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The yeast TREX complex physically couples elongating RNA polymerase II with RNA processing and nuclear
RNA export factors to facilitate regulated gene expression. Hpr1p is an essential component of TREX, and loss
of Hpr1p compromises transcriptional elongation, RNA export, and genome stability. Despite these defects,
HPR1 is not essential for viability in yeast. A functional orthologue of Hpr1p has been identified in metazoan
species and is variously known as Thoc1, Hpr1, or p84. However, the physiological functions of this protein
have not been determined. Here, we describe the generation and phenotypic characterization of mice contain-
ing a null allele of the Thoc1 gene. Heterozygous null Thoc1 mice are born at the expected Mendelian frequency
with no phenotype distinguishable from the wild type. In contrast, homozygous null mice are not recovered,
indicating that Thoc1 is required for embryonic development. Embryonic development is arrested around the
time of implantation, as blastocysts exhibit hatching and blastocyst outgrowth defects upon in vitro culture.
Cells of the inner cell mass are particularly dependent on Thoc1, as these cells rapidly lose viability coincident
with Thoc1 protein loss. While Hpr1p is not essential for the viability of unicellular yeasts, the orthologous
Thoc1 protein is required for viability of the early mouse embryo.

Cotranscriptional loading of RNA-processing and export
factors onto nascent RNA supports efficient and regulated
gene expression (15, 17). Assembly of the TREX complex is
one molecular mechanism utilized in yeast to physically couple
factors involved in transcriptional elongation with those im-
portant for RNA splicing and export. TREX is composed of
the THO subcomplex containing four proteins (Hpr1p, Tho2p,
Mft1p, and Thp2p) that are essential for normal transcrip-
tional elongation of some yeast genes (3). THO associates with
two proteins implicated in nuclear RNA export (Sub2p and
Yra1) to form the larger TREX complex (23). Sub2p is the
yeast orthologue of human UAP56, which has also been im-
plicated in RNA splicing (12). Hpr1p genetically and physically
interacts with RNA polymerase II (1, 3, 6, 23) and is essential
for recruitment of Sub2p to genes regulated by TREX (27).
Loss of Hpr1p impairs both transcriptional elongation and
nuclear RNA export (2, 4, 6, 9, 19, 23). Hpr1p, therefore, is an
essential component of the THO and TREX complexes.
Hpr1p has also been associated with the Paf1 complex, which
influences transcriptional elongation through alterations in hi-
stone methylation (1, 10, 16, 26). Despite the defects in gene
expression associated with loss of Hpr1p, it is not essential for
viability in yeast. However, hpr1� yeasts are temperature sen-
sitive for growth (7).

Metazoan species with long, intron-containing genes are
likely even more dependent on the physical coupling of tran-
scriptional elongation and RNA processing for efficient gene
expression. The presence of metazoan structural homologues
for the yeast TREX proteins Tho2p (Thoc2), Sub2p (UAP56),

and Yra1p (Aly) suggests that multicellular organisms utilize
an analogous mechanism to link transcriptional elongation and
RNA processing (12, 22, 24, 25). Although lacking statistically
significant similarity at the primary amino acid level, functional
orthologues of yeast Hpr1p have also been identified in both
human and insect cells (alternatively known as Thoc1, hHpr1,
or p84). Depletion of the Hpr1p orthologue from human can-
cer cell lines or insect cells compromises transcriptional elon-
gation, nuclear RNA export, cell viability, and cell prolifera-
tion (11, 18). However, the subunit compositions of the yeast
and metazoan TREX complexes are not identical, suggesting
the possibility of functional or regulatory differences (13, 18).
The physiological requirements for the various TREX proteins
have yet to be assessed genetically in a metazoan species, so it
is currently unknown whether TREX function is required for
the normal growth and development of multicellular organ-
isms. To address this limitation, we have generated a null allele
of the murine Thoc1 gene. We describe the phenotypic char-
acterization of mice containing this Thoc1 null allele.

MATERIALS AND METHODS

Generation and genotyping of a Thoc1 null allele in the mouse. A bacterial
artificial chromosome clone spanning the Thoc1 gene was isolated from a 129/SV
mouse strain genomic library and used as a template to amplify the homology
arms for construction of the targeting vector. The 5� homology arm is 4 kbp in
length and includes most of exon 1 and upstream sequences. The 4.5-kbp 3�
homology arm includes exon 9 and parts of the flanking introns. The neomycin
selection cassette was derived from BS524 (21). Fragments were cloned into the
BSK cloning vector (Promega, Madison, WI), and all exon and flanking intron
sequences were verified by DNA sequencing. The targeting construct was elec-
troporated into a 129/SV-derived embryonic stem (ES) cell line, and G418-
resistant colonies were screened by Southern blotting of HindIII-restricted
genomic DNA using 5� and 3� flanking probes.

Germ line-transmitting chimeras were generated by blastocyst injection of two
independent, successfully targeted embryonic stem cell lines. Routine genotyping
of genomic DNA extracted from tail biopsy specimens was performed with a
PCR assay using the primers 5�TGCCGTAGAAAAATGCACAG3�, 5�AACCA
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CCCCTAATATTCTCCATC3�, and 5�TAAAGCGCATGCTCCAGA3�. Geno-
typing of preimplantation embryos was performed using a nested-PCR assay.
Individual embryos or cell outgrowths were lysed by incubation at 55°C for 4 h in
20 �l of PCR lysis buffer (10 mM Tris-HCl, pH 8.8, 50 mM KCl, 0.08% NP-40,
0.2 mM deoxynucleoside triphosphate, 2.5 mM MgCl2) containing proteinase K
(60 �g/ml). After being boiled, an aliquot of the lysates was subjected to nested-
PCR amplification using the first-round primers 5�TGCCGTAGAAAAATGC
ACAG3�, 5�TAAGGTAACTAGAGAGGGAAAGTGTT3�, and 5�TAAAGCG
CATGCTCCAGA3�. The second-round primers were 5�GGATCCACTAGTT
CTAGAGCGG3�, 5�GTCTTCCCTTGTCACTGG3�, and 5�AACCACCCCTA
ATATTCTCCATC3�. The null allele generates a 230-bp PCR fragment, while
the wild-type allele produces a 527-bp fragment.

All animal work was approved by the Roswell Park Cancer Institute Institu-
tional Animal Care and Use Committee and met federal guidelines.

RT-PCR. Total RNA was extracted from 30 embryos at each embryonic stage.
The RNA was extracted with TRIzol according to the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA). Reverse transcription (RT) was carried out
using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen,
Carlsbad, CA). The cDNA was used as a template for PCR. PCR primers for
mouse Thoc1 were N5-3 (5�-CTCACTTCTTCCAGCCAACC-3�) and N5-4 (5�-
AGGGAGCCAGAATCTTCCAT-3�). PCR of �-actin cDNA using primers
actin-1 (5�-GGCATCCTCACCCTGAAGTA-3�) and actin-2 (5�-AGAGGCGT
ACAGGGATAGCA-3�) was used as an input control. These primer sets gave
rise to Thoc1 and �-actin PCR fragments of 263 and 248 bp, respectively. The
PCR products were resolved by 2% agarose gel electrophoresis and stained with
ethidium bromide.

Preimplantation embryo culture. Timed pregnancies were used to generate
preimplantation embryos for analysis. Thoc1 heterozygous females were given an
intraperitoneal injection of pregnant mare’s serum gonadotropin (5 IU per
animal; Sigma-Aldrich, St. Louis, MO), followed 47 h later by an injection of
human chorionic gonadotropin (5 IU per animal; Sigma-Aldrich, St. Louis, MO).
Treated females were bred with heterozygous Thoc1 males, and the morning of
detection of the vaginal plug was designated embryonic day 0.5 (E0.5). Preim-
plantation embryos (E1.5 to E4.0) were collected by flushing the oviduct or
uterus with HEPES-buffered medium 2 (M2; Sigma-Aldrich, St. Louis, MO). For
in vitro culture, embryos were cultured in M16 medium without leukemia inhib-
itory factor.

Immunostaining. Preimplantation embryos were washed in 4 mg/ml of bovine
serum albumin/phosphate-buffered saline (BSA/PBS) and then fixed for 30 min
at 37°C in 3% paraformaldehyde in stabilization buffer [0.l M piperazine-N,N�-
bis(2-ethanesulfonic acid), 5 mM MgCl2, and 2.5 mM EGTA]. The embryos were
rinsed two times in BSA/PBS, transferred to 0.2% Triton in BSA/PBS at room
temperature for 45 min, and then blocked overnight in 3% fetal calf serum, 0.1%
Tween-20, 0.02% Na-azide, 0.4% powdered milk. The embryos were then incu-
bated in the primary antibody for 1 h at 37°C, washed, and incubated with
secondary antibody for an additional hour at 37°C. Immunostaining was per-
formed using primary antibodies directed against Thoc1 protein (pThoc1) (5E10;
Genetex, San Antonio, TX), activated caspase 3 (9661; Cell Signaling, Beverly,
MA), Oct4 (Santa Cruz Biotechnology, Santa Cruz, CA), and serine 10 phos-
phorylated histone H3 (06-570; Upstate, Waltham, MA). Fluorescent secondary
antibodies and the DNA counterstain Hoechst 33342 were from Molecular
Probes (Carlsbad, CA). Whole E12.5 embryos were frozen, fixed, and sectioned
as previously described (8) and then immunostained for pThoc1 and counter-
stained for DNA as described above. Overlapping fluorescent images were cap-
tured using a 10� objective on a Zeiss Axioplan2 microscope. Individual images
were merged using Adobe Photoshop to generate the whole-embryo composite
image.

RESULTS AND DISCUSSION

A Thoc1 null allele was generated by targeted homolo-
gous recombination in murine ES cells. The targeting vector
was designed to delete 11.5 kbp of genomic DNA containing
exons 2 through 8 of Thoc1 (Fig. 1A). The deleted exons
include codons 19 to 173, which span a region of Thoc1
protein (pThoc1) that is highly conserved throughout evo-
lution. The deletion also creates a reading frame shift, caus-
ing premature termination of potential readthrough trans-
lation. Hence, the targeted allele does not express pThoc1.
Two of 128 G418-resistant ES cell clones isolated upon

transfection of the targeting vector are heterozygous for the
correctly targeted allele as assessed by Southern blotting
using 5� and 3� flanking probes (Fig. 1B). These two ES cell
clones were used to generate germ line-transmitting chime-
ras that served as strain founders. The phenotypes observed
are completely penetrant in each strain, so data from the
two strains are not further distinguished. Routine genotyp-
ing was performed using a PCR assay designed to detect the
wild-type and mutant alleles (Fig. 1C).

Adult Thoc1 heterozygous (Thoc1�/�) mice are born at the
expected Mendelian frequency and are overtly normal. In con-
trast, no homozygous null (Thoc1�/�) mice were recovered
from more than 121 genotyped offspring from intermating of
Thoc1�/� mice (Table 1). The lack of Thoc1�/� mice indicates
that Thoc1 is required for embryonic development. We inves-
tigated the timing of presumptive embryonic mortality by
genotyping embryos from heterozygote intercrosses at various
stages of gestation. No Thoc1�/� postimplantation embryos
were detected among those analyzed at E8.5 to E11.5. How-
ever, empty deciduae were often observed. While the empty
deciduae may account for the missing Thoc1�/� embryos, pure
embryonic tissue sufficient for PCR genotyping could not be

FIG. 1. Generation of a Thoc1 null allele in the mouse. (A) A
representation of the exon/intron structure of the targeted region of
the Thoc1 gene, the targeting vector, and the expected structure of the
successfully targeted mutant allele. Exons are numbered and shown as
solid boxes. neo, neomycin selection marker. The positions of HindIII
restriction enzyme sites (H), the flanking hybridization probes, and the
expected sizes of fragments detected by Southern blotting are indi-
cated. (B) Southern blot analysis of representative mice with the indi-
cated genotypes using the 3� and 5� flanking probes and HindIII-
restricted genomic DNA. (C) PCR genotyping of mice. The targeted
allele generates a 403-bp band, while the wild-type allele amplifies a
550-bp band.
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recovered to confirm this possibility. In contrast, preimplanta-
tion Thoc1�/� blastocysts genotyped at E3.5 were recovered at
the expected Mendelian ratio, suggesting that embryonic de-
velopment ceases around the time of implantation.

To determine whether preimplantation Thoc1�/� embryos
exhibit developmental defects, embryos were flushed from the
oviducts or uteri and cultured in vitro. Freshly isolated E3.5
Thoc1�/� embryos had a morphology similar to that of wild-
type (Thoc1�/�) embryos but generally failed to hatch from the
zona pellucida or form blastocyst outgrowths in culture (Fig. 2A).
A small fraction (�5%) of freshly isolated E3.5 Thoc1 null em-
bryos were able to hatch upon in vitro culture, and a few cells with
trophoblast morphology were able to attach to the culture dish.
However, such embryos never produced viable blastocyst out-
growths, as cells of the inner cell mass (ICM) were lacking (data
not shown). While E3.5 Thoc1�/� embryos cultured in vitro failed
to hatch normally, the frequency of empty deciduae detected in
vivo suggests that development may proceed sufficiently to induce
a decidual reaction.

Freshly isolated E1.5 Thoc1�/� embryos cultured in vitro
compacted normally after 1 day in culture (E2.5) and devel-
oped into normal-appearing blastocysts by E3.5 (Fig. 2B). In
contrast to Thoc1�/� embryos, however, these Thoc1�/� em-
bryos typically failed to reach the fully expanded blastocyst
stage and did not form blastocyst outgrowths even after exper-
imental removal of the zona pellucida (Fig. 2B). These data
suggest that Thoc1�/� embryos suffer from developmental de-
fects at the late blastocyst stage, which compromises hatching,
implantation, and subsequent development. Consistent with
this possibility, freshly isolated Thoc1�/� E2.5 embryos cul-
tured in vitro for 1.5 days had significantly fewer cells, on
average, than Thoc1�/� or Thoc1�/� embryos (25 versus 36
cells per embryo, respectively; P � 0.0005). Similarly cultured
Thoc1�/� embryos exhibited an increase in the number of
apoptotic cells as measured by immunostaining for the acti-
vated form of caspase 3 (Fig. 2C). Condensed nuclear frag-
ments characteristic of the remnants of apoptotic cells were
also apparent in Thoc1�/� embryos as visualized by DNA
staining. However, there was no significant difference in the
mitotic indexes of Thoc1�/� and Thoc1�/� E2.5 embryos cul-
tured in vitro for 1.5 days as assayed by immunostaining for the
phosphorylated form of histone H3 (Fig. 2D). Further, E2.5
Thoc1�/� and Thoc1�/� embryos cultured in vitro for only 1
day showed no difference in total cell numbers (24 versus 25;
P 	 0.8). Hence, cell numbers in Thoc1�/� embryos are rela-
tively normal up to around E3.5 but thereafter fail to accumu-

late due to a loss of cell viability. This loss of cell viability is the
likely cause of the embryonic lethality observed around the
time of implantation.

Consistent with the interrogation of gene expression data-
bases, we find that Thoc1 RNA is present in the fertilized
oocyte and throughout preimplantation embryonic develop-

FIG. 2. Developmental defects in Thoc1 nullizygous embryos cul-
tured in vitro. (A) E3.5 embryos produced by intermating Thoc1�/�

mice were collected and cultured in vitro for up to 3 days. Represen-
tative phase-contrast images of embryos of the indicated genotypes are
shown at various times of in vitro culture. Heterozygous embryos can
be seen to hatch from the zona pellucida at E4.5 and form blastocyst
outgrowths by E6.5. Blastocyst morphological features apparent in the
images are indicated by TE, ICM, and BC (blastocoele). (B) Freshly
isolated E1.5 embryos produced as in panel A were cultured in vitro
for 6 days. Representative images are shown at each day of in vitro
culture. Compaction of both wild-type and homozygous null embryos
are observed at E2.5, at which point the zona pellucida (ZP) was
removed experimentally by acid treatment. Embryos of both genotypes
formed blastocysts by E3.5. Wild-type blastocysts fully expanded by
E4.5 and formed blastocyst outgrowths by E7.5. Thoc1 null blastocysts
failed to fully expand and began to degenerate by E4.5. (C) Freshly
isolated E2.5 embryos were cultured in vitro for 1.5 days and immu-
nostained for pThoc1 and the activated form of caspase 3. Nuclear
DNA was counterstained with Hoechst 33342, and representative im-
ages were captured under fluorescence microscopy. Apoptotic cells
were frequently observed only in the absence of pThoc1. (D) Freshly
isolated E2.5 embryos of the indicated genotypes were cultured as in
panel C and immunostained for pThoc1 and the phosphorylated form
of histone H3 to mark mitotic cells. DNA was counterstained, and
images were captured as described above.

TABLE 1. Genotypes of neonates and embryos from
Thoc1�/� intercrossesa

Stage

No. of embryos/neonates with
genotype: No. of empty

deciduae
�/� �/� �/�

P14 46 75 0
E10.5 to E11.5 6 11 0 16
E8.5 8 16 0 11
E3.5 17 40 15

a Embryos from Thoc1�/� heterozygote intercrosses were collected on day 14
postpartum (P14) or at the indicated days of embryonic gestation (E3.5 to
E11.5), and the genotypes were determined by PCR.
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ment (Fig. 3A). Thoc1 protein is also widely expressed at later
stages of development. Sagittal sections of E12.5 wild-type
embryos have been immunostained for pThoc1, and nuclear
pThoc1 staining is observed in all tissues and cell types that are
detectable in such sections (Fig. 3B). Similar results are ob-
served in E13.5 embryos (data not shown). We conclude that
Thoc1 is widely expressed during embryonic development.
Thoc1 expression has previously been detected in a wide range
of adult tissues (5).

Since pThoc1 may be present in early Thoc1�/� embryos
due to translation of maternally supplied mRNA, we deter-
mined whether the loss of cell viability observed in Thoc1 null
embryos coincided with the disappearance of pThoc1. Immu-
nostaining of E2.5 embryos showed that nuclear pThoc1 stain-
ing was barely detectable in E2.5 Thoc1�/� embryos while it
was readily apparent in heterozygous embryos (Fig. 3C). By
E3.5, pThoc1 nuclear staining was undetectable in Thoc1�/�

embryos while strong nuclear pThoc1 staining remained in
Thoc1�/� embryos. Hence, pThoc1 levels were declining by
E2.5 and undetectable by E3.5 in Thoc1�/� embryos, coincid-
ing with the timing of loss of cell and embryo viability.

The blastocyst stage marks segregation into the first two cell
lineages in the mammalian embryo, the ICM, comprised of
undifferentiated embryonic stem cells that ultimately give rise
to the embryo proper, and the differentiating trophoectoderm
(TE), which contributes to extraembryonic tissues, like the
placenta. We immunostained blastocysts for the differentiation
markers Oct4 (ICM) and Cdx2 (TE) to determine if cellular
differentiation occurs in Thoc1�/� blastocysts and to identify
which cell type fails to accumulate. As expected, wild-type
late-stage blastocysts showed a well-organized inner cell mass
comprised of cells expressing Oct4, but not Cdx2 (Fig. 4). Cells
comprising the presumptive TE of Thoc1-expressing blasto-
cysts express Cdx2, but not Oct4. In contrast to wild-type blas-
tocysts, there were very few Oct4-positive cells in age-matched
Thoc1�/� embryos, and a well-organized inner cell mass was
not apparent (Fig. 4A). However, the few Oct4-positive cells
observed were Cdx2 negative. The presumptive TE of
Thoc1�/� blastocysts contained approximately normal num-
bers of Cdx2-positive and Oct4-negative cells in the appropri-

FIG. 3. Thoc1 expression during embryonic development. (A) To-
tal RNA was isolated from wild-type embryos at the indicated devel-
opmental stages (C, cell number stage; M, morula; B, blastocyst). RNA
was reverse transcribed, and Thoc1 cDNA was amplified by PCR using
primers specific for Thoc1. PCR was also performed using primers
specific for �-actin to serve as a loading control. The no-RT panel
shows the PCR products generated in the absence of reverse trans-
criptase to control for possible DNA contamination. The PCR prod-
ucts were resolved by agarose gel electrophoresis and stained with
ethidium bromide. The images were inverted for clarity. (B) A frozen
sagittal section from a wild-type E12.5 embryo was immunostained for
pThoc1 and counterstained for DNA using Hoechst 33342. Represen-
tative images were captured under fluorescence microscopy. The inset
image is magnified from the location of the white square on the whole
embryo to show nuclear pThoc1 staining. The head (H) and ventral
(V) aspects of the embryo are indicated. (C) Freshly isolated preim-
plantation embryos of the indicated gestational ages and genotypes
were immunostained for pThoc1. Cells were counterstained for DNA,
and images were captured as for panel A.

FIG. 4. Thoc1�/� blastocyst stage embryos lack Oct4-positive cells
of the inner cell mass. (A) Freshly isolated E2.5 embryos of the indi-
cated genotypes were cultured in vitro for 1.5 days and then immuno-
stained for pThoc1 and Oct4 protein. DNA was counterstained with
Hoechst 33342. Representative images were captured under fluores-
cence microscopy. (B) Freshly isolated E2.5 embryos were cultured as
described above and then immunostained for Cdx2 protein.
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ate spatial organization (Fig. 4B). Proper cellular differentia-
tion of the TE in Thoc1�/� blastocysts is also supported by the
appearance of the blastocoel cavity, which requires formation
of adherens junctions and tight junctions, the apparent initia-
tion of a decidual reaction (see above), and normal-appearing
E-cadherin staining (data not shown). These data suggest that
cellular differentiation is properly initiated in Thoc1�/� em-
bryos but that Oct4-positive Cdx2-negative cells of the ICM fail
to survive. We conclude that Thoc1 deficiency causes peri-
implantation embryonic lethality due initially to the failure of
Oct4-positive cells of the ICM to survive.

The widespread expression of pThoc1 in developing em-
bryos and adults suggests the possibility that pThoc1 may also
be required for later stages of embryonic development, as well
as for normal homeostasis of adult tissue. Due to the early
embryonic lethality observed in Thoc1�/� mice, however, it is
currently unclear whether this is the case. Alternatively, undif-
ferentiated stem or progenitor cells may be uniquely depen-
dent on pThoc1. This requirement would block early embry-
onic development but might not influence later stages of
embryonic or adult development. We currently favor the latter
hypothesis based on the preliminary observation that condi-
tional ablation of mouse Thoc1 in differentiating mammary
epithelial cells or embryonic fibroblasts has little effect on cell
viability (X. Wang, Y. Li, and D. Goodrich, unpublished data).
Phenotypic characterization of mice containing such condition-
ally null or hypomorphic alleles of Thoc1 will be necessary to
definitively test this hypothesis.

The mammalian TREX component pThoc1 is essential for
the viability of at least some cell types in mice. Given that
murine pThoc1 has a high degree of primary amino acid se-
quence similarity to pThoc1 from other metazoan species, the
requirement for pThoc1 is likely to extend to other multicel-
lular organisms. For example, Drosophila melanogaster and
human cancer cell lines both exhibit reduced viability upon
depletion of their respective orthologous Thoc1 proteins (11,
18). In contrast, HPR1 is not essential for the viability of the
unicellular yeast S. cerevisiae, although Hpr1p-deficient yeasts
grow more slowly, are temperature sensitive for growth, and
have a reduced cellular life span (14, 20). The differences in the
physiological requirements for HPR1/Thoc1 may reflect
TREX-independent functions of pThoc1 or may be due to
differences in the functions of the yeast and metazoan TREX
complexes. While all detectable pThoc1 is resident within
TREX complexes (13), we currently cannot exclude the possi-
bility that TREX independent functions are responsible for the
pThoc1 requirement for cell viability. Since the yeast and
metazoan TREX complexes differ in subunit composition, we
favor the second hypothesis, that metazoan TREX complexes
may have functions and regulatory inputs distinct from their
yeast counterpart and that these differences account for the
different physiological requirements for HPR1/Thoc1. Resolu-
tion of this issue will require further comparison of the molec-
ular, cellular, and physiological functions of the yeast and
metazoan TREX complexes.
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