
TREX, SR proteins and export of mRNA
Robin Reed and Hong Cheng
The machineries involved in gene expression are highly

conserved from yeast to metazoans. However, a fundamental

difference between these organisms is that most yeast genes

lack introns whereas the converse is true in higher organisms.

Recent studies of the TREX complex, which functions in mRNA

export, unexpectedly revealed that this complex is recruited by

the transcription machinery in yeast whereas the TREX

complex appears to be recruited by the splicing machinery in

mammals. Studies during the past year also revealed a

possible conserved role for SR protein dephosphorylation in

regulating the interaction between SR proteins and the mRNA

export receptor TAP (Mex67 in yeast). There is also an

interesting possibility that an SR protein–TREX complex

interaction is a conserved part of the mRNA export machinery.
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Introduction
The TREX (transcription/export) complex is a key player

in the transport of mRNA from the nucleus to the

cytoplasm. This complex is conserved from yeast to

human, and a Drosophila counterpart was recently char-

acterized. The two main constituents of the TREX

complex are the stable multi-subunit THO complex

and the mRNA export proteins UAP56 (Sub2 in yeast)

and Aly (Yra1 in yeast). As discussed below, the THO

complex plays a central role in recruiting these export

proteins to the mRNA in both yeast and human. Despite

the striking conservation in the structure and function of

the TREX complex, studies in yeast provide strong

evidence linking the TREX complex to transcription

elongation and to co-transcriptional recruitment of the

mRNA export machinery. By contrast, studies in mam-

mals provide compelling evidence linking the TREX

complex to the splicing machinery and suggesting that
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that the TREX complex is recruited to mRNA during a

late step in splicing.

Our review focuses on the evidence for the different

TREX complex recruitment mechanisms as well as on

the puzzles that remain regarding the export of naturally

intronless mRNAs in mammals and spliced mRNAs in

yeast. We also discuss exciting new studies of the SR

(serine/arginine-rich protein) family of splicing factors in

mammals and related proteins in yeast that reveal a role

for dephosphorylation of these proteins in mRNA export

and the identification of a specific nuclear phosphatase in

yeast. For a comprehensive discussion of the coupling

between transcription, splicing and mRNA export, read-

ers are referred to excellent new reviews of these topics

[1–4].

Co-transcriptional recruitment of the yeast
TREX complex
A central component of the TREX complex is the THO

complex, which in yeast consists of the proteins Tho2,

Hpr1, Mft1 and Thp2 [5] (Figure 1). Studies over the past

ten years have indicated that the yeast THO complex

functions in transcription elongation [5,6]. More recently,

the function of this complex has come into sharper focus.

In particular, the THO complex was shown to associate

with actively transcribed genes along their entire length,

suggesting that it plays a role in transcription elongation

[7,8��]. In addition, THO complex mutants form

RNA:DNA hybrids between the nascent transcript and

the DNA template, and these hybrids inhibit transcrip-

tion elongation [9]. The THO complex components are

thought to function in packaging of nascent mRNA and

this packaging may prevent hybrid formation [10]. Stu-

dies this past year by Jensen, Libri and co-workers indi-

cate that the rate of transcription can influence packaging

of mRNA by components of the THO/TREX complex,

which in turn determines whether the mRNP is a target of

the nuclear exosome [11�].

The yeast THO complex is also thought to function in the

co-transcriptional loading of the mRNA export proteins

Sub2 and Yra1 onto nascent transcripts. In a previous

study, Stutz and colleagues showed that Hpr1 interacts

directly with Sub2 and is required for recruitment of Sub2

and Yra1 to the mRNA [12]. Using chromatin immuno-

precipitation in combination with RNase (ChIP/RNase)

to analyze a large number of genes, Rosbash and collea-

gues [8��] have now provided evidence that the THO

complex primarily associates with the DNA template,

whereas Sub2 is loaded onto the nascent transcript. Yra1

appears to associate with both the DNA and the nascent
Current Opinion in Cell Biology 2005, 17:269–273
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Figure 1
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The conserved TREX complex. The yeast, Drosophila and human

TREX complexes contain the THO complex and export proteins,

as well as a protein of unknown function known as Tex1. See text

for details.
RNA [8��]. As shown in Figure 2, the available data have

led to the model that the TREX complex is recruited to

active genes and that the THO complex travels with

RNAP II and transfers Yra1 and Sub2 to the nascent

transcript. The current view is that the entire intronless

yeast transcript is coated by Sub2 and Yra1 [8��].

Recruitment of the mammalian TREX complex
during splicing
In contrast to yeast, studies in mammals indicate that the

TREX complex is recruited to mRNA during splicing.

Early evidence for this possibility came from the observa-

tion that both UAP56 and Aly co-localize with splicing

factors in nuclear speckle domains (for review, see [13]).

Additional work showed that these proteins are associated

with the spliceosome (for review, see [14]) and are

recruited to mRNA during a late step of splicing in vitro
(S Masuda, R Das, H Cheng and R Reed, unpublished).

Several additional proteins, most of which function in

nonsense-mediated decay, are also recruited to mRNA
Figure 2
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during splicing. These proteins associate with spliced

mRNA near exon–exon junctions in a specific complex

known as the exon junction complex (EJC) (for reviews,

see also [1–4]). Now, striking results have been obtained

in vivo in mammalian cells indicating that recruitment of

UAP56 and Aly (and EJC proteins) to nascent transcripts

depends on splicing [15��]. Using in situ hybridization and

confocal microscopy, Carmo-Fonscea and colleagues

[15��] showed that Aly and UAP56 co-localize with spli-

ceosome components at sites where nascent wild-type b-

globin transcripts are synthesized. By contrast, the mRNA

export receptor protein TAP was not detected at these

sites. Importantly, when a mutant b-globin gene encod-

ing a pre-mRNA incapable of splicing was used in the

same assay, not only were the spliceosome components

not detected at the site of transcription, but neither were

UAP56 and Aly. Thus, the implication of the study is that

the export machinery is recruited to the site of transcrip-

tion in a splicing-dependent manner.

As described in our discussion of the yeast TREX com-

plex, Sub2 and Yra1 are recruited to mRNA co-transcrip-

tionally by the THO complex. So, the question is how

UAP56 and Aly are recruited. New studies in mammals

indicate that, as in yeast, UAP56 and Aly are recruited to

mRNA by a stable complex, and this complex is the

apparent counterpart of the yeast THO complex (S

Masuda, R Das, H Cheng and R Reed, unpublished)

(Figure 1). The Drosophila and human THO complexes

were recently characterized (Figure 1), and both were

shown to contain homologs of yeast Tho2 and Hpr1

[7,16��] (S Masuda, R Das, H Cheng and R Reed, unpub-

lished). Three other components of the human THO

complex, fSAPs 79, 35 and 24, have counterparts in

Drosophila (THOC5, 6 and 7, respectively), but these

are not present in yeast [16��,17] (S Masuda, R Das, H

Cheng and R Reed, unpublished). Conversely, neither

the Drosophila nor the human THO complexes contain

homologs of Mft1 or Thp2 (Figure 1). Despite the differ-

ences in composition, recent Drosophila RNA interfer-
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proteins Yra1 (Y), Sub2 (S), and SR-like proteins Gbp2 and Hrb1

plex is recruited to active genes and functions to load Yra1, Sub2

protein, is co-transcriptionally loaded onto the mRNA independently
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ence studies of dTho2 and dHpr1 indicate that the

metazoan THO complex, like its yeast counterpart, func-

tions in mRNA export [16��].

Unexpectedly, recent work indicates that, unlike in yeast,

the mammalian THO complex does not appear to be

directly linked to the transcription machinery, but instead

may be coupled to the splicing machinery. In particular,

all of the components of the human THO complex are

associated with purified spliceosomes [17] (for review, see

[14]). Moreover, hTHO components associate with

spliced mRNA, but not with unspliced pre-mRNA (S

Masuda, R Das, H Cheng and R Reed, unpublished).

A model for recruitment of the metazoan TREX complex

is shown in Figure 3. Abundant evidence exists that

splicing occurs co-transcriptionally in metazoans (for

review, see [18]). Thus, if recruitment of the TREX

complex occurs during splicing then it is also a co-tran-

scriptional event. But we note that, in contrast to the

direct co-transcriptional recruitment seen in yeast

(Figure 2), the recruitment of the TREX complex in

metazoans would be indirect and occur via splicing

(Figure 3).

A conserved role for SR proteins in mRNA
export
Although this review has focused on the conserved

TREX export machinery, proposals have been made that

there are multiple physiologically relevant adaptors for

mRNA export distinct from TREX [19]. These adaptors

have been proposed based in part on the observation that

Aly, UAP56 and the THO complex can all be supplanted

by other pathways in Drosophila RNAi studies [16��,20].

Although other adaptors have been proposed, the only

general candidates so far reported are members of the SR

family of splicing factors [21]. In metazoans, these pro-

teins bind to exon sequences in pre-mRNA and recruit

the spliceosome to the flanking 50 and 30 splicing sites (for

review, see [22]). After splicing, SR proteins remain
Figure 3
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bound to the spliced mRNA (for review, see [23]). SR

proteins also shuttle between the nucleus and cytoplasm,

as would be expected of an mRNA export protein [24].

More recent studies showed that SR proteins mediate

mRNA export [21,25]. Moreover, the SR proteins

involved (9G8 and SF2) function by direct interaction

with TAP [25]. SR proteins are known to be serine-

phosphorylated, and the phosphorylation state is regu-

lated during splicing (for review, see [23]). Now Steitz

and co-workers have obtained interesting new data show-

ing that phosphorylation of SR proteins is also involved in

regulating the interaction between these proteins and

TAP [26��]. Specifically, the dephosphorylated form of

SR proteins associates with mRNA and with TAP and

thus this dephosphorylation is thought to be a mechanism

for the selective export of spliced mRNA versus

unspliced pre-mRNA [26��].

In yeast, Npl3 is an SR-like shuttling protein that has no

known role in splicing but functions in mRNA export

[27]. This protein is co-transcriptionally recruited to

active genes and interacts with RNAP II [27]. Now

Guthrie and colleagues have obtained exciting new data

suggesting that dephosphorylation of SR proteins to

stimulate their interaction with mRNA and with the

mRNA export receptor may be conserved from yeast to

human [28��]. Specifically, these workers showed that a

nuclear phosphatase, Glc7p, is required for mRNA

export. Their data indicate that Glc7p functions to depho-

sphorylate Npl3, which results in mRNA becoming dis-

sociated from the 30-end-processing machinery and

instead associating with the mRNA export receptor

Mex67 [28��]. It will be interesting to determine whether

a related phosphatase is involved in SR protein depho-

sphorylation in higher eukaryotes and whether release of

mRNA from the 30 processing machinery is also involved

in mRNA export.

In contrast to Npl3, which does not associate with the

TREX complex, Gbp2 and Hrb1 are SR-like yeast pro-
SR

TREX

SR SR

pliced mRNP

Spliceosome

RNAP II

Current Opinion in Cell Biology

mbly and splicing occur as the transcript is synthesized by RNAP II.

d mRNA, and the TREX complex is recruited to the spliced mRNA.

s, are not shown.
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teins that do associate with the TREX complex and

require THO complex components for export [29�,30�].
ChIP and RNA immunoprecipitation studies show that

these proteins are associated with actively transcribed

genes throughout their lengths and are bound to nascent

transcripts (Figure 2). Thus, SR-like proteins and TREX

may function together in mRNA export, though a direct

role for Gbp2 and Hrb1 in mRNA export has not yet been

detected. Considering that SR proteins and the TREX

complex are both bound to spliced mRNA in mammals

(Figure 3), it would be interesting to determine whether

there is an association between SR proteins and the

mammalian TREX complex as in yeast.

A puzzle: recruiting the mRNA export
machinery to intron-containing transcripts in
yeast
Although few yeast genes contain introns, those genes

that do are highly expressed. Thus, export of spliced

mRNA is a major process in yeast. How the export

machinery is loaded onto intron-containing genes and

their transcripts was also investigated by Rosbash and

colleagues in their recent work [8��]. Using ChIP/RNase

assays, they found different results depending on the

structure of the gene. In particular, when the intron

was located close to the 30 end of the gene, Sub2 and

Yra1 appeared to bind in the same manner as observed

with intronless genes, associating all along the transcript

upstream of the intron. However, with introns located

close to the 50 end or in the middle of the gene, the data

suggest that Yra1 and Sub2 are not associated with the

region of the transcript where the spliceosome binds.

Thus, these data led to the view that the export machin-

ery is excluded from the pre-mRNA by the spliceosome.

The authors propose that this may be one mechanism for

preventing export of unspliced pre-mRNAs. The exclu-

sion of the mRNA export machinery from the unspliced

pre-mRNA also occurs in mammals, as noted above. An

unanswered question is whether the yeast spliceosome

subsequently plays a role in recruiting the export machin-

ery to the spliced mRNA as occurs in mammals or

whether the export machinery is recruited to the spliced

mRNA by some other mechanism after the spliceosome is

released.

Another puzzle: recruiting the mRNA export
machinery to intronless mRNAs in metazoans
The converse problem exists in metazoans: how is the

export machinery recruited to mRNAs derived from

naturally intronless genes? The SR proteins 9G8 and

SRP20 are not only thought to function in the export

of spliced mRNA but also to function in the export of

intronless mRNA [21,25]. In previous work, Steitz and

colleagues showed that these two SR proteins bind to a

specific element within the naturally intronless histone

H2a mRNA and mediate its export [21]. Whether SR

proteins function in export of other intronless mRNAs
Current Opinion in Cell Biology 2005, 17:269–273
and how they are recruited to those mRNAs is not known.

Neither is it clear whether the TREX complex has a

general role in the export of naturally intronless mRNAs

in metazoans as it does in yeast. In support of this

possibility, Izaurralde and co-workers showed that TREX

complex components are involved in export of some

mRNAs derived from naturally intronless mRNAs in

Drosophila [16��,20]. Thus, a splicing-independent

mechanism must exist not only for SR protein recruit-

ment but also for TREX complex recruitment to mRNA.

Conclusions
The TREX complex is conserved from yeast to human

and functions in mRNA export. Despite this conserva-

tion, the complex appears to be recruited to mRNA by the

transcription machinery in yeast and the splicing machin-

ery in human. It makes more sense to load the export

machinery onto spliced mRNA than onto unspliced pre-

mRNA in the case of higher eukaryotes, which have

numerous introns. And, conversely, it makes sense in

yeast to make use of the transcription machinery for

loading the export machinery, as most transcripts are

not spliced. The obvious question raised is how to deal

with the intron-containing genes in yeast and the intron-

lacking genes in higher organisms. Studies over the past

year have revealed a conserved role for dephosphorylation

of SR proteins in mRNA export, but how they, the TREX

complex, or some as yet undetected adaptors interact and

function in these processes remains to be determined.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Erkmann JA, Kutay U: Nuclear export of mRNA: from the
site of transcription to the cytoplasm. Exp Cell Res 2004,
296:12-20.

2. Vinciguerra P, Stutz F: mRNA export: an assembly line from
genes to nuclear pores. Curr Opin Cell Biol 2004, 16:285-292.

3. Dimaano C, Ullman KS: Nucleocytoplasmic transport:
integrating mRNA production and turnover with export
through the nuclear pore. Mol Cell Biol 2004, 24:3069-3076.

4. Jensen TH, Dower K, Libri D, Rosbash M: Early formation of
mRNP: license for export or quality control? Mol Cell 2003,
11:1129-1138.

5. Chavez S, Beilharz T, Rondon AG, Erdjument-Bromage H,
Tempst P, Svejstrup JQ, Lithgow T, Aguilera A: A protein
complex containing Tho2, Hpr1, Mft1 and a novel protein,
Thp2, connects transcription elongation with mitotic
recombination in Saccharomyces cerevisiae. EMBO J 2000,
19:5824-5834.

6. Chavez S, Aguilera A: The yeast HPR1 gene has a functional
role in transcriptional elongation that uncovers a novel
source of genome instability. Genes Dev 1997,
11:3459-3470.

7. Strasser K, Masuda S, Mason P, Pfannstiel J, Oppizzi M,
Rodriguez-Navarro S, Rondon AG, Aguilera A, Struhl K,
Reed R et al.: TREX is a conserved complex coupling
transcription with messenger RNA export. Nature 2002,
417:304-308.
www.sciencedirect.com



TREX, SR proteins and export of mRNA Reed and Cheng 273
8.
��

Abruzzi KC, Lacadie S, Rosbash M: Biochemical analysis of
TREX complex recruitment to intronless and intron-containing
yeast genes. EMBO J 2004, 23:2620-2631.

The authors investigate the recruitment of the TREX complex to yeast
genes and their transcripts, either containing or lacking an intron. The
data indicate that the THO complex associates mainly with the DNA
template. The mRNA export proteins Sub2 and Yra1 are loaded onto the
entire intronless transcript, but are probably excluded from the spliceo-
some-bound region on intron-containing genes.

9. Huertas P, Aguilera A: Cotranscriptionally formed DNA:RNA
hybrids mediate transcription elongation impairment and
transcription-associated recombination. Mol Cell 2003,
12:711-721.

10. Svejstrup J: Keeping RNA and DNA apart during transcription.
Mol Cell 2003, 12:538-539.

11.
�

Jensen TH, Boulay J, Olesen JR, Colin J, Weyler M, Libri D:
Modulation of transcription affects mRNP quality.
Mol Cell 2004, 16:235-244.

The authors use a combination of genetic, biochemical and cell-biological
methods to demonstrate an important role for the rate of transcription in
packaging of mRNA by the components of the TREX complex.

12. Zenklusen D, Vinciguerra P, Wyss JC, Stutz F: Stable mRNP
formation and export require cotranscriptional recruitment
of the mRNA export factors Yra1p and Sub2p by Hpr1p.
Mol Cell Biol 2002, 22:8241-8253.

13. Reed R: Coupling transcription, splicing and mRNA export.
Curr Opin Cell Biol 2003, 15:326-331.

14. Jurica MS, Moore MJ: Pre-mRNA splicing: awash in a sea of
proteins. Mol Cell 2003, 12:5-14.

15.
��

Custodio N, Carvalho C, Condado I, Antoniou M, Blencowe BJ,
Carmo-Fonseca M: In vivo recruitment of exon junction
complex proteins to transcription sites in mammalian cell
nuclei. RNA 2004, 10:622-633.

This study is the first to provide in vivo evidence in mammalian cells that
splicing is required for loading mRNA export proteins UAP56 and Aly, as
well as EJC proteins, onto mRNA.

16.
��

Rehwinkel J, Herold A, Gari K, Kocher T, Rode M, Ciccarelli FL,
Wilm M, Izaurralde E: Genome-wide analysis of mRNAs
regulated by the THO complex in Drosophila melanogaster.
Nat Struct Mol Biol 2004, 11:558-566.

The authors identify and characterize the Drosophila THO complex. RNAi
is used to show that this complex plays a role in mRNA export. However,
the authors conclude that although the THO complex is conserved, the
vast majority of mRNAs are transcribed and exported independently of
this complex. Heat shock mRNA export does require the THO complex.

17. Zhou Z, Licklider LJ, Gygi SP, Reed R: Comprehensive
proteomic analysis of the human spliceosome.
Nature 2002, 419:182-185.

18. Zorio DA, Bentley DL: The link between mRNA processing
and transcription: communication works both ways.
Exp Cell Res 2004, 296:91-97.
www.sciencedirect.com
19. Gatfield D, Izaurralde E: REF1/Aly and the additional exon
junction complex proteins are dispensable for nuclear mRNA
export. J Cell Biol 2002, 159:579-588.

20. Gatfield D, Le Hir H, Schmitt C, Braun IC, Kocher T, Wilm M,
Izaurralde E: The DExH/D box protein HEL/UAP56 is essential
for mRNA nuclear export in Drosophila. Curr Biol 2001,
11:1716-1721.

21. Huang Y, Steitz JA: Splicing factors SRp20 and 9G8 promote
the nucleocytoplasmic export of mRNA. Mol Cell 2001,
7:899-905.

22. Fu XD: The superfamily of arginine/serine-rich splicing factors.
RNA 1995, 1:663-680.

23. Graveley BR: Sorting out the complexity of SR protein
functions. RNA 2000, 6:1197-1211.

24. Caceres JF, Screaton GR, Krainer AR: A specific subset of SR
proteins shuttles continuously between the nucleus and the
cytoplasm. Genes Dev 1998, 12:55-66.

25. Huang Y, Gattoni R, Stevenin J, Steitz JA: SR splicing factors
serve as adapter proteins for TAP-dependent mRNA export.
Mol Cell 2003, 11:837-843.

26.
��

Huang Y, Yario TA, Steitz JA: A molecular link between
SR protein dephosphorylation and mRNA export.
Proc Natl Acad Sci USA 2004, 101:9666-9670.

The authors provide in vivo and in vitro evidence that dephosphorylation is
required for the efficient association of SR proteins with the mRNA export
receptor TAP.

27. Lei EP, Krebber H, Silver PA: Messenger RNAs are recruited
for nuclear export during transcription. Genes Dev 2001,
15:1771-1782.

28.
��

Gilbert W, Guthrie C: The Glc7p nuclear phosphatase promotes
mRNA export by facilitating association of Mex67p with
mRNA. Mol Cell 2004, 13:201-212.

This study shows that the nuclear phosphatase Glc7p is required for
mRNA export. Glc7p is thought to function by dephosphorylating Npl3p
bound to mRNA, causing release of the mRNA from the 30 processing
machinery and promoting an association between Npl3p and the mRNA
export receptor Mex67p.

29.
�

Hurt E, Luo MJ, Rother S, Reed R, Strasser K: Cotranscriptional
recruitment of the serine-arginine-rich (SR)-like proteins
Gbp2 and Hrb1 to nascent mRNA via the TREX complex.
Proc Natl Acad Sci USA 2004, 101:1858-1862.

This study shows that the SR-like proteins associate with the TREX
complex and bind both to active genes and to their transcripts.

30.
�

Hacker S, Krebber H: Differential export requirements for
shuttling serine/arginine-type mRNA-binding proteins.
J Biol Chem 2004, 279:5049-5052.

This paper shows that the SR-like proteins Gbp2 and Hrb1 require THO
complex components for export, suggesting that these proteins might be
loaded onto the mRNA via the THO complex.
Current Opinion in Cell Biology 2005, 17:269–273


	TREX, SR proteins and export of mRNA
	Introduction
	Co-transcriptional recruitment of the yeast TREX complex
	Recruitment of the mammalian TREX complex during splicing
	A conserved role for SR proteins in mRNA export
	A puzzle: recruiting the mRNA export machinery to intron-containing transcripts in yeast
	Another puzzle: recruiting the mRNA export machinery to intronless mRNAs in metazoans
	Conclusions
	References and recommended reading


