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Abstract

RNA binding proteins can be important modulators of mRNA stability, a critical process that 

determines the ultimate cellular levels of mRNAs and their encoded proteins. The tristetraprolin or 

TTP family of RNA binding proteins appeared early in the evolution of eukaryotes, and has 

persisted in modern eukaryotes. The domain structures and biochemical functions of family 

members from widely divergent lineages are remarkably similar, but their mRNA “targets” can be 

quite different, even in closely related species. Recent gene knockout studies in species as distantly 

related as plants, flies, yeasts and mice have demonstrated crucial roles for these proteins in a wide 

variety of physiological processes. Inflammatory and hematopoietic phenotypes in mice have 

suggested potential therapeutic approaches for analogous human disorders.

Post-transcriptional regulation of mRNA stability is a critical aspect of gene expression. 

While the effects of physiological and pathological signals on cellular gene transcription are 

widely appreciated, the regulation of mRNA stability is less well understood, despite its 

crucial role in determining the ultimate levels of mRNA and protein in the cell. Recent work 

has identified many trans-acting proteins that bind directly to individual mRNAs and 

regulate their stability, usually after binding to relatively specific and often conserved 

binding domains in the 3′-untranslated regions (3′UTR) of target mRNAs [1-5].

One such family of mRNA binding proteins, which we will call the tristetraprolin or TTP 

family, belongs to this class of direct mRNA binding proteins. In general, these proteins bind 

directly to AU-rich elements in the 3′UTRs of their target mRNAs and promote the removal 

of the polyA tail, followed by complete mRNA decay. By destabilizing their target mRNAs, 

these proteins can modulate the effects of gene transcription to help maintain appropriate 

target transcript and protein levels as part of normal cell and tissue homeostasis [3, 6-10].
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Four proteins of this family are expressed in the mouse, and human orthologues exist for 

three of the four. All four of the mouse genes have been knocked out at the “whole body” 

level, with remarkably different phenotypes; in several cases, cell- and tissue-specific 

knockouts have been developed as well [11-16]. Results of these studies have pointed to 

important physiological roles of these proteins in processes as divergent as innate immunity, 

establishment of the fetal circulation, hematopoiesis, and placental physiology.

Major questions remain concerning the specificity of action of these proteins, given their 

widespread expression and similar mechanisms of action. In addition, many aspects of their 

regulation remain to be deciphered, including the net effects on activity of changes in 

transcription, mRNA and protein decay, phosphorylation, nucleo-cytoplasmic shuttling, and 

interacting proteins. Recent overexpression and mutagenesis studies have suggested that 

these novel pathways might represent targets for therapeutic intervention [17-19]. These 

considerations suggested that it would be timely to summarize recent research on this 

interesting protein family.

Phylogenetic distribution of the TTP protein family

The defining characteristic of the TTP protein family is the tandem zinc finger (TZF) 

domain, the 64 amino acid region of the proteins that mediates direct binding to mRNA. 

This domain contains two similar zinc fingers of the CCCH class, with internal spacing 

within each finger of C-x8-C-x5-C-x3-H, with x representing various amino acids. Intra- and 

inter-finger spacing is constrained in this definition. Leading into each finger is a highly 

conserved sequence with the general sequence RYTKEL or a variant. An intact TZF domain 

is sufficient and necessary for high affinity binding to single stranded RNA; remarkably, 

mutation of a single cysteine or histidine in either finger is enough to completely prevent 

high-affinity mRNA binding. An NMR structure of the TZF domain from the human TTP 

family member TIS11D (ZFP36L2) bound to its preferred mRNA target sequence, 

UUAUUUAUU, showed that the RNA was unstructured in the complex, and the association 

between the protein and RNA was largely due to a combination of stacking interactions 

between some of the hydrophobic amino acids and the RNA bases, as well as hydrogen 

bonding interactions [20, 21].

Proteins containing TZF domains of this type have not been found in prokaryotes, but they 

have been found in all lineages of eukaryotes [22]. Their presence in eukaryotes ranging 

from mammals to plants indicates that one or more family members was present in a 

common ancestor well over a billion years ago. Similarly, their presence in flowering plants 

through red algae indicates that the TZF domain has remained essentially intact during the ∼ 
1.4 billion years of evolution between these extremes (Fig. 1) [23]. Not all members of these 

lineages express proteins that fit this definition, however; for example, although proteins 

with intact, characteristic TZF domains are found in most fungi, most species from the most 

evolved group, the Pezizomycotina subdivision of the Ascomycota, express proteins 

containing related TZF-like domains that no longer fit the defining consensus [22].

The predicted structures of the TZF domains from human TTP, the Zfs1 protein from the 

yeast Schizosaccharomyces pombe, and the family member expressed in the eudicot plant, 
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Chromolaena odorata, exhibit very similar predicted structural organization in complex with 

the same 9-base RNA sequence, UUAUUUAUU (Fig. 2). Remarkably, replacement of the 

TZF domain in S. pombe Zfs1 with the TZF domain from either human TTP or the eudicot 

plant, C. odorata, completely complemented the abnormal flocculation and gene expression 

phenotypes seen in the Zfs1-deficient yeast (Fig. 3) [24]. These data suggest that there has 

been strong positive evolutionary pressure to maintain the RNA binding capabilities of the 

TZF domain over vast periods of evolution.

Within eukaryotes, many representative species express family member proteins that also 

contain a conserved C-terminal domain (Fig. 1). This domain in human TTP was recently 

shown to interact with the scaffolding protein NOT1, potentially providing a link between 

TTP and the larger CCR4-NOT complex, which contains at least two 3′-5′ RNA 

exonucleases, or deadenylases [25-27]. In addition, the N-terminal region of TTP has been 

shown to interact directly with the CCR4 subunit of the CCR4-NOT complex [28]. These 

interactions provide a basis for one proposed mechanism of action of the TTP family 

proteins, i.e., initial binding to AU-rich elements in mRNA 3′UTRs, followed by 

recruitment of deadenylases to the neighboring polyA tail, and ultimate mRNA decay [25, 

26, 28-30]. The presence of this domain at the C-termini of human TTP and the family 

member in red algae, as well as in virtually all metazoan family members, suggests that it 

was present and linked to the TZF domain in an ancient ancestor of most if not all 

eukaryotes.

Nonetheless, although linked TZF and NOT1 binding domains are found in many primitive 

plants, the C-terminal NOT1 binding domains are often absent in higher plants. For 

example, in Arabidopsis thaliana, its two TTP family member proteins, C3H14 and C3H15, 

terminate abruptly after their TZF domains (Fig. 1) [31]. Similarly, although some primitive 

fungi express TTP family member proteins that have linked TZF and NOT1 binding 

domains [22], the proteins from many more advanced fungi, including common laboratory 

species like S. cerevisiae and S. pombe, also terminate shortly after the TZF domains 

[32-35]. Nonetheless, the truncated proteins expressed in these yeasts are perfectly capable 

of promoting the decay of transcripts containing binding sequences. A comparison of the 

effects of mouse TTP deficiency to those of S. pombe Zfs1 deficiency on target transcript 

stability is illustrated in Fig. 4. The C-terminal truncated proteins found in yeast and higher 

plants may interact with some portion of the CCR4-NOT complex through a binding 

sequence elsewhere in the protein, or promote mRNA deadenylation and decay by 

interacting with other proteins and/or protein complexes. Outside of the TZF and NOT1 

binding domains, there is very little apparent sequence conservation among the family 

members from different species, or even among different family members from a single 

species. Other critical sequence regions that are present in the mammalian proteins, and that 

may need to be accounted for in proteins from other species, include a leucine-rich nuclear 

export sequence, involved in nuclear-cytoplasmic shuttling [36, 37], and specific 

phosphorylated serine and threonine residues that are critical for the interaction of the 

mammalian proteins with 14-3-3- proteins, important for the regulation of protein activity in 

the cell [29, 38]. In the case of TTP, a conserved domain specific to TTP, the tetraproline 

(PPPPG) motif, has been implicated in the regulation of translation through its interaction 

with the translation repression complex, 4EHP-GYF2 [39]. This tetraproline motif has been 
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shown to bind to the GYF2 subunit of 4EHP-GYF2. The loss of this interaction through 

mutation of the tetraproline motif, or deletion of 4EHP, resulted in increased expression and 

slower turnover of TTP target mRNAs.

Loss of function mutations

Mice

TTP, encoded by the Zfp36 gene in mice and ZFP36 in man, was initially discovered 

through its rapid induction in fibroblasts responding to insulin, serum or tumor-promoting 

phorbol esters [40-42]. Its function remained obscure until a knockout (KO) mouse was 

evaluated [14]. TTP KO mice developed a severe inflammatory syndrome with destructive 

arthritis, cachexia, myeloid hyperplasia, and autoimmunity [14]. Most aspects of this 

phenotype could be attributed to excessive activity of tumor necrosis factor alpha (TNF) [14, 

43]. Macrophages derived from the KO mice overproduced TNF mRNA and protein in 

response to lipopolysaccharide [44]. The increases in TNF mRNA and protein were later 

shown to be consequences of increased TNF mRNA stability, and TTP was found to bind 

directly to conserved AU-rich elements in the 3′UTR of the TNF mRNA [6]. Studies from 

bone marrow-derived stromal cells from the same KO mice demonstrated that the transcript 

encoding granulocyte-macrophage colony-stimulating factor (GM-CSF) was also stabilized 

in the absence of TTP; in addition, the stabilized GM-CSF mRNA seen in the KO cells 

contained full-length polyA tails, in contrast to the cells with full complements of TTP, 

which contained a roughly 50:50 ratio of fully polyadenylated and deadenylated transcripts 

[7]. These and other studies directly linked TTP to the promotion of deadenylation, the rate-

limiting step in mRNA decay in eukaryotes, and the subsequent accelerated decay of the 

mRNA.

These initial studies led to the basic model that has been used in subsequent loss of function 

studies in many organisms: In the absence of a TTP family member, its direct mRNA targets 

accumulate in cells, usually accompanied by increases in the encoded proteins. In the case of 

the original mouse KO for TTP, much of the phenotype could be explained by 

overexpression of TNF mRNA and its encoded protein; however, many other likely target 

mRNAs have been identified since then, some of which undoubtedly contribute to the 

original phenotype [3].

Orthologues of TTP have been found in virtually all vertebrates, including man, with the 

single exception of birds [22, 45]. It is apparently absent in all bird lineages, despite its 

presence in current reptiles. At some point early in bird evolution, the chromosomal locus 

containing the ZFP36 gene was probably disrupted. An interesting question that may never 

be answered is whether TTP was expressed in dinosaurs; however, its presence in modern 

reptiles, including alligators, suggests that it was present in a common ancestor of birds, 

dinosaurs, and modern reptiles.

In the mouse, three other family members are expressed in addition to TTP, and all but one 

are widely expressed. In cell co-transfection studies, all four family members seem to 

behave similarly, in terms of RNA binding, and promotion of mRNA deadenylation and 
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decay promotion [46, 52]. However, the phenotypes of mice deficient in each of the family 

members are remarkably different.

Zinc finger protein 36-like 1 (ZFP36L1; also known as TIS11b, cMG1, BRF1, and ERF1) is 

the most closely related by amino acid sequence to the single protein expressed in close 

invertebrate relatives of vertebrates, such as Ciona instestinalis, and it is likely that most of 

the other family members in modern vertebrates are derived from this original ancestor by 

genome duplication. Disruption of Zfp36l1 results in lethality by embryonic day 11 (E11), 

apparently due to failure of fusion of the allantois with the chorion, leading in turn to 

absence of the umbilical circulation [13]. Zfp36l1 mRNA was absent in the chorionic plate, 

but was highly expressed in the developing allantois. A candidate target transcript is that 

encoding vascular endothelial growth factor (Vegf-a) [47]. This transcript contains multiple 

potential TTP family member binding sites, has been shown to bind directly to ZFP36L1 

[48], and its translation was enhanced in Zfp36l1 knockout mice [47].

The third family member in mice and humans is zinc finger protein 36-like 2 (ZFP36L2; 

also known as TIS11D, BRF2, or ERF2). An initial loss of function mutant resulted in 

decreased expression of a protein lacking the N-terminal 29 amino acids, but still containing 

the TZF domain [49]. These mice appeared normal but had complete female infertility, 

resulting in embryonic failure at approximately the two-cell stage. Further studies with these 

mutant mice suggested that ZFP36L2 could bind directly to the mRNA encoding luteinizing 

hormone receptor (LHR), which is necessary for hormonal functioning during reproduction 

[50].

In contrast, mice with a complete KO for Zfp36l2 died within several weeks of birth [12]. 

These mice exhibited marked decreases in all hematopoietic cell lineages, with death likely 

due to the observed thrombocytopenia and hemorrhage. There were decreases in the 

numbers of hematopoietic progenitor cells derived from both fetal liver and yolk sac, 

suggesting that ZFP36L2 plays an important role in hematopoietic stem cell function during 

mouse development and later in life.

ZFP36L3 is only expressed in certain species of rodents. It is thought to have arisen in an 

ancestor of these species about 25-30 million years ago through a process of 

retrotransposition involving Zfp36l2 [51]. It is an intronless, imprinted X-chromosome gene 

whose expression is limited to placenta and yolk sac in the mouse [52]. It is the only mouse 

family member that appears to reside permanently in the cytoplasm, in contrast to the 

nucleo-cytoplasmic shuttling behavior of the other proteins. A complete KO of Zfp36l3 in 

mice resulted in decreased neonatal survival rates [11], as well as the accumulation of many 

transcripts that were stabilized in studies of trophoblastic stem cells derived from the KO 

mice, many of which are important for placental function.

Although ZFP36L3 is not found outside of these rodent species, it will be important to 

determine whether any of the other family members have “taken over” its placental functions 

in man and other mammals.

Recent studies have begun knocking out individual genes and combinations of genes in 

whole mice and in selected cell types. For example, TTP has been knocked out specifically 
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in myeloid cells [15, 53]. Although these animals appeared healthy, they were hypersensitive 

to low doses of LPS, which caused the development of lethal endotoxin shock and huge 

elevations in serum TNF concentrations. These results suggested that cells other than 

myeloid cells must contribute to the complete syndrome, an idea that is supported by 

subsequent examination of cytokines produced by fibroblasts [54] and dendritic cells [55].

An interesting question concerns the specificity of the KO phenotypes, since all the 

mammalian members of the family behave similarly in biochemical assays of RNA binding, 

deadenylation, and mRNA decay. Single and double conditional knockouts in lymphocytes 

have recently been created [56]. Thymic development was normal in the single knockouts; 

however double knockout mice had perturbed thymic development and T-lymphoblastic 

leukemia. Furthermore, double knockout mice exhibited elevations of the mRNA encoding 

the oncogenic transcription factor Notch1. Both ZFP36L1 and ZFP36L2 were shown to 

physically interact with the optimal binding sequence present in the Notch1 mRNA 3′UTR 

and suppress its expression. Later studies of Zfp36l1 and Zfp36l2 knockouts in pro-B cells 

by the same group revealed a critical role in B cell development [57]. ZFP36L1 and 

ZFP36L2 together were crucial for maintaining cell quiescence in order for proper B cell 

progression through the cell cycle [57].

Drosophila melanogaster—Because of the complexity introduced by having multiple, 

possibly redundant proteins in vertebrates, loss of function studies have also been conducted 

in organisms that have fewer expressed family member proteins. For example, in the fruit fly 

Drosophila melanogaster, as well as in other insects examined, only a single-family member 

is expressed, termed Tis11 [58]. Studies in cultured Drosophila S2 cells in which Tis11 was 

knocked down revealed a large number of stabilized transcripts, many of which contained 

potential binding sites [59]. Transfection of cultured mammalian cells with cDNAs 

expressing normal and mutant Drosophila Tis11 showed that the fly protein could bind to the 

optimal mammalian binding site on RNA, and could promote mRNA deadenylation and 

decay in a manner almost identical to human TTP [60]. As shown before in transfection 

experiments with human TTP, the activity of the fly protein was partially dependent on the 

presence of the conserved C-terminal NOT1 binding domain. Knock-down and KO studies 

in adult flies demonstrated the accumulation of many potential targets, but there was almost 

no overlap between the transcripts accumulating in the fly and in the S2 cells [60]. It will be 

interesting to determine whether the putative targets identified in S2 cells will correspond 

more closely to flies at a different developmental stage.

Yeasts

In yeast, TTP family members have been studied in Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, and the human pathogens Candida albicans and Candida 
glabrata. In all four organisms, the TTP family members lack obvious C-terminal NOT1 

binding domains. S. cerevisiae expresses two TTP family members, Cth1 and Cth2 [32, 33]. 

S. cerevisiae uses these proteins to regulate a set of transcripts involved in iron homeostasis, 

as determined by studies in which one or both family members were deleted [61]. Similar to 

S. cerevisiae, the sole TTP family member expressed in C. glabrata, Cth2, plays an essential 

role in the downregulation of iron homeostasis associated transcripts [62]. S. pombe, like 

Wells et al. Page 6

Trends Biochem Sci. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



most other yeasts, expresses a single protein of this type, named Zfs1 [34]. Many Zfs1 target 

mRNAs identified in this species encoded cell surface glycoproteins known to be involved in 

cell-cell adhesion; indeed, the Zfs1-deficient cells exhibited abnormal cell-cell interactions 

leading to flocculation, a reversible condition in which cells aggregate spontaneously and 

form “flocs” [63]. The increased flocculation observed in zfs1Δ mutants is due, at least in 

part, to a direct effect on the turnover of cbf12 mRNA, which encodes a transcription factor 

that regulates expression of several transcripts encoding adhesion proteins [64, 65]. These 

data suggested that a major physiological function of Zfs1 in S. pombe is to regulate the 

levels of cell surface proteins involved in cell-cell interactions.

The human pathogenic fungus C. albicans expresses a single, considerably shorter TTP 

family member, also termed Zfs1, and deficiency mutants exhibited accumulation of many 

potential target transcripts [35]. However, unlike Cth1 and Cth2 in S. cerevisiae, Zfs1 does 

not seem to play a role in iron metabolism in either S. pombe or C. albicans, and Zfs1 does 

not seem to be important for cell-cell adhesion in C. albicans.

Plants

Plants from red algae through eudicots express at least one TTP family member. However, in 

Arabidopsis thaliana, as in most eudicots examined, an obvious C-terminal NOT1 binding 

domain is not present in the two family members expressed in this species, C3H14 and 

C3H15 (Fig. 1). Deletion of both C3H14 and C3H15 resulted in plants with thinner stem 

secondary walls, along with the upregulation of several key genes involved in secondary 

wall biosynthesis [66].

TTP family member target specificity

One of the striking findings from the mouse KO models of the four individual genes was the 

“non-overlap” of the phenotypes. Although direct TTP targets are becoming better 

understood, the full spectra of targets for the other proteins in different cells and tissues 

under different experimental conditions remain to be determined. We have estimated that the 

prevalence in transcriptomes of one or more instances of the minimal optimal 7-mer binding 

site, UAUUUAU, is approximately 22% in S. pombe, 17% in C. albicans, 27% in 

Drosophila, 23% in mice, and 26% in humans [35, 60, 65]. However, in the organisms in 

which gene knockout experiments have been performed, there are many fewer accumulating 

transcripts that contain such AU-rich binding elements than the total number of 7-mer-

containing mRNAs in that organism. This is true for organisms in which only a single 

protein is expressed; even more complicated is the question of overlapping target sequences 

when several proteins are expressed, as in mammals, where three or four expressed family 

member proteins can inhabit the same cell type. What accounts for target selection and 

specificity?

Several factors may be at play. As demonstrated in the original structure of a TTP family 

member TZF domain bound to its optimum UUAUUUAUU target sequence, and illustrated 

in Fig. 2, no secondary structure was present in the RNA in the complex [20]. One possible 

contributor to target selectivity could therefore be the presence or absence of mRNA 

secondary structure at the specific binding site. Another possibility could involve inhibition 

Wells et al. Page 7

Trends Biochem Sci. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of TTP binding to the ideal UUAUUUAUU target sequence by other ARE binding proteins, 

such as HuR [67-69]. Other factors could include subcellular localization of the mRNA; 

stoichiometry of the protein:mRNA ratios; phosphorylation or other modification of TTP 

family member proteins, or protein-protein interactions that might affect RNA binding; 

subcellular localization of TTP family members in restricted sites; and others.

One way to approach the question of mRNA target specificity is to use a species that 

expresses only a single TTP family member and compare the apparent mRNA targets 

identified by gene disruption studies with the orthologous mRNA from closely related 

species. In S. pombe, we compared seven well-validated Zfs1 target transcripts to the 

orthologous transcripts from the three other sequenced species in the Schizosaccharomyces 
genus: S. japonicus, S. octosporus, and S. cryophilus [70]. All four species express Zfs1, 

with high level conservation of the TZF domains. Somewhat surprisingly, we found 

relatively little target conservation among these related species [65].

In a similar experiment, validated Zfs1 targets from the human pathogen C. albicans were 

compared to their orthologous sequences from other members of the “CTG clade”, a group 

of related species that translate CUG as serine instead of leucine [35, 71]. All of these 

species expressed Zfs1 proteins that were closely related to the C. albicans protein [35]. 

When we examined three of the validated Zfs1 target transcripts from C. albicans in two 

closely related species, C. dubliniensis and C. tropicalis, we found that the number of 

potential 7-mer binding sites was markedly lower in the orthologues from C. dubliniensis 
than in C. albicans (Fig. 5). Two of the three orthologous transcripts from C. tropicalis 
contained no binding sites; this is remarkable because both C. dubliniensis and C. albicans 
are thought to be descended from either C. tropicalis or a closely related species as a 

common ancestor.

Furthermore, when we examined the orthologous sequences of the validated transcripts from 

C. albicans in more distantly related members of the CTG clade, we found that the number 

of 7-mer binding sites rapidly decreased with increasing evolutionary distance from C. 
albicans (Fig. 5).

Similar results were obtained when 3′UTR sequences of putative Tis11 target transcripts 

were examined among many species from the Drosophila genus [60]. The conclusion that 

emerges from these studies is that, while TTP family member protein sequences are 

expressed and conserved in closely related species, at least within the TZF domains, the 

mRNAs that they bind to and act upon are often very different. It appears that evolutionary 

pressures have “directed” each species to come up with its own panel of TTP family member 

targets, possibly as part of the whole process of speciation.

Concluding Remarks

The phylogenetic data summarized here suggest that one or more TTP family member 

proteins was first expressed in an early eukaryote more than 1.5 billion years ago. 

Comparative studies of TZF domains from eukaryotes as divergent as plants, yeasts and 

mammals have shown that the high affinity binding of the proteins to their ideal target 
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sequence, UUAUUUAUU, has been maintained in many descendants of that ancestral 

eukaryote. In addition, the ability of these family members to promote decay of transcripts 

containing binding sites has been preserved in species ranging from plants to mammals, 

despite the absence of a conserved C-terminal NOT1 binding domain in most fungi and 

eudicot plants. Despite the requirement of a version of the AU-rich sequence shown above 

for TTP family member binding to RNA, the presence of such a sequence in the 3′UTR of 

transcripts is not sufficient to guarantee their behavior as targets. How each organism, and, 

in some cases, cell type within an organism, has developed its own personal sets of target 

transcripts, and how these targets are distinguished among the much larger number of 

transcripts containing potential binding sequences in the cell, is an interesting question for 

future study.

Although the evolutionary history of this protein family is useful in unraveling their 

molecular mechanisms of action, the accumulated data from mouse knockouts point to their 

major importance in the physiology of mammals, including humans. This information will 

be useful in understanding the effects of potential loss of function mutations or other 

disease-modifying variants in man. Perhaps of more widespread importance, the discovery 

of the physiological roles played by these proteins in mammalian physiology suggests the 

possibility of harnessing these novel pathways in the development of new therapies for 

conditions as diverse as disorders of human immunity and inflammation, hematopoiesis, 

fetal development, and placental function.
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Outstanding questions

• The transcriptomes surveyed contain approximately 20% of transcripts that 

have at least one UAUUUAU minimal TTP family member binding site in 

their 3′-untranslated regions, yet the number of apparent “targets” for the 

TTP family proteins expressed in those species is much lower. What 

determines whether a given AU-rich element containing mRNA will be a true 

target?

• In organisms such as mammals that express more than one TTP family 

member in the same cells, what factors determine which protein will exert the 

dominant effect on mRNA stability? In cells that express more than one such 

protein, will other family members compensate for the deficiency of one or 

more of the others?

• In the absence of apparent C-terminal NOT1 binding domains, how do yeasts 

and higher plant TTP family members stimulate mRNA deadenylation and 

decay? Similarly, in proteins that normally contain linked tandem zinc finger 

domains and C-terminal Not1 binding domains, is there residual activity in 

proteins lacking the C-terminal domain?

• What are the similarities and differences in the mechanisms of action of TTP 

family member proteins from lineages as diverse as mammals, protists and 

plants?

• What are the accessory proteins that TTP family members interact with to 

mediate target specificity and/or mRNA target decay?

• How do birds regulate the decay of AU-rich element-containing cytokine 

mRNAs in the apparent absence of TTP?

• Since ZFP36L3 is expressed only in the placenta and yolk sac of a subset of 

rodents, do other members of the protein family take over its functions in non-

rodent mammals?

• What are the post-translational modifications that are crucial for family 

member activity?

• Given the severity of the four knockout phenotypes in seen in mice, can we 

use the pathways identified in these studies to design novel therapeutic 

approaches for the relevant diseases, such as chronic immune and 

inflammatory disorders and defects in hematopoiesis?
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Trends

• Regulation of gene expression occurs at several stages, from transcriptional 

initiation to mRNA translation. Post-transcriptional control of gene 

expression by RNA binding proteins plays an essential role in this process.

• Tristetraprolin (TTP) family members are defined by tandem CCCH zinc 

finger domains that bind to AU-rich elements found in the 3′untranslated 

regions of target mRNAs, and stimulate their turnover.

• TTP family members from evolutionarily distant species also contain a 

conserved C-terminal sequence that, in human TTP, can bind to the CCR4-

NOT deadenylase complex through an interaction with the NOT1 subunit, 

providing a potential mechanism for the action of these proteins to destabilize 

mRNA.

• Gene knockout studies from organisms as distant as plants and mice 

demonstrate that these proteins regulate important physiological pathways 

that can differ among species.
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Figure 1. TZF and NOT1 binding domains of TTP family members in eukaryotes
Shown are the amino acid sequences of the TZF domains and their respective predicted C-

terminal NOT1 binding domains from TTP family members from the indicated species. 

NOT1 is CCR4-NOT transcription complex subunit 1, and probable orthologues have been 

identified in the species described in this figure, even those lacking an obvious C-terminal 

NOT1 binding domain. The TZF domains are separated by gaps of various sizes from the C-

terminal sequences predicted to bind to NOT1. Sequences were aligned and colors were 

assigned by Clustal Omega based on their physicochemical properties. Asterisks (*) indicate 

amino acid identity at that site; colons (:) indicate a conserved substitution; and dots (.) 

indicate a semi-conserved substitution at that site. Abbreviations are as follows: Ca=Candida 
albicans, Sc=Saccharomyces cerevisiae, Sp=Schizosaccharomyces pombe, At=Arabidopsis 
thaliana, Sm=Selaginella moellendorffii, Galdieria=Galdieria sulphuraria, Chromolaena= 
Chromolaena odorata, Hs=Homo sapiens, Mm=Mus musculus, Ds=Drosophila 
melanogaster.
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Figure 2. Comparison of solution structure simulations of the TZF domains from human TTP 
with the family members from S. pombe and C. odorata
The RNA-bound structure of the TZF domain of ZFP36L2 (TIS11d) (PDB id: 1RGO) [20] 

was used to construct the models of RNA-bound TZF domains from: (A) S. pombe Zfs1 

(GenBank accession number NP_596453); (B) human TTP (NP_003398.1); and (C) the 

TTP family member from C. odorata (translation of Unigene mRNA sequence 

GACH01022939.1), as described previously [72]. The peptide backbone of each TZF 

domain is represented in ribbon form, and the RNA is in stick representation in light grey. 

Zinc ions (silver spheres) are also shown with their coordinating residues (in stick form). 

Hydrogens were removed for clarity. The N and C termini of each peptide are indicated, as 

are the 5′ and 3′ ends of the bound RNA oligonucleotide.
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Figure 3. Replacement of the S. pombe Zfs1 TZF domain with the TZF domains from human 
and plant
(A) The diagram shows a schematic representation of the construct used to replace the S. 
pombe Zfs1 TZF domain with the corresponding domains from H. sapiens and C odorata 
(Sp = S. pombe, Co = C odorata, Hs = H. sapiens) within the endogenous locus. A 3× Flag 

tag was also integrated into the locus encoding S. pombe Zfs1. (B) Flocculation analysis of 

the TZF domain replacement strains. Flocculation of the indicated strains was initiated by 

the addition of CaCl2 and determined using the Helm assay, as described previously [65]. 

The percentages of cells in suspension were measured based on optical density at 600 nm. 

Shown for each strain are the means of values from three independent experiments. (C) 

Shown is a quantitative analysis of the expression of the Zfs1 target transcript from arz1 in 

the strains expressing the S. pombe TZF domain in which the Zfs1 protein contained the 

epitope tag (Sp TZF); the Zfs1-deficient strain(zfs1Δ); and the C odorata (Co TZF) and H. 
sapiens (Hs TZF) TZF domain complementation strains. The y-axis represents normalized 

RNA counts for the arz1 transcript, shown as mean values from at least four independent 

isolates, +/- SD. Modified from [24], with permission.
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Figure 4. Decay of target transcripts in mouse macrophages and S. pombe cells
In (A), TNF mRNA decay was measured in macrophages from wild-type and TTP-deficient 

mice, as described [6], and in (B), Cbf12 mRNA decay was measured in S. pombe wild-type 

and zfs1Δ cells, as described [65]. mRNA was measured at the indicated times following 

treatment with the transcriptional inhibitor actinomycin D (A) or thiamine (B). The amount 

of the target mRNA at time 0 was taken as 100% in each experiment. Results are expressed 

as the mean relative amount of mRNA ± SEM at each time point (*P < 0.05 when 

comparing the means by Student's t test; **P < 0.01; ***P < 0.001). Modified from [6, 65], 

with permission.
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Figure 5. Evolutionary relationships of Zfs1 targets within members of the CTG clade
Shown are the numbers of potential 7-mer binding sites within 500 base pairs of the stop 

codons in transcripts from the orthologues of C. albicans HIS3 (A; orf19.183), SCDR (B; 

orf19.3352), and TES2 (C; orf19.4122). The order of species along the X-axis roughly 

reflects increasing evolutionary distance of the species from C. albicans, based on previous 

phylogenetic comparisons. (D-F) Alignments performed with Clustal Omega of the 

sequences of the 3′UTRs of (D) HIS3, (E) SCDR, and (F) TES2 from the indicated CTG 

clade species are shown, including the potential binding 7-mers in red. The alignment begins 

at the stop codon (underlined) and continues at least 60 bases after the 3′-most 7-mer 

identified in any of the species. Asterisks (*) indicate sequence identity. Reproduced from 

[35], with permission.
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