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ABSTRACT OF THE DISSERTATION 

 

Activation and regulation of mRNA decay by the inflammatory response factor Tristetraprolin 

Alberto Carreño 

Doctor of Philosophy in Biology 

University of California San Diego, 2022 

Professor Jens Lykke-Andersen, Chair 

 

 The RNA binding protein tristetraprolin (TTP) is an mRNA destabilizing factor that 

regulates the stability of transcripts involved in promoting inflammation. TTP regulates mRNA 

stability through recruitment of decay factors involved in deadenylation, decapping, 

exonucleolytic decay, and translation repression. TTP activity is regulated by post-

translational modifications with nearly 30 reported sites of phosphorylation; however, the 

functional effects of only two sites are well characterized. Previous work revealed the 

conserved TTP CNOT1 Interaction Motif (CIM) is an important structural element that 

promotes the association with the major deadenylase complex, CCR4-NOT.  
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 In the work described in Chapter 2, I studied how the TTP CIM promotes mRNA 

decay cooperatively with other regions of the TTP protein. Using tethered decay assays, I 

find that mutation of conserved tryptophan residues, which associate with the CCR4-NOT 

subunit CNOT9, in addition to removing the CIM causes stabilization of target mRNA. Pull-

down assays of TTP mutants reveal that CCR4-NOT recruitment is facilitated in a 

cooperative manner by the TTP-CIM and tryptophan residues. Furthermore, I find, 

contrasting previous reports, that the p38 MAPK pathway does not target a conserved serine 

residue within the TTP-CIM and that the CIM remains active in conditions where TTP is 

targeted by the downstream p38 MAPK kinase, MK2. These results suggest that efficient 

regulation of TTP requires multiple signaling pathways. 

 Difficulties examining TTP under native conditions has been a limitation of previous 

studies. In the work described in Chapter 3, to facilitate studies of TTP in a more 

endogenous setting, I generated TTP-/- RAW 264.7 mouse macrophage cells using a 

CRISPR-Cas9 targeting approach. These were used to generate lentiviral add-back cells 

expressing TTP from the endogenous TTP promoter. Unfortunately, exogenous TTP 

expression was unable to reach the levels seen from the endogenous locus in RAW 264.7 

cells suggesting that additional enhancer element(s) acting on the TTP locus are necessary 

to produce an efficient TTP-expression response. Additional repair template-mediated 

CRISPR-Cas9 gene editing techniques using selectable markers are also reported here as a 

promising tool to generate endogenous TTP mutants in RAW 264.7 macrophage cells. 
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Chapter 1. Post-transcriptional gene regulation by the ZFP36 protein family. 

 

1.1 Post-transcriptional gene regulation 

Proper gene regulation is of vital importance for maintaining homeostasis of the cell 

and preventing the occurrence and progression of pathologies. In addition to gene 

expression being regulated at the transcriptional level, post-transcriptional regulation of 

protein coding genes provides an additional layer for fine-tuning protein output.  

The generation of a mature mRNA includes the addition of a 7-methylguanosine cap 

at the 5’ end and a poly-A tail at the 3’ end where these two modifications protect the newly 

generated transcript from degradation. The co-transcriptionally added 5’ cap protects mRNA 

from 5’ to 3’ exonucleases and serves as a binding site for the eukaryotic translation initiation 

factor eIF4E (1). The poly-A tail of mRNA serves as a binding site for Poly-A Binding Proteins 

(PABPs) that protect from mRNA decay by reducing deadenylation and by preventing decay-

promoting TUT4/7 mediated uridylation (2–4). Removal of these binding factors is a critical 

step in promoting mRNA decay. 

 Cytoplasmic mRNA decay relies on the coordination of various decay factors. The 

decay process is most often initiated by deadenylation and proceeds either by 3’ to 5’ 

exonucleolytic decay or by removal of the 5’ cap by decapping factors, followed by 5’ to 3’ 

decay pathways (5). The major pathway of mammalian mRNA decay first requires the 

removal of the poly-A tail of an mRNA transcript, which is often the rate-limiting step of 

mRNA decay. Following deadenylation, mRNA decay can proceed through 3’-5’ 

exonucleolytic decay by the exosome or by removal of the 5’ cap by a process known as 

decapping (6, 7). Removal of the 5’ cap first requires the displacement of the cap-binding 

protein eIF4E. Upon removal of the 5’ cap, degradation by the 5’-3’ exonuclease XRN1 can 

proceed. Although they have sometimes been portrayed as two disparate forms of mRNA 

decay, decapping and deadenylation have been observed to be linked by factors such as 
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LSM1-7 and DDX6 (8–12). Although decapping and XRN1-mediated decay has been 

demonstrated to be the major pathway of mRNA degradation, deadenylation is generally a 

pre-requisite for mRNA decay (13).  

  Studies in human cells suggest that mRNA deadenylation undergoes a biphasic 

form of poly-A tail removal, where the long mRNA tail is first trimmed by the PAN2-PAN3 

deadenylase complex to a size of about 110 nucleotides (nts) (14), followed by the removal 

of the remaining tail by the CCR4-NOT deadenylase complex (15). The CCR4-NOT complex 

is an approximately 1 MDa complex composed of seven shared core components in flies, 

yeast and humans (15), which is able to promote deadenylation through its DEDD-domain 

containing CNOT7/CNOT8 proteins, also known as CAF1, and the EEP domain containing 

CNOT6/CNOT6L proteins, also known as CCR4 (16, 17). The overexpression of Ccr4p in 

budding yeast was capable of promoting deadenylation in conditions where Caf1p was 

mutated, suggesting some degree of functional redundancy (16).  Further investigation into 

these two deadenylase subunits of the CCR4-NOT complex have demonstrated that 

although they both function to remove terminal adenosines, there exist some functional 

differences. PABPs, which have been shown to associate with eIF4G as well as with 

ribosomes to promote efficient translation of the encoded protein (18–20), are displaced from 

the polyA-tail by CCR4, but not CAF1, allowing for downstream exonucleolyic events to 

occur (21, 22). Altogether, these findings reveal a major role for the CCR4-NOT 

deadenylation complex in mRNA decay. 

The purpose of mRNA is to serve as a template for protein production by translating 

ribosomes. The process of translation itself appears to stabilize transcripts (23). Indeed, the 

codon usage within mRNAs affects the translocation by ribosomes and it has been found that 

transcripts containing optimal codons, codon sequences for which there are more abundant 

tRNAs, causes more stable transcripts (21, 23–26). Furthermore, inefficient translation is 

sensed by the CCR4-NOT complex which can initiate the process of mRNA degradation 
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(24). Translation repression has been demonstrated to promote decay events, such as 

decapping (10). Disruption of translation initiation has been a demonstrated function of 

mRNA destabilizing factors that affect the association of eIF4E to the 5’ cap (27–30). For 

example, the translation repression factor GIGYF2-4EHP directly associates to the 5’ cap 

through the cap binding protein 4EHP (also known as eIF4E2), sterically preventing the 

association of eIF4E (31, 32). These interactions prevent the recruitment of ribosomes to 

eIF4F which is unable to associate with the 5’ cap. These findings reveal that the process of 

mRNA decay is an intricate and coordinated event, orchestrated by a variety of destabilizing 

elements with unique functions that promote the efficient disposal of mRNA. 

 

1.2 mRNP granules  

The dynamic environment of the cell requires an ability to quickly react to instances of 

molecular stress to preserve the integrity of the cell. The costly processes of translation and 

protein maintenance must be tightly regulated to prevent unnecessary expenditure of cellular 

resources while also retaining the ability to resume promptly to maintain homeostasis. While 

translation inhibition is reported to promote mRNA decay, during times of stress, 

translationally silenced mRNAs form mRNP granules called stress granules (SGs) (33, 34). 

SGs have been considered as sites of triage whereby mRNA transcripts can be released 

back into the cytoplasm to re-engage in translational activity, or be shuttled to undergo 

mRNA decay, possibly in association with another variety of granules called processing 

bodies (PBs), which are enriched in mRNA decay factors (33, 34). Interestingly, the 

localization of SGs and PBs relative to each other differs according to conditions in the cell. 

 

1.3 The AU-rich element (ARE) affects mRNA stability 

Despite the almost universal presence of the 5’ cap and poly-A tail, half-lives differ 

greatly between mRNAs, which can range from the order of minutes to several hours (35, 
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36). This difference in transcript stability is attributed to sequences found within the mRNA 

transcripts. These intrinsic stability or instability elements can include cis-elements located in 

untranslated regions (UTRs) or codon compositions of the coding regions (25, 37, 38). Cis-

elements within UTRs serve as binding sites for trans-acting factors which can control the 

stability of transcripts.  

A well-studied 3’UTR cis-element is the Adenylate-Uridylate rich element (ARE) 

present in the 3’ UTRs of many cytokine and proto-oncogene mRNAs (39–41). The 

regulation of mRNAs by their AREs have been shown to affect several aspects of cell 

function including cell growth, cell differentiation, and response to external stimuli (42, 43). 

AREs were first demonstrated to serve as mRNA instability elements when the decay of a 

stable mRNA species was dramatically reduced upon addition of the ARE-containing GM-

CSF 3’ UTR (44). Much of the destabilizing effects of AREs is seen to be regulated by 

signaling events such as the p38 MAPK pathway (45). AREs serve as binding sites for RNA-

binding proteins involved in mRNA decay and genes encoding mRNAs with AREs have been 

estimated to comprise ~8% of the genome (46). Notably, ARE-mediated mRNA regulation 

has been shown to be important for the regulation of inflammation whereby following 

activation, ARE-containing pro-inflammatory transcripts are transiently expressed and 

facilitate the initiation and propagation of the inflammatory response (47). In order to prevent 

chronic inflammatory pathologies from developing, the pro-inflammatory, ARE-containing, 

transcripts are seen to be rapidly degraded following a short period of increased stability 

(48). These changes in stability are now understood to be regulated by the RNA destabilizing 

factor tristetraprolin (TTP) (49). 

 

1.4 TTP is a critical cytokine mRNA destabilizing factor in inflammation 

Tristetraprolin (TTP), which contains three tetra-proline motifs awarding its name, was 

first discovered in mouse NIH 3T3 fibroblast cell lines as a protein whose expression was 
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responsive to insulin treatment (50). Although not readily detectable in serum-deprived cells, 

the rapid expression of TTP was detected within 10 minutes of stimulation with insulin, 

classifying it as an immediate-early response gene.  

TTP was found to contain two conserved CCCH zinc-finger domains, each with two 

sequence stretches of C8xC5xC3xH (C=Cysteine; H=Histidine; x=any amino acid) that are 

separated by 18 amino acids, and was found to be expressed at low levels in the nucleus in 

fibroblasts, but was readily induced upon treatment with growth factors, serum, phorbol 12-

myristate 13-acetate (PMA) and Lipopolysaccharide (LPS) (50–53). The promoter region of 

TTP has been shown to serve as a binding site for several transcription factors, including 

EGR-1, AP2, SP1, and NF-κB (54, 55). Upon induction, TTP was found to be translocated to 

the cytoplasm and post-translationally modified (51, 56–58).  

The physiologic relevance of TTP was demonstrated by the chronic inflammatory 

phenotype that developed in TTP knockout (KO) mice, which developed myeloid hyperplasia, 

cachexia, dermatitis, and arthritis (57). Termed “TTP-deficiency syndrome”, these TTP KO 

mice were observed to have a lifespan of less than 8 months. The inflammatory phenotype 

was attributed to an excess of circulating TNF-α cytokines (52, 57), which was supported by 

the appearance of a normal phenotype when TTP KO mice were treated with antibodies for 

tumor necrosis factor α (TNFα). Evidence supporting the role of TTP in regulating TNF-α 

expression was demonstrated in macrophages lacking TTP, which more than doubled the 

half-life of TNFα mRNA, from 35 min to 85 mins (59). TTP’s CCCH zinc finger domains were 

found to bind the ARE within the 3’ UTR of mRNAs for early immediate genes, including 

TNF-α, as well as other pro-inflammatory transcripts (49, 52, 59–65). The importance of the 

TTP zinc finger domain (ZFD) was noted in knock-in ZFD mutant mice that developed a 

severe inflammatory phenotype caused by TTP’s inability to bind to target mRNA (66). 

Supporting the paradigm of inflammation being a tightly controlled process, it has been 
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observed that he mRNA for TTP itself contains an ARE in its 3’ UTR and it was shown that 

TTP mRNA lacking its own ARE protects mice from inflammatory pathologies (67, 68).   

Novel high-throughput methods have now revealed the network of transcripts that are 

targeted by TTP. In addition to its role in inflammation, TTP is observed to regulate 

processes such as iron homeostasis, cell division, adipogenesis, and TTP mis-regulation has 

been shown to be a contributing factor to diseases such as cancer of various tissues and 

neurodegenerative diseases (46, 69–72). In addition to its noted physiological role, studies 

into TTP-mediated mRNA decay offer an understanding of fundamental processes involved 

in mRNA decay and its regulation. 

 

1.5 TTP interacts with multiple mRNA destabilizing factors  

Having established its targets and physiologic role, efforts to understand the 

molecular mechanism by which TTP regulates mRNA decay have contributed to our 

understanding of the activation and regulation of mRNA decay. TTP interacts with factors 

involved in all facets of mRNA decay, including those involved in deadenylation, decapping, 

exonucleolytic decay, and translation repression (73–79). Decay assays monitoring 

truncation mutants revealed that TTP can promote mRNA decay through both of its N- and 

C-terminal domains, suggesting that TTP contains decay promoting redundancies.  

 Work done towards understanding the association of TTP with decay factors have 

revealed conserved motifs that are responsible for its interaction with critical factors involved 

in mRNA decay. The tetraproline motifs, responsible for the naming of the protein itself, have 

been shown to be responsible for the association of TTP with the 4EHP-GYF2 translation 

repression complex (32, 77). The ability of TTP to promote translation repression has also 

been shown to require the association of the RNA helicase DDX6 (80). Notably, recent 

studies examining TTP’s structure revealed a highly conserved C-terminal CNOT1-

interacting motif (CIM) that associates with the CCR4-NOT scaffold protein, CNOT1. 
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Because of its critical role in promoting mRNA decay, the loss of association with the CCR4-

NOT complex would be predicted to lead to a dramatic stabilization of targeted mRNAs. 

However, both in vitro and in vivo experiments have revealed that deletion of the TTP CIM 

led to only a mild stabilization of target mRNAs (76, 81), suggesting that TTP promotes 

mRNA decay through additional interactions. In addition to the CIM, TTP has been 

demonstrated to associate with the CCR4-NOT deadenylase complex through its conserved 

tryptophan residues, which interact with the CNOT9 subunit (82). These findings suggest a 

functional redundancy in TTP’s ability to stabilize associations with critical deadenylase 

factors. Indeed, the N-terminal domain of TTP has been demonstrated to associate with 

factors involved in decapping, exonucleolytic decay and, surprisingly, deadenylation factors 

(74). These findings suggest that TTP can stabilize associations with decay factors through 

seemingly disparate motifs and reveals a functional redundancy in decay-promoting 

activities.  

 As an mRNA repression factor, TTP has unsurprisingly been found to associate with 

sites of translationally repressed mRNAs such as stress granules and p-bodies (83–85). With 

the exception of the conserved ZFD, TTP is largely composed of intrinsically disordered 

regions which may contribute to its association with these granules and may in part explain 

how both TTP termini can intrinsically associate with decay factors.  

 Although several key discoveries have been made toward understanding TTP-

mediated mRNA decay, much is still unknown. Despite observations that reveal that both 

domains of TTP are sufficient to promote mRNA decay, it is still unclear how the full-length 

protein utilizes both domains to coordinate the process of translational repression and mRNA 

decay. 

 

1.6 TTP is a post-translationally modified protein 
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TTP has been shown to be a target of several kinase pathways including the p38, 

ERK, and JNK mitogen activated protein kinase (MAPK) pathways (56, 86). Upon LPS 

induction, TTP is shown to receive a generous amount of phosphorylations, as initially seen 

in experiments where phosphatase treatment leads to a faster migrating species from 50 kDa 

to its predicted 34 kDa migration pattern, in SDS-polyacrylamide gels (87–90). TTP has been 

reported to contain around 30 sites of phosphorylation, as determined by mass-spectrometry 

experiments in HEK 293 cells transfected with TTP (91). Notably, the p38 MAPK pathway 

has been demonstrated to contribute to the inflammatory response by stabilizing 

cytokines/stress-induced genes through MAPK-activated protein kinase 2 (MK2) (92). 

Indeed, phosphorylation of TTP by MK2 has been shown to be a critical regulator of TTP 

stability, localization, and function.  

Although TTP is targeted by several pathways, the functional consequence of each is 

still largely unknown. An example of this is seen in investigations looking at the role of the 

p38 and ERK MAPK pathways on TTP. Activation of p38 MAPK helps stabilize TTP mRNA 

(67): phosphorylation of TTP’s serine residues 52 and 178 (mouse numbering) by MK2 of the 

p38 MAPK pathway has been shown to promote localization from the nucleus to the 

cytoplasm, inhibit the association of decay factors, recruit association with 14-3-3 adaptor 

proteins, and protect TTP from degradation by the proteosome (83, 90, 93–95). Furthermore, 

TTP protein is rapidly degraded upon inhibition of the p38 MAPK pathway and TTP mRNA 

stability is decreased. In contrast to the effects of p38 MAPK pathway modulation on TTP, 

inhibition of the ERK pathway did not influence TTP expression or its mRNA stability, 

suggesting that the targeting of TTP by distinct pathways may have unique consequences 

and roles. Although the ERK pathway does not appear to affect TTP function, inhibition with 

drugs potentiated the nuclear localization of TTP when co-treated with p38 and ERK 

inhibitors while treatment with ERK inhibitors alone did not retain TTP in the nucleus upon 

induction (94).  
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Targeting of TTP by MK2 has been demonstrated to affect its localization within the 

cytoplasm. While TTP can be observed to associate with stress granules upon carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone energy deprivation treatment, activation of MK2 

through arsenite treatment reduced TTP association to SGs (83). These results suggest TTP 

localization to SGs are context specific and is affected by post-translational modifications. 

 Of particular interest, is a highly conserved serine residue residing within the 

conserved CNOT1-interacting motif (CIM) of TTP. Phosphorylation of this serine residue has 

been previously shown to reduce the association of CNOT1 to a synthetically produced CIM 

peptide, suggesting a critical site of regulation (76). Indeed, mutation to this conserved serine 

residue to an alanine led to an increased rate of TTP-mediated mRNA decay (96). 

Interestingly, others have demonstrated that while TTP loses its association to CNOT1 upon 

phosphorylation of this serine, the mutation of the serine to aspartate led to an increased 

association to the decapping factor DCP1a in the TTP homolog BRF1 (97). Clearly, the 

functional effect of TTP-phosphorylation is still poorly understood and efforts made toward 

elucidating these dynamics will help uncover the role that signaling events have in the 

regulation of mRNA decay. 

 

1.7 The ZFP36 protein family: Similarities and differences of TTP with its paralogs 

BRF1 and BRF2 

As part of the ZFP36 protein family, Tristetraprolin (ZFP36) shares similarities with 

the proteins butyrate response factor-1 (BRF1, ZFP36L1) and -2 (BRF2, ZFP36L2). 

Members of the ZFP36 family encode for RNA destabilizing proteins that contain the 

C8xC5xC3xH zinc-finger domain that targets ARE-containing transcripts. Despite sharing a 

nearly 70% sequence identity in the zinc-finger region, TTP, BRF1, and BRF2 share little 

sequence identity in the domains upstream and downstream of this RNA-binding motif (98).  

Despite targeting similar ARE-containing transcripts (53) due to the presence of the 
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conserved zinc-finger domain, knockout experiments reveal different physiologic 

consequences between ZFP36 members in mice. As discussed above, knockout of TTP 

yields chronic inflammatory phenotypes (57, 59). Disruption of BRF1 is embryonic lethal due 

to aberrations in placental function (99–101). BRF2 ablation in mice led to defective 

hematopoiesis leading to perinatal mortality (102). BRF2 has also been demonstrated to play 

a role in oocyte meiotic maturation through its regulation of luteinizing hormone receptor 

(LHR) mRNA (103). Furthermore, conditional knockouts of BRF1 and BRF2 in lymphocytes 

led to disruptions in the proper development of B-cells and T-cells (104, 105). Interestingly, 

although all members of the ZFP36 family are induced in RAW 264.7 macrophage cells, 

myeloid specific knockouts of BRF1 did not lead to an increase in inflammatory markers 

(106). Lastly, TTP, but not BRF1 or BRF2, sensitizes cells to apoptosis by TNF-α treatment 

(89).   

Aside from the conserved zinc-finger domain, few sequence similarities exist between 

ZFP36 family members. Despite this, TTP and BRF1 have been demonstrated to associate 

with several similar mRNA decay factors and contribute to the formation of p-bodies (74, 85). 

The one other feature that is highly similar between ZFP36 family proteins is the conserved 

C-terminal CNOT1 interaction motif, critical for the association with the CCR4-NOT complex 

(76, 107). Similar to the TTP-CIM, the BRF1-CIM was demonstrated to promote the 

association with CCR4-NOT (97, 108). Research into BRF1 also revealed another potential 

function mediated by the CIM, where it was found to promote translation repression (109). 

Whether translation repression can be mediated by the TTP-CIM remains to be explored.  

As discussed for TTP, BRF1 and BRF2 activities are also regulated by post-

translational modifications from several disparate kinase pathways (110–113). As mentioned 

above, the ZFP36 proteins are highly dissimilar, and this is also reflected in their sites of 

phosphorylation. Although several sites of phosphorylation are not conserved, two serine 

residues, and their surrounding sequences, corresponding to the MK2-targeted TTP-Ser 178 
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and the TTP CIM-Ser 316 (mouse numbering), are conserved in BRF1 and BRF2. Indeed, 

BRF1 has been demonstrated to be a target of MK2 at Ser 203, corresponding to TTP-Ser 

178, which is also a reported target of the Protein Kinase B (PKB) pathway (110, 112). 

Lastly, the conserved serine residue within the BRF1-CIM, corresponding to TTP-Ser 316,   

was demonstrated to be a target of Protein Kinase A (PKA) (97). Although this 

phosphorylation resulted in a decrease in the association with CNOT1, phosphorylation of 

the BRF1-CIM led to an increase in BRF1-mediated mRNA decay which was explained by 

increased association with decapping factors. Altogether this adds a layer of complexity 

between how BRF1, and perhaps BRF2, regulate the association of decay factors according 

to post-translational modifications which may also be relevant to TTP-mediated mRNA decay 

mechanisms. Clearly, many questions remain to be addressed about how the ZFP36 protein 

family of proteins activate mRNA degradation and how their activities are regulated by 

signaling events. 
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Chapter 2 The Conserved CNOT1 Interaction Motif of Tristetraprolin Regulates ARE-

mRNA Decay Independently of the p38 MAPK-MK2 Kinase Pathway 

 

2.1 Abstract 

Regulation of the mRNA decay activator Tristetraprolin (TTP) by the p38 mitogen-

activated protein kinase (MAPK) pathway during the mammalian inflammatory response 

represents a paradigm for the regulation of mRNA turnover by signaling. Phosphorylation of 

TTP by p38 MAPK-activated kinase 2 (MK2) inhibits the association of TTP with the CCR4-

NOT deadenylase complex and represses TTP-mediated mRNA decay. In this chapter, I 

present evidence that TTP remains active in the presence of activated MK2 due to its highly 

conserved CNOT1 Interacting Motif (CIM), which remains unphosphorylated and capable of 

promoting deadenylation and decay. The CIM recruits the CCR4-NOT complex cooperatively 

with previously identified conserved tryptophan residues of TTP and deletion of the CIM 

strongly represses residual association with the deadenylase complex and activity of TTP in 

conditions of active MK2. A conserved serine in the CIM is not a target of MK2 but is instead 

phosphorylated by other kinases including the PKCa pathway and regulates TTP activity 

independently of MK2. These results suggest that kinase pathways regulate TTP activity in a 

cooperative manner and that the p38 MAPK-MK2 pathway relies on the activation of 

additional kinase pathway(s) to fully control TTP function. 

 

2.2 Introduction 

mRNA turnover is a critical step in the regulation of gene expression and improper 

regulation of mRNA stability can promote the development of pathologies including 

neurodegenerative disorders, cancer, and chronic inflammation (7). mRNA degradation 

occurs by a multistep process that generally initiates with the removal of the poly(A)-tail, 
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followed by decapping of the 5’ 7-methylguanosine cap, and exonucleolytic decay from either 

the mRNA 3’ or 5’ end (6, 7). Transcriptome-wide analyses have revealed considerable 

differences in stability between mRNAs with half-lives in mammals ranging from minutes to 

hours or days (36, 114). Factors that affect the stability of mRNAs include sequences found 

within the 3’ or 5’ untranslated regions (UTRs), and the codon usage within the open reading 

frame (6, 7, 26, 114). Importantly, there are transcripts whose stability change in accordance 

with signaling events in the cell. These transcripts are often regulated by RNA-binding 

proteins, which are themselves targets of post-translational modification. The general 

principles by which these post-translational modifications affect the activation of mRNA 

decay remain poorly defined. 

The RNA binding protein Tristetraprolin (TTP; also known as ZFP36 or TIS11) is an 

mRNA destabilizing factor that recruits factors promoting translation repression, 

deadenylation, decapping, and exonucleolytic decay (74, 76, 82, 115). TTP is a highly 

regulated protein whose post-translational modifications have been shown to affect its 

stability, localization, and decay activity (83, 93, 94, 116). TTP is best known for its role in 

resolving the inflammatory response by promoting the degradation of pro-inflammatory 

cytokine mRNAs that contain adenosine-uridine rich elements (AREs) in their 3’ UTRs (52, 

59, 61, 88, 117). Structurally, TTP consists of a zinc-finger domain responsible for RNA 

binding, flanked by amino- (N-) and carboxy- (C-) terminal domains, each of which are 

capable of promoting mRNA decay (74). Two vertebrate paralogs of TTP, BRF1 (also known 

as ZFP36L1 and TIS11b) and BRF2 (also known as ZFP36L2 and TIS11d), which also 

mediate degradation of ARE-containing transcripts, contain zinc finger domains that are 

highly similar to that of TTP, but N- and C-terminal domains that are distinct, except for a 

highly conserved region at the extreme C-terminus (93, 107, 109, 110). 
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Recent attention has been turned towards the conserved C-terminal region of the 

TTP protein family. Studies examining the structural basis of TTP’s association with the 

central cytoplasmic deadenylase, the CCR4-NOT complex, revealed an interaction with the 

CCR4-NOT scaffold protein, CNOT1, and this C-terminal region of TTP, which was therefore 

named the CNOT1-Interacting Motif (CIM) (76, 118). Supporting the importance of the CIM, 

deletion of the TTP CIM led to a stabilization of target transcripts (76, 81). The loss of the 

CIM, however, did not completely ablate the ability of TTP to promote mRNA decay, an 

observation that was further supported by the development of mice lacking the TTP-CIM, 

which exhibited an inflammatory phenotype significantly milder than that observed upon the 

complete loss of TTP (81). Separately, it was demonstrated that TTP has a second 

interaction with the CCR4-NOT complex via several conserved tryptophan residues that 

interact with the CNOT9 subunit (82). Mutation of those residues were also shown to 

stabilize TTP target transcripts. Furthermore, TTP is known to interact with the 4EHP-GYF2 

translation repression complex and with decapping factors (32, 74, 115). However, the 

importance of these interactions for TTP’s ability to activate mRNA decay in concert with the 

CCR4-NOT deadenylase complex remains less well understood.  

 TTP is a highly post-translationally regulated protein that has been shown to be a 

target of several kinase pathways. The most well-characterized of these is the p38 MAPK 

pathway, which is activated during the inflammatory response (119). A downstream kinase in 

the p38 MAPK pathway, MAPK-activated protein kinase 2 (MK2), targets TTP serine 

residues 52 and 178 (mouse numbering) whose phosphorylation leads to the stabilization of 

TTP target transcripts by inhibiting the recruitment of deadenylases (94, 98, 120, 121). 

Furthermore, MK2-mediated phosphorylation of TTP promotes the recruitment of 14-3-3 

adaptor proteins, which have been speculated to inhibit degradation factor association, and 

affect both TTP localization and protein stability (83, 93, 116).  
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Another serine of TTP that undergoes phosphorylation is serine 316 (mouse 

numbering), a conserved serine of the CIM motif. Phosphorylation of this residue has been 

shown to inhibit association of TTP-family proteins with CNOT1, suggesting that the 

association of the major deadenylase complex is repressed by phosphorylation (76, 96, 97). 

However, a separate study using phosphomimetic mutations, suggested that phosphorylation 

of the CIM of the TTP homolog BRF1 promotes its association with decapping factors and 

accelerates mRNA decay (97). While several studies have identified the CIM as a target of 

MK2 (93, 96, 122), others have implicated the kinases RSK1 and PKA (96, 97). Thus, the 

importance of the highly conserved CIM and its phosphorylation in TTP regulation and 

function remains poorly defined.  

In this chapter, to better understand the significance of TTP co-factor interactions in 

promoting activation of mRNA decay and how these are regulated by phosphorylation, I 

monitored the combinatorial effects of phosphorylation site and co-factor interaction motif 

disruptions on TTP function. My findings show that the CIM acts cooperatively with the 

conserved tryptophans of TTP to recruit the CCR4-NOT complex and activate mRNA decay, 

but upon mutation of these motifs, TTP remains unimpaired in its interaction with decapping 

factors and partially active. Phosphorylation of the TTP CIM reduces its ability to associate 

with the CCR4-NOT complex and promote mRNA deadenylation, and this phosphorylation 

event occurs with kinetics similar to that of the MK2-phosphorylated TTP serine 178 in 

stimulated mouse fibroblasts and macrophage cell lines. However, contrary to what has been 

previously reported, the CIM is not a target of the MK2 kinase, and TTP remains active in the 

presence of active MK2, primarily due to the activity of the CIM. Thus, TTP activates mRNA 

degradation through multiple co-activator complexes and the TTP CIM regulates TTP activity 

independently of the p38 MAPK-MK2 pathway.  
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2.3 Results 

The TTP-CIM cooperates with other regions of TTP to promote mRNA decay 

To establish a system for monitoring the interplay between the CIM and its 

phosphorylation with other known functional regions of TTP (Figure 2.1A), I utilized a 

previously established MS2-tethering pulse-chase decay assay (123) (Figure 2.1B) to first 

test the sufficiency and necessity of the conserved TTP-CIM motif for TTP-mediated mRNA 

degradation. A tetracycline-inducible β-globin mRNA containing MS2 coat protein binding 

sites in the 3’UTR was transiently co-expressed in human HeLa Tet-off cells with the MS2 

coat protein fused to GFP and the TTP CIM. GFP served as a marker for transfection 

efficiency, and to stabilize an otherwise unstable MS2 coat protein. The MS2-GFP-CIM 

fusion protein promoted target mRNA degradation compared to the control MS2-GFP fusion 

protein alone (Figures 2.2A), which was expressed at a similar level (Figure 2.2B). An 

increase in mobility of the target mRNA through the gel was also observed over time in the 

presence of the MS2-GFP-CIM fusion protein over the MS2-GFP control (Figure 2.3A) 

consistent with the previously described function of the CIM in accelerating deadenylation 

(76). This conclusion was confirmed by oligo-dT and RNase H treatment to remove the poly-

A tail, which resulted in the target mRNAs migrating at the same rate (Figure 2.3B). Co-

immunoprecipitation (co-IP) assays for the MS2-GFP-CIM fusion protein confirmed CNOT1 

association as compared with the control MS2-GFP protein (Figure 2.4). Thus, my MS2-coat 

protein tethering system recapitulates previously reported activities of the CIM (76), and the 

TTP-CIM is sufficient to accelerate mRNA deadenylation and decay.  

 Although the TTP-CIM can promote mRNA decay on its own, other regions of TTP 

have been implicated in mRNA decay as well. I was therefore interested in understanding the 

importance of the CIM in promoting mRNA degradation in conjunction with other functional 

motifs of TTP. I first deleted the CIM from full-length TTP and from the carboxy-terminal 
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domain (CTD) of TTP, each fused to the MS2 coat protein, and tested the effect on mRNA 

degradation. Consistent with previous reports (74), the target mRNA was rapidly degraded 

upon tethering of both the TTP-CTD and full-length TTP (Figures 2.5 and 2.6). Deletion of 

the CIM greatly stabilized target transcripts in the context of the CTD (Figure 2.5), while it 

only marginally impaired the activity of full-length TTP (Figure 2.6). This difference in the 

contribution of the CIM to mRNA decay promoted by the TTP-CTD and full-length TTP 

suggests a redundancy of the CIM with other regions of TTP, particularly outside of the CTD.   

 

The TTP-CIM cooperates with conserved tryptophan residues to promote mRNA 

deadenylation and decay 

TTP was previously reported to interact with another component of the CCR4-NOT 

complex, CNOT9, through its conserved tryptophan residues (Figure 2.1A) (82). Therefore, I 

was interested in understanding to what extent the CIM and tryptophan residues cooperate 

to activate mRNA decay. I generated alanine mutants for all conserved tryptophan residues 

of TTP and the TTP-CTD with the additional mutation of Proline 257, which was previously 

shown to also contribute to CNOT9 association (82) (Table 2.1). I performed tethered pulse-

chase mRNA decay assays for these mutants with and without CIM deletion. The tryptophan 

to alanine (WA) mutation caused no significant reduction in activity in the context of the TTP-

CTD with or without CIM deletion (Figure 2.5). However, for full-length TTP, further 

stabilization of the target mRNA was observed when the removal of the CIM was combined 

with mutations in the tryptophan motifs (Figure 2.6). This reduction in activity was 

accompanied by reduced association of TTP and the TTP CTD with CNOT1 and CNOT9 

components of the CCR4-NOT complex upon mutation of CIM and tryptophan motifs 

(Figures 2.7 and 2.8). These observations demonstrate that the conserved tryptophan motifs 

and the CIM serve to cooperatively recruit the CCR4-NOT complex and activate mRNA 
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decay, likely via their previously reported interactions with different subunits of the CCR4-

NOT complex. 

 

Mutation of conserved tetraproline motifs does not significantly affect TTP-mediated 

mRNA decay rates 

Other regions of TTP that interact with mRNA repression factors are the tetraproline 

motifs, which are conserved among TTP orthologs and promote the association with the 

4EHP-GYF2 translation repression complex (115, 124). Mutations in these motifs, and 

depletion of 4EHP, were previously found to cause increased protein production from TTP 

target transcripts. Given the interconnected roles of translation repression and mRNA decay, 

I next performed tethered mRNA decay assays for TTP tetraproline mutants. I found that 

mutation of TTP tetraproline motifs (PS) did not increase the stability of the tethered target 

mRNA (Figure 2.9). To address whether the tetraproline motifs act cooperatively with the 

CNOT1 and CNOT9 interaction motifs, I established double and triple mutant TTP proteins. 

Comparing TTP mutants with and without tetraproline motif mutations revealed no 

stabilization of the target mRNA attributed to the tetraproline mutations (PS) when combined 

with the tryptophan mutations (WA) and/or CIM deletion (DCIM) (Figure 2.10), despite loss of 

association with CCR4-NOT and GYF2-4EHP complexes as monitored by co-

immunoprecitation assays for CNOT1, CNOT9 and GYF2 (Figure 2.11). Interestingly, the 

TTP triple mutant protein defective in both CCR4-NOT and GYF2-4EHP complex association 

maintained undisrupted association with DDX6 and EDC4 of the decapping complex (Figure 

2.11), suggesting that additional functional motifs exist in TTP that may explain the partial 

activity of this triple mutant. 
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TTP is transiently phosphorylated at the conserved CIM serine residue 

Having established the degree of cooperativity between the TTP CIM and other 

known functional motifs of TTP, I next turned to the significance of CIM phosphorylation. I 

generated and validated a phospho-specific antibody raised against the phosphorylated 

serine 316 residue of mouse TTP (Figure 2.12). Consistent with a recent report (96), 

induction of the inflammatory response by serum shock of mouse NIH3T3 fibroblasts (Figure 

2.13A), or treatment with lipopolysaccharide (LPS) of mouse RAW264.7 macrophages 

(Figure 2.13B), both caused rapid upregulation of TTP accompanied by phosphorylation at 

TTP serine 316, with kinetics similar to what has been described previously for TTP serine 

178 phosphorylation (93, 121). 

 

The TTP-CIM is phosphorylated in a p38 MAPK-MK2-independent manner 

The TTP-CIM has been reported as a target of several kinase pathways (93, 96, 97, 

122), including the p38 MAPK-MK2 pathway, which also targets TTP serines 52 and 178 (93, 

121). HeLa cells transiently expressing TTP show detectable levels of phosphorylation of 

both serines 178 and 316 of TTP (Figure 2.14A). Treatment with the p38 MAPK inhibitor 

SB203580 (125) decreased serine 178 phosphorylation, as expected, while surprisingly 

serine 316 phosphorylation remained unaffected (Figure 2.14A). Consistent with this 

observation, co-expression of TTP or the TTP-CIM in HEK293 cells with constitutive active 

MK2 (83, 121) resulted in phosphorylation of TTP serine 178 but not serine 316 (Figures 

2.14B). 

Other kinases that have been observed to phosphorylate the CIM of TTP-family 

proteins include p90 ribosomal S6 kinase 1 (RSK1) and Protein Kinase A (PKA) (96, 97, 

108). Another kinase predicted to phosphorylate TTP serine 316 in a kinase prediction 
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algorithm (126) is Protein Kinase C-alpha (PKCα). Treatment of HeLa cells with a PKC 

inhibitor, Gö6983 (127), decreased TTP Serine 316 phosphorylation while Serine 178 

phosphorylation remained unaffected (Figure 2.14A). Moreover, constitutive active PKCα 

increased Serine 316 phosphorylation both in the context of full-length TTP (Figure 2.14B) 

and the TTP-CIM (Figures 2.15). I also observed an increase in TTP serine 178 

phosphorylation in the presence of active PKCα (Figure 2.14B), which is likely due to 

reported activation by PKCα of the p38 MAPK pathway (128). Thus, serine 316 of the CIM 

can be phosphorylated by kinases including PKCa, but unlike serines 52 and 178, is not a 

target of MK2. 

 

MK2-phosphorylated TTP promotes mRNA decay via the CIM 

TTP activity has been previously reported to be inhibited by MK2 phosphorylation on 

serine residues 52 and 178, correlating with decreased association with deadenylation 

factors as well as the recruitment of 14-3-3 adaptor proteins (83, 93, 116, 129). My 

observation that the CIM is not a target of MK2 phosphorylation raised the possibility that the 

CIM continues to promote deadenylation and decay in the presence of active MK2. To test 

whether the CIM indeed acts independently of MK2 phosphorylation, I performed tethered 

mRNA decay assays comparing the effect of MK2 on wild-type TTP and TTP deleted of the 

CIM. Consistent with previous reports (83, 121), constitutive active MK2 (MK2A) stabilized 

the TTP target transcript, as compared to catalytic dead MK2 (MK2D), although this effect 

was relatively small (Figure 2.16). However, removal of the CIM from TTP, while having only 

a minor effect on TTP activity in the presence of inactive MK2, dramatically stabilized the 

target mRNA in the presence of active MK2 (Figure 2.16). This stabilization was dependent 

on the two serines, serines 52 and 178, targeted by MK2 as mutating them to alanines (TTP-

2A) restored the activity of TTP deleted of the CIM in the presence of active MK2 (Figure 
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2.17). Consistent with these observations, treatment of TTP with the phosphatase inhibitor 

okadaic acid, which causes general upregulation of TTP phosphorylation, caused a reduction 

in association of TTP with CNOT1, which was exacerbated when the CIM was deleted 

(Figure 2.18). I observed similar strong dependence on the CIM of TTP activity in the 

presence of active MK2 when the activity of the TTPPS;WA;∆CIM triple mutant was compared to 

TTPPS;WA and when wild-type TTP was compared to TTP mutated at a phenylalanine residue 

within the CIM critical for association with CNOT1 (Figures 2.19 and 2.20).  

 

The TTP-CIM is regulated by phosphorylation independently of MK2 

Phosphorylation of the TTP CIM has been previously observed to inhibit association 

with CNOT1 (76), while another report focusing on BRF1 observed increased association 

with a decapping factor (97). I therefore wished to test whether CIM phosphorylation 

regulates TTP activity independently of MK2. To first test the importance of the 

phosphorylated serine 316 residue in mRNA decay activated by the TTP-CIM alone, I 

mutated this residue to an alanine, which prevented CIM phosphorylation (Figure 2.2B). 

MS2-tethered pulse-chase decay assays showed an increase in the degradation rate as a 

result of the serine to alanine mutation (Figure 2.2A), and an apparent corresponding 

increase in deadenylation (Figure 2.3A), although the latter did not reach a level of statistical 

significance. Expression of PKCa caused an acceleration of mRNA degradation that was 

independent of TTP-CIM phosphorylation (Figure 2.21) and could therefore not be used as a 

means to test the effect of TTP-CIM phosphorylation. I next tested the importance of CIM 

phosphorylation in the context of full-length TTP. Mutating serine 316 to an alanine, which 

prevented phosphorylation of the CIM (Figure 2.22), resulted in a minor increase in the rate 

of degradation by TTP in the presence of inactive MK2. This effect of the serine 316 to an 

alanine mutation was further exacerbated in the presence of active MK2 (Figure 2.22) 
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consistent with TTP relying on an unphosphorylated CIM to activate mRNA decay in the 

presence of active MK2. In addition, although serine 316 point mutations did not show and 

increase in CNOT1 association by pull-down assays (Figure 2.23), there was a decrease in 

14-3-3 adaptor protein association which have been previously reported to inhibit TTP 

function (83). Interestingly, treatment with okadaic acid saw an increase in 14-3-3 association 

that decreased upon combined mutations of serines 52, 178, and 316 (Figure 3.23). 

Altogether, these findings demonstrate that the TTP CIM activates mRNA decay unregulated 

by the p38 MAPK-MK2 pathway and that the two separate events of MK2-mediated 

phosphorylation and phosphorylation of the CIM acts cooperatively to regulate TTP activity. 

 

2.4 Discussion 

The regulation of TTP by the p38 MAPK-MK2 pathway during the inflammatory 

response is a well-established paradigm for the regulation of mRNA decay by signaling. In 

this study, we demonstrate that the highly conserved C-terminal CIM motif of TTP, which 

plays a key role in connecting TTP family proteins with the CCR4-NOT deadenylase complex 

central to mRNA decay, is regulated independently of the p38 MAPK-MK2 pathway. This 

conclusion is supported by our observations that, unlike TTP serine 178, the TTP CIM serine 

316 remained phosphorylated in the presence of a p38 MAPK inhibitor and was not 

phosphorylated by constitutive active MK2 (Figure 2.14 and 2.15). Moreover, TTP remained 

partially active in the presence of constitutive active MK2, largely due to the activity of the 

CIM (Figure 2.16). The CIM, in turn, is regulated by other kinases, such as PKCα (Figure 

2.14 and 2.15), RSK1 (96, 108), and PKA (97), whose phosphorylation of the CIM results in 

impaired association with CNOT1 of the CCR4-NOT complex and reduced decay activity 

(Figure 2.18 and 2.22) (76, 122). The TTP CIM recruits the CCR4-NOT complex, and 

activates deadenylation and decay, in cooperation with conserved tryptophans of TTP 
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(Figures 2.5 and 2.6), which had previously been found to interact with CNOT9 (82). By 

contrast, association of TTP with the 4EHP-GYF2 complex via TTP tetraproline motifs was 

not rate-limiting for TTP-mediated mRNA decay (Figure 2.10). 

 My finding that TTP remains highly active even when deletion of the TTP CIM and 

mutations in conserved tryptophans and tetraproline motifs disrupt associations with CCR4-

NOT and 4EHP-GYF2 complexes (Figures 2.7, 2.8, and 2.11), suggests that TTP promotes 

degradation via additional interactions with cellular RNA decay machinery. This residual 

activity of TTP may in part be explained by its undisrupted association with decapping factors 

(Figure 2.11). With the exception of its conserved RNA binding zinc-finger domain, TTP is 

composed of mostly predicted intrinsically disordered regions (81). These types of domains 

have been implicated in the association with decapping factors and p-bodies and therefore 

may contribute to the activity of TTP (73, 85, 130). It is also possible that additional regions 

of TTP contribute to the association with the CCR4-NOT complex or other, yet to be 

determined, mRNA decay factors. My mutational studies found no rate-limiting role for the 

4EHP-GYF2 complex in mRNA decay by tethered TTP. 4EHP-GYF2 may specifically 

promote translation repression (32, 115, 124). The knockout of 4EHP in mouse embryonic 

fibroblasts caused upregulation of TTP target mRNAs in addition to their encoded proteins 

(Fu et al. 2016), which could be an indirect effect of interfering with TTP-mediated translation 

repression during inflammation. An important goal for future studies will be to identify the 

complete interaction network of TTP with mRNA decay and translation repression machinery. 

 The most surprising finding of this study was that the TTP CIM remains active and 

capable of promoting mRNA decay in the presence of active MK2, despite the p38 MAPK-

MK2 pathway having been previously implicated in TTP CIM phosphorylation and inhibition 

of TTP deadenylase association (96, 121, 122, 125, 131, 132). This observation suggests 

that activation of the p38 MAPK-MK2 pathway is insufficient to fully inactivate TTP and 
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cooperativity with one or more additional kinase pathways is required. This has important 

implications for how TTP activity is repressed in physiological conditions, for example during 

the inflammatory response when TTP repression allows accumulation of ARE-mRNAs 

expressing pro-inflammatory cytokines (52, 59, 88, 117). The observation that TTP 

associates with the CCR4-NOT complex via additional interactions beyond the CIM (82) 

(Figure 2) may explain how phosphorylation by MK2 of residues outside of the CIM impairs 

CCR4-NOT association (96, 97, 120, 121). The CIM and its phosphorylated serine is a highly 

conserved motif shared by all members of the ZFP36 family. ZFP36 paralogs have both 

overlapping as well as unique roles in mRNA decay. Thus, certain kinase pathways may 

regulate all members of the ZFP36 family, for example via phosphorylation of the conserved 

CIM, whereas other kinase pathways may specifically regulate a subset of ZFP36 family 

members. This may provide specificity to how ARE-mRNA decay is regulated in different cell 

types and under different conditions. 
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2.5 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 TTP promotes mRNA decay cooperatively with other regions of the TTP 

protein. (A) Schematic of mouse TTP, highlighting conserved tryptophan residues (W) 
interacting with CNOT9, tetraproline motifs (PPPP) interacting with the 4EHP-GYF2 
translation repression complex, and the CNOT1-interacting motif (CIM), shown in purple. 
NTD: N-terminal domain, ZFD: Zinc-Finger Domain, CTD: C-terminal domain. (B) Schematic 
of the tethered mRNA decay assay. A tetracycline-regulated β-globin mRNA containing MS2 
coat protein (MS2cp) stem-loop binding sites in the 3’UTR is targeted by MS2-TTP fusion 
proteins. 
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Figure 2.2 The TTP CIM promotes mRNA decay. (A) Northern blot monitoring the 
degradation in HeLa Tet-off cells over time after transcriptional shut-off by addition of 
tetracycline of β-globin mRNA (Target) tethered to MS2-GFP (left), MS2-GFP-CIM (middle), 
or MS2-GFP-CIMS316A (right) fusion proteins. An extended β-globin mRNA that lacks MS2-
coat protein binding sites and whose transcription is not regulated by tetracycline served as 
an internal control (Control). The half-life of the target mRNA calculated after normalization to 
the internal control is shown below each panel with standard deviation from four independent 
experiments. Calculated half-lives are given with standard deviation. *: p<0.05; student's two-
tailed t-test. (B) Western blots monitoring expression levels and phosphorylation of indicated 
FLAG-MS2-GFP fusion proteins in HeLa Tet-off cells. 
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Figure 2.3 The TTP CIM promotes mRNA deadenylation cooperatively with other 

regions of the TTP protein.  (A) Graph showing relative band mobilities as a measure of 
mRNA deadenylation from the experiments in figure 2.2. Dots represent mobility of the target 
mRNA relative to the control mRNA, with the mobility at time 0 set to 100% and the mobility 
of a deadenylated target mRNA, generated by treatment with oligo-dT and RNase H, set as 
0%. Error bars represent standard deviation. *: p<0.05, **: p<0.01 (two-tailed student's t-test, 
comparing band mobility at each time point). (B) Northern blot monitoring β-globin mRNA 
tethered to indicated MS2-GFP fusion proteins in HeLa tet-off cells and treated with oligo-dT 
and RNase H.   
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Figure 2.4 The TTP CIM phosphorylation reduces CNOT1 association. Western blots 
showing proteins co-immunoprecipitating (IP, right panels) with indicated FLAG-MS2-GFP 
fusion proteins from HEK293T cells treated with or without okadaic acid. Input samples 
corresponding to 2.5% of IPs are shown on the left 
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Table 2.1 FLAG-MS2-TTP mutant constructs.  

  



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Cooperative activation of deadenylation by the TTP CIM and conserved 

tryptophans. (A) Representative Northern blots monitoring the degradation of β-globin 
mRNA tethered to TTP-CTD wild-type (wt) or mutant proteins with the CIM deleted (DCIM), 
conserved tryptophans mutated to alanines (WA), or both (WA,DCIM). *: p<0.05; student's 
two-tailed t-test. (B) Western blots monitoring expression levels of fusion proteins. 
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Figure 2.6 Cooperative activation of deadenylation by the TTP CIM and conserved 

tryptophans. (A) Representative Northern blots monitoring the degradation of β-globin 
mRNA tethered to MS2-TTP wild-type (wt) or mutant proteins with the CIM deleted (DCIM), 
conserved tryptophans mutated to alanines (WA), or both (WA,DCIM). *: p<0.05; student's 
two-tailed t-test. (B) Western blots monitoring expression levels of fusion proteins. 

  



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Cooperative recruitment of deadenylases by the TTP CIM and conserved 

tryptophans. Western blots showing proteins co-immunoprecipitating (IP, right panels) with 
the indicated FLAG-tagged MS2-CTD fusion proteins from HEK293T cells after treatment 
with RNase A, as compared with input samples (left). IP samples correspond to 2.5% of the 
input. 
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Figure 2.8 Cooperative recruitment of deadenylases by the TTP CIM and conserved 

tryptophans. Western blots showing proteins co-immunoprecipitating (IP, right panels) with 
the indicated FLAG-tagged MS2-TTP fusion proteins from HEK293T cells after treatment 
with RNase A, as compared with input samples (left). IP samples correspond to 2.5% of the 
input. 
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Figure 2.9 TTP tetraproline motifs are not rate-limiting for mRNA decay. (A) 
Representative northern blots monitoring the degradation of β-globin mRNA tethered to 
indicated MS2-TTP wild-type (wt) or mutant proteins with the tetraproline motifs mutated to 
serines (PS), the CIM deleted (DCIM), or both (PS,DCIM). n.s: p>0.05 (student's two-tailed t-
test). (B) Western blots monitoring expression levels of fusion proteins. 
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Figure 2.10 TTP tetraproline motifs are not rate-limiting for mRNA decay. (A) 
Representative northern blots monitoring the degradation of β-globin mRNA tethered with 
indicated mutant MS2-TTP fusion proteins with tetraproline motifs mutated to serines and 
conserved tryptophans to alanines (PS,WA), or additional deletion of the CIM 
(PS,WA,DCIM). *: p<0.05; student's two-tailed t-test. (B) Western blots monitoring expression 
levels of fusion proteins. (C) Bar-graph comparing half-lives of b-globin mRNA tethered to the 
indicated MS2-TTP fusion proteins with or without mutation in tetraproline motifs (PS). n.s: 
p>0.05 (student's two-tailed t-test).  
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Figure 2.11 TTP mutants maintain associations with decapping factors. Western blots 
showing proteins co-immunoprecipitating (IP, right panels) with indicated FLAG-tagged MS2-
TTP fusion proteins from HEK293T cells after treatment with RNase A, as compared with 
input samples (left). IP samples correspond to 2.5% of the input. 
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Figure 2.12 TTP serine 316 is phosphorylated during TTP induction. (A) Western blots 
monitoring levels of TTP and its phosphorylation at serine 316 (p-S316-TTP) in serum-
shocked mouse NIH 3T3 cells. GAPDH serves as a loading control. (B) Same as panel A, 
but monitoring TTP in LPS-induced RAW 264.7 mouse macrophage cells. 
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Figure 2.13 Validation of the anti-p-S316 TTP antibody. Western blot of indicated FLAG-
MS2-TTP fusion proteins expressed in HEK293T cells incubated with or without okadaic acid 
(OA). Following cell lysis, samples were treated without (-, left panels) or with (+, right 
panels) calf-alkaline phosphatase in the presence or absence of phosphatase inhibitors 
(PhosphataseArrest I), prior to Western blotting using the anti-p-S316-TTP antibody as 
compared with TTP and UPF1 controls.  
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Figure 2.14 TTP serine 316 is phosphorylated by kinase(s) other than MK2. (A) Western 
blots monitoring TTP and its phosphorylation at serine 316 (p-S316-TTP) or serine 178 (p-
S178-TTP), exogenously expressed in HeLa cells incubated with inhibitors of p38 
(SB203580) or PKC (Gö 6983) kinases. The left lane is a control sample from HeLa cells not 
expressing TTP. UPF1 served as a loading control. (B) Western blots monitoring 
phosphorylation of exogenous FLAG-tagged TTP co-expressed with FLAG-tagged, 
constitutive active or catalytic dead, MK2 or PKCa kinases in HEK293T cells.   
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Figure 2.15 TTP serine 316 is phosphorylated by kinase(s) other than MK2. (A) Western 
blots monitoring phosphorylation of FLAG-tagged GFP-CIM fusion protein co-expressed with 
indicated constitutive active kinases in HEK293T cells. (B) Western blots monitoring 
phosphorylation of FLAG-tagged GFP-CIM and GFP-CIM S316A mutant fusion proteins co-
expressed with constitutive active or catalytic dead PKCa kinase in HeLa cells.  
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Figure 2.16 The TTP-CIM remains active in the presence of active MK2.  
(A) Representative Northern blots monitoring degradation of β-globin mRNA tethered to 
indicated MS2-TTP wild-type (wt) or ∆CIM proteins, co-expressed with constitutive active 
(MK2A) or catalytic dead (MK2D). *: p<0.05, **: p<0.01; student's two-tailed t-test. 
(B) Western blots monitoring FLAG-MS2-TTP fusion protein phosphorylation and levels.  
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Figure 2.17 The TTP-CIM remains active in the presence of active MK2.  
(A) Representative Northern blots monitoring degradation of β-globin mRNA tethered to 
indicated MS2-TTP serine 52 and 178 alanine mutants with (2A) or without the CIM (2A; 
∆CIM), co-expressed with constitutive active (MK2A) or catalytic dead (MK2D). *: p<0.05, **: 
p<0.01; student's two-tailed t-test. (B) Western blots monitoring FLAG-MS2-TTP fusion 
protein phosphorylation and levels.   
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Figure 2.18 Hyperphosphorylated TTP associates with decapping factors. Western blot 
showing proteins co-immunoprecipitating (IP, right panels) with indicated FLAG-tagged TTP 
proteins expressed in HEK293T cells treated with or without okadaic acid. Input samples 
corresponding to 2.5% of IPs are shown on the left.   
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Figure 2.19 The TTP-CIM remains active in the presence of active MK2.  
(A) Representative Northern blots monitoring degradation of β-globin mRNA tethered to 
indicated MS2-TTP tryptophan and proline mutants with (PS; WA) or without the CIM (PS; 
WA; ∆CIM), co-expressed with constitutive active (MK2A) or catalytic dead (MK2D). *: 
p<0.05, **: p<0.01; student's two-tailed t-test. (B) Western blots monitoring FLAG-MS2-TTP 
fusion protein phosphorylation and levels.   
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Figure 2.20 The TTP-CIM remains active in the presence of active MK2.  
(A) Representative Northern blots monitoring degradation of β-globin mRNA tethered to 
indicated MS2-TTP wild-type (wt) or phenylalanine mutant proteins (F312A), co-expressed 
with constitutive active (MK2A) or catalytic dead (MK2D). *: p<0.05, **: p<0.01; student's two-
tailed t-test. (B) Western blots monitoring FLAG-MS2-TTP fusion protein phosphorylation and 
levels.   
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Figure 2.21 PKCα accelerates mRNA decay in tethering decay assays. 
Bar graph showing calculated half-lives for β-globin mRNA tethered to MS2-GFP-CIM or 
MS2-GFP-CIM-S316A in the presence of co-expressed catalytic inactive (Dead) or 
constitutive active (Act) PKCa. *: p<0.05 (Student's two-tailed t-test) (n=4). 
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Figure 2.22 TTP-CIM activity is regulated by phosphorylation independently of MK2. 
A) mRNA decay assays for β-globin mRNA tethered to MS2-TTP proteins co-expressed with 
MK2 kinases described in panel C. *: p<0.05, **: p<0.01; student's two-tailed t-test.  
(B) Western blots monitoring phosphorylation of MS2-TTP wild-type (wt) or S316A mutant 
fusion proteins in the presence of constitutive active (MK2A) or catalytic dead (MK2D) MK2 
kinase in HeLa Tet-off cells. (C) Bar graph showing calculated half-lives for β-globin mRNA 
tethered to MS2-GFP-CIM or MS2-GFP-CIM-S316A in the presence of co-expressed 
catalytic inactive (Dead) or constitutive active (Act) PKCa. *: p<0.05 (Student's two-tailed t-
test) (n=4). 
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Figure 2.23 TTP serine residues recruit 14-3-3 adaptor proteins. Western blot showing 
proteins co-immunoprecipitating (IP, right panels) with indicated FLAG-tagged TTP proteins 
expressed in HEK293T cells treated with or without okadaic acid. Input samples 
corresponding to 2.5% of IPs are shown on the left.  
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2.6 Materials and Methods 

 

Plasmids 

pcDNA3-FLAG-MS2 plasmids expressing FLAG-MS2-tagged TTP mutant proteins (Table 

2.1) were generated from previously described pcDNA3-FLAG-MS2-TTP plasmids (121) 

using site-directed mutagenesis according to manufacturer’s protocol (New England 

Biolabs). Expression plasmids for FLAG-tagged constitutive active and catalytically dead 

MK2 kinases were previously described (83, 121). Similarly, expression plasmids for the 

control β-globin mRNA containing a 3’UTR sequence from GAPDH mRNA and the target 

tetracycline-regulated β-globin mRNA containing a 3’UTR with six MS2 coat protein stem-

loop binding sites were previously described (123). The pcDNA3-FLAG-MS2-GFP-CIM 

constructs were generated by first generating a pcDNA3-FLAG-MS2-CIM plasmid by 

inserting the sequence corresponding to mouse TTP residues 304-319 into the pcDNA3-

FLAG-MS2 plasmid (74) between restriction sites BamHI and NotI. Gibson Assembly (New 

England Biolabs (NEB)) was subsequently performed to insert the GFP coding region from 

pSpCas9(BB)-2A-GFP (PX458) into the pcDNA3-FLAG-MS2-CIM vector between the MS2 

coat protein and the CIM. pcDNA3-FLAG-PKCa constructs expressing FLAG-tagged PKCa 

were generated by amplifying the coding region of PKCα from HeLa Tet-off cell total RNA 

and inserting it into pcDNA3-FLAG (133) immediately downstream of the FLAG peptide 

sequence using Gibson Assembly (NEB). Constitutive active PKCa-AE was generated by 

mutating alanine 25 into glutamic acid. Catalytic dead PKCa-KR was generated by mutating 

lysine 368 into arginine.  

 

Cell Culture  
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HeLa Tet-off, HEK293T, RAW264.7, and NIH3T3 cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM; Gibco) with 10% fetal bovine serum (FBS) and 1% Penicillin-

Streptomycin. For experiments shown in Figure 4A, NIH3T3 cells were washed with 

phosphate-buffered saline (PBS) and grown in DMEM containing 0.5% FBS for 24 hours. 

Cells were subsequently treated with DMEM containing 20% FBS for the indicated amount of 

time and collected in Laemmli sample lysis buffer (2% SDS, 10% Glycerol, 60 mM Tris-HCl 

pH 6.8, 5% β-Mercaptoethanol). For experiments shown in Figure 4B, RAW264.7 cells were 

treated with DMEM containing 100 ng/mL lipopolysaccharide (LPS) for the indicated times 

and collected in sample lysis buffer.  

 

Antibodies 

Rabbit polyclonal anti-pS316-TTP antibody was generated with the synthesized oligo peptide 

PRRLPIFNRI(p)SVSE (Pocono Rabbit Farm & Laboratory, USA). The antiserum was purified 

by affinity chromatography by first collecting antibody binding to a PRRLPIFNRI(p)SVSE-

peptide column, and, after elution, collecting the flow-through from a subsequent 

unphosphorylated PRRLPIFNRISVSE-peptide column. Western blots were probed with the 

following antibodies at the indicated concentrations: rabbit polyclonal anti-FLAG (Millipore 

Sigma, F7425; 1:1,000), mouse monoclonal anti-FLAG M2 (Millipore Sigma, F1804; 1:1000), 

rabbit polyclonal anti-DDX6 (Bethyl, A300-461A; 1:1,000), rabbit polyclonal anti-GIGYF2 

(Santa Cruz Biotechnology, sc-134708; 1:50), mouse monoclonal anti-14-3-3 (Santa Cruz 

Biotechnology, sc-1657; 1:1,000), rabbit polyclonal anti-TTP (Sigma-Aldrich, T5327; 1:500), 

rabbit polyclonal anti-CNOT1 (Proteintech, 14276-1-AP; 1:200), rabbit polyclonal anti-CNOT9 

(Proteintech, 22503-1-AP, 1:500), mouse monoclonal anti-GAPDH (Cell Signaling 

Technology, 97166, 1:1,000), rabbit polyclonal anti-EDC4 ((73); 1:200) rabbit polyclonal anti-

pSer178-TTP ((116) a generous gift from Dr. Georg Stoecklin, Heidelberg University; 1:500).  
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Co-Immunoprecipitation assays 

Co-immunoprecipitation assays were performed as previously described (115). Briefly, 

confluent HEK 293T cells were split at 1:10 onto 10-cm plates. The following day, samples 

were transfected with 5 μg of the indicated FLAG-tagged TTP wild-type or mutant expression 

plasmids using TransIT 293 reagent according to the manufacturer's protocol (Mirus). 48 

hours after transfection, samples were washed in PBS, pelleted by centrifugation, and 

collected in hypotonic lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 2 mM EDTA, 0.5% 

triton X-100, 1 mM PMSF, 1 μM aprotinin, and 1 μM leupeptin) for 10 minutes on ice. NaCl 

concentrations were increased to 150 mM and samples were treated with 50 μg/mL RNase A 

for 10 minutes. Samples were centrifuged at 21,130g for 15 minutes at 4oC and supernatants 

were added to 50 μl of M2 anti-FLAG-agarose beads (Sigma). Beads were washed 4 times 

with NET-2 (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Triton-X100) and resuspended in 

50 μl of 2x Laemmli sample lysis buffer (4% SDS, 20% Glycerol, 120 mM Tris-HCl pH 6.8, 

10% β-Mercaptoethanol). Samples were separated by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and analyzed by western blot. 0.5% of whole cell extracts and 

20% of pull-down elutions were loaded for analyses.  

 

Pulse-chase mRNA decay assays 

Tethered mRNA decay assays were performed as previously reported (121, 123). Briefly, 

confluent HeLa Tet-off cells (Takarabio) in 10-cm plates were split into 12-well plates at 

between 1:15 to 1:20. Two days later, cells were transfected with β-globin control (25 ng) and 

reporter constructs containing MS2 binding sites (250 ng) and FLAG-MS2-TTP constructs 

(100 ng), or MS2-GFP constructs as a control, using TransIT-HeLaMONSTER transfection 
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kit according to the manufacturer's protocol (Mirus). Cells were subsequently incubated in the 

presence of 50 ng/ml tetracycline to inhibit expression of the target mRNA. 24 hours post-

transfection, transcription of the reporter transcripts was pulsed with the addition of fresh 

media lacking tetracycline for 4-6 hours and then treated with 1 μg/ml tetracycline to shut off 

transcription. Total RNA was harvested at indicated times after transcription shut-off by 

extraction with Trizol following the manufacturer’s protocol (Thermo Fisher) and analyzed by 

Northern blotting as previously described (121). Deadenylated samples were generated by 

resuspending total RNA in 9 µl water and incubating the samples with 1 μl of 1 mM oligo-dT20 

at 80oC for 2 minutes followed by annealing at room temperature for 5 minutes. 7 μl of water, 

2 μl of 10x RNAse H Buffer (500 mM Tris-HCl, 750mM KCl, 30mM MgCl2, 100mM DTT, pH 

8.3; NEB) and 1 μl of 5 units/µl RNase H (NEB) were added and samples were incubated at 

37oC for 30 minutes. RNA samples were extracted with phenol:chloroform (1:1), followed by 

ethanol precipitation, and analyzed by Northern blotting. Half-lives were determined as 

previously described (123). Briefly, target signal was normalized against control for the 

corresponding time and plotted on a graph. Slopes of exponential regressions were used to 

determine the first order decay kinetics to determine mRNA half-lives. Band mobility was 

determined by plotting signal intensity against migration distance and measuring the mobility 

of the peak of the target mRNA relative to the peak of the internal control mRNA, with 

mobility of the target mRNA at the zero-hour time point set to 100 and mobility of the target 

mRNA after treatment with RNase H and oligo-dT to remove the poly(A)-tail set to 0.  
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Chapter 3: Generation of endogenous TTP mutant RAW 264.7 macrophage cells. 

  

3.1 Abstract 

The induction of the inflammatory response is a dynamic process that involves the 

activation of various signaling cascades and expression of pro-inflammatory transcripts. 

Tristetraprolin is a rapidly induced mRNA destabilizing factor whose activity, stability, and 

localization are regulated by post-translational modifications. Mechanistic studies of TTP 

function have been carried out in large part through overexpression in non-native or immune-

relevant cells; however, these conditions do not recapture the endogenous environment and 

expression levels in which TTP normally exists. In this chapter, I report on my efforts at 

generating TTP mutants in the mouse macrophage cell line RAW 264.7. I generated TTP 

knockout cells using CRISPR-Cas9 targeting of the endogenous TTP locus. Lentiviral 

addbacks within these TTP-/- cells were generated but were found to insufficiently express 

TTP. Furthermore, I report on my attempts to generate a TTPS316A/S316A RAW 264.7 mutant 

cell line.  

 

3.2 Introduction 

In order to properly recreate the native environment of the inflammatory response, it 

is important to recreate similar gene expression patterns. In uninduced macrophage cells, 

TTP is observed to localize to the nucleus and is expressed at low levels (51, 134). Upon 

induction of the inflammatory response, TTP expression experiences a transient burst, with 

expression patterns similar to immediate early-genes, and the protein levels of TTP are seen 

to increase within the first two hours of induction. In addition, the activation of signaling 

pathways such as p38 MAPK and p42 ERK signaling are seen to phosphorylate TTP and 

this is correlated with localization of TTP to the cytoplasm (94). TTP binds to and facilitates 

the degradation of pro-inflammatory transcripts that contain AU-rich elements (AREs) in their 
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3’ untranslated regions (UTRs). Interestingly, the TTP transcript contains AREs in its 3’UTR 

and TTP has been demonstrated to target its own mRNA. TTP is seen to undergo bi-phasic 

expression where it has been observed that hours after its initial burst of expression, the TTP 

gene undergoes a latent and longer lasting time-course of mRNA expression (54).  

 A considerable number of studies of TTP function have been performed in exogenous 

systems such as HEK 293 cells, A549 adenocarcinoma lung cells, or HeLa cells, which do 

not normally express TTP. Although these cells are easy to manipulate, TTP is expressed in 

a non-native environment and therefore does not accurately represent the global effect that 

TTP may have in immune-relevant cells. Overexpression experiments have been previously 

performed in mouse RAW 264.7 macrophage cells, which at least place TTP in a native 

environment. The limitation of these experiments however is that TTP is constitutively 

expressed from a non-native promoter, which contains its own unique limitations. First, the 

expression of TTP is not accurately represented in uninduced cells which normally cause 

TTP to be expressed at low levels. Secondly, the induction patterns of TTP are not similar to 

those found in endogenously expressed system where TTP is expressed in a bi-phasic 

manner. Another method that has been used to express TTP in a native setting employed 

the strategy of placing TTP behind the expression of an inducible promoter (135). However, 

this approach also suffers drawbacks in the difficulty to accurately mimic native TTP 

expression patterns. 

 In this chapter, I describe my efforts in generating RAW 264.7 macrophage cell lines 

in which TTP function can be manipulated in a native setting. Using CRISPR-Cas9 targeting 

of exon 2 of the TTP gene, I generated TTP-/- RAW 264.7 macrophage cells. These TTP-/- 

cells were subsequently used for lentiviral addbacks of TTP driven by the endogenous TTP 

promoter or the TNFα promoter. Furthermore, I demonstrate different strategies and efforts 

at generating TTPS316A/S316A RAW 264.7 macrophage cells by targeting the endogenous TTP 

locus using CRISPR-Cas9 mediated gene editing.  
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3.3 Results 

 

Generation of TTP knockout RAW 264.7 macrophages 

To generate a background in which to study TTP mutation in an immortalized 

immune-relevant cell line, I first established a TTP-/- RAW 264.7 cell line. To do this, I utilized 

the CRISPR-Cas9 system using a guide RNA that targeted the upstream region of exon 2 of 

the TTP gene (Figure 3.1). Plasmid constructs expressing GFP-tagged Cas9 were 

transfected into RAW 264.7 cells and single-cell sorted by fluorescence activated cell sorting 

(FACS). Colonies were expanded and tested for knockout of TTP by induction of the 

inflammatory response with LPS and probing for TTP by Western blotting (Figure 3.2). As a 

control, I treated wild-type RAW 264.7 cells under similar conditions. Probing for TTP reveals 

signal for endogenous TTP expression that is low in uninduced macrophages but is readily 

detectable two hours after induction and beyond. Probing for TTP in the CRISPR-Cas9 

transfected cell clones showed no detectable levels of TTP protein expression throughout the 

time course. Because the TTP antibody used in these experiments is raised against the N-

terminal domain of TTP, I also tested for the C-terminal domain of TTP by probing for 

phosphorylation of the highly conserved serine residue, serine 316 (mouse numbering). No 

signal was detected in the CRISPR-Cas9-generated clones, while signal was readily 

detectable in the wild-type RAW 264.7 cells after two hours of induction. 

 Previous work has shown that stabilization of TNF-α mRNA significantly contributes 

to the chronic inflammatory phenotype seen in TTP KO mice (117). To test the effect on 

TNF-α mRNA expression in my TTP-/- RAW 264.7 cells, I induced the inflammatory response 

using LPS and treated cells with actinomycin D to shut off transcription and measured TNF-α 

mRNA decay rates by RT-qPCR (Figure 3.3). As previously shown, TTP -/- conditions 

considerably increased TNF-α mRNA stability. These results demonstrate that our TTP -/- 

RAW 264.7 cells recreate conditions previously shown to occur upon depletion of TTP.  
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Lentiviral-mediated add-backs of TTP in TTP-/- RAW 264.7 Macrophages using native 

promoters 

To better understand the role TTP post-translational modifications on the 

inflammatory response requires the introduction of TTP mutants into immune-relevant cells. 

Previous work examining the effect of TTP in native settings have utilized overexpression 

systems that do not adequately recapitulate the pre-inflammatory environment. To accurately 

recreate the inflammatory response requires that TTP expression follows a more 

endogenous pattern as seen in immediate early genes. To recreate an endogenous TTP 

expression system in RAW 264.7 macrophage cells I used a lentiviral delivery system to 

insert the TTP gene with its native promoter region into the genome of my TTP-/- RAW 264.7 

cells. A schematic of the used lentiviral construct is shown in Figure 3.4, with the long-

terminal repeats of HIV-1 flanking a 4.6 kb genomic region containing the TTP gene exons, 

intron, and intergenic regions. TTP contains several promoter elements upstream of the 

transcription start site (54, 55), including an NF-κB binding element (5'-GGRNNYYCC-3', 

where R is a purine, Y is a pyrimidine, and N is any nucleotide) 1,859 base pairs (bps) 

upstream of the transcription start site. To accommodate for this distal transcription element, 

I included the genomic region of the TTP gene from 2,092 bps upstream of the transcription 

start site (Fig 3.4.A). In addition, 150 bps of the region downstream of the poly-A site of exon 

2 of the TTP gene was included.  

Five clonal cell lines isolated after blasticidin selection were treated with LPS and 

analyzed by Western blotting for TTP (Figure 3.5). Signal for TTP was detected in samples 

treated with LPS for three hours while little signal was detected in uninduced conditions, 

suggesting that the endogenous promoter elements were responsive to LPS stimulation. 

However, comparing the signal intensity from one of the clones (C-4) to that observed from 

wild-type RAW 264.7 cells showed much lower TTP expression (Figure 3.6). Parallel 
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experiments with a similarly constructed lentiviral TTP-S316A add-back construct produced 

similar expression results. 

TTP protein levels were similar for all clones analyzed (Figure 3.5), suggesting that 

the promoter region used was insufficient to promote an appropriate LPS-driven response. 

By further analyzing of the TTP gene region I found an additional predicted NF-κB binding 

element 2,826 bp upstream of the transcriptional start site, which encouraged the design of a 

new delivery vector containing a 4.0 kbp promoter region upstream of the TTP transcription 

start site (Figure 3.4 B). Viral transduction was performed in the TTP-/- RAW 264.7 

macrophages and basticidin-selected clones were tested for TTP protein expression upon 

LPS induction (Figure 3.7). Despite extension of the promoter region containing the 

additional NF-κB binding element, I did not observe TTP expression levels that approached 

those of wild-type RAW 264.7 cells.  

 

Lentiviral-mediated add-backs of TTP mutants in TTP-/- RAW 264.7 macrophages using 

the TNF-α promoter 

As an immediate early gene, TNF-α expression is rapidly induced upon treatment 

with LPS. Unable to produce a robust expression of TTP protein using its native promoter, I 

generated an additional lentiviral add-back construct where TTP expression was regulated 

by the TNF-α promoter (Figure 3.4C). The promoter region of TTP was replaced with the 

entire genomic region upstream of the TNF-α gene, which spanned 1.2 kbp, beginning at the 

terminal exon of the upstream TNF-β gene. Following clonal selection and expansion of 

virally transduced TTP-/- RAW 264.7 cells, isolated clones were treated with LPS and probed 

for TTP protein expression by Western blotting (Figure 3.8). Signal for TTP in these 

TNFαprom: TTP clones was readily detected in conditions where cells were incubated with 

LPS and, importantly, low signal was detected in uninduced conditions. Similar to previous 
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attempts however, TTP expression was markedly higher in wild-type RAW 264.7 cells as 

compared to cells where TTP expression was induced from the TNF-α promoter.  

 

CRISPR-Cas9 mediated gene editing of the TTP locus in RAW 264.7 cells 

Observing that stable lentiviral add-backs of TTP in TTP knock-out cell lines was 

unable to produce robust TTP protein expression, I attempted to generate mutations in the 

endogenous TTP locus in RAW 264.7 cells using CRISPR-Cas9 gene editing strategies. 

With the goal of generating TTPS316A/S316A mutants in RAW 264.7 cells I developed a guide 

RNA that targeted the TTP-CIM genomic region (Figure 3.9A). RAW 264.7 cells were 

transfected, and single cell sorting for GFP expression from the Cas9 plasmid was 

performed. A single-stranded oligodeoxynucleotide (ssODN) was co-transfected to promote 

homology-directed repair of Cas9 cleaved cells to generate TTP-S316A mutants. To prevent 

the re-cleavage of successful mutations, ssODNs were engineered with a silent mutation that 

would mutate the protospacer adjacent motif (PAM) critical for Cas9 cleavage. Colonies were 

expanded and the presence of mutations was analyzed by PCR followed by restriction digest 

using BsmBI, where mutants generated from homology directed repair (HDR) from the 

ssODN would also contain a silent mutation that mutated a BsmBI cleavage site (Fig 3.9B). 

As shown in Figure 3.10, based on BsmBI cleavage patterns, CRISPR-Cas9 targeted cells 

produced clones that appeared to display heterozygous and homozygous mutations. 

However, sequencing of the homozygous mutants revealed the occurrence of clones that 

had undergone deletion in the TTP locus by non-homologous end joining.  

One unintended, but predictable, consequence of targeting the TTP-CIM was the 

generation of TTP mutants that contained an ablated C-terminal end through non-

homologous end joining. The generation of these clones allowed for a robust expression of 

TTP∆CIM (Figure 3.11). Preliminary results (n=1) suggest that expression of TTP∆CIM causes 
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slight upregulation of TNFα transcripts and protein (Figure 3.12). The generation of these 

TTP∆CIM/∆CIM RAW 264.7 cells could be used for downstream analysis in future studies.  

To limit unintended pleiotropic effects, no selectable markers or tags were utilized in 

the donor repair templates described above. These initial decisions made it difficult to select 

for clones in a high-throughput manner with confidence. Furthermore, the BsmBI site used as 

a marker could become disrupted by DNA repair mechanisms, such as non-homologous end 

joining, which gave the appearance of false positives in restriction digest experiments. To 

alleviate these technical challenges, I developed a plasmid construct containing a blasticidin-

resistance gene downstream of TTP (Figure 3.13). The plasmid contains desired TTP 

mutations along with silent mutations that remove the PAM sequence to prevent cleavage by 

Cas9.  Following transfection of wild-type RAW 264.7 cells, clones were expanded and 

genomic DNA was isolated.  PCR amplification using primers for TTP exon 1, which was not 

present in the transfected repair template, and downstream of the selectable marker, reveals 

a slower migrating band in an agarose gel (Figure 3.14). As shown in Figure 3.15, two 

selected clones that contained the proper insertion were induced with LPS and analyzed by 

Western blotting. These clones appeared to express TTP at similar levels to the wild-type 

cells and no signal was apparent using the phospho-TTP-S316 antibody. Some signal, albeit 

at a lower level, was detected using an antibody with affinity for the non-phosphorylated CIM. 

This suggests that I successfully generated TTPS316A/S316A mutant RAW 264.7 cell lines. 

However, these cell lines need to be further characterized, including by sequencing, before 

being used to study TTP function. 

 

3.4 Discussion 

In this work I demonstrate that lentiviral integration of the TTP gene with its native 

promoter does not recapitulate the endogenous protein expression seen in wild-type 
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conditions. Using the CRISPR-Cas9 system, I generated TTP-/- RAW 264.7 macrophages 

which showed no detectable TTP protein expression (Figure 3.2). The TTP genomic locus 

was re-integrated into TTP-/- RAW 264.7 macrophages using the pHAGE lentiviral 

transduction system where 2.0 kbp of the TTP promoter region was sufficient to induce TTP 

expression upon treatment with LPS, albeit at a lower level than seen in wild-type cells 

(Figures 3.5 and 3.6). Viral transduction of TTP containing an extended 4.0 kbp promoter 

sequence was also unable to produce TTP expression similar to endogenous TTP (Figure 

3.7). Furthermore, placing the TTP gene under the expression of the entire TNF-α promoter 

region of ~1.2 kbp also generated weakly inducible TTP expression in stably virally 

transduced TTP-/- RAW 264.7 cells (Figure 3.8). Initial attempts at generating CRISPR-Cas9-

mediated TTPS316A/S316A clones using ssODNs were unsuccessful; however, these 

experiments generated cell lines whose conserved TTP CIM motif was deleted by non-

homologous end joining. Using larger repair templates containing selectable markers in the 

TTP intergenic region allowed for selection of clones with desired insertions at the proper 

genomic locus (Figure 3.14).   

Analysis of my RAW 264.7 TTP-/- clones that have been targeted by Cas9 directed to 

the upstream region of exon 2 of the TTP gene revealed no detectable expression of TTP. 

Additional preliminary analyses indicate that compared to wild-type RAW 264.7 cells, my 

TTP-/- clones exhibited an increase in the stability of TNF-α mRNA during LPS induction 

(Figure 3.3). These observations agree with previous findings and suggest that the functional 

effect of removing TTP is recapitulated in RAW 264.7 cells. Further validation of these 

knockout clones needs to be performed. I have not yet analyzed what genomic aberrations 

have occurred such that TTP protein levels are no longer detected by Western blotting. In 

addition, analysis of TTP mRNA expression by RT-qPCR remains to be done. Generating 

TTP-/- RAW 264.7 macrophage cells is a critical step in setting up the proper controls with 
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which to test future endogenously expressed TTP mutants. In addition, the generation of 

TTP-/- clones allows us to study the role of nuclear localized TTP by comparing gene 

expression profile changes with uninduced wild-type macrophages. Previous work suggests 

a nuclear role for TTP involved in alternative splicing (136) as well as alternative 

polyadenylation (Boris Reznik, unpublished work). 

Lentiviral transduction is an effective technique for integrating constructs into a variety 

of different cell lines. The third generation pHAGE lentiviral system used here was effective 

at reintroducing the TTP locus composed of approximately 2.5 kbp with an additional 2.0 kbp 

of its native promoter upstream of the transcription start site. TTP expression in clones was 

detected upon LPS stimulation and, importantly, little signal was detected in uninduced cells 

(Figures 3.5-3.8). Despite transduction with its native promoter, TTP protein expression in 

these clones was observed to be substantially lower than endogenous TTP levels. 

Furthermore, TTP constructs containing a 4.0 kbp promoter did not elevate the expression of 

TTP protein to levels seen in wild-type cells. In addition, placing TTP under the TNF-α 

promoter also generated clones that did not be express TTP at endogenous levels. With only 

150 bp downstream of the TTP gene present in the add-back vectors used here, it is possible 

that the process of cleavage and polyadenylation (CPA) is inefficient, although there is also a 

bGH polyadenylation signal sequence downstream of the genomic insert which could also 

promote CPA. Another possibility could be that proper TTP gene expression depends on 

distal enhancer regions downstream of TTP where an intergenic region of 3 kb is present 

before the next downstream gene, or that the efficient expression of TTP relies on even more 

distal enhancer elements beyond the TTP gene locus.  

CRISPR-Cas9 targeting of the TTP-CIM region serendipitously led to the generation 

of TTP∆CIM/∆CIM RAW 264.7 cells due to non-homologous end joining. As described in Chapter 

2, the CIM has been demonstrated to remain active in conditions where the downstream 

kinase of the p38 MAPK pathway, MK2, targets TTP at serines 52 and 178 (mouse 
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numbering). These clones could be used in the future to probe the effect that TTP∆CIM protein 

expression has on the inflammatory response.  

My preliminary work using CRISPR-Cas9 mediated gene editing using a repair 

template containing a selectable marker downstream of the TTP locus appears promising. 

Stable integration of the blasticidin resistance gene simplifies the gene editing protocol by 

selecting clones without requiring the use of FACS sorting. Although, placing the selectable 

marker downstream of TTP did not appear to limit the expression of TTP (Figure 3.15), the 

blasticidin-selectable marker used in this construct is integrated within the unstranslated 

exon 1 of variant X1 of the Paf1 gene which is expressed anti-sense to the TTP locus. Future 

work should investigate whether this insertion is deleterious to the expression of this RNA 

polymerase II complex component.  

Preliminary work with this mutagenesis approach appears to yield a rate of successful 

integration, as seen by PCR tests (Figure 3.14), at around five percent. Although the role of 

TTP-serine 316 was recently characterized in RAW 264.7 macrophage cells (96), this 

method of clonal selection and screen should be implemented in future experiments. In 

particular, the work from Chapter 2 reveals that the TTP-CIM contributes to TTP-mediated 

mRNA decay independently of the MK2 pathway in an exogenously expressed system. To 

examine the endogenous effects of the CIM would require the generation of RAW 264.7 cells 

expressing a bona-fide TTP∆CIM  protein, containing a stop codon prior to the CIM motif. The 

method described here could generate such a mutant, by editing a repair template such that 

the endogenous CIM is removed while preserving the TTP 3’UTR. Furthermore, the 

generation of the various serine to alanine mutations would allow us to investigate the role of 

various post-translational modifications on TTP-mediated decay, studied in an exogenous 

system in Chapter 2. Future attempts to modify and improve on the system shown here 

should include the addition of an additional gRNA targeting the downstream intergenic region 

of TTP in addition to optimizing gRNA sequences to reduce potential off-target effects. 
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3.5 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Strategy to generate TTP knockout RAW 264.7 macrophage cells. Schematic 
of CRISPR-Cas9 targeting TTP-exon2. Insert represents site of Cas9 targeting where the 
sequence within the red box indicates the gRNA sequence. Purple nucleotides illustrate the 
PAM sequence. Red triangle indicates site of cleavage by Cas9. 
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Figure 3.2. Validation of TTP-/- RAW 264.7 cells. Western blot monitoring levels of TTP and 
its phosphorylation in LPS induced RAW 264.7 macrophage cells. UPF1 served as a loading 
control. 
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Figure 3.3. LPS-induced TTP-/- RAW 264.7 cells stabilize TNF-α transcripts. 

Measurement of mRNA decay rates for TNF-α using actinomycin D treatment on RAW 264.7 
mouse macrophage cells after three hours of LPS induction. Dots represent mRNA 
abundance relative to time 0 for each condition with standard deviations from two 
independent experiments. Calculated half-lives are given with standard deviation. 
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Figure 3.4. Schematics of lentiviral add-back constructs. Diagrams illustrating design of 
lentiviral addback constructs flanked by HIV-1 LTR sequence (grey box). (A) Schematic of 
TTP genomic region containing exons 1 and 2 (dark green) with the black arrow indicating 
transcription start site and the corresponding TTP promoter region shown in blue. The 
downstream genomic region, DGR, (light green) of 150 bps is followed by a bGH 
polyadenylation signal sequence (labelled as “B”, gold). Downstream of the TTP locus is the 
blasticidin resistance gene under a PGK promoter (red). (B) same as A but with a 4.0 kb 
endogenous promoter sequence. (C) Same as A and B but with the endogenous TTP 
promoter region swapped for the TNF-α promoter (light red). 
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Figure 3.5. Validation of LPS-inducible TTP2K prom:TTP protein expression. Western blot 
monitoring levels of TTP in lentiviral addback RAW 264.7 clones (labelled C-1 through C-5) 
under LPS induction for times indicated. GAPDH served as a loading control. 
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Figure 3.6. Analysis of TTP2K prom:TTP expression levels. Western blot monitoring levels 
of TTP in wild type (WT), TTP-knockout (KO), and lentiviral addback RAW 264.7 clones 
expressing a wild-type (WT-AB;C-4 from Figure 3.5) and a S316A mutant TTP (S316A-AB). 
GAPDH served as a loading control. 
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Figure 3.7. Validation and analysis of LPS-Inducible TTP4K prom:TTP expression: 
Western blot monitoring levels of TTP in lentiviral addback RAW 264.7 clones (labelled C-1 
and C-2) compared to wild-type (WT) cells under LPS induction for times indicated. GAPDH 
served as a loading control. Cutouts are all from the same blot and exposure. 

 

  



71 
 

 

 

 

 

 

 

 

 

 

Figure 3.8. Validation and analysis of LPS-Inducible TNF-α prom:TTP expression. 
Western blot monitoring levels of TTP in lentiviral addback RAW 264.7 clones (labelled C-1 
through C-6) compared to wild-type (WT) cells under LPS induction for times indicated. 
GAPDH served as a loading control. 
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Figure 3.9. Strategy to generate homozygous TTP S316A RAW 264.7 macrophage 

cells.  (A) Schematic of CRISPR-Cas9 targeting the TTP-CIM (purple rectangle). Insert 
represents site of Cas9 targeting where sequences within red box indicate gRNA sequence. 
Purple nucleotides illustrate the PAM sequence. Red triangle indicates site of cleavage by 
Cas9. Green sequences highlight the BsmBI restriction enzyme recognition sequence. (B) 
same as in A but the red nucleotides illustrate the nucleotide mutations contained within 
repair templates used. 
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Figure 3.10. Restriction digest and sequencing of the targeted TTP-CIM region. (A) 
Schematic of BsmBI mediated validation of CRISPR-Cas9 mediated gene editing green 
arrows indicate primer directionality. 450 bp amplicon of TTP genomic locus was treated with 
BsmBI to generate two 225 bp fragments. (B) Agarose gel of BsmBI treated amplicons for 
CRISPR-Cas9 generated clones (C-1 through C-4). (C) Representative sequencing result of 
CRISPR-Cas9 generated clone revealing a 59 bp deletion generated by NHEJ. Regions 
highlighted in blue indicate correctly aligned regions.    
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Figure 3.11. Validation of TTP-∆CIM expression in RAW 264.7 cells. Western blot 
monitoring levels of TTP and its phosphorylation in LPS induced RAW 264.7 macrophage 
cells. TTP-∆CIM refers to truncation mutations as seen in Figure 3.10C 
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Figure 3.12. Analysis of TTP-∆CIM–mediated effects on TNF-α expression in RAW 

264.7 cells. (A) RT-qPCR monitoring TNF-α mRNA levels in LPS induced RAW 264.7 
macrophage cells. Samples were run with technical triplicates. (B) ELISA for TNF-α protein 
levels in LPS induced RAW 264.7 cells. Standard deviations were measured from three 
technical replicates. 
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Figure 3.13. Strategy to generate homozygous TTP-S316A RAW264.7 cells.      

Schematic of the TTP-Blasticidin resistance repair template used for homology-directed 
repair. TTP genomic region containing both exon 1 and 2 (dark green) with black arrow 
indicating transcription start site and the corresponding TTP-CIM (purple). The downstream 
genomic region (DGR) of TTP is shown in light green. A repair template containing desired 
mutations removing the PAM sequence and mutating S316A (light red) contains a blasticidin 
resistance gene under a PGK promoter (red) that is flanked upstream by 500 bp and 
downstream by 900 bps of the TTP downstream genomic region (DGR). 
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Figure 3.14. Analysis of genomic insertion of the TTP-Blast repair template. (A) 
Schematic of amplification strategy testing for blasticidin insertion at the correct locus. Green 
arrows represent PCR primer annealing locations at TTP exon 1 and the downstream 
genomic region (DGR) 1.0 kbp downstream of TTP exon 2. Desired mutants will contain a 
5.0 kbp amplicon compared to a 4.0 kbp wild-type amplicon. (B) Agarose gel showing 
amplicon size for clones (labelled “Blasticidin Resistance Clones”) that conferred blasticidin 
resistance. DNA ladder (L) was used to determine band size. 
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Figure 3.15. Validation of TTP-S316A expression in RAW 264.7 cells. Western blot 
monitoring levels of TTP and its phosphorylation in LPS induced wild-type (wt) mutant clones 
#5 and #14 RAW 264.7 macrophage cells. *: non-specific bands. 
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3.6 Materials and Methods 

 

Cell Culture 

HEK293T and RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; Gibco) with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin. For 

experiments shown in Figures 3.2, 3.5-3.8, 3.11, and 3.15, RAW264.7 cells were treated with 

DMEM containing 100 ng/ml lipopolysaccharide (LPS) for the indicated times and collected in 

Laemmli sample lysis buffer (2% SDS, 10% Glycerol, 60 mM Tris-HCl pH 6.8, 5% β-

Mercaptoethanol).   

 

Plasmids 

pSpCas9(BB)-2A-GFP (PX458) expressing guide RNAs for the TTP-CIM locus were 

generated as before (137). Briefly, PX458 plasmids were treated with BbsI restriction 

enzymes, cleaned up with Qiaquick PCR purification kit (Qiagen), and ligated with annealed 

oligonucleotides containing BbsI overhangs and sequences corresponding to the appropriate 

gRNA:  5’-CACCGGAAGATGGGGAGACGCCTTG-3’ and 5’-AAACCAAGGCGTCTCCCC 

ATCTTCC 3’. The pHAGE plasmids (a generous gift from the Bennett lab) included pHDM-

G, pHDM-HGPM2, pHDM-tat1b, pRC-CMV-rev1b encoding for the vesicular stomatitis virus 

G glycoprotein, Gag-Pol, tat-accessory protein, and rev-accessory protein respectively. 

Genomic DNA for the TTP locus was amplified by PCR and inserted into the pDONR-223 by 

Gateway BP-Clonase (ThermoFisher) to generate pDONR-TTP plasmid. pDONR-TTP-

S316A constructs were generated using the Q5 site-directed mutagenesis kit (NEB). 

pDONR-TTP constructs were recombined with pDEST-pHAGE-tetO-N-FLAG-HA-PGK-

BLAST (a generous gift from Dr. Eric Bennett, UCSD) using Gateway LR Clonase 

(ThermoFisher), generating the pENTR-TTP-PGK-BLAST construct that would be used with 
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lentiviral pHAGE constructs to insert the genomic TTP locus into transduced cells. To 

generate a TTP expression construct with a TNF-α promoter the TNF-α 1.2 kb promoter was 

amplified by PCR from RAW 264.7 genomic DNA and inserted into a pDONR-TTP plasmid 

by Gibson cloning (NEB) where the pDONR vector was amplified by PCR to remove the TTP 

promoter region. The repair template pDONR-TTP-BLAST as shown in Fig 3.13 was 

generated by amplifying the genomic TTP locus, starting from exon 2 to 1,400 bp 

downstream intergenic region, and inserting it into a pDONR plasmid using Gateway BP 

Cloning (ThermoFisher), forming pDONR-TTP-inter. Gibson Cloning (NEB) was performed to 

insert the PGK:Blasticidin resistance gene, isolated from the pENTR plasmid described 

above, in the downstream intergenic region of the pDONR-TTP-inter to generate pDONR-

TTP-BLAST. 

 

Generation of stable lentivirus infected cell lines 

Cells were virally transduced with the 3rd generation vial delivery system using pHAGE 

plasmids as previously shown (a generous gift from Dr. Eric Bennett, UCSD). Briefly, 

HEK293T cells split into 6-well plates were transfected with five pHAGE plasmids encoding 

the Gag-Pol, VSVG, Tat1b, CMV, and gene of interest (GOI). Plasmids containing genes of 

interest contained a selectable blasticidin resistance gene under the PGK promoter. 0.5 μg of 

the four helper plasmids and 1.0 μg of pHAGE-GOI plasmids were transfected with 9 μl of 

TransIT 293T reagent (Mirus). The following day, media was aspirated and replaced with 2 

ml fresh DMEM supplemented with 10% FBS. On day 3, media was removed, centrifuged at 

1,000g, and incubated with 2 μl of 6 mg/ml Polybrene (Millipore-Sigma). 750 μL of virus-

containing media was added on top of RAW 264.7 cells with 1.5 ml of DMEM supplemented 

with 10% FBS. On day 4, virus-containing media was removed and replaced with fresh 

media to allow cells to recover. On day 5, cells were scraped, expanded onto 10-cm plates in 

fresh media without antibiotic selection. On day 6, media was replaced with DMEM 
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supplemented with 10% FBS and 5 μg/ml blasticidin. Cells were grown until visible colonies 

formed at around 10 days and were mechanically picked and placed in 96-well plates. 

Clones were expanded by vigorous pipetting to resuspend cells and transferred to 12-well 

plates. When confluent, cells were again expanded and also split into 12-well plates to test 

for TTP induction by LPS (see above). Clones that expressed inducible TTP were frozen 

down in FBS supplemented with 10% DMSO.  

 

Generation of TTP mutants with intergenic selectable marker in RAW 264.7 Cells. 

For experiments shown in Figures 3.13 - 3.15 cells were split 1:10 onto 6-well plates and co-

transfected with PX458-Guide8 and repair templates the following day according to 

previously recommended protocols (137). The repair template, DONR-TTP-BLAST, was 

previously linearized by PCR, cleaned using Qiaquick PCR purification kit. The following day, 

cells were expanded onto 10-cm plates containing 5 μg/ml blasticidin. Two days later, media 

was changed with fresh media supplemented with 5 μg/ml blasticidin. Clones were 

mechanically picked and placed into 96-well plates. Confluent colonies were expanded into 

12-well plates. While expanding into 6-well plates, aliquots of 50 μl of cell suspension were 

added to 96-well plates for genomic DNA extraction (see below). Clones that appeared 

positive for insertion were split into 12-well plates and treated with LPS for the indicated 

times and collected in Laemmli sample lysis buffer for Western blot analysis. 

 

Genomic DNA extraction  

To extract genomic DNA from clones, confluent cells in 12-well plates were mechanically 

resuspended with vigorous pipetting and 50 μl of the suspension were added into wells of a 

96-well plate containing 150 μl of DMEM (10%FBS). The following day, media was aspirated 

from each well,150 μl of QuickExtract (Lucigen) was added, and samples were incubated at 

37oC for 1 hour. Lysed cells were transferred into 96-well PCR plates. Samples were then 
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incubated at 65oC for 15 minutes, mixed and spun down, and then incubated at 98oC for 10 

minutes. Samples were stored at -20oC until analysis by PCR.  

 

Antibodies  

Rabbit polyclonal anti-pS316-TTP antibody was generated with the synthesized oligo peptide 

PRRLPIFNRI(p)SVSE by Pocono Rabbit Farm & Laboratory (USA). The antiserum was 

purified by affinity chromatography by first collecting antibody binding to a 

PRRLPIFNRI(p)SVSE-peptide column, and, after elution, collecting the flow-through from a 

subsequent unphosphorylated PRRLPIFNRISVSE-peptide column. Antibodies bound to the 

last column were eluted as rabbit polyclonal anti-TTP-CIM. Western blots were probed with 

the following antibodies at the indicated concentrations: rabbit polyclonal anti-TTP (Sigma-

Aldrich, T5327; 1:500), rabbit polyclonal anti-CNOT1 (Proteintech, 14276-1-AP; 1:200), 

rabbit polyclonal anti-UPF1 ((138),1:1,000), mouse monoclonal anti-GAPDH (Cell Signaling 

Technology, 97166, 1:1,000). 

 

Quantitative qRT-PCR 

1 μg of total RNA extracted with Trizol (Invitrogen) was reverse transcribed using random 

hexamers with Superscript III according to the manufacturer’s protocol (Invitrogen). 

Quantification of cDNA by qPCR was performed using Fast SYBR Green Master Mix 

(Applied Biosystems) on a StepOnePlus system (Applied Biosystems). Experiments were 

performed in triplicate. For each qRT-PCR reaction, 10-fold serial dilutions of cDNA were 

used to calculate PCR efficiency of primer pairs used. The following DNA oligos were used at 

200 nM. GAPDH_F: CAT GGC CTT CCG TGT TCC TA; GAPDH_R: CCT GCT TCA CCA 

CCT TCT TGA T; TNF-α_F: GGT GCC TAT GTC TCA GCC TCTT; TNF-α_R: GCC ATA 

GAA CTG ATG AGA GGG AG. 
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Fluorescence Activated Cell Sorting of CRISPR-Cas9 transfected cells 

RAW 264.7 cells were split 1:10 onto 6-well plates. The following day, cells were transfected 

with PX458 (containing appropriate gRNAs) follows previously established protocols (137). 

Two days later, transfected cells were washed with phosphate buffered saline (PBS) and 

treated with Accutase (Millipore Sigma) and gently resuspended by pipetting. Cells were 

filtered through a strainer. Cell suspension was spun down at 1,000g for 5 minutes and 

resuspended in ice-cold PBS containing the viability marker, 7-AAD. Single-cell sorting was 

performed using the FACS Aria II (BD) into 180 μl of conditioned DMEM supplemented with 

10% FBS and 1% Penicillin and Streptomycin. Media changes were performed every four 

days and confluent colonies were expanded into 12-well plates. For ssODN transfected 

experiments, cells were expanded to 6-well plates, aliquots were set aside for genomic DNA 

analysis (see above). For TTP knockout experiments, colonies were split onto 12-well plates 

and subsequently treated with LPS for the indicated times and analyzed by Western blotting.  
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Chapter 4. Conclusions and Future Directions 

 

4.1 Conclusions 

Investigating the coordination of regulated mRNA decay offers insight into 

fundamental concepts of gene expression. With its many decay factors and mechanistic 

avenues, the process of mRNA decay is a complex waltz of situational prerequisites and 

conditional checkpoints facilitated by factors that function in cis and trans within a given 

mRNA transcript. The outcomes of our understandings resonate as translational discoveries 

that offer clinical solutions to biomedical problems. For example, how cell signaling affects 

the expression of ARE-containing pro-inflammatory transcripts is an important clinical 

question that may offer solutions to chronic inflammatory disease. The work presented here 

contributes to our understanding of how mRNA decay is regulated in a setting relevant to 

inflammation.  

 The RNA-binding protein TTP is best known for its role in mediating the inflammatory 

response by promoting the degradation of mRNAs for pro-inflammatory cytokines. During the 

early hours of the inflammatory response TTP is seen to be in an inactive, phosphorylated, 

state. Despite 30 reported sites of phosphorylation, the functional consequence of TTP’s 

phosphorylated state have only been described for two serine residues, serine 52 and 178 

(mouse numbering) which are targeted by MK2, a kinase acting downstream in the p38 

MAPK pathway.  In Chapter 2, I demonstrated that the conserved serine residue within the 

CIM, a motif important for association of the CCR4-NOT deadenylase complex, is not a 

target of MK2 as had been previously reported. Furthermore, I demonstrated that the CIM is 

sufficient to promote mRNA deadenylation and decay. Experiments probing the functional 

role of the CIM in TTP-mediated decay revealed that the N-terminal domain of TTP promotes 

mRNA decay in a manner that does not require CIM-mediated interaction with the CCR4-

NOT deadenylation complex. Importantly, the activity of TTP was further enhanced by an 
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alanine mutation to the conserved serine 316 (mouse numbering). These results suggested 

the CIM remains active in conditions where TTP is targeted by MK2. Tethering assays where 

TTP was co-transfected with MK2 revealed an enhanced stabilization of a target transcript 

upon removal of the CIM compared to wild-type TTP. I also found TTP to coordinate the 

association of the CCR4-NOT complex through both the CIM and the conserved tryptophan 

residues, previously reported to associate with CNOT9, and combined mutations of these 

residues further stabilized target transcripts compared to single mutations.  

 To confidently assess the functional effect of TTP mutations it is important to recreate 

the endogenous environment of the inflammatory response. In Chapter 3, I reported my 

attempts at developing TTP mutants in the RAW 264.7 mouse macrophage cell line. The 

development of a TTP-/- RAW 264.7 mouse macrophage cell line is an important step in 

understanding the functional role of TTP mutations in an immune-relevant system. In addition 

to serving as a control for TTP-mediated regulation during the inflammatory response, I 

utilized TTP-/- RAW 264.7 cells to generate stable add-back TTP cell lines using a lentiviral 

delivery system. Although I successfully reintroduced TTP expression that was inducible 

upon treatment with LPS, these were unable to approach expression levels seen in wild-type 

cells despite introduction of up to 4.0 kbp of the TTP promoter region or with the complete 

TNF-α promoter region. These results suggest additional elements, located downstream of 

the TTP gene or outside of the TTP locus, are necessary to promote the efficient induction of 

TTP under LPS induction.  

 In addition to efforts at generating add-back TTP conditions, I also performed 

CRISPR-Cas9 mediated gene editing of the TTP locus in RAW 264.7 cells. Although 

targeting the CIM using a combination of ssODNs and repair templates was unsuccessful, 

these attempts did lead to the serendipitous generation of RAW 264.7 cells in which the TTP 

gene lacks the conserved CIM region, which can be used for downstream analysis. More 

promising results came from the generation of a repair template which contained a selectable 
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marker under its own promoter, downstream of the TTP gene. Preliminary results observing 

PCR amplification of the genomic locus and TTP expression by Western blotting suggest this 

method can produce desired TTP mutations in RAW 264.7 cells.  

 

4.2 TTP lacking known CCR4-NOT associations stabilizes but does not completely 

eliminate mRNA decay. 

Because of its role in promoting the association with the CCR4-NOT deadenylase 

complex (76), it was assumed that the functional loss of the TTP-CIM would drastically 

hinder TTP-mediated mRNA decay. However, both in vitro and in vivo experiments have 

revealed that the loss of the TTP-CIM does not abolish mRNA decay and promotes a mild 

inflammatory phenotype in mice (76, 81). In Chapter 2, the functional consequence of losing 

the CIM in the context of full-length TTP recapitulates these previous observations; however, 

removing the CIM from tethering experiments examining the TTP C-terminal domain 

considerably stabilized target transcripts. These results suggest that the TTP N-terminal 

domain (NTD) can promote mRNA decay in a CIM-independent manner, and probing the 

functional redundancy seen in the TTP-NTD will help us better understand the coordination 

of mRNA decay by TTP.  

 Previous work has suggested that the TTP NTD can promote the association with 

deadenylation factors (74). To probe whether the NTD can promote mRNA decay 

independent of the association of the CCR4-NOT complex, tethering assays looking at the 

NTD in combination with knockdown of components of the CCR4-NOT complex can be 

performed. Targeting CNOT1 with siRNAs, for example, will reveal if CCR4-NOT is still 

driving mRNA decay. Additionally, TTP has been demonstrated to promote the association of 

the CCR4-NOT complex through conserved tryptophan residues, some of which are found in 

the NTD; therefore, knockdown experiments of CNOT1 can be performed in combination 

with tryptophan mutants. Results from these experiments can reveal whether the tryptophan-
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mediated association of the CCR4-NOT complex in the NTD is sufficient to promote mRNA 

decay in TTP∆CIM conditions. Furthermore, siCNOT1 knockdown experiments in combination 

with tryptophan mutations may reveal if there are other TTP motifs that promote the 

association of CCR4-NOT complex.   

Similarly, the TTP-NTD has been previously reported to promote association with 

decapping factors(74). To test whether NTD-mediated decay is promoted by deadenylation-

independent decapping, tethered decay assays looking at both full length TTP or NTD 

truncation mutants in combination with knockdown of EDC4 or other decapping factors can 

be performed. In addition, NTD mutated in the conserved tryptophan residues can also be 

tested in conditions where decapping factors have been knocked down.  

TTP has also been reported to associate with argonaute (Ago) proteins (139, 140). 

This association has been demonstrated to be affected by the p38 MAPK pathway acting on 

TTP (140). To test whether Ago proteins associate with the TTP NTD, AGO2 knockdown 

experiments can be performed along with tethering decay assays. 

 

4.3 Does 14-3-3 help displace CNOT1? 

Although mutation of the conserved tryptophan residues reduced the association of 

TTP with the CCR4-NOT complex through decreased recruitment of both CNOT9 as well as 

CNOT1, we did not observe a drastic stabilization of targeted transcripts in conditions where 

active MK2 was co-transfected with TTP3W mutations. These results suggest that the loss of 

the CIM-mediated interactions is an important component of this MK2-mediated stabilization 

and not the loss of CNOT9/CCR4-NOT association per se.  

In Chapter 2, immunoprecipitation experiments observing TTP serine mutants treated 

with okadaic acid showed a decrease in 14-3-3 association occurs upon mutation of the Ser 

316 residue within the CIM. These results suggest that 14-3-3 associates with TTP through 

the CIM, in addition to the previously characterized serine 52 and 178 residues (mouse 
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numbering)(83). This evidence is further supported by the decrease in association of 14-3-3 

in TTP∆CIM conditions. 14-3-3 adaptor protein association has been demonstrated to correlate 

with decreased association of decay factors with TTP (83, 116). Lastly, conditions where 

TTP activity was hindered by active MK2, mRNA decay was accelerated with TTPS316A 

mutants. These results suggest that 14-3-3 associates at the TTP-CIM through 

phosphorylation at Ser 316 and may be involved in repressing TTP-mediated decay.  To test 

this hypothesis, tethering decay assays looking at TTP mutated at serines 52 and 178, 

TTP2A, and TTP serine mutants with an additional S316A mutation, TTP3A, can be tested in 

conditions using the 14-3-3 inhibitor R18. It would be predicted that TTP and TTP2A treated 

with R18 would promote decay faster than untreated conditions. Additionally, TTP3A mutants 

should promote decay at similar rates in treated and untreated conditions. 

Furthermore, it was previously demonstrated in the BRF1-CIM that replacing the 

serine residue corresponding to TTP-S316 with a potential phosphomimetic aspartate 

mutation led to an increase in association of the decapping factor DCP1a. Although we found 

no increase in association of another decapping factor EDC4 upon treatment of TTP with 

okadaic acid, we did not extensively test to see if DCP1a association increases with 

phosphorylation of TTP-S316. Furthermore, we did not test if a phosphomimetic mutation 

would affect the association of a decapping factor in the context of TTP. These reported 

associations could be explained by experimental artifacts being introduced, or could be due 

to difference between members of the ZFP36 family. Because TTP and BRF1 are structurally 

distinct, it may be that the CIM motif can also recruit DCP1A. To test this, pull-down 

experiments looking at TTP-CTD and GFP-CIM should be run along with full-length TTP 

using okadaic acid, PKCα, or another CIM kinase such as RKS1 or PKA.  
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4.4 Does the CIM affect TTP localization through stabilizing 14-3-3 association? 

My observations in Chapter 2 revealed that the CIM is a site that promotes the 

association of 14-3-3 proteins. Alanine mutation of serine 316 caused a decrease in 14-3-3 

association and deletion of the CIM also contributed to the loss of 14-3-3 protein binding, as 

seen in immunoprecipitation experiments. These results offer an exciting new avenue for 

understanding the dynamics of 14-3-3-mediated regulation of TTP. 14-3-3 proteins have 

been demonstrated to prevent TTP from associating with stress granules during sodium 

arsenite treatment due to increased phosphorylation of TTP. Results from chapter 2 suggest 

that phosphorylation at the CIM may contribute to these changes in TTP localization. To test 

this, immunofluorescence experiments can be performed as before where stress granules 

are induced under conditions of TTP phosphorylation mutants. Furthermore, conditions 

where TTP∆CIM is present can also be tested where it is predicted that the loss of association 

of 14-3-3 proteins would lead to greater association of TTP with stress granules. It may also 

be necessary to test whether conditions of TTP-CTD, where TTP lacks serine 52, is capable 

of preventing associations with stress granules as well. These conditions can also be done 

with the TTP mutants: ∆CIM, S52, S316, and S52/S316A as well. Similarly, Chapter 2 

revealed that the CIM can promote deadenylation and decay, and this decay rate was 

accelerated in S316A mutant conditions. It would be interesting to test if the GFP-CIM 

constructs that were generated in chapter 2 are also capable of associating with, or 

promoting the development of, stress granules or p-bodies. Immunofluorescence staining 

can be performed looking for markers of these granules.  

 

4.5 TTP nuclear localization and roles in alternative polyadenylation and splicing. 

Results from Chapter 3 demonstrated the generation of TTP-/- RAW 264.7 

macrophage cells by CRISPR-Cas9 editing strategies. As shown in Figure 3.6 in uninduced 

cells, while no TTP signal was detected in TTP-/- cells, low levels of TTP were detected wild-
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type RAW 264.7 macrophage cells. Previous work has revealed that TTP is expressed at low 

levels in uninduced macrophage cells and is localized in the nucleus (51).  Currently, little is 

known about the nuclear role of TTP; however, it has been demonstrated that the nuclear 

activity of TTP prevents the transactivation of estrogen receptor alpha, progesterone 

receptor, glucocorticoid receptors, and androgen receptors, and has been demonstrated to 

recruit histone deacetylases to inhibit NF-κB activity (141–143). Furthermore, CCR4-NOT, 

which interacts with TTP in the cytoplasm to promote mRNA decay, is also reported to act as 

a transcription factor (15). In addition, it has been demonstrated to play a role in alternative 

splicing in HeLa cells (136). Interestingly, PAR-CLIP studies revealed that around 60% of 

TTP binding sites occurred in the introns of target transcripts (144). Finally, previous work in 

the lab hints at a possible role in promoting alternative polyadenylation of ARE-containing 

transcripts. To test the role of TTP in the nucleus, RNA sequencing experiments looking at 

wild-type uninduced cells compared to knockouts will be able to address these reported 

findings on alternative transcripts. Furthermore, ChIP analyses may reveal genomic regions 

where TTP associations affect transcriptional regulation.  

 

4.6 CRISPR-Cas9 mediated gene editing using a selectable marker.  

The development of a repair template containing a selectable marker located in the 

downstream region of TTP described in Chapter 3 will allow for easier selection of desired 

mutations expressed from an endogenous promoter within the immune relevant RAW 264.7 

macrophage cells. Although this repair template is promising, there are modifications that 

can still be made to make a more promising delivery vector. If new gRNAs are generated that 

are far upstream from the CIM, it may not promote the integration of the selectable marker. 

One possible solution is co-transfection of an additional Cas9 plasmid expressing a guide 

RNA that targets near the insertion region of the selectable marker. This would allow for two 

cut sites at the TTP locus to be generated and increase gene editing at this area of interest. 
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Furthermore, nickase mutant Cas9 plasmids can be utilized to lower off-target effects, if 

desired. Targeting the intergenic region in addition to TTP exon 2 would, of course, require 

mutating the repair template to prevent re-targeting after proper insertion occurs.  

The generation of novel TTP mutants may require new gRNAs and with that, novel 

repair templates that create silent mutations to areas targeted by gRNAs would need to be 

generated. One possible solution is generating a guide RNA sequence that may allow for 

both integration of the selectable marker as well as any TTP mutation within exon 2. 

Targeting something critical like the Zinc-finger binding domain, or the sequence that bridges 

both ZFDs would be an ideal position to investigate.  

Lastly, if selectable markers cause unintended pleiotropic effects. Novel strategies 

using CRISPR-Cas9 targeting of the TTP locus can be implement. For example, novel guide 

RNAs that target further downstream of the BsmBI recognition sequence can be developed 

to limit the occurrence of false positives during restriction digest clonal testing. Targeting the 

3’UTR of TTP with the use of a repair template that contains silent mutations for BsmBI can 

yield less false positive results as less DNA repair events can affect this site. Another 

solution would also be to introduce a repair template containing a novel restriction cut site 

that can be used to test for appropriate repair template insertions. 

 

4.7 CIM-tagging RNA binding proteins. 

Chapter 2 demonstrated that tagging an MS2-GFP with the CIM accelerated decay of 

a targeted mRNA, and this activity was further accelerated upon mutation of the conserved 

serine 316 residue to an alanine to prevent phosphorylation. 

 These results suggest that tagging an RNA binding protein with the small CIM motif 

may be sufficient to destabilize bound target transcripts. This can be tested in catalytically 

inactive Cas13 proteins that are unable to promote cleavage of bound target transcripts. 

Uniquely targeted Cas13-CIM targets can be analyzed for mRNA stability by RT-qPCR to 
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see if the addition of the CIM to an RNA binding protein is sufficient to promote decay of a 

gRNA-targeted mRNA. This could provide a system for mRNA-specific degradation. 

 Additionally, TTP shares target transcripts with the mRNA stabilizing factor, HuR, 

which also binds to ARE-containing transcripts. It is unknown whether HuR stabilizes target 

mRNAs due to simple competition with destabilizing factors for ARE-binding, or whether HuR 

more actively promotes mRNA stabilization. Tethering decay assays can determine whether 

MS2-HuR-CIM fusion constructs can promote mRNA decay compared to MS2-HuR 

conditions. If CIM-tagging HuR does not promote mRNA decay, this suggests that HuR 

stabilizing effects may be active, for example mediated by interactions that stabilize the poly-

A tail. If HuR-CIM does promote mRNA decay, this suggests that the stabilizing effect 

mediated by HuR is due to physically preventing destabilizing factors from associating to 

ARE-containing transcripts. An additional exciting avenue from these results would be in 

conditions like the inflammatory response where TTP is unable to promote mRNA decay due 

to targeting by the p38 MAPK pathway, could HuR-CIM promote the destabilization of 

endogenous TTP targets? These types of experiments could help provide insights into 

mechanisms by which ARE-binding proteins compete with one another to control the stability 

of ARE-mRNAs. 
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