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Early in vitro cell culture studies suggested that testicular orphan nuclear receptor 2 (TR2), a member of the
nuclear receptor superfamily, may play important roles in the control of several pathways including retinoic
acids, vitamin D, thyroid hormones, and ciliary neurotrophic factor. Here we report the surprising results
showing that mice lacking TR2 are viable and have no serious developmental defects. Male mice lacking TR2
have functional testes, including normal sperm number and motility, and both male and female mice lacking
TR2 are fertile. In heterozygous TR2*/~ male mice we found that B-galactosidase, the indicator of TR2 protein
expression, was first detected at the age of 3 weeks and its expression pattern was restricted mainly in the
spermatocytes and round spermatids. These protein expression patterns were further confirmed with Northern
blot analysis of TR2 mRNA expression. Together, results from TR2-knockout mice suggest that TR2 may not
play essential roles in spermatogenesis and normal testis development, function, and maintenance. Alterna-
tively, the roles of TR2 may be redundant and could be played by other close members of the nuclear receptor
superfamily such as testicular orphan receptor 4 (TR4) or unidentified orphan receptors that share many
similar functions with TR2. Further studies with double knockouts of both orphan nuclear receptors, TR2 and

TR4, may reveal their real physiological roles.

The nuclear receptors are ligand-inducible transcription fac-
tors that regulate the expression of target genes by binding to
their specific hormone response elements. They are character-
ized by a central DNA binding domain, which binds to the
hormone response element. The C-terminal half of the recep-
tor encompasses the ligand-binding domain, which mediates
ligand binding, dimerization, and transactivation function. Nu-
clear receptors play roles in various aspects of physiology in-
cluding metabolism, development, homeostasis, and reproduc-
tion (8, 18). Orphan nuclear receptors embody structures of
nuclear receptors but are without identified ligands and make
up the vast majority of the nuclear receptor superfamily (7).
With genetic knockout approaches, several orphan nuclear
receptors have been demonstrated elsewhere to have impor-
tant physiological functions (5, 10, 21-23).

Orphan nuclear receptors testicular receptor 2 (TR2) (2)
and testicular receptor 4 (TR4) (1) constitute a subfamily of
nuclear receptors. TR2 was isolated from testis and prostate
cDNA libraries, and its cDNA encodes a protein of 603 amino
acids with a calculated molecular mass of 67 kDa (2, 3). An
abundance of TR2 mRNA detected in developing mouse em-
bryos and by in situ hybridization revealed that TR2 is highly
expressed in the active proliferating zone of the developing
nervous system and other developing organs (11, 25). TR2 has
been shown previously to be specifically expressed in adult
mice testes and is confined to advanced germ cells (11). The
role of TR2 has been demonstrated previously in the regula-
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tion of several signaling pathways including retinoic acid (17),
thyroid hormone (4), and ciliary neurotrophic factor (CNTF)
(25). TR2-mediated repression has been shown elsewhere to
be, in part, a direct interaction with both class I and class 11
histone deacetylase proteins (9). The expression of TR2 was
completely repressed in surgery-induced cryptorchidism of the
rhesus monkey through a pathway which involves p53 and the
retinoblastoma gene product (Rb). Such dramatic repression
of TR2 in cryptorchidism suggests that TR2 may play impor-
tant roles in male infertility associated with cryptorchid-
ism (20). In vitamin A-depleted mice, spermatogenesis was
blocked at an early stage. In testes losing advanced germ cells,
the expression of TR2 could not be detected, suggesting a
biological relationship between TR2 and male germ cell dif-
ferentiation (11). These studies strongly indicate that TR2 may
play a role in embryogenesis and male germ cell differentia-
tion. To evaluate the in vivo physiological significance of TR2,
we used gene targeting to generate mice with a null mutation
of TR2. The results indicate that TR2 is dispensable for mouse
development, since homozygous mutant mice (TR27/7) are
viable with no detectable abnormalities. The TR2™/~ male
mice display normal testis development and spermatogenesis.

MATERIALS AND METHODS

Generation of TR2-knockout mice. To generate TR2-deficient mice, the
lambda KOS system (24) was used to derive a TR2 targeting vector. Two
independent genomic lambda KOS clones were isolated that spanned exons 3 to
7. The targeting vector was derived from one clone and contained an 1,865-bp
deletion that included most of exon 4 and all of exon 5. This region was replaced
with an internal ribosome entry site (IRES) LacZ/MC1-Neo selection cassette.
The Norl-linearized vector was electroporated into 129 Sv/EvP™(LEX1) embry-
onic stem (ES) cells and G418-fialuridine (FIAU)-resistant ES cell clones were
isolated and analyzed for homologous recombination by Southern blot analysis.
Targeted ES cell clones were injected into C57BL/6(albino) blastocysts, and the



4662 SHYR ET AL.

resulting chimeras were mated to C57BL/6(albino) females to generate animals
heterozygous for the mutation.

Southern blot, Northern blot, and PCR analyses of TR2-knockout mice.
Genomic DNA isolated from mouse tail biopsy samples was digested with
EcoRV, separated by electrophoresis through an 0.8% agarose gel, and trans-
ferred to a positively charged nylon membrane. A wild-type 5’ probe external to
the target vector sequence was labeled with a random primer labeling kit (Am-
ersham) and used in hybridizations. Wild-type and mutant alleles were identified
by predicted restriction fragment size differences.

PCR was also used to screen genotypes by using DNA isolated from mouse tail
biopsy samples. The primers used for the wild-type allele were 5'-CCCTGACT
AGTTTCTGCGATC-3' (A) and 5'-GCCTACTCATGGAAATATAACC-3’
(B). Primers C, 5'-GCTGATGCTACCAAGTCCACG-3', and D, 5'-GCAGCG
CATCGCCTTCTATC-3’, were used to detect the mutant allele. RNA was
extracted from testes of mice at different ages with Trizol reagent (GIBCO
BRL). Thirty micrograms of RNA was loaded into 1.2% agarose gels. Northern
blot analysis of TR2 and B-actin transcripts was performed as previously de-
scribed (25).

Necropsy studies. Gross and histopathological analyses were performed at the
Diagnostic Laboratories, Division of Laboratory Animal Medicine, University of
Rochester.

Epididymal sperm numbers. Epididymides were removed from 6-week-old
males under sterile conditions and placed in a dish containing 5 ml of Dulbecco
modified Eagle medium with 10% fetal calf serum. Sperm was allowed to dis-
perse into the medium for 1 h at 32°C. Sperm motility was examined by phase-
contrast microscopy. Sperm numbers were determined by counting with a he-
mocytometer.

Histological analysis. Tissues were fixed in fresh 10% neutral buffered forma-
lin and embedded in paraffin. Tissue sections (5 pm) were stained with hema-
toxylin and eosin (H&E) and examined by light microscopy. For B-galactosidase
(B-Gal) activity staining, testes at different ages of mice were dissected and fixed
in 0.2% glutaraldehyde for 2 h at room temperature. The tissues were then
washed with phosphate buffer and incubated overnight at room temperature in
phosphate buffer containing 2 mM MgCl,, 5 mM K,Fe(CN),, 5 mM K;Fe(CN)g,
and 1 mg of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)/ml. Af-
ter washing with phosphate-buffered saline, testes were dehydrated, embedded in
paraffin, and sectioned at 5 wm. The sections were then counterstained with
H&E and examined by light microscopy.

RESULTS

Generation of TR2-deficient mice. Unlike the human TR2
gene, which is located on human chromosome 12 at band q22
(16), the mouse TR2 gene is located in the distal region of
chromosome 10 and is organized into 13 exons spanning more
than 50 kb (12). A replacement vector was designed to delete
most of exon 4, which encodes the second zinc finger domain
of the TR2 DNA binding domain, and all of exon 5. The
deleted sequence was replaced with an IRES LacZ/MC1-Neo
selection cassette (Fig. 1A). The targeting vector was electro-
porated into 129 Sv/Ev"™(LEX1) cells, and colonies were se-
lected in the presence of G418 and FIAU. G418-FIAU-resis-
tant ES cell clones were isolated and analyzed for homologous
recombination by Southern blot analyses. Targeted ES cell
clones were injected into C57BL/6(albino) blastocysts, and the
resulting chimeras were mated to C57BL/6(albino) females to
generate heterozygous mice. The heterozygous (TR2"/") mice
were then interbred to produce null-mutation (TR2™/~) mice.

Southern blot, Northern blot, and PCR analyses of TR2
mutant mice. Genomic DNA isolated from mouse tail biopsy
samples was used for Southern blot analyses to confirm geno-
types, with the expectation that a TR2*/* animal would have a
7.4-kb DNA fragment after digestion with restriction enzyme
EcoRV. The disrupted TR2 gene in TR2™/~ animals displayed
a 6.5-kb DNA fragment (Fig. 1B). Genotypes were confirmed
by PCR with two sets of primers: both primers in the first set
(A and B) are located on the TR2 gene between exons 4 and
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5, which was replaced by the IRES LacZ/MC1-Neo selection
cassette (Fig. 1A). For the second set of primers (C and D),
primer C is located within the Neo cassette and primer D is
outside the Neo cassette and is located on the 3" end of the
TR2 gene (Fig. 1A). With primers A and B, PCR amplification
of the TR2 gene without interruption by the Neo cassette will
produce a 498-bp PCR DNA fragment and indicate a wild-type
TR2 allele. With the use of primers C and D, PCR amplifica-
tion of the TR2 gene with the Neo cassette interruption should
produce a 774-bp PCR DNA fragment and indicate the pres-
ence of the Neo cassette. As expected, TR2*/* mice produced
a single 498-bp DNA fragment, TR2™/~ mice produced a sin-
gle 774-bp fragment, and heterozygous TR2*/~ mice produced
both 498-bp and 774-bp DNA fragments (Fig. 1C). To confirm
the loss of expression of TR2 in the knockout mice, total RNAs
from testes of 6-week-old TR2*/", TR2"/~, and TR2™/~ mice
were analyzed by Northern blotting with a mouse TR2 cDNA
fragment as a probe. Figure 1D clearly demonstrates that
TR2/~ mice lack TR2 mRNAs, which were knocked out by
replacement of the Neo cassette. Together, results in Fig. 1B to
D clearly demonstrate that the TR2 gene was successfully
disrupted in the TR2™/~ mice.

TR2™'~ mice are viable and fertile. Mating of TR2™/~ mice
generates pups of three possible genotypes (TR2*/*, TR2%/~,
and TR2 /") that fit well with normal Mendelian frequencies,
suggesting that TR2 is not required for normal embryonic
development. The external and internal phenotypes of TR2™/~
mice appear normal. Furthermore, breeding studies showed
that both male and female TR2™/~ mice are fertile and can
produce normal offspring. Additionally, the histopathological
analyses from necropsy studies of more than 30 tissues, includ-
ing brain and prostate in four adult TR2™/~ animals, revealed
no gross anatomical defects or significant lesions (data not
shown).

Normal testis development and spermatogenesis in TR2 ™/~
mice. TR2 expression has been demonstrated previously for
mature testes and is mainly present in the advanced germ cell
population (12). The B-Gal activity from the lacZ reporter
gene present in the knockout construct and in TR2™~ or
TR2™/~ mice allows for the analysis of TR2 expression. Testes
collected from TR2/~ mice at different ages were examined
for the distribution of B-Gal activity, which represents TR2
protein expression. The results show that TR2 expression was
observed in the testis only after the first wave of spermatoge-
netic cells had completed both meiotic division I and meitoic
division II, which occurs around 3 weeks after birth. B-Gal
activity localized predominantly in more advanced germ cells
(pachytene spermatocytes and round spermatids) and was not
found in spermatogonia and elongated spermatids (Fig. 2C to
F). In contrast, -Gal activity is undetectable in the testes from
1- and 2-week-old TR2"™~ mice (Fig. 2A and B). To further
prove this distinct expression pattern of TR2 in testes, total
RNAs were isolated from the TR2"/" mouse testes at different
ages for Northern blotting analysis to compare the TR2
mRNA expression with B-Gal expression in TR2"™~ mice. As
shown in Fig. 2G, the expression of TR2 mRNA in TR2*/*
mouse testes is similar to B-Gal activity in TR2™/~ mouse
testes. In both cases, the expression is detected starting at 3
weeks of age and increases as testes develop into maturity.

As shown in Fig. 3A and B, examination of H&E-stained



VoL. 22, 2002 SPERMATOGENESIS AND TESTIS DEVELOPMENT IN TR/~ MICE 4663
A 7.4 kb
R‘V A B R‘V
— —
I I I H wild-type allele
-b 3 4 5 67
probe
X =&y X
—HRI-:SL}GaII\i(.‘-l-;‘L I I targeting vector
3 4 - - 67
6.5kb ¢ D
RV
¢
I = recombinant allele
67
B C D
Ldd FEos R
- J— ﬁ W e=74Kb Wt edvsbp  TR2 #
Mutant - S o= 6.5Kb

Mutant

FIG. 1. Targeted disruption of the murine TR2 gene. (A) Structure of wild-type allele, targeting construct, and recombinant locus. Black boxes
represent exons of TR2. The expected fragments after EcoRV digestion are 7.4 kb for the wild-type allele and 6.5 kb for the mutant allele. Arrows
indicate the primers used for PCR genotyping, and the bar represents the region used for probe. RV, EcoRV. (B) Southern blot analysis of mouse
tail DNA isolated from the progeny of a mating between heterozygous parents. DNA was digested with EcoRV and hybridized with the probe
indicated. (C) PCR analysis of mouse genomic DNA. The wild-type and targeted alleles give 498- and 774-bp PCR products, respectively.
(D) Northern blot analysis of total RNA isolated from testis tissue from 6-week-old mice. The same membrane was sequentially hybridized with
*2P-labeled TR2 and B-actin cDNA probes. +/+, wild-type mouse; +/—, heterozygous mutant mouse; —/—, homozygous mutant mouse; wt, wild

type.

paraffin-embedded sections from 6-week-old TR2™/~ mice did
not reveal any abnormal histological features. The diameter of
the seminiferous tubules, the thickness of the seminiferous
epithelium, and the size of the lumen in TR2™/~ mice appear
normal. Spermatogenesis also appears to progress normally in
TR2™/~ mice.

In mouse spermatogenesis, there are 12 designated cell as-
sociations or stages, which are defined groupings of germ cell
types at particular phases of development in cross-sectioned
tubules. The staging of spermatogenesis allows us to under-
stand normal spermatogenesis and what might go wrong with
spermatogenesis. Figure 3C presents selected stages of TR2-
homozygous mutant mice. We did not observe any abnormal
cell type present in any stage. Additionally, there were no
significant differences in testis weight (Fig. 3D), sperm count

(Fig. 3E), or sperm motility (Fig. 3F) among TR2*/*, TR2*/~,
and TR2™/~ mice.

TR4 expression is normal in the TR2™/~ mice. One expla-
nation for the absence of abnormality in testis development
and spermatogenesis in TR2™/~ mice involves functional com-
pensation by another orphan receptor, TR4, which exhibits
high homology (65% overall) with TR2 (1). Early studies also
indicate that these two orphan receptors share many functions
in regulating several signaling pathways (4, 13-15). To deter-
mine whether TR4 expression is increased in TR2™/~ and/or
TR2 /™ mice, total RNAs were isolated from testes of 6-week-
old TR2*"*, TR2"/~, and TR2™/~ mice, and Northern blot
analysis was carried out with mouse TR4 cDNA as a probe.
The results show that TR4 mRNA is expressed at similar levels
among TR2"", TR2"~, and TR2™/~ mice (Fig. 4). Whether
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FIG. 2. (A to F) Expression of TR2 represented by 3-Gal activity in
TR2%/~ heterozygous mice. Testes from postnatal mice of different
ages were processed through whole-mount X-Gal staining, embedded
in paraffin, sectioned, and counterstained with H&E. Magnification,
X100. Panels A to F show samples from mice aged 1, 2, 3, 4, 5, and 6
weeks, respectively. Positive staining is indicated by arrows. (G) North-
ern blot analysis of total RNA from testis tissue of mice at 1, 2, 3, 4, 5,
and 6 weeks of age. The same membrane was sequentially hybridized
with *?P-labeled TR2 and B-actin probes.

these results indicate that TR4 does not compensate for the
loss of TR2 in the TR2™/~ mice or that the original normal
amount of TR4 available in the TR2*/*, TR2"/~, and TR2 ™/~
mice is already at a sufficient level for the function of TR2 and
TR4 needed in testis development or spermatogenesis, how-
ever, remains unclear.

The central nervous system is normal in TR2™'~ mice. Al-
though TR2 is expressed in neural epithelia, spinal cord, cer-
ebellar primordium, and the periventricular area of the devel-
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FIG. 3. (A and B) Histological analysis of testes from 6-week-old
wild-type (A) and mutant (B) mice. Testes were fixed in neutral buff-
ered formalin, sectioned, and stained with H&E. Magnification, X 100.
(C) Selected stages of the seminiferous cycle of 6-week-old TR2 ho-
mozygous mutant mice. Testis sections were stained with periodic
acid-Schiff stain and counterstained with hematoxylin. Magnification,
x100. (D to F) Testis weight, sperm count, and sperm motility assays,
respectively, of 6-week-old wild-type mice (+/+), heterozygous mutant
mice (+/—), and homozygous mutant mice (—/—) (n = 6 from each
genotype). Error bars represent the standard errors of the means.

oping brain (25), no gross abnormalities were found with the
examination of the serial sections of cerebra, cerebella, and
spinal cords in 3-month-old wild-type mice (+/+) and homozy-
gous mutant mice (—/—). The six-cortical-layer laminar struc-
ture is well formed, and the cerebellar cortex consists of three
layers in both mice (Fig. SA and B). TR2 not only is highly
expressed in the developing nervous system but also induces
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FIG. 4. Analysis of TR4 expression. Total RNA from 6-week-old
wild-type mice (+/+), heterozygous mutant mice (—/+), and homozy-
gous mutant mice (—/—) was sequentially hybridized with **P-labeled
TR4 and B-actin probes.
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CNTF receptor a (CNTFRa) gene transcriptional activity, and
the expression of TR2 is increased in P19 cells treated with
CNTF (25). Mice lacking the CNTF gene exhibit a progressive
atrophy and loss of motor neurons in adult mice (19). Motor
neuron number is dramatically reduced in mice homozygous
for null mutations in the CNTFRa gene (6). These studies
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FIG. 5. Comparison of the cerebral cortex, cerebellar cortex, and
lumbar spinal cord motor neurons in 3-month-old wild-type mice
(+/+) and homozygous mutant mice (—/—). (A) Coronal sections of
the cerebral cortex in wild-type and mutant mice. Six-layer laminar
structures are seen in both mice. Magnification, X100. (B) Coronal
sections of cerebellar cortex. Three layers are seen in both mice.
Magnification, X100. (C) Transverse sections of lumbar spinal cord in
wild-type and mutant mice. Magnification, X400. Brains and spinal
cords were fixed in neutral buffered formalin, sectioned, and stained
with H&E. Abbreviations: I to VI, cortical layers I through VI; WM,
white matter; ML, molecular layer; P, Purkinje cells; GL, granular cell
layer.
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indicate the importance of the CNTF signaling pathway in the
maintenance of motor neurons. However, in contrast to mice
lacking CNTF and CNTFRa, lumbar motor neurons in
TR2™/~ mice showed no obvious reduction in number (Fig.
5C). Also, since the CNTFRa gene was suggested as a putative
target gene for TR2, we isolated RNAs from brains of newborn
pups of TR2*/*, TR2*"/~, and TR2™'~ mice and examined
CNTFRa mRNA expression by Northern blot assay. The re-
sults showed that, in correlation with their normal phenotypes
in the nervous system, the expression of CNTFRa mRNA in
mutant mice was not significantly changed compared to that in
heterozygous or wild-type control mice at the same age (data
not shown).

DISCUSSION

Previous studies indicated that TR2 might be able to mod-
ulate many signaling pathways (4, 17, 25). TR2 may also be
involved in male infertility associated with cryptorchidism (20)
and the testis degeneration that occurred in vitamin A-defi-
cient mice (11). Results from TR2™/~ mice, however, did not
display any detectable abnormality in testis development or
spermatogenesis. Homozygous TR2 ™/~ male mice were fertile
and had normal testis weight and histology. The epididymal
sperm number and motility of homozygous TR2™/~ mice were
similar to those for wild-type TR2™/* mice.

These results, contrasting with what might be expected
based on earlier studies showing no obvious abnormal pheno-
types in TR2™/~ mice, may suggest that the TR2 gene could be
dispensable with respect to embryonic development, testis de-
velopment, and spermatogenesis. Another explanation could
involve the compensation by TR4, which has functions similar
to TR2, as demonstrated in many in vitro cell culture studies
(4, 13,14, 17, 25, 26). Although results from Fig. 4 indicate that
TR4 mRNA expression did not increase in TR2™/~ mice com-
pared to that in TR2™* mice, it is still possible that the
original normal amount of TR4 available in either TR2*'* or
TR2™/~ could be enough to fulfill most functional roles of TR2
and TR4. Alternatively, there may still be other possible un-
identified close members of the nuclear receptor superfamily
with functions that are redundant with both TR2 and TR4.

The study of mice lacking orphan nuclear receptor TR2 has
revealed some important scientific implications. First, it is al-
ways possible to have different results from in vitro cell culture
studies compared with in vivo animal studies. Second, our
results suggest that the roles of TR2 could be compensated for
by TR4 or other unidentified similar nuclear receptors. More-
definitive results regarding the involvement of TR4 in this
compensation will be obtained in the near future when double-
knockout TR2-TR4 mice are available for study. Until then, we
may have to assume that there are distinctly different results
between in vitro cell culture and in vivo animal studies of
TR2’s physiological roles. Nevertheless, even TR2-knockout
mice did not provide us the expected correlation of results with
previous in vitro cell culture studies. We foresee these animals
becoming a valuable tool for future in vivo studies involving
double-knockout strategies aimed toward the characterization
of the physiological roles of TR2 and related members of the
nuclear receptor superfamily.
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