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Abstract

Translin-associated protein X (TSNAX), also called trax, was first identified as a protein that 

interacts with translin. Subsequent studies demonstrated that these proteins form a heteromeric 

RNase complex that mediates degradation of microRNAs, a pivotal finding that has stimulated 

interest in understanding the role of translin and trax in cell signaling. Recent studies addressing 

this question have revealed that trax plays key roles in both synaptic plasticity and DNA repair 

signaling pathways. In the context of synaptic plasticity, trax works together with its partner 

protein, translin, to degrade a subset of microRNAs. Activation of the translin/trax RNase complex 

reverses microRNA-mediated translational silencing to trigger dendritic protein synthesis critical 

for synaptic plasticity. In the context of DNA repair, trax binds to and activates ATM, a central 

component of the double-stranded DNA repair process. Thus, these studies focus attention on trax 

as a critical signaling protein that interacts with multiple partners to impact diverse signaling 

pathways. To stimulate interest in deciphering the multifaceted role of trax in cell signaling, we 

summarize the current understanding of trax biology and highlight gaps in our knowledge about 

this protean protein.
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Introduction

Since the initial discovery of trax and its partner protein, translin, about 20 years ago [1,2], 

there has been substantial progress in deciphering their interaction and function. However, 

figuring out how they operate in the context of cellular signaling pathways has posed a 

formidable challenge. Recent studies have succeeded in positioning trax in two major cell 

signaling pathways, important breakthroughs that will stimulate broader interest in its 

function. In one line of research, Park et al. [3] implicate trax, working in combination with 

translin, in mediating an important form of synaptic plasticity in the hippocampus, referred 

to as synaptic tagging and capture [4]. In a completely separate area of investigation, Chern 

and co-workers [5,6] have demonstrated in fibroblasts and neurons that trax, acting without 

translin, plays a key role in a major signaling pathway that repairs double-stranded DNA 

breaks. Thus, these findings suggest that trax plays critical roles in multiple signaling 

pathways and that further studies are warranted to elucidate how these ostensibly disparate 

functions may be related. Furthermore, these lines of research have unexpectedly revealed 

that trax exerts its actions on DNA repair and synaptic plasticity in fundamentally different 

ways, prompting a re-appraisal of the mode of action of trax. Previous models postulated 

that trax interacts exclusively with translin because trax protein is unstable in cells or 

organisms lacking translin [7]. However, these new findings indicate that trax is a versatile 

protein that is able to participate in diverse signaling pathways via its interaction with 

multiple partner proteins.

To highlight the significance of these findings, we will first provide a brief overview of these 

recent studies. Then, we will summarize the initial discovery and characterization of translin 

and trax, focusing on evidence that indicated that trax interacts exclusively with translin. 

Lastly, we will highlight how recent findings have prompted an expanded model of trax 

action that incorporates its interaction with translin as well as other partner proteins.

Translin/ trax RNase complex mediates synaptic plasticity

As rapid changes in translation in response to environmental cues play a key role in 

mediating neuronal plasticity, there is considerable interest in defining the cellular 

mechanisms capable of triggering rapid translational responses [8–10]. Given the prominent 

role that the microRNA system plays in translational silencing, the possibility that rapid 

reversal of microRNA-mediated translational silencing could elicit translational responses 

underlying plasticity has attracted attention [11]. Accordingly, this line of thinking has 

heightened interest in identifying microRNA degradation pathways that are rapidly activated 

by cell surface receptor stimulation and can trigger this translational response. The 

demonstration that Lin-28a responds quickly to growth factor stimulation and mediates rapid 

transcription of plasticity transcripts in hippocampal cultures has provided critical support 

for this mechanism [12]. However, since Lin-28a acts selectively on let-7 family members, 

these findings have prompted a search for other microRNA degradation pathways capable of 

targeting other subsets of microRNAs. From this perspective, the observation that the 

translin/trax RNAs complex targets a different subset of microRNAs for degradation [11] 

raised the possibility that it might mediate rapid translational responses underlying synaptic 

plasticity. The recent study by Park et al. (2017) [3] directly tests this hypothesis and 
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provides compelling evidence that activation of translin/trax RNase by synaptic stimulation 

in the mammalian hippocampus, triggers the rapid reversal of translational silencing and, 

thereby, plays a key role in mediating long-lasting synaptic plasticity and long-term memory. 

Thus, these findings establish the translin/trax RNase complex as a key component of the 

signaling pathway linking synaptic stimulation to translation of “plasticity” proteins (Figure 

1).

Trax mediates DNA repair

In a separate line of research, Chern and co-workers [5,6] have uncovered a key role for trax 

in DNA repair. The initial studies that led to the identification of translin and its partner 

protein, trax sought to identify DNA binding proteins that mediate chromosomal 

translocations associated with malignant transformations, such as those involving Bcl-2 

[1,2]. In addition, subsequent studies identified trax as a binding partner of C1D, a protein 

that binds to and activates DNA- dependent protein kinase (DNA-PK), a key enzyme 

responsible for the repair of double-stranded breaks (DSBs) [13,14]. Furthermore, γ - 

irradiation increases expression of C1D and its interaction with trax [14], suggesting that 

trax may contribute to the maintenance of genome integrity. In following up on these earlier 

findings, Wang et al. [6] found that trax-null cells are more susceptible to DNA damage 

produced by UV- or gamma-irradiation. In addition, studies aimed at deciphering how trax 

participates in the cellular response to DNA damage revealed that tiax binds to and promotes 

auto-phosphorylation of ATM, which plays a major role in promoting repair of double-

strand breaks (DSBs).

As it was well established that tiax forms a complex with translin, these investigators 

checked whether tianslin was also present in the trax/ATM complex. Unexpectedly, they 

found that it was not, indicating that the interaction of trax with ATM occurs independently 

of translin, generally thought to be an obligatory partner of tiax. However, this observation 

fits well with the previous report that binding of trax to C1D and translin are mutually 

exclusive [14]. Furthermore, a mutant form of trax that abolishes the RNase activity of the 

TN/TX complex retains the ability to promote ATM phosphorylation, providing additional 

evidence that the effect of trax on DNA repair is not mediated via its interaction with 

tianslin.

Thus, taken together, these studies indicate that trax is a versatile signaling protein that acts 

in fundamentally different ways in distinct contexts: together with translin it can form an 

RNase complex that mediates microRNA degradation; working independently of translin it 

binds to ATM to promote DNA repair. To help explain how this expanded view of trax 

action contrasts with earlier notions that trax interacts exclusively with translin, we will 

present a brief overview of the classical findings that formed the basis for the initial, limited 

view of trax action.

Initial identification of trax as a partner for translin

Translin was initially identified in the search for DNA binding factors that might mediate 

chromosomal translocations [2]. To this end, Kasai and coworkers looked for proteins that 

bind to a ssDNA fragment from the region flanking Bcl-2, a well-known site of 
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chromosomal translocation linked to lymphoma. This approach led to the isolation of 

translin, named for its putative role in mediating chromosomal translocations. Yeast two-

hybrid studies looking for proteins that interact with translin yielded translin-interacting 

protein X, or trax [1] which shares a high degree of homology with translin. Subsequent 

studies revealed that the translin/trax complex is an octomer composed of two translin 

homodimers and two translin/trax heterodimers [15,16]. Thus, the native, octameric translin/

trax complex contains 2 trax subunits and 6 translin subunits. Of note, trax, unlike translin, is 

unable to form a homomeric complex, suggesting that its stability may depend on its 

interaction with translin. This concept was reinforced by the striking observation in multiple 

species, including yeast, Drosophila, and mice, that deletion of translin leads to complete or 

near complete loss of trax protein [17–20], even though trax mRNA levels remain at wild 

type levels. Conversely, deletion of trax in Drosophila or mouse does not elicit a similar loss 

of translin protein [6,18]. Accordingly, the observation that trax protein is unstable in the 

absence of translin led to the conclusion that trax stability is dependent on its interaction 

with translin, but not vice versa.

Following these initial advances in identifying and characterizing the translin/trax complex, 

efforts to confirm the initial hypothesis that this complex might be involved in chromosomal 

translocation or DNA repair met with negative results. Deletion of translin from yeast, 

Drosophila or mice did not affect the frequency of chromosomal translocations or 

susceptibility to DNA damage [17–19]. On the other hand, following exposure to gamma 

radiation, trax was found to bind to C1D, an activator of a DNA-dependent protein kinase 

implicated in DNA repair [14], leaving open the possibility that trax might play a role in the 

DNA repair process. Attempts to gain clues to the function of the translin/trax complex by 

defining a consensus binding motif were also unhelpful, as the complex binds to single 

stranded DNA or RNA with little apparent sequence specificity [21]. Fortunately, pivotal 

new insights into the function of the translin/trax complex came from a surprising direction, 

attempts to elucidate the cellular machinery mediating RNA-induced silencing in 

Drosophila.

Discovery of Translin/Trax RNase activity: Role in translational silencing

In a series of elegant studies aimed at identifying cellular factors that could reconstitute 

efficient RNA-inducing silencing activity in Drosophila extracts, Liu et al. (2009) [22] 

identified the translin/trax complex as a key factor in this process. Addition of the complex 

to a mixture of recombinant components of the silencing pathway, including Dicer and Ago, 

hastened loading of the guide strand of siRNAs onto the RISC complex. Tracking down how 

the translin/trax complex exerts this effect revealed that it possesses RNase activity enabling 

it to degrade the passenger strand. In retrospect, this critical insight was missed in prior 

studies characterizing the nucleic acid binding properties of the translin/trax complex for 

two reasons. First, sequence analysis did not reveal any domains in translin or trax that 

would suggest the presence of nuclease activity. Second, earlier nucleic acid binding studies 

were routinely performed in the presence of divalent ion chelators to minimize degradation 

of the radiolabeled probe by nucleases inevitably present in tissue or cell extracts. As the 

nuclease activity of translin/trax is magnesium-dependent, inclusion of these chelators 

inhibited the nuclease activity of the complex. Thus, these studies elucidating the role of 
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translin/trax in processing siRNA in Drosophila were pivotal in advancing our understanding 

of the function of the translin/trax complex by uncovering its RNase activity and implicating 

it in RNA-induced silencing.

As there are marked differences in the machinery mediating siRNA-mediating silencing in 

Drosophila and microRNA-mediated silencing in mammalian cells [23,24], one could not 

assume that the translin/trax complex exerts a similar effect on mammalian microRNA 

signaling pathways. In fact, subsequent studies examining this question revealed that 

translin/ trax has the opposite effect, i.e. it suppresses miRNA-mediating silencing [25]. In 

vitro studies with recombinant translin/trax have demonstrated that it is able to cleave 

selected pre-microRNAs that have mismatches in their stems. In contrast, the complex is 

unable to cleave the corresponding “siRNA” version of these microRNAs generated by 

deleting the mismatches present in the stem (Figure 2). Thus, these findings indicate that the 

translin/ trax complex competes with Dicer for pre-microRNA substrates and suggest that 

activation of translin/ trax RNase activity could provide a mechanism for reversing 

microRNA-induced silencing. Direct support for this hypothesis has emerged from recent 

studies, summarized below, demonstrating that the translin/trax complex mediates de novo 
translation underlying synaptic plasticity via this mechanism.

Role of Translin/ Trax in Synaptic Tagging

One of the most fascinating challenges facing neuroscience is deciphering the molecular 

mechanisms mediating learning and memory. Compelling evidence indicates that these 

phenomena are mediated by the ability of brief bouts of neuronal stimulation that encode 

external stimuli to elicit long-lasting changes in synaptic strength. Furthermore, it is now 

clear that certain salient forms of experience or neuronal stimulation have the ability to 

empower routine forms of synaptic stimuli, that are normally unable to produce long-lasting 

potentiation, to do so. This type of mechanism is thought to underlie the ability of a salient 

or novel experience to enhance recall of events that occur during a window of about 1 hour 

prior to or following this salient experience. At a molecular level, this ability of a “strong” 

experience to influence synaptic plasticity both retroactively and prospectively is thought to 

reflect the coordination of two distinct molecular events: 1) de novo translation of plasticity 

products that underlie long-lasting changes in synaptic efficacy, and 2) setting of a synaptic 

“tag” that can capture these plasticity products [10]. In this model, routine experiences are 

insufficient to activate translation but are able to set “tags” marking synaptic inputs activated 

by these routine stimuli. In contrast, intense experiences are able to activate translation of 

plasticity products that are then captured by the “tagged” synapses (Figure 3A).

To explore the possibility that the translin/trax RNase might mediate the translational 

response elicited by strong neuronal stimuli, Park et al (2017) [3] examined whether translin 

deletion blocked the ability of a strong input to enhance potentiation of a weak input 

activated 45 minutes later in mouse hippocampal slices. Although the input receiving strong 

stimulation displayed normal potentiation in translin KO mice, this intense activity was not 

able to enhance potentiation elicited by the “weak” input activated 45 minutes later. Thus, 

this observation indicates that activation of the translin/ trax complex by strong stimulation 
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is required to drive de novo translation of plasticity-related proteins that are normally 

captured by the weak input.

The hypothesis is supported by several findings. First, miRNA profiling of WT and TN KO 

mice after exposure to a novel environment, thought to be equivalent to a “strong” stimulus, 

revealed that translin KO mice displayed higher levels of a small subset of microRNAs. 

Using computational approaches to identify transcripts targeted by these microRNAs led to 

the identification of ALK7 (also called ACVR1C), a member of the TGF-beta receptor 

family, as a candidate target. Furthermore, treatment of hippocampal slices with an inhibitor 

of type I TGF-beta receptor family members, including ALK7, phenocopied the defect in 

synaptic tagging displayed by translin KO mice. Similarly, intraventricular infusion of this 

drug also phenocopied the memory deficit displayed by translin KO mice in the novel object 

location paradigm. Thus, these findings strongly support the following scenario:synaptic 

activation of translin/ trax RNase activity by strong stimuli triggers degradation of a subset 

of microRNAs, which in turn reverses translational silencing of plasticity proteins, such as 

ALK7. These products are then captured by synapses that have been “tagged” in response to 

“weak” stimulation and enable them to display prolonged potentiation (Figure 3B).

Role of trax in the nucleus: DNA repair

The findings described above imply that trax, which is essential for the catalytic activity of 

the translin/trax RNase, plays a key role in driving translation underlying synaptic plasticity. 

Parallel studies focusing on the role of trax in DNA repair have also made progress in 

understanding how cell signaling pathways regulate this aspect of trax function. A key 

starting point for this line of research was the observation that trax had been identified in a 

yeast two-hybrid screen looking for proteins that interact with the C-terminal segment of the 

A2A receptor [26]. Activation of A2AR is known to protect human striatal medium spiny 

neurons from oxidative DNA damage and subsequent cell death [27]. As trax had been 

shown to promote ATM activation, which helps prevent p53-mediated apoptosis triggered by 

DNA damage, these findings motivated a series of studies demonstrating that trax mediates 

the protective effects of A2AR stimulation. Furthermore, this line of research has revealed 

that A2AR stimulation triggers dissociation of trax from this cell surface receptor allowing it 

to translocate to the nucleus where it can associate with ATM. In fact, deletion of the nuclear 

localization signal present in trax blocks its translocation and protective effects [6].

As A2AR is Gsα-coupled receptor that activates the cAMP/PKA pathway[28], Chien et al. 

[5] asked if dissociation of trax from this receptor is mediated by this pathway. Furthermore, 

A2AR stimulation has been shown to trigger phosphorylation of GSK3β, which suppresses 

its activity. Using inhibitors of PKA or GSK3beta to test the role of these signaling pathways 

in mediating dissociation of trax from A2AR, they found that: 1) inhibition of PKA blocks 

the ability of A2AR stimulation to phosphorylate GSK3β, and 2) GSK3β inhibition triggers 

dissociation of trax from the A2AR. Further examination of the interaction between GSK3β 
and trax revealed that they co-precipitate along with Disrupted-in-Schizophrenia 1 (DISCI), 

a protein known to interact with GSK3P [5]{Chien, 2018 #6}. Detection of a physical 

interaction between DISCI and trax is of particular interest because these two proteins are 

encoded by two genes (namely DISCI and TSNAX) that are located adjacent to each other 
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on human chromosome 1 in a region that has been implicated in major mental disorders 

(such as schizophrenia, autism, depression, and bipolar disorder) [29–34].

Taken together, these findings indicate that under basal conditions trax binds directly to the 

C-terminal segment of A2AR and participates in a complex with DISCI and GSK3β, which 

is constitutively active. Stimulation of A2AR activates PKA, which inhibits GSK3P by 

phosphorylation at Ser9. GSK3β inhibition triggers disruption of the trax/DISCI/GSK3P 

complex, as well as dissociation of trax from A2AR. Following its liberation from A2AR, 

trax translocates to the nucleus where it associates with ATM to promote DNA repair 

(Figure 4).

Concluding remarks

Although trax was first identified over 20 years ago [1], it has eluded attempts to decipher its 

role in cell signaling pathways. Accordingly, recent studies demonstrating that it plays key 

roles in both DNA repair and synaptic plasticity represent welcome advances in this area of 

research. However, paradoxically, these studies show that trax acts in very different ways in 

these paradigms suggesting that we have only begun to uncover how it operates. In the 

context of synaptic plasticity, trax acts in concert with translin to form an RNase that 

degrades microRNAs; in the context of DNA repair, it acts without translin to bind to and 

activate ATM. Thus, these studies suggest that trax is a versatile signaling protein with 

multiple partners and modes of action. As a multi-tasking protein, it should be included in 

the growing list of “moonlighting” proteins, such as GAPDH and aconitase that have both 

enzymatic and non-enzymatic modes of action [35,36].

From this perspective, it will be interesting to explore whether the role of trax in DNA 

repair, via its interaction with ATM, and its role in microRNA degradation, via its interaction 

with translin, may be part of a coordinated cellular response. Recent studies indicate that 

double-stranded DNA breaks and subsequent DNA repair are not only pathological events 

but also occur during physiological transcription of immediate early genes, key components 

of cellular plasticity [37,38]. Thus, trax may help coordinate changes in both transcription 

and translation that underlie a plasticity response.

The observation that trax is able to interact with multiple partner proteins is particularly 

puzzling because, as noted above, it has been documented in multiple species that deletion 

of translin triggers degradation of trax protein [17– 20]. This finding suggested that the 

stability of trax protein was dependent on its physical interaction with translin and, 

therefore, taken to imply that it interacted exclusively with translin. However, this inference 

needs to be re-evaluated in light of the ability of trax to form complexes with A2aR and ATM 

that do not contain translin [6]. These new findings suggest that the presence of translin 

protein may block degradation of trax via an indirect mechanism rather than via their 

physical interaction.

Recent studies examining the role of trax in DNA repair and synaptic plasticity suggest that 

this protein can mediate responses to extracellular cues. In the DNA repair paradigm, 

stimulation of A2aR induces phosphorylation and inhibition of GSK3β, which triggers 
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dissociation of trax from A2aR. Accordingly, it will be of interest to determine if trax may 

also bind to other cell surface receptors that can regulate its availability. In a similar vein, 

PLCβ has been implicated in regulating the activity of the translin/trax RNase complex 

[39,40]. In this scenario, PLCβ binds to the translin/trax complex and inhibits its activity. 

Activation of Gq-linked receptors favors association of PLCβ with Gq and its dissociation 

from translin/ trax, thereby stimulating translin/ trax RNase activity.Further studies are 

needed to assess if this mechanism may mediate activation of translin/trax following 

synaptic stimulation.

Recent studies indicate that receptor stimulation can reverse silencing and trigger translation 

in neurons by stimulating microRNA degradation. BDNF elicits activation of the Lin28a 

microRNA degradation pathway to drive expression of plasticity proteins in cultured 

hippocampal neurons [12]. In the synaptic tagging and capture paradigm, synaptic 

stimulation triggers expression of activin receptors via activation of the translin/trax RNase 

complex. Thus, these findings indicate that Lin28a and translin/trax microRNA degradation 

pathways act in a similar fashion to trigger translation of plasticity proteins. Accordingly, it 

will be interesting in future studies to compare and contrast their roles in this process. The 

discovery that the substrate specificity of the Lin28a pathway is determined by the presence 

of a short sequence motif in the loop of pre-microRNAs, commonly found in let-7 family 

members, has been especially helpful in identifying candidate target mRNAs regulated by 

this pathway. Accordingly, studies aimed at defining the substrate specificity of the translin/

trax RNase, which is poorly understood, would be welcome.

In summary, recent studies have revealed that trax is a multi-functional protein that plays key 

roles in disparate cellular signaling pathways. Thus, we anticipate that these seminal 

findings will stimulate interest in elucidating the regulation and function of this versatile 

protein.
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Highlights

Trax is a versatile signaling protein that interacts with multiple partner proteins.

Together with translin, it forms a microRNA-degrading enzyme.

This RNase mediates rapid reversal of translational silencing underlying plasticity.

Trax also plays a key role in DNA repair by binding to and activating ATM.
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Figure 1: Rapid reversal of translational silencing by synaptic stimulation: role of translin/ trax.
Dicer mediated processing of pre-miRNAs produces mature miRNAs that bind to the 3’UTR 

of dendritic mRNAs to silence their translation. Synaptic stimulation can reverse silencing of 

these transcripts via activation of translin/ trax, a microRNA-degrading enzyme. Rapid 

degradation of microRNAs targeted by translin/trax triggers de novo translation of proteins 

underlying long-term synaptic plasticity.
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Figure 2: Selective cleavage of pre-microRNAs by recombinant translin/ trax in vitro.
Incubation of recombinant translin/trax with a prototypical pre-miRNA, such as pre-miR-21, 

indicates that it is cleaved initially at mismatches in the stem, indicated by arrows. 

Furthermore, these mismatches are required for cleavage to occur as their removal makes the 

corresponding stem-loop structure (sh-miR-21) resistant to cleavage Similarly, pre-let-7a, 

which does not contain mismatches in its stem is not cleaved by translin/trax (TN/TX) 

(adapted from [25]).
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Figure 3: 
(A) Overview of synaptic tagging and capture paradigm. In this form of associative 

plasticity, strong stimulation of one input can prolong potentiation elicited by weak 

stimulation of a second input onto a common target neuron, even if these stimuli are 

delivered at different times within a window of approximately one hour. The stimuli can be 

delivered in either order. The current model explaining synaptic tagging and capture posits 

that the strong stimulus (depicted by a stack of red arrows) is sufficient to trigger de novo 

translation of dendritic proteins that are needed to mediate long-lasting potentiation (red 

ovals). Even though the weak stimulus is unable to drive translation, it is able to set a “tag” 

(depicted by green banner) to mark the activated synapses and “capture” plasticity proteins 

induced by strong stimulation at other synapses. If the weak stimulus is delivered first, then 

the longevity of the tag set by the weak stimulus determines the duration of time that these 

activated synapses can “capture” plasticity proteins induced by strong stimulation. On the 

other hand, if the strong stimulus is delivered first, then the longevity of the plasticity 

proteins defines the window during which weak stimulation can capture these plasticity 

proteins. Figure adapted from [10]. (B) ACVR1C, a member of the TGF-β receptor 
family, is induced by strong stimulation and mediates enhanced potentiation of the 
weak input. In the model proposed by Park et al. [3], strong synaptic stimulation triggers 

activation of the translin/trax RNase complex (blue knob) which reverses translational 

silencing of ACVR1C, which encodes a type II member of the TGF-β receptor family.
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Figure 4: Regulation of DNA repair by A2A adenosine receptor (A2AR) in a trax-dependent 
pathway.
The A2AR interacts with TRAX, which forms a complex with GSK3β and DISCI. Inhibition 

of GSK3P by A2AR activation or GSK3β inhibition releases TRAX from this complex 

allowing it to translocate to the nucleus where it facilitates ATM-mediated DNA repair.
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