, 45S rRNA=nuclear control). Error bars represent
standard deviation of 3 biological replicates. * p<0.05 compared to PPIA by one-way
ANOVA followed by Dunnett’s post-hoc test for multiple comparisons to one control.
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Figure 18: Box-plot comparing the proportion of C2H2-ZNF mRNAs in the nuclear
fraction in HeLa, HFF, and iPS cells. There were no statistically significant differences
among group means as determined by one-way ANOVA (F=3.13, p=0.054).

65



candidate for determining the sequences that might influence both nuclear localization and
poly(A) tail length.

A schematic of the reporter design is shown in Figure 19A. The pTRE3G-BI-ZsGreenl
plasmid (Clontech) contains a bidirectional tet-off promoter to initiate transcription of both a
reporter (in our case Renilla luciferase; RLuc) and ZsGreen mRNAs from the same plasmid. We
fused the RLuc sequence to various regions of the from ZNF12 and PPIA transcripts while the
ZsGreen mRNA was used as a control. Both RLuc-fusion and ZsGreen mRNAs were subject to
the exact same experimental variation (transfection, RNA isolation, oligo (dT) selection,
subcellular fractionation and gRT-PCR), making it easier to conclude that any differences were
due to biological variation and not sample preparation. In addition, the plasmids contain a
chimeric B-globin/IgG intron in the RLuc 5° UTR. Splicing is a key part mRNA processing
(Kyburz et al., 2006; Woodward et al., 2016) and the mRNA nuclear export pathway (Bjérk et
al., 2015). Therefore, we included an intron to allow us to assess the possibility that failure to
splice is associated with short poly(A) tails and contributes to nuclear retention. The intron also
increases the similarity between the reporter and the endogenous ZNF12 mRNA, which has

several introns.

3.9 The majority of ZNF12 reporter mRNAs have oligo(A) tails

We cloned the entire ZNF12 ORF and 3’ UTR (4507 bp), including the poly(A) signal, in
frame with RLuc (Figure 19A). We also removed the plasmid SV40 poly(A) signal and replaced
it with the region from the ZNF12 genomic DNA sequence containing the downstream elements
(DSE), which are required for efficient polyadenylation (Chen and Wilusz, 1998; Tian and
Graber, 2012). We generated a control plasmid containing the complete PPIA ORF and 3’ UTR
sequences (2199 bp). We used PPIA because we had established that the endogenous
transcript was primarily polyadenylated and localized to the cytoplasm (Figures 7 and 13). In
addition, we wanted to use a control with a relatively long mRNA sequence rather than RLuc
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alone to rule out the possibility that merely placing a long sequence between RLuc sequence
and the plasmid poly(A) site would affect polyadenylation. The PPIA reporter contained the
SV40 poly(A) signal downstream of the 3' UTR sequence (Figure 19A).

To establish that the ZNF12 and PPIA reporter mMRNAs recapitulate the behavior of the
endogenous mMRNAs, we used the oligo (dT) fractionation assay. For the PPIA reporter
construct, ~30% of the RLuc-PPIA mRNAs had oligo (A) tails (Figure 19B). This compares
favorably with the endogenous PPIA mRNAs, of which 10% were in the oligo(A) fraction (Figure
7). Furthermore, the ZsGreen mRNAs, which lack introns, were also primarily polyadenylated
with <25% having oligo(A) tails. Thus both RLuc-PPIA and ZsGreen mRNAs generally have
long poly(A) tails that bind to the oligo (dT),s. The ZsGreen mRNAs derived from the ZNF12
plasmid behaved similarly to that from the PPIA construct as ~30% were in the oligo(A) fraction.
In contrast, ~90% of the RLuc-ZNF12 mRNA population oligo(A) tails (Figure 19B). These
results indicate that the majority of the RLuc-ZNF12 reporter mRNAs have oligo(A) tails.
Interestingly, both the PPIA and ZNF12 reporter mRNAs were somewhat more abundant in the
oligo(A) fraction compared to the corresponding endogenous mRNAs (Figure 7). This could be
connected to the high transcription rates or other promoter-dependent regulation of plasmid-
derived versus endogenous mMRNAs. Regardless, it was clear that sequences contained within
the ORF, 3’ UTR and/or downstream region of the ZNF12 gene are sufficient to confer short

poly(A) tails on the reporter transcripts.

3.10 The ZNF12 reporter mRNAs are localized in the nucleus

To demonstrate that the RLuc-PPIA and RLuc-ZNF12 reporter mRNAs recapitulate the
subcellular localization of the endogenous mRNAs, we used the biochemical subcellular
fractionation assay. The RLuc-PPIA reporter mRNAs were ~40% nuclear (Figure 20A). More of
the RLuc-PPIA reporter mRNAs were nuclear compared to the endogenous population (~15%,
Figure 13); however, the distribution was statistically similar to the ZsGreen mRNAs from the
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Figure 19: The ZNF12 reporter mRNAs have primarily oligo(A) tails. A. Schematic
diagram of reporter constructs. Numbers indicate the nucleotides included from the mRNA
sequence (NCBI RefSeq: ZNF12=NM_016265.3, PPIA=NM_021130.4). See text for
additional details. B. 24-30 h after transfection with reporter plasmids, total RNA was
isolated from Tet-Off HeLa cells using TRIzol. Oligo (dT) fractionation was used to separate
poly(A) and oligo(A) RNA fractions. gRT-PCR was used to measure the relative abundance
of reporter mMRNASs in each fraction. The percent of mMRNA in the oligo(A) fraction of total
was determined. Error bars represent standard deviation of 3 biological replicates. * p<0.05
between ZsGreen and the Renilla luciferase (RLuc)-reporter mRNAs from the same
plasmid, NS=non-significant (paired, two-tailed Student’s T-test).
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same plasmid, which were ~30% nuclear (Figure 20A). In contrast, >80% of the RLuc-ZNF12
reporter MRNAs were localized to the nucleus (Figure 20A). These results were highly
consistent with endogenous ZNF12 mRNAs, which were ~80% nuclear (Figure 13).

We also performed RNA-fluorescence in situ hybridization (RNA-FISH) to verify the
subcellular fractionation results, as the mRNAs in the nuclear fraction could instead be
associated with the endoplasmic reticulum or other structure connected with the nucleus
(Barthelson et al., 2007). In addition, RNA-FISH would reveal whether the RLuc-ZNF12 mRNA
has a diffuse distribution throughout the nucleus or if it is associated with specific subnuclear
domains. We used a set of probes (Stellaris) targeting RLuc to assess both of the reporter
MRNAs. As anticipated, most of the RLuc-PPIA mRNAs were in the cytoplasm while the RLuc-
ZNF12 reporter mMRNAs were primarily in the nucleus (Figure 20B). Notably, the RLuc-ZNF12
reporter mMRNAs exhibited an unusual staining pattern that could represent accumulation in
subnuclear bodies such as nuclear speckles or paraspeckles. Nuclear speckles are generally
associated with transcription sites and contain factors involved in pre-mRNA splicing and 3’ end
processing (Spector and Lamond, 2011). Paraspeckles are found near speckles and are
associated with nuclear retention of edited RNAs (Sleeman and Trinkle-Mulcahy, 2014). In the
future, it will be interesting to determine whether the RLuc-ZNF12 reporter mRNA colocalizes
with components of nuclear speckles or paraspeckles as this may provide insights into how and
why this mMRNA is nuclear retained. Based on the subcellular fractionation and RNA-FISH data,
sequences contained within the ORF, 3’ UTR and/or downstream region of the ZNF12 gene

contribute to nuclear localization of its mMRNA.

3.11 The nuclear localization of the ZNF12 reporter mRNA is not due to splicing deficits
Intron retention can prevent export of MRNAs into the cytoplasm and influence
polyadenylation (Akef et al., 2015; Braunschweig et al., 2014; Kyburz et al., 2006; Machinaga
and Takase-Yoden, 2014; Yap et al., 2012). Therefore, we assessed splicing of the upstream
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Figure 20: The ZNF12 reporter mRNAs accumulate in the nucleus. A. 24-30 h after
transfection with reporter plasmids, detergent-based subcellular fractionation was used to
separate nuclear and cytoplasm cellular fractions from Tet-Off HeLa cells. RNA from each
fraction was isolated using TRIzol. Relative abundance of the reporter mRNAs in each
fraction was determined using gRT-PCR. The percent of each mRNA in the nucleus was
determined. Error bars represent standard deviation of 3 (ZNF12) or 4 (PPIA) biological
replicates * p<0.05 between ZsGreen and the Renilla luciferase-reporter mRNAs from the
same plasmid (paired, two-tailed Student’s T-test). B. RNA-fluorescence in situ
hybridization (RNA-FISH). Cells were fixed and stained with a set of fluorescently labeled
oligo probes targeting the Renilla luciferase (RLuc) mRNA from Stellaris® (red) and nuclei
were stained with DAPI (blue). Images are representative of 3 biological replicates.
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intron in the RLuc reporter mRNAS using RT-PCR with primers flanking the intron. A
significantly higher proportion of the RLuc-ZNF12 reporter mRNA was unspliced in the nucleus
compared to the RLuc-PPIA reporter mRNA (Figure 21), suggesting that the RLuc-ZNF12
reporter MRNAs are spliced less efficiently. However, the level of intron retention (~30%) is not

sufficient to explain the proportion of the transcript that is retained in the nucleus.

3.12 The ZNF12 ORF and 3’ UTR sequences can influence poly(A) tail length and nuclear
localization

We next wanted to determine which sequence elements were involved in restricting the
poly(A) tail length of the RLuc-ZNF12 mRNA. Most of the characterized sequences that regulate
polyadenylation are in the 3’ UTR (Matoulkova et al., 2012) and in the region just downstream of
the poly(A) site (Chen and Wilusz, 1998; Nunes et al., 2010). We therefore made a reporter
plasmid containing the ZNF12 3’ UTR, poly(A) signal, and DSE to determine whether one or
more of these sequence elements were sufficient to restrict poly(A) tail length. We also made a
reporter plasmid containing just the ZNF12 ORF sequence with the SV40 poly(A) signal (Figure
22A). To assess the relative poly(A) tail lengths of these two reporters, we used oligo (dT)
fractionation followed by qRT-PCR. Unexpectedly, both the RLuc-ZNF12 ORF and the RLuc-
ZNF12 3’ UTR reporter mRNAs were significantly more abundant in the oligo(A) fraction than
the ZsGreen mRNAs from each reporter plasmid (Figure 22B). We had expected that most of
RLuc-ZNF12 3’ UTR reporter mMRNAs would have oligo(A) tails, but were surprised to see
similar results for the Rluc-ZNF12 ORF reporter mRNA population. This was especially
unexpected as the ZNF12 ORF reporter contained the SV40 poly(A) signal, suggesting that
ZNF12 sequence elements found in the ORF can confer the short poly(A) tail phenotype
independent of the poly(A) signal used. We can conclude that sequences in the ORF and 3’

UTR independently limit the poly(A) tail length on the ZNF12 mRNA. In addition, the ZNF12
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Figure 21: Nuclear localization is not due to inefficient splicing. A. Nuclear RNA from
HelLa Tet-Off cells transfected with PPIA or ZNF12 reporter plasmids was analyzed by RT-
PCR using primers flanking the intron followed by gel electrophoresis. The intron PCR
product from the empty plasmid is shown for reference. B. Quantification of intron retention
in the nuclear MRNA for each reporter. Relative quantity was determined by measuring the
intensity of the unspliced and spliced products and adjusted for size differences. The
percent of the intron retained in each reporter mRNA was then determined. Error bars
represent standard deviation of 3 (ZNF12) or 4 (PPIA) biological replicates. * p<0.05
compared to RLuc-PPIA (two-tailed Student’s T-test).
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poly(A) signal and flanking 3° UTR and DSE sequences are not required for restricting the
poly(A) tail length on the ZNF12 mRNAs.

We also assessed the subcellular localization of the RLuc-ZNF12 ORF and RLuc-3' UTR
reporter mMRNAs using biochemical subcellular fractionation followed by gRT-PCR (Figure 22C).
Both of these reporter plasmids produced mRNAs that were >80% nuclear, while <30% of the
ZsGreen mRNAs from each of these plasmids were in the nucleus. Thus, sequences located in
both the ZNF12 ORF and 3’ UTR can also contribute to the nuclear localization of the ZNF12

MRNAS.

3.13 Reporters mRNAs containing C2H2-ZNF motif encoding sequences have oligo(A) tails and
are localized in the nucleus

We first wanted to narrow down the potential ORF sequences involved in regulating
poly(A) tail length and nuclear localization of the ZNF12 mRNA. We divided the ORF intro three
regions, the N-terminal KRAB domain, a central domain containing 3 C2H2-ZNF motifs (3ZNF)
and the C-terminal domain containing 14 C2H2-ZNF motifs (14ZNF). The RLuc-3ZNF and
RLuc-14ZNF reporter mRNAs would also provide information as to how many C2H2-ZNF motif
encoding sequences may be necessary to confer oligo(A) tails and nuclear localization on the
reporter mRNAs.

To assess how the different ORF regions influence poly(A) tail length of the reporter
MRNASs, we used the oligo (dT) fractionation assay (Figure 23B). Only ~30% of the RLuc-KRAB
reporter mMRNAs were in the oligo(A) fraction, which was statistically similar to the ZsGreen
MRNAs (~20% oligo(A)) from the same reporter. In contrast, ~60% of the RLuc-3ZNF reporter
MRNAs and ~80% of RLuc-14ZNF reporter mRNAs were in the oligo(A) fraction. This suggests
that C2H2-ZNF encoding sequences may be involved in conferring the oligo(A) tails.

Next, we assessed how the different ORF sequences would influence mRNA subcellular
localization (Figure 23C). Only ~40% of the RLuc-KRAB reporter mRNAs were nuclear,
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Figure 22: ZNF12 ORF and ZNF12 3’UTR reporter mRNAs have primarily oligo(A) tails
and are retained in the nucleus. A. Schematic diagram of reporter constructs. B. 24-30 h
after transfection with reporter plasmids, total RNA was isolated from Tet-Off HelLa cells
using TRIzol. Oligo (dT) fractionation was used to separate poly(A) and oligo(A) RNA
fractions. The percent of mMRNA in the oligo(A) fraction of total was determined using qRT-
PCR. C. 24-30 h after transfection, detergent-based subcellular fractionation was used to
separate nuclear and cytoplasm cellular fractions from Tet-Off HeLa cells. TRIzol was
added to each fraction for RNA isolation. The percent of each mRNA in the nucleus was
determined using gRT-PCR. Error bars represent standard deviation of 3 biological
replicates. * p<0.05 between ZsGreen and the Renilla luciferase-reporter mMRNAs from the
same plasmid (paired, two-tailed Student’s T-test).
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suggesting that the KRAB region does not influence nuclear localization. In contrast, ~70% of
the RLuc-3ZNF reporter mRNAs and ~80% of RLuc-14ZNF reporter mRNAS were nuclear.
Therefore, it appears that in addition to regulating poly(A) tail length, the C2H2-ZNF motif

sequences may also contribute to mRNA nuclear localization.

3.14 The ZNF12 3’ UTR contains C2H2-ZNF-like sequences

The C2H2-ZNF motif sequences in the ORF appeared to confer the oligo(A) tails and
contribute to nuclear retention of the ZNF12 mRNAs, but it was not clear why the 3’ UTR
reporter MRNAs also had oligo(A) tails and were abundant in the nucleus. Analysis using the
Basic Local Alignment Search Tool (BLAST from NCBI) to compare the ZNF12 ORF and
3’ UTR sequences revealed two regions (labeled E and F) in the 3’ UTR that showed at least
60% sequence homology to multiple C2H2-ZNF motif sequences (labeled A-D) (Figure 24A).
These 3’ UTR regions may be degenerate ZNFs that are no longer functional protein elements,
but are instead remnants produced during the evolution of the ZNF12 gene (Looman, 2002). In
addition, the reporter mMRNAs from each of the ZNF12 reporter constructs that contained one or
more of the homologous sequences (ZNF12, ORF, 3’ UTR, 3ZNFs, and 14ZNFs) were primarily
in the oligo(A) and nuclear fractions (Figure 24B). Thus every functional region of the ZNF12
MRNA shares some sequence homology supporting the idea that C2H2-ZNF motif sequences

are responsible for the oligo(A) tails and nuclear localization of the ZNF12 transcript.

3.15 Reporter mRNAs containing the ZNF-like sequence from the ZNF12 3’ UTR have oligo(A)
tails and are retained in the nucleus

We wanted to confirm that reporter mRNAs with the ZNF-like sequence in the 3' UTR
would have oligo(A) tails and would be abundant in the nucleus. Therefore, we made a reporter

containing the region of the 3’ UTR with the ZNF-like sequences (3’ UTRA). As the previous
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Figure 23: Reporter mRNAs with C2H2-ZNF sequences primarily have oligo(A) tails
and are retained in the nucleus. A. Schematic diagram of reporter constructs. B. 24-30 h
after transfection with reporter plasmids, total RNA was isolated from Tet-Off HeLa cells
using TRIzol. Oligo (dT) selection was used to separate poly(A) and oligo(A) RNA fractions.
The percent of mMRNA in the oligo(A) fraction of total was determined using qRT-PCR. Error
bars represent standard deviation of 3 biological replicates. C Tet-Off HeLa cells were
transfected with reporter plasmids. 24-30 h after transfection, detergent-based subcellular
fractionation was used to separate nuclear and cytoplasm cellular fractions. TRIzol was
added to each fraction for RNA isolation. The percent of each mRNA in the nucleus was
determined using gRT-PCR. Error bars represent standard deviation of 3 (3ZNF and
14ZNF) or 4 (KRAB) biological replicates. * p<0.05 between ZsGreen and the Renilla
luciferase-reporter mRNAs from the same plasmid (paired, two-tailed Student’s T-test).
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Figure 24: Sequences alignment of homologous regions in the ZNF12 ORF and the 3’
UTR. A. Homologous sequences were detected by using BLAST to compare the ZNF12
ORF and 3’ UTR sequences (NM_016265.3). The sequences were aligned using the T-
Coffee webserver (Notredame et al., 2000) and final image was produced using the
BoxShade webserver. B. Table indicating which of the homologous sequences are in each
of the ZNF12 reporter constructs.
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reporter MRNA results indicated that the ZNF12 poly(A) signal and downstream elements were
not required for regulating poly(A) tail length and subcellular localization, the SV40 poly(A)
signal was used for this reporter plasmid (Figure 25). Similar to the full length RLuc-3’ UTR
reporter MRNA, the RLuc-3’ UTRA reporter mRNA was primarily in the oligo(A) fraction and the

majority was localized in the nucleus.

3.16 Subcellular localization is strongly correlated with relative poly(A) tail length for the RLuc-
ZNF12 reporter mRNAs

A linear regression analysis of percent nuclear versus percent oligo(A) for the different
RLuc-ZNF12 reporter mRNAs suggests that subcellular localization is strongly correlated with
relative poly(A) tail length (Figure 26). Notably, this correlation also appears to be connected to
the number of C2H2-ZNF motif or ZNF-like sequences in each RLuc-ZNF12 reporter mRNA.
The RLuc-ZNF12 reporter mRNAs with >14 C2H2-ZNF encoding sequences (ZNF12, ORF, and
14ZNF reporter plasmids) were more abundant in both the oligo(A) and nuclear fractions
compared to the RLuc-ZNF12 reporter mRNAs with 3 or fewer C2H2-ZNF sequences (ZNFs A,
3’ UTR, and 3’ UTRA). The RLuc-KRAB mRNA did not have any C2H2-ZNF encoding
sequences and was the least abundant in the oligo(A) and nuclear fractions. We noted the
RLuc-3’ UTR reporter mMRNAs were more abundant in both the oligo(A) and nuclear fractions
compared to the RLuc-mRNAs from the ZNFs A and 3’ UTRA reporter plasmids. The complete
ZNF12 3’ UTR may contain additional remnants of C2H2-ZNF sequences or other sequences
that further enhance nuclear localization and poly(A) tail length restriction. In addition, 3' UTR
elements may be more divergent compared to the ORF sequences, but also more powerful as
regulatory elements since these sequences do not need to retain protein coding abilities.
Overall, the RLuc-ZNF12 reporter mRNA analysis suggests that C2H2-ZNF encoding

sequences are involved in regulating ZNF12 mRNA poly(A) tail length and nuclear retention.
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Figure 25: A C2H2-ZNF-like sequence from the ZNF12 3’ UTR produces reporter
MRNAs with primarily oligo(A) tails and are retained in the nucleus. A. Schematic
diagram of the reporter construct. B. 24-30 h after transfection with reporter plasmids, total
RNA was isolated from Tet-Off HeLa cells using TRIzol. Oligo (dT) selection was used to
separate poly(A) and oligo(A) RNA fractions. The percent of mMRNA in the oligo(A) fraction
of total was determined using qRT-PCR. C. 24-30 h after transfection, detergent-based
subcellular fractionation was used to separate nuclear and cytoplasm cellular fractions from
Tet-Off HeLa cells. TRIzol was added to each fraction for RNA isolation. The percent of
each mRNA in the nucleus was determined using qRT-PCR. Error bars represent standard
deviation of 3 biological replicates. * p<0.05 between ZsGreen and the Renilla luciferase-
reporter mMRNAs from the same plasmid (paired, two-tailed Student’s T-test).
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Figure 26: Percent of the various ZNF12 reporter mRNAs in the nuclear fraction is
positively correlated with the percent in the oligo(A) faction. Scatter plot of the average
percent nuclear versus average percent oligo(A) for each of the mRNAs assessed by
subcellular fractionation and oligo (dT) fractionation.
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CHAPTER 4: DISCUSSION

4.1 Summary of results

Consistent with previous findings (Yang et al., 2011b), here we demonstrated that large
populations of six different C2H2-ZNF mRNAs persist with short poly(A) tails at steady-state
conditions in HelLa, iPS cells and HFFs. The majority of nascent mRNAs for each of the six
C2H2-ZNFs have short poly(A) tails, suggesting that poly(A) tail length is restricted in the
nucleus around the time of transcription. We also found that C2H2-ZNF mRNAs accumulate in
the nuclear fraction in HeLa, iPS cells, and HFFs, which may be related to the short poly(A) tails
of these transcripts. To identify sequence elements involved in regulating poly(A) tail length
and/or nuclear localization, we created a series of reporter constructs containing sequences
from the ZNF12 mRNA. Reporter mMRNAs with sequences from the ZNF12 ORF and/or the
3’ UTR had short poly(A) tails and were primarily localized in the nucleus. Further deletion
analysis indicated that repeated sequences encoding the C2H2-ZNF protein motifs are involved
in poly(A) tail length restriction and nuclear retention of these mRNAs. In addition, remnants of
C2H2-ZNF motif sequences from the ZNF12 3’ UTR are also able to confer short poly(A) tails
and contribute to nuclear retention of the reporter mMRNAs. RNA-fluorescent in situ hybridization
(RNA-FISH) revealed that ZNF12 reporter transcripts are found in foci within the nucleus that
could represent sites for mMRNA storage. Overall, our findings indicate that short poly(A) tails
and nuclear localization are features of multiple C2H2-ZNF mRNAs in human cells. In addition,
conserved C2H2-ZNF motif sequences appear to be involved in regulating poly(A) tail length

and nuclear retention of the C2H2-ZNF mRNAs.
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4.2 Possible connections between the short poly(A) tails and nuclear localization of the C2H2-
ZNF mRNAs

We observed a positive correlation between the proportion of mRNAs in the nucleus and
the proportion of MRNAs with short poly(A) tails for multiple endogenous C2H2-ZNF mRNAs
(Figure 14) and for the ZNF12 reporter mRNAs (Figure 26). These findings suggest a potential
connection between the regulation of poly(A) tail length and the nuclear localization of the
C2H2-ZNF mRNAs. One possibility is that C2H2-ZNF mRNA poly(A) tail lengths may be
restricted around the time of transcription (Figure 10) to prevent efficient binding of PABPN1,
which is involved in nuclear export (Bear et al., 2003) and in facilitating the nuclear decay of
polyadenylated mRNAs (Bresson and Conrad, 2013; Meola et al., 2016). Thus, restriction of
poly(A) tail length could be a key aspect in enabling the nuclear accumulation of the C2H2-ZNF
MRNAs. In the future, it would be interesting to determine if the underlying reason for the short
poly(A) tails is indeed to prevent the binding of PABPNL1. This could be investigated by
analyzing the ZNF12 reporter mRNA tethered to PABPN1 or containing a synthetic long poly(A)
tail (Muniz et al., 2015) to determine if this mMRNA no longer efficiently accumulates in the
nucleus.

While the mechanisms responsible for regulating poly(A) tail length and promoting
nuclear accumulation remain to be determined, analysis of the ZNF12 reporter mRNAs
indicated that the C2H2-ZNF motif encoding sequences are involved in these processes (Figure
24). An RNA-binding protein or other factor may interact with the C2H2-ZNF motif sequences to
control poly(A) tail length and mediate nuclear retention. This factor could control poly(A) tail
length by preventing efficient polyadenylation or by recruiting a nuclear deadenylase to remove
the poly(A) tails from the C2H2-ZNF transcripts shortly after nuclear polyadenylation. In
addition, this factor could also have a role in enhancing nuclear retention, possibly by facilitating
localization to nuclear foci where the C2H2-ZNF mRNAs may be stored (discussed in Section
4.3). Since a proportion of the C2H2-ZNF mRNAs we analyzed had long poly(A) tails and were
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located in the cytoplasm, the activity of any factor involved in these processes is limited. This
limitation could be variable accessibility of the RNA element to its binding partner. It is possible
that the binding sites in a proportion of the C2H2-ZNF transcripts are hidden by other proteins.
Changes in RNA secondary structure could also influence binding and activity of RNA-
regulatory factors (Kligun and Mandel-Gutfreund, 2015; Li et al., 2014). In addition, some factors
recognize and bind to particular RNA structural elements, which could contain the C2H2-ZNF
motif sequences. If these RNA structures are altered, it can affect the ability of proteins or other
RNAs to interact with their targets.

Identification of factors associated with the ZNF motif sequences of the nuclear C2H2-
ZNF transcripts that have short poly(A) tails will likely provide key information regarding the
post-transcriptional regulation of these mRNAs. In addition, identification of such a factor could
help uncover the full spectrum of C2H2-ZNF mRNAs that are regulated in this way. If these
MRNAs encode C2H2-ZNF proteins that are involved in the same cellular events or pathways,
this would suggest that poly(A) tail length regulation and nuclear retention are involved in

coordinately regulating C2H2-ZNF gene expression.

4.3 The nuclear foci could be paraspeckles

Using RNA-FISH, we observed that the RLuc-ZNF12 reporter mRNA localized to nuclear
foci (Figure 20B). One interesting possibility is that these sites are paraspeckles, which are non-
membranous subnuclear bodies containing the long non-coding RNA NEAT1, proteins involved
in RNA processing, and RNAs that have undergone adenosine to inosine (A-to-I) deamination
by ADAR (Morimoto and Boerkoel, 2013). Interestingly, paraspeckle formation fluctuates during
the circadian cycle to potentially regulate protein levels by controlling rhythmic nuclear retention
of mMRNAs (Torres et al., 2016, 2017). Additional investigation may identify other cellular

conditions that regulate paraspeckle formation as a potential mechanism to coordinate nuclear
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retention of MRNASs during significant biological events such as stress, disease, cell growth and
differentiation, or the cell cycle.

Notably, many of the edited paraspeckle-associated RNAs contain Alu elements, which
coincidentally are important features of C2H2-ZNF evolution. The exonization of Alu elements
contributed to the formation of novel transcripts with altered translation efficiency, a process
which may have influenced the primate-specific evolution of the C2H2-ZNF genes (Shen et al.,
2011). While numerous C2H2-ZNFs transcripts possess Alu elements, these are not present in
all of the nuclear retained C2H2-ZNFs mRNAs we assessed (Athanasiadis et al., 2004; Chen et
al., 2008; Ramaswami et al., 2013). However, it is possible that Alu-containing C2H2-ZNF
transcripts could mediate the localization of other C2H2-ZNF mRNAs to paraspeckles through
trans regulation. This type of regulation allows mRNAs with a specific regulatory element to
impact the behavior of other mMRNAs that lack this element (Reveal et al., 2010; Wilusz and
Wilusz, 2010). For example, in Drosophila, a translational control element in the oskar mMRNA
can regulate the translation of mMRNAs lacking this element. This interaction is mediated by the
polypyrimidine tract binding (PTB) RNA-binding protein, which brings the trans-acting mRNAs in
close proximity (Macdonald et al., 2016). Perhaps an RNA-binding protein or other factor
interacts with conserved C2H2-ZNF motif sequences found in C2H2-ZNF mRNAs with and
without Alu elements. This factor may then facilitate trans regulation that facilitates retention of
various C2H2-ZNF transcripts in paraspeckles. Disruption of this factor’s interaction with the
C2H2-ZNF mRNAs or dissolution of paraspeckles may then allow export of these mRNAs to the
cytoplasm where they can undergo translation.

Future studies will determine whether the RLuc-ZNF12 reporter mRNA co-localizes with
NEAT1 or paraspeckle proteins, such as PSF or p54/NRB (Fox and Lamond, 2010), to
determine if the nuclear foci are indeed paraspeckles. Depletion of cellular NEATL1 to disrupt
paraspeckle formation (Clemson et al., 2009) may prevent the nuclear localization of the C2H2-
ZNF mRNAs. In rat pituitary cells, multiple C2H2-ZNF mRNAs interact with NEAT1 (Torres et
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al., 2016). It would be interesting to see if this also occurs in human cells, which have a different
array of C2H2-ZNF transcripts. Together, these experiments could point to potential

mechanisms that contribute to nuclear retention of the C2H2-ZNF mRNAs.

4.4 Potential implications of C2H2-ZNF mRNA short poly(A) tails and nuclear localization
4.4.1 Coordinated regulation of gene expression

Many C2H2-ZNF proteins are transcription factors that influence the expression of genes
involved in key biological process such as development, differentiation, cell-cycle progression,
oncogenesis, and apoptosis (Jen and Wang, 2016; Razin et al., 2012). Therefore, coordinated
regulation of C2H2-ZNF protein levels could promote significant changes in gene expression
programs. As some of these changes may need to occur rapidly, post-transcriptional
mechanisms likely have key roles in modulating C2H2-ZNF protein abundances (Liu et al.,
2016). For instance, mature mRNAs that have been temporarily retained in the nucleus and are
released into the cytoplasm would be available for translation more quickly than mRNAs that
must be transcribed and fully processed prior to nuclear export. Perhaps a population of C2H2-
ZNF mRNAs is retained in the nucleus to facilitate rapid production of these transcription
factors, which would subsequently influence the expression of multiple targeted genes.
Polyadenylation of the C2H2-ZNF mRNAs may be the first step in inducing their release from
the nucleus. Alternatively, C2H2-ZNF mRNAs may not need to be polyadenylated, but could be
exported with short poly(A) tails and interact with protein complexes or form 3’ end structures
that allow efficient translation.

Another possibility is that the short poly(A) tails and nuclear retention are mechanisms
involved in fine-tuning C2H2-ZNF protein levels. Since many of these proteins are transcription
factors that can influence the expression of numerous genes, the abundance of the C2H2-ZNF
proteins must be carefully regulated. Therefore, a proportion of the C2H2-ZNF transcripts may
be retained in the nucleus until additional proteins need to be synthesized. As another level of
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post-transcriptional control, the short poly(A) tails of the C2H2-ZNF mRNAs may need to
undergo cytoplasmic polyadenylation before these mRNAs can be translated (Reyes and Ross,
2016).

Future investigation is heeded to determine if nuclear localization and/or poly(A) tail
length of multiple C2H2-ZNF mRNAs changes in response to cellular events such as stress, cell
differentiation or proliferation, or cancer progression. The outcomes of these studies could
provide insight into how regulation of nuclear export and poly(A) tail length could be involved in

coordinately controlling the expression and activity of the C2H2-ZNF transcription factors.

4.4.2 C2H2-ZNF mRNAs may have dual functions

Numerous mRNAs can have both coding and non-coding functions; therefore, it is
possible that the nuclear-retained C2H2-ZNF mRNAs may have another purpose. Bifunctional
RNAs can influence gene expression by regulating transcription and translation, contribute to
the formation of non-membranous cellular bodies, and serve as protein scaffolds (Nam et al.,
2016; Sampath and Ephrussi, 2016). In addition, mMRNAs can competitively bind non-coding
RNAs, such as miRNAs, and RNA-binding proteins to control the amount of these factors that
are functionally available (Gardiner et al., 2015; Jens and Rajewsky, 2014; Tay et al., 2014).

There are several potential functional roles of the nuclear-retained C2H2-ZNF mRNAs.
Recent analysis revealed that the C2H2-ZNF mRNAs were among the RNAs bound to
chromatin-associated proteins, including those involved in gene-silencing, but the implications of
such interactions have yet to be delineated (Hendrickson et al., 2016). One possibility is that the
nuclear-retained C2H2-ZNF mRNAs are involved in concentrating proteins at specific chromatin
sites to alter gene expression. Alternatively, these C2H2-ZNF mRNAs could sequester nuclear
proteins to inhibit their functions. Continued analysis of the proteins that interact with the C2H2-

ZNF mRNAs could provide insight into their possible roles in regulating protein activity. It is also
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possible that the C2H2-ZNF mRNAs are competing endogenous RNAs (ceRNAs), which
“sponge up” miRNAs to inhibit their regulation of other mRNAs (Figure 27) (Bak and Mikkelsen,
2014; Thomson and Dinger, 2016). Numerous C2H2-ZNF mRNAs sequences contain multiple
mMiRNA binding sites (Schnall-Levin et al., 2011), potentially increasing their regulatory capacity
as ceRNAs. While miRNA-mediated regulation of mMRNAs generally occurs in the cytoplasm
(lIwakawa and Tomari, 2015), some miRNAs are also present in the nucleus and may shuttle
between locations (Liao et al., 2010; Solnestam et al., 2012). The C2H2-ZNF transcripts may be
able to sequester these miRNAs in the nucleus to prevent their interactions with cytoplasmic
targets. It would be interesting to determine if overexpression of these C2H2-ZNF transcripts
would increase the stability and translation of other mRNAs that are targeted by the same
mMiRNAs. The results of such a study could indicate that certain C2H2-ZNF mRNAs are involved

in post-transcriptionally regulating gene expression by repressing miRNA activity.

4.5 Conclusions

In this study, we identified highly conserved and repetitive sequence elements that not
only encode key protein domains, but may also be involved in regulating post-transcriptional
processes that modify the molecular behavior of the C2H2-ZNF mRNAs. In addition, this study
highlights the importance of investigating alterations in mRNA poly(A) tail length and subcellular
localization. Numerous mRNAs besides those encoding the C2H2-ZNF proteins have short
poly(A) tails (Chang et al., 2014; Choi and Hagedorn, 2003; Meijer et al., 2007; Subtelny et al.,
2014; Yang et al., 2011b) and/or are enriched in the nucleus (Bahar Halpern et al., 2015;
Barthelson et al., 2007; Djebali et al., 2012; Solnestam et al., 2012; Trask et al., 2009). Most
gene expression studies focus on transcripts from whole-cells without considering poly(A) tail
length. Therefore, the influence that alterations in poly(A) tail status and subcellular localization

could have on regulating gene expression is not well-understood. C2H2-ZNF and other mRNAs
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Figure 27: Mechanism of action of competing endogenous RNAs (ceRNAs).

A. Without ceRNAs present, miRNAs are readily available to interact with target mMRNAS to
inhibit translation and promote mRNA decay, leading to decreased protein yields. B. High
levels of ceRNAs cause miRNA sequestration, and mRNAs are no longer targeted for
miRNA-mediated repression. These mRNAs can now be translated, increasing protein
synthesis.
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that have atypical features could also have additional functions involved in important cellular
processes. Clearly, further investigation is needed to reveal how variations in mRNA poly(A) tail

length and subcellular localization overall impact cell biology.
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Appendix A: Primer sequences

APPENDICES

Table 1: Primers used to generate plasmid templates for in vitro transcribed

polyadenylated control RNAs

Plasmid S. cerevisiae Gene Forward Primer Reverse Primer
Gene name ID

ms  [Aci | asomms | SCSCATCOCTRGRORS | CACaTOCACASRGSTAT

na|Ners s | CoCSSAICCeCTAT | Chco oo AT

Table 2: Primers used to generate PPIA and ZNF12 reporter plasmids

Reporter Insert Forward Primer Reverse Primer
plasmid name
All Chimeric | GACGGGCCCAGGTAGCCTTGCA | GACGGGCCCCTCTAGCCTTAAGAGC
plasmids | intron GAAGTTG TGTAAT
All Renilla AGAGGGGCCCAGATCTATGGCT | ATATCGCCGGCGGCCGCGACGTTG
plasmids | luciferase | TCCAAGGTGTACGA ATCCTGGCGCT
PPIA GGAGATATCGCCGGCGGCCGCTAG
PPIA ORF +3' | SACSATCARS O LCCCOATEETC | GGATAATGAAAAGATGGTTGATGTTT
UTR ATTTC
ZNF12 | Z12 ORF | ATGAATAAATCCCTGGGGCCAG | (0N CCTCTOACTTCAGAGAAGLLTT
ZNE12 212 3 GAAGGCTTCTCTGAAGTCAGAC AAGCCATTTACAGTTTTCAAATATTTT
UTR CTCA ACTGAAAATG
ZNE12 712 DSE GAAAACTGTAAATGGCTTGGCAT | CGTTATCCCCTGATTCTGTTGTAACA
TTTCTTCTTATC AGCCAGCAGCCCA
Z12 ORF ATATCGCCGGCGGCCGCTCAGAGA
ORF only ATGAATAAATCCCTGGGGCCAG AGCCTTCCCAC
3 UTR 61’2R3+ ATCAACGTCGCGGCCGCCTGAA | CGTTATCCCCTGATTCTGTGTAACAA
GTCAGACCTCA GCCAGCAGCCCA
DSE only
KRAB Z12 CAGGATCAACGTCGCGGTGTCA | GGAGATATCGCCGGCGGCCGCTCA
KRAB TTCAAGGACGTG TATCCATGGCTCTTCTCC
37NF 37NF AGCGCCAGGATCAACGTCGCGG | GGAGATATCGCCGGCGGCCGCTCA
TAGAAGGAGAATTCCTACTTC TGACTTTTTACAGAAGGATTTC
147NF 147NF GCCAGGATCAACGTCGCGAAAT | GGAGATATCGCCGGCGGCCGCTCA
TTATTATACATCAGAGGACTCAC | GAGAAGCCTTCCCAC
3 UTRA 2123 ATCAACGTCGCGGCCGCCTGAA | CCTCTGGAGATATCGCCGGCAGTAT
UTRA GTCAGACCTCA TAAACAGTTTCCAAAGGATTATG
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Table 3: Primers used for gPCR analysis

Target Gene ID Forward Primer Reverse Primer Efficiency
A0 N/A GAATACACGGAATTCGAGC | TCATTAATGCAGCTGGCT 98.0
(PGEM4) TC TAT -
Al5 850504 CCAAGAGAGGTATCTTGAC | AGAAGGTATGATGCCAGA 93.3
(ACT1) TTTAC TCTTTT )
A35 TGCGTATTACGGTCGTTGC | AACAGAGGCAGCCTGATC
(GAL1) 852308 A CA 101.8
A45 ACGTTGCCGGTGATTATTA | AGCTTCTCTGGCGGCTCT
(MET3) 853466 CGTCG CACA 102.2
Al149 851010 GCTCACAAACACGGTATTC | GGCAGGTTGAGAGAATTG 90.6
(MET25) CAGTTGTC AGGGAACT )
DICER 23405 TTGGCTTCCTCCTGGTTA .?QCATCAGGCTCTCCTCC 98.8
GAPDH 2597 xGGTGAAGGTCGGAGTC égTGAAGGGGTCATTGAT 93.0

GTGGTATAAAAGGGGCGG | GTCTGCAAACAGCTCAAA
PPIA 5478 GAG GGA 107.3
LIN28A 79727 EéAGCGCAGATCAAAAGG g_(l._?TGATGCTCTGGCAGAA 108.5
455 IRNA | 100861532 | GAACGGTGGTGTGTCGTT | SYCTCTCBTETCOTETCA gy ¢
CCTTCGATAGCTCAGCTGG | CGGAATCGGAACCAGCGA
RAYT | SEROISN, | ooe nermeREs CCTAAGGATGTCC —i
ZNE2 7549 gTTTCCCGACCTGAAGAG igCTGTGTGCTCTCCTTG 103.7
ZNE12 7559 gTCAGCAAGTTGGAGCAAG :IA"(I;AAGGTCATCAGTTTGCC 913
ZNE43 7594 XGATCACCTGTCTGGAGCA IﬁGCCAAAAGTCTTGGGT 114.2
ZNE134 7693 SAGTCATGCCCTCTCAGG gTACGAACTGTGATGGCG 108.2
ZNE627 199692 'CF:TGAGGATGTGGCTGTGAA ECA;GAAGCCAGGTTCCTGA 978
ZNE280B | 140883 gﬁGCACAAGACCCAGTGT '(FB'I(';AGACCTGGGGAGTGAT 1035
ZNE282 8427 gﬁATCCATTACCGACTCCC '(FB(;TCTGCCAAATCCTGCT 104.2
ZsGreen N/A 'C:TCAGCTTGTG CTGGATGA giCCGTGATGAAGAAGAT 99.0
Renilla CTATCGTGCATGCTGAGAG | CAGGTAAGCAGCGAACTC
. N/A 99.2
luciferase C CT
Table 4: LLM-PAT primers

Gene name Gene ID Primer
GAPDH 2597 AGGAGTAAGACCCCTGGACCACC
PPIA 5478 CACCACCACTTGTGCATCTC
ZNF12 7559 GAGTATGGTACGTAACAGGAATTACATCTG
ZNF627 199692 CACTGTGAAGTCAGCGTTAACC
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Appendix B: Oligo (dT) fractionation results for nuclear and cytoplasmic RNA samples
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Figure 28: C2H2-ZNF mRNAs have short poly(A) tails in the nucleus and the
cytoplasm. Detergent-based subcellular fractionation was used to separate nuclear and
cytoplasm cellular fractions prior to RNA isolation using TRIzol. Oligo (dT) fractionation was
used to separate poly(A) and oligo(A) nuclear and cytoplasmic RNAs. gRT-PCR was used
to measure relative abundance of the mRNA in each fraction. The percent of each mRNA in
the oligo(A) fraction of total was then determined. Error bars represent standard deviation of
3 biological replicates. * p<0.05 Nuc compared to Cyto (paired, two-tailed Student’s T-test).
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ARE
C2H2-ZNF
ceRNA
CF
CPSF
CPE
CPEB
CRM1
CstF
DBHS
DMSO
DNA
DSE
EJC
ERV
FBS
FISH
GRE
HFF
1P
iPS
KAP1
KRAB
LINE

LLM-PAT

LIST OF ABBREVIATIONS

AU-rich element

Cysteine2 Histidine2 zinc finger
competing endogenous ribonucleic acid
cleavage factor

cleavage/polyadenylation specificity factor
cytoplasmic polyadenylation element
cytoplasmic polyadenylation element binding protein
chromosomal region maintenance protein 1
cleavage stimulation factor

Drosophila Behavior/Human Splicing
dimethyl sulfoxide

deoxyribonucleic acid

downstream element

exon junction complex

endogenous retrovirus

fetal bovine serum

fluorescence in situ hybridization

GU-rich element

human foreskin fibroblast

inositol hexaphosphate 6

induced pluripotent stem [cell]
KRAB-associated protein 1
Krippel-associated box

long interspersed nuclear element

linker-ligation mediated poly(A) test
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MALAT1
mCAT2
MiRNA
Mixipl
MRNP
MGA
NEAT1
NEXT
NIrp6
NPC
NPM1
NS

nt
NXF1
ORF
PABPC
PABPN1
PAP
PARN
PARP1
PAS
PAXT
PBS
PLE
Ptbpl

Pol 1l

metastasis associated lung adenocarcinoma transcript 1
mouse cationic amino acid transporter 2
micro ribonucleic acid

Max-like protein X interacting protein-like
messenger ribonucleoprotein complex
N6-methyladenosine

nuclear-enriched abundant transcript 1
nuclear exosome targeting

NOD-like receptor family pyrin domain containing 6
nuclear pore complex

nucleophosmin

non-significant

nucleotide

nuclear export factor 1

open reading frame

cytoplasmic poly(A) binding protein
nuclear poly(A) binding protein

poly(A) polymerase

poly(A)-specific ribonuclease
poly(ADP-ribose) polymerase 1

poly(A) signal

poly(A) tail exosome targeting
phosphate buffered saline

poly(A) limiting element

polypyrimidine tract-binding protein

RNA polymerase I
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gPCR
RLuc
RNA
RT

SR

TE
TPR
TRAMP
TREX
UTR
VEGF
XRN
ZC3H14

4sU

guantitative polymerase chain reaction
Renilla luciferase

ribonucleic acid

reverse transcription

serine/arginine

transposable element

translocated promoter region
Trf4/5-Airl/2-Mtr4 polyadenlyation
transcription/export

untranslated region

vascular endothelial growth factor
5’-3’ exoribonuclease

zinc finger CCCH-type containing 14

4-thiouridine
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