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Over the past few decades, we have learned that eukaryotes have evolved sophisticated means to coordinate
the nuclear export of mRNAs with different steps of gene expression. This functional orchestration is impor-
tant for the maintenance of the efficiency and fidelity of gene expression processes. The TREX (TRanscription-
EXport) complex is an evolutionarily conserved multiprotein complex that plays a major role in the function-
al coupling of different steps during mRNA biogenesis, including mRNA transcription, processing, decay, and
nuclear export. Furthermore, recent gene knockout studies in mice have revealed that the metazoan TREX
complex is required for cell differentiation and development, likely because this complex regulates the ex-
pression of key genes. These newly identified roles for the TREX complex suggest the existence of a relation-
ship between mRNA nuclear biogenesis and more complex cellular processes. This review describes the
functional roles of the TREX complex in gene expression and the nuclear export of mRNAs. This article is
part of a Special Issue entitled: Nuclear Transport and RNA Processing.

© 2011 Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

One of the most prominent features of eukaryotic organisms is the
physical and functional compartmentalization of the cells into organ-
elles that serve as the sites of different cellular activities. The efficient
and accurate targeting of various functional macromolecules to the
correct cellular compartments is crucial for sustaining cellular activi-
ties, including growth, development, and differentiation. The cell nu-
cleus, where genetic information is stored in the form of
chromosomal DNA, is the cellular compartment in which DNA repli-
cation and repair, transcription of genes, and RNA processing occur.
Whereas mRNAs are transcribed and processed in the nucleus, pro-
tein translation occurs exclusively in the cytoplasm. The nuclear en-
velope, a double membrane that surrounds the nucleus, separates
these different activities. Thus, the mRNAs harboring the genetic in-
formation must be transported into the cytoplasm for decoding by
the translational machinery (Fig. 1). In addition, some proteins that
have been translated in the cytoplasm must be imported into the nu-
cleus by active and selective mechanisms.

2. The mechanism of mRNA nuclear export: an overview

Nuclear pore complexes (NPCs) are the passages through which
molecules are trafficked between the nucleus and the cytoplasm.
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NPCs also function as molecular sieves that limit the free and unnec-
essary exchange of soluble macromolecules, including RNAs and pro-
teins, between the two compartments. Most of the RNAs and proteins
that have been investigated to date pass through the NPCs by selec-
tive and active mechanisms and require transport receptors to over-
come this barrier [1,2]. The majority of cellular RNAs, such as tRNAs,
miRNAs, and UsnRNAs, require importin/karyopherin-β-type trans-
port receptors for nuclear export. In contrast, the nuclear export of
mRNAs does not directly rely on importin/karyopherin-β type trans-
port receptors; instead, these molecules are exported by a distinct
heterodimeric transport receptor, termed Tap–p15 (also called
NXF1–NXT1) in metazoans and Mex67–Mtr2 in Saccharomyces cere-
visiae [3–7]. The nuclear accumulation of bulk poly(A)+ RNAs was ob-
served when these transport receptors were downregulated [8–10].
Therefore, it is likely that the vast majority of cellular mRNAs require
Tap–p15/Mex67–Mtr2 for nuclear export, although some minor ex-
ceptions have been reported in metazoans [11]. In addition, human
Tap–p15 was able to functionally complement the lack of Mex67–
Mtr2, rescuing the lethality of the mex67–mtr2 double-knockout
strain [12]. Thus, the mechanism of mRNA export at this stage is evo-
lutionarily conserved between yeast and metazoan species.

In receptor-mediated active transport processes, transport receptors
recognize specific cargo molecules through interactions with signals
encoded in each transported cargo molecule. For example, the T-loop
of tRNAs is directly recognized by the importin/karyopherin-β type
transport receptor Exportin-t. Similarly, the short double-stranded
stem and the 2- to 3-nucleotide single-stranded 3′-overhang of pre-
microRNAs are recognized by Exportin-5 [13–17]. In contrast to these
small RNAs, mRNAs are highly divergent in size, sequence, and
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Fig. 1. The nuclear export of mRNAs. During transcription, various factors that are required for pre-mRNA processing and nuclear export are loaded onto the nascent transcript. The
THO complex associates with the transcribing RNA polymerase II (RNAPII) through various interactions with transcription factors, such as the yeast Syf1 protein, and travels along
the entire transcribed region. The carboxyl-terminal domain (CTD) of RNAPII also plays a major role in the recruitment and deposition of various molecules, including the 3′-end
processing/transcription termination factors. It is proposed that the DEAD-box-type RNA helicase Sub2 (Uap56 in metazoan) and the adaptor mRNA binding protein Yra1 (Aly in
metazoans) associate at the 3′-end of the gene, forming the active TREX complex. Interactions with the 3′-end processing factor Pcf11, which exhibits CTD binding activity, plays a
pivotal role in the recruitment of the latter two factors (see also Fig. 2). In yeast, the heterodimeric mRNA export receptor Mex67–Mtr2 is also recruited to the proximity of the
transcribed locus through an interaction with ubiquitylated Hpr1, an evolutionarily conserved component of the THO complex. The adaptor mRNA binding proteins are transferred
to mRNAs by the activity of the DEAD-box type RNA helicases Sub2 and Uap56. The Mex67–Mtr2 (Tap–p15 in metazoans) heterodimer indirectly recognizes cargo mRNAs through
its interaction with the adaptor Yra1 (Aly in metazoans), resulting in the formation of export competent mRNA-protein complexes (mRNPs). During or after release from the gene
locus, the mRNPs undergo further rearrangements that include the “hand-over” of the mRNAs from the adaptors to the mRNA export receptors. In yeast, these steps take place in
close proximity to both the gene locus and the NPCs due to the gene-NPC interactions [3,6,7]. Finally, the bound mRNAs translocate through the NPCs and are translated in the cy-
toplasm. Yeast Gle1, Dbp5, Nup159 (not shown), and the small molecule inositol hexakisphosphate (InsP6) function at the last step of the nuclear export of mRNAs. Gray and black
ovals, a black square, and a red diamond indicate the various mRNA binding proteins that associate with or dissociate from mRNPs during mRNA processing.
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structure. Thus, mRNA export receptors must adopt different strategies
to recognize mRNAs as their proper cargoes. Although both Tap–p15
andMex67–Mtr2 are able to interact directly with RNA in vitro, they ex-
ploit other mRNA binding proteins as “adaptors” in vivo; these adaptors
become associated with mRNAs in various ways during mRNA biogen-
esis (see below).

The transport receptor facilitates the passage of bound mRNAs
through their direct interactions with nucleoporins, which contain
phenylalanine–glycine (FG-) repeat sequences and occupy the inside
of NPCs [18–21]. During or soon after translocation into the cyto-
plasm, mRNAs change their structures drastically, releasing the trans-
port receptors (see Bjork and Wieslander [22] for a recent review).
Eventually, these RNAs serve as templates for protein translation. Re-
cent reports indicate that the mRNA export protein Gle1, the cyto-
plasmically localized nucleoporin Nup159, the RNA helicase Dbp5,
and the small molecule inositol hexakisphosphate (InsP6) play pivotal
roles in this final step of mRNA export in yeast [23,24] (Fig. 1).
Whether this mechanism is also conserved in higher eukaryotes has
not yet been determined.

3. The TREX complex is required for various nuclear activities

Although the individual steps ofmRNAbiogenesis, such as transcrip-
tion, capping, splicing, and cleavage/3′-end formation, can be reconsti-
tuted as separate reactions in vitro, they proceed interdependently in
vivo. The failure of any one of these steps during mRNA biogenesis
impedes the progression of the other steps. This interdependence is im-
portant for rapid responses to different stimuli and for maintaining the
fidelity of gene expression by blocking the expression of faulty mRNAs
[6,25–30]. The nuclear export step is no exception and is fully integrated
with other steps in the process of mRNA biogenesis (Fig. 1). The “TREX”
(TRanscription-EXport) complex, an evolutionarily conserved multi-
protein complex, lies at the center of such functional couplings [3,31–
35]. As the name implies, the TREX complex consists of factors involved
in both the transcription and the nuclear export ofmRNAs (see Table 1).
During transcription elongation, the TREX complex travels with the
RNA polymerase II (RNAP II) transcriptional machinery along the tran-
scribed gene and interactswith various factors. Then, the TREX complex
facilitates the loading of the associated factors onto the mRNA and the
packaging of the functional mRNA–protein complexes (mRNPs) for nu-
clear export [36–38] (Fig. 1). A defect inmRNAexport is themost prom-
inent phenotype of yeast tho/trexmutants [36]. However, thesemutants
also exhibit a variety of other phenotypes, including defects in mRNA
3′-end formation and genome instability, due to the multiple interac-
tions of TREX components with different factors (see below).

The dynamics of the TREX components on active genes have been
examined in yeast using chromatin immunoprecipitation (ChIP) as-
says [36,39–41]. Consistent with the observation that bulk poly(A)+

RNA accumulation occurs in yeast tho/trex mutants, a recent
genome-wide ChIP-chip analysis revealed that the yeast TREX com-
ponents were bound to virtually all actively transcribed genes [42].
The yeast TREX complex shows an apparent localization bias toward
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the 3′-ends of genes [36,39–41], yet it does not associate with chro-
matin downstream of the polyadenylation site [40–42]. These obser-
vations imply that the loading of the TREX complex is coupled to
transcriptional elongation and/or 3′-end processing (see the next sec-
tion) and that the TREX complex is released from the template DNA
along with the mature mRNA. Consistent with this model, the compo-
nents of the yeast TREX complex exhibit both physical and genetic inter-
actions with mRNA cleavage/polyadenylation factors [43–46]. Defects
in correct 3′-end formation and in the release of mature mRNA from
the transcription site [45,47,48], both of which resemble the pheno-
types of cleavage/polyadenylation factor mutants [49–52], are observed
in tho/trexmutants.Moreover, the release of the polyadenylation factors
from the mRNA is impeded in tho/trex mutants [53]. It has also been
reported that the depletion of THO components in Drosophila cells
resulted in the impairment of 3′-end formation in hsp70mRNA [54].

Incorrectly packaged mRNPs in the nuclei of the tho/trex mutants
form “heavy chromatin” in which the defective mRNPs are confined
together with the DNA, 3′-end processing factors, and nucleoporins
[55]. The aberrant mRNPs are eventually subjected to quality control
by a nuclear surveillance mechanism [45]. The yeast THO complex is
known to be required for the efficient transcriptional elongation of
genes; notably, the expression of long and GC-rich or repeat-
containing genes is particularly affected in the tho/trex mutants
[56,57]. It has been suggested that the heavy chromatin formed at
the 3′-ends of genes in tho/trex mutants may physically collide with
the elongating RNAP II. Thus, the heavy chromatin might act as a mo-
lecular roadblock, impairing efficient transcriptional elongation be-
yond the polyadenylation site [55,58]. In addition, an unusual
hybridization between nascent transcripts and the non-template
strand of DNA, resulting in structures called R-loops, occurs in yeast
tho/trex mutants [59,60]. By inhibiting the formation of R-loops, the
THO complex prevents hyper-recombination [61], thus linking tran-
scription to genome stability. A recent study indicated that R-loops
can be obstacles for transcriptional elongation and other nuclear ac-
tivities, including DNA replication [42].

4. The loading of the TREX complex onto active genes: coupling to
different steps in gene expression

The recruitment of the TREX complex to cargo mRNAs is linked to
different steps in gene expression, and the molecular mechanisms of
this recruitment are now being uncovered. The loading of the TREX
Table 1
Components of the TREX complex.

Yeast Drosophila Mammals

THO components
Hpr1 Thoc1 Thoc1 (hHpr1)
Tho2 Thoc2 Thoc2
Thp2
Mft1a Thoc7a Thoc7a

Thoc5 Thoc5 (FMIP)
Thoc6 Thoc6

Tex1b Thoc3b Thoc3 (hTEX1)b

DEAD-box type
helicase

Sub2 Uap56 Uap56
DDX39c

Adaptor mRNA
binding protein

Yra1 Aly Aly (REF, Thoc4)

a These proteins share a sequence motif of unknown function (pfam05615).
b Tex1/Thoc3 is not a stable component of the THO complex in different species

[31,55,61], and thus, it could be categorized as a THO-interacting factor.
c DDX39 is structurally very similar to Uap56 (human DDX39 and Uap56 show 90%

amino acid sequence identity to each other), but its inclusion in the TREX complex has
not yet been formally confirmed.
complex seems to be divided into at least two consecutive steps. Ini-
tially, the THO complex recruits other components to assemble the
“active” TREX complex at the activated gene loci. This initial assembly
could be facilitated by the concentration of the necessary components
through various interactions with the RNAP II transcriptional machin-
ery (. 1). In fact, earlier studies indicated that the loading of the yeast
THO/TREX complex is coupled with transcriptional elongation
[36,43]. Subsequently, Yra1–Sub2 or Aly–Uap56 is transferred to the
cargo mRNA [39,62] for recognition by the mRNA export receptor. Be-
cause the majority of protein-coding genes in yeast do not harbor in-
trons, it is thought that the yeast TREX components are recruited to
active genes by splicing-independent mechanisms [37,39,63]. In con-
trast, splicing-dependent mechanisms are thought to dominate in
metazoan species, whose protein-coding genes often containmultiple
introns [63,64]. However, several studies have indicated that splicing-
independent mechanisms also seem to operate in higher eukaryotes
[65,66].

Yeast Pcf11, an RNAP II CTD-binding subunit of the CF1A cleavage
factor (Table 2), participates in the recruitment of Yra1 to the THO
complex through a physical interaction [46]. Interestingly, the same
interaction domain mediates the binding of Yra1 to either Sub2 or
Pcf11. Therefore, the Pcf11–Yra1 and Sub2–Yra1 complexes are
formed in a mutually exclusive manner. These observations led John-
son et al. [46] to propose a model in which the formation of the active
cleavage/polyadenylation complex (i.e., the release of Yra1 and the
formation of CF1A) and the nuclear export complex (i.e., the forma-
tion of the Sub2–Yra1 complex) are synchronized. Thus, the efficient
assembly of the active TREX complex is linked to the formation of the
3′-end of the mRNA (Fig. 2).

The Syf1 component of the Prp19 complex, which plays an essen-
tial role in splicing [67], was recently found to be a THO-interacting
factor (Table 2). Mutant yeast strains harboring a specific allele of
the SYF1 gene show defects in RNAP II processivity that do not affect
splicing efficiency [68]. The tetratrico peptide repeat (TPR) motifs in
the C-terminal region, which are deleted in the syf1 mutant, are re-
quired for the recruitment of the entire Prp19 complex to the elongat-
ing RNAP II. Notably, the occupancy of the TREX complex on active
genes is also reduced in the syf1 mutant. Thus, because it mediates
the interaction with the elongating RNAP II, Syf1 is required for the
recruitment of the TREX complex to active genes in a transcription-
coupled manner [68]. It is noteworthy, however, that the crosslinking
of the TREX complex to the 5′-regions of several genes occurred even
in the strain harboring the syf1 mutation. Therefore, other mecha-
nisms that bypass the requirement for the Prp19 complex may partic-
ipate in the recruitment of the TREX complex to the 5′-regions of
active genes.

Drosophila melanogaster ENY2, the yeast Sus1 orthologue, has
been shown to co-purify with the TREX complex. Like yeast Sus1,
ENY2 is a component of the TREX-2 complex (called AMEX in D. mel-
anogaster) and the SAGA/TFTC histone acetylation complex [69]
(Table 2). Gene knockdown experiments, however, indicated that
the THO–ENY2 complex functions independently of SAGA and
AMEX [54]. Drosophila THO and ENY2 are recruited to activated
genes, including hsp70, which is a well-characterized metazoan
target of the TREX complex [66,70]. Interestingly, the knockdown of
ENY2 reduced the recruitment of the THO complex to the activated
hsp70 locus. Because the Drosophila hsp70 gene is intron-less, THO re-
cruitment through ENY2 may be coupled with transcription. Howev-
er, neither ENY2 nor the THO stably associate with the RNAP II
transcription machinery [54]. Therefore, the mechanisms by which
ENY2 recruits the TREX complex to activated genes remain elusive.

Mammalian Aly has been shown to be transferred tomaturemRNAs
through an interaction with Iws1 (Table 2), which is tethered to elon-
gating RNAPII via the histone chaperone Spt6 [71]. A yeast spt6mutant
also has a poly(A)+ RNA export defect and the SPT6 gene exhibits a ge-
netic interaction with MEX67 [72], suggesting that the Iws1–Spt6-



Table 2
THO/TREX-interacting factors described in this review.

Yeast Metazoan Remarks

Mex67–
Mtr2

Tap–p15 The hetero-dimeric mRNA export receptor

Pcf11 Pcf11 Yeast Pcf11 forms the cleavage factor 1A (CF 1A) complex
together with Rna14, Rna15, and Clp1. In human cells, Pcf11
and Clp1 comprise the mammalian cleavage factor II (CFIIm)
complex.

Syf1 XAB2 Yeast Syf1 comprises the Prp19 complex together with
Prp19, Ntc20 Snt309, Isy1, Syf2, Cwc2, Prp46, C1f1, and Cef1.

Sus1 ENY2 Drosophila ENY2 is a component of two different complexes
called the TREX-2/AMEX together with Xmas-2 and the
SAGA/TFTC histone-acetyltransferase complex together with
dSgf11 and dNonstop.

Iws1 Iws1 Human Iws1 is a putative transcription elongation factor. It
binds to Ser2-phosphorylated RNAPII CTD through an in-
teraction with Spt6.

STO1 CBP80 The large subunit of the nuclear cap binding complex (CBC).
UIF1 Uap56-Interacting Factor 1. The official name is Forty-two-

three domain containing 1 (FYTTD1).
Tho1 CIP29 The yeast gene was named after its ability to suppress the

Transcriptional defect of Hpr1 by Overexpression. The
official name of the human ortholog is SAP domain
containing ribonucleoprotein (SARNP).
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mediated mechanism could be evolutionarily conserved. It has not yet
been examined how the THO complex functions together with Iws1–
Spt6; therefore, the step at which the Iws1–Spt6-mediated loading
mechanism functions is not known. It is possible that the Iws1–Spt6-
mediated mechanism could operate in parallel with other loading
mechanisms. Alternatively, this mechanism might be necessary for the
efficient targeting of Aly to form the active TREX complex on activated
genes.
Fig. 2. The coupling of 3′-end formation and the loading of the adaptor mRNA binding prote
interacts with the adaptor mRNA binding protein Yra1. The Pcf11-binding domain of Yra1
complexes are formed in a mutually exclusive manner. It has been proposed that Clp1, an
form the functional CF 1A complex. Concomitant with its release from Pcf11, Yra1 interacts
TREX complex. Concomitant with the cleavage and polyadenylation of the pre-mRNA, the
between human Pcf11 and Aly was also observed, suggesting that this coupling mechanism
The components of the human TREX complex localize to a splicing
factor-rich nuclear compartment, and the TREX complex is recruited
to spliced mRNAs, but not unspliced pre-mRNA in vitro [64]. CBP80,
the large subunit of the nuclear cap-binding complex (CBC, see
Table 2), co-purifies with the TREX complex and plays an important
role in splicing-dependent recruitment. Furthermore, the TREX com-
ponents have been shown to bind to the 5′-most region of spliced
mRNAs [73]. CBC is also required for the recruitment of the TREX
complex to an exogenously injected intron-less mRNA [65]. Thus,
CBC may act as a landing pad that ensures the correct positioning of
the TREX complex on mature mRNAs. The association of the mRNA
export machinery with the 5′-end may allow the translocation of
the mRNAs through the NPCs in a 5′ to 3′ direction [22]. A recent re-
port indicated that the formation of the mammalian TREX complex is
strictly regulated by ATP [74]. These authors found that the addition
of ATP to a nuclear extract facilitated the assembly of the TREX com-
plex. In dilute samples, the interaction between Aly and Uap56 oc-
curred efficiently only in the presence of ATP. The splicing-coupled
assembly of the active TREX complex may proceed synchronously
with the late steps of spliceosome formation, which also require ATP.

5. Cargo mRNA recognition via the TREX complex

ChIP assays indicated that the yeast mRNA export receptor Mex67
is recruited to actively transcribed genes via an interaction with the
RNAP II transcriptional machinery [75]. This interaction is mediated
by Hpr1, a component of the THO complex [76] (Table 1). In yeast, ac-
tive genes are spatially positioned in proximity to the NPCs. There-
fore, the initial recognition of cargo mRNAs by the transport
receptor and the preparation for and commitment to their nuclear ex-
port could be an early event in gene expression. In contrast, due to the
in Yra1. Yeast Pcf11, an RNAPII CTD-binding component of cleavage factor 1A (CF 1A),
is also involved in its interaction with Sub2. Therefore, the Yra1–Pcf11 and Yra1–Sub2
other component of CF 1A, displaces Yra1 at the 3′-ends of the transcribed genes to
with Sub2, and Yra1 and Sub2 are transferred to the THO complex to form the “active”
TREX complex is loaded onto the mature mRNA and acts as an adaptor. An interaction
may also be conserved in metazoan species.

image of Fig.�2
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increased size of metazoan nuclei, the formation of export competent
mRNPs is thought to occur much deeper inside the nucleus. Thus, a
distinct mechanism for the delivery of mRNPs to the NPCs has been
proposed to operate in metazoan cells [77].

Both Yra1 and Aly have been shown to interact directly with the
mRNA export receptor Mex67–Mtr2/Tap–p15 [78–80]. Recent data,
however, indicate that cargo mRNA recognition mediated by the in-
teraction between Aly and Tap–p15 is transient and that the mRNA
is transferred to Tap–p15 for direct binding. Moreover, the transfer
of mRNA to Tap–p15 from the metazoan non-TREX type adaptor
mRNA binding proteins 9G8 and SRp20 was also observed [81]. In
contrast to these metazoan adaptor mRNA binding proteins [66,82–
85], yeast Yra1 is confined to the nucleus [78], suggesting that the
nucleo-cytoplasmic shuttling activity of the adaptors is not necessar-
ily required for mRNA export. Moreover, the ubiquitination of Yra1
promotes its dissociation from mRNPs before nuclear export [80].
These data suggest that the transfer of mRNAs from the adaptors to
the export receptor may also take place in yeast. Thus, adaptor
mRNA binding proteins probably act as intranuclear chaperones to
allow specific and efficient binding of the transport receptors to the
cargo mRNPs. Given that various adaptor mRNA binding proteins
seem to function in vivo (see Ref. [86] for review), the “hand-over”
model may also explain why the down regulation of the transport re-
ceptor Tap–p15, but not of individual adaptors, induces a bulk
poly(A)+ RNA export defect in higher eukaryotes [9,70,87,88].

6. The diversity of the TREX complex in metazoan species

The THO complexes in yeast andmetazoans have different compo-
sitions (Table 1) [33,36,70]. The recent identification of additional
TREX-interacting factors (Table 2) may be indicative of further com-
positional (and perhaps functional) diversity and complexity in the
mammalian TREX complex [7].

UIF1 is a recently identified protein that harbors a peptide motif
similar to that in the amino-terminal region of Aly, to which Uap56
binds [89]. Indeed, UIF1 binds both Uap56 and Tap in vitro. Moreover,
the components of the THO complex co-purified with UIF1. Although
the knockdown of either Aly or UIF1 alone did not have a major im-
pact on mRNA export, the simultaneous knockdown of both Aly and
UIF1 induced the nuclear retention of bulk poly(A)+ RNAs. This find-
ing suggests that UIF1 functions along with Aly as an additional adap-
tor mRNA binding protein. Interestingly, the histone chaperone FACT
is specifically required for the recruitment of UIF1, but not Aly, to
mRNAs. This difference may indicate that UIF1 and Aly are recruited
to the TREX complex through different mechanisms.

Tho1 was originally identified as a multi-copy suppressor of an
hpr1 deletion mutant in yeast [90]. Human CIP29, an orthologue of
yeast Tho1, has been shown to bind Uap56 and its close paralog
DDX39 in two-hybrid assays [91]. A recent report revealed that
human CIP29 is indeed a TREX-interacting protein, and it can be co-
immunoprecipitated with the TREX complex (Table 2) [74]. Although
the step at which CIP29 functions has not yet been determined, CIP29
is reportedly able to regulate the helicase activity of DDX39 [92].
Thus, it is possible that CIP29 facilitates the loading of the TREX com-
plex onto mRNAs by regulating the activity of Uap56.

Intriguingly, a subsequent study indicated that the knockdown of
either Uap56 or DDX39 downregulated different sets of mRNAs and
caused defects at different stages of mitosis. A microarray analysis
revealed that the knockdown of either Uap56 or DDX39 affected the
expression of different sets of genes [93]. These observations suggest
that these two closely related RNA helicases are involved in the ex-
pression of different sets of genes. However, there was a discrepancy
in these two studies regarding the involvement of the THO compo-
nents in the compositions of the Uap56- (i.e., TREX) and DDX39-
containing complexes [74,93]. Thus, the mechanisms by which these
different sets of genes are distinguished await further analysis.
7. The metazoan TREX complex affects intricate cellular activities

Studies in knockout mice have shown that the metazoan THO/
TREX complex is required for development and cellular differentia-
tion because of its ability to specifically regulate the expression of a
subset of genes [94–96]. In addition, several studies have implicated
THO/TREX components in cancer development [97,98], which could
be related to the functions of the THO/TREX complex in genome sta-
bility. These data highlight the relevance of the TREX complex in intri-
cate cellular activities in metazoans.

Thoc1, an ortholog of the yeast THO component Hpr1, has been
shown to be required for early development in mouse embryos [94].
More recently, the analysis of a mouse strain harboring a hypomorphic
Thoc1 allele showed that Thoc1 is required for spermatogenesis and
male fertility. In contrast to the lethality of the Thoc1 knockout, the
mice harboring the hypomorphic Thoc1 allelewere viable. Furthermore,
a subset of genes was downregulated in the Thoc1 hypomorph [95], in-
cluding Gata1 and Rhox5, which play roles in Sertoli cells in the testes
[99]. The association of Thoc1 with these genes was observed by ChIP
analysis. These findings indicate that there may be tissue- and gene-
specific regulatory roles for metazoan TREX components.

Thoc5 (also called Fms-interacting protein FMIP), a metazoan spe-
cific component of the THO complex (Table 1), is involved in the nuclear
export of HSP70mRNA as a co-adaptor of Aly [66]. However, the extent
to which Thoc5 activity is required for non-heat shock gene expression
is not yet fully understood. A recent analysis of a Thoc5 gene knockout
mouse strain showed that Thoc5 depletion causes embryonic lethality
as is observed in the Thoc1 knockout, confirming the requirement of
the THO complex during the early development. Further analysis
using conditional and inducible Thoc5 knockout mice revealed that
Thoc5 depletion causes neonatal death due to the insufficient growth
and differentiation of hematopoietic cells, including leukocytes and
erythrocytes [96]. These data are consistent with previous results
from the samegroup showing that Thoc5 controls adipocyte lineage dif-
ferentiation [100]. In accordance with the previously reported data that
bulk poly(A)+ RNA export is not strongly affected by the downregula-
tion of the TREX components in metazoans [66,70], a recent transcrip-
tomic analysis of Thoc5 gene-deleted mouse embryonic fibroblasts
(MEFs) indicated that only several hundred genes are regulated by
Thoc5. Intriguingly, the genes regulated by Thoc5 in MEFs include
those that are required for hematopoietic development [101]. Although
these authors concluded that the observed developmental phenotypes
are caused by a defect in the nuclear export of the target mRNAs, it is
also possible that Thoc5 plays unknown regulatory roles that do not re-
quire all of the TREX components. Moreover, the genes controlled by
Thoc1 and Thoc5 did not show any readily identifiable structural or se-
quence similarities. Therefore, further analysis is required to elucidate
themechanisms, bywhich these genes are specifically selected and tar-
geted by the mammalian TREX complex.

8. Conclusions

Extensive studies using yeast as a model system have greatly clar-
ified the molecular mechanisms of nuclear mRNA export. Nuclear
mRNA export and other steps in gene expression are streamlined,
and they proceed interdependently through the activities of multi-
functional proteins that act at different steps of gene expression.
The yeast TREX complex is one such factor, connecting transcription
elongation and correct 3′-end formation to nuclear export. Intriguing-
ly, it has also been suggested that the yeast TREX complex may affect
events further downstream, such as the fidelity of translation in the
cytoplasm [63,102]. In metazoan species, the TREX complex affects
the expression of only a subset of genes, including several key factors
required for cellular differentiation and development. These emerg-
ing data may provide clues to the mechanisms by which the TREX
complex is recruited to its target genes in metazoans. Furthermore,
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these observations suggest a new connection between the nuclear
biogenesis and/or export of mRNAs and complex cellular activities.
The efficient 3′-end formation of target genes, which affects the effi-
ciency of gene expression in human cells [103], may be regulated by
the TREX complex, as has been shown in yeast. Another unanswered
question is whether the observed effects on the expression of key
genes in different tissues are due to the function of the entire THO/
TREX complex or of specific components. The compositional diversity
of the THO/TREX complex in metazoans could provide another layer
of regulation of the expression of different target genes in different tis-
sues. The solution of the THO/TREX complex structure would also cer-
tainly be helpful in finding answers to these questions. In the next
several years, we may obtain a more comprehensive and clear view of
the functional roles played by the TREX complex in higher eukaryotes.
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