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RNA processing and transport are mediated by cotranscriptionally assembled ribonucleoprotein (RNP) complexes. RNPs have
been postulated to help specify coordinated gene expression, but the requirements for specific RNP complexes in mammalian
development and tissue homeostasis have not been extensively evaluated. THO is an evolutionarily conserved RNP complex that
links transcription with nuclear export. THO is not essential for Saccharomyces cerevisiae viability, but it is essential for early
mouse embryonic development. Embryonic lethality has limited the characterization of THO requirements in adult tissues. To
overcome this limitation, a mouse model has been generated that allows widespread inducible deletion of Thoc1, which encodes
an essential protein subunit of THO. Widespread Thoc1 deletion disrupts homeostasis within the small intestine but does not
have detectable effects in other epithelial tissues such as the related mucosa of the large intestine. Thoc1 loss compromises the
proliferation and lineage-generating capacity of small intestinal stem cells, disrupting the supply of differentiated cells in this
rapidly renewing tissue. These findings demonstrate that the effects of THO deficiency in the adult mouse are tissue and cell type
dependent.

Numerous RNA processing and transport events are required
before nascent transcripts mature into functional mRNA

available for translation in the cytoplasm. These RNA processing
and transport events are regulated by ribonucleoprotein (RNP)
complexes that begin forming cotranscriptionally (1). RNPs are
composed of a diverse array of proteins and noncoding RNAs with
combinatorial complexity sufficient to accommodate unique
RNP-mediated processing mechanisms for different subsets of
transcripts (2). Since transcripts that encode functionally related
proteins can be regulated by a common RNP processing pathway,
RNP-mediated mechanisms have been hypothesized to provide
an additional layer of regulation that is necessary for specifying
coordinated gene expression (3). The observation that mutations
in some RNPs can cause specific developmental defects in humans
supports this hypothesis (4), but the contribution of most RNP
complexes to normal development and tissue homeostasis is un-
known.

THO is an evolutionarily conserved, cotranscriptionally as-
sembled RNP complex that is important for coupling transcrip-
tion with nuclear RNA export (5–9). THO associates with the
transcribing RNA polymerase II, binds nascent RNA, and recruits
additional proteins to form larger complexes such as TREX that
facilitate interaction with and activation of the nuclear export ap-
paratus (10, 11). Loss of THO compromises multiple events that
are dependent on RNP-mediated mechanisms, including tran-
scriptional elongation (12–14), transcript 3= end formation (15),
and nuclear export (16). In Saccharomyces cerevisiae, THO associ-
ates with most actively transcribed genes, but THO deficiency af-
fects the expression of only a subset of those genes (17). Thus,
THO is not absolutely required for gene expression and is not
required for yeast viability (18). The fraction of transcripts af-
fected by THO deficiency appears to be restricted even further in
higher eukaryotes (7, 14, 19, 20), perhaps because multiple nu-
clear export pathways exist (21), because different mechanisms
are utilized to recruit THO to nascent transcripts (22), or because
the subunit composition of metazoan THO differs from that seen
with yeast. It is also noteworthy that different subsets of tran-

scripts are dependent on THO depending on the biological con-
text, suggesting the potential for cell type-specific transcript reg-
ulation.

Mammalian THO contains six proteins encoded by the Thoc1,
Thoc2, Thoc5, Thoc6, Thoc7, and Tex1 genes (23). Thoc1 and Thoc5
have each been demonstrated to be required for mouse embryonic
development (20, 24), but the requirements for THO in adult
tissue development and homeostasis are not well characterized.
Inducible Cre recombinase-mediated Thoc5 gene deletion has
been reported to affect hematopoiesis, but effects on other tissues
are unknown because of the limited distribution of tissues suffer-
ing Thoc5 deficiency (20). Mice homozygous for a hypomorphic
Thoc1 allele, which expresses reduced Thoc1 protein in many tis-
sues, are viable but sterile (19, 25). This supports the hypothesis
that different tissues have different requirements for Thoc1 during
development. To compare the effects of Thoc1 deficiency on the
homeostasis of adult tissues, a mouse model has been engineered
to allow inducible, widespread deletion of floxed Thoc1 alleles
using the RosaCreERT2 knock-in allele (26). While a number of
tissues do not exhibit detectable phenotypes upon Thoc1 deletion,
significant disruption of stem/progenitor cell homeostasis is ob-
served in the small intestinal crypt. This defect severely compro-
mises the integrity of the tissue, eventually causing death.
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MATERIALS AND METHODS
Mice, genotyping, and taxoxifen treatment. The creation and geno-
typing of the floxed Thoc1 allele has been previously described (25).
Mice containing the Rosa26CreERT2 (26), Lgr5GFP-IRES-CreERT2 (27), and
RosamT/mG (28) alleles have been obtained from The Jackson Laboratories.
Mouse mammary tumor virus (MMTV)-Cre mice were obtained from
the NCI Mouse Models of Human Cancer Consortium (29). Mice used
were on a mixed genetic background, typically C57BL/6::129SvJ. DNA
from an ear or tail clipping of 7- to 9-day-old pups was used for genotyp-
ing. Tamoxifen (Sigma-Aldrich, St. Louis, MO) at 20 mg/ml was prepared
and administered to 9- to 12-week-old mice via intraperitoneal injection
at a dose of 2 mg/day. For survival studies, tamoxifen was given daily for 3
to 6 consecutive days. Weight was monitored during and after treatment.
Survival curves were generated using the Kaplan-Meier method. For time
course studies, 2 mg/day tamoxifen was given daily for 1 to 6 days. Mice
were euthanized 24 h after each day of treatment. All animal procedures
were approved by the Institutional Animal Care and Use Committee
(IACUC) at the Roswell Park Cancer Institute (RPCI).

Tissue collection, histology, and immunostaining. All examined tis-
sues were dissected immediately following euthanization, and sections of
each tissue were snap-frozen in liquid nitrogen for protein/RNA extrac-
tion or fixed in 4% paraformaldehyde (J. T. Baker, Center Valley, PA)
overnight at 4°C. Following fixation, tissues were washed in phosphate-
buffered saline (PBS) (three times for 20 min each time) and in 65% ethyl
alcohol (EtOH) (once for 30 min) and stored in 70% EtOH. “Swiss rolls”
were prepared for examining the histology of the small and large intestines
(30). Tissue was processed by incubation in 70% EtOH, 95% EtOH, 100%
EtOH, xylene, paraffin no. 1 for 30 min, paraffin no. 2 for 30 min, and
paraffin no. 3 for 14 h. Five-micrometer-thick sections were cut from
paraffin-embedded blocks and were mounted on charged microscope
slides. Prior to staining, slides were deparaffinized and rehydrated with
xylene and graded alcohol and equilibrated with Tris-phosphate buffer.
Slides were stained with hematoxylin and eosin (H&E) using standard
procedures. Image J was used to measure the length and width of 30 to 50
intestinal crypts and villi from 4 to 5 test and control mice at each time
point examined. Mammary gland whole mounts were prepared and
stained as described previously (31). For immunohistochemical and di-
aminobenzidine staining, a citrate-PBST (0.1% Tween 20 –1� PBS) sys-
tem was used at pH 6.0 according to the manufacturer’s recommenda-
tions (Vectastain ABC rabbit kit; Vector Laboratories, Burlingame, CA).
The following primary antibodies were used: rabbit polyclonal cleaved
caspase-3 (Cell Signaling; catalog no. 9661), rabbit polyclonal Ki67 (1:
1,000), rabbit polyclonal lysozyme (Dako; catalog no. A0099) (1:1,000),
and rabbit polyclonal green fluorescent protein (GFP) (Cell Signaling;
catalog no. 2555S) (1:500). Ki67 and activated caspase-3 immunostaining
was quantified in the colon, in the small intestinal crypt base, and in the
small intestinal transit-amplifying region of four to five test and control
mice at each time point. The cells below the �4 position were designated
the small intestinal crypt base. Everything above the �4 position with
respect to the crypt-villus junction was designated the transit-amplifying
region. A total of 30 to 50 crypts were counted per mouse. Positive-cell
counts in tissue sections were compared by the Holm-Sidak t test to cor-
rect for multiple comparisons.

Isolation of epithelial cell fractions. Crypt and villus fractions of
small intestinal epithelial tissue were isolated as described previously (32).
Briefly, freshly harvested small intestinal tissue was rinsed with ice-cold
phosphate-buffered saline, cut open along longitudinally, and cut into 2-
to 3-cm lengths. Small intestinal segments were then washed in ice-cold
Hanks’ balanced salt solution-dithiothreitol (DTT) for 10 min at 4°C and
in ice-cold chelating buffer (27 mM trisodium citrate, 5 mM Na2HPO4, 96
mM NaCl, 8 mM KH2PO4, 1.5 mM KCl, 0.5 mM DTT, 55 mM D-sorbitol,
44 mM sucrose) for 20 min. Crypt and villus epithelial cells were obtained
by sequential washing (inverting tubes by hand 20 times per fraction) with
the ice-cold chelating buffer in 50-ml tubes. Washes were combined to
generate 3 fractions of villus epithelial cells (V1 to V3) and 2 fractions of

crypt cells (C1 and C2). For routine validation of fraction purity, the
presence of the crypt cell marker CcnD1 was analyzed by Western blotting.
Mammary epithelial cells were isolated for protein analysis as described
previously (33).

QRT-PCR. RNA samples were extracted from mouse tissues using
TRIzol reagent (Invitrogen, Grand Island, NY), treated with DNase (Fer-
mentas, Hanover, MD), and converted into cDNA using an iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Quantitative RT-PCR (QRT-PCR)
was performed using 2� iTaq Universal SYBR green Supermix (Bio-Rad,
Hercules, CA) and the 7300 real-time PCR system (Applied Biosystems,
Foster City, CA). A 20-�l amplification mixture consisted of 1,000 to
5,000 ng template cDNA, 10 �l of 2� iTaq Universal SYBR green Super-
mix, and 100 nM forward and reverse primers (Integrated DNA Technol-
ogies, Coralville, IA). Assays were run in triplicate for each target gene
with no-template and no-reverse-transcriptase controls. For analysis of
Thoc1, data from exon 6 (Ex6)- and Ex7-specific primers were normalized
to the internal control exon 16- and 17-specific primers. All other target
genes were normalized to the 18S rRNA. The �CT method (where “CT”
represents the threshold cycle) was used to compare fold changes in gene
expression. Statistical comparisons were performed using the Holm-Si-
dak t test to correct for multiple comparisons. The primers used were as
follows: for Thoc1 Ex16 and Ex17, forward, 5=-AGA CTT CTT AGG CAA
AGG GCC CAA-3=, reverse, 5=-CAG GAC AGA GAT TCC AAA GCC
T-3=; and for Thoc1 Ex6 and Ex7, forward, 5=-CAT TCT ATT CTG CTG
GCA AAA ATT AT-3=, reverse, 5=-AAA GAG TTG AAT TCT TCC ACA
GAA AAC-3=.

Protein analysis. Protein extracts from snap-frozen mouse tissue were
obtained by extraction in Lysis 250 buffer and protein concentrations
determined using the Bradford assay as previously described (34). Equal
amounts of protein were resolved by SDS-PAGE and blotted onto nitro-
cellulose membranes, and membranes were blocked with 5% nonfat dry
milk–1� PBST (0.1% Tween 20 –1� PBS) for 1 h at room temperature
before overnight incubation with primary antibodies. Primary antibodies
used included Thoc1 (GeneTex Inc., Irvine, CA), CcnD1 (RM-9104-S;
Neomarkers, Fremont, CA), and �-actin (CalBiochem, Billerica, MA).
Following incubation with primary antibodies, membranes were washed
with 1� PBST and incubated with with horseradish peroxidase-conju-
gated anti-mouse secondary antibodies (Amersham Pharmacia [GE],
Pittsburgh, PA) and washed, and signal was developed with Pierce ECL
Western blot substrate (Thermo Scientific, Rockford, IL).

Lineage-tracing analysis. Tamoxifen was administered to five 9- to
12-week-old Rosa26CreERT2/mTmG and five Thoc1F/F::Rosa26CreERT2/mTmG

mice via intraperitoneal injection at a dose of 2 mg/day for 2 consecutive
days. This dose is sublethal in mice homozygous for the floxed Thoc1
allele. Small intestinal (jejunum section) and colon tissue was harvested
either 24 h or 10 weeks after tamoxifen administration. Tissue was pro-
cessed either for paraffin or optimal-cutting-temperature (OCT) embed-
ding, and GFP was detected using either immunohistochemistry (IHC) or
direct visualization of fluorescence. At 24 h, sporadic GFP-positive cells are
detectable throughout the epithelial tissue of both the small and large intes-
tines. At 10 weeks, stripes corresponding to contiguous GFP-positive cells are
detectable that reflect the presence of GFP-labeled self-renewing stem cells
and their progeny. Eight to 10 microscope images of each tissue were captured
from each of 5 mice for each genotype, and the fractions of crypts containing
stripes of GFP-positive cells were determined by counting.

RESULTS
Thoc1 is required for the viability of adult mice. To characterize
the postnatal requirements for Thoc1, we previously created a
floxed allele of Thoc1 (Thoc1F); loxP sites flank exons 6 and 7, and
Cre-mediated deletion creates a null allele (25). Thoc1F alleles
were combined with a transgene expressing the Cre recombinase-
estrogen receptor fusion protein (Rosa26CreERT2) to allow wide-
spread, tamoxifen-inducible Thoc1 gene deletion (26). Untreated
and thus undeleted Thoc1F/F::Rosa26CreERT2 mice were viable and
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did not exhibit phenotypes distinguishable from those of wild-
type mice. Nine- to 12-week-old Thoc1F/F::Rosa26CreERT2 test mice
or Thoc1�/�::Rosa26CreERT2 control mice were administered ta-
moxifen daily for 6 days to drive high levels of Cre-mediated
Thoc1 gene deletion. The extent of Thoc1 gene deletion in different
tissues was determined by assaying the fraction of undeleted Thoc1
transcripts remaining in bulk tissue. Thoc1 deletion was wide-
spread in tamoxifen-treated Thoc1F/F::Rosa26CreERT2 mice, with
Thoc1 transcript levels ranging from about 10% to 50% of those of
control mice, depending on the tissue (Fig. 1A). Thoc1-depleted
mice showed a significant decline in weight beginning 6 days after
the start of tamoxifen treatment (Fig. 1B), and they died 5 to 7 days
later (Fig. 1C). These data demonstrated that Thoc1 is essential for
the viability of adult mice. This phenotype is dependent on the
dose of tamoxifen administered, as mice treated with a lower con-
centration or for fewer days were viable and did not exhibit signif-
icant changes in weight. This suggests that Thoc1 must be success-

fully deleted in a threshold number of cells for the lethal
phenotype to be realized.

We euthanized a cohort of Thoc1F/F::Rosa26CreERT2 mice 6 days
after the first tamoxifen treatment at the lethal dose and subjected
them to necropsies to identify affected tissues. The histology of
most tissues examined, including the thymus, spleen, liver, kid-
ney, skin, and testis, was not distinguishable from that of control
mice by examination of H&E-stained tissue sections (Fig. 1D).
These observations suggest that tissues in a diverse collection were
relatively insensitive to the effects of Thoc1 loss over the time
course examined. In contrast, a marked phenotype was observed
in the small intestine. Thoc1-deficient small intestines appeared
thinner than the wild type, were distended due to fluid retention,
and were largely devoid of solid fecal material. Thoc1-deficient
small intestine histology was characterized by disruption of nor-
mal tissue architecture and considerable loss of epithelial cellular-
ity in both crypts and villi (Fig. 2A). Surprisingly, no phenotype
was detected upon Thoc1 deletion in the related mucosa of the
large intestine (Fig. 2B). Nuclear Thoc1 protein was normally ex-
pressed in crypt epithelium of the small intestine as detected by
immunostaining; Thoc1 immunostaining appeared weaker in vil-
lus epithelium (Fig. 2C). This Thoc1 expression pattern was con-
firmed by Western blot analysis of crypts and villi isolated by dif-
ferential tissue dissociation. Higher Thoc1 protein levels were
present in crypt compared with villus fractions, with the purest
villus tip fractions lacking detectable Thoc1 protein (Fig. 2D). Nu-
clear Thoc1 protein immunostaining was also observed in the
crypts of the large intestine (Fig. 2E). The immunostaining inten-
sity was greater near the crypt base than in the differentiated epi-
thelium. Thoc1 protein levels were similarly depleted by tamoxifen
treatment in both the small and large intestines (Fig. 2G and H).
Thus, the differential effects of Thoc1 gene deletion on the small
and large intestines were not readily explained by differences in
Thoc1 gene expression or by differences in the efficiency of Thoc1
gene deletion.

We examined tissue histology at different time points to char-
acterize how the small intestine phenotype develops. The first ab-
normalities in tissue architecture were observed as early as day 3 of
tamoxifen treatment, coincident with the nadir in Thoc1 protein
levels (Fig. 3A). Villus length was significantly shorter in Thoc1-
deficient small intestine at day 3 and declined further with time
(Fig. 3B). Crypt cells with morphology reminiscent of apoptotic
cells were also apparent by day 3 (Fig. 3A). Immunostaining for
activated caspase-3, a marker for apoptosis, confirmed the ap-
pearance of apoptotic cells in the crypts of Thoc1-deficient small
intestine (Fig. 3C). The number of apoptotic cells per crypt in-
creased with time (Fig. 3D). No activated caspase-3-immunopo-
sitive cells were observed in Thoc1-deficient villi or in Thoc1-defi-
cient large intestine. We also examined proliferation by
immunostaining with the proliferation marker Ki67. In control
small intestine, nuclear Ki67 immunostaining was observed in
crypt cells but not in differentiated cells of the villus. A noticeable
decline in Ki67 immunostaining was observed by day 3 of tamox-
ifen treatment in Thoc1-deficient crypts (Fig. 3E). The decline in
Ki67 immunostaining among stem cells at the crypt base preceded
the decline in Ki67 among progenitor cells within the transit-
amplifying region by about a day (Fig. 3F and G). Thoc1 loss did
not affect Ki67 immunostaining in the large intestine (Fig. 3H).
These observations suggested that the Thoc1 deficiency directly
affects the growth and viability of stem and progenitor cells within

FIG 1 Widespread Thoc1 gene deletion compromises mouse viability but does
not affect most tissues. (A) The fraction of wild-type (wt) Thoc1 transcripts
remaining in the indicated tissues after tamoxifen treatment of Thoc1F/F::
Rosa26CreERT2 mice (Thoc1�) in comparison to the fraction seen with tamox-
ifen-treated Thoc1�/�::Rosa26CreERT2 mice (Thoc1�) was assayed by real-time
RT-PCR. Each data point represents analysis of tissue from an individual
mouse. The error bars represent the standard errors of the means. SI, small
intestine; BM, bone marrow. (B) The weights of mice with the indicated ge-
notype were measured over the course of tamoxifen treatment relative to their
weights prior to treatment. The data points represent the means and the stan-
dard errors from measurements of 4 mice. The asterisk indicates a significant
difference between genotypes (t test, P � 0.01). (C) The survival of mice of the
indicated genotypes is shown. Arrows represent the timing of tamoxifen treat-
ments. The cohort monitored included 7 mice of each genotype. (D) The indicated
tissues were dissected from mice of the indicated genotypes 1 day following the last
tamoxifen treatment, and histology of H&E-stained tissue sections was examined.
Representative images are shown. Scale bars represent 200 �m.
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the small intestinal crypt. Since the rapid turnover of the differen-
tiated villus epithelium is dependent on a continuous supply of
new cells, the degeneration of the small intestine and, ultimately,
the death of Thoc1-deficient mice were probably caused by this
stem/progenitor cell defect.

Thoc1 is required for normal stem cell homeostasis in the
small intestine. We have performed lineage tracing to test
whether there are differential requirements for Thoc1 in small and
large intestinal stem cells. Cells undergoing Cre-mediated recom-
bination are marked irreversibly by green fluorescent protein
(GFP), while unrecombined cells are marked by red fluorescent
protein (RFP) using the Rosa26mT/mG Cre reporter allele (28).
Thoc1F/F::Rosa26CreERT2/mTmG and Thoc1�/�::Rosa26CreERT2/mTmG

mice were treated with a sublethal dose of tamoxifen sufficient to
GFP mark sporadic cells throughout the intestinal epithelium
(Fig. 4A and B). The numbers of marked cells per crypt were
similar in tissues of the two genotypes at 24 h after tamoxifen
treatment, indicating that the efficiencies of GFP marking were
equivalent (Fig. 4C). Given that the entire population of mouse
intestinal epithelium cells turns over within days, the only GFP-
marked cells remaining 10 weeks later were self-renewing stem

cells and their progeny. The lineage-generating potential of GFP-
marked small intestinal stem cells, defined as the percentage of
crypt/villus units with stripes of GFP-marked cells, was signifi-
cantly reduced upon Thoc1 deletion (Fig. 4A and D). In contrast,
the lineage-generating potential of large intestinal stem cells was
not significantly affected by Thoc1 deletion (Fig. 4B and D). As
Cre-mediated GFP marking and Thoc1 deletion are independent
events, not every GFP-marked cell would lack Thoc1. We have
examined Thoc1 expression in GFP-marked cells to assess this.
GFP-positive small intestinal cells remaining 6 weeks after tamox-
ifen treatment of Thoc1F/F::Rosa26CreERT2/mTmG mice expressed
wild-type Thoc1 RNA at levels comparable to those seen with un-
recombined RFP cells (Fig. 4E). This indicates that most of the
GFP-marked cells had escaped Cre-mediated Thoc1 deletion. In
contrast, GFP-marked large intestinal cells express very low levels
of Thoc1 RNA relative to unrecombined RFP-marked cells. A sig-
nificant fraction of large intestinal stem cells, therefore, retained
self-renewing and lineage-generating potential in the absence of
Thoc1. In sum, these data suggest that small intestinal stem cells,
but not large intestinal stem cells, require Thoc1 to maintain self-
renewal and lineage-generating potential.

FIG 2 Thoc1 gene deletion affects the histology of the small intestine but not that of the large intestine. (A) Representative H&E-stained small intestine tissue
sections from tamoxifen-treated Thoc1F/F::Rosa26CreERT2 (Thoc1�) or Thoc1�/�::Rosa26CreERT2 (Thoc1�) mice are shown. Scale bars represent 200 �m. (B)
Representative H&E-stained large intestine tissue sections from mice of the indicated genotypes treated as described for panel A. (C) Small intestine tissue
sections from wild-type mice were immunostained for Thoc1 protein. A representative image is shown. The boxes represent the portion of the image magnified
in the panels on the right to highlight staining of the crypt and villi. (D) The relative expression of Thoc1 protein in small intestinal villi (fractions V1 to V3,
descending from villus tip) or crypts (fractions C1 and C2, descending to crypt bottom) isolated by differential tissue dissociation was assayed by Western
blotting. Successful isolation of crypts and villi was verified by the presence of the crypt-specific marker CcnD1. Actin is the protein loading control. (E) Large
intestine tissue sections from wild-type mice were immunostained for Thoc1 protein. A representative image is shown. The boxes represent the portion of the
image magnified in the panels on the right to highlight staining of the crypt and differentiated epithelium. (F) The fraction of Thoc1 transcripts remaining at the
indicated times from the start of tamoxifen treatment in the indicated tissues from Thoc1F/F::Rosa26CreERT2 mice relative to Thoc1�/�::Rosa26CreERT2 mice was
quantitated by real-time RT-PCR. Each data point represents analysis of tissue from an individual mouse. The error bars represent the standard errors of the
means. (G) Thoc1 protein levels in the small intestine of tamoxifen-treated Thoc1F/F::Rosa26CreERT2 (�) or Thoc1�/�::Rosa26CreERT2 (�) mice were assayed at the
indicated times from the start of tamoxifen treatment by Western blotting. Actin is the protein loading control. (H) Thoc1 protein levels in the large intestine of
tamoxifen-treated Thoc1F/F::Rosa26CreERT2 (�) or Thoc1�/�::Rosa26CreERT2 (�) mice were assayed as described for panel G.
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Terminally differentiated Paneth cells support and mark the
small intestinal stem cell niche, as they are interspersed among
stem cells at the crypt base (35). We stained Paneth cells over the
time course of tamoxifen administration to examine the structure
of the stem cell niche. In control crypts, Paneth cells resided ex-
clusively at the crypt base, as expected (Fig. 5A). As early as day 3
of tamoxifen administration, cells immunostaining for the Paneth
cell marker lysozyme were present above the �4 cell position
from the crypt base that normally marks the boundary of the
stem cell niche. By day 6 of tamoxifen administration, immu-
nopositive cells were found in the transit-amplifying region
well above the �4 position, attesting to the structural break-
down of the stem cell niche.

The expression of stem cell marker genes was also examined in
isolated small intestinal crypts. By day 3 from the start of tamox-
ifen administration, the expression of Lgr5, Lrig1, and Tert in

Thoc1-deficient crypts increased to levels significantly higher than
those seen with control crypts (Fig. 5B). The increased expression
was unlikely to have been due to the presence of more stem cells
given the decline in crypt cell proliferation observed by Ki67 im-
munostaining (Fig. 3F and G). The relative expression of these
genes then declined to very low levels by day 6 of tamoxifen treat-
ment in Thoc1-deficient crypts, probably reflecting the loss of cells
observed at this time. However, the expression of Bmi1 was not
significantly affected by Thoc1 loss at any time point examined,
suggesting that Bmi1 marks a cell subpopulation distinct from that
marked by the other genes examined. Consistent with the lack of a
detectable phenotype in Thoc1-deficient large intestine cells,
Thoc1 loss did not affect the expression of these stem cell marker
genes (Fig. 5C).

Wnt signaling is a major regulator of homeostatic self-renewal
within the intestinal crypt (36). Lgr5 and Tert are regulated di-

FIG 3 Thoc1 loss compromises cell proliferation and viability in the small intestinal crypt. (A) The histology of the small intestine in Thoc1F/F::Rosa26CreERT2

(Thoc1�) or Thoc1�/�::Rosa26CreERT2 (Thoc1�) mice was characterized at the indicated times from the start of tamoxifen treatment. Representative images are
shown. The lower panels magnify the indicated crypts from the upper panels. Arrows highlight cells with apoptotic morphology. Scale bars represent 200 �m. (B)
The length of the small intestinal villus was measured at the indicated times from the start of tamoxifen treatment in mice of the indicated genotypes. The data
points represent the means and standard errors of the results deteermined for approximately 300 villi from 3 mice for each genotype. Asterisks indicate
statistically significant differences between genotypes (t test, P � 0.01). (C) The tissue sections described for panel A were immunostained for the activated form
of caspase-3. Representative images are shown. The arrow highlights immunopositive cells. Scale bars represent 200 �m. (D) The number of activated caspase-3
immunopositive cells per small intestinal crypt from tamoxifen-treated Thoc1F/F::Rosa26CreERT2 mice was determined by counting. Each data point represents the
number determined from a different mouse. Error bars are the standard errors of the means. No immunopositive cells were detected in control mice. (E) The tissue
sections described for panel A were immunostained for the proliferation marker Ki67. Representative images are shown. The arrow highlights an immunopositive cell
from the crypt base. (F) The number of Ki67-immunopositive cells per small intestinal crypt base (at or below the �4 position) was determined by counting cells at the
indicated time from the start of tamoxifen treatment from Thoc1F/F::Rosa26CreERT2 or Thoc1�/�::Rosa26CreERT2 mice. Each data point represents the number determined
from a different mouse. Error bars represent the standard errors of the means. Asterisks indicate statistically significant differences between genotypes (t test, P � 0.01).
(G) The Ki67-immunopositive cells in the transit-amplifying region of the small intestinal crypt (above the �4 position) were counted as described for panel B. (H) The
Ki67-immunopositive cells were counted in large intestinal crypts as described for panel F.

Thoc1 Loss Impairs Intestinal Stem Cell Function

September 2013 Volume 33 Number 17 mcb.asm.org 3509

http://mcb.asm.org


rectly by Wnt signaling (27, 37), while Lrig1 is a transcriptional
target of Myc, itself directly regulated by Wnt. Alteration in the
expression of these genes in Thoc1-deficient small intestinal crypts
may reflect disruption of normal Wnt signaling. The expression of
four genes that regulate Wnt signaling has been examined to ex-
plore this possibility. Axin2 expression is significantly reduced at 2
days from the start of tamoxifen administration in Thoc1-defi-
cient crypts, while the expression levels of Wif1, Nkd1, and Apcdd1
were not significantly different (Fig. 5D). The expression of all of
these genes was reduced at day 5 from the start of tamoxifen treat-
ment, relative to control tissue, consistent with the loss of cellu-
larity at this time point (Fig. 5E). Axin2 encodes an inhibitor of
Wnt signaling that contributes to feedback regulation. Reduced
Axin2 expression on day 2 could conceivably have contributed to
increased expression of the Wnt-regulated genes Lgr5 and Tert
observed on day 3 in Thoc1-deficient small intestinal crypts.

The Trp53 stress response pathway is integrated into feedback
regulation of Wnt signaling. The Trp53 pathway is activated by

Wnt signaling via �-catenin-mediated downregulation of the
Trp53 inhibitor Mdm2 (38). In turn, Trp53 utilizes several mech-
anisms to attenuate Wnt signaling activity (39). The evidence of
deregulated Wnt signaling noted above, as well as decreased cell
proliferation and increased apoptosis, suggests that a Trp53 stress
response may be activated in Thoc1-deficient small intestinal
crypts. Consistent with this hypothesis, the RNA levels for Trp53
target genes Cdkn1a, Mdm2, and Bax were increased in Thoc1-
deficient small intestinal crypts (Fig. 6A). Western blot analysis
indicated that Trp53 and Cdkn1a protein levels were initially
higher in Thoc1-deficient small intestinal crypts (Fig. 6B). At later
times, a lower-molecular-weight isoform of Trp53 protein accu-
mulated in favor of full-length protein. The size of this protein is
consistent with the �40p53 isoform that is known to accumulate
in response to some forms of cellular stress (40). �40p53 sup-
presses the expression of Trp53 target genes such as Cdkn1a (41,
42), and the Cdkn1a protein level was suppressed in Thoc1-defi-
cient small intestinal crypt epithelium upon accumulation of this
lower-molecular-weight Trp53 isoform. Cdkn1a, Mdm2, and Bax
RNA levels were also higher in Thoc1-deficient large intestine cells,
although the increases occurred at later times after the start of
tamoxifen treatment (Fig. 6C).

Given the observed effects of Thoc1 deficiency on the small
intestinal stem cell niche, Thoc1 was deleted specifically in Lgr5-
expressing stem cells using the Lgr5-enhanced GFP (EGFP)-inter-
nal ribosome entry site (IRES)-CreERT2 knock-in allele (27).
Mice containing this allele and homozygous for the floxed Thoc1
allele did not exhibit a detectable small intestine phenotype even at
the highest doses of tamoxifen used. The lack of phenotype was
likely due to the previously noted variegated expression of Cre-
ERT2 from this allele which results in reduced efficiency of gene
deletion. Consistent with the lack of phenotype in Thoc1F/F::
Rosa26CreERT2 mice treated with lower doses of tamoxifen, the
small intestine could tolerate loss of Thoc1 in a subthreshold frac-
tion of Lgr5-positive stem cells.

Mammary gland expansion during pregnancy and lactation
is not detectably affected by pThoc1 depletion. Small intestinal
stem cells are some of the most rapidly proliferating tissue stem
cells known, and Thoc1 loss compromises their proliferation and
viability. It is possible, therefore, that Thoc1 is required generally
for rapidly proliferating cells. The lack of phenotype in the large
intestine, whose rate of turnover and proliferation is also quite
high, argues against this hypothesis. To test this hypothesis in
another rapidly proliferating tissue with distinct developmental
origin, Thoc1 has been deleted in the rapidly proliferating mam-
mary epithelium during pregnancy and lactation. The MMTV-
Cre transgene is bred into mice homozygous for the floxed Thoc1
allele to drive widespread Cre expression throughout the mam-
mary epithelium, including stem and progenitor cells (43). Mam-
mary glands were dissected from female mice at different stages of
pregnancy and whole mounts or tissue sections examined. Mam-
mary gland epithelium from Thoc1F/F::MMTV-Cre mice ap-
pearsed similar to that from Thoc1�/�::MMTV-Cre mice (Fig. 7A
and B), despite efficient Thoc1 protein depletion (Fig. 7C). Female
Thoc1F/F::MMTV-Cre were able to successfully nurse normal-size
litters through multiple pregnancies, indicating that mammary
gland function was not significantly impaired. While subtle phe-
notypes in the mammary gland may go undetected, these results
indicate that highly proliferative mammary gland epithelium is
relatively insensitive to Thoc1 deletion.

FIG 4 The number of stem cells with long-term lineage-generating capacity is
reduced in Thoc1-deficient small intestine. (A) Thoc1F/F::Rosa26CreERT2/mTmG

(Thoc1�) or Thoc1�/�::Rosa26CreERT2/mTmG (Thoc1�) mice were treated with
tamoxifen and small intestine tissue sections examined for the presence of
GFP-marked cells at the indicated times posttreatment by fluorescence mi-
croscopy. Representative images are shown. Arrowheads indicate sporadic
GFP-positive cells at 24 h or ribbons of GFP-positive cells at 10 weeks (wk). (B)
Large intestine tissue sections from tamoxifen-treated mice were examined as
described for panel A. (C) The numbers of GFP-positive cells per crypt-villus
unit of the small intestine (SI) or per crypt of the large intestine (LI) were
determined by counting cells at 24 h after tamoxifen treatment in Thoc1F/F::
Rosa26CreERT2/mTmG (Thoc1�) or Thoc1�/�::Rosa26CreERT2/mTmG (Thoc1�)
mice. Each data point represents the mean number determined from 25 crypts
from a single mouse. The bars represent the means and standard errors for all
mice of the given genotype. (D) The percentages of crypts containing ribbons
of GFP-positive cells at 10 weeks after tamoxifen treatment were determined
by counting as described for panel C. The asterisk marks a statistically signifi-
cant difference between genotypes (t test � 0.01). (E) Small intestine (SI) or
large intestine (LI) cells remaining 6 weeks after tamoxifen treatment were
sorted for GFP (Cre recombined) or RFP (not Cre recombined) and wild-type
Thoc1 RNAs measured by real-time RT-PCR. The data represent means of
the results of triplicate experiments determined for a Thoc1F/F::
Rosa26CreERT2/mTmG mouse versus a Thoc1�/�::Rosa26CreERT2/mTmG mouse.
Data are normalized to the RFP sample.
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DISCUSSION

Thoc1 encodes an essential protein component of the evolution-
arily conserved THO RNP complex that physically couples nas-
cent transcripts with the nuclear export apparatus. Thoc1 null
mice exhibit an early block to embryonic development (24), so the
contribution of Thoc1 and THO to normal tissue homeostasis in
the adult mouse is not well characterized. Here we have engi-
neered a mouse strain facilitating widespread, inducible, Cre-me-
diated Thoc1 gene deletion in order to characterize these contri-
butions. Thoc1 deletion causes acute defects in the small intestine
that ultimately compromise tissue function and mouse viability.
This phenotype is dependent on highly efficient Thoc1 deletion,
indicating that the tissue can tolerate Thoc1 loss in some fraction
of cells. Phenotypes are not observed in other epithelial tissues
where Thoc1 is efficiently deleted, including the large intestine. It
is possible that phenotypes in these tissues develop over times that
exceed the length of the current experiments. However, the acute
effects of Thoc1 loss on cell proliferation and apoptosis are clearly
different in the small and large intestine. Further, the lineage-
tracing experiments indicate that Thoc1 loss has little effect on
large intestine stem cells over a period of 10 weeks, enough time
for the population of cells in this tissue to completely turn over
multiple times. These observations indicate that Thoc1 is required
for homeostasis in some tissues of adult mice, and the effects of
Thoc1 deficiency are context dependent.

The biological basis for this context dependency is unknown;

we propose three, non-mutually exclusive explanations that may
account for it. One, Thoc1 may be preferentially required in highly
proliferative cells. Highly proliferative cells require increased tran-
scriptional output to support biosynthesis, and Thoc1 deficiency
may limit transcriptional output generally, as suggested by studies
in yeast (17). However, this model does not account for the rela-
tive insensitivity of other rapidly regenerating tissues such as the
large intestine or the mammary gland to Thoc1 loss. Two, different
tissues may respond differently to stress induced by Thoc1 defi-
ciency. For example, the mouse large intestine is more resistant to
radiation-induced stress than the small intestine due, in part, to
differences in the expression of apoptotic regulators (44, 45). That
both small and large intestines deficient for Thoc1 trigger a Trp53
response but only the small intestine exhibits effects on cell pro-
liferation and viability is consistent with this hypothesis. Three,
Thoc1 may regulate different subsets of transcripts in different
tissues. The observation the Thoc1 loss affects Wnt signaling target
and regulatory genes in the small intestine but not in the large
intestine is consistent with this possibility. Additional experi-
ments that identify Thoc1-regulated transcripts and characterize
the stress responses induced by Thoc1 deficiency will be required
to rigorously distinguish between these hypotheses.

Several pieces of evidence support the conclusion that Thoc1 is
required for stem cell function in the small intestine. Expression of
Thoc1 is higher in the intestinal crypts where the stem cell niche
resides than in the villi composed of differentiated epithelium.

FIG 5 Thoc1 loss disrupts homeostasis of the stem cell niche in the small intestine. (A) Small intestine tissue sections from Thoc1F/F::Rosa26CreERT2 (Thoc1�) or
Thoc1�/�::Rosa26CreERT2 (Thoc1�) mice were characterized at the indicated times from the start of tamoxifen treatment by immunostaining for the Paneth cell
marker lysozyme. Representative images are shown. Scale bars represent 200 �m. (B) The expression of the indicated stem cell markers in small intestine crypt
epithelium from Thoc1F/F::Rosa26CreERT2 (red) or Thoc1�/�::Rosa26CreERT2 (blue) mice was quantitated at the indicated times from the start of tamoxifen
treatment by real-time RT-PCR. Each data point is from an individual mouse normalized to a single control mouse at each time point. The bars represent the
means and standard errors. Asterisks indicate statistically significant differences between genotypes (t test, P � 0.01). (C) Large intestine tissue was examined for
the expression of stem cell marker genes as described for panel B. (D) The expression of the indicated Wnt signaling regulatory genes in small intestine crypt
epithelium tissue was assayed at 2 days from the start of tamoxifen treatment as described for panel B. (E) The expression of Wnt regulatory genes was assayed
in small intestine crypt epithelium at 5 days from the start of tamoxifen treatment as described for panel B.
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Thoc1 loss coincides with decreased cell proliferation and viability
in the crypt and crypt base, whereas villus epithelium is initially
unaffected. The number of stem cells capable of generating lin-
eages of differentiated daughter cells is significantly reduced by
Thoc1 loss. This defect eventually affects the replenishment of the
differentiated villus epithelium, severely compromising villus
length and function, as indicated by absorption defects. Changes
in the levels of transcripts that mark stem cell populations indicate
that stem cell homeostasis is disrupted by Thoc1 loss. Lgr5, Tert,
and Lrig1 transcript levels initially increase after Thoc1 deletion
but then decline to barely detectable levels. Bmi1 transcript levels,
on the other hand, are not significantly affected by Thoc1 loss,
suggesting that they mark subpopulations of cells distinct from
those marked by Lgr5, Tert, and Lrig1. Bmi1 has been proposed to
mark label-retaining cells in the intestinal crypt that function as
Paneth cell precursors and also have stem cell properties under
some conditions (46–48). Lgr5, Tert, and Lrig1 are directly or in-
directly regulated by Wnt signaling, suggesting that Wnt signaling
may be disrupted by Thoc1 deficiency. Indeed, the expression of
the negative Wnt signaling regulator Axin2 declines after Thoc1
loss, potentially contributing to the transient increase in expres-
sion of Wnt target genes such as Lgr5 and Tert. Additional exper-
iments will be required to determine whether different intestinal

stem and progenitor cell populations have different requirements
for Thoc1 and whether Thoc1 regulates different subsets of tran-
scripts in these cells.

Cotranscriptional RNP biogenesis is important for RNA pro-
cessing and transport. Indeed, the fate of mRNA in the cytoplasm
appears to be predetermined by RNP complex formation in the
nucleus, indicating that the different stages of a transcript’s life
cycle are physically coupled to one another (21). It is increasingly
appreciated that RNP-mediated mechanisms contribute an addi-
tional layer of regulation for the specification of the coordinated
gene expression program (3). Consistent with this hypothesis, the
data presented here indicate that Thoc1 deficiency causes context-
dependent effects on adult tissue homeostasis in the mouse. In

FIG 6 Thoc1 deficiency activates a Trp53 response in intestinal tissue. (A)
Thoc1F/F::Rosa26CreERT2 (red) or Thoc1�/�::Rosa26CreERT2 (blue) small intesti-
nal crypt epithelium tissue was assayed at the indicated times from the start of
tamoxifen for RNA expression from the indicated Trp53 target genes by real-
time RT-PCR. Each data point is from an individual mouse normalized to a
single control mouse at each time point. The bars represent the means and
standard errors. Asterisks (t test, P � 0.01) and number signs (t test, P � 0.05)
indicate statistically significant differences between genotypes. (B) Thoc1F/F::
Rosa26CreERT2 (�) or Thoc1�/�::Rosa26CreERT2 (�) small intestinal crypt epi-
thelium tissue was assayed for the indicated proteins at the indicated times
from the start of tamoxifen treatment by Western blot analysis. Actin is the
protein loading control. (C) Large intestine tissue was assayed for RNA levels
expressed from the indicated genes as described for panel A.

FIG 7 Thoc1 deficiency does not have detectable effects on the lactating mam-
mary gland. (A) Mammary glands from Thoc1F/F::MMTV-Cre (Thoc1�) or
Thoc1�/�::MMTV-Cre (Thoc1�) mice at 8.5 (P8.5) and 13.5 (P13.5) days of
pregnancy or at 3 days of lactation (L3) were isolated, processed for whole
mount, and stained with carmine. Representative images are shown. (B) Mam-
mary glands from the experiment described for panel A were sectioned and
H&E stained. Representative images are shown. (C) Thoc1 protein levels in
mammary epithelial cells isolated from MMTV-Cre:Thoc1F/F (�) or MMTV-
Cre:Thoc1�/� (�) mice were analyzed by Western blotting. Actin is the pro-
tein loading control.
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particular, the THO complex makes critical contributions to stem
cell homeostasis in the small intestine but not in other tissues such
as the large intestine. Context-dependent effects have also been
observed upon deletion of other RNP-encoding genes such as
Elav1 (49). Interestingly, the tissues affected by Elav1 deficiency
differed from those reported here despite use of the same
Rosa26CreERT2 gene deletion system. For example, the small intes-
tine, the large intestine, and the spleen were all affected by Elav1
deletion. Similar observations have been made in humans, where
mutations in RNP-encoding genes can cause context-dependent
developmental defects (4). These findings validate the importance
of co- and posttranscriptional RNP-mediated mechanisms in
specifying coordinated gene expression during normal growth
and development.
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