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ABSTRACT 
 

Characterization of Disease-relevant Targets of RNA Binding Proteins 

By Callie Preast Wigington 

 

Messenger RNA (mRNA) serves as the intermediate molecule in the flow of 
genetic information from DNA to protein and is subject to extensive regulatory events, 
collectively referred to as post-transcriptional processing. These events include the 
capping, splicing, 3’ end processing, export and eventual decay of an mRNA transcript. 
Each of these processing events is mediated by a host of post-transcriptional factors, 
including RNA binding proteins and noncoding RNAs. The critical nature of these steps 
in ensuring proper gene expression is supported by the observation that dysregulation of 
many RNA binding proteins is associated with a variety of human diseases, including 
intellectual disability and cancer. Therefore, the functional characterization of newly 
discovered RNA binding proteins as well as the identification of novel targets for 
canonical RNA binding proteins is an important objective to understand the underlying 
molecular pathogenesis of disease. In this work, we demonstrate that the novel 
polyadenosine RNA binding protein, ZC3H14, specifically interacts with and modulates 
the pre-mRNA processing of the ATP5G1 transcript, which encodes a key ATP synthase 
subunit. Consistent with a loss of ATP synthase activity, we observe reduced cellular 
ATP levels and a striking mitochondrial fragmentation phenotype upon knockdown of 
ZC3H14. We hypothesize that these defects in cellular ATP levels and mitochondrial 
morphology may, at least in part, underlie the observed intellectual disability in patients 
with loss-of-function mutations in ZC3H14. In this work, we also present a novel mode 
of post-transcriptional regulation of the PDCD4 transcript, which encodes a novel tumor 
suppressor that is downregulated in a number of cancer types, including breast. We 
demonstrate that the two well-characterized U-rich RNA binding proteins, HuR and 
TIA1, compete for interaction with overlapping binding sites on the PDCD4 3’UTR, 
resulting in positive regulation of PDCD4 mRNA and protein levels in breast cancer 
cells. The findings presented here not only demonstrate the importance of post-
transcriptional processing events in ensuring precise gene expression, but also provide 
evidence that the two transcripts analyzed in these studies play important roles in the 
molecular pathogenesis of disease. 
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SECTION 1 

 

Regulation of gene expression by eukaryotic post-transcriptional processing  

 

Every cell in a multicellular, or metazoan, organism contains the same genetic 

material within its nucleus. The neurons and glia that are responsible for the function of 

the brain contain the same DNA sequence as the circulating lymphocytes that ensure the 

protection that is provided by the immune system. The primary difference between these 

diverse cell types (~200 in humans) found within the human body is the location and 

timing of the genes expressed in these cells, or what is commonly referred to as the 

“spatiotemporal control of gene expression.” This spatiotemporal control is executed in 

many ways, including transcriptional (i.e. which genes are transcribed and how much) 

and post-transcriptional (i.e. how the transcribed mRNAs are processed to influence their 

expression) processing events that all work together to maintain the proper gene 

expression profile of a given cell.  

The transcriptional control of gene expression determines not only which genes 

are transcribed in a given cell, but also how much RNA is produced and for how long. 

Transcription factors, which are DNA binding proteins that stimulate or repress the 

transcription of genes in diverse ways, are one of the primary modulators of transcription. 

Transcription factors are a diverse class of proteins that are activated in a number of 

different ways to stimulate or repress target genes, including ligand binding and 

phosphorylation (1,2). For instance, phosphorylation of the well-studied transcription 

factor, c-Myc, results in activation and through interactions with other transcriptional 
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factors, drives the transcription of many genes (3,4), including those involved in B-cell 

proliferation (5). Another mechanism of transcriptional control involves the bundling of 

DNA around octameric protein complexes termed histones, which modulates the 

activation or repression of genes based on the accessibility of the DNA. This accessibility 

is determined by modifications to the N-terminal tails of histone proteins as well as 

modifications made directly to the DNA molecule itself (6,7). These transcriptional 

mechanisms are absolutely critical to ensure precise gene expression; however, extensive 

study in the field of post-transcriptional processing, or events that occur to an mRNA 

coincident with or following transcription, also play an important part in maintaining 

proper gene expression and, in turn, cell function and fate.  

A multitude of post-transcriptional processing events occur on an mRNA 

transcript throughout its lifecycle (8) and are schematized in Figure 1.1. RNA polymerase 

II (PolII) is the polymerase responsible for transcription of DNA to produce mRNA (9) 

and is stimulated by the binding of transcription factors to the upstream genomic region 

as well as the phosphorylation state of its C-terminal domain (CTD), which contains up 

to 52 copies of the heptapeptide sequence YSPTSPS (10). Upon activation of 

transcription, PolII traverses the length of the genomic loci that it is transcribing and 

generates an RNA copy of the encoded DNA. As the RNA transcript is produced, 

processing events take place to begin the maturation of the message via processing 

factors that are loaded onto the CTD of RNA PolII (11). The loading of these factors onto 

the CTD ensures their presence at necessary locations and couples transcription to 

processing of pre-mRNAs (11). These events are often referred to as co-transcriptional 

and we include them within our definition of post-transcriptional processing.  
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As PolII generates a pre-mRNA transcript, the 5’ end of the message emerges 

from the transcription complex. To protect the message from degradation machinery 

within the nucleus (and eventually in the cytoplasm), a 7-methylguanosine molecule is 

added to the 5’ end of the message and is referred to as the 5’ cap (12). The 5’ cap is 

rapidly bound by the cap-binding complex, CBC20/80, in order to further protect the 

transcript from degradation (13). The 5’ cap structure (along with other post-

transcriptional processing events) also serves as a signal for downstream processing 

events and ultimately to the export machinery to indicate that proper processing has taken 

place and that this mRNA is competent for export to the cytoplasm (13-16). 

Another early step in post-transcriptional processing is the splicing of intronic 

regions out of a pre-mRNA transcript. Introns in humans are typically large stretches of 

RNA sequence that lie between RNA exons, or those regions present in a mature mRNA. 

Splicing of many transcripts is constitutive and occurs on these mRNAs in virtually all 

cases and cell types (17); however, many genes (~50% in humans (18)) are subject to 

alternative splicing, meaning the differential inclusion and exclusion of various exons 

throughout the body of a pre-mRNA transcript. At a given genomic locus, RNA PolII 

transcribes the whole region and splicing factors (proteins and small RNAs that mediate 

and/or direct/repress splicing) dictate which version of the message will be expressed in a 

given cell type at a given time (19). Splicing events result in the joining of the 3’ end and 

5’ start of two exons and, in higher eukaryotes, a multiprotein complex, referred to as the 

exon junction complex (EJC), is deposited 20-24 nucleotides upstream of the splice site 

and serves as a signal and platform for downstream processing events such as export and 

3’ end processing (20,21). 
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During the course of transcription, factors that stimulate and execute the cleavage 

at the 3’ end of a pre-mRNA transcript are loaded onto the C-terminal tail of RNA PolII 

(22,23) and upon reaching the proper signal, cleavage occurs and 3’ end processing 

commences. Upon cleavage, a series of adenosine residues are added to the 3’ end of the 

transcript (~200-250 adenosines in human cells (24)) and comprise what is referred to as 

the poly(A) tail. With the exception of the histone mRNAs, which undergo a distinct 3’ 

end processing mechanism (25), all mRNAs are polyadenylated (26); however, recent 

studies suggest there may be diversity in poly(A) tail length between classes of mRNA 

transcripts (27,28). Much like the cap structure that protects the 5’ end of an mRNA from 

5’-3’ degradation machinery (13), the poly(A) tail is bound by poly(A) binding proteins 

(Pabs, which will be discussed extensively in the next section) (29) and is subsequently 

protected from 3’-5’ degradation machinery (30). The poly(A) tail also serves as a signal 

for export-competent mRNPs within the nucleus and eventually aids in translation in the 

cytoplasm (29). 

Upon proper processing of an mRNA that is ready to be exported, the mRNA 

(and bound proteins) interacts with multiple proteins coating the nuclear pore to be 

exported (31,32). Because export of a translationally incompetent or misspliced mRNA 

could be detrimental to the cell, this step of post-transcriptional processing is tightly 

regulated and receives multiple signals (33,34). Upon transport of mRNAs to the 

cytoplasm, a molecular transition occurs wherein many nuclear RNA binding proteins are 

exchanged for cytoplasmic versions upon or shortly after export (31). For instance, the 

nuclear cap-binding complex CBC20/80 is exchanged for the eukaryotic translation 

initiation factor 4E (eIF4E) upon translocation to the cytoplasm (35). Upon undergoing 

5



the molecular wardrobe change, there are a number of different fates for mRNAs within 

the cytoplasm. Most mRNAs are rapidly engaged by the translational machinery and 

subject to translation to produce protein products. However, there are many examples of 

mRNAs that are trafficked to different locations within the cell to provide a pool of 

transcript close to the site where it is needed (36,37). For instance, many neuronal-

specific mRNAs that encode factors necessary for proper axonal function are packaged 

into granules and transported along the length of an axon for delivery to the axon 

terminal (38). Upon reaching the axon terminal, they are locally translated and the 

resulting protein products are put to use on site (39). Some mRNAs that are exported are 

not immediately necessary and may need to be stored for later. These mRNAs can be 

stored in distinct cytoplasmic foci referred to as processing bodies, or P bodies (40), and 

be re-engaged with the translational machinery upon specific cellular signals (41,42). 

These translationally repressed, stored mRNAs provide the cells with a mechanism for 

rapid response to cellular stimuli that necessitate the production of certain proteins.  

The eventual fate of every mRNA transcript is decay by various degradation 

factors (43). The length of time that an mRNA exists in the cell differs greatly between 

transcripts. For instance, the c-Fos mRNA, which encodes a proto-oncogene, has a half-

life of 10-15 minutes in mammalian cells while the β-globin mRNA, which encodes the 

most common form of hemoglobin, has a half-life of more than 24 hours in the same cells 

(44). The diversity in half-life between transcripts depends on cis-elements within the 

mRNA, typically within the 3’ untranslated region (3’UTR), which are bound by a broad 

class of RNA binding proteins and microRNAs (miRNAs) that regulate mRNA stability 

in myriad ways. In mammals, the initiating event in mRNA degradation is the removal of 
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adenosines from the poly(A) tail, or deadenylation (45). The shortening of the poly(A) 

tail is carried out in two phases by multiple complexes and upon reaching a critically 

short length, stimulates removal, or decapping, of the 5’ cap (45). Removal of the two 

primary protective features present on an mRNA (the 5’ cap and poly(A) tail) renders the 

transcript vulnerable to degradation from both the 5’ and 3’ end (45).  

These post-transcriptional processing events, from the initial transcriptional event 

in the nucleus all the way to the decay of the message in the cytoplasm, are critical to 

ensure proper gene expression. Any misstep in processing can result in either degradation 

by nuclear surveillance machinery or the release of improperly processed transcripts into 

the cytoplasm where they can generate potentially harmful protein products (33,34). To 

ensure the proper processing of mRNAs, many of these events are coupled to one another 

via transcription. As discussed earlier, post-transcriptional processing factors interact 

with the CTD of RNA PolII to ensure their presence at the respective step in RNA 

processing (11). There is evidence that the phosphorylation state of the CTD (which 

changes across the length of the transcribed region (46)) influences the binding of post-

transcriptional factors and directs the timing of their presence on the CTD (47-50), and 

therefore ensures the proper processing of each transcript. Each of the nuclear processing 

events described here leave a “mark” on mRNAs in the form of RNA binding protein 

complexes that serve as signals that proper processing has taken place and ensures the 

selective transport of export-competent mRNAs to the cytoplasm.  
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Factors that mediate post-transcriptional processing 

 

As outlined here, post-transcriptional processing is a complicated series of events 

that function together with the ultimate goal of producing properly processed mRNA 

transcripts that are capable of being translated into functional protein products. Every 

step of post-transcriptional processing is regulated by a host of factors, including 

noncoding RNAs (ncRNAs) and RNA binding proteins. RNA binding proteins are a 

diverse class of proteins. Current studies predict that the human genome encodes 

approximately 1,900 RNA binding proteins (51) with significant diversity in their RNA 

binding domains. The most prevalent and best-characterized RNA binding domain is the 

RNA recognition motif, or RRM (52). RRM-containing RNA binding proteins comprise 

a group of more than 200 proteins (51).  Other common RNA binding motifs include 

Arginine Glycine Glycine (RGG) domains, K Homology (KH) motifs as well as Cysteine 

Cysteine Histidine Cysteine (CCHC) and CCCH zinc fingers. These motifs along with 

more than 30 others (51) demonstrate the diversity in RNA binding proteins. Many RNA 

binding proteins contain more than one RNA binding domain, many with multiple types 

of domains. There is also considerable diversity in the classes of RNAs that are bound by 

different RNA binding proteins. There are RNA binding proteins that recognize single 

stranded RNA with considerable degeneracy in sequence specificity, as well as RNA 

binding proteins that recognize certain sequences, such as AU- or U-rich element binding 

proteins (discussed in Chapter 4) or the poly(A) binding proteins, which are discussed 

extensively in the next section. The observed combinatorial composition of RNA binding 

domains in many proteins as well as diversity within the RNA binding surfaces 
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themselves provides a wide array of sequence specificity that can be achieved with this 

family of proteins.  

In addition to RNA binding proteins, there is a growing understanding of the role 

that noncoding RNAs (ncRNAs) play in regulating gene expression. The best-

characterized type of ncRNA that has a role in post-transcriptional processing is the 

microRNA (miRNA), which base pairs with sequences found most often in the 3’UTR of 

target mRNAs (53). The binding of these 21-25 nucleotide RNAs, in cooperation with a 

miRNA binding complex, results in the translational repression and/or degradation of the 

message (53,54). Predicted miRNA binding sites are found in all mRNA transcripts and 

certain miRNA binding sites are represented in certain classes of transcripts such that one 

miRNA can regulate a set of related mRNAs (53). For instance, the let-7 miRNA 

coordinates many of the mRNAs that contribute to cellular development and 

differentiation (55). miRNAs are therefore considered to be coordinators of gene 

expression. Other classes of ncRNAs that influence post-transcriptional events include 

(but are not limited to) the small nuclear RNAs (snRNAs), which are involved in mRNA 

splicing (56,57) as well as small nucleolar RNAs (snoRNAs), which are responsible for 

adding chemical modifications to ribosomal and transfer RNAs (58,59). Of note, ncRNAs 

do not function alone. They are bound by a number of different proteins that allow their 

function(s) to take place. For instance, miRNAs are bound by the RISC complex and are 

loaded onto transcripts to mediate repression or degradation (53,54). Also, snRNAs are 

complexed with RNA binding proteins to form snRNPs, or the complexes that mediate 

RNA splicing (56,57). Therefore the interfacing of these factors is critical to ensure 

proper gene expression. Because our understanding of ncRNAs is still in early stages, we 
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are at the tip of the iceberg in understanding how all of these factors work together to 

influence gene expression.  

 

RNA binding proteins in human disease 

 

As discussed extensively throughout this dissertation, post-transcriptional 

processing events are critical to ensure the proper gene expression profile of a cell or 

tissue. Therefore, the proper expression and function of RNA binding proteins (and 

ncRNAs), which mediate and direct the vast majority of post-transcriptional events, is 

imperative for maintenance of cell health. There are many examples of diseases that 

occur upon dysregulation of RNA binding proteins. For instance, the cytoplasmic mRNA 

cap binding protein, eIF4E, is overexpressed in many cancer types (60) and can drive 

oncogenic transformation in nontransformed cell lines (61). eIF4E overexpression is a 

widespread feature in breast cancer and patients with high levels of eIF4E experience 

higher rates of recurrence and death (62). As another example, autosomal recessive loss-

of-function mutations in the gene encoding the Survival of Motor Neuron protein 1, or 

SMN1, result in spinal muscular atrophy (SMA), the most common genetic form of infant 

mortality (63,64). SMN1 is involved in the biogenesis of snRNPs, which are crucial for 

proper mRNA splicing, as well as regulation of axonal mRNP granules (64,65). Sadly, 

patients with SMA experience severe muscle atrophy and weakness in proximal limb 

muscles that often results in premature death (63). These are just two examples from a 

long list of RNA binding proteins that are implicated in human disease. Shown in Table 

1.1 is a partial list of disease-associated RNA binding proteins. This table will surely 

10



grow as our understanding of RNA binding proteins and their diverse role in post-

transcriptional processing increases.  
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SECTION 2 

 

The poly(A) tail: discovery and addition 

 

 As described in Section 1, the addition of a poly(A) tail to the cleaved 3’ end of a 

growing pre-mRNA is a key post-transcriptional processing event. The poly(A) tail was 

discovered in the 1970s upon digestion of polysome-associated mRNAs with RNases that 

cut after C, G and U residues (66). These studies revealed an RNase-resistant fraction that 

was ultimately determined to be a polyadenosine stretch at the 3’ end of transcripts that 

was not encoded by the DNA sequence (67-71). With the exception of the histone 

mRNAs (25), all eukaryotic mRNAs contain a poly(A) tail. Following the discovery of 

the poly(A) tail, the advent of DNA sequencing technologies revealed an evolutionarily 

conserved AAUAAA sequence upstream of the poly(A) tail (72). Further sequencing 

analyses revealed that this sequence, termed the poly(A) signal (PAS), which is slightly 

degenerate (70% AAUAAA and 15% AUUAAA present in human mRNAs (73)), is 

necessary for 3’ end formation (74-76). These studies demonstrated that the PAS 

determines the 3’ end of an mRNA and not the stop codon, as previously thought (77).  

As mentioned previously, cleavage at the 3’ end of an mRNA is the initiating 

event in 3’ end processing and is mediated by multiple large protein complexes, including 

cleavage and polyadenylation specificity factor (CPSF) and the cleavage stimulatory 

factor (CStF) (78). CPSF is comprised of five subunits: CPSF-30, -73, -100, -160 and 

hFip1, all of which are necessary for cleavage and polyadenylation of an mRNA (78). 

The largest subunit, CPSF-160, is responsible for binding to the AAUAAA/AUUAAA 
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PAS (79), while CPSF-73 harbors the endonucleolytic activity required to cleave the 

transcript (80). CStF binds to an evolutionarily conserved U- or GU-rich sequence 

located downstream of the PAS, termed the downstream element (DSE), and in doing so 

ensures efficient 3’ end formation (81,82). The actual cleavage event occurs at a location 

between the PAS and DSE and typically occurs 3’ to an adenosine residue within the 

context of a CA dinucleotide (80). Other sequence elements, such as auxiliary upstream 

and downstream elements play roles in further enhancing efficient 3’ end processing, but 

are not necessary for 3’ end formation (78,83). The importance of these signals and 

subsequent 3’ end formation is supported by single point mutations in the PAS of the α2- 

and β-globin genes that lead to two rare forms of thalassemia (84,85).  

With the exception of the histone mRNAs, which undergo a cleavage-only 3’ end 

processing reaction (86), all eukaryotic mRNAs are cleaved and polyadenylated. These 

events occur co-transcriptionally (87) via the loading of 3’ end processing factors onto 

the CTD of PolII (88,89). As mentioned earlier, the PAS (and subsequent cleavage) 

determines the end of an mRNA (77); however, recent deep sequencing analyses reveal 

that more than half of human mRNAs possess alternative polyadenylation sites, thus 

expanding the possible lengths and sequences of 3’UTRs (73,90,91). Interestingly, shifts 

in PAS selection are observed during neuronal activation (92) and oncogenic 

transformation (93). The sequences encoded in the 3’UTR and the factors that are bound 

to it greatly influence many aspects of post-transcriptional regulation (8), including 

mRNA localization (36), translation (94), and stability (43). Therefore, shifts in 3’UTR 

length alter the composition of post-transcriptional regulatory sequences on an mRNA 

and can have a profound influence on gene expression, underscoring the importance of 
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elucidating the factors associated with and events surrounding alternative 

polyadenylation. 

Immediately following cleavage at the 3’ end, the second phase of 3’end 

processing commences with the addition of a poly(A) tail to the 3’ cleavage product. 

Poly(A) tails are bound by a specific family of RNA binding proteins termed poly(A) 

RNA binding proteins, or Pabs, which are multifunctional players in gene expression 

(95). The events surrounding polyadenylation and an extensive introduction to the Pab 

family is presented in the following section. 

 

Canonical poly(A) binding proteins 

 

Conventional Pab proteins are typically defined by the presence of an RNA 

recognition motif (RRM) combined with biochemical evidence to demonstrate specific, 

high affinity binding to polyadenosine RNA. A single nuclear Pab, termed PABPN1, and 

multiple cytoplasmic Pabs, termed PABPC1, 3-5 and L1, have been identified in multiple 

organisms. PABPC1 is ubiquitously expressed while the remaining PABPC homologs 

differ in their spatial and temporal expression pattern. PABPN1 and PABPC1 are the best 

studied Pab proteins and are hence referred to here as the canonical Pabs. The terms 

PABPN1 and PABPC will be used throughout this chapter to refer to any ortholog of 

PABPN1 or PABPC1. 
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Nuclear poly(A) binding protein 1: PABPN1  

PABPN1 is the primary nuclear Pab and is highly conserved among eukaryotes 

(96). PABPN1 is expressed ubiquitously in metazoans and PABPN1 orthologs have been 

analyzed in D. melanogaster and C. elegans, as well as S. pombe. However, to date there 

is no comparable PAPBN1 counterpart in S. cerevisiae (97). The PABPN1 protein 

consists of a number of functional domains, which are diagramed in Figure 1.2.  The best 

characterized domain of PABPN1 is the RRM found toward the C-terminus of the 

protein, which mediates high affinity polyadenosine RNA binding (98). PABPN1 

recognizes 10 to 11 nucleotides (99,100) and detailed binding studies suggest that most of 

these adenosines, if not all, are bound by PABPN1 in a base-specific manner (100). The 

arginine-rich region located C-terminal to the RRM also contributes to adenosine RNA 

recognition (101). This domain is asymmetrically methylated; however, the methylation 

has no apparent effect on the affinity, specificity, or cooperativity of RNA binding 

(98,101), and instead modulates interactions with the PABPN1 nuclear import receptor, 

transportin (102,103). The helical domain N-terminal to the RRM is required for 

stimulation of poly(A) polymerase (PAP). Of note, the stretch of ten alanines located 

immediately adjacent to the initiating methionine is expanded to anywhere from 12-17 

alanines in the late-onset human disease, oculopharyngeal muscular dystrophy (OPMD), 

which is characterized by a progressive weakening of a specific group of muscles in the 

head as well as limb muscles in some instances of the disease (96). How this modest 

alanine expansion leads to this tissue-specific disease is unknown.  

The role of PABPN1 in polyadenylation has been extensively studied largely 

through elegant biochemical studies (24,104,105). These conventional functions of 
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PABPN1 are schematized in Figure 1.2. As stated previously, 3’ end processing of pre-

mRNA transcripts occurs via a two-part process consisting of cleavage and subsequent 

polyadenylation. These processing events are mediated by a large, heterooligomeric 

protein complex that is comprised in part of PAP and CPSF (106). Upon cleavage of the 

pre-mRNA by CPSF-73, PAP begins to add adenosine residues to the upstream cleavage 

product in a slow, or distributive, manner. Binding of PABPN1 to the first 11 adenosines 

stimulates PAP activity and triggers processive polyadenylation (104,105). Evidence that 

PABPN1 increases the affinity of PAP for RNA, thus leading to processive 

polyadenylation by a tethering mechanism is provided through analysis of RNA binding 

mutants of PABPN1 that are unable to stimulate processive polyadenylation (24). In 

addition, amino acid changes in the helical domain of PABPN1, which do not affect the 

affinity of PABPN1 for RNA, but do abrogate binding to PAP, also eliminate PABPN1-

mediated stimulation of processive polyadenylation (105).  

In the “molecular ruler” model, PABPN1 binds the initial 11-14 adenosines, and 

then coats the growing poly(A) tail to form 21 nm spherical particles that enable the RNA 

to fold back and maintain an interaction between CPSF and PAP (24,107). When a length 

of 200-300 adenosines is reached, this complex is disrupted and the phase of processive 

polyadenylation is complete (Figure 1.2) (24). This model is supported by experiments 

using electron and scanning force microscopy with oligo(A) RNA and purified PABPN1 

protein (107). These studies using primarily purified proteins have provided the field with 

significant insight into the role of PABPN1 in regulating polyadenylation; however, 

further studies to assess the role of PABPN1 in the context of other RNA binding 
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proteins as well as other functions that have emerged for this protein are required to build 

a complete model of polyadenylation.  

Proper 3’ end processing and polyadenylation of transcripts is required for 

efficient mRNA export from the nucleus to the cytoplasm (106). The finding that 

PABPN1 can shuttle between the nucleus and the cytoplasm has led to the suggestion that 

PABPN1 could contribute to poly(A) RNA export from the nucleus (108) (Figure 1.2). 

Consistent with this suggestion, nuclear accumulation of poly(A) RNA is observed in 

cells expressing the Influenza A virus NS1 protein (NS1A), which binds to and inhibits 

the nuclear-cytoplasmic shuttling of PABPN1 (109). Furthermore, primary muscle cells 

depleted of PABPN1 also display nuclear accumulation of bulk poly(A) RNA (110). 

Altered steps in the polyadenylation process could cause this nuclear poly(A) RNA 

retention, as proper polyadenylation is required for efficient mRNA export from the 

nucleus (106,111,112). However, two independent studies using templated poly(A) tracts 

present at the 3’ ends of reporter transcripts show that these artificial substrates are 

exported (113,114), suggesting that the presence of a tail alone may be sufficient for 

RNA export and therefore raising the question of how the steps of polyadenylation are 

coordinated with the generation of an export-competent mRNP complex. These studies 

suggest that PABPN1 could regulate mRNA export from the nucleus, but further analyses 

are required to understand whether PABPN1 plays a direct role in modulating this critical 

step in gene expression or whether effects on upstream events such as polyadenylation 

impair subsequent mRNA export. 
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Cytoplasmic poly(A) binding protein: PABPC 

The major cytoplasmic poly(A) binding protein, PABPC, is ubiquitously 

expressed and found in all eukaryotes. As shown in Figure 1.2, PABPC contains four 

tandem RNA recognition motifs (RRMs), an unstructured linker region and a C-terminal 

helical domain with five α-helices (97,115). PABPC contacts polyadenosine RNA 

through the RRMs and requires a minimum of 12 nucleotides for high affinity binding 

(116). Together RRMs 1 and 2 mediate oligo(A) binding while other pairwise 

combinations or single RRMs are not sufficient for binding (117). However, binding of 

all four RRMs is required to account for the ~25 nucleotide footprint of PABPC 

(116,118). In addition, the N-terminal RRMs and the C-terminal α-helical domain serve 

as protein-protein interaction domains to mediate the various functions of PABPC. The 

RRMs facilitate binding to eukaryotic initiation factor 4G (eIF4G) (119), the α-helices 

facilitate binding to eukaryotic release factor 3 (eRF3) (120) and promote PABPC 

dimerization (121). Both of these domains are involved in binding Poly(A) binding 

protein Interacting Proteins (PAIPs) (122,123) and GW182, an RNA induced silencing 

complex (RISC) protein (124). Thus, PABPC serves as a platform to coordinate multiple 

players that modulate gene expression. 

 The role of PABPC in regulating mRNA translation has been extensively studied 

(97,115) (Figure 1.2). Studies with S. cerevisiae reveal that cytoplasmic mRNAs form a 

closed loop structure to promote 40S ribosomal subunit recruitment (125). PABPC is 

required to assume this structure, which facilitates efficient translation (119,126,127). 

The cap-binding complex, eIF4F, enables formation of the closed loop structure with the 

eIF4G subunit linking the 5’ cap-bound eIF4E subunit to poly(A) tail-bound PABPC 
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(Figure 1.2) (127,128). Further evidence suggests that PABPC could play a role in 60S 

ribosomal subunit joining (129-131) and promote ribosome recycling by interacting with 

eukaryotic release factor 3 (eRF3) (132). In summary, PABPC mediates a number of 

interactions between the translationally poised mRNA and ribosome that underlie the role 

in ensuring efficient translation.  

 Similar to the role in translation, the function of PABPC in modulating mRNA 

decay is well established (97,115) (Figure 1.2). mRNA decay is a multi-step process that 

is typically initiated by poly(A) tail shortening to a length of 10-15 nucleotides (45). 

Deadenylation is followed by decapping with the Dcp1-Dcp2 complex and digestion by 

the 5’- to 3’-exoribonuclease Xrn1 (45). PABPC inhibits the deadenylase, which blocks 

the initial step of mRNA decay (30,133). PABPC also interacts with other RNA binding 

proteins, including the novel Pab hnRNP-Q1, to inhibit the decay of specific mRNA 

transcripts by blocking deadenylase or endonuclease activity (134-136). Therefore, 

PABPC affects both global and transcript-specific mRNA decay. 

 

Novel roles for canonical Pabs 

The well-studied roles of the canonical Pabs, PABPN1 and PABPC, in 

modulating polyadenylation, translation, and mRNA decay demonstrate the importance 

of these proteins in post-transcriptional processing. However, recent studies reveal 

diverse, novel functions of these canonical Pabs (29,95), expanding our understanding of 

how these key proteins regulate gene expression and pointing toward a new model that 

integrates the novel and canonical functions of PABPN1 and PABPC. These studies have 

unveiled roles for PABPN1 as a key factor in influencing poly(A) site selection 
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(137,138), regulating lncRNA expression (139), coordinating a novel nuclear RNA decay 

pathway (140), and the pioneer round of translation (141). Additionally, recent work has 

revealed roles for PABPC in miRNA-mediated repression and decay (95,124), nonsense-

mediated decay (95,142), LINE retrotransposition (143,144), mRNA localization (145), 

and poly(A) independent roles in translation (144,146,147).  Together, these studies 

greatly expand our understanding of the function of PABPN1 and PABPC in mRNA 

processing events (29). Future studies of interest include analyzing how the multiple 

functions of PABPN1 and PABPC are coordinated to influence gene expression, as well 

as how novel Pabs such as ZC3H14, hnRNP-Q1 and LARP4 fit into the picture of post-

transcriptional processing via binding to polyadenosine RNA (Figure 1.3). 

 

ZC3H14 is a novel poly(A) RNA binding protein 

 

Zinc finger CCCH-type containing protein #14 (ZC3H14) is the evolutionarily 

conserved human counterpart of a novel class of zinc finger Pabs (148). The canonical 

Pabs, PABPN1 and PABPC, bind polyadenosine RNA via RRM motifs (29); however, 

biochemical studies provide evidence that the zinc fingers in ZC3H14 confer specific 

binding to polyadenosine RNA (148), thus establishing a novel mode of polyadenosine 

RNA recognition. Putative orthologs of ZC3H14, which share a common domain 

structure, have been studied in a variety of model organisms, including S. cerevisiae 

(149) (Nab2), D. melanogaster (150) (dNab2), C. elegans (151) (SUT-2), and M. 

musculus (152) (ZC3H14/MSUT-2) and will be discussed later in this section.  
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A linearized schematic of ZC3H14 is shown in Figure 1.3. The N-terminus of 

ZC3H14 adopts a proline tryptophan isoleucine (PWI)-like fold, which, in yeast, 

mediates interactions with nuclear pore-associated proteins and facilitates proper mRNA 

export from the nucleus (153). A classical nuclear localization signal (cNLS) is predicted 

to be responsible for targeting ZC3H14 to the nucleus (154). The tandem CCCH zinc 

fingers located at the C-terminus of ZC3H14 are responsible for high affinity 

polyadenosine RNA recognition (148,149). ZC3H14 is alternatively spliced to encode at 

least four distinct isoforms, all of which include the C-terminal zinc fingers and therefore 

are all predicted to interact with polyadenosine RNA (154).  

As schematized in Figure 2.1A, isoforms 1-3 of ZC3H14 are very similar to one 

another, with the only differences arising from the alternative inclusion and/or exclusion 

of a few, small internal exons (154). Isoform 4, however, is very different from the others 

as it is transcribed from a different start site and lacks the N-terminal PWI-like fold and 

putative cNLS (Figure 2.1) (154). Expressed sequence tag (EST) data along with qRT-

PCR analyses suggest that variant 4 is expressed at much lower levels than the other three 

variants in many tissues (Figure 3.1), but is enriched in mouse brain and testes (154). As 

expected from the predicted cNLS, isoforms 1-3 of ZC3H14 localize to the nucleus at 

steady-state, specifically in nuclear speckles (160), which are sites that house RNA 

processing factors (155). Localization of a GFP-tagged construct of isoform 4 supports 

the predicted cytoplasmic localization of this isoform based on the lack of a cNLS (154). 

Treatment with the transcriptional inhibitor, Actinomycin D (ActD) (156), leads to 

alteration in the number and size of nuclear speckles (157). Consistent with typical 

dynamics for nuclear speckle proteins, we observe a concomitant change in the 
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localization of ZC3H14 at these sites upon treatment with ActD (154). Interestingly, we 

also observe an increase in nuclear isoforms 1-3 of ZC3H14 in the cytoplasm upon 

treatment with ActD (data not shown), consistent with other RNA binding proteins that 

relocalize in response to stress (158). These data suggest that ZC3H14 isoforms localize 

to specific compartments at steady-state, but their localization is dynamic in response to 

cellular stressors, such as ActD. 

 

ZC3H14: Insight from model organisms 

 

Although little is known about the molecular function of human ZC3H14, studies 

in model organisms provide insight into potential roles in post-transcriptional processing.  

The majority of these studies have been carried out in S. cerevisiae analyzing Nab2. The 

Nab2 protein localizes to the nucleus at steady-state, but shuttles between the nucleus and 

cytoplasm (159). Nab2 associates with poly(A) mRNA transcripts prior to export (149), 

likely modulating polyadenylation and facilitating the generation of export-competent 

mRNPs (160,161). S. cerevisiae cells expressing N-terminal deletion mutants of Nab2 

display nuclear accumulation of poly(A) RNA as well as extended poly(A) tails 

(159,162). However, the existence of Nab2 RNA binding mutants that confer defects in 

poly(A) tail length with no nuclear accumulation of poly(A) RNA highlights the critical 

role of the zinc finger domain in poly(A) tail length regulation (163).  

Recent structural analyses of both S. cerevisiae and C. thermophilum ZC3H14 

reveal that three zinc fingers interact to form an RNA binding module (164,165). The 

crystal structure of zinc fingers 3-5 of C. thermophilum Nab2 in complex with an A8 
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RNA oligo revealed that these zinc fingers form the binding unit that interacts with 

polyadenosine RNA with base-specific interactions on multiple adenosine residues (165). 

These three zinc fingers share the greatest homology with hZC3H14 zinc fingers 1-3 and 

S. cerevisiae Nab2 zinc fingers 5-7, which is consistent with previous studies implicating 

the final three zinc fingers of Nab2 in high affinity polyadenosine RNA binding (148) as 

well as poly(A) tail length control (166,167). Further analysis of the crystal structure 

revealed that although multiple adenosine-specific interactions are present, the spacing of 

the individual zinc fingers within the binding unit could result in Nab2 also binding to 

degenerate, or A-rich sequences instead of solely to poly(A) tracts. This information 

opens the possibility that this family of proteins could bind to poly(A) tails as well as A-

rich sequences, and presents a model in which ZC3H14 could interact with a diverse 

spectrum of RNA transcripts. 

Additional insight into a potential function for ZC3H14 has been obtained from a 

D. melanogaster loss-of-function model of ZC3H14, dNab2 null flies (150). Studies in 

this model demonstrate that dNab2 has specificity for polyadenosine RNA in vitro and 

that RNA isolated from dNab2 null flies displays extended poly(A) tails. However, no 

defect in bulk poly(A) mRNA export has been detected (150), lending support to a 

primary role for ZC3H14 in control of poly(A) tail length. Consistent with this model, 

siRNA-mediated depletion of ZC3H14 from cultured murine cells causes extended 

poly(A) tails with no apparent impact on poly(A) RNA localization (168). Together, 

these data suggest a role for ZC3H14 in modulating post-transcriptional processing via an 

interaction with the poly(A) tail. Due to the presence of multiple Pabs in human cells, an 
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important objective moving forward will be integrating the function of these distinct 

proteins that all interact with a common element, the poly(A) tail. 

 

ZC3H14 in critical for proper neuronal function 

 

Interest in this novel class of zinc finger Pabs has been sparked by recent studies 

showing that a mutation of ZC3H14 that results in a premature stop codon and 

subsequent loss of this ubiquitously expressed protein leads to an autosomal recessive 

form of nonsyndromic intellectual disability (150). The brain-specific phenotype in these 

patients suggests that the function of ZC3H14 is particularly critical in the highly 

specialized cells found in the brain. With respect to the role of zinc finger Pabs in the 

brain suggested by the phenotype of ZC3H14 patients, behavioral defects observed in 

dNab2 null flies can be rescued by transgenic expression of either Drosophila Nab2 or 

human ZC3H14 specifically in neurons (168). This result demonstrates the critical role of 

Nab2/ZC3H14 in ensuring proper neuronal function and also provides experimental 

evidence for the functional conservation of this protein family through evolution. Rescue 

of neuronal phenotypes is accompanied by rescue of the molecular phenotype of 

extended poly(A) tails also observed in dNab2 mutant flies (150,168). Together, these 

data suggest that the role of ZC3H14 in poly(A) tail length control may underlie its 

function in development and disease.  

 An independent line of experimentation provides a further link between ZC3H14 

and neuronal function. A screen for suppressors of the neurotoxicity of aggregated tau 

protein in C. elegans identified mutations in the Suppressor of Tauopathy 2 (SUT-2) 

24



gene, which encodes the nematode ortholog of ZC3H14 (151). Loss of function 

mutations in SUT-2 suppressed the uncoordinated phenotype, tau aggregation, and the 

observed neurodegenerative changes in this worm model, suggesting that SUT-2, when 

present, enhances tau-induced neurotoxicity (151). Further analysis of the human protein 

ZC3H14/mammalian SUT-2 (MSUT-2) demonstrate reduced MSUT-2 staining in the 

hippocampus, a region of the brain affected by tau pathology (169), in patients with 

Alzheimer’s disease (152). The authors suggest that decreased MSUT2 staining in patient 

neurons may reflect a population of neurons that are spared from tau pathology and 

subsequent neurodegeneration (152). 

The existence of multiple loss-of-function models of ZC3H14 with neuronal 

phenotypes strongly suggests a critical role for ZC3H14 in neurons. However, ZC3H14 is 

ubiquitously expressed, so understanding the tissue-specific phenotype upon loss of this 

protein is a primary objective moving forward.  

 

Defining a role for ZC3H14 in mRNA processing 

 

As discussed throughout this section, there are two primary objectives of this 

study, the first of which focuses on understanding the role of ZC3H14 in post-

transcriptional processing events in human cells. Orthologs of ZC3H14 have been studied 

in a variety of model organisms, including D. melanogaster (150) and S. cerevisiae (149); 

however, the roles of Nab2 and dNab2 are not completely conserved. For instance, loss 

of dNab2 in flies does not result in a defect in poly(A) mRNA export (150), which is a 

well-established phenotype of yeast cells expressing mutant versions of Nab2 (159,162). 
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Determining the role of ZC3H14 in mRNA processing events will likely include 

addressing which (if any) of the roles discovered in model organisms are conserved in 

human cells. Another important point to take into account is the presence of at least one 

other nuclear Pab in human cells, PABPN1. Whether ZC3H14 and PABPN1 have 

overlapping or divergent roles in mRNA processing via the poly(A) tail is yet to be 

determined and proves to be an important objective in future studies. A recent study of 

ZC3H14 and PABPN1 orthologs in fission yeast has begun to address this issue (170), 

yielding promising insight into this question of redundancy of nuclear Pabs.  

Whether ZC3H14 plays a role in mRNA processing itself is also unclear. Recent 

work in S. cerevisiae presents a model where Nab2 is involved in mRNA quality control 

and the generation of export-competent mRNPs (160,161). mRNA processing events are 

tightly coupled to one another, making the study of individual steps or processing events 

difficult to elucidate. However, these studies suggest that Nab2 may serve as a signal to 

indicate that proper mRNA processing has occurred and/or a coordinator of these events, 

ultimately resulting in the selective export of properly processed mRNAs. Finally, studies 

performed in yeast and flies focus on a single isoform of Nab2/dNab2; however, human 

cells express at least four distinct isoforms of ZC3H14 (154). The longer, nuclear 

isoforms of ZC3H14 are the most similar to Nab2 and dNab2 based on sequence and 

domain analysis. The presence of a distinct cytoplasmic isoform of ZC3H14 that can 

likely bind polyadenosine RNA suggests that ZC3H14 has a role in modulating mRNA in 

the cytoplasm. Integrating the function of multiple isoforms of ZC3H14 in human cells 

will yield a more comprehensive understanding of this novel Pab family.  
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The second objective of our studies focuses on tissue specificity: how does the 

loss of a ubiquitously expressed protein, which presumably has functions in many cell 

types, result in a tissue-specific phenotype? One leading hypothesis centers on the idea of 

specificity in the spectrum of mRNA targets that are bound and regulated by ZC3H14. 

Perhaps the transcripts that are specifically bound by ZC3H14 are either expressed 

exclusively in neurons or are simply expressed at higher levels in neuronal tissue and 

therefore loss of regulation of these transcripts renders these cells more susceptible to 

loss of ZC3H14. However, achievement of specificity by a polyadenosine RNA binding 

protein that could, in theory, bind to every mRNA transcript (with a poly(A) tail) is 

another challenging issue in itself. Current work in our lab is focused on elucidating 

binding partners of ZC3H14 that may aid in achieving transcript and/or functional 

specificity. Finally, many RNA processing factors are highly expressed in neuronal tissue 

and there is a higher level of RNA processing in the brain than many other tissues 

(51,171), so the brain could simply be more susceptible to loss of ZC3H14 than other 

tissues. Whether the critical post-transcriptional role of ZC3H14 exists only in neurons is 

yet to be determined but remains an active area of research.   

Many of the questions raised here are addressed in Chapter 2 of this dissertation, 

which focuses on a specific and robustly affected mRNA target of ZC3H14, which may 

have underlying implications for the intellectual disability that occurs in patients with 

loss of ZC3H14.  
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SECTION 3 

 
The 3’ untranslated region 

  

As described previously, the 3’ end of a pre-mRNA is not determined by the end 

of the mRNA coding sequence, but instead by a poly(A) signal and subsequent 3’ end 

processing at a defined site downstream of the coding sequence. This region between the 

end of the coding sequence and the poly(A) tail is referred to as the 3’ untranslated 

region, or the 3’UTR, and represents an active site for post-transcriptional processing 

events. There is significant diversity in the lengths of 3’UTRs in human transcripts, 

ranging anywhere from <100 nucleotides all the way up to more than 10 kilobases in 

some instances (172,173). Although the 3’UTR (as a non-coding region of an mRNA) is 

under less evolutionary constraint than the coding region, early sequence analyses 

revealed that there is considerable conservation within regions of 3’UTRs (174), which 

were later determined to represent functional elements within the 3’UTR that are bound 

by a variety of post-transcriptional factors. These post-transcriptional factors include 

many different types of RNA binding proteins as well as miRNAs, both of which play 

critical roles in influencing gene expression via the 3’UTR.  

The sequences present in the 3’UTR and the factors that are bound to it greatly 

influence many aspects of post-transcriptional regulation (8), including mRNA 

localization (36), translation (94), and stability (43). For instance, the presence of a 

conserved 54 nucleotide element in the 3’UTR of the β-Actin mRNA mediates binding by 

zipcode-binding protein 1 (ZBP1), resulting in the specific localization of this mRNA in 

the dendrites of rat hippocampal neurons (175,176). In addition, the translation of many 
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mRNAs is modulated by interaction between the cytoplasmic polyadenylation element 

binding protein (CPEB) and cytoplasmic polyadenylation elements found within the 

3’UTR of target mRNAs (177). Binding of CPEB to CPE-containing mRNAs results in 

binding of other CPEB binding partners, shortening of the poly(A) tail, and (in most 

cases), temporary translational repression (94,177). Finally, the presence of AU- or U-

rich sequences within the 3’UTR of transcripts can lead to increased or decreased mRNA 

half-life, depending on the factor bound to the particular element (43,178). These AU- 

and U-rich elements and their role in mRNA stability will be discussed more extensively 

later in this section. 

An additional layer of complexity in 3’UTR-mediated regulation is represented by 

microRNAs (miRNAs), which are small noncoding RNAs (ncRNAs) that repress target 

expression by base pairing to sequences within the 3’UTRs of mRNA transcripts 

(53,179). One miRNA can bind to many mRNAs, often times within a certain class of 

transcripts, and in doing so can regulate an entire cellular program, such as the role of the 

let-7 miRNA in regulating development and differentiation (55). Recent work has shown 

that miRNAs and RNA binding proteins participate in intense cross-talk and regulation 

on 3’UTRs, deepening the complexity of how post-transcriptional factors influence gene 

expression via the 3’UTR (180). Regardless of the complexity of these events, clearly the 

presence of multiple, sometimes competitive and/or cooperative binding events allow 

cells to fine-tune the timing, location and levels of expressed mRNAs. 

Transcriptome profiling studies performed in recent years have revealed that more 

than half of mRNAs contain 3’UTRs with variable lengths, a phenomenon caused by the 

alternative 3’ end processing events that result in 3’UTRs of different lengths (90,91). 
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This process is referred to as alternative polyadenylation (APA) and extensive study in 

this area has revealed that altering the length of a 3’UTR can have a tremendous effect on 

gene expression (181,182). For instance, the 3’UTR of the myogenic transcription factor, 

Pax7, which is required for survival and proliferation of muscle stem cells (183), is 

targeted by miR-206, which promotes muscle differentiation (184). In muscle stem cells, 

Pax7 evades targeting (and subsequent repression) by miR-206 through the use of an 

upstream PAS that results in a shorter 3’UTR (181). This shorter 3’UTR is expressed 

specifically in muscle stem cells and allows for continued expression of elevated Pax7 

levels to maintain a sufficient population of muscle stem cells (181). This study is just 

one (of many) example of how alteration of the 3’UTR length can have significant effects 

on gene expression.  

Sequencing analyses performed on 3’UTR sequences across various tissues reveal 

interesting trends in tissue specificity with respect to 3’UTR length. For instance, analysis 

of the 3’UTRs from mRNAs isolated from brains, specifically hippocampal tissue, 

reveals significantly longer 3’UTRs compared to many other tissues (172). Additionally, 

mRNAs isolated from various tumor samples typically have shorter 3’UTRs than 

mRNAs isolated from normal control tissue (92,93,182,185). These shorter 3’UTRs 

contain fewer regulatory elements and correlate with enhanced proliferation, thus making 

the investigation of 3’UTR-dependent regulation of mRNAs an important area of 

research. In the remainder of this section and throughout Chapter 4, we will discuss one 

specific class of RNA binding proteins and the importance of their interaction with the 

3’UTRs of cancer-relevant mRNAs.  
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AU-rich elements and the factors that bind them 

 

 As mentioned in the previous section, conserved sequence elements located 

within the 3’UTRs of mRNA transcripts typically serve as sites of functional 

conservation. One of the well-studied roles of cis-elements in the 3’UTR is the regulation 

of mRNA stability. AU-rich elements, or AREs, are the best characterized cis-element 

involved in mRNA degradation (43). These elements were first identified as highly 

conserved sequences in the 3’UTR of highly labile mRNAs that encode transcripts such 

as Tumor Necrosis Factor α (TNF α), fibronectin, and many of the interferons (186). 

Shortly thereafter, the 3’UTR of c-Fos, which encodes a proto-oncogenic transcription 

factor (187) and contains an ARE, was fused to a β-globin reporter transcript, resulting in 

significantly reduced mRNA stability (188). This experiment provided the first evidence 

that ARE-containing 3’UTRs might confer reduced or altered mRNA stability. Finally, 

the first definitive evidence that the ARE is in fact the destabilizing element within the 

3’UTR came from the addition of the 51 nucleotide ARE from the GM-CSF 3’UTR into 

a β-globin 3’UTR reporter construct, which specifically resulted in destabilization of this 

transcript (189). The importance of these ARE elements for maintaining precise control 

of gene expression and, in turn, cell health is highlighted by many studies, one of which 

demonstrates that deletion of the ARE in the c-Fos 3’UTR results in oncogenic 

transformation due to the robustly increased stability of this otherwise tightly regulated 

transcript (190). These foundational studies, which characterized the identity and 

importance of AU-rich elements, led to an era of intense focus on identifying the factor(s) 

that bind to AREs and execute their role in post-transcriptional processing. 
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 AU-rich element binding proteins, or ARE-BPs, are a well-studied class of ~20 

RNA binding proteins that are involved in mRNA stability and, as more recently defined, 

translational regulation (178). Extensive studies have identified many different ARE-BPs 

that mediate the observed destabilization of ARE-containing mRNAs. These factors 

include the well-studied RNA binding proteins ARE/poly(U)-binding/degradation Factor 

1 (AUF1), the KH-type Splicing Regulatory Protein (KSRP), Tristetraprolin (TTP) and 

Butyrate Response Factor 1 (BRF1) (43). These proteins are diverse in their RNA 

binding modules, however, each of them have specificity for AREs and in binding to 

these elements, nucleate the binding of other mRNA stability factors, including 

ribonucleases, resulting in rapid mRNA degradation (43). Another well-characterized 

ARE-BP is T-cell Intracellular Antigen 1, or TIA1, which represses the translation of 

target mRNAs, such as TNFα, by binding to the ARE in its 3’UTR (191). TIA1 also plays 

an important role in splicing by binding to U-rich intronic regions of target mRNAs 

(192). Finally, the best-studied family of ARE-BPs is the Hu family of RNA binding 

proteins, which include Human Antigen A (HuA)/HuR, HuB, HuC and HuD (43). The 

members of this family have well-studied roles in positively regulating the stability of 

target mRNAs (178) and are also implicated in a number of types of cancer (193), thus 

making them an important class of RNA binding proteins to study. 

 The onset of the sequencing era has greatly expanded our understanding of the 

prevalence of AREs found within mRNA sequences. An estimated 5-8% of the 

transcriptome contains AREs, including many proto-oncogenes, cell cycle regulators and 

apoptotic factors, demonstrating that ARE-containing mRNAs encode proteins with 

diverse functions (194). These studies were performed using algorithms to identify 
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classical ARE motifs as well as CLIP-seq analyses with ARE-BPs demonstrating binding 

to these AU- and U-rich elements. Despite this onslaught of information, our 

understanding of how these sequences influence stability and translation is still limited. 

For instance, do all of the AREs identified by sequence analysis have functional 

relevance? Also, there are many different types of ARE-BPs. What dictates which 

proteins bind to certain AREs at a given time/location? Finally, recent work has 

demonstrated that many ARE-BPs interact with their own mRNAs (as well as other 

ARE-BP mRNAs) and influence their expression (195), suggesting complex regulatory 

networks for this protein family. Understanding the spectrum of targets bound by specific 

ARE-BPs as well as the functional consequence of binding by individual or 

competitive/coordinate ARE-BPs will certainly broaden our understanding of 3’UTR-

mediated regulation by AU-rich binding proteins.  

 

HuR and TIA1, two U-rich element-binding proteins 

 

The mRNA stabilizing factor, HuR 

As mentioned earlier, the Hu family is a well-studied class of RNA binding 

proteins that bind to AU-rich elements, typically within the 3’UTR of target mRNAs and 

positively regulate mRNA stability (178). The Hu family members were first identified as 

neuronal antigens recognized by sera from patients with paraneoplastic encephalomyelitis 

(196). Cloning of the sequences encoding these antigens revealed their significant 

conservation to the Embryonic Lethal Abnormal Vision (ELAV) family of RRM-

containing proteins in Drosophila (196), which are involved in mRNA processing, 
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specifically in neuronal tissues (197). Consistent with the expression pattern of ELAV in 

Drosophila, HuB, HuC and HuD are expressed primarily in terminally differentiated 

neurons (198) and many studies have focused on their importance in binding to AREs 

within the 3’UTRs of many neuron-specific mRNAs (198-202).  

HuR is the ubiquitously expressed member of this family of proteins and was 

discovered in an attempt to identify any other Hu family members that are expressed in 

non-neuronal cell types (203). In this study, HuR was purified from HeLa cells and 

functionally characterized through binding studies with the c-Fos 3’UTR (203), a well-

characterized ARE-containing mRNA (44). Nearly 20 years of study into the role of this 

ubiquitously expressed protein in mRNA stability as well as its association with various 

types of cancer has led to HuR being the best-characterized member of this family.  

A linearized domain map of HuR is shown in Figure 1.4A. HuR contains three 

RRMs; however, only RRMs 1 and 2 are involved in ARE recognition (204,205). A 

recent co-crystal structure of HuR RRMs 1 and 2 in complex with an 

AUUUUUUAUUUU RNA oligomer demonstrated that while RRM1 is the primary ARE 

recognition domain within HuR, the conformational change that takes place upon RNA 

binding leads to additional interactions between RRM2 and the target mRNA, ultimately 

increasing RNA binding affinity (206). The third RRM of HuR is less understood. 

Preliminary biochemical studies performed in the late nineties demonstrated that RRM3 

has affinity for long stretches of polyadenosine and may therefore interact with the 

poly(A) tail (204,205). Finally, the HuR nucleocytoplasmic shuttling domain, or HNS, 

which is located in the hinge region between RRMs 2 and 3, mediates the 

nucleocytoplasmic shuttling of HuR (207). There is significant sequence conservation 
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between the four members of the Hu family, specifically within the sequences that 

encode the RRMs (198), supporting their critical importance for the function of this 

protein family.  

HuR is localized primarily to the nucleus at steady-state; however, multiple 

studies have demonstrated that HuR shuttles and can shift in localization toward the 

cytoplasm upon cellular stress, including transcriptional inhibition (207) and oxidative 

stress (208). The well-studied role of HuR takes place in the cytoplasm where it 

positively regulates the stability (209) and translation (193) of target mRNAs. A few 

well-characterized mRNA targets of HuR include c-Fos (210-212), Cyclin D1 (213), 

GM-CSF (211), TNFα (214) and Cox-2 (215), highlighting the diversity in mRNA targets 

that are regulated by HuR.  

The mechanism of mRNA stabilization by HuR is unclear, although multiple 

models exist (Figure 1.4B). One model suggests a physical block to prevent destabilizing 

ARE-BPs and ribonucleases from accessing and degrading the mRNA, perhaps through 

oligomerization of HuR on target mRNAs. Studies have also demonstrated interplay 

between HuR and miRNA machinery on specific transcripts that results in modulation of 

the stability and/or translation of the target mRNA (216,217). Multiple recent studies 

have demonstrated a role for HuR in promoting the translation of mRNA targets (Figure 

1.4B) (218-220); however, a unifying mechanism for translational regulation has not 

emerged. In addition, recent work has begun to unveil nuclear functions of HuR, 

including playing a role Alternative Polyadenylation (APA) (221,222) and pre-mRNA 

splicing (223-225). Together, these studies expand our understanding of how HuR 
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regulates gene expression and suggest that the complex role of HuR in modulating gene 

expression must be defined on a target-by-target basis.  

The translational regulator, TIA1 

As mentioned earlier in this section, the ARE-BP, TIA1, is involved both splicing 

and translational regulation of target mRNAs (226). TIA1 was initially identified as a 

granule-associated protein in cytolytic T lymphocytes (CTLs, or “killer cells”), which are 

the immune cells responsible for the recognition and elimination of infected and 

transformed cells (227,228). TIA1 was characterized as an apoptosis-promoting factor 

due to its ability to induce DNA fragmentation in targeted cells (226); however, the role 

of TIA1 in apoptosis was unexpected due to sequence analyses that revealed its identity 

as an RNA binding protein (227). Although a specific role for TIA1 in the promotion of 

apoptosis is still unclear, many studies have revealed that it is involved in the 

translational repression and splicing of many mRNAs that are involved in the apoptotic 

program (226), thus making TIA1 an important protein to study within the context of 

cancer.  

As shown in Figure 1.4, TIA1 contains three tandem RRMs (227,229). RRM2 of 

TIA1 has specificity for U-rich RNA and mediates high affinity binding to intronic and 

3′UTR regions of target mRNAs in cooperation with RRM3 (230,231). The C-terminus 

of TIA1 contains a glutamine-rich (Q-rich) domain (227,229), which is characteristic of 

prion proteins and is, in fact, required for TIA1-mediated stress granule assembly, which 

will be discussed later in this section (232-234). The RRM1 and Q-rich domains are both 

involved in recruitment of the splicing factor, U1 snRNP, to U-rich intronic regions, 

resulting in exon inclusion (235). Like HuR, TIA1 has a steady-state nuclear localization 
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but can shuttle between the nucleus and cytoplasm (232). The shuttling function of TIA1 

is mediated by specific sequence elements present within RRMs 2 and 3 (236). In 

response to cellular stressors such as transcriptional inhibition and oxidative stress, TIA1 

can shift in localization toward the cytoplasm, where it binds to the 3′UTR of target 

transcripts and promotes the formation and sorting of translationally incompetent 

preinitiation complexes into stress granules, resulting in translational repression (236-

238). A few well-studied targets of TIA1 include TNFα (191), Cox-2 (239), MMP13 

(240), and the β2-adrenergic receptor (241) mRNAs, demonstrating a rich diversity in 

targets of TIA1. 

The role of TIA1 in translational repression is well-studied (Figure 1.4B) (237). 

TIA1 is a critical component of mammalian stress granules (233), which are distinct 

cytoplasmic foci that form in cells exposed to various stresses including heat, UV 

irradiation, oxidative conditions and hyperosmolarity (237). Analysis of the components 

of stress granules reveals the presence of many translation initiation factors, suggesting 

that the mRNPs present there are stalled at the initiation of translation (237,242). Binding 

of TIA1 to AREs located within the 3’UTRs of target mRNAs promotes the formation of 

a noncanonical preinitiation complex, which is a stress granule core component and leads 

to translational repression of the bound mRNA (Figure 1.4B) (233). Interestingly, the 

formation and dissipation of stress granules upon treatment (and removal) with certain 

stress granule-inducing drugs, such as arsenite, suggests that these are dynamic domains 

that are specifically involved in translational repression during times of stress 

(232,233,237). Interestingly, analysis of transcripts present in stress granules revealed 

that certain abundantly expressed transcripts, such as those that encode housekeeping 
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proteins, are repressed and stored within stress granules, while transcripts encoding 

stress-responsive proteins are actively translated (237,242), suggesting elegant specificity 

in translational regulation during times of stress. Together, these studies underscore the 

importance of TIA1 in translational regulation, specifically within the context of stressed 

cells.  

TIA1 also has a well-studied role in splicing (Figure 1.4B) (192). TIA1 interacts 

with U-rich regions located downstream of weak 5’ splice sites in target mRNAs (243). 

Binding of TIA1 to these intronic U-rich stretches results in the recruitment of the U1 

snRNP (235), which is one of the initial factors present at 5’ splice sites and assists in the 

commitment to pre-mRNA splicing at that location (244,245). The interaction between 

TIA1 and the U1 snRNP promotes of the inclusion of downstream exons (192,226,243), 

including those in FGFR2 (192), Msl-2 (243), NF1 (246) and Fas (243) pre-mRNAs. The 

proteins produced from these TIA1-promoted, exon-enhanced transcripts often have very 

different roles than those produced from the exon-excluded version, such as the case with 

the Fas receptor (247), which will be discussed later. Much like HuR, these studies 

suggest that the role of TIA1 in modulating target mRNAs is diverse and should be 

characterized on an individual transcript basis.  

 

HuR and TIA1 binding studies: targets and recognition 

 

 As discussed throughout this section, the identification and characterization of 

HuR and TIA1 target mRNAs is an important area of research. The advent of various RIP 

(RNA immunoprecipitation), CLIP (cross-linking IP), iCLIP (individual nucleotide 
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resolution CLIP) and Par-CLIP (photoactivatable-ribonucleoside-enhanced CLIP) -

sequencing approaches has expanded our ability to identify the spectrum of RNA targets 

bound by select RNA binding proteins.  

Multiple independent transcriptome-wide CLIP-Seq studies on HuR have been 

performed in recent years yielding very interesting results. These studies were performed 

in HeLa and HEK293 cells each using at least one of the CLIP-seq approaches described 

above (224,225,248,249). The primary and most consistent finding from these 

sequencing studies is the observation that HuR has preference for U-rich RNA sequences 

(as opposed to the previously described AU-rich target sequence) located primarily 

within the 3’UTRs and introns of target mRNAs (224,225,248,249). Many transcripts 

contained HuR binding sites in either an intron or the 3’UTR; however, the largest 

population of HuR target mRNAs contained HuR binding sites in both regions (225). 

Transient knockdown of HuR followed by sequencing analyses confirmed the functional 

importance of HuR binding and even demonstrated that transcripts containing multiple 

HuR binding sites (in intronic and 3’UTR sequences) are more stable than transcripts 

with one binding site. Identification of HuR binding sites within intronic regions suggests 

a role for HuR in pre-mRNA processing. In fact, these studies observed HuR-dependent 

changes in splicing of many transcripts (224,225). 

A handful of these CLIP-seq studies also performed RNA secondary structure 

prediction analyses on their target motifs, revealing a putative secondary structural motif 

for HuR binding (224,249). An over-representation of U-rich motifs predicted to be 

located within variably sized hairpin loops was detected in one study (249). Another 

study reported a U-rich preference for HuR binding within 3′UTRs; however, 
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computational folding predictions suggested single-stranded U-rich motifs with no 

indication of hairpins (224). Further structure-function studies are required to determine 

whether HuR does in fact have a structural preference for target sequences. 

Finally, analysis of HuR binding sites and their location relative to predicted 

miRNA binding sites also yielded interesting results. A number of HuR binding sites 

were identified in close proximity to predicted or validated miRNA binding sites 

(224,225,249). These results are consistent with a recent study demonstrating that HuR 

interacts with the 3’UTR of CAT-1 mRNA after stress, and in doing so, relieves the miR-

122-mediated repression (41). Together, these studies suggest that at least one of the roles 

for HuR in cancer may be mediated via interplay with miRNA machinery. 

 A recent iCLIP study was performed in HeLa cells to determine the spectrum of 

TIA1 mRNA targets (231). Much like HuR, TIA1 binding sites were also U-rich, single-

stranded elements located within introns and 3’UTR sequences. TIA1 binding sites were 

observed primarily within 3’UTRs and further analysis revealed that they were 

distributed throughout the 3’UTR (231). Alternatively, the vast majority of intronic TIA1 

binding sites were restricted to regions directly downstream of 5’ splice sites, as expected 

from previous studies (231). These transcriptome-wide studies not only provide us with 

rich information about the characteristics and geography of HuR and TIA1 binding sites, 

they also provide us with novel candidate targets to study in mechanistic detail. Moving 

forward, the functional characterization of novel HuR and TIA1 targets and the post-

transcriptional consequence of binding will be an important area of research, specifically 

for cancer-relevant mRNAs. 
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HuR and TIA1 are coordinate regulators of gene expression  

 

As described earlier, there are multiple post-transcriptional factors that modulate 

various aspects of gene expression via an interaction with the 3’UTR. Many of these 

factors, including HuR and TIA1, have been shown to coordinate and/or compete with 

other factors to fine-tune gene expression. For instance, there are a number of studies that 

demonstrate competition between HuR and TIA1 for binding to 5′ splice sites in 

numerous cell types (223,250,251). Additionally, HuR and TIA1 bind to non-overlapping 

sites within the 3’UTR of the cytochrome c (CYCS) transcript, which encodes a key 

regulator of apoptosis (252). This observed cooperative interaction on the CYCS 3’UTR 

results in coordination of CYCS translation (220). Finally, recent work demonstrates that 

the 3’UTR of the β-actin mRNA is bound by HuR and TIA1, potentially via a 

competitive interaction that influences the translation of β-actin (253,254). Adding 

another layer of complexity to the system is the observation that HuR and TIA1 bind to 

their own as well as one another’s 3′UTRs, suggesting a complicated feedback loop 

(195,220). Together, these results support a role for HuR and TIA1 in coordinately 

regulating the expression of target transcripts; however, the complexity in regulation 

observed between these studies suggests that these processing events should be 

individually defined for each transcript.  
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HuR and TIA1 in cancer 

 

 The role of HuR in cancer has been studied extensively. Analysis of HuR target 

mRNAs reveals a diverse group of transcripts that encode cell cycle regulators, apoptotic 

factors as well as many other proteins involved in carcinogenesis (255). A recent review 

revealed that HuR target mRNAs are significantly represented within four major cancer 

traits (256): self-sufficiency in growth signals; evasion of apoptosis; sustained 

angiogenesis; and invasion and metastasis (255). Many of these transcripts are highly 

labile and therefore have short half-lives. A leading hypothesis for the role of HuR in 

cancer involves the overexpression or altered localization of HuR that results in an over 

stabilization of these transcripts that are otherwise rapidly turned over. As described 

earlier, the steady-state localization of HuR is primarily nuclear; however, HuR shuttles 

and the well-studied role of HuR in modulating the stability of target mRNAs occurs in 

the cytoplasm. Comparison of tumor samples to normal tissue in a number of different 

studies reveals elevated cytoplasmic levels of HuR in breast, colon, ovarian, prostate, 

pancreatic and oral cancers (255). In many of these studies, the abundance and 

cytoplasmic localization of HuR correlates with higher grade and reduced survival (257-

259). For example, increased cytoplasmic localization of HuR in breast tumor samples 

correlates with poor prognosis and reduced survival (259).  

 As discussed earlier, TIA1 is an apoptosis-promoting factor (226). TIA1 binds to 

many transcripts that have roles in apoptosis, including the Fas mRNA (243), which 

encodes a key death receptor involved in the induction of apoptosis (247,260). Promotion 
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of exon inclusion by TIA1 on the Fas pre-mRNA results in the production of a Fas 

isoform that is membrane-bound and upon binding to the Fas ligand, transduces apoptotic 

signaling (247). In the absence of TIA1, exon skipping results in the production of a 

soluble Fas isoform that interacts with the Fas ligand in the extracellular space and 

inhibits apoptotic signaling (261,262). This is one example of how TIA1 is implicated in 

apoptosis. TIA1 also regulates the translation of a number of apoptotic mRNAs including 

TNF-α (191,226). Recently, a number of apoptotic factors whose transcripts are bound by 

HuR have also been identified including Prothymosin α (263), Cytochrome C (220), Bcl-

2 and Mcl-1 (226,264). These studies point toward a potential role for HuR and TIA1 in 

coordinating the apoptotic program (264). Understanding the interplay between HuR and 

TIA1 is critical to further understanding the post-transcriptional mechanisms that regulate 

HuR and TIA1 target mRNAs, including the cancer-relevant programmed cell death 4 

(PDCD4) transcript, which is the focus of Chapter 4. 
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Scope and significance of this dissertation 

 

Eukaryotic post-transcriptional processing is comprised of a complex and highly 

regulated series of events that ultimately serve to generate fully processed, translatable 

mRNA transcripts that eventually code for proteins. The proper expression and regulation 

of RNA binding proteins that carry out each of these post-transcriptional events are 

critical to maintain cell health and identity, as evidenced by the observation that many 

human diseases are caused by or associated with the dysregulation of RNA binding 

proteins (see Table 1.1). Some RNA binding protein-associated diseases are caused by 

global changes in RNA processing as a result of the dysregulation of a single RNA 

binding protein. However, the molecular pathogenesis of many diseases is the result of a 

set of mRNA transcripts, or targets, that are specifically dysregulated by loss, mutation, 

or overexpression of an RNA binding protein. These mRNAs are described as disease-

relevant mRNAs because the improper processing of these transcripts leads to alterations 

in the level and/or function of the encoded protein, therefore contributing to a disease 

phenotype. The overarching goal of my dissertation is to identify disease-relevant mRNA 

targets of RNA binding proteins and understand the role of the RNA binding proteins in 

regulating those targets. 

In Chapter 2, I characterize the ATP synthase subunit mRNA, ATP5G1, as a 

target of the novel poly(A) RNA binding protein, ZC3H14. Patients with loss-of-function 

mutations in ZC3H14 are intellectually disabled and display severe cognitive defects 

(150). Upon knockdown of ZC3H14 in human cells, we observe a significant reduction in 

the steady-state level of ATP5G1 mRNA, which encodes an ATP synthase subunit C 
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protein that is considered to be a linchpin for ATP synthesis (265,266). Subsequently, we 

observe a concomitant drop in cellular ATP levels as well as a distinct mitochondrial 

fragmentation phenotype in these cells, consistent with defects observed in other 

neurological diseases (267). We hypothesize that the significant impact on ATP5G1 and 

cellular ATP levels upon knockdown of ZC3H14 may underlie the observed intellectual 

disability and aberrant neuronal function in patients (150,268).   

Chapter 3 focuses on various modes of regulation of ZC3H14 in human cells. I 

demonstrate that ZC3H14 steady-state protein levels correlate with the estrogen receptor 

status of a panel of breast cancer cell lines; however, estrogen stimulation experiments 

reveal that ZC3H14 is not an estrogen-responsive gene, suggesting an alternative mode of 

regulation on ZC3H14 levels that results in this intriguing correlation. I go on to 

demonstrate that ZC3H14, much like many other RNA binding proteins (195), binds to 

its own transcript, resulting in interesting cross-regulation between ZC3H14 splice 

variants. I hypothesize that ZC3H14 interacts with its own transcript via a polyadenosine 

stretch within the 3’UTR, consistent with a study performed on the S. cerevisiae ortholog 

of ZC3H14, Nab2 (269). Finally, I summarize the findings of a transcriptome-wide 

sequencing analysis that we performed to identify the prevalence and distribution of 

internal, or encoded, polyadenosine stretches within the human transcriptome. 

The work presented in Chapter 4 focuses on the post-transcriptional regulation of 

a novel target of HuR and TIA1, Programmed Cell Death 4 mRNA, or PDCD4, which 

encodes a novel tumor suppressor that is downregulated in many types of cancer (270). 

The PDCD4 3’UTR is a well-studied target of the oncomiR-21 (271,272) and is being 

explored as a potential target for antineoplastic therapies (273). In this study, we 
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demonstrate competitive binding of the two U-rich RNA binding proteins, HuR and 

TIA1, to overlapping regions on the PDCD4 3’UTR. We observe a decrease in PDCD4 

steady-state mRNA and protein levels upon knockdown of HuR and/or TIA1, supporting 

a role for these proteins in positively regulating PDCD4 mRNA levels. Intriguingly, 

nucleocytoplasmic fractionation experiments reveal that the regulation of PDCD4 mRNA 

stability is distinct from other HuR-bound mRNAs and likely represents a critical target 

of HuR and TIA1 in breast cancer cells.  

The two mRNAs that we selected for extensive analysis in Chapters 2 and 4 not 

only provided us with disease-relevant mRNA targets that may provide insight into the 

molecular pathogenesis of disease, but also provide novel mechanistic data for the 

function of these RNA binding proteins in post-transcriptional processing. As we begin to 

understand the complex interactions and myriad functions of RNA binding proteins, we 

can integrate all of this knowledge into a systems-based approach to biology, thus leading 

us to a better understanding of how the cell works and, more importantly, how the cell 

can go bad.    
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Table 1.1. A selection of mRNA binding proteins implicated in human disease. 

RNA binding protein Disease Post-transcriptional Function 

ZC3H14 Intellectual Disability Poly(A) tail length (268) 
mRNA quality control (161) 

PABPN1 Oculopharyngeal 
Muscular Dystrophy 

Polyadenylation, 3’end 
Processing (96) 

SMN Spinal Muscular 
Atrophy snRNP Biogenesis (65) 

eIF4E Cancer Cap-dependent Translation 
(60,61) 

HuR (HuA) Cancer mRNA Stability, Translation 
(255) 

Hu Family (HuA, B, C, D) Paraneoplastic 
Neurologic Syndromes 

mRNA Stability, Translation 
(198) 

FMRP Fragile X Syndrome Translation (274)  
MBNL1 Myotonic Dystrophy Splicing (275) 
SF2/ASF Cancer Splicing (276) 

SAM68 Cancer Splicing, mRNA Export, 
Translation (277) 

QKI Cancer Splicing (278) 
TPR Cancer mRNA Export (279) 

ATXN1/2 Spinocerebellar Ataxia RNA Processing (280) 
TIA1 Distal Myopathy Splicing, Translation (281) 
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FIGURE 1.1. An overview of eukaryotic post-transcriptional processing. DNA is 
transcribed by RNA PolII to produce a premature mRNA transcript, or pre-mRNA. 
Pre-mRNAs undergo extensive processing in the nucleus to produce an export-competent 
mature mRNA transcript. These processing events include the addition of a 
7-methylguanosine cap structure to the 5’ end of the message, the removal, or splicing, 
out of intronic regions, as well as the addition of a 3’ poly(A) tail. Fully processed 
mRNAs are exported through the nuclear pore complex where they can interact with 
translation machinery to produce proteins, be transported to specific cellular locations 
such as axonal synapses, or stored/degraded in distinct cytoplasmic foci such as p-bodies.    
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FIGURE 1.2. The canonical poly(A) binding proteins, PABPN1 and PABPC, play 
multiple roles in post-transcriptional processing. A) The domain structures for the 
canonical Pabs PABPN1 and PABPC are schematized here. PABPN1 is a nuclear Pab 
that contains a stretch of 10 alanines (Ala10) that are expanded in OPMD, a glutamic 
acid-rich domain (E-rich), a coiled-coil domain (CCD), an RNA recognition motif  
(RRM) that is responsible for high affinity polyadenosine RNA binding, as well as an 
arginine-rich (R-rich) domain at the C-terminus. PABPC is a cytoplasmic Pab that inter-
acts with polyadenosine RNA via RRMs (RRM1-4) and contains a C-terminal Helical 
domain. B) The role of PABPN1 (green hexagon) in modulating 3’end processing of 
mRNA transcripts is well established and consists of the following molecular functions:  
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1. Polyadenylation: PABPN1 interacts with poly(A) polymerase to stimulate processive 
polyadenylation; 2. Regulation of poly(A) tail length: PABPN1 interacts with the cleav-
age and polyadenylation specificity factor (CPSF) to modulate and ensure proper poly(A) 
tail length; and 3. Poly(A) RNA export: Although whether the role is direct or indirect is 
unknown, defects in PABPN1 function can lead to nuclear accumulation of poly(A) 
RNA. This observation together with the fact that PABPN1 shuttles between the nucleus 
and the cytoplasm have led to the suggestion that PABPN1 function is required for 
efficient poly(A) RNA export from the nucleus. PABPC (blue circle) plays a well-defined 
role in modulating gene expression including: 4. Translation: PABPC binds to eukaryotic 
translation initiation factor 4G (eIF4G), which bridges interactions between the 5’- and 
3’-ends of the mRNA and facilitates efficient translation initiation and 5. mRNA decay: 
PABPC binds to eukaryotic release factor 3 (eRF3), which facilitates ribosome recycling 
and thus inhibits mRNA decay by protecting the poly(A) tail from decapping enzymes 
(Dcp1 and Dcp2) as well as exonucleases such as the Ccr4-Pop2-Not complex. The 
following factors are also incorporated into the model shown: Cap binding proteins 20 
and 80 (CBP20/80); 7 methylguanosine cap (m7G); eukaryotic translation initiation 
factor 4E (eIF4E); eukaryotic small ribosome (40S); eukaryotic translation initiation 
factor 4A (eIF4A); eukaryotic ribosome (80S); and eukaryotic release factor 1 (eRF1). 
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FIGURE 1.3. Novel Pab family members. A) The domain structures for three novel 
Pab family members (ZC3H14, hnRNP-Q1, and LARP4) are schematized here. ZC3H14 
is a novel nuclear Pab that interacts with polyadenosine RNA via tandem CysCysCysHis 
(CCCH) zinc fingers and also contains an N-terminal Proline Tryptophan Isoleucine-like 
(PWI-like) fold that mediates interactions with the nuclear pore, a glutamine-rich 
(Q-rich) domain of unknown function, and two putative classical nuclear localization 
signals (cNLS). hnRNP-Q1 is a novel cytoplasmic Pab that is presumed to bind poly-
adenosine RNA via RRMs (RRM1-3) and contains an Acidic N-terminal domain as well 
as an Arginine Glycine Glycine (RGG) domain, both of which mediate protein-protein 
interactions. A putative weak cNLS is also present in hnRNP-Q1. LARP4 is a novel 
cytoplasmic Pab that interacts with polyadenosine RNA via a La Motif (LaM) in 
conjunction with an RRM-like 4 domain (RRM-L4). LARP4 interacts with PABPC via a 
poly(A) binding protein interacting motif (PAM2) domain that contains an atypical 
tryptophan in the consensus sequence (PAM2w). B) The functions proposed for the new 
members of the Pab family described here (ZC3H14, hnRNP-Q1, and LARP4) are 
illustrated. The novel nuclear zinc finger Pab, ZC3H14 (pink five-fingered shape) plays a 
role in 1. poly(A) tail length regulation: ZC3H14 could limit poly(A) tail length either by 
inhibiting Poly(A) Polymerase (PAP) or by recruiting a 3’-5’ exonuclease (grey Pac-
man); 2. Autoregulation: Like its S. cerevisiae counterpart, Nab2, ZC3H14 may bind to 
and autoregulate its own mRNA transcript via an A15 stretch present in the 3’UTR; and 
3. Generation of export-competent mRNPs: ZC3H14 could play a direct role in the 
generation of properly packaged mRNPs that are poised for export but most data to 
support this function comes from studies of S. cerevisiae Nab2. Alternatively, proper 
polyadenylation could be required to assemble export-competent mRNPs and the role for 
Nab2/ZC3H14 could be indirect. The novel cytoplasmic Pab, hnRNP-Q1 (yellow 
ellipse), plays a role in 4. Translation inhibition: hnRNP-Q1 competes with PABPC for 
binding to poly(A) tails and consequently preventing the formation of the translation 
initiation complex. The other novel cytoplasmic Pab, LARP4 (purple rectangle), is 
implicated in 5. Translation enhancement and increased mRNA stability: LARP4 inter-
acts with PABPC as well as the ribosome-associated protein, RACK1, to positively 
modulate mRNA translation and decay. The following factors are also incorporated into 
the model shown: Cap binding proteins 20 and 80 (CBP20/80); 7 methylguanosine cap 
(m7G); eukaryotic translation initiation factor 4E (eIF4E); eukaryotic translation initia-
tion factor 4G (eIF4G); and eukaryotic ribosome (80S). 
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FIGURE 1.4. HuR and TIA1, two U-rich RNA binding proteins, play multifunc-
tional roles in post-transcriptional processing. A) The domain structures for HuR and 
TIA1 are schematized here. HuR is a U-rich element RNA binding protein that binds 
primarily to the 3’UTRs of target transcripts via two N-terminal RNA Recognition 
Motifs (RRMs). A third C-terminal RRM has affinity for polyadenosine RNA and is 
thought to interact with the poly(A) tail. HuR localizes to the nucleus at steady-state but 
has been shown to shuttle between the nucleus and cytoplasm in response to various 
stimuli. The shuttling of HuR is mediated by the HuR Nucleocytoplasmic Shuttling 
sequence (HNS). TIA1 is another RNA binding protein with affinity for U-rich 
sequences. TIA1 contains three tandem RRMs followed by a prion-related Glutamine-
rich (Q-rich) domain. Extensive binding studies have established that RRM 2 is respon-
sible for binding to U-rich RNA while RRM3 enhances this binding event. RRM1 and 
the Q-rich domain mediate interactions with the U1 snRNP, which influences splice site 
selection. TIA1 also shuttles between the nucleus and cytoplasm, but displays a steady-
state nuclear localization. The nucleocytoplasmic shuttling of TIA1 is mediated by 
sequence elements in RRMs 2 and 3. B) The well-studied functions of HuR and TIA1 are 
schematized here. HuR and TIA1 are represented as an orange rectangle and red oval, 
respectively. All other proteins are in grey. TIA1 has a well-studied role in splicing. In the 
nucleus, TIA1 interacts with U-rich intronic sequences located downstream of 5’ weak 
splice sites (shown here binding downstream of exon 6 of the Fas pre-mRNA). Binding 
of TIA1 to these intronic sequences results in recruitment of the U1 snRNP (U1), which 
is one of the initial factors present at 5‘ splice sites and assists in the commitment to 
pre-mRNA splicing at that location. Therefore, TIA1 promotes the inclusion of otherwise 
“cryptic” exons. The Fas pre-mRNA is alternatively spliced to form two divergent 
protein products. The exon-included variant (shown here) encodes a membrane-bound 
Fas protein that transduces apoptotic signaling. TIA1 also has a well-studied role in 
translational repression in the cytoplasm. TIA1 interacts with U-rich elements in the 
3’UTR of target mRNAs and promotes the formation of a noncanonical preinitiation 
complex (composed of the 40S ribosomal subunit (40S), eIF3 (3) and other components, 
resulting an a 43S complex), which is a stress granule core component, thus resulting in 
stress granule recruitment and translational repression. HuR also binds to U-rich 
elements primarily within the 3’UTRs of target transcripts and in doing so, increases 
mRNA stability. The observed increase in stability is thought to be the result of HuR 
blocking the access of other destabilizing U-rich binding proteins, such as TTP, AUF1 
and BRF1, as well as exoribonucleases (Exo). HuR has also been shown to positively 
regulate the translation of target mRNAs via interactions with the 3’UTR. Finally, recent 
work has described a complex relationship between HuR and the miRNA machinery 
(RISC). These independent studies have observed both coordinate and competitive 
relationsips between HuR and miRNAs, suggesting that the role of HuR in interfacing 
with miRNAs is context- and transcript-dependent. The following factors are also incor-
porated into the model shown: poly(A) binding protein C1 (PABPC); open reading frame 
(ORF); 7 methylguanosine cap (m7G); eukaryotic translation initiation factor 4E 
(eIF4E); eukaryotic translation initiation factor 4G (eIF4G); and eukaryotic ribosome 
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Chapter 2: ZC3H14 ensures proper processing of 

ATP5G1 pre-mRNA 
 

A portion of this chapter is adapted from the following paper: 
 

Wigington, C.P., Newman, L.E., Morris, K.J. and Corbett, A.H. (2015) In resubmission. 
“The Polyadenosine RNA Binding Protein, Zinc Finger Cys3His Protein #14 (ZC3H14), 

Regulates the pre-mRNA Processing of a Key ATP Synthase Subunit mRNA.” 
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INTRODUCTION 

 

 The fate and function of a cell are determined not only by the spectrum of genes 

that are expressed but also the spatial and temporal regulation of expressed mRNAs 

(282). The processing of mRNAs is referred to as post-transcriptional processing and is 

critical to ensure proper cell health and function (8,283). A myriad of post-transcriptional 

regulatory RNA binding proteins execute the post-transcriptional program, which 

includes events such as the capping, splicing, 3’ end processing, export and localization 

of mRNAs (8). Precise expression and function of RNA binding proteins is critical to 

ensure the proper gene expression profile of a cell (283). The importance of RNA binding 

proteins is illustrated by the number of human diseases that result from mutation or 

dysregulation of these RNA binding proteins including links to cancer (284-286) and 

neuronal diseases (287-290). Understanding the role of newly discovered, or previously 

uncharacterized, RNA binding proteins in the post-transcriptional processing of target 

mRNAs is key in delineating the regulation of gene expression as well as molecular 

mechanisms underlying human disease.  

 

 One newly characterized RNA binding protein is the zinc finger polyadenosine 

RNA binding protein, Zinc finger CCCH protein #14, or ZC3H14 (148,154). Extensive 

biochemical studies show that ZC3H14 employs five evolutionarily conserved tandem 

Cysteine3Histidine (CCCH) zinc fingers to recognize polyadenosine RNA with high 

affinity and specificity (148). In contrast, the well-studied Poly(A) binding proteins 

(Pabs), Poly(A) Binding Protein Cytoplasmic 1 (PABPC1) and Poly(A) Binding Protein 
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Nuclear 1 (PABPN1), recognize polyadenosine RNA via globular RNA Recognition 

Motifs (98,116-118). Thus ZC3H14 presents a novel mode of polyadenosine RNA 

recognition and expands the Pab family of RNA binding proteins.  

 

As illustrated in Figure 2.1A, ZC3H14 is alternatively spliced to form at least four 

splice variants that encode four distinct protein isoforms (154). Isoforms 1-3 each contain 

an N-terminal Proline Tryptophan Isoleucine (PWI)-like domain (154), which mediates 

interactions with the nuclear pore (153), as well as a predicted classical Nuclear 

Localization Signal (cNLS) (154). The three longer isoforms of ZC3H14 are localized to 

the nucleus at steady-state (154); however, isoform 4, which lacks the exon containing 

the predicted cNLS, exhibits a steady-state cytoplasmic localization (154). All four 

described isoforms contain the five tandem C-terminal CCCH zinc fingers, and are 

therefore expected to interact with polyadenosine RNA with similar affinity (148,154). 

Interestingly, a recent study demonstrated that multiple patients from separate families in 

rural Iran possess loss-of-function mutations in the ZC3H14 genomic locus and have a 

severe form of autosomal recessive intellectual disability (150), suggesting a critical role 

for ZC3H14 in mRNA processing events that are necessary for proper neuronal function 

(290).  

 

The RRM-containing Pabs PABPC1 and PABPN1 have well-studied and 

ubiquitous roles in post-transcriptional processing (29); however, the role of ZC3H14 in 

post-transcriptional mRNA processing is unclear. Extensive work on the S. cerevisiae 

ortholog of ZC3H14, Nab2, reveals that this essential protein plays roles in poly(A) tail 
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length control (163), poly(A) mRNA export (159), target transcript stability (291) and 

RNA quality control in the nucleus (160,161). Genetic analyses performed in D. 

melanogaster reveal a conserved function of Drosophila Nab2 (dNab2) in post-

transcriptional processing, specifically in neurons (268), consistent with the brain 

dysfunction observed in patients. Understanding the role of ZC3H14 in human cells is not 

only critical to determine the molecular basis for the observed neuronal phenotype in 

patients, but also to integrate the function of ZC3H14 into our current understanding of 

the Pab family of proteins.  

 

To understand the role of ZC3H14 in human cells, we employed a genome-wide 

analysis to assess the consequence of ZC3H14 knockdown. Identifying transcripts that 

are modulated by the loss of ZC3H14 will not only provide useful candidate targets for 

the analysis of post-transcriptional processing defects, but also may provide insight into 

molecular mechanisms that could contribute to brain dysfunction in patients lacking 

ZC3H14. In this study, we provide evidence from our genome-wide study that ZC3H14 

has specific targets in human cells, as evidenced by the much smaller percentage of 

transcripts affected by knockdown of ZC3H14 than with another nuclear Pab, PABPN1. 

We selected and identified the ATP5G1 transcript as a specific target of ZC3H14. 

ATP5G1 encodes one of the proteins that comprise the C subunit of ATP synthase (292), 

which is responsible for the majority of ATP production in eukaryotic cells (293). We 

demonstrate that knockdown of ZC3H14 in human cells results in a decrease in ATP5G1 

steady-state mRNA levels and a corresponding reduction in cellular ATP levels. ZC3H14 

binds to the ATP5G1 transcript and positively regulates the pre-mRNA processing of 
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ATP5G1. Finally, we show that loss of ZC3H14 or ATP5G1 by siRNA-mediated 

knockdown leads to a severe mitochondrial fragmentation phenotype. Together, these 

results support a role for ZC3H14 in modulating the quality control of target mRNA 

transcripts. 

 

RESULTS 

 

Knockdown of ZC3H14 decreases ATP5G1 mRNA levels 

 

 Previous studies of ZC3H14 orthologs in model organisms suggest a spectrum of 

post-transcriptional functions (159,163,291) that may influence the fate of bound target 

transcripts (161). To examine the function of ZC3H14 in human cells, we sought to 

identify candidate target mRNA transcripts via an unbiased, genome-wide approach. To 

accomplish this goal, we performed a microarray analysis on MCF-7 cells, a commonly 

used human breast cancer cell line (ATCC HTB-22), transfected with either control 

scramble siRNA or siRNA targeting ZC3H14. To compare ZC3H14 to a more 

conventional Pab, we also performed knockdown of the well-studied nuclear Pab, 

PABPN1 (29,97,115). PABPN1 is predicted to bind to and regulate the 3’-end processing 

of numerous polyadenylated mRNAs (24,104,105) and has the potential to regulate the 

steady-state level of many cellular mRNAs. A recent study demonstrated that knockdown 

of PABPN1 in HeLa cells resulted in a ≥1.5-fold change of ~13.5% of expressed 

transcripts in those cells (3% and 10.5% increased and decreased, respectively) (139). If 

ZC3H14, as another nuclear Pab, also binds and regulates a large number of 

60



polyadenylated transcripts, we would expect to see similar effects on the number of 

mRNA transcripts affected upon knockdown of each nuclear Pab.  

 

As shown in Figure 2.1B, we achieve robust knockdown of both ZC3H14 and 

PABPN1 protein upon transfection with each specific siRNA. To identify differentially 

expressed transcripts between control cells or cells depleted of ZC3H14 or PABPN1, 

total RNA was used for cDNA generation and hybridized to the Illumina HumanHT-12 

v4 Expression BeadChip microarray platform. Significance Analysis of Microarrays 

(SAM) analysis was employed to determine statistically significant differentially 

expressed genes (≥1.5-fold change) between treatment groups. As shown in Figure 2.1C, 

knockdown of PABPN1 affected the steady-state level of 2,375 or ~17% of transcripts 

expressed in these cells, as calculated from our analyses (1,285 increased and 1,090 

decreased transcripts out of 13,722 total). However, knockdown of ZC3H14 resulted in a 

change in steady-state level of only 171 or ~1% of expressed transcripts (101 increased 

and 70 decreased transcripts out of 13,918 total). To validate the results of the microarray, 

we performed qRT-PCR analyses with primers to a selection of the ZC3H14-affected 

transcripts (Figure 2.1D). As shown in Figure 2.1D, the fold-changes calculated by qRT-

PCR analysis correlate strongly with the results of the microarray, supporting the validity 

of the genome-wide study. The observation that PABPN1 knockdown affects a 

significant percentage of expressed transcripts supports the well-studied role of PABPN1 

in 3’ end processing and polyadenylation of numerous mRNA transcripts (24,104,105) 

and is consistent with the previous study performed in HeLa cells (139). We hypothesize 

that the significantly smaller number of transcripts that show altered steady-state level 
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upon ZC3H14 knockdown represents a pool of transcripts that are regulated by ZC3H14 

in a specific manner.  

 

 To determine how ZC3H14 alters target transcripts, we selected one robustly 

affected target for further analysis. The ATP Synthase Subunit C1, or ATP5G1, transcript 

is robustly decreased (3-fold) upon knockdown of ZC3H14 (Figure 2.1E). However, 

ATP5G1 mRNA levels are not affected by knockdown of PABPN1 (Figure 2.1F), 

suggesting that it is not a general target of regulation by nuclear Pabs and that ATP5G1 

may in fact be specifically regulated by ZC3H14.  

 

To confirm that the effect of ZC3H14 on ATP5G1 steady-state levels is not 

limited to MCF-7 cells, we extended our analysis to a number of different human cells 

lines. As shown in Figure 2.1G, we achieved robust knockdown of ZC3H14 in HeLa 

(cervical adenocarcinoma, ATCC CCL-2), HEK293 (embryonic kidney, ATCC CRL-

1573), MB-231 (breast adenocarcinoma, ATCC HTB-26), and D556 (medulloblastoma, 

(294)) cells. Total RNA isolated from these cells was used for qRT-PCR analysis with 

ATP5G1 and the control ribosomal protein, large, P0 (RPLP0) primers. Results of this 

analysis revealed a consistent reduction of ATP5G1 steady-state mRNA levels across all 

cell lines tested (Figure 2.1G). Together these data demonstrate a robust and specific 

effect of ZC3H14 knockdown on the ATP5G1 transcript that is consistent across multiple 

human cell lines.  
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A previous study demonstrated that MCF-7 cells produce 80% of their ATP by 

oxidative phosphorylation (the remaining 20% coming from glycolysis) (295), whereas 

HeLa cells and many other cancer cell lines primarily use glycolysis for ATP production 

(296). Because we eventually wanted to investigate whether knockdown of ZC3H14 had 

an impact on cellular ATP levels and energy metabolism via regulation of ATP5G1, we 

used the MCF-7 cell line for our analyses throughout this study. Furthermore, we observe 

the largest impact on ATP5G1 steady-state levels upon ZC3H14 knockdown in MCF-7 

cells as compared to the other cell lines examined.  

 

Re-expression of ZC3H14 isoform 1 partially rescues the decrease in ATP5G1 

transcript 

 

To confirm that the effect on ATP5G1 is due specifically to depletion of ZC3H14, 

we performed a rescue experiment with siRNA-resistant Myc-tagged constructs of 

ZC3H14. To delineate the role of nuclear and cytoplasmic isoforms of ZC3H14 within 

this rescue experiment, we co-transfected plasmids expressing Myc-ZC3H14 Iso1 

(nuclear; see Figure 2.1A) or Myc-ZC3H14 Iso4 (cytoplasmic; see Figure 2.1A) with 

ZC3H14 siRNA into MCF-7 cells. As shown in Figure 2.2A, we achieve robust 

expression of both Myc-ZC3H14 isoform 1 and isoform 4. RNA isolated from these cells 

was used for cDNA generation and subsequent qRT-PCR analysis with primers to detect 

ATP5G1 and a control transcript, 18s rRNA.  As shown in Figure 2.2B, expression of the 

Myc-tagged ZC3H14 isoform 1 resulted in a significant rescue of steady-state ATP5G1 

mRNA levels, compared to knockdown alone. In contrast, Myc-ZC3H14 isoform 4 does 

63



not rescue the effect of knockdown on ATP5G1 levels, suggesting that the nuclear 

isoform of ZC3H14 is required to regulate ATP5G1 mRNA. Although the rescue 

achieved with Myc-ZC3H14 isoform 1 is significant, levels of ATP5G1 mRNA are not 

fully restored. This partial rescue could be due to expression of a single isoform of 

ZC3H14 (Iso1) when the endogenous gene encodes multiple isoforms of the protein (see 

Figure 2.1A). Together, these results demonstrate that the decrease of ATP5G1 mRNA 

levels is due to depletion of nuclear ZC3H14.  

 

ZC3H14 modulates cellular ATP levels 

 

 The ATP5G1 transcript encodes one of the 15 subunits of ATP synthase (293); 

specifically subunit C. Subunit C is one of the transmembrane components of the Fo 

portion of ATP synthase, which is responsible for proton translocation across the inner 

mitochondrial membrane (293). The proton-driven rotation of subunit C and subsequent 

rotation of the F1 stalk provides energy for ATP synthesis by subunit α and β in the 

mitochondrial matrix. Interestingly, the C subunit is comprised of multiple copies (eight 

in humans (297)) of the C protein, which are derived from multiple genomic loci 

(292,298,299). As schematized in Figure 2.3A, the ATP5G1, ATP5G2, and ATP5G3 

genes are nuclear-encoded genes that are transcribed from three separate genomic loci 

and give rise to unique mature mRNAs. These unique mRNAs encode precursor proteins 

with identical C-termini and unique N-terminal peptides that are cleaved upon 

mitochondrial import (292,298,299). Upon cleavage of the mitochondrial targeting 
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peptides, the identical protein products are integrated into the C subunit ring at an 

undetermined stoichiometry.  

 

Recent work suggests that although the three subunit C proteins are identical in 

sequence, they cannot functionally substitute for one another and are all required to 

constitute a fully functional C subunit (300,301). Previous studies suggest that the 

ATP5G1 transcript is expressed at the lowest levels among the three transcripts and is 

regulated distinctly from ATP5G2 or ATP5G3 (302,303). To determine the relative levels 

of ATP5G1, -2, and -3 in MCF-7 cells, we isolated RNA from untreated cells and 

performed qRT-PCR analysis with transcript-specific primers. As shown in Figure 2.3B, 

we found that the steady-state level of ATP5G1 mRNA is significantly lower than the 

level ATP5G2 or ATP5G3 in these cells, consistent with previous observations (302,303). 

To determine whether the effect of ZC3H14 knockdown is specific to ATP5G1, we 

performed knockdown of ZC3H14 and analyzed the steady-state level of each ATP5G 

mRNA in these samples. Consistent with the results of the microarray, ATP5G1 mRNA 

was the only subunit C mRNA affected by ZC3H14 knockdown, suggesting that ZC3H14 

specifically regulates expression of ATP5G1 (Figure 2.3C).  

 

 As schematized in Figure 2.3A, the mature protein products of the C subunit are 

completely identical, preventing us from determining whether knockdown of ZC3H14 

results in a specific decrease in the level of ATP5G1 protein. However, previous studies 

demonstrated that ATP5G1 is rate-limiting for ATP synthase assembly and function and 

therefore is critical for overall function of the complex and determining cellular ATP 

65



levels (265,266). We hypothesized that if the ZC3H14-dependent reduction of ATP5G1 

mRNA results in a decrease in steady-state protein levels, then we should observe a 

decrease in total cellular ATP levels. To determine whether knockdown of ZC3H14 

modulates cellular ATP levels, we performed a cellular ATP extraction followed by a 

luciferase-based ATP quantification assay (Figure 2.3D). As expected, treatment of cells 

with the electron transport chain inhibitor, rotenone (304), resulted in a significant 

decrease in cellular ATP levels (Figure 2.3D). Cells treated with siRNA targeting 

ATP5G1 directly or ZC3H14 also displayed significantly decreased cellular ATP levels, 

suggesting that ZC3H14 impacts the function of ATP5G1 (Figure 2.3D).  

 

To extend our analysis to other electron transport chain, or oxidative 

phosphorylation (OXPHOS), machinery mRNAs, we compared control cells treated with 

scramble siRNA to cells depleted for ZC3H14 and then performed qRT-PCR with 

primers specific to a set of transcripts that represent nuclear-encoded mitochondrial 

proteins from each of the five OXPHOS complexes (I: NDUFA4, II: SDHB, III: 

UQCRFS1, IV: CoxIV, and V: ATP5B) (305). As shown in Figure 2.3E, no change in 

steady-state mRNA levels of the OXPHOS subunit mRNAs examined was detected, 

supporting the idea that ZC3H14 does not play a general role in regulating OXPHOS or 

mitochondrial mRNAs and suggests that the observed impact on cellular ATP levels is 

not due to a general impact on mitochondrial health and/or function. Together these data 

demonstrate that ZC3H14 specifically regulates the steady-state level of ATP5G1 mRNA 

and suggest that ZC3H14 could play a role in regulating cellular ATP levels.  
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ZC3H14 binds to specific mRNAs 

 

 Extensive in vitro binding studies demonstrate that ZC3H14 recognizes 

polyadenosine RNA via five evolutionarily conserved CCCH zinc fingers (148), 

suggesting that ZC3H14 could bind to any and all polyadenylated mRNAs. However, in 

our microarray analysis we observed a small number of transcripts that showed 

significant changes in steady-state levels upon ZC3H14 knockdown. We hypothesized 

that this relatively small number of affected transcripts represents a set of target 

transcripts that are both bound and regulated at the steady-state RNA level by ZC3H14. 

To test whether ZC3H14 binds to ATP synthase subunit C mRNAs, we subjected MCF-7 

cells to RNA-IP analyses using ZC3H14 antibody-conjugated protein G beads. As shown 

in Figure 2.4A, we achieve robust purification of ZC3H14 in the ZC3H14 bound fraction 

with no purification in the pre-immune control bound fraction. To identify RNA 

transcripts that co-purify with ZC3H14, qRT-PCR analysis was performed (Figure 2.4B). 

We observe a significant enrichment of ATP5G1 mRNA upon purification of ZC3H14. 

We also observe enrichment of ATP5G3 mRNA, suggesting that while ZC3H14 can bind 

to both transcripts, it specifically modulates the steady-state level of only ATP5G1.  

 

A previous study in S. cerevisiae demonstrated that the ZC3H14 ortholog, Nab2, 

binds and autoregulates the levels of its own mRNA transcript via an internal encoded 

stretch of 26 adenosines within the 3’UTR (269). Like Nab2, the human ZC3H14 3’UTR 

contains an internal stretch of 15 adenosines that could confer binding by ZC3H14. 

Consistent with many other RNA binding proteins that bind their own transcripts (195), 
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we observe robust enrichment of ZC3H14 mRNA upon purification of ZC3H14 (Figure 

2.4B), suggesting that this mode of autoregulation is conserved in human cells. We did 

not, however, observe enrichment for the GAPDH, RPLP0 or ATP5G2 transcripts upon 

ZC3H14 purification (Figure 2.4B). Together, these results suggest that ZC3H14 does in 

fact bind to specific transcripts, such as ATP5G1, in MCF-7 cells. 

 

ZC3H14 interacts with ATP5G1 mRNA in the nucleus 

 

 As described earlier, isoforms 1-3 of ZC3H14 (which are recognized by the N-

terminal ZC3H14 antibody; Figure 2.1A) localize to the nucleus at steady-state (154). 

Although the ZC3H14 siRNAs used throughout this study target all known variants of 

ZC3H14, we observe rescue of ATP5G1 mRNA levels upon re-introduction of a nuclear 

isoform of ZC3H14 (Figure 2.2B). These results suggest that the effect of ZC3H14 on 

ATP5G1 mRNA a nuclear event. However, the S. cerevisiae ortholog of ZC3H14, Nab2, 

which also displays a steady-state nuclear localization, shuttles between the two 

compartments (159), suggesting that Nab2/ZC3H14 may have some role in the 

cytoplasm. 

 

To examine the effect of ZC3H14 knockdown in the nuclear and cytoplasmic 

compartments, we transfected cells with scramble or ZC3H14 siRNA and collected cells 

48 hours later. Whole cell, nuclear and cytoplasmic lysates were collected by 

nucleocytoplasmic fraction, as described in Experimental Procedures. To confirm robust 

knockdown in these samples as well as efficient fractionation, we subjected the samples 
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to immunoblot analysis with ZC3H14, Tubulin and HuR antibodies (Figure 2.5A). As 

expected, we observe primarily cytoplasmic and nuclear localization of Tubulin and 

HuR, respectively, confirming efficient fractionation of these cells. The lower exposure 

blot of ZC3H14 demonstrates robust knockdown of ZC3H14 as well as clear steady-state 

nuclear localization of ZC3H14. The higher exposure blot reveals a small pool of 

ZC3H14 present in the cytoplasm that is also reduced upon ZC3H14 knockdown (Figure 

2.5A).  

 

 To determine whether the steady-state level of ATP5G1 mRNA is decreased in a 

specific compartment upon ZC3H14 knockdown, we collected RNA from the nuclear and 

cytoplasmic samples in Figure 2.5A and performed qRT-PCR analyses with GAPDH, 

ZC3H14 and ATP5G1 primers. As shown in Figure 2.5B, we observe a robust decrease in 

steady-state ATP5G1 mRNA levels in the nuclear and cytoplasmic samples, suggesting 

that the effect of ZC3H14 knockdown of ATP5G1 mRNA levels is, at least in large part, 

a nuclear event. As expected, we observe significant reduction in ZC3H14 steady-state 

mRNA levels upon knockdown with no change in the steady-state levels of the control, 

GAPDH transcript (Figure 2.5B). 

 

 We hypothesize that the observation of a nuclear effect on ATP5G1 mRNA levels 

could be due to a binding event between ZC3H14 and ATP5G1 specifically in the 

nucleus. To determine whether ZC3H14 binds to the ATP5G1 transcript in the nucleus 

and/or cytoplasm of MCF-7 cells, we performed ZC3H14 RNA-IP analyses on nuclear 

and cytoplasmic samples. As shown in Figure 2.5C, we achieve efficient fractionation of 
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these cells, as evidenced by the primarily cytoplasmic and nuclear localization of Tubulin 

and HuR, respectively. We also observe significantly more ZC3H14 in the nuclear 

samples, as expected. Despite the difference in ZC3H14 levels between the two 

compartments, we observe robust enrichment of ZC3H14 in the bound fractions from 

each compartment, with no enrichment in the pre-immune control samples (Figure 2.5C).  

 

RNA isolated from input and bound fractions within each compartment were 

subjected to qRT-PCR analyses with GAPDH, ATP5G1 and ZC3H14 primers. As shown 

in Figure 2.5D, we observe significant enrichment of ATP5G1 mRNA upon purification 

of ZC3H14 in the nucleus, but not in the cytoplasm. We also observe modest, but 

significant enrichment for GAPDH mRNA in the nuclear fraction only. Interestingly, we 

observe robust enrichment for ZC3H14 mRNA in the nuclear and cytoplasmic fractions, 

suggesting that the mode of ZC3H14 binding to its cognate mRNA is different than other 

mRNAs examined, potentially via interactions with the conserved, internal polyadenosine 

sequence in the 3’UTR. Together, these data suggest that ZC3H14 interacts with the 

ATP5G1 transcript specifically within the nucleus and that ZC3H14 may play a role in 

modulating nuclear processing events that are involved in the maturation of ATP5G1 

mRNA. 

 

ZC3H14 is involved in the pre-mRNA processing of ATP5G1  

 

 The observation that ZC3H14 has a specific effect on the nuclear pool of ATP5G1 

mRNA suggests that ZC3H14 may be involved in nuclear processing events surrounding 
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the maturation of the ATP5G1 transcript. Previous studies performed in yeast suggest that 

Nab2 is involved in the generation of export-competent mRNPs (160,161). To determine 

whether ATP5G1 pre-mRNA levels are affected upon knockdown of ZC3H14, we 

performed qRT-PCR analysis with ATP5G1 and RPLP0 pre-mRNA primers with RNA 

collected from the whole and fractionated cell samples in Figures 2.5A and B. As shown 

in Figure 2.6A, knockdown of ZC3H14 did not have a significant effect on the whole cell 

or nuclear population of ATP5G1 pre-mRNA levels, supporting preliminary data (not 

shown) that ZC3H14 does not have an effect on transcription. However, we do observe 

an increase in ATP5G1 pre-mRNA levels in the cytoplasm upon ZC3H14 knockdown, 

resulting in a significantly decreased nuclear:cytoplasmic ratio of ATP5G1 pre-mRNA. 

As expected, we did not observe any significant changes in the levels or distribution of 

the control RPLP0 pre-mRNA (Figure 2.6A, right). 

 

 The observation that reduction of ZC3H14 results in a shift in the distribution of 

ATP5G1 pre-mRNA in these cells suggests that ZC3H14 may interact with pre-mRNAs 

to coordinate pre-mRNA processing/maturation events. To address this hypothesis, we 

performed qRT-PCR analyses with RPLP0, RPLP0 pre-mRNA, ATP5G1, ATP5G1 pre-

mRNA and ZC3H14 primers on RNA isolated from the input and bound fractions of 

ZC3H14 RNA-IPs (Figure 2.4A). Consistent with previous analyses, we achieve robust 

enrichment of ATP5G1 and ZC3H14 mRNA upon purification of ZC3H14 (Figure 2.6B); 

however, we do not observe significant enrichment of RPLP0 mRNA. Intriguingly, we 

observe robust enrichment of ATP5G1 and RPLP0 pre-mRNAs upon ZC3H14 pulldown, 

in fact, at significantly higher levels that their respective mature mRNAs (Figure 2.6B).  
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 Together, these data support a model (Figure 2.6C, left panel) where ZC3H14 

interacts with pre-mRNAs in the nucleus, likely via interactions with the poly(A) tail, and 

coordinates post-transcriptional processing events on specific pre-mRNAs (such as 

ATP5G1). The coupling of these processing events leads to the generation of export-

competent mRNPs and prevents aberrantly/incompletely-processed mRNAs from exiting 

the nucleus. In cells with reduced levels of ZC3H14 (Figure 2.6C, right panel), ZC3H14 

is unable to recruit and/or coordinate nuclear post-transcriptional processing events on 

target transcripts, resulting in decreased production of mature target mRNAs (such as 

ATP5G1) and an increase in improperly/incompletely-processed mRNAs in the 

cytoplasm.   

 

Knockdown of ZC3H14 causes mitochondrial fragmentation phenocopying loss of 

ATP5G1 

 

A previous study demonstrated that decreasing the steady-state level of ATP5G1 

mRNA results in altered mitochondrial morphology (306), consistent with the idea that 

proper mitochondrial health and function are critical for normal mitochondrial 

morphology (307,308). These data, along with our observation that knockdown of 

ZC3H14 results in a significant decrease in steady-state ATP5G1 levels and subsequently 

cellular ATP levels, suggest that the loss of ZC3H14 might affect mitochondrial 

morphology. To assess any changes in mitochondrial morphology, we transfected cells 

with siScramble, siATP5G1, or siZC3H14. After 48 hours, we fixed cells and stained for 
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either cytochrome C (a mitochondrial intermembrane space protein (309)) or HSP60 (a 

mitochondrial matrix protein (310)). Control cells either treated with no siRNA (not 

shown) or treated with scrambled siRNA (Figure 2.6A, left panel) exhibited normal 

mitochondria with a tubular, threadlike morphology. In contrast, cells transfected with 

ZC3H14 siRNA display mitochondria that are spherical and smaller than those imaged in 

unaffected cells (Figure 2.6A, middle panel). In agreement with previous work (301), we 

observed a fragmented mitochondrial phenotype in cells transfected with ATP5G1 

siRNA (Figure 2.6A, middle panel). Consistent with the observation that ZC3H14 

decreases the steady-state level of ATP5G1, we also observed a similar degree of 

mitochondrial fragmentation in cells treated with siZC3H14 (Figure 2.6A, right panel). 

For quantification, cells were scored on the basis of normal mitochondria (predominantly 

tubular) or fragmented mitochondria (predominantly spherical). As quantified in Figure 

2.6B, samples transfected with either ZC3H14 siRNA or ATP5G1 siRNA had three times 

as many cells with fragmented mitochondria as control cells, representing 30% of the cell 

population. We estimate a ~60% transfection efficiency in the MCF7 cells, so this 30% 

represents roughly half of transfected cells that show altered mitochondrial morphology. 

Therefore, we conclude that loss of ZC3H14 causes mitochondrial fragmentation and also 

phenocopies the loss of ATP5G1. 

 

Mitochondrial fragmentation is commonly observed in cells undergoing apoptosis 

(311). To determine whether knockdown of ATP5G1 or ZC3H14 induces apoptosis, 

causing the observed mitochondrial fragmentation phenotype, we analyzed levels of 

cleaved Poly (ADP-ribose) Polymerase (PARP). PARP is cleaved during programmed 
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cell death (312) and is therefore a marker for apoptosis. As shown in Figure 2.6C, 

treatment of cells with Staurosporine, a protein kinase C inhibitor and potent inducer of 

apoptosis (313), resulted in PARP cleavage. However, treatment of cells with mock 

transfection, siScramble, siZC3H14 or siATP5G1 resulted in no detectable PARP 

cleavage product, suggesting that cells treated with siRNA are not undergoing apoptosis. 

Furthermore, no evidence of cytochrome C release (another marker of cells undergoing 

apoptosis (314)) was observed in the mitochondrial staining images of siRNA-treated 

cells (data not shown), providing additional support that knockdown of ZC3H14 or 

ATP5G1 does not trigger apoptosis. 

 

DISCUSSION 

 

In this study, we performed a genome-wide analysis to assess the impact of 

ZC3H14 depletion on the steady-state levels of mRNA transcripts. Compared to cells 

treated with PABPN1 siRNA which displayed a modulation (≥1.5-fold increase or 

decrease) in the steady-state level of ~17% of all expressed transcripts, knockdown of 

ZC3H14 lead to a significant change in the steady-state level of only ~1% of all 

expressed transcripts. These results have several implications. First, ZC3H14 could target 

a very specific subset of RNAs. Alternatively, ZC3H14 could impact gene expression in 

a manner that does not alter steady-state poly(A) RNA levels. For instance, ZC3H14 

could modulate the localization and/or translation of target transcripts. The microarray 

employed also would not detect changes in mRNA export from the nucleus or even 

splicing within the nucleus. Although our microarray platform can detect many common 
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splice variants of certain genes, we are limited in the splicing events that we can observe 

upon depletion of ZC3H14. Finally, depletion of ZC3H14 could impact RNA transcripts 

not present on the microarray platform such as long noncoding RNAs or miRNAs. 

However, there are a number of candidate targets identified from the microarray analysis 

that do demonstrate a change in the steady-state level upon knockdown of ZC3H14, 

suggesting that ZC3H14 may function in regulating the transcription, processing and/or 

stability of this subset of mRNAs.  

 

To understand the precise manner in which ZC3H14 regulates target transcripts 

that are affected at steady-state levels, we selected the robustly affected transcript, 

ATP5G1, which encodes a key ATP synthase subunit C protein (292). The results from 

the microarray analysis revealed that knockdown of ZC3H14 and not PABPN1 resulted 

in a nearly three-fold decrease in the steady-state level of ATP5G1 mRNA in MCF-7 

cells, suggesting that this transcript is specifically regulated by ZC3H14 and is not a 

general target of nuclear Pabs. We validated and extended the results of the microarray 

analysis not only to other human cell lines, but also to the other ATP synthase subunit C 

mRNAs, ATP5G2 and -3. ZC3H14 knockdown leads to a specific reduction in ATP5G1 

mRNA in all cell types tested but not the other two ATP5G transcripts. Finally, we 

achieve partial rescue of ATP5G1 mRNA levels upon re-introduction of a tagged nuclear 

isoform of ZC3H14 (isoform 1), but not the cytoplasmic isoform 4, suggesting that the 

nuclear isoforms of ZC3H14 are important for maintaining control of ATP5G1 mRNA 

levels. 
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Nucleocytoplasmic fractionation reveals that the effect of ZC3H14 knockdown on 

ATP5G1 levels is, at least in large part, a nuclear event. Interestingly, RNA-IP analyses 

performed on fractionated cells reveal a clear enrichment for ATP5G1 mRNA only in the 

nuclear compartment. Further support for a role for ZC3H14 in nuclear processing of 

ATP5G1 mRNA is evidenced by the significantly decreased nuclear:cytoplasmic ratio of 

ATP5G1 pre-mRNA caused by an increase in ATP5G1 pre-mRNA in the cytoplasm. 

Finally, RNA-IP analyses reveal that upon purification of ZC3H14, we observe 

significantly higher enrichment for ATP5G1 pre-mRNA than the mature ATP5G1 

mRNA, suggesting preferential association with transcripts still undergoing nuclear 

processing. These findings are consistent with a recent study in S. pombe that 

demonstrate a role for Nab2 in acting at the level of the unspliced pre-mRNA and playing 

a role in promoting mRNAs that are competent for export to the cytoplasm (170). We 

hypothesize that the inability to properly coordinate the nuclear processing of the 

ATP5G1 pre-mRNA results in a significant decrease in the production of mature ATP5G1 

mRNA. 

 

The observed decrease in ATP5G1 steady-state mRNA levels correlates with 

decreased cellular ATP levels and a striking mitochondrial fragmentation phenotype, 

phenocopying loss of ATP5G1. Importantly, knockdown of ZC3H14 does not trigger 

PARP cleavage, suggesting that the effect on mitochondrial health and function is not 

indicative of initiation of the apoptotic program. Together these data support a model 

where ZC3H14 positively regulates the steady-state levels of a specific target transcript 

that plays a critical role in cellular respiration.  
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The protein product of ATP5G1 is critical for maintaining cellular energy levels, 

as evidenced by the fact that ATP synthase levels are determined by ATP5G1 levels in 

certain tissues (266). ATP5G1 is the most evolutionarily divergent of the three C subunit 

genes (302) and is regulated differently at the transcriptional level (302) as well as in 

response to various stimuli (315). Aside from our current study, the only other work 

examining the post-transcriptional processing of the ATP5G1 transcript is from studies 

performed in rat neuronal cells, which demonstrate that the ATP5G1 transcript is 

localized to and locally translated in axonal tips (306) and is a functional target of miR-

338 (316). Loss of ATP5G1 expression specifically in axons resulted in decreased ATP 

levels, increased reactive oxygen species (ROS), and an attenuation of axonal growth 

rates (306), suggesting that ATP5G1 plays a key role in maintaining proper energy 

metabolism in neurons. These data provide evidence for an additional mechanism that 

cells employ to ensure tight regulation of ATP5G1 and, in turn, proper ATP production. 

Furthermore, this study reveals another example of how ATP5G1 is specifically and 

differentially regulated as compared to the other ATP5G mRNAs and their respective 

protein products. 

 

The ATP5G1 transcript not only serves as a good target for delineating the role of 

ZC3H14 in post-transcriptional processing, but also provides possible insight into the 

molecular mechanisms that underlie the observed intellectual disability in patients with 

mutation of ZC3H14 (150). The observed general effect on ATP5G1 observed upon 

ZC3H14 knockdown in multiple, diverse cell lines (including a human neuronal cell line) 
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supports the model that ZC3H14 plays a conserved and important role in neurons. Recent 

work on D. melanogaster Nab2 (dNab2) demonstrates that re-expression of dNab2 (150) 

ZC3H14 isoform 1 (268) specifically in the neurons of dNab2 null flies rescues 

developmental and locomotor defects observed in these flies (150,268). These studies 

underscore the importance of ZC3H14 in the brain and demonstrate that re-expression in 

neurons is sufficient to restore function.  

 

Properly functioning mitochondria are clearly important in all cell types, but 

particularly in the cells of the brain, which are responsible for the consumption of 25% 

and 20% of our daily glucose and oxygen consumption, respectively (317,318). Neurons 

rely almost exclusively on ATP production via oxidative phosphorylation (319) and are 

unable to switch to glycolysis when oxidative phosphorylation becomes limited (320). In 

this study, we found a ~30% drop in cellular ATP levels with knockdown of either 

ZC3H14 or ATP5G1. In particular, knockdown of either protein caused a similar loss of 

ATP as compared to rotenone, an electron transport chain inhibitor (304). From these 

data, we conclude that energy production is compromised in cells where ZC3H14 is lost, 

suggesting a possible respiration defect. In addition, loss of either ZC3H14 or ATP5G1 

severely altered mitochondrial morphology, resulting in smaller, round mitochondria. The 

mitochondrial fragmentation phenotype is frequently observed with loss of electron 

transport chain function (321-323). Though it is appreciated that fragmentation results 

from an imbalance of mitochondrial fission and fusion and that these are coupled to 

energy metabolism, regulation of these processes remains an active area of research 

(324,325). Of note, disruption of normal fission/fusion is observed in many neurological 
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disease, including dominant optic atrophy, Charcot-Marie-Tooth type 2A, Parkinson’s 

disease, Alzheimer’s disease, and Huntington’s disease (267). Therefore, we conclude 

that regulation of ATP5G1 by ZC3H14 is likely to have effects on mitochondria that 

could be detrimental to neurons. 

 

A major research question is how ubiquitously expressed RNA binding proteins 

with general roles in mRNA processing are implicated in tissue-specific disease. For 

instance, a mutation in the gene encoding the ubiquitously expressed nuclear Pab, 

PABPN1, results in a very specific form of muscular dystrophy that affects the ocular and 

pharyngeal muscles (96). How these specific craniofacial muscles are selectively 

impacted when all cell types have a requirement for mRNA 3’ end processing and 

polyadenylation events is yet to be determined. Similarly, the patients that possess loss-

of-function mutations in ZC3H14 have a non-syndromic form of intellectual disability 

(150). Why a loss of ZC3H14 in all tissues would result in a brain-specific phenotype is 

an intriguing question. In fact, many RNA binding proteins are implicated in neuronal 

disease (171). Perhaps there are critical binding partners for ZC3H14 found only in 

neurons. Alternatively, the high energy requirements found in this highly specialized cell 

type make them more vulnerable to a loss or reduction of this critically important protein. 

We hypothesize that ZC3H14, by ensuring the proper pre-mRNA processing of the 

ATP5G1 transcript, plays a critical role in maintaining proper cellular energy levels and, 

in turn, mitochondrial health and signaling at neuronal synapses. 
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Table 2.1. Primer sequences used in this study. 

 

 

Gene Name Forward Reverse 
18s rRNA GAGACTCTGGCATGCTAACTAG GGACATCTAAGGGCATCACAG 

RPLP0 GGGCGACCTGGAAGTCCAACT CCCATCAGCACCACAGCCTTC 
GAPDH AAGGTCGGAGTCAACGGATTTGG GATGACAAGCTTCCCGTTCTC 
ZC3H14 CTACCATCACCCCATCTCAC AGGGACAATCTGGTTTAGTACAC 
ATP5G1 CCTCCTTCTTGAATAGCCCAG CCCCAGCACCAATAAACTTG 

Pre-ATP5G1 GAGTCAGCCACCTGTCCTTATGCC CTGGTCTGGAACTCCCGTCTGG 

Pre-RPLP0 GTGGCCATGGATCTGCTGGTTGTC CCCACTTTGTCTCCAGTCTTGATCAG
CTG 
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Figure 2.1: Knockdown of ZC3H14 decreases ATP5G1 mRNA levels in all cell types 
examined. A) ZC3H14 is alternatively spliced to form at least four distinct protein 
isoforms (Iso1-4); three longer isoforms (Iso1-3) and a shorter isoform (Iso4). All 
isoforms contain the C-terminal CCCH5 zinc finger domain (blue) that confers RNA 
binding. Isoforms 1-3 differ from one another only in selective inclusion of exons 10-12 
(teal and dark grey). These isoforms all contain an N-terminal Proline Tryptophan 
Isoleucine-like (PWI-like) fold as well as a predicted classical NLS (cNLS). Consistent 
with the presence of a cNLS, Iso1-3 are all localized to the nucleus at steady-state. 
ZC3H14 isoform 4 contains a distinct N-terminal exon (white). As the cNLS is absent 
from this isoform, Iso4 localizes to the cytoplasm at steady-state. The ZC3H14 antibody 
used in this study recognizes the N-terminal domain of isoforms 1-3 (Antibody Epitope). 
B) To assess knockdown, MCF-7 cells transfected with scramble (Scr.), ZC3H14 (ZC3), 
or PABPN1 (PAB) siRNA were subjected to immunoblot analysis with ZC3H14 or 
PABPN1 antibody and control antibodies to detect Tubulin and Heat Shock Protein 90 
(HSP90). Robust knockdown of ZC3H14 and PABPN1 was observed with no effect on 
tubulin or HSP90 (controls). C) Total RNA isolated from MCF-7 cells transfected as in 
(B) was used for cDNA generation and hybridization to the Illumina BeadChip microar-
ray platform. A schematic is shown indicating the relative number of transcripts that show 
a change (>1.5-fold) in steady-state level for each knockdown with size of circle repre-
senting fraction of transcripts impacted. Significance Analysis of Microarrays (SAM) 
analysis revealed that 171 out of 13,918 (~1%) of expressed transcripts in the transfected 
cells were affected (increased or decreased) by knockdown of ZC3H14 (101 increased 
and 70 decreased), whereas PABPN1 knockdown modulated 2,375 out of 13,722 (~17%) 
expressed transcripts (1,285 increased and 1,090 decreased). D) Fold-change values of 
select affected transcripts identified by the microarray analysis were plotted against 
fold-changes of the same select transcripts obtained by qRT-PCR analyses. Linear regres-
sion was used to determine the R2 value of 0.91, which represents a significant correla-
tion between the results of both analyses and validates the effect on the transcripts 
analyzed. E) and F) Total RNA isolated from MCF-7 cells treated with mock transfection 
(Mock), scramble siRNA (siScr.), ZC3H14 (siZC3H14, Panel E) or PABPN1 (siPABPN1, 
Panel F) siRNA was used for cDNA generation and qRT-PCR analysis with transcript-
specific primers to detect ATP5G1 and the control RPLP0 mRNA. Knockdown of 
ZC3H14 (Panel E), but not PABPN1 (Panel F), results in a significant decrease in 
ATP5G1 steady- state mRNA levels. G) HeLa, HEK293, MB-231 and D556 cells (left to 
right) were transfected with scramble or ZC3H14 siRNA. Transfected cells were 
subjected to immunoblot analysis to confirm knockdown (top) with ZC3H14 and Tubulin 
(control) antibodies as well as qRT-PCR analysis (bottom) with ATP5G1 and RPLP0 
(control) primers. Robust knockdown of ZC3H14 in each cell type resulted in a signifi-
cant decrease in ATP5G1 steady-state mRNA levels. Values represent the mean ± SEM 
for n=3 independent experiments. ** and *** represent p≤0.01 and p≤0.001, respectively. 
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Figure 2.2: Re-expression of ZC3H14 isoform 1 restores ATP5G1 transcript levels. 
To rescue the effect of ZC3H14 knockdown on ATP5G1 mRNA levels, MCF-7 cells 
were transfected with either scramble (siScr.) or ZC3H14 (siZC3) siRNA alone or 
co-transfected with ZC3H14 siRNA and pcDNA3 (Vector), Myc-tagged ZC3H14 
Isoform 1 (Iso1), or Myc-tagged ZC3H14 Isoform 4 (Iso4) for 48 hours. The Myc-tagged 
ZC3H14 constructs harbor silent mutations in the ZC3H14 siRNA-targeting regions and 
are therefore refractory to siRNA knockdown. Transfected cells were subjected to immu-
noblot analysis (A) with ZC3H14, Tubulin (control) or Myc antibody and qRT-PCR 
analysis (B) with primers specific to ATP5G1 and control 18s rRNA. Scramble control 
values are set to 1.0 and fold-reduction of ATP5G1 mRNA is represented on a log2 axis. 
A significant rescue of ATP5G1 mRNA upon re-expression of Myc-Iso1 but not –Iso4 is 
indicated by *, which represents p≤0.05.Values represent the mean ± SEM for n=3.
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Figure 2.3: ZC3H14 modulates cellular ATP levels. A) The ATP5G1, ATP5G2 and 
ATP5G3 transcripts are transcribed from three separate genomic loci on chromosomes 
(Chr.) 17, 12 and 2, respectively. The ATP5G1, -2, and -3 genes and their corresponding 
mRNAs have varying lengths (reported in base pairs, bp; thin bars=introns, thicker 
bands=UTRs, boxes=coding regions) and encode distinct protein products (P1, P2, and 
P3). ATP5G2 is alternatively spliced to form two distinct mRNAs and subsequent protein 
products, P2a and P2b. The encoded protein products contain identical C-termini with 
variable N-terminal mitochondrial targeting peptides (red, with the number of amino 
acids indicated) that are cleaved (red lightning bolt) upon import into the mitochondria. 
The resulting mature protein products (dark grey) are completely identical in amino acid 
sequence (76 amino acids). B) Total RNA isolated from MCF-7 cells was used for qRT-
PCR analysis with primers specific to each of the ATP5G mRNAs. The relative value of 
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each ATP5G mRNA was calculated by 2^-Ct and is reported as relative units. C) MCF-7 
cells transfected with scramble control or ZC3H14 siRNA were subjected to RNA isola-
tion and qRT-PCR analysis with primers specific to all three ATP5G mRNAs as well as 
the control transcript, RPLP0. Values are set to 1.0 for siScramble and normalized to 
RPLP0. Knockdown of ZC3H14 results in a specific and robust decrease in ATP5G1 
steady-state mRNA levels. D) To assess cellular ATP levels, cells treated with vehicle 
control, the electron transport chain inhibitor, rotenone, scramble siRNA, or siRNA 
targeting ATP5G1 or ZC3H14 were subjected to boiling water extraction and ATP level 
quantification using a luciferase-based assay. Cellular ATP levels are normalized to 
vehicle control or siScramble which are both set to 1.0 and plotted as relative ATP levels. 
ZC3H14 knockdown results in decreased cellular ATP levels similar to that observed 
with rotenone treatment or knockdown of ATP5G1. E) Cells treated with a mock trans-
fection, scramble siRNA, or ZC3H14 siRNA were harvested and total RNA was used for 
qRT-PCR analyses. Primers specific to one representative nuclear-encoded mitochondrial 
mRNA from each OXPHOS complex as well as the control transcript, RPLP0, were used 
to assess any overall impacts of ZC3H14 on steady-state levels of transcripts encoding 
OXPHOS components I: NDUFA4, II: SDHB, III: UQCRFS1, IV: CoxIV, and V: ATP5B. 
Relative mRNA values for each OXPHOS mRNA from mock transfection are set to 1.0. 
Values represent the mean ± SEM for n=3 independent experiments. ** and *** repre-
sent p≤0.01 and p≤0.001, respectively.
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Figure 2.4: ZC3H14 binds to select mRNAs. Endogenous nuclear isoforms of ZC3H14 
were immunoprecipitated from MCF-7 cells using either ZC3H14 antibody-bound 
protein A/G beads or rabbit pre-immune serum-coated beads. A) Proteins from the Input 
(I), unbound (UB) and bound (B) fractions were resolved on an SDS-PAGE gel and 
subjected to immunoblotting with ZC3H14 antibody. The nuclear ZC3H14 isoforms 
were detected in the ZC3H14-bound fraction but not the pre-immune bound fraction. B) 
RNA isolated from the ZC3H14 RNA-IP was subjected to qRT-PCR analyses with 
GAPDH, RPLP0, ATP5G1, ATP5G2, ATP5G3 and ZC3H14 primers. mRNA levels in the 
ZC3H14 bound fractions were normalized to input levels and then compared by fold-
enrichment over pre-immune control. Significant enrichment of ATP5G1, ATP5G3 and 
ZC3H14 transcripts was observed with ZC3H14 IP. Values represent the mean ± SEM 
for n=3. ** and **** represent p≤0.01 and p≤0.0001, respectively.
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Figure 2.5: ZC3H14 binds to ATP5G1 mRNA specifically in the nucleus. To deter-
mine if the effect on ATP5G1 mRNA levels upon ZC3H14 knockdown is specific to a 
particular compartment, MCF-7 cells were transiently transfected with either Scramble 
(Scr.) or ZC3H14 (ZC) siRNA. Transfected cells were collected 48 hours later and 
subjected to nucleocytoplasmic fractionation. A) Protein from Whole Cell (W.C.), 
Nuclear (Nuc.) and Cytoplasmic (Cyto.) samples were subjected to immunoblot analysis 
with ZC3H14, Tubulin and HuR antibodies. As expected and consistent with clean 
fractionation, HuR and Tubulin display primarily nuclear and cytoplasmic localizations, 
respectively. Con
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sistent with a previous study demonstrating steady-state nuclear localization of ZC3H14 
in HeLa cells, we detect ZC3H14 primarily in the nucleus of MCF-7 cells. Robust 
knockdown of ZC3H14 in the whole cell and nuclear fractions is shown in the lower 
exposure blot (Low Exp.). A higher exposure (High Exp.) of the same blot demonstrates 
robust ZC3H14 knockdown in the cytoplasmic fraction as well. B) Total RNA isolated 
from samples in (A) was used for cDNA generation and qRT-PCR analysis with GAPDH, 
ZC3H14 and ATP5G1 primers. Knockdown of ZC3H14 resulted in a robust decrease of 
ZC3H14 and ATP5G1 steady-state mRNA levels in the nucleus and cytoplasm. To 
determine whether ZC3H14 interacts with ATP5G1 mRNA in the nucleus and/or cyto-
plasm, MCF-7 cells were subjected to nucleocytoplasmic fractionation followed by 
RNA-IP, as in Figure 4. C) Proteins from the Input (I), unbound (UB) and bound (B) 
fractions were subjected to immunoblot analysis with ZC3H14, HuR and Tubulin 
antibodies. We achieve robust enrichment of ZC3H14 in each compartment. As expected, 
HuR and Tubulin are present primarily in the nuclear and cytoplasmic fractions, respec-
tively. D) Total RNA isolated from the ZC3H14 RNA-IP in each compartment was 
subjected to qRT-PCR analysis with GAPDH, ATP5G1 and ZC3H14 primers. mRNA 
levels in the ZC3H14 bound fraction of each compartment were normalized to input 
levels and then compared by fold-enrichment over pre-immune control. Significant 
enrichment of GAPDH, ATP5G1 and ZC3H14 mRNAs was observed in the nucleus; 
however, ZC3H14 was the only transcript enriched in the cytoplasmic samples. Data 
points represent the mean ± SEM for n=3 independent experiments. *, *** and **** 
represent p≤0.05, p≤0.001 and p≤0.0001, respectively.
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Figure 2.6: ZC3H14 is involved in the pre-mRNA processing of ATP5G1. A) Total 
RNA isolated from cells in Figure 5A were subjected to qRT-PCR analysis with primers 
to detect ATP5G1 (left) and RPLP0 (right) pre-mRNA. Knockdown of ZC3H14 did not 
affect the nuclear steady-state levels of ATP5G1 or RPLP0 pre-mRNA; however, cyto-
plasmic ATP5G1 pre-mRNA levels increased in the ZC3H14 knockdown samples. 
Cytoplasmic RPLP0 pre-mRNA levels were unchanged in the same samples. The 
Nuclear:Cytoplasmic (N/C) ratio of ATP5G1 pre-mRNA is significantly decreased upon 
ZC3H14 knockdown, likely due to the increased cytoplasmic levels of ATP5G1 pre-
mRNA. The N/C ratio of RPLP0 pre-mRNA is unchanged upon ZC3H14 knockdown. B) 
RNA isolated from samples in Figure 4 were subjected to qRT-PCR analysis with RPLP0, 
RPLP0 pre-mRNA (Pre-RPLP0), ATP5G1, ATP5G1 pre-mRNA (Pre-ATP5G1) and 
ZC3H14 primers. Consistent with the results from Figure 4B, we observe significant 
enrichment of ATP5G1 and ZC3H14 mRNAs in the ZC3H14 bound fraction. Interest-
ingly, we observe significantly higher enrichment of RPLP0 and ATP5G1 pre-mRNA 
levels compared to their respective mature transcripts. C) Left: In cells with normal levels 
of ZC3H14 (Z; pink, five-fingered shape), ZC3H14 interacts with poly(A) tails through-
out nuclear processing events to ensure the coordination of proper pre-mRNA 
(represented with grey exons and including introns) processing events as well as and to 
couple these events to export, resulting in the selective export of export-competent 
mRNPs (represented with green, spliced exons). ZC3H14 is likely removed during the 
process of export (black dotted arrow). The proper production and export of ATP5G1 
mRNA maintains a healthy pool of mitochondria (green ovals at bottom of image). Right: 
In cells with reduced ZC3H14 levels, post-transcriptional processing events are not 
properly coordinated, resulting in a decrease in the production of mature mRNA and an 
increase in improperly and/or incompletely processed pre-mRNAs in the cytoplasm and a 
disruption in normal mitochondrial morphology (red shapes at bottom of image). Data 
points represent the mean ± SEM for n=3 independent experiments. *, **, *** and **** 
represent p≤0.05, p≤0.01, p≤0.001 and p≤0.0001, respectively.
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Figure 2.7: Knockdown of ZC3H14 results in fragmented mitochondria. A) MCF-7 
cells transfected with either scramble (left), ATP5G1 siRNA (middle), or ZC3H14 (right) 
were fixed, permeabilized, and subjected to immunofluorescence with cytochrome C 
antibody. Insets are enlarged from the boxed regions of cells to better highlight mito-
chondrial morphology. Mitochondrial morphology in cells transfected with scrambled 
siRNA was indistinguishable from cells transfected with no siRNA (data not shown). B) 
Cells were scored for the presence of normal or fragmented mitochondria. Data is repre-
sented as a mean averaged from three independent experiments (N=304 for mock trans-
fected cells, 311 for scrambled siRNA, 307 for ZC3H14 siRNA, 307 for ATP5G1 
siRNA). The difference between control cells and either ZC3H14 or ATP5G1 cells was 
statistically significant. C) MCF-7 cells treated with mock transfection, scramble, 
ZC3H14, or ATP5G1 siRNA or the apoptotic inducer Staurosporine (Staur.) were 
subjected to immunoblot analysis with PARP or tubulin antibody. The presence of 
Cleaved PARP product only in the Staurosporine-treated samples suggests that the other 
cell populations are not undergoing apoptosis. Values represent the mean ± SEM for n=3 
independent experiments. ** represents p≤0.01. Images are representative of n=3 inde-
pendent experiments with 100 cells per experiment in each treatment group. 
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EXPERIMENTAL PROCEDURES 

 

Cell culture  

 

MCF-7 cells (ATCC HTB-22; Estrogen Receptor positive [ER+] breast cancer 

cell line (326)) were obtained from ATCC and maintained in Dulbecco's modified Eagle's 

medium (DMEM) supplemented with 10% FBS and antibiotics. DNA plasmids and 

siRNA (Invitrogen) were transfected into cultured cells using Lipofectamine2000 

(Invitrogen) according to manufacturer’s protocol.  

 

Plasmids and chemicals 

  

FLAG fusion constructs were generated using PCR primers that include the 

FLAG sequence to create N- or C-terminally FLAG-tagged protein isoforms. PCR 

products were then purified and subcloned into the pcDNA3.1 vector (Invitrogen). To 

generate the Myc-tagged ZC3H14 constructs, the N-terminal FLAG tag present in the 

ZC3H14 constructs was removed and replaced (subcloned) with a digested 

oligonucleotide encoding an N-terminal Myc tag. siRNA-resistant constructs were 

generated by site-directed mutagenesis (Stratagene) using primers that create silent 

mutations within the regions targeted by siRNA. For PARP cleavage assays, cells were 

treated with 1 µM Staurosporine (Enzo Life Sciences) for 3 hours. The siRNA targeting 

sequences for ZC3H14 are 5’-CACATTCTACCATCCCACCATTAAT-3’ and 5’-
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TGTTTGTTTGTTCACCCAAATTGTA-3’. The siRNA targeting sequence for ATP5G1 

is 5’-TCTCCAGCTCTGATCCGCTGTTGTA-3’. 

 

Immunoblotting  

 

MCF-7 cells were harvested and washed in 1X PBS and then lysed on ice in 

RIPA-2 buffer (150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris 

pH 8.0) containing protease inhibitors (PLAC: 3 µg/ml of pepstatin, leupeptin, aprotinin, 

and chymostatin and 0.5 mM PMSF). Immunoblotting was performed using standard 

methods (327). Briefly, 30 µg of total protein lysate per sample was resolved by SDS-

PAGE and transferred onto a nitrocellulose membrane. For immunoblotting, a 1:5,000 

dilution of rabbit polyclonal ZC3H14 (154), rabbit polyclonal PABPN1 (110), or Tubulin 

(Sigma; Clone DM1A) antibody, a 1:2,000 dilution of HSP90 (Santa Cruz; Clone F-8) 

antibody, or a 1:1,000 dilution of PARP (Pharmingen; Clone 4C10-5), HuR (Santa Cruz; 

Clone 3A2), or Myc (Cell Signaling; Clone 9B11) antibody was used followed by 

1:3,000 dilutions of HRP-conjugated goat anti-mouse IgG or HRP-conjugated goat anti-

rabbit IgG secondary antibodies (Jackson ImmunoResearch).  

 

Microarray analyses  

 

MCF-7 cells were transfected with siScramble, siZC3H14, or siPABPN1 and 

collected 48 hours later. Transfected MCF-7 cells were lysed using QIAshredder columns 

(Qiagen) and total RNA was isolated using the RNeasy Mini Kit (Qiagen). RNA integrity 
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from triplicate samples was assessed on an Agilent Bioanalyzer 2100 and cDNA samples 

were generated and hybridized to the Illumina HumanHT-12 v4 Expression BeadChip 

microarray platform by the Emory Integrated Genomics Core. To discover differentially 

expressed transcripts between treatment groups, a two-class unpaired Significance 

Analysis of Microarrays (SAM) analysis was employed with a false discovery rate of 0%. 

An additional cut-off of 1.5-fold was used to identify significantly affected (increased or 

decreased) transcripts. This dataset is accessible at 

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62067.  

 

RNA isolation and quantitative RT-PCR 

 

Total RNA was isolated from MCF-7 cells using TRIzol reagent (Invitrogen) in 

accordance with the manufacturer’s instructions. Reverse transcriptase reactions with M-

MLV RT (Invitrogen) used 1 µg of RNA for a final concentration of 50 ng/µL cDNA per 

sample that was used for quantitative RT-PCR.  

 

For qRT-PCR analyses, 1 µg of total RNA was transcribed to cDNA as described 

above.  Relative mRNA levels were measured by quantitative PCR analysis of triplicate 

samples of 5 ng cDNA with QuantiTect SYBR Green Master Mix using an Applied 

Biosystems real time machine (ABI).  Results were analyzed using the ∆∆CT method 

(328) and normalized to 18s rRNA or RPLP0 transcript.  Statistical significance was 

determined using either a Student’s T-test or a one- or two-way ANOVA. Primer 

sequences used for qRT-PCR analyses are shown in Table 2.1. Pre-validated qRT-PCR 
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primers for ATP5G2, ATP5G3 and the OXPHOS subunit mRNAs NDUFA4, SDHB, 

UQCRFS1, COXIV and ATP5B were ordered from SABiosciences. 

 

Cellular ATP assays  

 

Cells were plated in 6-well dishes and treated for 48 hours with siScramble, 

siZC3H14, or siATP5G1 siRNA (Invitrogen) according to manufacturer’s protocol. 

Separate sets of cells were treated with vehicle control (DMSO; Sigma) or 1 µM rotenone 

(Enzo Life Sciences) for three hours. All cells were harvested and counted side-by-side 

and then lysed using a one-step boiling water cellular ATP extraction as previously 

described (329). Total cellular ATP levels were assayed with the Enliten ATP Assay 

System (Promega) and normalized to siScramble or vehicle control.  

 

RNA immunoprecipitation  

 

To probe interactions between ZC3H14 and target mRNAs in whole cell lysates, 

RNA-IP anslyses were performed on MCF-7 cells grown to near confluency in 150-mm 

plates. Cells were rinsed twice with ice cold PBS, collected on ice, and resuspended in 

RNA-IP buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 32 mM NaF, 0.5% NP-40 in 

DEPC-treated water) supplemented with 1 mM DTT, 100 U/mL RNase OUT 

(Invitrogen) and 1 cOmplete mini protease inhibitor tablet (Roche; 1 tablet/10 mL of 

buffer). Cells were sonicated on ice 5 times (program: 9 seconds at 0.5 output) and then 

passed through a 27 gauge syringe 5 times and placed back on ice for 20 minutes with 
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occasional vortexing. Lysates were spun at 13,000 RPM for 10 minutes at 4°C and 

protein concentration was determined with a standard BCA assay. Protein G magnetic 

beads (DYNA beads; Invitrogen) were rinsed and resuspended in RNA-IP buffer and 

incubated with pre-immune rabbit serum or an equal volume of N-terminal ZC3H14 

antibody (154) for 1 hour at room temperature. Bead/antibody and bead/pre-immune 

samples were rinsed in RNA-IP buffer and added to clarified cell lysates, followed by 

incubation at 4°C overnight while tumbling end over end (10% removed prior to 

overnight incubation for input samples). After incubation, beads were magnetized, 

unbound samples were collected (10% of input), and washed 5 times with ice cold RNA-

IP buffer. ZC3H14/RNA complexes were eluted and isolated with TRIzol reagent 

(Invitrogen) and purified according to manufacturer’s instructions. 

 

 To determine interactions between ZC3H14 and target RNAs in separate cellular 

compartments, RNA-IP assays were carried out as described above, with the following 

alterations: Confluent MCF-7 cells were rinsed twice with ice cold PBS, collected on ice, 

and subjected to nucleocytoplasmic fractionation (described in the following section). 

Upon isolation and separation of the cytoplasmic lysates, the nuclear fraction was rinsed 

once with ice cold TSE buffer (10 mM Tris, 300 mM sucrose, 1 mM EDTA, 0.1%NP-40, 

pH 7.5), sonicated and passed through a syringe as described above. Nuclear samples 

were incubated on ice for 20 minutes with occasional vortexing, followed by a 10 minute 

spin at 13,000 RPM at 4°C. The protein concentration from each compartment was 

determined by a standard BCA assay. Lysates from each compartment were subjected to 

immunoprecipitation as described in the previous section. 
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 RNA isolated from input and bound fractions for pre-immune and ZC3H14 

samples were subjected to RNA isolation and qRT-PCR as described above. mRNA 

levels in the ZC3H14 bound fractions (for whole cell and within each compartment) were 

normalized to input levels and then compared by fold-enrichment over pre-immune 

control. 

 

Nucleocytoplasmic Fractionation  

 

To isolate distinct pools of RNA and protein from nuclear and cytoplasmic 

fractions, cells were collected on ice, spun down, and resuspended in ice-cold 

fractionation buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% (v/v) 

NP-40) supplemented with 1 mM DTT, 100 U/mL RNase OUT (Invitrogen), and 1 mini 

cOmplete protease inhibitor tablet (Roche; 1 tablet/10 mL of buffer) for 10 minutes on 

ice. Cell lysates were spun down and the supernatant, or cytoplasmic fraction was 

separated from the nuclear pellet. RNA was isolated from each fraction with TRIzol 

reagent (Invitrogen) and protein samples were prepared with RIPA-2 buffer (as described 

above).  

 

Immunofluorescence and imaging  

 

MCF-7 cells were plated and transfected with scramble or ZC3H14 siRNA 

(Invitrogen) using Lipofectamine2000 (Invitrogen) according to manufacturer’s protocol. 
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Following a 48-hour transfection, cells were re-plated at a 1:2 dilution onto matrigel (BD 

Biosciences) coated coverslips and allowed to attach overnight. The following day, cells 

were fixed in 4% PFA in PBS (15 minutes at RT) and then permeabilized in Triton X-100 

(0.1% in PBS, 10 minutes), blocked (1% BSA in PBS, 1 hour), and stained overnight 

with a 1:1,000 dilution of cytochrome C (BD Biosciences; Clone 6H2.B4) or a 1:5,000 

dilution of HSP60 (Enzo Life Sciences; Clone LK-2) antibodies diluted in blocking 

buffer. The coverslips were then washed 4 times with PBS (5 minutes) and stained with a 

1:500 dilution of anti-mouse 546 secondary antibody (Alexa fluorophores, Invitrogen). 

Coverslips were washed 4 times, stained with Hoescht 33342, and mounted using 

Prolong Antifade (Invitrogen). Representative cells were imaged using an Olympus 

FluoView 1000 confocal microscope using a 100× objective (NA 1.45) with laser 

excitation at 543 nm.  

  

For quantitative analyses, a cell was scored as “normal” if its mitochondria 

appeared predominantly tubular, and “fragmented” if mitochondria appeared 

predominantly small and spherical. For each experiment at least 100 cells were scored. 

Values are represented as mean ± SEM from three independent experiments. Statistical 

analysis was performed using a one-way ANOVA and a value of p<0.05 was considered 

significant. 
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Chapter 3: Investigating Multiple Aspects of 

ZC3H14 Regulation 
 
 

A portion of this chapter is adapted from the following published work: 

Wigington, C.P., Williams, K.R., Meers, M.P., Bassell, G.J., and Corbett, A.H. (2014) 
Wiley Interdisciplinary Reviews RNA 5, 601-622. “Poly(A) RNA Binding Proteins and 

Polyadenosine RNA: New Members and Novel Functions.” 
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INTRODUCTION 

 

 The identity and fate of a cell is determined by the spatial and temporal regulation 

of its gene expression profile. The transcriptional control of gene expression, mediated by 

epigenetic modifications to the DNA as well as binding and subsequent regulation by a 

host of transcription factors, is a critical and well-studied event. However, post-

transcriptional processing events, which include the capping, splicing, 3’ end processing, 

export, translation, transport and eventual decay of an mRNA transcript (8), are also 

critical to ensure the proper gene expression profile of a cell or tissue. Post-transcriptional 

processing events are mediated by a host of factors, including non-coding RNAs 

(ncRNAs) and RNA binding proteins (330,331). The importance of RNA binding 

proteins in maintaining tight control of gene expression is highlighted by the observation 

that many RNA binding proteins are mutated or dysregulated in various types of human 

disease (286), which underscores the importance of understanding the regulation and 

expression of newly-characterized RNA binding proteins with links to disease. 

 

 The Zinc Finger Cys3His protein #14 is a ubiquitously expressed, nuclear poly(A) 

binding protein (Pab) that binds to polyadenosine RNA with high affinity (148,154). A 

recent study identified a small group of patients from rural Iran, born out of 

consanguineous relationships between first cousins, who possess loss-of-function 

mutations in ZC3H14 that cause an autosomal recessive form of non-syndromic 

intellectual disability (150). The role of ZC3H14 in human cells is not clear; however, 

studies of ZC3H14 orthologs in various model systems suggest that ZC3H14 likely plays 
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a diverse role in RNA processing (150,167), potentially as an mRNA surveillance factor 

to coordinate mRNA quality control (161).  

 

The patients that lack ZC3H14 clearly highlight the importance of ZC3H14 in the 

brain. In fact, many RNA processing factors are enriched in the brain (51) and extensive 

alternative splicing, mRNA transport, and local translation are observed at higher levels 

in the brain than other tissues (reviewed in (171)). However, ZC3H14 is ubiquitously 

expressed (154) and, therefore, likely has critical roles in other cell types underscoring 

the importance of identifying regulatory mechanisms that govern the expression and 

regulation of ZC3H14 mRNA and protein. 

 

In this chapter, we characterize multiple aspects of ZC3H14 expression in order to 

gain insight into cellular pathways that control the expression of ZC3H14. We observe an 

intriguing correlation between ZC3H14 steady-state protein levels and the Estrogen 

Receptor (ER) status of various breast cancer cell lines; however, analysis of ZC3H14 

steady-state mRNA levels (total and individual splice variants) reveals consistent mRNA 

levels across all cell types tested. Investigation of the ZC3H14 locus and various 

ENCODE datasets via the UCSC genome browser provides evidence for multiple 

transcription factors that regulate ZC3H14 in MCF-7 cells. Consistent with previous 

study on the S. cervisiae ortholog of ZC3H14, Nab2 (269), we demonstrate that ZC3H14 

binds specifically to its own mRNA transcript, potentially via a conserved stretch of 15 

adenosines located within the ZC3H14 3’UTR. Finally, we share the results of our 

transcriptome-wide analysis of templated polyadenosine stretches located within mRNA 
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transcripts, providing an additional point of regulation for Pabs such as ZC3H14 outside 

the confines of the poly(A) tail. 

 

RESULTS 

 

ZC3H14 steady-state protein levels correlate with the Estrogen Receptor status of 

select breast cancer cell lines 

 

 As described in the Introduction and throughout Chapter 2, precise regulation of 

ZC3H14 levels is critical for proper neuronal function, as evidenced by patients that lack 

ZC3H14 and display severe cognitive deficits (150). The intellectual disability observed 

in these patients certainly underscores the critical role of ZC3H14 in the brain; however, 

ZC3H14 is ubiquitously expressed (154) and likely serves important roles in other cell 

types. We took advantage of a number of open access databases that contain a wealth of 

expression data from human cells and tissues to investigate ZC3H14 expression patterns 

and correlative disease studies.  

 

Preliminary analysis of genome-wide studies deposited in the Oncomine database 

(332) suggest that the steady-state level of ZC3H14 varies across breast tumor samples, 

specifically correlating with Estrogen Receptor (ER) status, a commonly used prognostic 

tool in breast cancers (333,334). These genome-wide studies were performed in primary 

tumor samples and analyzed steady-state mRNA levels of thousands of genes. To 

confirm and extend these preliminary analyses in a simplified and readily available 

102



system, we grew and maintained five different breast cancer cell lines and subjected them 

to protein analysis. We selected three commonly used ER(-) breast cancer cell lines 

(HS578, MB231 and MB468) and two ER(+) breast cancer cell lines (MCF-7 and T47D) 

for these studies. 

 

 To determine whether the steady-state ZC3H14 protein levels correlate with ER 

status across the selected cell lines, we collected cells of each type, isolated protein, and 

performed immunoblot analysis of biological triplicate samples with an N-terminal 

ZC3H14 antibody that recognizes the three nuclear forms of ZC3H14 (154). Immunoblot 

analysis of the same samples with an ER alpha antibody confirms the ER status of these 

cells (Figure 3.1A). As shown in Figure 3.1A, analysis of steady-state ZC3H14 Isoform 1 

(Iso1) levels normalized to Tubulin (loading control) across triplicate samples from each 

cell type reveals a consistently lower amount of ZC3H14 protein in the ER(-) cell lines 

compared to the ER(+) samples (quantification of these data in Figure 3.1B). These 

results suggest that steady-state ZC3H14 protein levels correlate with the Estrogen 

Receptor status of the cell lines tested. 

   

ZC3H14 is not an estrogen responsive gene 

 

Estrogen Receptor α (ERα or ER) is a well-studied nuclear hormone receptor that 

is activated upon binding the hormone, estrogen. Upon binding to estrogen, ERα 

dimerizes and translocates to the nucleus, where it binds to Estrogen Response Elements 

(EREs) in the DNA or other transcription factors and up- or down-regulates the 
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expression of many genes, including many genes important for reproductive and 

mammary tissue function (335-337). The observation that ZC3H14 steady-state protein 

levels are higher in the ER(+) cell types examined in Figure 3.1A than the ER(-) cell 

types suggests a simple model wherein ZC3H14 is a target of ERα-induced transcription.  

 

Investigation of the ZC3H14 locus in the UCSC genome browser reveals a 

number of potential mechanisms for transcriptional regulation of ZC3H14. The ZC3H14 

locus occupies a 50 kilobase region on the long arm of chromosome 14 (partially 

schematized at the top of Figure 3.2A). As schematized in Figure 2.1A, ZC3H14 is 

alternatively spliced to generate at least four distinct splice variants (154). These splice 

variants are depicted in ascending order in Figure 3.2A, with Variant 4 utilizing an 

alternate transcriptional start site between coding exons 9 and 10 of Variants 1-3. 

Displayed below the ZC3H14 gene schematic is an overlay of Histone 3 Lysine 27 

Acetylation (H3K27Ac) across the ZC3H14 locus from seven different cell lines. 

H3K27Ac is a mark for active enhancer regions and is often enriched near promoter 

regions (338). As shown in Figure 3.2A, a clear peak in H3K27Ac is located at the 

transcriptional start site of the first three splice variants of ZC3H14, suggesting active and 

ongoing transcription at this site.  

 

Overlay of DNase sensitivity clusters across this region of the ZC3H14 locus 

reveals a striking increase in DNase sensitivity surrounding the ZC3H14 transcriptional 

start site. Regions of DNA that are sensitive to cleavage by DNase represent regions of 

the genome that lack a condensed chromatin structure and are therefore accessible to 
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interacting proteins such as transcription factors (339). Finally, Chromatin 

ImmunoPrecipitation and sequencing (ChIP-seq) studies reveal a strong enrichment for 

various transcription factors at the ZC3H14 start site (Figure 3.2A). Of note, one study 

performed ChIP-Seq with c-Myc, CTCF and PolII antibodies on serum-stimulated MCF-

7 cells and revealed a significant enrichment of all three factors at the ZC3H14 start site 

upon serum stimulation, suggesting a spike in transcription. ChIP-seq studies performed 

with ERα antibodies did not reveal binding of ERα at or near ZC3H14 promoter regions. 

In addition, analysis of sequence data from studies that mapped ERE sites across the 

genome (335,337) did not reveal any consensus EREs at or near the ZC3H14 locus. 

Together, these data suggest that ZC3H14 is actively transcribed across a variety of cell 

types and is likely regulated by multiple transcription factors, including c-Myc and CTCF 

in MCF-7 cells.  

 

In silico analysis of the ZC3H14 locus suggests that ZC3H14 is regulated by a 

number of different transcription factors, including c-Myc, as identified in multiple ChIP-

Seq studies in MCF-7 cells (340). c-Myc stimulates the transcription of many different 

genes, including cyclins and E2F transcription factors (341-343). In fact, c-Myc is an 

ERα target gene and estrogen stimulation leads to activation of c-Myc (344). The 

observation that ZC3H14 steady-state levels correlate with the ER status in the panel of 

breast cancer cell lines tested led us to hypothesize that ZC3H14 might be an estrogen-

responsive gene, potentially via c-Myc. To determine whether ZC3H14 steady-state 

transcript levels increase upon estrogen treatment, we hormone depleted MCF-7 cells (an 

ER[+] breast cancer cell line (326)) for 72 hours and then treated cells with DMSO 
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(vehicle control) or Estrogen. Total RNA was isolated from cells collected at increasing 

time points after drug addition and used to generate cDNA for subsequent qRT-PCR 

analyses with primers to detect ZC3H14 Variants 1-3 or 4 as well as the control estrogen 

responsive gene, pS2 (345). As expected, treatment with control vehicle, DMSO, did not 

result in stimulation of any of the transcripts tested (Figure 3.2A). As shown in Figure 

3.2B, treatment with estrogen resulted in a striking increase in pS2 steady-state mRNA 

levels, as expected for an estrogen-responsive gene. In contrast, none of the ZC3H14 

transcripts tested demonstrated a response to treatment with estrogen, suggesting that 

ZC3H14 is not an estrogen-responsive gene. However, the wealth of ENCODE 

transcription factor ChIP-Seq data (340) suggests that there are many other pathways and 

mechanisms that have the potential to modulate the transcriptional output of ZC3H14 in 

different cell types. 

 

To analyze the steady-state level of ZC3H14 mRNA across the breast cancer cell 

lines tested in Figure 3.1, we isolated and purified total cellular RNA from each cell type 

and generated cDNA for use in qRT-PCR analyses. We designed one set of PCR primers 

that span two exons in the C-terminal zinc finger region of ZC3H14, which is common to 

all described variants and is termed Pan ZC3H14. To detect individual splice variants, we 

designed primers that span exon-exon boundaries unique to each splice variant (Variants 

1-4). As shown in Figure 3.2D, qRT-PCR analysis with each primer set revealed a 

consistent and unique pattern of ZC3H14 expression across this panel of cell lines. Total 

steady-state ZC3H14 (Pan ZC3H14) levels were consistent between all five cell lines and 

did not correlate with the ER status, consistent with our observation that ZC3H14 is not 
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an estrogen responsive gene. ZC3H14 Variant 1 steady-state levels were also consistent 

between cell types tested; however Variant 1 levels differed from the other three variants 

tested in each cell type. For instance, Variants 2 and 3 were consistently expressed at 

higher levels than 1 or 4 and Variant 4 levels were significantly lower than all other 

variants tested. This trend in relative levels of ZC3H14 Variants between cell lines 

suggests that different cell types likely share unique mechanisms to fine-tune the level 

and ratio of ZC3H14 mRNA. 

 

Overexpression of ZC3H14 isoforms reveals cross regulation of splice variants  

 

 While the transcriptional regulation of ZC3H14 is a critically important step in 

maintaining tight control of ZC3H14 levels in cells, there are also key post-transcriptional 

regulatory events that could regulate the steady-state levels of ZC3H14. ZC3H14 is a zinc 

finger-containing RNA binding protein that has affinity for polyadenosine RNA 

(148,150). Many RNA binding proteins bind to their own mRNA transcripts and 

autoregulate the abundance of cognate mRNA and protein products (195). To determine 

whether ZC3H14 may autoregulate the levels of its individual splice variants, we 

transfected MCF-7 cells with plasmids encoding FLAG-tagged Isoforms 1 and 4 of 

ZC3H14 (Iso1 and Iso4, respectively) or a pcDNA3 vector (control). To confirm the 

expression of each of the FLAG-tagged proteins, we isolated protein from the transfected 

cells and performed immunoblot analysis for ZC3H14 as well as a control protein, 

Human Antigen R (HuR). As shown in Figure 3.3A, both of the FLAG-tagged ZC3H14 
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isoforms are robustly overexpressed in these cells. As expected, expression of the control 

protein, HuR, was unaffected by ZC3H14 overexpression.  

 

Total cellular RNA collected from transfected cells was subjected to cDNA 

generation and qRT-PCR analyses with primers to detect total ZC3H14 mRNA (Pan 

ZC3H14) and the individual ZC3H14 splice variants (Variants 1-4) as well as the control 

transcript, GAPDH (Figure 3.3B). As expected, overexpression of FLAG-ZC3H14 Isos 1 

and 4 both resulted in a robust increase in Pan ZC3H14 steady-state mRNA levels. We 

also observed a significant increase in Variant 1 and 4 steady-state levels upon 

overexpression of the cognate FLAG-tagged ZC3H14 isoform. Interestingly, we observe 

a unique pattern of crosstalk between the two isoforms examined here. For instance, 

overexpression of FLAG-ZC3H14 Iso1 resulted in a robust increase in the steady-state 

level of Variants 2 and 3 while only moderately affecting Variant 4 levels. Likewise, 

overexpression of FLAG-ZC3H14 Iso4 also induced a significant increase in Variants 2 

and 3 steady-state levels; however, we do not observe any effect on ZC3H14 Variant 1 

mRNA levels upon Isoform 4 overexpression. These results suggest that cross regulation 

likely occurs between ZC3H14 proteins and transcripts, potentially via RNA binding 

protein/RNA physical interactions.  

  

Two nuclear Pabs, ZC3H14 and PABPN1, bind to their own transcripts 

 

We observe an interesting expression pattern of ZC3H14 splice variants upon 

overexpression of FLAG-ZC3H14 Isos 1 and 4 (Figure 3.3B), suggesting a post-
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transcriptional regulatory mechanism to autoregulate cognate mRNA levels. As described 

previously, many RNA binding proteins bind to and regulate the levels of their cognate 

mRNA transcripts via cis elements typically located within the 3’UTR (195). The nuclear 

Pab, ZC3H14, binds polyadenosine RNA with high affinity and is predicted to interact 

with poly(A) tails added to the 3’ end of mRNA transcripts (148). Another nuclear Pab, 

PABPN1, also has high affinity for polyadenosine RNA and is involved in the 

stimulation of polyadenylation on mRNA transcripts (29). To test whether ZC3H14 and 

PABPN1 interact specifically with their cognate mRNAs, we performed RNA-IP 

analyses with FLAG-tagged ZC3H14 and PABPN1 proteins. Briefly, MCF-7 cells were 

transfected with plasmids encoding FLAG-ZC3H14, FLAG-PABPN1 or vector alone 

(control). Transfected cell lysates were prepared as described in Experimental Procedures 

and subjected to RNA-IP analysis with FLAG antibody-conjugated Protein A beads. As 

shown in Figure 3.4A, we achieved robust purification of both FLAG-ZC3H14 and -

PABPN1 proteins.  

 

To identify RNA transcripts that co-purify with the FLAG-tagged proteins, qRT-

PCR analysis was performed with ZC3H14 and PABPN1 primers that span the coding 

region/3’UTR junction and therefore only detect endogenous ZC3H14 and PABPN1 

transcripts. Primers to detect the GAPDH transcript were also used in these analyses. As 

shown in Figures 3.4 B and C, immunoprecipitation of both FLAG-ZC3H14 and -

PABPN1 resulted in significant enrichment of the respective endogenous transcripts. 

Interestingly, the polyadenylated transcript, GAPDH, did not enrich significantly with 

either FLAG-ZC3H14 or -PABPN1, suggesting that these two nuclear Pabs may achieve 
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transcript specificity via interactions with another RNA binding protein or through 

binding to a specific cis element rather than simply to the poly(A) tail.  

 

A previous study in S. cerevisiae demonstrated that the ZC3H14 ortholog, Nab2, 

binds and autoregulates the levels of its own mRNA transcript via an internal encoded 

stretch of 26 adenosines within the 3’UTR (269). Like Nab2, the human ZC3H14 3’UTR 

contains an internal stretch of 15 adenosines that could confer binding by ZC3H14 

(schematized in Figure 3.4D). Interestingly, PABPN1 also contains an A-rich region 

within its 3’UTR, located proximal to the end of the coding region (Figure 3.4E). As 

mentioned previously, ZC3H14 and PABPN1 both possess high affinity for 

polyadenosine RNA in vitro and may therefore interact with their respective transcripts 

via these templated adenosine-rich regions within their 3’UTRs. In fact, personal 

communication with a collaborating lab revealed that the two adenosine-rich stretches in 

the PABPN1 3’UTR (Figure 3.4E) are responsible for PABPN1 autoregulation and pre-

mRNA processing, supporting the role for polyadenosine RNA binding proteins in 

modulating their own mRNA levels via internal polyadenosine stretches. Together, these 

data suggest a more general role for these templated polyadenosine stretches in Pab-

dependent gene expression.  

 

Prevalence of templated stretches of polyadenosine within the transcriptome 

 

As discussed extensively in Chapter 1, the canonical function of Pab proteins is to 

bind the poly(A) tails of mRNA transcripts and carry out diverse functions that are 
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essential for proper gene expression (29). However, these non-templated polyadenosine 

tracts are not the only stretches of polyadenosine found in the transcriptome, as discussed 

in the previous section. For instance, a handful of studies have described polyadenosine 

stretches ranging from 9-26 adenosines within mRNA transcripts (346-348), but little 

work has been done to determine the function of these sequences. Given the length of 

these internal stretches and the typical Pab footprint of ~11-12 A's (100,116), Pabs may 

bind to these internal sequences as well as to poly(A) tails. In fact, there is precedence for 

this mode of regulation. Human PABPC binds to A-rich sequences in the 5’UTR of 

PABPC mRNA and the 3’UTR of YB-1 mRNA to modulate the translation of these 

transcripts (147,349-351). Furthermore, binding of S. cerevisiae Nab2 to a stretch of 26 

adenosines in the 3’UTR of NAB2 mRNA mediates a negative feedback response in 

which recruitment of the exosome drives subsequent degradation of the NAB2 transcript 

(269). In this study, we observed robust and specific enrichment of endogenous ZC3H14 

and PABPN1 mRNAs upon immunoprecipitation of FLAG-ZC3H14 and -PABPN1, 

respectively (Figures 3.4B and C) and predict that these specific interactions are mediated 

by polyadenosine stretches located within the 3’UTRs of the ZC3H14 and PABPN1 

transcripts. Together these data suggest that internal polyadenosine sequences could play 

an important role in regulating gene expression.  

 

To gain insight into the prevalence of internal polyadenosine stretches within the 

human transcriptome, we analyzed all annotated human transcripts from the UCSC HG19 

genome annotation for the presence of polyadenosine stretches. PABPN1 and PABPC 

require a stretch of 11-12 adenosines for high affinity binding (100,116), so we extracted 
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stretches containing at least 12 consecutive adenosines, filtered the data for overlapping 

regions, and mapped the resulting stretches to their locations within transcripts. As a 

proof of principle, we verified the presence of mRNA transcripts that are known to 

contain ≥12 nucleotide (nt) adenosine stretches (Dystrophin (348) and Vitamin D 

Receptor (346)) within our final dataset. Our results indicate that there are 139,334 

instances of ≥12 nt adenosine stretches in the human transcriptome, many of which occur 

in multiple differentially spliced isoforms of the same gene (Figure 3.5A). As expected, 

the overwhelming majority of adenosine stretches occur in introns (136,655 instances). 

Interestingly, there are only 2,464 adenosine stretches that occur exclusively in exons (i.e. 

in the mature transcript) - 1.8% of total instances. Of those, roughly 82% occur 

exclusively in the UTRs of the gene in which it resides (the majority of which occur in 

the 3’ UTR) (Figure 3.5B), suggesting that the aforementioned examples of regulatory 

mechanisms that depend upon templated polyadenosine stretches in UTRs could be more 

prevalent than previously appreciated. Remarkably, less than 0.02% of templated 

polyadenosine instances occur in the coding region of mRNA transcripts, with the 

remainder found in non-coding RNAs (Figure 3.5C). These preliminary results reveal 

that many mRNAs contain internal polyadenosine stretches and therefore have the 

potential to be bound and modulated by poly(A) binding proteins not only via their non-

templated poly(A) tails, but also through these templated internal sequences. The vast 

enrichment of these stretches in the 3’UTRs of mature transcripts supports the well-

establish function of the 3’UTR in post-transcriptional processing (352) and suggests a 

potential additional point of regulation via 3’UTRs. In the future, it will be interesting to 
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test the function of these internal polyadenosine sequences as well as investigate whether 

these sequences are enriched in certain types or classes of RNA transcripts. 

 

DISCUSSION 

 

In this chapter, we describe multiple lines of investigation into the transcriptional 

(Figure 3.2) and post-transcriptional (Figure 3.3 and 3.4) regulation of ZC3H14 mRNA 

and protein levels in human cells. We demonstrate that ZC3H14 steady-state protein 

levels correlate with Estrogen Receptor status across a number of different breast cancer 

cell lines while steady-state ZC3H14 mRNA levels (all splice variants tested) are 

unchanged across the same cell lines tested. Compilation and analysis of transcriptomic 

data from the UCSC genome browser suggests that ZC3H14 is actively transcribed with 

potential for control by a host of different transcription factors in MCF-7 cells; however, 

an estrogen time course experiment reveals that ZC3H14 is not an estrogen-responsive 

gene. Overexpression experiments with FLAG-tagged ZC3H14 isoforms reveal a pattern 

of cross regulation between the various splice variants and isoforms of ZC3H14. We 

demonstrate robust and specific interactions between the nuclear Pabs, ZC3H14 and 

PABPN1, with their cognate mRNAs, suggesting that these two RNA binding proteins, 

like many others (195), may autoregulate their mRNA transcripts. Finally, we performed 

a transcriptome-wide analysis to determine the prevalence and location of polyadenosine 

stretches within the transcriptome. Together, these results suggest that ZC3H14 mRNA 

and protein levels in human cells are subject to a number of diverse regulatory pathways, 

including auto enrichment of its own mRNA transcript. 
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   As shown in Figure 3.1A, we observe that ZC3H14 steady-state protein levels 

correlate with ER status across the panel of breast cancer cell lines tested (quantified in 

Figure 3.1B) while the steady-state mRNA levels of ZC3H14 are consistent between cell 

lines (Figure 3.2D). This result suggests that ZC3H14 protein levels are regulated through 

altered translation and/or stability. Consistent with previous work in a human embryonic 

kidney cell line, HEK293 (154), we observed significantly different steady-state levels of 

the individual splice variants of ZC3H14 within each cell type (Figure 3.2D). The steady-

state level of Variant 4 is significantly lower than all other splice variants tested while 

Variants 2 and 3 are present at higher levels than Variant 1 in all cell types. Of note, the 

only difference in the mRNA transcripts that represent Variants 1, 2 and 3 is the inclusion 

and exclusion of the three small exons found at the center of the message, as these splice 

variants share the same 5’ and 3’UTRs. This data suggests that the short sequences 

encoding these alternative exons (and the RNA binding proteins that bind them) may be 

responsible for the observed differences in steady-state level of the individual transcripts 

as they all appear to be transcribed from the same start site. The observation that Variant 

4 is expressed at much lower levels than the other variants suggests that either the 

transcriptional activity at that promoter is much lower than Variants 1-3 (as supported by 

H3K27Ac and DNase I sensitivity data in Figure 3.2A) or that the stability of this 

transcript is much lower than the other variants tested, at least in the cell lines examined. 

 

As mentioned previously, understanding the mechanisms that govern the steady-

state levels of ZC3H14 mRNA and protein in a given cell is key to elucidating the role of 
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ZC3H14 in human cells. We demonstrate here that although ZC3H14 protein correlates 

with the Estrogen Receptor status of a set of tumor samples, ZC3H14 is not an estrogen-

responsive gene (Figure 3.2B and C). However, a number of ENCODE datasets (overlaid 

in Figure 3.2A) suggest that a number of different transcription factors are found at (and 

have the potential to regulate) the ZC3H14 promoter region. These results suggest that 

ZC3H14 is actively transcribed and likely expressed at high levels in multiple cell types, 

consistent with a number of studies from our lab using an N-terminal ZC3H14 antibody 

that demonstrate robust ZC3H14 steady-state protein levels in most cell types examined.  

 

In addition to regulation at the level of transcription, ZC3H14 is likely regulated 

by multiple post-transcriptional mechanisms. ZC3H14 has a 1,758 nucleotide 3’UTR 

with multiple predicted binding sites for miRNAs (353) and RNA binding proteins (354). 

Interestingly, sequence analysis of the ZC3H14 3’UTR reveals a stretch of 15 adenosines 

located between nucleotides 1,229-1,243. There is precedence for poly(A) binding 

proteins binding to their own mRNA transcripts via A-rich regions, such as H. sapiens 

PABPC1 binding to an A-rich domain in its 5’UTR (349-351), or S. cerevisiae Nab2 

binding to a 26-mer of adenosines in its 3’UTR (269). Here, we provide evidence that the 

two nuclear Pabs, ZC3H14 and PABPN1, interact with their own mRNA transcripts. 

These studies were performed using RNA immunoprecipitation analyses, which do not 

allow us to determine the precise sequence element(s) required for binding of either 

protein to their respective transcripts. Personal communication with a collaborating lab 

has recently revealed that the two polyadenosine stretches located in the proximal region 

of the PABPN1 3’UTR do, in fact, confer binding by PABPN1 and are likely the 
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sequence(s) responsible for our observed self-enrichment. Current work in our lab is 

focused on determining whether the polyadenosine stretch within the ZC3H14 3’UTR 

confers binding by ZC3H14 and if so, whether the binding event has any effect on 

ZC3H14 levels.    

 

  Our analysis of internal, templated polyadenosine stretches in RNAs (Figure 3.5) 

reveals clear enrichment of these sequences within the introns and 3′UTRs of mRNAs. 

The transcripts that contain one (or more) of the 1,972 polyadenosine stretches within 

their 3’UTR represent a class of transcripts that may be coordinately bound by Pabs to 

confer regulation in this poly(A) tail-independent manner. Only in a few cases have the 

function of such templated A stretches been analyzed (346-348), but those studies do 

confirm the potential for their functional importance. An important question moving 

forward is whether there is specificity for the binding of individual Pabs for these internal 

polyadenosine sequences. For instance, are the polyadenosine stretches located within the 

PABPN1 3’UTR bound only by PABPN1 or could these sequences also be bound 

(competitively and/or cooperatively) by other Pabs, such as ZC3H14 or PABPC? 

Integrating the presence and function of these polyadenosine sequences into our current 

model of how Pabs interact with mRNAs will expand our understanding of how Pabs 

influence gene expression.  
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Table 3.1. Primer sequences used in this study. 

 

Gene Name Forward Reverse 
18s rRNA GAGACTCTGGCATGCTAACTAG GGACATCTAAGGGCATCACAG 

RPLP0 GGGCGACCTGGAAGTCCAACT CCCATCAGCACCACAGCCTTC 
GAPDH AAGGTCGGAGTCAACGGATTTGG GATGACAAGCTTCCCGTTCTC 

Pan ZC3H14 CTACCATCACCCCATCTCAC AGGGACAATCTGGTTTAGTACAC 
Variant 1 TTATCCCGACTGCAAATCGACCCA ACTTCCTCAGACAGCTTTGGCTTC 
Variant 2 AATCAAGCTGAGATGAGTGAACTGA

GTGTGG GGTGATGGTAGGCACACTC 

Variant 3 GCAGATGAGTCAAGCTGAGATGAGT
GAACT GGTGATGGTAGGCACACTC 

Variant 4 AGAAACGTTGAGAAAGGAACTCAA
CAGAGGC ATCTCAGCTTGACTCATCTGC 

pS2 ATACCATCGACGTCC CTCCA AAG CGT GTC TGA GGT GTC CG 
Endogenous 

ZC3H14 
GATGGAATGTCCCTTCTATCATCCA

AAACATTGTAG 
GACAAGTTCTGTAGAGTATCTTTCAT

CAGTACATGA AAACTTCC 
Endogenous 

PABPN1 
CTACAACAGTCCCGCTCTCGA 

TTCTAC 
CCTCTTTTTTTCCTCTCTCTCCTCCTA

ATACACAC 
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FIGURE 3.1. ZC3H14 steady-state protein levels correlate with Estrogen Receptor 
(ER) status across a panel of breast cancer cell lines. A) Three Estrogen Receptor 
negative (ER[-]; HS578, MB231 and MB468) and two ER(+) breast cancer cell lines 
(MCF7 and T47D) were collected in triplicate and subjected to immunoblot analysis with 
ZC3H14, ER alpha and Tubulin antibodies. B) Quantification of ZC3H14 Isoform 1 
(Iso1) steady-state levels reveals a correlation between Estrogen Receptor status and 
ZC3H14 protein levels in these cell lines tested. 
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FIGURE 3.2. ZC3H14 is not transcriptionally activated by Estrogen. A) UCSC 
genome browser view of the 5’ region of the ZC3H14 locus, including four confirmed 
splice variants of ZC3H14. Gene positions are shown at the top, followed by H3K27Ac 
marks, a sign of active enhancer regions that are commonly located near active regula-
tory elements, and DNase I hypersensitive clusters, highlighting regions of uncondensed, 
or exposed chromatin. Transcription factor ChIP-Seq data are shown in the tracks below 
and reveal confirmed transcription factor binding sites from various human cell lines, 
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including MCF-7. To determine whether ZC3H14 is transcriptionally activated by Estro-
gen, MCF-7 cells were hormone starved for 72 hours and then introduced to media 
containing DMSO (B) or 10 nM Estrogen (C) and collected at the indicated time points. 
Total cellular RNA isolated from treated cells was subjected to cDNA generation and 
subsequent qRT-PCR analysis with primers to detect the known Estrogen-responsive 
transcript, pS2, ZC3H14 Variants 1-3 or Variant 4 and RPLP0. Treatment with DMSO 
(B) did not result in transcriptional activation of any of the tested transcripts. However, 
treatment with Estrogen (C) resulted in a striking induction of pS2 transcript levels 
without impacting ZC3H14 mRNA levels, suggesting that ZC3H14 is not an Estrogen-
responsive gene. D) Total cellular RNA isolated from cells in Figure 3.1A was subjected 
to cDNA generation and subsequent qRT-PCR analysis with primers to detect ZC3H14 
Variants 1-4 individually or collectively (Pan ZC3H14) and 18s rRNA. Although each 
variant is expressed at different levels relative to one another across all cell lines tested, 
the steady-state level of each variant is consistent between cell lines. 
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FIGURE 3.3. Overexpression of FLAG-tagged ZC3H14 isoforms 1 and 4 results in 
selective upregulation of ZC3H14 splice variants. A) MCF-7 cells were transfected 
with plasmids encoding FLAG-tagged Isoforms 1 and 4 (Iso1 and Iso4, respectively) of 
ZC3H14 and subjected to immunoblot analysis with ZC3H14 (N-terminal to detect 
Isoforms 1-3 and Isoform 4-specific) and HuR (loading control) antibodies. We achieve 
robust expression of FLAG-Iso1 and -Iso4 as evidenced by the ZC3H14 blots. B) Total 
RNA isolated from MCF-7 cells in (A) was used for cDNA generation and subsequent 
qRT-PCR analysis with primers to detect ZC3H14 Variants 1-4 individually or collec-
tively (Pan ZC3H14) and GAPDH. 
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FIGURE 3.4. The nuclear Pabs ZC3H14 and PABPN1 bind their own mRNA tran-
scripts. A) HeLa cells were transfected with plasmids encoding FLAG-tagged ZC3H14 
Isoform 1 (Iso1), FLAG-PABPN1 or pcDNA3 (Vector control). Cells expressing vector 
control or FLAG-tagged proteins were subjected to RNA-IP using FLAG antibody-
conjugated beads. Immunoblot analysis of IP samples demonstrates specific enrichment 
of FLAG-ZC3H14 Iso1 and -PABPN1 in the bound fractions. B) and C) RNA that 
co-precipitated with FLAG-tagged proteins was subjected to qRT-PCR analyses with 
GAPDH, ZC3H14 and PABPN1 primers to detect bound transcripts. ZC3H14 and 
PABPN1 transcripts were significantly enriched upon purification of their respective 
FLAG-tagged proteins whereas GAPDH mRNA did not co-precipitate with either 
protein. Schematics of the ZC3H14 (D) and PABPN1 (E) transcripts highlight (in red) the 
striking polyadenosine stretches located within the 3’UTRs of these mRNAs that may 
represent the cis-elements responsible for the self-enrichment observed in (B) and (C). 
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FIGURE 3.5. Prevalence and location of templated, internal polyadenosine stretches 
within the human transcriptome. A) Analysis of the human transcriptome for the 
frequency and enrichment of internal polyadenosine stretches containing at least 12 
consecutive adenosines reveals that the vast majority (136,655 out of 139,334) of these 
sequences are located in the introns of mRNAs whereas a much smaller fraction are 
located in exonic regions (2,464 out of 139,334), which includes 5’ and 3’UTR regions. 
A much smaller number of these internal adenosine stretches are found in sequences that 
can be either introns or exons as a result of alternative splice variants. B) Internal poly-
adenosine stretches found in exonic sequences are almost exclusively located in untrans-
lated regions. Further analysis of the ≥12nt polyadenosine sequences that occur in mature 
mRNA transcripts reveals that almost all (99.9%) of these instances are located in the 
UTRs, with an extremely large percentage present in the 3’UTRs (96.9%) of mRNA 
transcripts. C) Non-coding RNAs also include templated stretches of polyadenosine. A 
number (428) of noncoding RNAs (yellow circle) contain templated polyadenosine 
sequences, suggesting that Pabs could modulate non-coding RNAs through this 
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templated binding site. Consistent with a model of 3’UTR regulation, a large number of 
the internal polyadenosine stretches identified in ncRNAs (138) are found in 3’UTRs 
(yellow and green overlap).

124



EXPERIMENTAL PROCEDURES 

 

Cell Culture 

  

MCF-7 cells (Human mammary adenocarcinoma; ATCC HTB-22) and HeLa 

cells (Human cervical adenocarcinoma; ATCC CCL-2) were obtained from ATCC and 

maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 

FBS and antibiotics. HS578 (Human mammary carcinoma), MDA-MB231 (Human 

mammary adenocarcinoma), MDA-MB468 (Human mammary adenocarcinoma) and 

T47D (Human mammary ductal carcinoma) cells were a generous gift from the Vertino 

laboratory at the Winship Cancer Institute at Emory University and were maintained in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 

antibiotics. DNA plasmids were transfected into cultured cells using Lipofectamine2000 

(Invitrogen) according to manufacturer's protocol.  

 

Plasmids and Chemicals 

 

FLAG fusion constructs were generated using PCR primers that include the 

FLAG sequence to create N-terminally FLAG-tagged proteins. PCR products were then 

purified and subcloned into the pcDNA3.1 vector (Invitrogen). MCF-7 cells were 

transfected with 1.0 µg FLAG constructs 24 hours after seeding and collected 24 hours 

later. Primers used throughout the study are shown in Table 3.1. 
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Immunoblotting  

 

Cells were harvested and washed in 1X PBS and then lysed on ice in  

RIPA-2 buffer (150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris 

pH 8.0) containing protease inhibitors (PLAC: 3 µg/ml of pepstatin, leupeptin, aprotinin, 

and chymostatin and 0.5 mM PMSF). Immunoblotting was performed using standard 

methods (327). Briefly, 30 µg of total protein lysate per sample was resolved by SDS-

PAGE and transferred onto a nitrocellulose membrane. For immunoblotting, a 1:5,000 

dilution of rabbit polyclonal ZC3H14 (154) or Tubulin (Sigma; Clone DM1A) antibody, 

a 1:1,000 dilution of HuR (Santa Cruz; Clone 3A2), FLAG (Santa Cruz; OctA, Rabbit 

polyclonal), ER alpha (Santa Cruz; HC-20, rabbit polyclonal) or ZC3H14 Isoform 4-

specific (Bethyl Laboratories; Rabbit monoclonal, custom) antibody was used followed 

by 1:3,000 dilutions of HRP-conjugated goat anti-mouse IgG or HRP-conjugated goat 

anti-rabbit IgG secondary antibodies (Jackson ImmunoResearch).  

 

RNA Isolation  

 

Total RNA was isolated from cells using TRIzol reagent (Invitrogen) in accordance with 

the manufacturer’s instructions. Reverse transcriptase reactions with M-MLV RT 

(Invitrogen) used 1 µg of RNA for a final concentration of 50 ng/µL cDNA per sample 

that was used for quantitative RT-PCR.  

 

Quantitative RT-PCR  
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For qRT-PCR analyses, 1 µg of total RNA was transcribed to cDNA as described 

above.  Relative mRNA levels were measured by quantitative PCR analysis of triplicate 

samples of 5 ng cDNA with QuantiTect SYBR Green Master Mix using an Applied 

Biosystems real time machine (ABI). Results were analyzed using the ∆∆CT method 

(328) and normalized to the 18s rRNA, RPLP0, or GAPDH transcript.  Statistical 

significance was determined using a student’s t-test or one-way ANOVA. A list of 

primers used for these analyses is shown in Table 3.1.  

  

Estrogen Time Course 

 

MCF-7 cells were trypsinized and resuspended in phenol red-free DMEM 

(Invitrogen) containing 3% charcoal-stripped FBS (csFBS; Sigma). After 48 hours in 

hormone-free media, media containing 10 nM E2 (100 µM stock in DMSO) or 1 µL/mL 

DMSO (vehicle) was added to the cells. Cells were collected at 0, 1, 3, 9, 15 and 24 hours 

after drug addition and subjected to RNA isolation and qRT-PCR analysis as described 

above. 

 

RNA-Immunoprecipitation  

 

To detect FLAG-ZC3H14 or -PABPN1/mRNA interactions, HeLa cells were 

grown to near confluency in 100-mm plates and transfected with pcDNA3, FLAG-

ZC3H14 Iso1, or –PABPN1 plasmids. After 24 hours, cells were rinsed and collected 
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with ice cold PBS. Lysates were prepared with an equal pellet volume of polysome lysis 

buffer (PLB; 10 mM HEPES pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.5% NP-40, 1 mM 

DTT, RNase OUT [Invitrogen], and 1 cOmplete protease inhibitor tablet [Roche]) and 

stored at -80°C.  FLAG-M2 magnetic beads (Sigma) were resuspended in supplemented 

NT2 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40) 

supplemented with RNase OUT (Invitrogen) and 1 mM DTT. Thawed and clarified cell 

lysates were added and the bead-antibody-cell lysate mixture was incubated at 4°C for 4 

hours while tumbling end over end. After incubation, beads were magnetized and washed 

5 times with cold NT2 buffer. FLAG-ZC3H14 and -PABPN1/mRNA complexes were 

eluted with excess FLAG peptide (Sigma) and bound RNA was isolated with TRIzol 

(Invitrogen) and purified according to manufacturer’s instructions. 

 

Polyadenosine Motif Discovery and Location Analysis 

 

To obtain sequences for the full human transcriptome, we used the "getfasta" 

function in the Bedtools program suite (http://bedtools.readthedocs.org/en/latest/ 

index.html) to extract FASTA sequences for all annotated human transcripts from a full 

human genome FASTA file.  Both the genome.fa and transcriptome reference were 

obtained from the UCSC HG19 genome annotation 

(http://hgdownload.cse.ucsc.edu/downloads.html).  To identify polyadenosine stretches, 

we used the "fimo" function in the Meme motif discovery suite 

(http://meme.nbcr.net/meme/) to interrogate the full human transcriptome with a 12-

adenosine search motif compatible with the Meme minimal motif format.  After filtering 
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out near-matches and merging overlapping motifs, we used a custom script to cross-

reference every identified motif with the HG19 refGene.txt transcript annotation and 

identified each motif with the following descriptors: exon or intron; and 5’ UTR, Coding 

region, 3’ UTR or noncoding transcript.  Before quantifying descriptor metadata, we 

avoided duplication by merging annotated poly-A instances occurring at identical 

genomic locations but in multiple transcripts into a single annotation.  Descriptor 

numbers were obtained using the command line “grep” functionality on the final merged 

dataset. 
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Chapter 4: Post-transcriptional Regulation of 

PDCD4 mRNA by the RNA binding proteins  
HuR and TIA1 

 

This chapter is adapted from the following published work: 

 
Wigington, C.P., Jung, J., Rye, E.A., Belauret, S.L., Philpot, A.M., Feng, Y., 

Santangelo, P.J. and Corbett, A.H. (2014) The Journal of Biological Chemistry E-pub 
ahead of print. “Post-transcriptional Regulation of Programmed Cell Death 4 (PDCD4) 
mRNA by the RNA Binding Proteins Human Antigen R (HuR) and T-cell Intracellular 

Antigen 1 (TIA1).” 
 

Imaging analyses were performed by Jeenah Jung in the Santangelo lab at Georgia Tech. 
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INTRODUCTION 

 

Post-transcriptional processing events are critical to ensure the proper gene 

expression profile of a cell. These events include the capping, splicing, 3' end processing, 

export from the nucleus, translation and eventual decay of an mRNA transcript in the 

cytoplasm (8). A myriad of RNA binding proteins and noncoding RNAs, such as micro 

RNAs (miRNAs), mediate these post-transcriptional events and are, therefore, key factors 

in modulating gene expression (330,331). Highlighting the importance of these events, 

there are a growing number of examples in which the dysregulation of RNA binding 

proteins or miRNAs and, in turn, the post-transcriptional processing events they mediate 

are associated with various types of cancer (284-286). The 3' untranslated region (UTR) 

of an mRNA transcript is the site of binding and regulation for many post-transcriptional 

factors. The AU-Rich Element Binding Proteins represent one class of RNA binding 

proteins that mediate their post-transcriptional function by binding to AU- or U-rich RNA 

elements (AREs) located primarily within the 3′UTRs of target mRNAs. This protein 

family which includes the mRNA stability factor, Human antigen R (HuR), and the 

translational repressor, T-cell Intracellular Antigen 1 (TIA1), plays a role in the post-

transcriptional regulation of a number of biologically important  

mRNAs (239,255,355).  

 

HuR is the ubiquitously expressed member of the Embryonic Lethal Abnormal 

Vision (ELAV) family of RNA binding proteins (203). Two N-terminal RNA 

Recognition Motifs (RRMs) within HuR mediate recognition of AREs located primarily 
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within the 3′UTR of target mRNA transcripts (206,249). A third RRM in the C-terminus 

of HuR has affinity for polyadenosine RNA and is thought to bind to the poly(A) tail of 

target mRNAs (204,205). A majority of HuR localizes to the nucleus at steady-state but 

can shuttle out of the nucleus when the cell experiences stress such as oxidative stress 

(208) or transcriptional inhibition (207). For the majority of HuR target transcripts, 

association with HuR in the cytoplasm leads to increased stability of the HuR-bound 

target mRNA, ultimately resulting in an increase in the steady-state protein level (209). In 

addition to this conventional role of HuR in stabilizing mRNAs, recent work has revealed 

that HuR can positively regulate the translation of target transcripts without affecting 

their stability (263,356), or even repress the expression of target transcripts via 

cooperative interactions with the miRNA machinery (217). Together these studies reveal 

a complex role for HuR in the post-transcriptional processing of target mRNAs. Further 

adding to this complexity is the observation that HuR interacts with other AU- or U-rich 

element RNA binding proteins, both cooperatively (220) and competitively (357), to fine-

tune the expression of target transcripts. 

 

TIA1 is an RRM-containing RNA binding protein that modulates the splicing and 

translation of target mRNAs (192,226). TIA1 contains three tandem RRMs at the N-

terminus of the protein followed by a glutamine-rich C-terminal domain (229). RRM2 of 

TIA1 has specificity for U-rich RNA and mediates high affinity binding to intronic and 

3′UTR regions of target mRNAs (230,231). TIA1 is present in both the nucleus and the 

cytoplasm and can shuttle between the two compartments (232,236). Similar to HuR, 

TIA1 localization shifts toward the cytoplasm upon transcriptional inhibition (236). 
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During oxidative stress, TIA1 binding to the 3′UTR of target transcripts promotes the 

formation and sorting of translationally incompetent preinitiation complexes into stress 

granules, resulting in translational repression (237).  

 

Recent transcriptome-wide analyses of both HuR and TIA1 binding reveal a large 

number of candidate mRNA targets that could be bound and regulated by these RNA 

binding proteins (224,225,231,248,249). These studies suggest HuR binding to 

approximately 10% of the transcriptome, specifically within the 3′UTRs and introns of 

these candidate target transcripts. Further analyses of these sequencing studies reveal a 

robust preference of HuR for U-rich sequences, which challenges the previously held 

belief that HuR is an exclusively AU-rich RNA binding protein (224,225,248,249). 

Secondary structural predictions of the candidate HuR binding sites suggest a preference 

for single-stranded RNA for binding to HuR, specifically within the context of a loop 

(249,358). A recent TIA1 iCLIP study reveals a high degree of TIA1 binding to U-rich 

regions found within the 3′UTRs of target transcripts (231). The observation that HuR 

and TIA1 both bind preferentially to U-rich 3′UTR regions suggest that these two 

proteins may coordinately regulate a number of target mRNAs.  

 

These transcriptome-wide studies validate many well-characterized HuR targets, 

including the cell cycle regulators, cyclin A, B1, D1 and E1 (213,359,360), p53 (356,361) 

and Estrogen Receptor α (ERα) (361) transcripts. Recently, a number of apoptotic factors 

whose transcripts are bound by HuR have been identified including Prothymosin α (263), 

Cytochrome C (220), Bcl-2 and Mcl-1 (264). Interestingly, TIA1 also regulates a number 

133



of apoptotic mRNAs including the Tumor Necrosis Factor α mRNA (TNF-α) (191,226). 

These studies suggest a potential role for HuR and TIA1 in coordinating the apoptotic 

program (264).  

 

Among the biologically important targets of HuR and TIA1 are several putative 

cancer-relevant targets. One such transcript identified in transcriptome-wide analyses is 

the novel tumor suppressor, Programmed Cell Death 4 (PDCD4). The PDCD4 protein 

binds to and inhibits the activity of the eukaryotic translation initiation factor 4A (eIF4A) 

(362), which is an RNA helicase that is responsible for unwinding the secondary structure 

in the 5′UTRs of translating mRNAs (363). Reduction of PDCD4 protein levels, which is 

observed in a number of cancer types (270), results in an increase in protein production 

and increased tumor promotion (362,364). The finding that PDCD4 is a key regulator of 

global translational levels suggests that PDCD4 is likely regulated by multiple factors. 

The oncomiR, miR-21, which is overexpressed in almost all cancer types examined (365), 

is a well-defined regulator of PDCD4 that functions by binding to the 3′UTR of the 

PDCD4 transcript and reducing PDCD4 protein levels (271,272). Furthermore, PDCD4 

expression is regulated at the transcriptional (366,367) and post-translational levels 

(270,368,369). The recent transcriptome-wide sequencing studies on HuR and TIA1 

described above suggest that the PDCD4 transcript may be a target of these proteins; 

therefore, an additional mode of regulation could modulate PDCD4 protein levels.   

 

In this study, we extensively characterized the PDCD4 transcript as a novel target 

of HuR and TIA1 in a breast cancer cell line, MCF-7 (326). In addition to RNA-
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immunoprecipitation (RNA-IP) with HuR and TIA1, we employed RNA-imaging probes 

deliverable to live cells (370) and proximity ligation assay (PLA) (371,372) to examine 

the interplay between HuR and TIA1 on the PDCD4 transcripts with single-interaction 

sensitivity on a per cell basis. Contrary to previous studies that describe a cooperative 

relationship between HuR and TIA1 in binding to RNA (220), we observe a competitive 

interaction between HuR and TIA1 on the PDCD4 transcript in the cytoplasm. Analysis 

of the nuclear and cytoplasmic pools of PDCD4 mRNA reveals a significantly more 

stable population of PDCD4 mRNA in the cytoplasm compared to the nucleus. 

Knockdown of HuR and/or TIA1 results in a steady-state decrease of PDCD4 mRNA and 

protein levels, supporting a role for these factors in positively regulating PDCD4 mRNA 

levels. Together, these data present a novel and dynamic mode of regulation of PDCD4 

mRNA by multiple factors that contribute to fine-tuning the level of PDCD4 protein in 

breast cancer cells.  

 

RESULTS 

 

PDCD4 mRNA is bound and regulated by HuR in MCF-7 breast cancer cells 

  

Recent transcriptome-wide HuR PAR-CLIP analyses in HeLa and HEK293 cells 

reveal novel functions and potential targets of the RNA binding protein, HuR 

(224,225,248,249), including a number of candidate targets with relevance to cancer. One 

such candidate transcript is PDCD4, which encodes a novel tumor suppressor that 

inhibits neoplastic transformation by interfering with the helicase activity of the 

135



translation initiation factor, eIF4A (362). The PDCD4 transcript contains multiple 

predicted AREs (373) within the 3′UTR that overlap with CLIP-Seq tags from 

independent HuR CLIP studies, suggesting that it is a candidate target of HuR.  

 

To assess whether HuR binds to PDCD4 mRNA in MCF-7 breast cancer cells, we 

performed RNA immunoprecipitation (RNA-IP) with endogenous HuR protein. As 

expected (Figure 4.1A), HuR protein was detected in the bound fraction when purified 

with HuR antibody but not with IgG control antibody. The input and bound fractions 

were then analyzed for the presence of bound PDCD4 transcript using qRT-PCR. As 

shown in Figure 4.1B, the PDCD4 transcript was robustly enriched with HuR pulldown. 

For controls, we also examined a known HuR target, Estrogen Receptor α (361) (ERα), as 

well as GAPDH, which is not bound by HuR (358). As expected, the GAPDH transcript 

showed no enrichment with HuR; however, the previously defined HuR target, ERα 

(361), showed enrichment. These results provide evidence that PDCD4 mRNA is bound 

by HuR in MCF-7 cells.  

 

The canonical role for HuR in the post-transcriptional regulation of target mRNA 

transcripts is as a positive regulator of mRNA stability (209), however, recent studies 

also reveal a role for HuR in modulating mRNA translation (220,263,356) as well as 

negatively regulating the expression of target transcripts via cooperative interactions with 

the miRNA machinery (217). To determine whether transient modulation of HuR levels 

has an impact on PDCD4 steady-state mRNA or protein levels, we performed siRNA-

mediated knockdown of HuR in MCF-7 cells. As shown in Figure 4.1C, immunoblotting 
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revealed a robust knockdown of HuR with HuR siRNA but not with scramble control 

siRNA. Probing these same samples with PDCD4 antibody reveals a decrease in PDCD4 

protein upon HuR knockdown, but no change in a control protein, Heat Shock Protein 90 

(HSP90). Quantification of PDCD4 steady-state protein levels upon HuR knockdown 

confirmed a significant decrease in PDCD4 protein levels (Figure 4.1C, quantification 

below representative blot).  

 

To assess whether a change in mRNA transcript levels could underlie the 

observed decrease in PDCD4 protein levels, we examined RNA isolated from cells 

transfected with HuR siRNA. qRT-PCR analyses of these samples revealed a significant 

decrease in PDCD4 steady-state mRNA levels upon HuR knockdown (Figure 4.1D). 

Together these results demonstrate that HuR binds to the PDCD4 transcript in breast 

cancer cells and plays a role in regulating steady-state PDCD4 mRNA and protein levels. 

 

HuR RRMs 1 and 2 are required for PDCD4 binding  

  

The HuR protein contains three RRMs (Figure 4.2A). The two N-terminal RRMs 

are critical for ARE recognition while the third RRM is thought to recognize 

polyadenosine sequences (204,205).  The crystal structure of RRMs 1 and 2 (residues 18-

186) of HuR in complex with an AUUUUUUAUUUU RNA oligomer (PDB # 4ED5) 

(206) is shown in Figure 4.2A. While RRM1 is the primary ARE recognition domain 

within HuR, the conformational change that takes place upon RNA binding leads to 

additional interactions between RRM2 and the target mRNA, ultimately increasing RNA 
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binding affinity (206). This structure, along with other studies investigating the structural 

basis of HuR-RNA interactions (374), reveals a number of key residues that are predicted 

to be important for high affinity RNA binding by HuR (206,374).  

 

To define specific residues within RRM1 and 2 that are critical for HuR binding 

to target RNA, we focused on three of the residues (asparagine 21 [N21], tyrosine 109 

[Y109] and arginine 147 [R147]) shown in vitro to be critical for RNA binding (374). We 

changed each of these residues to alanine in an N-terminally FLAG-tagged HuR 

expression vector to create a FLAG-HuR binding mutant, which we term FLAG-

HuR(BM). To ensure that FLAG-HuR(BM) is expressed at comparable levels to the wild 

type FLAG-HuR, we transfected MCF-7 cells with the FLAG-HuR and -HuR(BM) 

constructs and analyzed expression by immunoblotting for HuR (Figure 4.2B). HuR 

antibody detects both endogenous HuR (lower band) and FLAG-tagged HuR protein 

(upper band). The steady-state level of FLAG-HuR protein is comparable for HuR and 

HuR(BM), demonstrating that the amino acid changes within the RRM do not 

significantly impact the steady-state level of HuR protein. Importantly, the localization of 

HuR(BM) is also indistinguishable from HuR(WT) as assessed by indirect 

immunofluorescence (Figure 4.2C).  

  

To test whether the residues altered in HuR(BM) are critical for HuR binding to 

ARE-containing target mRNA, we expressed FLAG-HuR and -HuR(BM) in MCF-7 cells 

and subjected these cell lysates to RNA-IP analysis. To ensure specific purification of 

FLAG-tagged HuR, we performed the RNA-IP with FLAG antibody-conjugated protein 
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A beads. As shown in Figure 4.2D, we achieved robust purification of both FLAG-HuR 

and -HuR(BM) with no purification of the untagged, endogenous HuR protein. To 

identify RNA transcripts that co-purify with the FLAG-tagged HuR proteins, qRT-PCR 

analysis was performed (Figure 4.2E). As expected, the well-studied HuR target, ERα 

(361), was robustly enriched upon purification of FLAG-HuR. Significantly reduced 

enrichment of the ERα transcript was detected with FLAG-HuR(BM) as compared to WT 

FLAG-HuR, providing the first evidence that these key residues within HuR RRM1 and 

RRM2 are important for interaction with HuR target RNA in cells and demonstrating the 

utility of this mutant for validating ARE-containing HuR target RNAs. As expected, the 

negative control transcript, RPLP0, did not enrich with either FLAG-HuR or -HuR(BM).  

 

We next exploited the HuR(BM) to assess whether PDCD4 binding depends on 

HuR RRMs 1 and 2, as established for the ARE-containing ERα transcript. We analyzed 

PDCD4 mRNA enrichment with both FLAG-HuR and -HuR(BM). Consistent with the 

results from the endogenous HuR RNA-IP, we observed robust enrichment of the 

PDCD4 transcript upon purification of wild type HuR. In contrast, no significant 

enrichment of PDCD4 was detected in the HuR binding mutant sample. The loss of 

enrichment of the ERα and PDCD4 transcripts with FLAG-HuR(BM) demonstrate that 

PDCD4 binding to HuR is similar to that of the classical ARE-containing target, ERα.  

 

HuR binds to two distinct regions within the PDCD4 3′UTR 
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Previous CLIP-Seq studies examining HuR binding across the transcriptome 

reveal that HuR binds primarily within the 3′UTRs and introns of mRNAs 

(224,225,248,249). Additional preliminary data from these CLIP-Seq studies show that 

the 3′UTR of the PDCD4 transcript contains multiple AU- and U-rich stretches that could 

be bound by HuR (224,225,248,249). The UCSC Genome Browser defines the PDCD4 

3′UTR as being 1,918 nt long; however, data from poly(A)-Seq analyses in various 

human tissues suggest that an evolutionarily conserved upstream polyadenylation site 

may be used for 3′ end processing of the PDCD4 transcript, resulting in a 3′UTR of 

approximately 672 nt. To determine the precise length of the PDCD4 3′UTR in MCF-7 

cells, we performed 3′ RACE analysis using primers specific to the PDCD4 3′UTR. The 

GAPDH 3′UTR was used as a control. To define the size of the PDCD4 3′UTR in two 

other human cancer cell lines, we also performed 3′ RACE analyses using cDNA from 

HeLa (cervical adenocarcinoma; ATCC CCL-2) and MDA-MB-231 (mammary 

adenocarcinoma; ATCC HTB-26) cells. As shown in Figure 4.3A and verified by 

sequence analysis, the 3′UTR of PDCD4 is 672 nucleotides in all cell types analyzed. 

These results focus our analysis of post-transcriptional regulation of PDCD4 on the 672 

nt 3′UTR present in MCF-7 cells.  

  

To determine whether HuR binds to the 3′UTR of PDCD4, we generated a 

biotinylated RNA probe that corresponds to the 672 nt region of the PDCD4 3′UTR. For 

controls, we employed the c-Myc 3′UTR, which is a well-defined target of HuR (203) and 

the GAPDH 3′UTR, which is not a HuR target (Figure 4.3B). The biotinylated probes 

were incubated with MCF-7 cell lysates, precipitated with neutravidin-coated beads, and 
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then subjected to immunoblot analysis with HuR antibody to detect HuR bound to the 

probes. As shown in Figure 4.3C, HuR protein was readily detected in the input fractions, 

verifying the presence of HuR protein in these cell lysates. We detected robust HuR 

binding to the full-length PDCD4 3′UTR probe, suggesting that HuR binds the 3′UTR of 

PDCD4. As expected, we detected HuR protein bound to the c-Myc 3′UTR probe but not 

samples without a probe or with the negative control GAPDH 3'UTR probe. We also 

tested biotinylated probes that correspond to the 5'UTR and coding region of the PDCD4 

transcript in this assay. Consistent with preliminary data that suggests binding of HuR to 

the PDCD4 3'UTR specifically, we did not detect co-precipitation of HuR upon pulldown 

with the PDCD4 5'UTR and coding region probes (data not shown). These results 

confirm that HuR binds to the 3′UTR of PDCD4 mRNA.  

 

To define specific regions of the PDCD4 3′UTR that confer HuR binding, we 

generated a set of biotinylated probes that correspond to the first 290 and final 382 

nucleotides of the PDCD4 3′UTR (5′290 and Δ290 probes, respectively; Figure 4.3B). As 

shown in Figure 4.3C, we detected robust HuR binding to the 5′290 probe. We did not, 

however, detect binding of HuR to the Δ290 probe, suggesting that HuR binds 

specifically to the 5′290 nucleotides of the PDCD4 3′UTR. Interestingly, the 5′290 

nucleotides of the PDCD4 3′UTR contain multiple AU- and U-rich stretches that could 

be bound by HuR (373). To determine whether HuR binds to one or more of these 

stretches, we generated additional biotinylated probes that correspond to 100 or 90 

nucleotide regions of the PDCD4 5′290 3′UTR region (Figure 4.3B; Probes A, B and C). 

We detected robust binding of HuR to the first two 100 nucleotide regions of the PDCD4 
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3′UTR, but not to the third 90 nucleotides (Figure 4.3C). These results show two distinct 

HuR binding sites within the first 200 nucleotides of the PDCD4 3′UTR.  

 

RNA imaging probes can be used to visualize PDCD4 mRNA in live cells 

 

Recent studies demonstrate the ability to accurately visualize RNA granules and 

RNA-protein interactions at a single molecule level in live cells (370,371,375). To detect 

HuR-PDCD4 interactions in MCF-7 cells, we designed four imaging probes that target 

four different sequences in the PDCD4 3′UTR, avoiding the defined HuR binding sites 

(HuR BS) (Figure 4.4A). To determine probe specificity, we delivered each probe, 

labeled with Cy3b fluorophores, along with the other three probes labeled with Dylight 

650 fluorophores. For example, in order to examine the specificity of probe 1, probe 1 

was labeled with Cy3b while probes 2, 3, and 4 were labeled with Dylight 650 (Figure 

4.4B). Therefore, colocalization of probe 1 with the other three probes would suggest 

specificity of probe 1 in targeting the PDCD4 3′UTR.  

 

For each probe, three images were obtained for analysis and colocalization was 

quantified by Mander’s coefficient. The mean Mander’s coefficients for probes 1-3 were 

greater than 0.8 and were not statistically different from one another (p>0.9), suggesting 

good colocalization. Probes 1-3 overlapped well with the other probes, as shown in the 

intensity profile of the representative mRNA punctae (Figure 4.4B). However, the mean 

Mander’s coefficient for probe 4 was 0.6 and was significantly less than the other three 

probes (p<0.009). Generally, probe 4 did not overlap well with the other probes as shown 
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in the intensity profile (Figure 4.4B). Where the probe signal was bright, the signal of the 

other probes was dim or vice versa. Thus, probe 4 was deemed non-specific and was not 

used for further analysis and probes 1-3 were employed in all experiments. These results 

suggest that probes 1-3 specifically recognize the PDCD4 3′UTR and allow us to 

visualize PDCD4 RNA granules in MCF-7 cells. 

 

Proximity ligation assay can detect HuR-PDCD4 mRNA interactions 

 

To visualize HuR protein-PDCD4 mRNA interactions in MCF-7 cells, we 

performed proximity ligation assay (PLA) between HuR and the FLAG peptides on the 

PDCD4 RNA probes. As schematized in Figure 4.4C, primary antibodies of different 

species bind to HuR and the FLAG tag (mouse and rabbit, respectively), which can then 

be detected by species-specific PLA probes with oligonucleotides. The oligonucleotides 

attached to the PLA probe form a circularized DNA strand by enzymatic ligation, one of 

which can serve as a primer for rolling circle amplification. This amplification ultimately 

results in a coiled single-stranded DNA, or the PLA product, which is complementary to 

the circular DNA strand. The PLA product is then detected by hybridizing 

complementary fluorophore-labeled oligonucleotides (Figure 4.4C) (371,372).  

 

Due to the cell permeabilization and probe delivery conditions, this PLA assay 

specifically detects cytoplasmic protein-RNA interactions. Previous work demonstrates 

that the steady-state localization of HuR in MCF-7 cells is primarily nuclear with a small 

amount located in the cytoplasm due to nucleocytoplasmic shuttling of HuR (359). To 
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increase the cytoplasmic pool of HuR for analysis in the PLA assays, cells were treated 

with the transcriptional inhibitor, Actinomycin D (ActD), which increases the 

cytoplasmic localization of HuR (212). To confirm the steady-state nuclear localization 

of HuR in these cells as well as the cytoplasmic enrichment of HuR upon ActD treatment, 

we performed nucleocytoplasmic fractionation of MCF-7 cells subjected to a 90 minute 

treatment with vehicle control (PBS) or ActD. As shown in Figure 4.4D, fractionation of 

vehicle treated cells confirms that the majority of HuR protein is localized to the nucleus 

(compare lanes 1 and 3). Treatment with ActD results in an increase in the amount of 

HuR detected in the cytoplasm (Figure 4.4D, compare lanes 2 and 4). Thus treatment of 

MCF-7 cells with ActD increases the cytoplasmic pool of HuR. 

  

As shown in Figure 4.4E, we observe endogenous HuR-PDCD4 interactions by 

PLA in untransfected and untreated cells (top row; quantified in Figure 4.4G), which 

supports the HuR-PDCD4 binding data obtained from both RNA-IP (Figures 4.1 and 2) 

and biotin pulldown analyses (Figure 4.3). As expected, we observed no PLA signal in 

cells incubated with negative control probes lacking FLAG tags (NA; Figure 4.4E). To 

validate the interaction of HuR with the PDCD4 transcript, we also modulated both HuR 

levels and localization and assessed the impact on PLA signal. These experiments were 

carried out either in cells expressing endogenous HuR or where total levels of HuR were 

increased by expression of HuR-GFP. To assess changes in the frequency of HuR-

PDCD4 mRNA interactions, we counted the number of HuR-PDCD4 PLA punctae and 

normalized to the amount of mRNA in each cell, which was quantified by measuring the 

volume of probe signal for each cell. The probe volume was the same in both 
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untransfected and HuR-GFP transfected cells with (p=0.16) and without (p=0.26) ActD 

(Figure 4.4F). This analysis confirms that the probe delivery and binding as well as the 

amount of RNA granules are not significantly affected by transfection. As expected for 

treatment with a transcriptional inhibitor, incubation of cells with ActD reduced the total 

volume of PDCD4 mRNA by approximately 40% (p<0.001; quantified in Figure 4.4F). 

 

Treatment with ActD resulted in significantly more HuR-PDCD4 PLA punctae 

than untreated cells due to increased cytoplasmic HuR in both untransfected (p<0.02) and 

HuR-GFP transfected cells (p<0.001; quantified in Figure 4.4G). As experiments 

employed a low amount of HuR-GFP plasmid (0.8 µg) for transfection, HuR-GFP-

transfected cells not treated with ActD showed only a slight increase in PLA frequency 

compared to the untransfected samples (p=0.046). As demonstrated above, addition of 

ActD caused HuR to localize to the cytoplasm and resulted in a greater increase in HuR-

PDCD4 interactions in the HuR-GFP transfected cells than in untransfected cells 

(p<0.001). These results demonstrate individual HuR-PDCD4 interactions in MCF-7 

cells and further validate the interaction between HuR and the PDCD4 transcript. 

 

Cytoplasmic PDCD4 mRNA is regulated differently than nuclear PDCD4 mRNA  

 

  As mentioned above, canonically, HuR binding to target mRNAs results in 

increased transcript stability (209). In fact, many HuR target mRNAs are inherently labile 

and responsive to cellular stimuli (158,376). As shown in Figure 4.1C and D, knockdown 

of HuR in MCF-7 cells results in decreased steady-state PDCD4 mRNA and protein 
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levels, suggesting that HuR could positively regulate the stability of the PDCD4 

transcript. To determine the half-life of the PDCD4 transcript in MCF-7 cells, we treated 

cells with the potent transcriptional inhibitor, ActD (156), and collected cells at 30 

minutes, 2, 4, 6 and 8 hours after drug addition. We performed qRT-PCR analysis with 

PDCD4 primers to determine the percent mRNA remaining over time following ActD 

treatment (Figure 4.5A). For controls, we also analyzed the c-Myc transcript, which has a 

short half-life (376) as well as the very stable RPLP0 transcript (377). As shown in 

Figure 4.5A, the PDCD4 transcript showed significant decay over the course of the 

experiment, with a calculated half-life of ~6.1 hours, which is less than the average 

mRNA half-life of ~9 hours (378). These results suggest that the PDCD4 transcript is 

labile. As expected, the c-Myc transcript levels decreased dramatically after ActD 

treatment with a calculated half-life of ~1.6 hours, which is comparable to previously 

determined c-Myc mRNA half-life values (376). The RPLP0 transcript decayed a very 

small amount over the time course examined as expected for a highly stable transcript.  

 

Immunoblot analysis of protein samples isolated across the ActD time course 

reveals a sharp decrease in PDCD4 steady-state protein levels upon ActD treatment 

(Figure 4.5B, lanes 6-10), but not vehicle control-treated cells (lanes 1-5). The observed 

decrease in PDCD4 protein levels is consistent with previous work that demonstrates 

activation (by phosphorylation of serine 70) of S6K1, the kinase responsible for 

phosphorylation and subsequent degradation of PDCD4 (368), upon treatment with 

Actinomycin D (379). As expected, the steady-state levels of Tubulin and HuR are 

unchanged across the time course of ActD treatment.  
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The observation that HuR interacts with PDCD4 mRNA in the cytoplasm (Figure 

4.4E) as well as the fact that cytoplasmic HuR protein levels increase upon ActD 

treatment (Figure 4.4D) led us to question whether there may be differential regulation of 

the nuclear and cytoplasmic pools of PDCD4 mRNA. To isolate nuclear and cytoplasmic 

fractions from MCF-7 cells treated with ActD (or vehicle control), we performed cellular 

fractionation as described in Experimental Procedures and collected nuclear and 

cytoplasmic fractions at 30 minutes, 3, 6 and 8 hours after drug treatment. Immunoblot 

analysis of fractionated cells reveals robust and clean fractionation of nuclear and 

cytoplasmic compartments as evidenced by distinct partitioning of steady-state nuclear 

(HuR) and cytoplasmic proteins (HSP90). As shown in Figure 4.5C, we observe 

cytoplasmic localization of PDCD4, consistent with its role in translational regulation 

(362,363). As expected, HSP90 levels remain unchanged in control and ActD-treated 

cells. Consistent with the results obtained from total cellular protein levels upon ActD 

treatment (Figure 4.5B), we observe a decrease in PDCD4 protein levels upon ActD 

treatment in the cytoplasmic fractions. 

 

As previously shown (Figure 4.4D), the steady-state level of HuR protein 

increases in the cytoplasm upon ActD treatment with no change in the vehicle control-

treated cells (Figure 4.5C). Immunoblot analysis of another RNA binding protein that 

shuttles between the nucleus and cytoplasm and shifts in localization upon ActD 

treatment (236), TIA1, reveals a sharp decrease in steady-state nuclear protein levels with 

a concomitant increase in cytoplasmic levels. Interestingly, in these cells, the shift to 
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cytoplasmic localization for TIA1 may occur faster than HuR as evidenced by increased 

cytoplasmic levels of TIA1 at 30 minutes of ActD exposure (as compared to vehicle 

control-treated cells at 30 minutes). 

 

To identify any differences in mRNA decay profiles between nuclear and 

cytoplasmic pools of mRNA, we performed qRT-PCR analysis of RNA isolated from 

each compartment with primers to detect β-actin, c-Myc and PDCD4 transcripts (Figure 

4.5D-F). The highly stable β-actin transcript (380) and the extremely labile c-Myc 

transcript (376), both previously defined targets of HuR (203,205,217,254), display 

similar decay profiles between the nuclear and cytoplasmic compartments (Figures 4.5D 

and E, respectively). The PDCD4 transcript, however, displays a striking difference in 

mRNA decay between the nucleus and cytoplasm. As shown in Figure 4.5F, the 

cytoplasmic pool of PDCD4 mRNA is significantly more stable than the nuclear pool, 

coincident with changes in the localization of RNA binding proteins (Figure 4.5C) that 

may regulate this critically important transcript. These results suggest that PDCD4 

mRNA may be regulated in a unique manner than other HuR target mRNAs. 

 

The U-rich element RNA binding protein, TIA1, binds to PDCD4 mRNA in MCF-7 

cells 

 

 The observation that the cytoplasmic pool of PDCD4 mRNA is significantly more 

stable than nuclear PDCD4 mRNA (Figure 4.5F) coupled with the shift in localization 

that occurs for many RNA binding proteins, including two U-rich element binding 
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proteins, HuR and TIA1 (Figure 4.5C), led us to hypothesize that other factors may bind 

to and modulate the PDCD4 transcript via the 3'UTR. One well-studied mode of 

regulation of the PDCD4 transcript occurs via an interaction between miR-21 and the 

PDCD4 3'UTR, which negatively regulates cellular PDCD4 levels (271,272). Recent 

advances in sequencing technology have allowed for extensive characterization of 

candidate mRNA targets of many RNA binding proteins. As shown in Figure 4.6A, 

alignment of iCLIP-Seq tags from a recent transcriptome-wide TIA1 iCLIP study in 

HeLa cells (231) reveals two predicted TIA1 binding sites that overlap with the 3′UTR 

regions bound by HuR (Figure 4.3C). These observations suggest that HuR and TIA1 

could bind to similar or overlapping regions in the PDCD4 3′UTR. Interestingly, 

previous work has defined a cooperative relationship between HuR and TIA1 in 

regulating the translation of specific target RNAs (220) and therefore provides 

precedence for interactions and/or competition between these two RNA binding proteins 

on target mRNAs.  

  

To assess whether TIA1 binds to PDCD4 mRNA in MCF-7 cells, we performed 

RNA-IP with endogenous TIA1 protein. As shown in Figure 4.6B, TIA1 protein was 

detected in the bound fraction when purified with TIA1 antibody but not with IgG control 

antibody. The input and bound fractions were then analyzed for PDCD4 transcript using 

qRT-PCR. As shown in Figure 4.6C, the PDCD4 transcript was robustly enriched with 

TIA1. For controls, we also examined two known TIA1 targets, Cytochrome c (CYCS) 

(220) and Prothymosin α (PTMA) (263), as well as GAPDH, which is not bound by 

TIA1. As expected, the GAPDH transcript showed no enrichment with TIA1, however, 
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the previously defined TIA1 targets, CYCS and PTMA, demonstrated significant 

enrichment. These results confirm that PDCD4 mRNA is bound by TIA1 in MCF-7 cells. 

 

To further validate the interaction between TIA1 and PDCD4 mRNA, we 

performed PLA between TIA1 and the FLAG-tagged probes designed for the PDCD4 

3'UTR (see Figure 4.4A) with and without TIA1-GFP transfection (Figure 4.6D). As 

shown in Figure 4.6E, we observed no significant difference in the amount of mRNA 

probes under any of the experimental conditions employed (p=0.855), suggesting that 

probe delivery and binding was not affected by TIA1-GFP transfection. TIA1-PDCD4 

mRNA interactions were observed by PLA with endogenous TIA1 and, as expected, a 

significant increase in TIA1-PDCD4 interactions was observed by PLA upon increasing 

TIA1 levels via transfection of TIA1-GFP (p<0.001), which demonstrates specific 

interaction between TIA1 and PDCD4 mRNA in these cells (Figure 4.6F).  

 

Given that the probes bind in this region and that we are able to detect TIA1 

interactions readily via PLA, it is likely that TIA1 binds within the first ~200 nt of the 

3'UTR, in a similar region to where we map HuR binding (Figure 4.3C). These results 

suggest that TIA1 represents another factor that binds to the PDCD4 transcript and could 

play a role in regulating PDCD4 steady-state levels.  

 

Knockdown of HuR and/or TIA1 decreases steady-state PDCD4 mRNA and protein 

levels 
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Both binding and PLA studies reveal interactions between HuR and TIA1 with 

the PDCD4 transcript. As shown in Figure 4.1C and D, we observe a significant decrease 

in steady-state PDCD4 mRNA and protein levels upon knockdown of HuR in MCF-7 

cells. To determine whether TIA1 also has an effect on PDCD4 steady-state levels, we 

transiently transfected MCF-7 cells with siRNA targeting TIA1. We also transfected a 

population of cells with HuR and TIA1 siRNA together to determine whether reduction 

of both factors had any additional effect on PDCD4 steady-state levels. As shown in 

Figure 4.7A, we achieve robust knockdown of HuR and TIA1 (alone and in tandem) in 

these cells. Upon knockdown of HuR and/or TIA1, PDCD4 steady-state protein levels are 

reduced ~30-40% (quantification below the representative blot). As expected, a control 

protein, HSP90, displays no difference in steady-state levels across all treatment groups. 

qRT-PCR analysis of RNA isolated from HuR and TIA1 knockdown samples with 

primers to PDCD4 and RPLP0 revealed a significant reduction of PDCD4 steady-state 

mRNA levels (Figure 4.7B), consistent with the trend observed at the protein level 

(Figure 4.7A).  

 

As discussed previously, miR-21 is a well-studied regulator of PDCD4 levels in 

MCF-7 cells (272). Recent work has described a role for HuR in modulating miRNA 

loading onto target transcripts (193,217) as well a potential role for HuR in miRNA 

biogenesis (224,225,381). To determine whether HuR and/or TIA1 knockdown impacts 

steady-state miR-21 levels in these cells, we performed qRT-PCR analysis with primers 

to detect miR-21 as well as a control small ncRNA, RNU48 (382). As shown in Figure 

4.7C, knockdown of HuR and/or TIA1 did not alter steady-state miR-21 levels; however, 
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this finding does not exclude the possibility that HuR and/or TIA1 could modulate the 

loading of miR-21 onto the PDCD4 transcript. 

 

The best-characterized role of TIA1 in post-transcriptional processing is that of a 

negative regulator of translation (191). Although we observe a decrease in both the 

steady-state mRNA and protein level of PDCD4 upon TIA1 knockdown, we questioned 

whether TIA1 or HuR could also modulate translation of the PDCD4 transcript. To assess 

the translational profile of PDCD4 mRNA upon knockdown of TIA1 and/or HuR, we 

performed polysome profiling on MCF-7 cytoplasmic lysates via sucrose gradient 

fractionation. Cytoplasmic lysates were either untreated (N.T.) or treated with EDTA 

(+EDTA) to ensure the identity of the polysomes. Analysis was also performed for cells 

treated with scramble control siRNA or siRNA targeting HuR, TIA1 or both. Total RNA 

isolated from each fraction was used for cDNA generation and subsequent qRT-PCR 

analysis with PDCD4 and GAPDH primers. The percent distribution of PDCD4 mRNA 

in each fraction was determined and plotted as shown in Figure 4.7D. Untreated MCF-7 

cells display a PDCD4 polysome profile characteristic of an actively translated mRNA, 

such as GAPDH (218), as indicated by a sharp peak in Fraction 8, which corresponds 

with the polysomes (assessed by A254 absorbance, data not shown). As expected, 

treatment of cytoplasmic lysates with EDTA disrupted polysomes and resulted in a 

striking leftward shift on the profile (Figure 4.7D).  

 

As expected, polysome profiling of the actively translated mRNA, GAPDH, upon 

HuR and/or TIA knockdown reveals no difference in the translational profile of this 
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message (Figure 4.7E). As shown in Figure 4.7F, analysis of PDCD4 translation across 

the same treatment groups also reveals no significant difference in PDCD4 translational 

profile in these cells. Together these data support a role for HuR and TIA1 in positively 

regulating PDCD4 mRNA levels.   

 

HuR and TIA1 compete for binding to PDCD4 mRNA 

 

We have demonstrated by various methods that both HuR and TIA1 bind the 

PDCD4 transcript in MCF-7 cells. We also show that knockdown of HuR and/or TIA1 

results in a steady-state decrease in PDCD4 mRNA and protein levels. However, we also 

observe a very interesting and seemingly dynamic mode of regulation of the PDCD4 

transcript, specifically in the cytoplasm. To assess whether HuR and TIA1 cooperate or 

compete for binding to the PDCD4 transcript in the cytoplasm, we modulated the levels 

of TIA1 or HuR in MCF-7 cells and analyzed HuR-PDCD4 interactions using PLA 

(Figure 4.8A-C). No difference in the probe volume was observed between the treatment 

groups (p=0.12; data not shown), demonstrating that probe delivery and binding as well 

as the level of PDCD4 mRNA were not affected by transfection. As expected, upon 

reduction of HuR, HuR-PDCD4 interactions decreased significantly (p<0.001; quantified 

in Figure 4.8C). A similar decrease in HuR-PDCD4 interactions was observed upon 

overexpression of TIA1 through transfection of TIA1-GFP (p<0.001). In contrast, 

knockdown of TIA1 resulted in increased HuR-PDCD4 interactions comparable to HuR-

GFP transfected cells (p=0.76). These results suggest that increasing TIA1 may prevent 

HuR from binding to the PDCD4 3′UTR, while decreasing TIA1 facilitates HuR-PDCD4 
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interactions (Figure 4.8A-C), which suggests a competitive relationship between HuR 

and TIA1 for binding to the PDCD4 3′UTR.  

 

To determine whether changing HuR levels affects TIA1-PDCD4 interactions, we 

modulated HuR by siRNA or HuR-GFP transfection and assessed TIA1-PDCD4 PLA 

values. Again, we found no difference in the probe volume between different transfection 

groups (p=0.21; data not shown), indicating that probe delivery and binding as well as the 

level of PDCD4 mRNA were not affected by transfection. As expected, knockdown and 

overexpression of TIA1 resulted in decreased and increased, respectively, TIA1-PDCD4 

PLA interactions (Figure 4.8D, F). Consistent with our model where HuR and TIA1 

compete for binding to PDCD4, upon reduction of HuR, we observed an increase in 

TIA1 binding to PDCD4 mRNA (p<0.001; Figure 4.8D, F). In contrast, overexpression 

of HuR did not have a significant effect on TIA1 binding to PDCD4 (p=0.21), but the 

level of HuR overexpression was quite modest (Figure 4.8D-F). These results suggest 

that the PDCD4 transcript is competitively bound by HuR and TIA1 (schematized in 

Figure 4.8G) and therefore may be regulated in a different manner than a previously 

described target mRNA that is cooperatively regulated by HuR and TIA1 (220). 

 

DISCUSSION 

 

In this study, we identified the PDCD4 mRNA transcript as a novel target of the 

RNA binding proteins, HuR and TIA1. Our results show that HuR binds to the PDCD4 

transcript via at least two distinct binding sites within the 3′UTR that overlap with TIA1 
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binding sites identified by CLIP-Seq (231). We demonstrate binding of TIA1 to the 

PDCD4 transcript and also show that modulation of TIA1 levels regulates HuR-PDCD4 

interactions in MCF-7 cells, suggesting a competitive interaction between HuR and TIA1 

on the PDCD4 transcript in the cytoplasm, specifically via the PDCD4 3'UTR. 

Nucleocytoplasmic fractionation reveals a significantly more stable pool of PDCD4 

mRNA in the cytoplasm compared with the nucleus, suggesting that these pools of 

PDCD4 mRNA are regulated in a distinct manner. Knockdown of HuR and/or TIA1 

results in significant reduction of PDCD4 mRNA, supporting a role for these factors in 

positively regulating PDCD4 mRNA levels. This work as well as recent studies 

implicating HuR and TIA1 as dynamic and coordinate regulators of target mRNA 

expression (195,220) suggests a novel mode of regulation of PDCD4 by HuR and TIA1 

and yields mechanistic insight into the post-transcriptional regulation of U-rich-

containing mRNAs, such as PDCD4. 

 

The PDCD4 protein is an inhibitor of the eIF4A helicase, which unwinds 

secondary structural elements located within the 5′UTR of mRNA transcripts to facilitate 

translation (362). PDCD4 expression is upregulated after the initiation of programmed 

cell death (or apoptosis) (383) and a reduction in PDCD4 protein levels leads to 

neoplastic transformation (384). Because of the critical role for PDCD4 as a global 

regulator of protein synthesis and as a tumor suppressor, PDCD4 expression is regulated 

at multiple levels (270). PDCD4 is regulated at the transcriptional level by the 

transcription factor, v-Myb (385) as well as by epigenetic regulation through DNA 

methylation (386). With regard to post-transcriptional regulation of PDCD4, the only 
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study beyond the extensive analysis of miR-21 (271,272), examined the regulation of the 

PDCD4 transcript by the splicing factor, SRSF3 (387). SRSF3 binds to the 5′UTR of the 

PDCD4 transcript and modulates splicing and translational efficiency (387). The work 

presented here, which provides evidence for two additional RNA binding proteins that 

bind to and regulate the PDCD4 transcript, expands our understanding of the post-

transcriptional regulation of PDCD4. 

 

Our results show that HuR binds to two independent regions within the first 200 

nt of the PDCD4 3′UTR. The PDCD4 3′UTR is considerably AU- or U-rich (68% and 

37%, respectively) and contains two striking U-rich stretches within the 5′290 nt region 

of the 3′UTR. Indeed, these two U-rich regions are found within the first 200 nt of the 

3′UTR and are consistent with the mapped HuR binding sites (Figure 4.3). Preliminary 

secondary structure prediction analyses of the 672 nt 3′UTR of PDCD4 predict two 

single-stranded U-rich motifs within the first 200 nt, suggesting that these are the motifs 

bound by HuR (388). The predicted binding sites of TIA1 on the PDCD4 3′UTR (231) 

overlap with the HuR binding sites and, due to the U-rich preference of TIA1, likely 

represent U-rich regions that are competitively bound by HuR and TIA1.   

 

Previous studies demonstrate that competition between HuR and TIA1 for binding 

to 5′ splice sites regulates alternative splicing in numerous cell types (223,250,251). 

However, there is no precedent for competition between HuR and TIA1 that influences 

mRNA stability and/or translation. Employing RNA imaging probes and PLA, we 

detected and quantified individual interactions between native PDCD4 mRNA and either 
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endogenous HuR or TIA1 in single cells in situ. These PLA studies (Figure 4.8) provide 

evidence that HuR and TIA1 compete for binding to the PDCD4 3′UTR. Overexpression 

of TIA1 reduced interactions between HuR and PDCD4, while knockdown of TIA1 

increased HuR-PDCD4 interactions (Figure 4.8). Similarly, knockdown of HuR 

increased TIA1 interactions with PDCD4 (Figure 4.8). This competition between HuR 

and TIA1 could provide a way for cells to fine-tune the levels of PDCD4 to modulate 

programmed cell death. 

 

While the data presented in this study suggest a model where HuR and TIA1 

compete for binding to overlapping cis-acting sequences, other RNAs are regulated 

through a mechanism where these RNA binding proteins cooperate with one another. For 

example, post-transcriptional regulation of the cytochrome c gene, which encodes a key 

regulator of apoptosis (252), occurs through HuR and TIA1 binding to non-overlapping 

binding sites in the AU-rich regions within the 3′UTR (220). This study reported that 

HuR binding promotes the translation the cytochrome c mRNA without affecting mRNA 

levels while TIA1 binding inhibits translation (220). In contrast to the competition 

between HuR and TIA1 that we detect (Figure 4.8) on PDCD4, the study of the 

cytochrome c transcript reported that HuR and TIA1 bind cooperatively to the 

cytochrome c 3′UTR such that increasing TIA1 levels increased HuR binding; however, 

increasing HuR levels had no detectable effect on TIA1 binding (220). The caveat of this 

study, as the authors noted, is that the analysis of cytochrome c employed recombinant, 

exogenous proteins. In direct binding assays that employed RNA electrophoretic mobility 

shift assays, the authors did not detect simultaneous binding of HuR and TIA1 (220). 
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These results indicate that coordinate regulation by RNA binding proteins needs to be 

individually defined for each transcript. In this study, we provide evidence for 

overlapping binding sites for HuR and TIA1 on the PDCD4 3'UTR, which supports a 

model (Figure 4.8G) where these two factors would compete for binding and subsequent 

regulation of the transcript. 

 

Although the steady-state localization of HuR and TIA1 in MCF-7 cells is 

predominantly nuclear (Figure 4.5C), both of these proteins shuttle in and out of the 

nucleus (207,208,232,236). Previous studies demonstrate that HuR and TIA1 accumulate 

in the cytoplasm in response to various cues, including transcriptional inhibition 

(207,236), creating two pools of protein that have the potential for distinct regulation of 

target transcripts. Consistent with this idea, nucleocytoplasmic fractionation of MCF-7 

cells treated with ActD reveal a very stable pool of PDCD4 mRNA in the cytoplasm 

(Figure 4.5F). Analysis of two other HuR target mRNAs (c-Myc and β-actin) 

(203,205,217,254), however, revealed similar decay profiles between the nucleus and 

cytoplasm (Figure 4.5D and E), suggesting that the PDCD4 transcript is regulated in a 

specific manner. The observed stability of the PDCD4 transcript in the cytoplasm could 

be indicative of a stress response due to ActD treatment. In fact, ActD treatment results in 

a distinct increase in cytoplasmic localization of both HuR and TIA1 (Figure 4.5C), 

consistent with other sources of cellular stress that result in shifts in the localization of 

RNA binding proteins (158). We hypothesize that the enhanced stability of the PDCD4 

transcript in the cytoplasm relative to the nucleus may be a result of the increased levels 

of HuR and TIA1, both of which play a role in positively regulating PDCD4 mRNA 
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levels (Figure 4.7B). However, we cannot rule out that stress could trigger other changes 

in these cells that could influence the regulation of PDCD4.  

 

There is precedent for post-translational modification of PDCD4 in response to 

various cellular cues, including methylation of PDCD4 at an N-terminal arginine residue 

that accelerates tumor growth (369) and promotes tumor cell viability during nutrient 

deprivation (389). PDCD4 is also phosphorylated at serine 67 upon activation of Akt or 

S6K1, which leads to significantly decreased PDCD4 protein levels via increased 

proteasomal degradation (368,390). We observe a rapid decrease in PDCD4 protein 

levels upon treatment with ActD (Figures 4.5B and C), consistent with increased 

activation of S6K1 (379), the kinase responsible for phosphorylation of PDCD4 at serine 

67 (368). Alternatively, treatment with ActD could alter the translational profile of 

PDCD4, perhaps due to an increase in the cytoplasmic pool of the documented 

translational repressor, TIA1 (Figure 4.5C) (191). Although PDCD4 protein levels are 

rapidly degraded in these cells, we observe an underlying stable pool of PDCD4 mRNA, 

specifically in the cytoplasm (Figure 4.5A and F). We hypothesize that this stable 

population of PDCD4 mRNA represents a pool of transcript that is readily available for 

translation upon extracellular cues and/or alleviation of cellular stress. This reserve would 

allow cells to fine-tune the expression of PDCD4 protein in response to various cellular 

environments. The observation that reduction of HuR and/or TIA1 results in reduced 

PDCD4 mRNA and protein levels (Figure 4.7) suggests that HuR and TIA1 play a role in 

positively regulating steady-state PDCD4 mRNA levels and may therefore assist in 

modulating the dynamic cytoplasmic pool of PDCD4 mRNA. 

159



 

Analysis of RNA regulons and the cooperation and/or competition of multiple 

RNA binding proteins on target mRNAs suggests a complex and dynamic post-

transcriptional regulatory program (331). The observation that RNA binding proteins 

such as HuR interface with the miRNA machinery (216) adds additional complexity to 

the regulation of target mRNAs. In fact, recent studies demonstrate a competitive 

relationship between HuR and miRNA machinery at both the individual transcript 

(41,381,391-393) and transcriptome-wide (224,225) levels. The transcriptome-wide 

PAR-CLIP analyses that examined interplay between HuR and miRNAs suggested that 

transcripts with non-overlapping HuR/miRNA binding sites (such as PDCD4) are more 

likely regulated by the miRNA than by HuR (224,225). Our results demonstrate that 

modulation of HuR and TIA1 impacts the steady-state mRNA and protein levels of 

PDCD4 and suggests a model where HuR modulates the stability of PDCD4. The 

mechanism by which HuR modulates stability is not well understood; however, recent 

studies demonstrate that direct competition between HuR and miRNAs can influence 

stability (41). Alternatively, HuR binding could influence the secondary structure of the 

3'UTR to modulate miRNA binding/accessibility (216). This type of coordination is 

challenging to study and is therefore less understood than direct competition.  

 

As mentioned previously, the PDCD4 3'UTR is a well-studied target of the 

oncomiR, miR-21 (271,272), which is overexpressed in many cancer types (365) and 

targets the PDCD4 transcript via a well-studied seed region within the 3′UTR (271). The 

miR-21 seed region lies within the 290 nt region of the PDCD4 3′UTR that was identified 
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in a HuR iCLIP study (249). However, the miR-21 seed region does not overlap with the 

HuR binding sites identified here (Figure 4.3) and is instead located more distal to the 

coding region (miRNA seed region designated by red asterisk in Figure 4.3B). If miR-21 

is involved in HuR-mediated regulation of PDCD4 stability, the location of the miR-21 

binding site is more consistent with a model where HuR impacts the local RNA structure 

to modulate miRNA binding than direct competition.  

 

In addition to possible modulation of miR-21 binding, growing evidence shows 

that HuR binds to and regulates the processing of primary miRNA (pri-miR) transcripts 

(224,225,381). A recent study demonstrated HuR binding to and destabilizing miR-7 

(224), suggesting that this may represent another mode of regulation by HuR in post-

transcriptional processing. Interestingly, another study identified HuR binding to the pri-

miR-21 transcript (225), which could indicate direct regulation of the miR-21 transcript 

by HuR. We did not observe an effect on steady-state miR-21 levels upon knockdown of 

HuR (Figure 4.7C); however, this result does not preclude the possibility that HuR may 

be involved in the loading of miR-21 on to the PDCD4 transcript. Further study is 

required to understand how direct interactions and feedback mechanisms between miR-

21, as well as other miRNAs predicted to bind the PDCD4 3′UTR, and RNA binding 

proteins, such as HuR and TIA1, function coordinately to control post-transcriptional 

regulation of biologically important transcripts such as PDCD4.  

 

An important question moving forward is how HuR and TIA1 regulate PDCD4 

mRNA and protein levels in various cellular contexts. Previous studies demonstrate that 
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both HuR and TIA1 can modulate the post-transcriptional processing of target transcripts 

in diverse ways in response to stress (158). For instance, HuR and TIA1 contribute to 

decreased translation of the Cytochrome c transcript, specifically in the context of ER 

stress (220). Additionally, exposure of HeLa cells to UV light results in a dramatic 

association between HuR and the apoptosome inhibitor, Prothymosin α mRNA, resulting 

in increased translation (263). These previous studies as well as others (158) support a 

model where HuR and TIA1 can have alternative modes of regulation on target 

transcripts in response to stress. Further study is required to elucidate whether HuR and 

TIA1 differentially modulate PDCD4 levels in various stress conditions, specifically in 

the context of the tumor microenvironment. 
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Table 4.1. Primer sequences used in this study. 
 

Gene Name Forward Reverse 
18s rRNA GAGACTCTGGCATGCTAACTAG GGACATCTAAGGGCATCACAG 

RPLP0 GGGCGACCTGGAAGTCCAACT CCCATCAGCACCACAGCCTTC 
GAPDH AAGGTCGGAGTCAACGGATTTGG GATGACAAGCTTCCCGTTCTC 
β-actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG 
c-Myc TTCGGGTAGTGGAAAACCAGCAGC CCGAGTCGTAGTCGAGGTCATAG

TTCC 

PDCD4 GACTACCAAAGAAAGGTGGTGCAG
GAGG 

CATAAACACAGTTCTCCTGGTCA
TCATCATAGTTAGGAT 

ER Alpha TGAACCGTCCGCAGCTCAAGATC GTCTGACCGTAGACCTGCGC 
GTTG 

Prothymosin-α CACCCAACCCAAACCATGAGAATT
TGC 

CATGGTCACACCACAAGTAAAGT
CAGAAGTAG 

Cytochrome C GTTCAACTTTTCACAAAGATGGTG
AGTGCC 

CCTTTAAGAGGCAAATGAACATG
AACACAAAACAC 

HuR N21A 
GACTGCAGGGGTGACATCGGGAGA
ACGGCTTTGATCGTCAACTACCTCC

CTCAGAACATG 

CATGTTCTGAGGGAGGTAGTTGA
CGATCAAAGCCGTTCTCCC 
GATGTCACCCCTGCAGTC 

HuR Y109A GTGATCAAAGACGCCAACTTGGCC
ATCAGCGGGCTCCCGCGG 

CCGCGGGAGCCCGCTGATGGCCA
AGTTGGCGTCTTTGATCAC 

R147A 
GTCCTCGTGGATCAGACTACAGGT
TTGTCCGCAGGGGTTGCGTTTATCC

GGTTTGACAAA 

TTTGTCAAACCGGATAAACGCAA
CCCCTGCGGACAAACCTGTAGTC

TGATCCACGAGGAC 
3'RACE Clamp  GACGAGCTCGGATCCTGCAGTTT

TTTTTTTTTTTTTTTVN 
Outer  

3'RACE Primer  GACGAGCTCGGATCCTGCAGTTT
TTT 

GAPDH 
3'RACE Primer CAACAGGGTGGTGGACCTCATG  

PDCD4  
3'RACE Primer 

GAGGTCGTCTTAAACCAGAGAGCT
ACTGA  
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Table 4.2. Probes used to detect PDCD4 mRNA. 
 

Target Ligand 

Location within 
transcript  

(from start of CR) 

PDCD4 3′UTR 1 5′-biotin-
TXTTTTAAGGAGXGGCAGXCAGACAXCAAU-3′ 1706-1729 

PDCD4 3′UTR 2 5′-biotin-
TXTTTTAAXAAAGCUUUGUAXAAACCAGXGA-3′ 1761-1785 

PDCD4 3′UTR 3 5′-biotin-
TXTTTTGUXCCAGCCACCXUUUACUXAACUG-3′ 1959-1983 

PDCD4 3′UTR 4 5′-biotin-
TXTTTTACXCCCAAXAAAGAAUCAAUACXG-3′ 2057-2080 

Boldface: 2′-O-Methyl RNA; X: dT-C6-NH2; all others are DNA; underline: binding region 
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FIGURE 4.1. HuR binds to the PDCD4 transcript and modulates steady-state 
PDCD4 mRNA and protein levels in MCF-7 cells. Endogenous HuR protein was 
immunoprecipitated from MCF-7 cells using either HuR antibody-coated protein A beads 
or isotype control Mouse IgG-coated beads. A) Proteins from the Input, unbound (UB) 
and Bound fractions were resolved on an SDS-PAGE gel and subjected to immunoblot-
ting with HuR antibody. HuR was detected in the HuR bound fraction but not the IgG 
bound fraction. B) RNA isolated from the HuR RNA-IP was subjected to qRT-PCR 
analyses with GAPDH, ER Alpha and PDCD4 primers. mRNA levels in HuR bound 
fractions were normalized to input levels and then compared by fold-enrichment over 
IgG control. Significant enrichment of ERα and PDCD4 transcripts was observed with 
HuR IP. C) MCF-7 cells transiently transfected with Scramble or HuR siRNA (siScr. and 
siHuR, respectively) were subjected to immunoblot analysis with HSP90, HuR, or 
PDCD4 antibody. Steady-state PDCD4 protein levels were normalized to HSP90 loading 
control and siScramble set to 1.00. A decrease in PDCD4 steady-state protein levels upon 
HuR knockdown is quantified below the representative blot. D) qRT-PCR analysis of 
total RNA isolated from siRNA-treated cells with PDCD4 and RPLP0 primers demon-
strates a significant decrease in PDCD4 steady-state mRNA levels upon HuR knock-
down. Values represent the mean ± SEM for n=3 independent experiments. ** represents 
p≤0.01.
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FIGURE 4.2. Key residues in HuR RRMs 1 and 2 are required for binding to ARE-
containing target mRNAs, including PDCD4. A) The HuR protein contains three 
RRMs (RRM1, RRM2 and RRM3) and a HuR Nucleocytoplasmic Shuttling sequence 
(HNS), which mediates bidirectional transport of HuR between the nucleus and cyto-
plasm (16). The two N-terminal RRMs (green) are responsible for ARE recognition while 
the C-terminal RRM (blue) is thought to bind to the poly(A) tail of mRNA transcripts. 
Shown below the linearized map of HuR is a recently solved co-crystal structure (PDB # 
4ED5) of HuR RRMs 1 and 2 (green) in complex with an AUUUUUUAUUUU RNA 
oligomer (yellow). Residues shown to be important for RNA recognition in in vitro 
binding studies are highlighted in red (N21, Y109 and R147). A putative HuR RNA 
binding mutant (BM) was generated by changing these residues to alanine in a FLAG-
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tagged HuR expression construct. B) MCF-7 cells were transfected with vector control, 
FLAG-HuR(WT) or -HuR(BM) plasmids and subjected to immunoblotting with HuR and 
Tubulin antibodies. FLAG-HuR proteins were detected only in FLAG-transfected cells 
and levels of BM are comparable to WT. C) Transfected MCF-7 cells were analyzed by 
indirect immunofluorescence with FLAG antibody to detect FLAG-HuR(WT) or (BM). 
Colocalization with DAPI reveals steady-state nuclear localization of both FLAG-HuR 
proteins (WT and BM). Scale bar, 10 µm. D) Cells expressing vector control or FLAG-
HuR proteins were subjected to RNA-IP using FLAG antibody-conjugated beads. Immu-
noblot analysis of IP samples demonstrates specific enrichment of FLAG-HuR proteins in 
bound fractions. E) RNA that co-precipitated with FLAG-HuR proteins was subjected to 
qRT-PCR analyses with RPLP0, ER Alpha and PDCD4 primers to detect bound tran-
scripts. ER Alpha and PDCD4 transcripts were significant enriched upon wildtype HuR 
purification; however, a significant decrease in enrichment was observed upon purifica-
tion of HuR binding mutant. mRNA levels in FLAG-HuR-bound fractions were normal-
ized to input levels and then compared by fold-enrichment over vector control samples. 
Values represent the mean ± SEM for n=3. *, **, *** and **** represents p≤0.05, p≤
0.01, p≤0.001 and p≤0.0001, respectively.
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FIGURE 4.3. HuR binds to sites within the PDCD4 3′UTR. A) Total RNA isolated 
from HeLa, MB-231 and MCF-7 cells was subjected to 3′RACE analysis using PDCD4 
and GAPDH 3′UTR-specific primers as described in Materials and Methods. PCR prod-
ucts were resolved on a 2% agarose gel and represent the 3′UTR plus the length of the 
primers used for amplification. The PDCD4 3′UTR is 672 nt and was verified by 
sequencing. The GAPDH 3′UTR is shown as a control. Molecular weight markers in base 
pairs (MW bp) are shown to the left of the gel. B) Biotinylated probes corresponding to 
the 3′UTRs of the c-Myc, GAPDH and PDCD4 transcripts were generated and used for 
biotin pulldown experiments in MCF-7 cells. The red asterisk denotes the well-defined 
miR-21 seed region (46) in the PDCD4 3'UTR. The PDCD4 3’UTR was also dissected to 
generate various biotin probes that represent different regions of the transcript. C) 
Proteins that co-precipitated with the avidin-bound biotinylated probes, as shown in (B), 
were subjected to immunoblotting with HuR antibody. HuR protein co-precipitates with a 
probe corresponding to the c-Myc 3′UTR as well as the first two 100 nt regions of the 
PDCD4 3′UTR. Images are representative of n=3 independent experiments.
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FIGURE 4.4. Visualization of HuR-PDCD4 interactions in situ using FLAG-tagged 
probes. A) The 672 nt PDCD4 3′UTR contains two HuR binding sites (HuR BS) within 
the first 200 nt. Four mRNA probes (1, 2, 3 and 4) were designed to target distinct 
positions within the PDCD4 3′UTR (shown in red). B) Each of four PDCD4 3′UTR 
probes labeled with Cy3B fluorophores was delivered to MCF-7 cells along with the 
other three probes labeled with Dylight 650 fluorophores. Merge images of Cy3B-
labeled probe (red), Dylight 650-labeled probe (green), and DAPI-stained nuclei (blue) 
are also shown. All image planes are represented. Magnified, merge images of overlap-
ping probes in the boxed region are shown with profile plot of the fluorescence intensity 
of Cy3B (red) and Dylight 650 (green) along an intersection of the probes (white line). 
Scale bar, 10 µm. The mean Mander’s coefficient of Cy3B and Dylight 650 probe 
colocalization is shown. C) A schematic of the proximity ligation assay (PLA), which 
measures the interaction between HuR and probes specific to the PDCD4 3′UTR is 
shown. As described in Experimental Procedures, PLA was performed between HuR and 
FLAG-tagged (dark green lines) probes with four Cy3b-labeled (red) oligonucleotides 
(red dash lines) and a neutravidin core (yellow) in nucleotides 296-549 of the PDCD4 
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3′UTR. Anti-HuR mouse primary antibody (light blue) and anti-mouse PLA probe (dark 
blue) bind to HuR, while anti-FLAG rabbit primary antibody (light magenta) and anti-
rabbit PLA probe (dark magenta) bind to FLAG. Once they are in proximity, the oligo-
nucleotides (black dash lines) attached to the PLA probe come together via ligation to 
form a template for DNA polymerase, which resulted in a coiled DNA product that can 
be labeled with Cy5-equivalent fluorophore (light green) bound complementary DNA 
strands (black dash lines). D) MCF-7 cells treated with vehicle control or Actinomycin 
D (ActD) for 90 minutes were subjected to subcellular fractionation (as described in 
Experimental Procedures) and subsequent immunoblotting with HuR and Tubulin 
antibody. A distinct enrichment of HuR is observed in the cytoplasm upon ActD treat-
ment. E) HuR, PDCD4 mRNA and PLA between HuR and PDCD4 mRNA were imaged 
in untransfected and HuR-GFP transfected MCF-7 cells exposed to (+ActD) or unex-
posed to (-ActD) actinomycin D. MCF-7 cells transfected with HuR-GFP and exposed 
to ActD received PDCD4 mRNA probes with neutravidin lacking the FLAG tag (NA) 
and were used as a negative control. PLA punctae that are less than 2µm in diameter 
have been marked with yellow circles. Merge images of HuR (blue), PDCD4 mRNA 
(red) and PLA between HuR and PDCD4 mRNA (green) are shown. All image planes 
are represented. Scale bar, 10 µm. F) Probe volume (µm3) measured for each untrans-
fected and HuR-GFP transfected cell exposed or unexposed to ActD (Untransfected: 
n=46 cells; Untransfected, +ActD: n=125; HuR-GFP transfected: n=51; HuR-GFP 
transfected, +ActD: n=62). G) PLA frequency normalized to the probe volume (µm-3) 
for each cell. * represents p≥0.025, p<0.05; ** represents p>0.001, p<0.025; *** repre-
sents p<0.001 (one-way ANOVA with Dunn’s method).
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FIGURE 4.5. The cytoplasmic pool of PDCD4 mRNA is highly stable compared to 
the nuclear pool. A) MCF-7 cells were treated with ActD and collected at the indicated 
time points after drug addition. Total RNA isolated from ActD-treated cells was subjected 
to qRT-PCR analysis with RPLP0, PDCD4 and c-Myc primers. mRNA levels are repre-
sented as % of amount present at 30 minutes of ActD exposure. The half-life of the c-Myc 
and PDCD4 transcripts was calculated to be 1.6 and 6.1 hours, respectively. B) Immunob-
lot analysis of total protein isolated from the samples in (A) to detect PDCD4, HSP90, 
Tubulin and HuR reveal a sharp decrease in PDCD4 protein upon treatment with ActD, 
but not vehicle control. C) MCF-7 cells treated with vehicle control or ActD over the 
indicated time course were subjected to subcellular fractionation followed by immunob-
lotting with HSP90, HuR, TIA1, or PDCD4 antibody. Immunoblots reveal an accumula-
tion of both HuR and TIA1 in the cytoplasm across the ActD time course, but no accumu-
lation is observed during vehicle control treatment, as expected. PDCD4 is predominantly 
cytoplasmic in these cells and the cytoplasmic pool of PDCD4 demonstrates the robust 
decrease after ~3 hours of ActD treatment. RNA isolated from nuclear and cytoplasmic 
fractions from (C) were subjected to qRT-PCR analysis with β-actin (D), c-Myc (E) and 
PDCD4  (F) primers. The decay profiles of β-actin and c-Myc mRNA are similar between 
the nuclear and cytoplasmic compartments (D and E), however the cytoplasmic pool of 
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PDCD4 mRNA displays a significantly increased decay profile compared to the nuclear 
pool of PDCD4 mRNA (F). Ct values were normalized to 18s rRNA and decay profiles 
are represented as % of amount at 30 minutes of ActD exposure. Data points represent the 
mean ± SEM for n=3 independent experiments. * represents p<0.05. Images are represen-
tative of n=3 independent experiments.
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FIGURE 4.6. The RNA binding protein, TIA1, interacts with PDCD4 mRNA. A) A 
recent TIA1 iCLIP study reveals two predicted TIA1 binding sites (shown here in blue) 
within the first 200 nt of the PDCD4 3′UTR (27) that overlap with the validated HuR 
binding sites (green) defined here. The red asterisk denotes the well-defined miR-21 seed 
region. B) Endogenous TIA1 protein was immunoprecipitated from MCF-7 cells using 
TIA1 antibody-coated protein A beads alongside isotype control Goat IgG-coated beads. 
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Proteins from the Input, unbound (UB) and Bound fractions were subjected to immunob-
lotting with TIA1 antibody. TIA1 was detected in the TIA1-bound fraction but not the 
control IgG bound fraction. TIA1 is alternatively spliced to generate two distinct protein 
products that correspond to the two bands detected. C) qRT-PCR analysis of RNA 
isolated from the TIA1 RNA-IP using PDCD4, CYCS and PTMA primers reveals clear 
enrichment of these transcripts upon TIA1 pulldown. A control mRNA, GAPDH, did not 
co-precipitate with TIA1. Values represent the mean ± SEM for n=3 independent experi-
ments. * and ** represent p≤0.05 and p≤0.01, respectively. D) PLAs performed with 
TIA1 antibody and PDCD4 3′UTR probes 1-3 reveal interactions between TIA1 and the 
PDCD4 3′UTR. Merge images of nuclei (blue), TIA1 (white), PDCD4 mRNA (red) and 
PLA between TIA1 and PDCD4 mRNA (green) are shown. All image planes are repre-
sented. Scale bar, 10 µm. E) Probe volume (µm3) measured for each untransfected (n=11 
cells) and TIA1-GFP transfected (n=15) cell. F) The PLA frequency normalized to the 
probe volume (µm-3) for each cell. *** represents p<0.001 (Mann-Whitney rank sum 
test).
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FIGURE 4.7. Knockdown of HuR and TIA1 lead to decreased PDCD4 steady-state 
mRNA and protein levels. A) MCF-7 cells transiently transfected with Scramble, HuR 
and/or TIA1 siRNA (siScr., siHuR, siTIA1 and siBoth) were subjected to immunoblot 
analysis with HSP90, HuR, TIA1 or PDCD4 antibody. Steady-state PDCD4 protein 
levels were normalized to HSP90 loading control and siScramble set to 1.00. Decreased 
PDCD4 steady-state protein levels upon HuR and/or TIA1 knockdown is quantified 
below the representative blot. B) qRT-PCR analysis of total RNA isolated from siRNA-
treated cells with PDCD4 and RPLP0 primers demonstrates a significant decrease in 
PDCD4 steady-state mRNA levels upon HuR and/or TIA1 knockdown. C) qRT-PCR 
analysis of steady-state miR-21 and RNU48 (loading control) levels upon knockdown of 
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HuR and/or TIA1 reveals no significant difference in miR-21 levels across all treatment 
groups. D) Polysome profiling was performed on MCF-7 cells as described in Experi-
mental Methods. Cytoplasmic lysates from MCF-7 cells were treated with EDTA (to 
disrupt polyribosomes) or left untreated (No Treatment, N.T.) and subjected to polysome 
fractionation. Untreated MCF-7 cells demonstrate active translation of PDCD4 mRNA 
(as represented by a sharp peak in fraction 8) while EDTA-treated cell lysates display a 
collapse of the polyribosomes on the PDCD4 transcript, as expected. Polysome profiling 
was performed on MCF-7 cell lysates transfected with scramble control, HuR and/or 
TIA1 siRNA. Analysis of the GAPDH (E) and PDCD4 (F) transcripts reveals that 
PDCD4 mRNA is actively translated in MCF-7 cells, similar to GAPDH, and that knock-
down of HuR and/or TIA1 has no effect on the translation of the PDCD4 transcript under 
these conditions. Polysome profiles are representative of two technical qRT-PCR repli-
cates of a single fractionation experiment. Values represent the mean ± SEM for n=3 
independent experiments. * and ** represents p≤0.05 and p≤0.01, respectively.
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FIGURE 4.8. HuR and TIA1 compete for binding to the PDCD4 3′UTR. A) Visual-
ization of HuR protein, PDCD4 mRNA and interaction between HuR and PDCD4 
mRNA (PLA) in control cells transfected with scrambled siRNA (siScr), or siRNA 
directed against either HuR (siHuR) or TIA1 (siTIA1). Merged images of HuR (white), 
PDCD4 mRNA (red), PLA (green) and nuclei (blue) are also shown. PLA punctae that 
are less than 2µm in diameter have been marked with yellow circles. All image planes are 
represented. Scale bar, 10 µm. B) Visualization of GFP, PDCD4 mRNA and interaction 
between HuR and PDCD4 mRNA in TIA1-GFP transfected cells. Merged images of GFP 
(white), PDCD4 mRNA (red), PLA (green) and nuclei (blue) are also shown. PLA 
punctae that are less than 2µm in diameter have been marked with yellow circles. All 
image planes are represented. Scale bar, 10 µm. C) HuR-PDCD4 mRNA PLA frequency 
normalized to probe volume (µm-3) for untransfected (n=46 cells), siScramble (n=81), 
siHuR (n=25), HuR-GFP (n=51), siTIA1 (n=97), and TIA1-GFP (n=69) cells. *** repre-
sents p<0.001 (one-way ANOVA with Dunn’s method). D) Visualization of TIA1 protein, 
PDCD4 mRNA and PLA interaction between TIA1 and PDCD4 mRNA in siScramble 
(siScr), siHuR and siTIA1 transfected cells. Merged images of TIA1 (white), PDCD4 
mRNA (red), PLA (green) and nuclei (blue) are also shown. PLA punctae that are less 
than 2µm in diameter have been marked with yellow circles. All image planes are repre-
sented. Scale bar, 10 µm. E) Visualization of GFP, PDCD4 mRNA and PLA interaction 
between TIA1 and PDCD4 mRNA in HuR-GFP transfected cells. Merged images of HuR 
(white), PDCD4 mRNA (red), PLA (green) and nuclei (blue) are shown. PLA punctae 
that are less than 2µm in diameter have been marked with yellow circles. All image 
planes are represented. Scale bar, 10 µm. F) TIA1-PDCD4 mRNA PLA frequency 
normalized to probe volume (µm-3) for untransfected (n=55 cells), siScramble (n=49), 
siHuR (n=66), HuR-GFP (n=46), siTIA1 (n=44), and TIA1-GFP (n=76) cells. *** repre-
sents p<0.001 (one-way ANOVA with Dunn’s method). G) Model for the post-
transcriptional regulation of PDCD4 mRNA in the cytoplasm. In MCF-7 cells, the 
steady-state localization of both HuR (green rectangle) and TIA1 (blue circle) is 
predominantly nuclear with a small pool that shuttles in and out of the cytoplasm (black 
bi-directional arrow). We observe a competitive mode of binding between HuR and TIA1 
on the PDCD4 3'UTR in the cytoplasm, in close proximity to a well-defined miR-21 
binding site (red asterisk).
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EXPERIMENTAL PROCEDURES 

 

Cell Culture 

  

MCF-7 cells (ATCC HTB-22; Estrogen Receptor positive [ER+] breast cancer 

cell line (326)) were obtained from ATCC and maintained in Dulbecco's modified Eagle's 

medium (DMEM) supplemented with 10% FBS and antibiotics. DNA plasmids and 

siRNA (Invitrogen) were transfected into cultured cells using Lipofectamine2000 

(Invitrogen) or Neon Electroporation System (Invitrogen) according to manufacturer's 

protocol. Cells were plated on No 1.5 glass coverslips (Ted Pella) one day prior to 

transfection for imaging. 

 

Plasmids and Chemicals 

 

A FLAG fusion construct for HuR was generated using PCR primers that include 

the FLAG sequence, creating an N-terminally FLAG tagged protein. The PCR product 

was then subcloned into the pcDNA3.1 vector (Invitrogen). The HuR RNA binding 

mutant (HuR[BM]; N21A, Y109A, R147A) was generated by site-directed mutagenesis 

using the Quikchange Kit (Stratagene). Primers used throughout the study are shown in 

Table 1. MCF-7 cells were transfected with 0.8 µg HuR-GFP or 0.8 µg TIA1-GFP 

plasmid (gifts from Dr. Myriam Gorospe, NIH/NIA). mRNA-targeted probes were 

delivered 36 hours after plasmid transfection. A set of three pre-designed Stealth siRNAs 

(Assay ID numbers s4608, s4609 and s4610; Invitrogen) or 200 nM On-TARGET 
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SMARTPool HuR siRNA (Thermo Scientific Dharmacon) was employed for knockdown 

of HuR. A set of three pre-designed Stealth siRNAs (Assay ID numbers S14131, S14132 

and S14133; Invitrogen) was employed for knockdown of TIA1. For control, 200 nM 

On-TARGETplus Non-targeting siRNA #1 (Thermo Scientific Dharmacon) was used. 

mRNA-targeted probes were delivered 48 hours after siRNA transfection.  

 

Immunoblotting  

 

MCF-7 cells were harvested and washed in 1X PBS and then lysed on ice in  

RIPA-2 buffer (150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris 

pH 8.0) containing protease inhibitors (PLAC: 3 µg/ml of pepstatin, leupeptin, aprotinin, 

and chymostatin and 0.5 mM PMSF). Immunoblotting was performed using standard 

methods (327). Briefly, 30 µg of total protein lysate per sample was resolved by SDS-

PAGE and transferred onto a nitrocellulose membrane. For immunoblotting, a 1:1,000 

dilution of HuR or TIA1 antibody (Santa Cruz; Clones 3A2 and c-20, respectively), a 

1:2,000 dilution of HSP90 (Santa Cruz; Clone F-8) or PARP antibody (BD Pharmingen; 

Clone 4C10-5), a 1:4,000 dilution of PDCD4 antibody (Rockland; Rabbit polyclonal), or 

a 1:5,000 dilution of α-tubulin antibody (Sigma; Clone DM1A) was used followed by 

1:3,000 dilutions of HRP-conjugated goat anti-mouse IgG, HRP-conjugated goat anti-

rabbit IgG, or HRP-conjugated mouse anti-goat IgG secondary antibodies (Jackson 

ImmunoResearch).  

 

RNA Isolation  
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Total RNA was isolated from MCF-7 cells using TRIzol reagent (Invitrogen) in 

accordance with the manufacturer’s instructions. Reverse transcriptase reactions with M-

MLV RT (Invitrogen) used 1 µg of RNA for a final concentration of 50 ng/µL cDNA per 

sample that was used for quantitative RT-PCR.  

 

Isolation and enrichment of miRNAs from MCF-7 cells was performed using a 

miRNeasy Mini Kit (Qiagen). For reverse transcription, 10 ng of isolated RNA was used 

with the TaqMan miRNA RT kit (Invitrogen; miR-21 and RNU48 assays) according to 

manufacturer’s instructions. 

 

Quantitative RT-PCR  

 

For qRT-PCR analyses, 1 µg of total RNA was transcribed to cDNA as described 

above.  Relative mRNA levels were measured by quantitative PCR analysis of triplicate 

samples of 5 ng cDNA with QuantiTect SYBR Green Master Mix using an Applied 

Biosystems real time machine (ABI). Results were analyzed using the ∆∆CT method 

(328) and normalized to the 18s rRNA or RPLP0 transcript.  Statistical significance was 

determined using One-way ANOVA. A list of primers used for these analyses is shown 

in Table 1.  

  

miR-21 and RNU48 levels were detected using TaqMan primers for each 

transcript and the TaqMan Universal PCR Master Mix, no UNG (Invitrogen). Results 
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were analyzed using the ∆∆CT method (328) and normalized to the RNU48 transcript.  

Statistical significance was determined using One-Way ANOVA. 

 

RNA-Immunoprecipitation  

 

RNA-IPs to assay endogenous HuR/PDCD4 mRNA interactions were performed 

using standard methods (394). Briefly, MCF-7 cells were grown to confluency in 100-

mm dishes and rinsed twice with ice cold PBS. Lysates were prepared with an equal 

pellet volume of polysome lysis buffer (PLB; 10 mM HEPES pH 7.0, 100 mM KCl, 5 

mM MgCl2, 0.5% NP-40, 1 mM DTT, RNase OUT [Invitrogen], and 1 cOmplete 

protease inhibitor tablet [Roche]) and stored at -80°C. Protein A sepharose beads (Santa 

Cruz) were incubated at 4°C overnight with either mouse IgG or HuR antibody (Santa 

Cruz). Beads coated in antibody were resuspended in NT2 buffer (50 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40) supplemented with RNase OUT 

(Invitrogen) and 1 mM DTT. Thawed and clarified cell lysates were added and the bead-

antibody-cell lysate mixture was incubated at 4°C for 2 hours while tumbling end over 

end. After incubation, beads were spun down and washed 5 times with cold NT2 buffer. 

The bound RNA was isolated with TRIzol (Invitrogen) and purified according to 

manufacturer’s instructions.  

 

To detect FLAG-HuR/PDCD4 mRNA interactions, MCF-7 cells were grown to 

near confluency in 100-mm plates and transfected with pcDNA3, FLAG-HuR, or -

HuR(BM) plasmids. After 48 hours, cell lysates were prepared and frozen as described 
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above. FLAG-M2 magnetic beads (Sigma) were resuspended in supplemented NT2 

buffer described above. Thawed and clarified cell lysates were added to beads and 

incubated at 4°C for 2 hours while tumbling end over end. After incubation, beads were 

magnetized and washed 5 times with cold NT2 buffer. FLAG-HuR/RNA complexes were 

eluted with excess FLAG peptide (Sigma) and bound RNA was isolated with TRIzol 

(Invitrogen) and purified according to manufacturer’s instructions. 

 

Immunofluorescence  

 

Prior to visualization by indirect immunofluorescence, MCF-7 cells were fixed 

with 1-2% formaldehyde (EM Science) for 10 min, permeabilized with 0.1%Triton X-

100 for 5 min, and incubated with Hoechst or DAPI (Invitrogen) to mark the position of 

the nucleus. To localize endogenous HuR, FLAG-HuR, or HuR-GFP by 

immunofluorescence, cells were probed with mouse monoclonal anti-HuR (1:1,000; 3A2, 

Santa Cruz) or mouse monoclonal anti-FLAG (1:1,000; M2, Sigma), or goat polyclonal 

anti-GFP (1:500; ab5450, Abcam) antibody followed by staining with Texas Red or 

Fluorescein-conjugated secondary antibodies (Jackson ImmunoResearch). For 

immunostaining endogenous TIA1 or TIA1-GFP, cells were probed with polyclonal 

rabbit anti-TIA1 (1:500; AV40981, Sigma) or anti-GFP (1:500; ab5450, Abcam) 

antibody followed by staining with Cy3 or Fluorescein-conjugated secondary antibody 

(Jackson ImmunoResearch). Images were obtained using an Olympus IX81 microscope 

with a 0.3 numerical aperture (NA) 100× Zeiss Plan-Neofluor objective or an Axiovert 

200 M microscope (Zeiss) with a 1.4 NA 63× Plan-Apochromat objective unless 
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otherwise stated. Images were captured using a Hamamatsu digital camera with 

Slidebook software (version 1.63) or Volocity acquisition software (PerkinElmer) and 

globally processed for brightness and contrast using Adobe Photoshop. 

 

3′ Rapid Amplification of cDNA Ends (RACE)  

 

To determine the precise length of the PDCD4 3′UTR in human cell lines, we 

isolated RNA from HeLa (ATCC CCL-2), MDA-MB-231 (ATCC HTB-26) and MCF-7 

(ATCC HTB-22) cells using TRIzol reagent (Invitrogen) in accordance with the 

manufacturer’s instructions. Reverse transcriptase reactions were carried out as follows: 1 

µg of RNA was combined with 1 µL of dNTPs (10 mM), 1 µL of the 3′RACE adaptor 

(See Table 1; 10 mM) and DEPC-treated water for a total volume of 13 µL. Samples 

were incubated at 65oC for 5 minutes and then transferred to ice. To the RNA mixture-

3′RACE adaptor mixture, 4 µL 5X First-Strand buffer (Invitrogen), 1 µL 0.1 M DTT and 

1 µL RNaseOUT (40 U/µL; Invitrogen) were added. Samples were incubated at 42oC for 

2 minutes before adding 1 uL SuperScript III RT (200 U/µL; Invitrogen), briefly 

vortexing, and returning to 42oC for 50 minutes. Following first strand synthesis, samples 

were heated to 70oC for 15 minutes to denature the RT enzyme. For each PCR reaction, 

40 ng of cDNA was used along with the outer 3′RACE primer and a gene-specific inner 

primer (see Table 1) with the AmpliTaq Gold 360 Master Mix (Invitrogen), according to 

manufacturer’s instructions. PCR products were resolved on a 2% agarose gel and 

confirmed by TOPO cloning (Invitrogen) and sequencing.  

 

184



Biotin Pulldown  

 

To assess direct binding of HuR to the PDCD4 transcript, DNA sequences 

corresponding to the 3′UTRs of c-Myc and GAPDH as well as various regions of the 

PDCD4 3′UTR (full length, 5′290, Δ290, 1-100, 101-200, and 201-290) were amplified 

by PCR and inserted into pGEM T-easy vectors (Promega) and linearized by digestion 

with SpeI (New England Biolabs). Biotinylated RNA probes were generated by in vitro 

transcription using the T7 Maxiscript kit (Ambion) with Biotin-11-cytidine-5′-

triphosphate (biotin-11-CTP; Roche). Biotinylated CTP and normal CTP were used at a 

ratio of 1:4 to ensure adequate transcription yield and sufficient labeling. 

Nonincorporated nucleotides were removed with a G-25 column (GE Healthcare Bio-

Sciences) followed by ethanol precipitation. RNA concentration was determined by A260 

absorption and the quality was examined by denatured RNA electrophoresis. MCF-7 cells 

were lysed in IP buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.5 mM 

DTT, 1% NP-40 supplemented with cOmplete protease inhibitor tablets [Roche] and 

RNase OUT [Invitrogen]), spun at 13,000 RPM for 20 minutes at 4°C, and ~200 µg of 

purified cell lysate were rotated end-over-end with 400 ng of biotinylated RNA probe for 

20 minutes at room temperature. To precipitate biotinylated RNA probes from MCF-7 

cell lysates, NeutrAvidin beads (Thermo Scientific) pre-blocked with BSA (Roche) were 

added and rotated end-over-end for 30 minutes at 4°C. After precipitation, the beads were 

washed 5 times in IP buffer and then subjected to elution by boiling in reducing sample 

buffer (RSB). Bound proteins were analyzed by immunoblotting to detect HuR.  
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Nucleocytoplasmic Fractionation  

 

To isolate distinct pools of RNA and protein from nuclear and cytoplasmic fractions, 

cells were collected on ice, spun down, and resuspended in ice-cold fractionation buffer 

(10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% (v/v) NP-40) supplemented 

with 1 mini cOmplete protease inhibitor tablet (Roche; 1 tablet/10 mL of buffer) for 10 

minutes on ice. Cell lysates were spun down and the supernatant, or cytoplasmic fraction 

was separated from the nuclear pellet. RNA was isolated from each fraction with TRIzol 

reagent (Invitrogen) and protein samples were prepared with RIPA-2 buffer (as described 

above).  

 

mRNA Stability  

 

To measure mRNA stability in MCF-7 cells, 5 µg/ml actinomycin D (Sigma) was 

added to the growth medium to inhibit transcription and cells were harvested 30 minutes, 

2, 4, 6 and 8 hours later (fractionated cells were collected at 30 minutes, 3, 6 and 8 hours 

after ActD addition).  Nuclear and cytoplasmic RNA was isolated from cells (described 

above) and analyzed by qRT-PCR. Half-lives were determined by normalization to 18s 

rRNA and to the 30 minute time point. 

 

Probe Synthesis  
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  Probes were synthesized as previously described (370,371). Briefly, FLAG-hyNic 

(Solulink) was added to 4FB-modified (Solulink) neutravidin (Thermo Scientific Pierce) 

according to the manufacturer’s protocol. For each probe, 2′-O-methyl RNA-DNA 

oligonucleotide chimeras complementary to the target sequence were designed with a 5′-

biotin and dT-C6-NH2 internal modifications (Biosearch Technologies). Cy3B NHS ester 

fluorophores (GE Healthcare) or Dylight 650 NHS Ester fluorophores (Thermo Scientific 

Pierce) were conjugated to the oligonucleotide amino groups using the manufacturer’s 

protocol. Free dye was removed using 30 kDa Amicon spin columns (EMD Millipore). 

The purified, labeled oligonucleotides were tetramerized by incubation for 1 hour at room 

temperature with untagged or FLAG-tagged neutravidin. Free ligands were removed 

using 30 kDa Amicon spin columns (EMD Millipore). Three probes each targeting 

different sequences in the 3′ UTR of PDCD4 mRNA (Table 2) were assembled 

separately prior to delivery and combined during delivery. To deliver total 60nM probes 

targeting PDCD4 mRNA, 20 nM of each probe was combined. 

 

Probe Delivery  

 

For probe delivery, cells were washed in Dulbecco’s phosphate buffered saline 

(DPBS) without Ca2+ and Mg 2+ (Lonza) and subsequently, incubated with 0.15 U/mL 

activated streptolysin O (Sigma) in OptiMEM (Invitrogen) containing 60 nM PDCD4 

mRNA probes for 10 min at 37°C. Delivery media were replaced with growth media for 

15 min to restore membrane integrity before actinomycin D treatment or fixation. For 
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actinomycin D treatment, cells were incubated for 90 min at 37°C with 5 µg/mL 

actinomycin D (Sigma) in growth media and fixed at the end of the exposure. 

 

Proximity Ligation Assay  

 

The Proximity Ligation Assay (PLA) was performed as previously described 

(371). Cells were fixed with 1% paraformaldehyde (Electron Microscopy Science) in 

PBS for 10 min, permeabilized with 0.2% Triton X-100 (Sigma) for 5 min, and blocked 

for 1 h with a blocking solution. The blocking solution consisted of 0.5% Tween-20 

(CalBioChem), 0.1% Triton X-100, 0.1% gelatin (Aurion), 2% donkey serum (Sigma), 

and 1% bovine serum albumin (BSA) (EMD) in PBS. Cells were washed with PBS, 

incubated in two primary antibodies, one against the FLAG-tagged neutravidin and one 

against the protein of interest. For anti-FLAG antibodies, either rabbit polyclonal 

(1:2000; F7425, Sigma) or mouse monoclonal (1:2000; M2, Sigma) anti-FLAG antibody 

was used. Mouse monoclonal anti-HuR (1:750; 3A2, Santa Cruz) was used to detect 

HuR, and rabbit polyclonal anti-TIA1 (1:1500; AV40981, Sigma) was used to detect 

TIA1. After washing with Duolink wash solution (Olink Bioscience), the cells were 

incubated with species-corresponding oligonucleotide-labeled PLA probes (Olink 

Bioscience) diluted in 0.05% Tween-20 in PBS and washed with Duolink wash solution. 

The ligation and rolling circle amplification reaction (Olink Bioscience) were performed 

as instructed in the manufacturer’s protocol. The cells were then immunostained and 

DAPI-stained (Invitrogen) and mounted on slides using Prolong (Invitrogen). 
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PLA Fluorescence Imaging  

 

All the images were collected using an Axiovert 200 M microscope (Zeiss) with a 

63×, NA 1.4 Plan-Apochromat objective and an ORCA-ER AG camera (Hamamatsu). 

The images were acquired using the Volocity acquisition software (PerkinElmer). Image 

stacks were recorded at 200 nm intervals to sample volumes for iterative deconvolution 

using Volocity’s deconvolution algorithms. Probe and PLA signal quantification and 

Mander’s coefficients were computed in Volocity and imported into Excel (Microsoft) 

and Sigma Plot (Systat) for further analysis and plotting. Images presented have been 

linearly contrast enhanced for clarity. All calculations were performed directly on raw, 

deconvolved widefield data. 

 

Image Quantification  

 

The RNA volume and PLA frequency normalized to the RNA volume were 

measured using Volocity (PerkinElmer). Each cell was identified by the probe signal or 

immunofluorescence and analyzed individually. The Mander’s coefficient calculation for 

probe colocalization was performed using Volocity. We analyzed three representative 

images. In Sigma Plot, all pairwise multiple comparison procedure was performed with 

Tukey method to compare the Mander’s coefficients for each probe. The RNA volume 

was determined based on standard deviation intensity of the probe. The PLA signal 

initially was identified as objects by their standard deviation intensity then separated into 

individual punctae using the ‘separate touching objects’ tool. The punctae were further 
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filtered based on size and maximum intensity. For each experiment, we analyzed at least 

ten images of each coverslip and three repeated experiments. In Sigma Plot, when 

comparing more than two groups, all pairwise multiple comparison procedure was 

performed with Dunn’s method to compare the RNA volume and PLA frequency. When 

comparing two groups, Mann-Whitney rank sum test was used. 

 

Polysome Profiling  

 

To analyze the translation of PDCD4 and GAPDH (control) mRNAs across 

various treatment groups, linear sucrose gradient fractionation of MCF-7 cell cytoplasmic 

extracts was performed as previously described (395,396). Briefly, cells were incubated 

for 15 minutes with 100 µg/mL cyclohexamide (VWR) to arrest translation prior to 

isolation. MCF-7 cells were lysed in polysome-preserving buffer (20 mM Tris-HCl, pH 

7.5, 100 mM KCl, 5 mM MgCl2, 0.15% Triton-X 100 [Sigma], 100 µg/mL 

cyclohexamide, 200 U RNase Inhibitor [Promega], and protease inhibitors [Roche]) or 

polysome-disrupting buffer (identical to polysome-preserving buffer except it lacks 

MgCl2 and contains 20 mM EDTA) and then centrifuged at 13,000 RPM for 30 minutes 

at 4°C to remove cellular debris. The clarified lysates (0.8 mL) were loaded onto 15-45% 

(w/v) linear sucrose gradients containing 100 mM KCl, 20 mM Tris-HCl (pH 7.5), and 5 

mM MgCl2 (polysome-disrupted lysates were loaded onto the same gradient lacking 

MgCl2 and containing 1 mM EDTA), and subjected to centrifugation in a Beckman 

SW41 rotor at 33,000 RPM for 90 minutes at 4°C.  
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Each gradient was fractionated into eleven 1 mL fractions by bottom 

displacement using a gradient fractionator (Isco) with the ribosomal profile monitored at 

OD254. Total RNA from each fraction was isolated using standard phenol-chloroform 

extraction. Resulting RNA pellets were resuspended in 15 µL RNase-free water and used 

for cDNA generation and subsequent qRT-PCR analysis using primers specific to 

PDCD4 and GAPDH transcripts. The % mRNA present in each fraction was calculated 

using the 2^-Ct method. 
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Chapter 5: Discussion 

 
 

A portion of this chapter is adapted from the following published work: 

 
Wigington, C.P., Williams, K.R., Meers, M.P., Bassell, G.J., and Corbett, A.H. (2014) 
Wiley Interdisciplinary Reviews RNA 5, 601-622. “Poly(A) RNA Binding Proteins and 

Polyadenosine RNA: New Members and Novel Functions.” 
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Overview 

 In this dissertation, I characterize the recognition and post-transcriptional 

processing of two select mRNAs, which are bound and regulated by RNA binding 

proteins that are dysregulated in human disease. The work presented here suggests that 

the proteins encoded by these transcripts perform critical cellular functions and that, 

when dysregulated, may represent the underlying molecular pathogenesis of disease. Our 

studies provide insight into how these transcripts are recognized as well as the post-

transcriptional consequence of being bound by the respective RNA binding protein.  

Previous studies demonstrate that the novel polyadenosine RNA binding protein, 

ZC3H14, plays a critical role in neurons (150,268). I show that knockdown of ZC3H14 in 

human cells results in improper processing and subsequent reduction of ATP5G1 mRNA 

(Chapter 2), which encodes a key ATP synthase subunit. Consistent with loss of ATP 

synthase activity, we observe a robust decrease in cellular ATP levels and altered 

mitochondrial morphology upon knockdown of ZC3H14 (Chapter 2), suggesting that 

ZC3H14 plays a role in maintaining proper energy levels in neurons. I go on to explore 

the regulation of ZC3H14 in human cells (Chapter 3), including autoregulation of the 

ZC3H14 transcript, likely via a conserved polyadenosine stretch within the 3’UTR. These 

findings are consistent with many other RNA binding proteins that bind their cognate 

mRNAs (195) and provide an autoregulatory feedback loop for maintaining tight control 

of cellular ZC3H14 levels (Chapter 3). Finally, I present an additional mode of regulation 

of the PDCD4 transcript (Chapter 4), which encodes a novel tumor suppressor that is 

downregulated in a number of cancer types. The described regulation occurs via a 

competitive binding event between HuR and TIA1 on the PDCD4 3’UTR and is 
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important for maintaining PDCD4 stability in the cytoplasm (Chapter 4). We hypothesize 

that this pool of stable PDCD4 mRNA in the cytoplasm represents a reserve that cells can 

access in times of cellular stress and/or transformation. Together, these studies 

underscore the importance of post-transcriptional processing events and the factors that 

mediate them in maintaining proper gene expression. 

 

ZC3H14: Implications for mRNA processing and the brain 

 

Objectives and challenges 

 One of the primary objectives in my dissertation research was to elucidate the role 

of ZC3H14 in RNA processing events that take place in human cells. As described in the 

Introduction, there are a number of studies on ZC3H14 orthologs in model organisms that 

point to ZC3H14 playing a diverse role in post-transcriptional processing events. 

Therefore, determining which, if any, of these events are conserved in human cells is a 

critical objective. To approach this question, I selected a transcript that was robustly and 

specifically affected upon knockdown of ZC3H14 in human cells, as identified by a 

genome-wide microarray approach. Using this transcript as a “molecular ruler,” I was 

able to perform various experiments to query the role of ZC3H14 in modulating this 

transcript. Our results (outlined in Chapter 2) suggest that ZC3H14 interacts 

preferentially with pre-mRNA transcripts and somehow coordinates processing events 

necessary to generate the mature forms of these messages (Figure 5.1). These results are 

consistent with previous work from our lab (161) as well as work from a collaborating 
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lab (170) suggesting that Nab2 functions at the level of the un-spliced pre-mRNA and 

plays a role in ensuring proper production of export-competent mRNPs.  

 One of the challenges in investigating post-transcriptional processing events, 

particularly those that take place in the nucleus, is the tight coupling of these events to 

one another. For instance, disruption of mRNA export could lead us to observe upstream 

processing effects, such as extended poly(A) tails or increased mRNA surveillance by the 

RNA exosome. Studies performed in S. cerevisiae have demonstrated roles for Nab2 in 

poly(A) tail length regulation (163), mRNA surveillance (269), mRNA export (159,162) 

and transcript stability (291). However, recent studies suggest that perhaps Nab2 is a 

regulator of these processes, ensuring the execution of these events and thus allowing for 

the selective export of properly processed mRNAs to the cytoplasm (160,161). An 

important objective moving forward will be delineating these tightly coupled processes in 

order to identify the specific role(s) of ZC3H14 in mRNA processing events.  

 One limitation to the studies performed in S. cerevisiae stems from the presence 

of only one (characterized) nuclear poly(A) binding protein. Fission yeast (S. pombe) and 

higher eukaryotes express at least two nuclear poly(A) binding proteins. The well-studied 

PABPN1 protein is present in mammalian cells and has an extensively characterized role 

in 3’ end processing and polyadenylation as well as control of poly(A) tail length (29), 

although, many of the studies characterizing PABPN1 function were performed in in 

vitro systems with purified, recombinant proteins (96). Where ZC3H14 fits into the 

picture of Pab-dependent mRNA processing in the nucleus is unclear. Our work suggests 

that ZC3H14 binds preferentially to pre-mRNAs and could therefore be present as 

transcripts are being processed and then either removed upon completion of processing or 
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during the course of mRNA export, which is consistent with studies of S. cerevisiae Nab2 

(31). Integrating the roles of multiple Pabs in human cells is discussed in more detail in 

the following section. 

 Another level of complexity provided by studies in mammalian cells is the 

presence of multiple splice variants of ZC3H14 (154). The N-terminal antibody that we 

use for the bulk of our studies recognizes the nuclear isoforms of ZC3H14 (154), which 

are most similar to Nab2/dNab2, from which we derive the majority of our preliminary 

studies. However, the presence of a cytoplasmic isoform of ZC3H14 that contains a 

divergent N-terminus but has the C-terminal CCCH zinc fingers suggests that this 

isoform should be able to interact with polyadenosine RNA with similar affinity as the 

longer, nuclear isoforms (148,154), but likely plays a unique role in mRNA regulation in 

the cytoplasm. Current work on this cytoplasmic isoform is focused on whether it has a 

role in mRNA trafficking and/or local translation in neurons. As described in the 

introduction, we observe an accumulation of ZC3H14 nuclear isoforms in the cytoplasm 

upon treatment with the transcriptional inhibitor, ActD (data not shown). These 

preliminary results suggest that the nuclear isoforms of ZC3H14, like many other nuclear 

RNA binding proteins (158), relocalize to the cytoplasm during cellular stress. These 

observations, coupled with the presence of a cytoplasmic isoform of ZC3H14, present a 

potentially complex network of regulation for these proteins. Identification of binding 

partners for ZC3H14 within the nuclear and cytoplasmic compartments will shed light 

into the distinct roles for ZC3H14 within each compartment as well as where and how 

these distinct isoforms interface with one another.  
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Implications for the brain 

Our work describing a role for ZC3H14 in the post-transcriptional processing of 

ATP5G1 mRNA (Chapter 2) was performed primarily in a commonly used breast cancer 

cell line, MCF-7. However, we do observe a more general effect on ATP5G1 steady-state 

mRNA levels upon knockdown of ZC3H14 in multiple cell lines, including a human 

medulloblastoma cell line, which suggests a conserved role for ZC3H14 in regulating 

ATP5G1 levels in neurons. We observe a robust effect on mitochondrial morphology 

upon ZC3H14 knockdown, consistent with previous work on cells with reduced levels of 

ATP5G1 (301,306). Our study, along with many others, demonstrates that proper 

mitochondrial morphology is critical for proper cellular function, particularly in neurons 

(267,317,319,320). These findings are particularly interesting in light of the observation 

that patients with loss-of-function mutations in ZC3H14 have a certain form of 

nonsyndromic autosomal recessive intellectual disability (150). Studies in Drosophila 

reveal a conserved role for ZC3H14/dNab2 in proper neuronal function, as evidenced by 

dNab2 null flies with defects in learning and memory as well as axonal path finding 

(150,268,290). Therefore, elucidating the critical role of ZC3H14 in neurons is our 

primary objective moving forward. 

The observation that the ATP5G1 transcript is trafficked to axons in neurons (306) 

suggests that proper maintenance of the stability of this transcript is critical. Trafficked 

mRNAs, specifically those in neurons, are translationally repressed by sequestration of 

the 5’ cap structure, which in turn aids in the prevention of degradation by mRNA decay 

machinery (397). Recent studies in budding yeast demonstrated that approximately half 

of the nuclear-encoded mRNAs that encode mitochondrial proteins are asymmetrically 
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localized to the region surrounding the mitochondria (398,399), suggesting coordination 

between post-transcriptional factors and the mitochondrial protein import machinery 

(reviewed in (400)). Preliminary data from our lab suggests that the nuclear isoforms of 

ZC3H14 display punctate cytoplasmic localization in primary hippocampal neurons 

(unpublished observations), suggesting that the neuronal isoforms of ZC3H14 may have 

roles in the cytoplasm. Furthermore, S. cerevisiae Nab2 shuttles in and out of the nucleus 

(159), so, like Nab2, ZC3H14 may also shuttle and accompany mRNPs to their proper 

location in the cytoplasm. ZC3H14 could play a role in delivering target mRNAs to 

axonal synapses, specifically to the highly active population of mitochondria located at 

the synapse. Interestingly, upon knockdown of ZC3H14, we observe a slight reduction in 

ATP5G1 mRNA stability (data not shown). The siRNAs that we employ for ZC3H14 

knockdown target the region of ZC3H14 that corresponds to the C-terminal zinc fingers 

and therefore targets all known splice variants. Whether the loss of the cytoplasmic 

isoform of ZC3H14 is responsible for this reduction in mRNA stability is yet to be 

determined. A future direction is to identify binding partners of ZC3H14 in neuronal cells 

to determine whether ZC3H14 is involved in the trafficking, stability and/or local 

translation of target transcripts, such as ATP5G1, in neurons. 

As mentioned earlier, a previous study demonstrated that the ATP5G1 3’UTR is 

targeted by miR-338 in rat neuronal cells (316). The binding to and regulation of ATP5G1 

by miR-338 results in decreased ATP5G1 protein and increased axonal ROS as well as an 

axonal growth defect (316), which is consistent with defects observed in rat neurons 

treated with ATP5G1 siRNA (306). The miR-338 targeting sequence is conserved in the 

human ATP5G1 3’UTR (miRBase; Figure 5.1) and therefore may be a functionally 
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relevant target of miR-338 in human neuronal cells as well as in rats. Whether or not 

ZC3H14 has a role in miRNA processing and/or targeting is yet to be determined. There 

is, however, clear evidence that miRNA machinery is intimately involved with the 

poly(A) tail via interactions between PABPC1 and Glycine-Tryptophan protein of 182 

kDa (GW182) (43). This interaction promotes rapid deadenylation and subsequent 

degradation of target transcripts (43,401). The recent study demonstrating that ZC3H14 

has a conserved role in poly(A) tail length regulation in mammalian neurons (168) clearly 

supports a role for ZC3H14 in post-transcriptional processing via the poly(A) tail and 

could fit into this regulation by miRNAs. 

To date, there are multiple studies that point toward a critical role for ZC3H14 in 

the brain (150,151,268). However, how the loss of this ubiquitously expressed protein 

results in a tissue-specific disease remains unclear. As described in the Introduction, there 

are multiple models for how loss of ZC3H14 could specifically impact cells in the brain. 

One of these models focuses on the disruption of functions and/or requirements that are 

unique to neuronal cells. Properly functioning mitochondria are clearly important in all 

cell types, but particularly in the cells of the brain, which are responsible for the 

consumption of 25% and 20% of our daily glucose and oxygen consumption, respectively 

(317,318). Neurons rely almost exclusively on ATP production via oxidative 

phosphorylation (319) and are unable to switch to glycolysis when oxidative 

phosphorylation becomes limited (320). Of note, disruption of normal mitochondrial 

function and dynamics is observed in many neurological diseases, including dominant 

optic atrophy, Charcot-Marie-Tooth type 2A, Parkinson’s disease, Alzheimer’s disease, 

and Huntington’s disease (267). Therefore, we hypothesize that regulation of ATP5G1 by 
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ZC3H14 is likely to have effects on mitochondria that could be detrimental to neurons 

and may represent at least one aspect of the molecular pathogenesis underlying the 

intellectual disability observed in these patients.  

 

Integrating the roles of multiple Pabs in human cells 

As described here, our understanding of the functions and members of the Pab 

protein family has increased in recent years. The studies discussed in this dissertation 

highlight the diversity found within the Pab family, as represented not only by the diverse 

roles of Pabs in modulating gene expression, but also by novel Pab family members that 

bind to RNA via unconventional polyadenosine RNA binding modules. The function of 

Pab proteins likely depends on the cellular context, specific regulatory elements, and the 

complement of RNA binding proteins present. Highlighting the importance of context for 

Pab protein function are the tissue-specific diseases that result from mutation of PABPN1 

and ZC3H14.  Both PABPN1 and ZC3H14 play important roles in RNA processing, 

which are likely critical in numerous cell types, so why defects in PABPN1 cause 

muscle-specific pathology and loss of ZC3H14 causes defects specifically in brain 

function is not at all obvious. Clearly to understand these tissue-specific diseases, studies 

will not only need to assess contributions of these proteins within the biological context 

of the affected tissues but also to define the complete molecular functions of the Pabs that 

underlie these contributions. Indeed, there are likely additional roles that have yet to be 

discovered for members of the Pab protein family raising several key questions for 

contemplation. 
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The first question is how the diverse functions of the multiple Pab proteins are 

coordinated throughout the intimately linked steps of post-transcriptional processing. 

Given that all Pab proteins bind to polyadenosine RNA, they should all technically 

compete for the same target sequences, including poly(A) tails added to nearly all 

mRNAs. Presumably there is remodeling and/or replacement of the complement of Pabs 

associated with a poly(A) RNA as that RNA moves through processing within the 

nucleus to ultimately fulfill its cytoplasmic destiny. The question of whether all 

polyadenylated RNAs are bound at some point in their life by the full complement of 

Pabs or whether Pabs show preferential binding to specific transcripts or subsets of 

transcripts will also need to be addressed to understand how overall Pab family function 

is coordinated. Very little is known about how Pab proteins are exchanged for one 

another at different stages of poly(A) RNA biogenesis and/or function.  

One possible mode of Pab regulation is association with protein binding partners. 

For example, PABPC is regulated by binding to a number of PAb-Interacting Proteins 

(PAIPs), including LARP4. Given this precedent, there are likely additional partners that 

interact with and regulate other Pab family members.  Such interactions could contribute 

to selectivity for certain transcripts in cases where these Pab binding partners themselves 

are sequence-specific RNA binding proteins. Clearly, further studies are needed to define 

molecular interactions with both target RNAs and protein partners to fully understand 

how members of the Pab family of proteins cooperate to regulate gene expression.  

A second important and related question is whether all adenosine sequences are 

functionally equivalent. For instance, the non-templated poly(A) tails present at the 3’ 

end of mRNAs represent just one type of polyadenosine found in the human 
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transcriptome. Our analysis of internal, templated polyadenosine stretches in RNAs 

reveals clear enrichment of these sequences within the introns and 3’UTRs of mRNAs. 

These sequences could be bound by Pabs to confer regulation. Only in a few cases have 

the function of such templated A stretches been analyzed but those studies do confirm the 

potential for their functional importance. With regard to the question of whether all 

polyadenosine stretches are equivalent, recent work reveals that methylation of adenosine 

residues (m6A) on circadian clock transcripts contributes to their processing efficiency 

and plays a role in maintaining proper circadian rhythm (402). The observation that post-

transcriptional modification of adenosine residues modulates mRNA processing raises 

the possibility that adenosine residues on poly(A) tails or within internal polyadenosine 

stretches could be methylated to create distinct motifs that could be differentially 

recognized by Pab proteins.  Future analyses should explore whether modification of 

adenine within Pab target sequences influences Pab recognition and/or regulation.    

In summary, the family of Pab proteins is expanding in both number and diversity 

of function. In fact, there are likely additional Pab family members that we have yet to 

define as such or to discover. While insight into the molecular roles of the individual Pab 

proteins is growing, developing a comprehensive model for how the functions of this 

protein family are coordinated to modulate gene expression remains the goal for the 

future. 

 

Implications for HuR and TIA1 in breast cancer: PDCD4 is a relevant target 

As described throughout the Introduction and Chapter 4, HuR has a well-studied 

role in breast cancer (259,403) and although TIA1 has a less characterized association 
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with cancer, it clearly regulates the splicing and translation of many cancer-relevant 

mRNAs (226). Recent studies that demonstrate the complex and coordinate relationship 

between HuR and TIA1 on target mRNAs (195,220,223,250,251) suggest that these two 

proteins may coordinate and/or compete on many common targets to fine-tune the 

expression of the respective protein products. Many target mRNAs of HuR and TIA1 

encode factors important for the execution of the apoptotic program (226,264), 

suggesting a role for HuR and TIA1 in apoptosis. We hypothesize that the regulation of 

the Programmed Cell Death 4 (PDCD4) mRNA by HuR and TIA1 in breast cancer cells 

(outlined in Chapter 4) presents an additional example of the importance of these two 

RNA binding proteins in coordinating the apoptotic program. 

The PDCD4 protein is an inhibitor of the eIF4A helicase, which is responsible for 

unwinding secondary structural elements located within the 5′UTR of mRNA transcripts 

to facilitate translation (362). PDCD4 expression is upregulated after the initiation of 

apoptosis (383) and reduction of PDCD4 protein levels leads to neoplastic transformation 

(384). Because of the critical role for PDCD4 as a global regulator of protein synthesis 

and as a tumor suppressor, PDCD4 expression is regulated at multiple levels (270). In 

addition to transcriptional and post-translational regulation of PDCD4, previous studies 

demonstrate that PDCD4 is regulated at the post-transcriptional level by miR-21 and the 

splicing factor, SRSF3 (272,387). Our study demonstrating regulation by HuR and TIA1 

on the PDCD4 3’UTR provides an additional mode of post-transcriptional regulation on 

this tightly regulated transcript (Figure 5.2).  

The role of PDCD4 in breast cancer is well studied (272,404-407). Comparison of 

normal breast tissue to neoplastic breast tissue reveals altered cellular localization and 
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decreased PDCD4 protein levels in neoplastic breast tissue. Decreased PDCD4 protein 

levels in breast tissue also significantly correlates with node positivity and worse overall 

survival (408). A recent study demonstrates that decreased PDCD4 protein levels 

correlates with poor prognosis, specifically in hormone receptor-positive breast cancer 

and points to a role for PDCD4 as a potential prognostic marker or therapeutic target 

(409).  

We observe multiple pathways that converge to modulate PDCD4 protein levels. 

Increased activation of the PI3K-Akt pathway, which is commonly observed in cancer 

(410,411), leads to phosphorylation of PDCD4 (368) and rapid degradation of PDCD4, 

thus preventing its inhibition of eIF4A (368,412). As shown in Chapter 4, treatment of 

MCF-7 cells with ActD, which has been shown to activate PI3K signaling (379), results 

in a rapid decrease in steady-state PDCD4 protein levels, likely due to phosphorylation 

and degradation. However, underneath this highly labile pool of PDCD4 protein is an 

extremely stable reserve of PDCD4 mRNA. We hypothesize that this pool, which 

appears to be positively regulated by HuR and TIA1, represents a population of PDCD4 

mRNA that is ready to be rapidly translated upon cellular stimuli. In the future, it will be 

important to not only identify any and all factors that play a role in modulating the 

PDCD4 transcript, but also to determine whether these interactions and or/the mode of 

regulation changes under conditions of cellular stress, such as the case in the tumor 

microenvironment.  
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Future directions 

 

ZC3H14 

With regard to the study of ZC3H14 function in mammalian cells, the primary 

objective moving forward is to identify the specific role of ZC3H14 in mRNA 

processing. The work presented in Chapter 2 provides us with one important example of 

a transcript that is regulated by ZC3H14; however, whether ZC3H14 regulates all target 

mRNAs in the same manner is unclear. Preliminary data from RNA-seq experiments 

performed on neuronal tissue from our (newly generated) ZC3H14 knockout mouse 

supports a transcript-specific effect of ZC3H14, consistent with the results of my 

microarray analysis. However, current work is focused on analyzing this data for insights 

into specific effects on mRNA processing as well as the identification of affected target 

mRNAs. 

Understanding how ZC3H14 achieves specificity on the ATP5G1 transcript (in 

binding and function) is also an important question moving forward. Current work in our 

lab is focused on identifying binding partners of ZC3H14 in mammalian cells, 

specifically the identification of factors that display compartment-specific interactions 

with ZC3H14. The identification of factors that interact with ZC3H14 should not only 

yield insight into the ability of ZC3H14 to achieve transcript specificity, but also into the 

role it plays in mRNA processing events.  

Because so many of our studies moving forward will be performed in the ZC3H14 

knockout mouse, it will be interesting to see if the interaction between ZC3H14 and 

ATP5G1 is conserved in murine cells. The ATP5G1 transcript is highly conserved 
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between mouse and human, suggesting that any sequence elements required for this 

interaction are likely present. It will also be interesting to investigate the mitochondrial 

morphology in the neurons of these mice. Perhaps the specific interaction between 

ZC3H14 and ATP5G1 is itself not conserved, but a tight control on mitochondrial 

function and neuronal signaling could underlie the neuronal defects observed in ZC3H14 

patients.  

 

HuR and TIA1 

 Our work characterizing the interactions between HuR and TIA1 on the PDCD4 

transcript provides evidence for an additional point of regulation on this critically 

important transcript. As described in Chapter 4, PDCD4 is a novel tumor suppressor that 

is downregulated in a number of different cancer types, including breast cancer. 

Understanding the spectrum of RNA binding proteins (and ncRNAs) that modulate the 

post-transcriptional regulation of PDCD4 is a very important objective moving forward. 

However, another interesting objective surrounds the idea of alternative functions for 

these two factors (HuR and TIA1) in altered cellular states. As described in the 

Introduction and throughout Chapter 4, HuR and TIA1 both display altered localization 

upon transcriptional inhibition and oxidative stress. Additionally, a number of recent 

studies have demonstrated that HuR and TIA1 display altered and/or enhanced function 

on target transcripts depending on the cellular context (158,220,263). For instance, 

treatment of HeLa cells with UV light, which induces apoptosis, results in a preferential 

association between HuR and the Prothymosin α transcript in translating polysomes, 

leading to increased translation (263). As described earlier, we observe a robust reduction 
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of PDCD4 protein levels in cells undergoing stress, such as transcriptional inhibition. 

Whether HuR and TIA1 (as well as any other post-transcriptional factors) employ 

enhanced and/or altered function on the PDCD4 transcript during these times of cellular 

stress is an important step moving forward (Figure 5.2).  

 Another important objective for analysis of PDCD4 is determining whether HuR 

and/or TIA1 have any role in the loading of miR-21 onto its well-defined site in the 

PDCD4 3’UTR. Our work in Chapter 4 demonstrates that knockdown of HuR and/or 

TIA1 does not affect the steady-state level of miR-21; however, recent information 

gleaned from the transcriptome-wide CLIP-seq analyses with HuR suggests that HuR has 

a role in miRNA regulation (224,225) and may therefore assist in the maturation or 

targeting of miRNAs. Finally, we demonstrate that the U-rich regions on the 3’UTR of 

PDCD4 confer binding by HuR and TIA1; however, there are a number of other AU- and 

U-rich RNA binding proteins that could also interact with these elements. Determining 

the spectrum of post-transcriptional factors that bind to the PDCD4 transcript and their 

role in maintaining tight expression of this critical cellular factor is an exciting next step 

for this project. 

 

Final conclusions 

 The studies presented here highlight the importance of post-transcriptional 

processing events in maintaining precise control of gene expression. As described 

throughout this dissertation, the dysregulation or loss of many RNA binding proteins 

results in various types of human disease, including intellectual disability and cancer. 

Understanding the function of newly discovered RNA binding proteins as well as novel 
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targets for canonical RNA binding proteins is critical to understand their role in disease. 

Additionally, elucidating the spectrum of RNAs that are bound by specific RNA binding 

proteins is critical to unveil targets that may play a role in the molecular pathogenesis of 

disease. Our work in Chapter 2 has identified the ATP5G1 transcript as a target of the 

novel polyadenosine RNA binding protein, ZC3H14. The interaction between ZC3H14 

and ATP5G1 is critical to ensure proper cellular energy levels and normal mitochondrial 

morphology. The high energy requirements of neuronal cells suggests that the loss of 

ZC3H14, as observed in patients with intellectual disability, may render these cells 

susceptible to altered function. The work in Chapter 4 focuses on the interaction between 

two well-studied U-rich RNA binding proteins, HuR and TIA1, and the PDCD4 

transcript. We demonstrate that these two proteins participate in a competitive mode of 

interaction on the PDCD4 3’UTR that is important for maintaining PDCD4 levels in 

breast cancer cells. Together, these studies provide support for these disease-relevant 

targets as potential mediators of the molecular pathogenesis of disease.  
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Figure 5.1. Proper ATP5G1 regulation is critical for neuronal cell function. A) 
Previous studies demonstrate that in rat neurons, the ATP5G1 3’UTR is a target of 
miR-338 and is trafficked to axonal synapses and locally translated there. Precise regula-
tion of ATP5G1 in rat neurons promotes axonal outgrowth and proper mitochondrial 
(green ovals) function. B) My work (detailed in Chapter 2) demonstrates that the novel 
poly(A) binding protein, ZC3H14 (pink, five-fingered shape), promotes and coordinates 
pre-mRNA processing events (processing factors represented by light grey shapes) 
critical for the production and export of mature ATP5G1 mRNA. Loss of ZC3H14 
results in improper pre-mRNA processing/export of ATP5G1, decreased cellular ATP 
levels and subsequent mitochondrial fragmentation. Understanding the factors and/or 
sequences that confer specificity on the ATP5G1 transcript is a primary objective moving 
forward.   
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Figure 5.2 PDCD4 is regulated by multiple post-transcriptional mechanisms. A) 
Previous studies have extensively characterized the PDCD4 3’UTR transcript as a target 
of the oncomiR-21 (red line). A more recent study demonstrated that the splicing factor 
SRSF3 (pink hexagon) also modulates PDCD4 by repressing translation via an interac-
tion with the 5’UTR. B) Our work (detailed in Chapter 4) reveals overlapping binding 
sites for the RNA binding proteins HuR and TIA1 (green rectangle and blue circle, 
respectively) within a U-rich region of the PDCD4 3’UTR, proximal to the well-defined 
miR-21 binding site. Our work demonstrates that the overlapping binding sites for these 
two U-rich binding proteins result in a competitive mode of interaction for the PDCD4 
transcript. C) The steady-state localization of HuR and TIA1 is primarily nuclear, 
although both proteins shuttle in and out of the nucleus (bidirectional arrow). In an 
unstressed, normal cellular environment, HuR and TIA1 compete for binding to the 
PDCD4 3’UTR, an interaction that promotes the stability of the PDCD4 transcript. D) In 
a stressful cellular environment, HuR and TIA1 undergo a shift in localization toward the 
cytoplasm (red arrow). Whether the interactions and functions of HuR and/or TIA1 are 
altered in these conditions is an important question moving forward.
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