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embryo fibroblasts
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ABSTRACT

The TREX (transcription/export) complex has been conserved throughout evolution from yeast to man and is required for
coupled transcription elongation and nuclear export of mRNAs. The TREX complex in mammals and Drosophila is composed of
the THO subcomplex (THOC1, THOC2, THOC5, THOC6, and THOC?), THOC3, UAP56, and Aly/THOC4. In human and
Drosophila, various studies have shown that THO is required for the export of heat shock mRNAs, but nothing is known about
other mRNAs. Our previous study using conditional THOCS5 (or FMIP) knockout mice revealed that the presence of THOCS is
critical in hematopoietic cells but not for terminally differentiated cells. In this study, we describe the establishment of a mouse
embryo fibroblast cell line (MEF), THOC5 flox/flox. Four days after infection of MEF THOCS flox/flox with adenovirus carrying
Cre-recombinase gene (Ad-GFP-Cre), THOC5 is down-regulated >95% at the protein level, and cell growth is strongly
suppressed. Transcriptome analysis using cytoplasmic RNA isolated from cells lacking functional THOCS5 reveals that only 2.9%
of all genes were down-regulated more than twofold. Although we examined these genes in fibroblasts, one-fifth of all down-
regulated genes (including HoxB3 and polycomb CBX2) are known to play a key role in hematopoietic development. We further
identified 10 genes that are spliced but not exported to the cytoplasm in the absence of THOC5. These mRNAs were copurified
with THOC5. Furthermore, Hsp70 mRNA was exported in the absence of THOC5 at 37°C, but not under heat shock condition
(42°C), suggesting that THOC5 may be required for mRNA export under stress and/or upon signaling-induced conditions.

Keywords: mRNA export complex THOC; Fms interacting protein (FMIP); transcriptome analysis; conditional knockout mouse
fibroblasts; mRNP complex

INTRODUCTION Kohler and Hurt 2007). The subcomplex of TREX, the THO
complex, was first identified in Saccharomyces cerevisiae as
a five-protein complex (THO2/THOC2, Hpr1/THOCI1, Mftl,
Thp2, and Tex1/THOCS3) that plays a role in transcriptional
elongations, nuclear RNA export, and genome stability
(Chavez and Aguilera 1997; Piruat and Aguilera 1998; Chavez
et al. 2001; Jimeno et al. 2002; Strasser et al. 2002). In higher
eukaryotes such as Drosophila melanogaster or human, three
proteins (THOCI1, THOC2, and THOC3) and three addi-
tional unique proteins were identified, namely, THOCS5/
FMIP/fSAP79, THOC6/fSAP35, and THOC7/{SAP24
(Rehwinkel et al. 2004; Masuda et al. 2005). In the yeast
system, it was previously shown that yeast strains lacking THO
complex components showed nuclear accumulation of poly

During expression of protein-coding genes, pre-mRNAs are
transcribed in the nucleus and undergo several RNA-processing
steps. The mature mRNA is then exported from the nucleus to
the cytoplasm for translation. The TREX (transcription/
export) complex has been shown to contribute to cotranscrip-
tional mRNP assembly and mRNA export from the nucleus
(Reed and Hurt 2002; Aguilera 2005; Reed and Cheng 2005;
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(A)" RNA at the restrictive temperature (Gallardo et al. 2003).
However, in the Drosophila system, only 20% of all genes were
suppressed by depletion of THOCI1 and THOC2 (Rehwinkel
et al. 2004). In addition, using the HeLa human cell line, it
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has been shown that depletion of THOCS5 did not cause an
accumulation of poly(A)™ RNAs in the nucleus, but deple-
tion of Tap-pl5 or Aly causes a dramatic accumulation of
poly(A)" RNAs in the nucleus (Katahira et al. 2009),
suggesting that Aly and Tap-p15, but not THOCS, represent
a crucial function in the nuclear export of a wide range of
poly(A)" RNA. It remains uncertain which genes are THO
function-dependent. THOCS5/Fms-interacting protein (FMIP),
a member of the THO complex, was originally identified as a
substrate for the Macrophage Colony Stimulating Factor
(M-CSF) receptor tyrosine kinase, Fms (Tamura et al. 1999).
THOCS is phosphorylated not only by several tyrosine kinases
(Pierce et al. 2008), but also by protein kinase C (Mancini et al.
2004), by the downstream kinase from insulin stimulus
(Gridley et al. 2005) or ATM kinase (Matsuoka et al. 2007),
suggesting that extracellular stimulation regulates the func-
tion of THOCS. We have previously shown that depletion of
THOCS by siRNA or ectopic expression causes abnormal
hematopoiesis and abnormal muscle differentiation in mye-
loid progenitor or mesenchymal progenitor cell lines, in-
dicating that the THO complex is essential for the differen-
tiation process in mammals (Tamura et al. 1999; Mancini
et al. 2007; Carney et al. 2009). Furthermore, using interferon
inducible THOC5 knockout mice, we have shown that
THOCS is essential at an early stage of mouse development
and that this gene is essential for survival in adult mice. In
these knockout mice, bone marrow cells become apoptotic,
hematopoietic progenitor cell numbers collapse, and the
animals become anemic. Although the THOC5 gene was
deleted in liver, kidney, and heart, pathological alterations to
these organs were not observed (Mancini et al. 2010). These
data suggest that the THO complex plays a key role in early
embryogenesis and in hematopoietic differentiation but does
not play a role in differentiated cells. To obtain further insight
into the role of THOCS at a molecular level, we performed
a transcriptome analysis using mouse embryo fibroblasts (MEF
THOC5flox/flox) in the presence or absence of THOCS. The
depletion of THOCS expression suppressed the cell growth of
MEF THOC5flox/flox cells. Surprisingly, only 2.9% of the
genes are affected by the depletion of THOC5. We further
identified mRNAs that were detected in the nucleus as spliced
forms but were not exported into the cytoplasm in the absence
of THOCS. Furthermore, these mRNAs were copurified with
THOCS, suggesting that these are THO complex-dependent.

RESULTS

Depletion of the THOC5 gene in fibroblasts
down-regulates cell growth

We have reported previously on the THOCS flox/flox mouse
that is generated by flanking exons IV and V of the THOC5
gene with JoxP sites (Mancini et al. 2010). To examine gene
regulation by THOCS, we first established a mouse embryo
fibroblast (MEF) THOCS5 flox/flox cell line. Upon infection

of MEF THOCS flox/flox with adenovirus carrying the Cre-
recombinase gene (Ad-GFP-Cre), THOCS5 is down-regulated
>95% within 4 d at the protein level (Fig. 1A). As control,
we infected the same cells with adenovirus carrying only the
GEFP gene (Ad-GFP). The level of THOCS did not change
after control virus infection. By RT-PCR, a PCR product
lacking exons IV and V (429 bp) was detected after infection
with Ad-GFP-Cre virus (Fig. 1B), indicating that delta
exons IV/V transcript was synthesized in the cells. We have
previously shown that the depletion of the THOCS5 gene
causes apoptosis of hematopoietic cells (Mancini et al.
2010). To examine whether the depletion of THOCS5 alters
the phenotype of fibroblasts, we examined the growth rate of
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FIGURE 1. Depletion of the THOC5 gene in fibroblasts down-
regulates cell growth. (A) MEF THOCS5 flox/flox were infected with
adenovirus carrying the GFP gene (Ad-GFP) or adenovirus carrying
the GFP and Cre-recombinase genes (Ad-GFP-Cre) (Vector Biolab).
Cell extracts were then examined by THOC5- and GAPDH-specific
immunoblot. (B) RNAs were isolated from cells treated as above and
were then analyzed by RT-PCR using actin- and THOC5-specific
primers: forward primer: 5'-tctgccttttcacctggaag-3'; reverse primer:
5'-ctcggtacttttctgecage-3' (product size = 643 bp [wild type] or 429 bp
[without exon IV/V]). (C,D) 10* MEF THOCS5 flox/flox or mouse
NIH3T3 cells were infected with Ad-GFP or Ad-GFP-Cre virus, and
cells were counted each day. Results represent the average values £SD
from three independent experiments.
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THOCS5-deficient fibroblasts. As shown in Figure 1C,
THOCS5-deficient fibroblasts slow down growth drastically
2 d after Ad-GFP-Cre virus infection. In agreement with
these data, yeast THO-null mutants are slow growers
(Chavez et al. 2001; Garcia-Rubio et al. 2008). As control,
mouse fibroblast cell line NIH3T3 cells were infected with
Ad-GFP or Ad-GFP-Cre virus. NIH 3T3 cells grew equally
well before and after infection with Ad-GFP or Ad-GFP-Cre
virus (Fig. 1D). Furthermore, the deletion of THOCS in
hematopoietic cells causes apoptosis (Mancini et al. 2010);
however, no apoptotic cells were detected by poly (ADP-
ribose) polymerase cleavage assay (data not shown), sug-
gesting that the THO complex may play different roles in
the differentiation/proliferation of distinct cell types.

The relevance of the THO function in mammals
is limited to a subset of genes, but key genes
for mouse development and hematopoiesis

It has been previously suggested that the metazoan THO
complex does not play a genome-wide role (Rehwinkel et al.
2004; Farny et al. 2008; Katahira et al. 2009). To examine
whether the significance of the THOCS function in mammals

is a consequence of a general genome-wide role or whether
its role is limited to a subset of genes, we applied a microarray
technique using THOCS5-depleted fibroblasts. The cytoplas-
mic RNA was isolated from cells infected with Ade-GFP-Cre,
Ade-GFP virus, or mock-infected on days 2 and 4 and then
applied for Affymetrix transcriptome analyses. We selected
genes that were down-regulated more than twofold by Ad-
GFP-Cre virus infection but were down-regulated <1.5-fold
by Ad-GFP control virus. By selecting genes that were down-
regulated more than twofold, 559 genes (2.9%) were found.
Similarly, in the Drosophila system, ~20% of genes were
down-regulated by depletion of THOCI and 2 (Rehwinkel
et al. 2004), indicating that the THO complex plays a role in
expression of a subset of genes. Furthermore, only 19 genes
were up-regulated more than twofold by the depletion of
THOCS. Among 198 genes that were down-regulated more
than threefold by depletion of THOCS, 143 genes were func-
tionally known genes (Supplemental Table 1). We uploaded
these lists to the Ingenuity Pathway Analysis (IPA, Ingenuity
System, Inc.) application for biological function analysis.
Seventy-one out of 143 genes mapped to the IPA knowledge
database. Forty-five percent of the genes are involved in
development and cell differentiation (Table 1). This is in

TABLE 1. THOC5-dependent genes are involved in differentiation and development

Category

Genes

Hematological system development and function

Lymphoid tissue structure and development
Connective tissue development and function

Skeletal and muscular system development and function

Digestive system development and function
Hepatic system development and function
Reproductive system development and function
Embryonic development

Nervous system development and function

Respiratory system development and function

Visual system development and function
Cardiovascular system development and function
Renal and urological system development and function
Hair and skin development and function

Endocrine system development and function

BCL11B, CBX2, CHRNAT, GJA1, GRIK2, HMOX1, HOXB3, D2,
IL7, IL7R, LGALS2, Pdcd1lgl, TWSG1, USF1

BCL11B, GJA1, ID2, IL7, IL7R

AGPAT6, CBX2, COPS5, FOSL1, GJA1, HOXB3, HMOX1, ID2, IL7,
MT1E, SOX5, SOX9, TWSG1, VCAN

CBX2, FOSL1, GJA1, HOXB3, HMOX1, D2, IL7, RAMP3,
SOX5, SOX9, SOX15, TWSGT

ARF6, ARNT, ID2, SOX9

ARF6, ARNT, MT1E

AGPAT6, FOSL1, GJA1, ID2, SOX9, SOX15, TOP3B

ARNT, CBX2, FOSL1, SLC2A3, SOX5, SOX9

BCL11B, CHRNA1, GJA1, GRIK2, ID2, POUGF2, PTF1A, SOX9,
SYN3, VCAN

HMOX1

PTF1A

ARNT, GJAT, HMOX1, HOXB3, ID2, SOX9, VCAN

GJA1, USF1

ATOX1, GJA1, ID2, MYRIP

PTF1A

Seventy-two functionally known genes that were down-regulated more than threefold by the depletion of THOC5 were analyzed by IPA
Ingenuity analysis (Ingenuity System, Inc.).

Abbreviations: (AGPAT6) 1-Acylglycerol-3-phosphate O-acyltransferase 6 (lysophosphatidic acid acyltransferase, ¢); (ARF6) ADP-ribosylation
factor 6; (ARNT) aryl hydrocarbon receptor nuclear translocator; (ATOX1) ATX1 (antioxidant protein 1) homolog 1 (yeast); (BCL11B) B-cell
leukemia/lymphoma 11B; (CBX2) chromobox homolog 2 (Drosophila Pc class); [Pdcd1lg1(CD274)] programmed cell death 1 ligand 1; (CHRNAT)
cholinergic receptor, nicotinic, o polypeptide 1 (muscle); (COPS5) COP9 (constitutive photomorphogenic) homolog, subunit 5 (Arabidopsis
thaliana); (FOSL1) fos-like antigen 1; (GJA1) gap junction membrane channel protein a 1; (GRIK2) glutamate receptor, ionotropic, kainate 2 (82);
(HMOXT1) heme oxygenase (decycling) 1; (HOXB3) homeo box B3; (ID2) inhibitor of DNA binding 2; (LGALS2) lectin, galactose-binding, soluble
2; (IL7) interleukin 7; (IL7R) interleukin 7 receptor; (MT1E) metallothionein 2; (MYRIP) myosin VIIA and Rab interacting protein; (POU6F2) POU
domain, class 6, transcription factor 2; (PTF1A) pancreas-specific transcription factor, 1a; (RAMP3) receptor (calcitonin) activity modifying protein
3; (SLC2A3) solute carrier family 2 (facilitated glucose transporter), member 3; (SOX5) SRY-box containing gene 5; (SOX9) SRY-box containing
gene 9; (SOX15) SRY-box containing gene 15; (SYN3) synapsin Ill; (TOP3B) topoisomerase (DNA) Ill B; (TWSG1) twisted gastrulation homolog 1
(Drosophila); (USF1) upstream transcription factor 1; (VCAN) chondroitin sulfate proteoglycan 2.
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agreement with the previous data that in differentiating cells
THO depletion has a severe effect. It has been shown that
THOC1 and THOCS5 are required for viability of the early
mouse embryo (Wang et al. 2006, 2009; Mancini et al. 2010).
As shown in Table 1, six genes are involved in embryo
development. The expression of one of these genes, solute
carrier family 2 (facilitated glucose transporter), member 3

export by the depletion of THOCS5, we next examined the
nuclear export of mRNAs that are down-regulated more
than threefold. We isolated nuclear and cytoplasmic RNA
from THOCS5-depleted MEFs, and samples were standard-
ized by equal levels of actin mRNA in both fractions (Fig.
2D,H, Actin). Then, we analyzed 10 candidate genes, such as
Grbl0 interacting GYF protein 2 (Gigyf2 or Tnrcl5), protein

(Slc2a3 or Glut3) was reduced 7.4-fold
(Supplemental Table 1). Mutation of this
gene causes early pregnancy loss and fetal
growth restriction (Ganguly et al. 2007),
suggesting that this gene may participate
in early embryonic lethality of THOC5 '~
mice (Mancini et al. 2010). In addition,
we have shown previously that over-
expression of THOCS5 enhances muscle
differentiation of C2C12 cells and down-
regulation of THOCS suppressed muscle
differentiation (Mancini et al. 2007). In
agreement with these data, 12 down-
regulated genes are involved in skeletal
and muscle development. Our previous
study also showed that hematopoietic
differentiation was impaired severely
by THOCS5 depletion in adult mice
(Mancini et al. 2010). Although we ana-
lyzed the down-regulated genes in fibro-
blasts, one-fifth of all down-regulated
genes, including homeobox B3 (HoxB3)
and polycomb CBX2 are known to play a
key role in hematopoietic development.
These data indicate that THOCS plays a
role in the export of only a subset of
genes, but it seems to play an important
role in mouse development and the dif-
ferentiation processes. Since the deletion
of THOCS strongly affected fibroblast pro-
liferation, we examined the genes that are
involved in cell proliferation. Indeed, one-
fifth of down-regulated genes are involved
in cell proliferation. In addition, among
559 genes, 50 genes were known to be
transcriptional regulators, indicating that
not all 559 genes are regulated directly by
THOCS.

Identification of THOC5-dependent
mRNA

Since yeast TREX is important for both
transcription and mRNA export (Aguilera
2005), we further addressed the mech-
anism through which THOCS5 regulates
expression of the identified genes. To
identify the genes that are inhibited to
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FIGURE 2. Down-regulation of mRNA export by the depletion of THOCS5 in fibroblasts.
MEF THOCS flox/flox cells were infected with adenovirus carrying the GFP gene (Ad-GFP) or
adenovirus carrying the GFP and Cre-recombinase genes (Ad-GFP-Cre). Four days after
infection, nuclear (Nuc) and cytoplasmic (Cyt) RNAs were isolated and applied for RT-
PCR using primers as described in Materials and Methods. ¢cDNA from all samples were
standardized by an equal level of actin mRNA in both fractions. We have performed three to
five independent experiments, and we show one example of representative data (A-D). (A)
mRNAs were accumulated in the nucleus and were not exported. (B) mRNAs were not
accumulated in the nucleus and also were not exported. (C) mRNAs were not accumulated in
the nucleus, and mRNA export was reduced. (D) There was no significant alteration by the
depletion of THOCS5. (E-H) Signal intensity from Gigyf2- (E), Gjal- (F), Twsgl- (G), and
actin-specific (H) RT-PCR products was quantified using TINA 2.0 software. The percent
signal intensity from the nuclear (Nuc) or the cytoplasmic (Cyt) fraction of total intensity
(Nuc + Cyt) in Mock MEF THOCS flox/flox (Mock) or MEF THOCS flox/flox infected with
Ad-GFP or Ad-GFP-Cre. Average values +=SD from three independent experiments are shown.
(I) Aliquots of cDNA samples from nuclear fractions of A were applied for quantitative RT-
PCR analysis of Gigyf2 and Prkcbpl mRNA. Relative expression levels compared to HPRT1
were normalized to gene expression in mock-infected MEF THOCS flox/flox. Average values
from four independent PCR reactions £SEM are shown.
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kinase C binding protein 1 (Prkcbpl), gap junction membrane
channel protein alpha 1 (Gjal), twisted gastrulation homolog 1
(Twsgl), zinc finger, enhancer of yellow 2 homolog (ENY2),
crystalline, lamda 1 (Cryll), solute carrier family 11 (proton-
coupled divalent metal ion transporters), member 2 (Slcl1a2),
zinc finger, DHHC domain containing 2 (Zdhhc2), inhibitor of
DNA binding 2 (ID2), or HoxB3 genes by RT-PCR. In this
experiment, only spliced forms of mRNA can be detected
since we have chosen the primer pair for RT-PCR that is
located at two different exons. As shown in Figure 2, nuclear
accumulation of the spliced form of Gigyf2 and Prkcbpl
mRNA but almost no cytoplasmic mRNAs was observed
after the depletion of THOCS5 (Fig. 2A,E, Gigyf2). Addition-
ally, four genes—Gjal, Cryll, ID2, and Zdhhc2 mRNAs—
were hardly detected in the cytoplasm; however, no nuclear
accumulation of these genes was observed (Fig. 2B,F, Gjal).
The export of HoxB3, Twsgl, Slc11a2, and ENY2 mRNAs
was only reduced after the depletion of THOC5 (Fig. 2C,G,
Twsgl). As control, genes that were not down-regulated in
our transcriptome data, such as c-Myc, plexin domain
containing 1 (plxdcl), and actin genes, were examined. As
expected, these genes were detected equally in all fractions
(Fig. 2D,H, actin). Interestingly, we observed the spliced
form of all mRNAs that were examined here. In agreement
with these data, it has been reported that human THO
associates with proteins of the spliceosome and with spliced
RNAs, this latter interaction being independent of tran-
scription (Masuda et al. 2005; Cheng et al. 2006). In
addition, to quantify the nuclear accumulation of Gigyf2
and Prkcbpl mRNA in the nuclear fraction of Mock MEF
THOCS flox/flox, and MEF THOCS5 flox/flox infected with
Ad-GFP or Ad-GFP-Cre virus, we performed TagMan-RT-
PCR. Relative expression levels compared to hypoxanthine
guanine phosphoribosyl transferase 1 (HPRTI) were nor-
malized to gene expression in mock-infected MEF THOC5
flox/flox. In agreement with RT-PCR data (Fig. 2A,E), in
the absence of THOCS, Gigyf2 or Prkcbpl mRNA was
accumulated 21-fold or 7.8-fold, respectively, compared to
the level in the presence of THOCS5 (Fig. 2I). To validate
our assay, we treated MEF THOCS flox/flox cells with Aly-
specific siRNA, which has been shown to cause an accu-
mulation of poly(A)" mRNA in the nucleus in human cells
(Katahira et al. 2009) and to be a crucial export factor for
a wide range of poly(A)" mRNAs in the Drosophila system
(Gatfield and Izaurralde 2002). We then examined the
expression of nuclear export of THOC5-dependent genes
(Gigyf2 and Prkcbpl) and THOCS5-independent genes
(¢-Myc and Plxdcl).

In agreement with these data, Aly knockdown caused
the suppression of mRNA export of all four genes that
were examined (data not shown). Since two genes, Gigyf2
and Prkcbpl, were clearly accumulated in the nuclear
fraction after the depletion of THOCS5 (Fig. 2E), we
further examined the complex formation of THOC5 with
these two genes.

1052 RNA, Vol. 17, No. 6

Gigyf2 and Prkcbp1 are associated with a complex
containing THOC5

To further examine whether the identified mRNAs are
regulated directly by THOCS5, we examined whether these
mRNAs form a complex with THOCS. For this experiment,
the streptavidin-binding peptide (SBP) was fused to Myc-
tagged THOCS5 (Fig. 3A) and expressed in MEF THOC5
flox/flox cells, then THOC5-containing mRNP was purified
with streptavidin conjugated Sepharose from cell extracts (Fig.
3B). Empty vector was transfected into MEF THOCS5 flox/flox
cells as negative control. As shown in Figure 3B, mRNP with
THOCS5 contains only a slight amount of THOCI. It may be
due to the fact that endogenous THOCI forms a tight
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FIGURE 3. Isolation of mRNP complex by THOCS5 as bait. pNTAP
(TAP-Vector, [CBP] calmodulin-binding peptide; [SBP] streptavidin-
binding peptide) and pNTAP carrying myc-tagged THOC5 (TAP-
THOCS5) (A) were transfected into MEF THOCS flox/flox. After 24 h,
RNP complex was isolated using streptavidin Sepharose. (B) Cell
extract (input) and binding fractions with streptavidin Sepharose
(binding) were analyzed by immunoblotting using THOC5-, Actin-,
THOCI1-, and GAPDH-specific antibodies. (C) The same samples were
analyzed: Gigyf2-, Prkcbpl-, c-Myc-, actin-, or (37°C) Hsp70-specific
RT-PCR. In addition, MEF THOCS flox/flox cells were transfected as in
B and were then incubated for 2 h at 42°C. After isolation of RNP,
samples were applied for Hsp70 (42°C) RT-PCR. (D) The depletion of
THOCS5 causes down-regulation of the Hsp70 gene export under heat
shock conditions. MEF THOCS5 flox/flox cells were infected with Ad-
GFP or Ad-GFP-Cre virus for 4 d. Cells were incubated for 2 h at 37°C
or 42°C, and RNAs were then isolated from cytoplasmic fraction
followed by Hsp70- or actin-specific RT-PCR.
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complex with endogenous THOCS5 and most of the exoge-
nous TAP-THOCS is not able to form a new complex. Two
bands of 89- and 79-kDa proteins were detected from TAP-
THOCS transfectants by THOCS5-specific immunoblot, in-
dicating that the upper band represents exogenous TAP-
THOCS and the lower band represents endogenous THOC5
(Fig. 3B, input). After the purification with streptavidin
conjugated Sepharose, two bands were also detected (Fig.
3B, binding). The lower band (Fig. 3B, asterisk [*]) may be the
result of the degradation product of TAP-THOCS5 or THOC5
forming a homodimer with endogenous THOCS. In the same
mRNP complex, bound mRNAs were purified and applied for
Gigyf2-, Prkcbpl-, c-Myc-, and actin-specific RT-PCR (Fig.
3C). Gigyf2 and Prkcbpl genes, but not c-Myc and actin genes,
were detected from the THOC5 RNP complex, and no mRNA
was detected in the RNP complex obtained from mock and
vector control cells (Fig. 3C).

Hsp70 mRNA is associated with a THOC5-containing
complex exclusively under heat shock condition

In human and Drosophila, various studies have shown that
THO is required for the export of heat shock protein (Hsp)
70 mRNAs (Rehwinkel et al. 2004; Katahira et al. 2009).
Our array data in non-heat-shock condition, however,
revealed that the Hsp70 gene did not significantly change
the expression level after depletion of THOCS. In addition,
Hsp70 mRNA was not detected in THOC5-containing mRNP
at 37°C (Fig. 3C). Interestingly, THOC5-RNP complex was
isolated from cells incubated for 2 h at 42°C, and Hsp70
mRNA was isolated from this complex (Fig. 3C), suggesting
that THOCS plays a role in Hsp70 mRNA export under heat
shock condition. We, therefore, then examined the Hsp70
mRNA export in MEF THOCS5 flox/flox cells in the presence
or absence of THOCS5 at 37°C or at 42°C. In agreement with
previous data (Rehwinkel et al. 2004; Katahira et al. 2009), in
heat shock condition, the levels of Hsp70 mRNA (Fig. 3D) as
well as Hsp70 protein (data not shown) were drastically
reduced in the cytoplasm in the absence of THOCS5, sug-
gesting that the Hsp70 mRNA transport mechanism may be
different under the non-heat-shock condition (THOC-in-
dependent) than under the heat shock condition (THOC-
dependent).

DISCUSSION

Cell differentiation is paralleled by a timely ordered expres-
sion of a set of genes. Most genes are regulated at transcrip-
tional and epigenetic levels. However, recent data reveal that
regulatory RNAs and RNA binding proteins have emerged
as developmental and differentiation regulators. THOCS, a
member of the mRNA export complex, is modified post-
translationally under differentiation and DNA damage sig-
naling. Firstly, M-CSF stimulation of myeloid cells causes
phosphorylation of tyrosine residue 225 of THOC5 (Tamura

et al. 1999; Pierce et al. 2008). Secondly, insulin signaling for
adipocyte differentiation leads to threonine 328 phosphory-
lation (Gridley et al. 2005). Thirdly, the phosphorylation of
THOCS by protein kinase C impairs the THOC5 nuclear/
cytoplasm shuttling (Mancini et al. 2004). Fourthly, DNA
damage leads to phosphorylation of THOCS by ATM kinase
(Matsuoka et al. 2007), followed by inhibition of the THO
complex formation (S Ramachandran and T Tamura,
unpubl.). These facts suggest that the THO complex
may play a role in fine-tuning differentiation processes
dependent on the extracellular conditions. Our data
obtained from THOCS5 knockout mice reveal that hema-
topoietic cells not only stopped growing, but also became
apoptotic (Mancini et al. 2010). On the other hand, we
show here that THOC5/FMIP-deficient fibroblasts just
cease growing. Similarly, yeast THO-null mutants are slow
growers (Chavez et al. 2001; Garcia-Rubio et al. 2008),
and THOCI and/or THOC2 depletion has a negative
effect on growth rate of the Drosophila cell line (Rehwinkel
et al. 2004). Interestingly, the deletion of THOCI1, a major
conserved component of the THO complex, causes apo-
ptosis in transformed cells but not in normal fibroblasts
(Li et al. 2007). The bulk of these data shows that the THO
complex plays different roles in distinct cell types.

Our data revealed that THOCS is only involved in the
expression of 2.9% of all genes. In agreement with our data,
it has recently been shown that depletion of THOCS5 does
not affect bulk poly(A)* RNA export but does affect Hsp70
mRNA export in HeLa cells under the heat shock condition
(Katahira et al. 2009). It has also been shown that in the
Drosophila system, 20% of all genes were down-regulated
by knockdown of THOCI and THOC2 (Rehwinkel et al.
2004). In the same system, ~80% of all genes were down-
regulated by depletion of NXF1 (TAP in mammals), UAP56,
or p15, which are required for bulk poly(A)™ RNA export
(Herold et al. 2001, 2003), indicating that the relevance of
the THOC function is limited to a subset of genes also in the
Drosophila system. These data suggest that various nuclear
mRNA export pathways, which may be dictated by different
adaptor RNA binding proteins, exist in higher eukaryotes. It
is not yet clear, however, whether knockout of THOC5 sup-
presses the function of the entire THO complex or THOCS is
associated with a specific role in particular mRNA export.
Although it has been shown that members of THOC form
a tight complex in the nucleus (Cheng et al. 2006), the THO
complex may not function as a single subunit. By affinity
purification using mRNPs under physiological conditions, all
members of the THO complex were copurified with Adeno-
virus pre-mRNA, but only THOC2 was copurified with beta
globin pre-mRNA. In addition, one mutant Adenovirus pre-
mRNA associated only with THOC1 (Merz et al. 2007).
These data suggest that a certain population of the THO
complex may be loosely associated with other THOC
members, or an individual member of the THO complex
binds to only a certain population of mRNAs. On the other
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hand, we have previously shown that knockdown of THOC5
depleted THOCI at the protein level in mice and in MEF
THOCS5 flox/flox cells (Mancini et al. 2010), suggesting that
the inhibition of mRNA export that we observed in our
experiment might be the result of both THOCI1 and THOC5
depletion.

How does the THO complex select a subset of mRNAs?
The selection is not based on a common feature, such as
homological domain (or motif) among the 10 mRNAs that
have been identified here as THOC5-dependent mRNAs.
In the yeast system, several motifs such as “GC-rich” or
“internal repeats” were suggested as criteria for the THO
complex dependency (Chavez et al. 2001; Voynov et al.
2006). In those reports, the THO complex is required for
efficient transcription of genes with long tandem repeats
upon induction or under some conditions, such as un-
der stress and/or upon signaling-induced conditions. The
genes described as THOC-dependent in this report are
all spliced, but not exported efficiently and not especially
GC-rich. It should be noted, however, that two genes,
Gigyf2 and Prkcbpl, contain common motif CAG repeats,
suggesting that “internal repeats” may be one of the
factors involved in THOC dependency. Since other genes
do not exhibit such a motif, it is presently not clear which
structure is required for the THOC dependency.

We show here that Hsp70 mRNA is THOC5-dependent
under only the heat shock condition. In agreement with
these data, THOC1 depletion does not influence the
expression of Hsp70 under the non-heat-shock condition
in several human cancer cell lines (Li et al. 2007). Similarly,
it has been discussed in the yeast system that some genes,
such as TIRI (Voynov et al. 2006), may require the THO
complex upon induction or some environmental stress
condition that requires enhanced transcription. Further-
more, since Hsp70 mRNA was isolated from the THOCS
complex at 42°C but not at 37°C, genes whose transcription
creates aberrant structures under stress conditions could
also require the THO complex.

MATERIALS AND METHODS

Cell culture and virus infection

Mouse embryo fibroblast (MEF) THOCS flox/flox cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v)
FCS. Adenovirus carrying GFP and Cre-recombinase (Ad-Cre-GFP)
or GFP (Ad-GFP) genes were obtained from Vector Biolab. Cells
were infected with Ad-Cre-GFP or Ad-GFP at M.O.1. 200.

Western blot procedures

Cells were extracted with lysis buffer containing 10 mM Tris HCI
(pH 7.6), 50 mM NaF, 1 mM PMSF, 10 mM EDTA, 1% (w/v)
Triton-X 100, 0.1% SDS, and 1% Trasylol (Bayer Vital). Details of
immunoblotting have been described previously (Koch et al.
2008). The monoclonal antibody against GAPDH was purchased
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from Santa Cruz, and the monoclonal antibody against THOC5
was generated as described previously (Mancini et al. 2007).
Corresponding proteins were visualized by incubation with
peroxidase conjugated anti-mouse immunoglobulin followed by
incubation with SuperSignal West FemtoMaximum Sensitivity
Substrate (Pierce). Results were documented on an LAS4000
imaging system (GE Healthcare Bio-Sciences). The signal intensity
of chemoluminescence was quantified using TINA 2.0 software
(Raytest Isotopenmessgeraete GmbH).

Transcriptome analysis

Cytoplasmic RNA was isolated from MEF THOCS5 flox/flox
infected with Ad-Cre-GFP or Ad-GFP (control virus) virus, using
the QIAGEN RNeasy kit (QIAGEN) according to the manufac-
turer’s recommendations. For transcriptome analysis, the quality
and integrity of the total RNA were confirmed using an Agilent
Technology 2100 Bioanalyzer (Agilent Technology). Biotin-la-
beled target synthesis was performed by Affymetrix. About 12.5
pg of each biotinylated cRNA preparation was fragmented and
placed in a hybridization cocktail that contained four biotinylated
hybridization controls (BioB, BioC, BioD, and Cre) as recom-
mended by the manufacturer. All samples were hybridized to the
same lot of Affymetrix MGU74A for 16 h. The GeneChips were
washed, stained with streptavidin-phycoerythrin, and read by using
an Affymetrix GeneChip fluidic station and scanner. Analysis of
microarray data was performed using the Affymetrix Microarray
Suite 5.0, Affymetrix Micro DB 3.0, and Affymetrix Data Mining
Tool 3.0. For normalization, all array experiments were scaled to
a target intensity of 150 (Kroger et al. 2007).

RT-PCR analysis

Cytoplasmic RNA was isolated as described above. Reverse tran-
scription was carried using oligo(dT) primers and the Omniscript
reverse transcriptase kit (QIAGEN) following the instructions pro-
vided. The primer pairs for each PCR were c-myc: forward primer,
5'-GCTGGATTTCCTTTGGGCGT-3'; reverse primer, 5'-CGCAAC
ATAGGATGGAGAGCA (274 bp); Cryll: forward primer, 5'-AGGA
GTGTGTTCCAGAGAACC-3'; reverse primer, 5'-TGGTGGATTGAC
AGGATGAGC-3' (176 bp); Eny2: forward primer, 5'-ATGGTGGTTA
GCAAGATGAACAA-3'; reverse primer, 5'-TGCCTTTAGCTGATCC
TTCCA-3" (144 bp), Gigyf2: forward primer, 5'-CGCCGACTGGAAG
AGAACC-3'; reverse primer, 5'-TTGCTGTGTTAGACTGCTGAC-3'
(235 bp); Gjal: forward primer, 5'-CAGCCTCCAAGGAGTTCCAC-
3'; reverse primer, 5'-GAGAGATGGGGAAGGACTTGT-3" (292 bp);
Hoxb3: forward primer, 5'-AGCGATGCAGAAAGCCACCTACTA-3';
5'-TGTACTTCATGCGACGGTTCTGGA-3' (743 bp); Hsp70: forward
primer, 5'-TGGTGCAGTCCGACATGAAG-3'; reverse primer, 5'-GC
TGAGAGTCGTTGAAGTAGGC-3' (219 bp); Id2: forward primer, 5'-
CAGGCGTCCAGGACGCCGCT-3'; reverse primer, 5'-CCGGAGAA
CGACACCTGGGC-3" (310 bp); Pixdcl: forward primer, 5'-AAGAC
CCAGCTAAGCCAGGA-3'; reverse primer, 5'-GGATCTTCACATGAC
TCCGGT (208 bp); Prkcbpl: forward primer, 5'-AAAACCCGACA
AGACTTCCAC-3'; reverse primer, 5'-CGGCTGTATAAACATCCT
CTGAG-3' (245 bp); Slcl1a2: forward primer, 5'-CAATGT CTTTG
TCGTGTCCGT-3'; reverse primer, 5 -GCGACCATTTTAGGTTCA
GGAAT-3' (293 bp); B-actin: forward primer, 5'-AACACCCCAG
CCATGTACGTAG-3'; reverse primer, 5 -GTGTTGGCATAGAG
GTCTTTACGG-3' (509 bp); Twsgl: forward primer, 5'-ACTGTGT
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CGGTATGTGCAACC-3'; reverse primer, 5'-GGAGACGATGTTCC
AGTTCAG-3' (146 bp); Zdhhc2: forward primer, 5'-CTACTACGCCT
ACGCCATCC-3'; reverse primer, 5'-TCCAGCAATTCTTTCTCTGC
AT-3' (189 bp expected product size). PCRs were set up according to
the following profile: an initial denaturation step of 94°C for 3
min, 35 cycles of 94°C for 30 sec, 60° or 56°C for 30 sec, and
72°C for 30 sec followed by a final extension step at 72°C for 10
min. Separation of the DNA fragments was carried out on 2.0%
(w/v) agarose gels stained with ethidium bromide (2 pg/mL) and
photographed under UV light. Signal intensity was quantified
using TINA 2.0 software (Raytest Isotopenmessgeraete GmbH).
Quantitative (TagMan) RT-PCR was performed as previously described
(Dhamija et al. 2010). TagMan probes (Applied Biosystems), assay-IDs
were as follows: Mm00525091_m1 (Gigyf2); Mm00835499_m1
(Prkebpl); Mm00446968_m1 (HPRT1); and were used with TagMan
Fast Universal PCR Master Mix (2X) (Applied Biosystems).

THOC5-mRNA complex isolation using
TAP-purification

MEEF cells were transfected with the pNTAP vector (Stratagene) and
the same vector carrying Myc-tagged THOCS using the Polyfect
reagent as described by the manufacturer (QIAGEN), and the cells
were allowed to grow for 48 h. After washing three times, cells were
lysed with lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM PMSF,
0.4% NP-40, protease inhibitor cocktail [Sigma-Aldrich]) and
RNase inhibitor, and were then frozen and thawed three times.
After centrifugation, supernatants were incubated with streptavidin
Sepharose (GE Healthcare) in streptavidin binding buffer (lysis
buffer with 10 mM B-mercaptoethanol and 0.5 mM EDTA) and
then washed three times. All steps were carried out in the cold.
Bound RNAs were supplied for RT-PCR analysis.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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