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Georg W. Bornkamm,3 Markus Brielmeier,1 and Marcus Conrad3*
Department of Comparative Medicine,1 Institute of Experimental Genetics,2 and Institute of Developmental Genetics,4 GSF

Research Centre for Environment and Health, Neuherberg, and Max Planck Institute of Psychiatry5 and Institute of
Clinical Molecular Biology and Tumor Genetics, GSF,3 Munich, Germany

Received 30 July 2004/Returned for modification 1 October 2004/Accepted 24 December 2004

Two distinct thioredoxin/thioredoxin reductase systems are present in the cytosol and the mitochondria of
mammalian cells. Thioredoxins (Txn), the main substrates of thioredoxin reductases (Txnrd), are involved in
numerous physiological processes, including cell-cell communication, redox metabolism, proliferation, and
apoptosis. To investigate the individual contribution of mitochondrial (Txnrd2) and cytoplasmic (Txnrd1)
thioredoxin reductases in vivo, we generated a mouse strain with a conditionally targeted deletion of Txnrd1.
We show here that the ubiquitous Cre-mediated inactivation of Txnrd1 leads to early embryonic lethality.
Homozygous mutant embryos display severe growth retardation and fail to turn. In accordance with the
observed growth impairment in vivo, Txnrd1-deficient embryonic fibroblasts do not proliferate in vitro. In
contrast, ex vivo-cultured embryonic Txnrd1-deficient cardiomyocytes are not affected, and mice with a heart-
specific inactivation of Txnrd1 develop normally and appear healthy. Our results indicate that Txnrd1 plays
an essential role during embryogenesis in most developing tissues except the heart.

Thioredoxins (Txn) are small redox-reactive proteins that
regulate many cellular processes (3). Txn exert a cytokine-like
influence on blood cells (29), modulate the activity of redox-
regulated transcription factors such as NF-�B (34) and AP-1
(20), mediate peroxiredoxin antioxidant properties (35), and
are putatively involved in DNA synthesis. The activity of Txn is
controlled by thioredoxin reductases (Txnrd) together with
NADPH as a cofactor. Three mammalian thioredoxin reduc-
tases are known, including a cytosolic (Txnrd1) (10), a mito-
chondrial (Txnrd2) (9), and a testis-specific (41) isoform. Thi-
oredoxin reductases are homodimeric flavoproteins with two
N- and C-terminally located interacting catalytic centers (12,
26). The C-terminal redox center contains a selenocysteine
(Sec) residue which is part of a conserved Gly-Cys-Sec-Gly
motif that is crucial for Txnrd function. Besides thioredoxins,
thioredoxin reductases can also reduce other substrates, such
as lipoic acid, NK-lysin, ascorbate, and ubiquinone (1, 31, 45).

Several gene targeting approaches with mice have been per-
formed to investigate the participation of the Txn/Txnrd sys-
tems in development and adult physiology. The results re-
vealed that cytosolic (Txn1) and mitochondrial (Txn2)
thioredoxins are indispensable for embryonic development
(24, 30). In Txn1�/� mutants, early embryonic death (by em-
bryonic day 6.5 [E6.5]) is associated with a dramatically re-
duced proliferation of inner mass cells. Txn2-deficient embryos
develop exencephaly, show markedly increased apoptosis, and

die during midgestation around E10.5. Using a conditional
targeting approach, we have shown recently that Txnrd2 is also
essential for embryonic development (5). Txnrd2-null embryos
die around E13.0 due to defects in hematopoiesis and heart
development. The cardiac-specific deletion of Txnrd2 leads to
fatal dilated cardiomyopathy and morphological abnormalities
of cardiomyocytes. These results support and extend the ob-
servation that the heart-specific overexpression of dominant-
negative Txn1 leads to oxidative stress and cardiac hypertrophy
(46).

Txnrd1 is expressed in cells with a strong proliferative activ-
ity, such as neoplastic tissues and tumor cell lines (13, 23), and
it has also been shown to be a c-Myc target in a human B-cell
line (39), indicating a role in cell proliferation. The presence of
several thioredoxin reductases obscures the contribution of the
individual thioredoxin reductases to cellular growth and sur-
vival, and it is unknown to what extent Txnrd1 and Txnrd2 can
complement each other. To study the impact of Txnrd1 on
apoptosis and proliferation in vivo, we used cre/loxP technology
to create mice with a floxed Txnrd1 allele. Ubiquitous Cre-
mediated deletion resulted in early embryonic death around
E10.5 due to severe growth retardation and widespread devel-
opmental abnormalities in most tissues, excluding the heart.
This notion was further supported by the heart-specific dele-
tion of Txnrd1, which resulted in viable mice with no obvious
phenotypes. It thus appears that only Txnrd2 is crucial for
heart development and function, whereas Txnrd1 activity is
required in other developing tissues.

MATERIALS AND METHODS

Gene targeting, mouse breeding, and genotyping. An insert of cosmid clone
MPMGc121Io7462Q2 (Deutsches Resourcenzentrum für Genomforschung
GmbH, Berlin, Germany) (38), covering exons 12 to 15 of murine Txnrd1, was
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used for the generation of the targeting construct. An XmaI/EcoRV fragment
representing the 3� arm for homologous recombination was cloned between the
XmaI and EcoRV sites of pBluescript SK(�) (Stratagene, La Jolla, Calif.),
resulting in pCJ1. Subsequently, this arm was cloned as a SalI/BamHI fragment
in the XhoI and BamHI sites of pPNT4 (4), a vector which already contained an
frt-flanked neomycin cassette and one loxP site, to generate pCJ2. Several con-
secutive cloning steps were required to insert the 5� arm, including the second
loxP site and two characteristic restriction sites necessary for the confirmation of
homologous recombination of the targeting construct into embryonic stem (ES)
cells. Firstly, a HindIII/XmaI cosmid fragment including exon 15 was subcloned
into pBluescript SK(�) (pCJ4). Secondly, a synthetic linker (created with the
primers OligoloxPb [5�-CCGGGATAACTTCGTATAATGTATGCTATACGA
AGTTATGAATTCGTTACCGATATCATTAAT-3�] and OligoloxPa [5�-CCG
GATTAATGATATCGGTAACGAATTCATAACTTCGTATAGCATACATT
ATACGAAGTTATC-3�]) containing one loxP site and two characteristic
restriction enzyme sites (EcoRV and AseI) was inserted into pCJ4 that had been
digested with XmaI (pCJ4�L). Thirdly, a 4.5-kb XmaI fragment containing exon
15 was introduced into pCJ4�L (creating pCJ6). An XhoI/NotI fragment rep-

resenting the modified 5� arm was transferred into pCJ2 which had been linear-
ized with SalI and NotI to obtain the targeting vector pCJ7. Gene targeting in
E14 ES cells was performed as described previously (17, 18). Homologously
recombined ES cell clones arose at a frequency of 1% when tested with both 3�

and 5� external probes (see Fig. 1A and B). To simplify the genotyping of mice
with floxed Txnrd1 alleles obtained after the backcrossing of chimeric mice with
C57BL/6j mice, we used a primer pair (Txnrd1floxfor1 [5�-TCC ACC TCA CAG
GAG TGA TCC C-3�] and Txnrd1floxrev1 [5�-TGC CTA AAG ATG AAC TCG
CAG C-3�]) which detected wild-type (WT) (66 bp) and floxed (130 bp) Txnrd1
alleles in one PCR step. To discriminate between hemizygous and WT animals,
we used one primer pair specific for the deleted Txnrd1 allele (320 bp)
(Txnrd1wtfor2 [5�-GGT CTG AGC TAG CGT GAA GTG TTC C-3�] and
PGKpromrev1 [5�-GGG CTG CTA AAG CGC ATG CTC CAG ACT GC-3�])
and one pair specific for the WT allele (290 bp) (Txnrd1wtf1 [5�CTA CCC CCA
CAA GAA GGA GTA TAC G-3�] and Txnrd1flprev1 [5�-AGC CTG TAC GGA
TAC CCT CAG C-3�]). Txnrd1 was deleted from cardiomyocytes by use of the
MLC2a-Cre transgenic mouse line (44). Txnrd1�/� mice were first crossed with

FIG. 1. Gene targeting of Txnrd1. (A) Schematic drawing of mouse Txnrd1 3� region including exons 12 to 15. The last exon harbors the coding
region for the redox center located at the C terminus, including the Sec codon UGA (marked with an asterisk), the SECIS element, the AU-rich
elements, and the endogenous transcription termination signal. The bottom panels depict the conditional gene targeting strategy to flank exon 15
with loxP sites (black triangles) (floxed). The neo cassette is flanked by frt sites (open triangles). TK, thymidine kinase. The Cre-mediated deletion
of the floxed Txnrd1 allele led to the inactivation of Txnrd1. Expected DNA fragments after characteristic restriction digests (V, EcoRV; A, AseI)
detected with corresponding 5� and 3� external probes (hatched rectangles) are drawn schematically. (B) Homologous recombination of the
targeting construct in ES cells was verified by Southern blotting with both 3� (I) and 5� (II) external probes. (C) Germ line transmission of the
conditional Txnrd1 allele was tested by PCR (the binding regions of the specific primers are marked with arrows in panel A). Panel I, the floxed
Txnrd1 allele gives rise to a 64-bp-longer product than the WT allele; panel II, genotyping by Southern blotting of hemizygous KO mice obtained
by breeding of floxed Txnrd1 mice with Cre deletion mice; panel III, genotyping of embryos isolated at E9.5 from hemizygous Txnrd1 intercrosses.
(D) RT-PCR analysis with mRNAs isolated from E9.5 embryos of each genotype as templates. The primer pair Oligo Txnrd1-E13f and -E15r
indicated the absence of exon 15 in Txnrd1 KO embryos. Very low levels of a truncated Txnrd1 message could be detected in Txnrd1 KO embryos
by use of the primer pair Oligo Txnrd1-59 and -60 specific for the central region of Txnrd1.
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MLC2a-Cre mice, and subsequently, Txnrd1�/� MLC2a-Cre and Txnrd1loxP/loxP

mice were mated to obtain Txnrd1loxP/� MLC2a-Cre mice.
Mice were kept under standard conditions with food and water provided ad

libitum (Altromin GmbH, Lage, Germany). All animal experiments were per-
formed in compliance with the German animal welfare law and have been
approved by the institutional committee on animal experimentation and the
government of Upper Bavaria.

RT-PCR analysis. Total RNAs were isolated from embryos at gestational day
9.5 by the use of peqGOLDTriFast (peqLab, Erlangen, Germany). DNase-
treated total RNAs (DNase I and RNase I free; Roche, Mannheim, Germany)
were reverse transcribed by use of a reverse transcription (RT) system (Promega
Corporation, Madison, Wis.). Primer pairs were designed to amplify products
from exon 13 to exon 15 (Oligo Txnrd1-E13f, 5�-TTG GCC ATT GGA ATG
GAC AGT CC-3�; Oligo Txnrd1-E15r, 5�-AGC ACC TTG AAT TGG CGC
CTA GG-3�) and from exon 5 to exon 11 (Oligo Txnrd1-59, 5�-CGA AGA CAC
AGT GAA GCA TGA CTG GG-3�; Oligo Txnrd1-60, 5�-TCC CCT CCA GGA
TGT CAC CGA TGG CG-3�). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as a control (GAPDH1, 5�-CTT CAT TGA CCT CAA CTA
CAT GG-3�; GAPDH2, 5�-GCC TGC TTC ACC ACC TTC TTG-3�).

Whole-mount in situ hybridization. C57BL/6j embryos were dissected at E8.5,
E9.5, and E10.5. Sense and antisense RNA probes were generated by the use of
DIG RNA labeling mix (Roche Molecular Biochemicals) according to the man-
ufacturer’s instructions. Whole-mount in situ hybridization was performed as
previously described (40). Embryos were stained with BM Purple AP substrate
(Roche Molecular Biochemicals) and postfixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline. A Txnrd1-specific probe corresponding to
exons 5 to 11 was generated from mouse testis cDNA by use of the primer pair
OligoTxnrd1-59 and OligoTxnrd1-60. A probe specific for T (brachyury) was used
as described previously (15).

In situ end-labeling method (ISEL). The detection of apoptotic cells was
performed with an ApopTag kit (S7100; Serologicals Corporation, Norcross,
Ga.) on 4% PFA-fixed paraffin-embedded sections according to the manufac-
turer’s instructions.

Immunohistochemistry. An antibody against phospho-histone H3 (Ser10)
(New England Biolabs GmbH, Frankfurt am Main, Germany) was used to detect
mitotic chromosome condensations at a dilution of 1:50 on 4% PFA-fixed par-
affin-embedded sections according to the manufacturer’s instructions.

Immunoblotting. After dissection, the cytosolic fraction of cardiac tissue was
prepared as described previously (27). Extracts were resolved by sodium dodecyl
sulfate–10% polyacrylamide gel electrophoresis and analyzed by immunoblotting
with anti-Txnrd1 (LF-PA0023; LabFrontier, Seoul, Korea). The protein concen-
tration was quantified by the Bradford assay (Bio-Rad, Hercules, Calif.).

Isolation and culture of embryonic cells. Embryos were isolated at E9.5 or
E10.5. The head and the primitive heart were removed from the body trunk. The
heart and the remaining body trunk were minced separately, trypsinized, treated
with DNase, and cultivated under standard conditions in Dulbecco’s modified
Eagle’s medium (Invitrogen GmbH, Karlsruhe, Germany) supplemented with
10% fetal bovine serum (Biochrom, Berlin, Germany), 2 mM glutamine, 100 U
of penicillin-streptomycin/ml, and 0.1 mM �-mercaptoethanol.

RESULTS

Gene targeting of Txnrd1 in mice. The murine Txnrd1 gene
comprises 15 exons (Fig. 1A). The last exon encodes 22 amino
acids, including the C-terminally located redox center consist-
ing of Gly-Cys-Sec-Gly. Additionally, the 1.7-kb 3� untrans-
lated region contains the selenocysteine insertion sequence
element (SECIS), which is essential for cotranslational Sec
incorporation at the UGA codon (8), AU-rich mRNA insta-
bility elements, and the endogenous transcription termination
signal. Since mutational and biochemical modification of the
Sec codon UGA (11, 22, 48) as well as deletion of the SECIS
element (7) results in the inactivation of Txnrd1 and, more-
over, since alternative first exon usage may restrict gene tar-
geting of the 5� region of Txnrd1 (37, 42), we chose to flank
exon 15 with loxP sites for Cre-mediated conditional inactiva-
tion of the Txnrd1 gene (Fig. 1A). Gene targeting in ES cells,
the detection of germ line transmission, and the ubiquitous
Cre-mediated deletion of the floxed (loxP) Txnrd1 allele are

outlined in Fig. 1B and C. To confirm the excision of exon 15,
we performed RT-PCR analysis with embryonic mRNAs iso-
lated at E9.5. The primer pair Txnrd1-E13f and -E15r yielded
no product with mRNAs from knockout (KO) embryos,
whereas the primer pair Txnrd1-59 and -60 revealed low levels
of truncated transcripts in Txnrd1 KO embryos (Fig. 1D).

Targeted disruption of Txnrd1 results in early embryonic
lethality. The intercross of hemizygous Txnrd1�/� mice, ob-
tained by the mating of floxed Txnrd1 mice with ubiquitously
expressing Cre deletion mice, never resulted in viable homozy-
gous Txnrd1 KO mice. Of 79 pups, 32 (40.5%) were WT and 47
(59.5%) were hemizygous for Txnrd1. The genotyping of em-
bryos dissected from hemizygous intercrosses on different days
of gestation revealed that the expected Mendelian ratio was
maintained up to E10.5, although the resorption of Txnrd1 KO
embryos was frequently observed between gestational days 9.5
and 10.5 (Table 1).

Expression pattern of Txnrd1 in the mouse embryo. To bet-
ter understand the basis of the early null phenotype, we ana-
lyzed the expression profile of Txnrd1 at several developmental
stages by performing whole-mount in situ hybridization. At
E8.5, Txnrd1 was expressed throughout the entire embryo, with
the exception of the primitive heart, with the highest levels
detected in neuronal tissues such as the developing forebrain
and rhombomeres (Fig. 2A). At E9.5, Txnrd1 expression was
confined to the neural tube, the forebrain, branchial arches,
somites, and the limb buds (Fig. 2B). At E10.5, Txnrd1 was
present in developing somites, in the apical ectodermal ridge
of the limb buds, in the first and second branchial arches, and
in the lateral edges of the nasal pit. In short, this analysis
revealed a complex and dynamic expression pattern of the
Txnrd1 gene in early developmental stages. Note that no
Txnrd1 expression was detected in the embryonic heart, in
contrast to the high expression level of Txnrd2 in this region
(5). The distinct expression patterns of Txnrd1 and Txnrd2
suggest particular roles for these redox systems during embry-
onic development.

Growth and developmental retardation of Txnrd1 KO em-
bryos. We observed a clear size reduction of the decidua of KO
embryos between gestational days E8.5 and E10.5 compared to
those of WT embryos (Fig. 3A). After the removal of maternal
and extraembryonic tissues, the size difference between WT
and KO embryos was more pronounced (Fig. 3B and C). De-
spite the facts that the expression of the gastrulation and mid-
line marker brachyury was normal (Fig. 3D) and that no signs
of resorption could be observed until E9.5 (Table 1), the de-
velopment of Txnrd1-deficient embryos was highly abnormal
and retarded (Fig. 3C and D). The anterior-posterior axis of
Txnrd1 mutant embryos at E10.5 was markedly shortened, and

TABLE 1. Genotypes of embryos of Txnrd1�/� intercross on
different gestational days

Embryonic
day

% of embryos with genotype (n)

�/� �/� �/�

E10.0–E11.0 23 (9) 59 (23) 18 (7)a

E9.0–9.5 27 (19) 49 (35) 24 (17)
E7.0–8.5 25 (5) 50 (15) 25 (5)

a Five resorptions occurred.
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somitogenesis was impaired. Interestingly, distinct regions
within Txnrd1-deficient embryos were differently affected. For
example, in E10.5 KO embryos, the head region resembled
that of wild-type embryos at E9.0, whereas tissues caudal to the
heart resembled the morphology at developmental stage E8.5
or earlier (Fig. 3C and D). At all stages, the primitive heart was
the only organ that appeared to be unaffected by the Txnrd1
deficiency (Fig. 3C and D), and cardiac contractility was ob-
served in freshly prepared KO embryos (data not shown). In
accordance with the developmental retardation, we never ob-
served proper turning of Txnrd1 KO embryos. Also, in contrast
to the case for WT embryos, primary vascular plexus formation
in the yolk sacs of Txnrd1-deficient embryos was delayed, but
blood vessel formation appeared unaffected (data not shown).

The developmental delay of embryonic structures became
particularly evident when we compared serial sections of het-
erozygous (phenotypically wild type) and homozygous Txnrd1
KO siblings at E9.5 and E10.5 with sections of corresponding
WT embryos (C57BL/6j) at E7.5 and E8.5 (Fig. 4A to M). The

positioning and size of the E9.5 KO embryos (Fig. 4B, E, and
H) resembled those of E7.5 WT embryos (Fig. 4C, F, and I)
rather than those of their heterozygous siblings (Fig. 4A, D,
and G). At E10.5, the Txnrd1-deficient embryos failed to turn
and showed a defect in neural tube closure with an overall
structure comparable to that of E8.5 WT embryos (Fig. 4,
compare panels L and M). In contrast, the layering and size of
trophoblast giant cells at the proximal pole of the decidua
seemed to be unaffected by the Txnrd1 deficiency, and these
structures were comparable in heterozygous and homozygous
siblings of the same age (Fig. 4G and H).

Taken together, our results suggest that the Txnrd1 defi-
ciency critically affects most aspects of early embryonic devel-
opment, sparing only the heart and a few extraembryonic struc-
tures.

Proliferation defects in Txnrd1 KO embryos. To investigate
whether increased apoptosis or reduced proliferation was re-
sponsible for the obvious growth retardation of Txnrd1�/�

embryos, we performed ISEL immunostaining of serial sec-
tions of paraffin-embedded embryos. In contrast to the case for
WT sections at E10.5, only a few ISEL-positive cells could be
detected in sections of Txnrd1-deficient embryos of the same
age (data not shown). This was in line with the findings for WT
sections at E8.5, indicating that apoptosis levels were compa-
rable in WT and KO embryos. In contrast, cell proliferation in
Txnrd1 knockout embryos was markedly reduced compared to

FIG. 2. Expression pattern of Txnrd1 during embryonic develop-
ment. (A) At E8.5, Txnrd1 was widely expressed in all areas, with the
exception of the primitive heart. The strongest expression was in the
forebrain (arrowhead), the rhombomeres (arrows), and the neural
ectoderm (asterisk). (B) At E9.5, Txnrd1 was highly expressed in the
forebrain (white arrowhead), the branchial arches (asterisk), the limb
buds (black arrow), neuronal tissues (black arrowhead), and somites
(white arrow). (C) At E10.5, intense expression was detected in the
nasal pit (white arrowhead), the branchial arches (asterisk), the distal
end of the limb buds (black arrow), neuronal tissues, and somites
(white arrow).

FIG. 3. Phenotypic analysis of Txnrd1-deficient embryos. (A) Tx-
nrd1 KO embryos (�/�) at E8.5 showed a smaller decidua than their
wild-type siblings (�/�). (B and C) WT (B) and Txnrd1 KO (C) sib-
lings dissected at E10.5. The obvious growth retardation of the KO
embryo was manifested in a less developed head region and a fold in
the short embryonic trunk. The heart appeared normal but oversized
relative to the reduced overall body size (arrowhead). (D) Txnrd1 KO
embryos dissected at E9.5. The expression of brachyury (arrow) in the
axial midline and the posterior mesoderm indicated that gastrulation is
not affected in Txnrd1 KO embryos. Abbreviations: f, fold; h, embry-
onic heart; ys, yolk sac. Bars � 500 �m.
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FIG. 4. Histological analysis of paraffin-embedded Txnrd1-deficient and wild-type embryos. (A to I) Serial sections of hemizygous Txnrd1 (A,
D, and G) and homozygous Txnrd1 KO (B, E, and H) siblings at E9.5 as well as corresponding wild-type embryos at E7.5 (C, F, and I). Inserts
indicate section levels. The brackets in panels G, H, and I indicate the layering of trophoblast giant cells. Whereas the homozygous KO embryo
had retarded growth and resembled E7.5 wild-type embryos, extraembryonic tissues seemed unaffected by the Txnrd1 deficiency. Asterisks indicate
the exocoelomic cavity, black arrowheads mark the Reichert’s membrane, and white arrowheads point to the yolk sac. (K to L) Cross sections of
hemizygous Txnrd1 (K) and homozygous Txnrd1 KO (L) siblings at E10.5 compared to a wild-type embryo at E8.5 (M). Note that the open neural
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that in their wild-type siblings. Using phospho-histone H3
(PH3) as a marker (6, 43), we observed clear differences in the
numbers and densities of PH3-positive cells between Txnrd1
KO and wild-type siblings at E9.5 (Fig. 4N and O) as well as
E10.5 (data not shown). The number of proliferating cells in
KO embryos was clearly reduced and comparable to the num-
ber of PH3-positive cells in WT embryos at earlier stages.

To further investigate the effect of Txnrd1 deficiency on cell
proliferation, we isolated mouse embryonic fibroblast (MEFs)
from WT and KO cells. Whereas the cultivation of MEFs
isolated from hemizygous Txnrd1 embryos at E8.5 and E9.5
was always successful, the establishment of proliferating MEFs
from homozygous knockout embryos invariably failed (data
not shown). Although some cells attached to the culture dish
after seeding, they were not capable of proliferating. Notably,
the isolation and cultivation of spontaneously contracting car-
diomyocytes from E10.5 Txnrd1 KO embryos were possible
(data not shown).

Taken together, the results show that Txnrd1 knockout em-
bryos display general growth retardation with the exception of
cardiomyocytes, most likely due to a global proliferation de-
fect, and reach a developmental stage comparable to E8.5
wild-type littermates when dissected at gestational day E10.5.

No phenotype after heart-specific elimination of Txnrd1.
Thioredoxin has recently attracted considerable interest in car-
diac research (47). The heart-specific overexpression of dom-
inant-negative Txn1 was shown to be associated with increased
oxidative stress and cardiac hypertrophy in mice, whereas the
overexpression of wild-type Txn1 was beneficial (46). Yet the
expression studies of Txnrd1 by in situ hybridization described
above and analyses of the Txnrd1 null phenotype did not pro-
vide evidence for the suspected role of Txnrd1 in the heart.
There are two possibilities to explain this discrepancy. Firstly,
Txnrd1 might contribute to proper heart functioning at later
stages of development or eventually only after birth, when an
entirely self-sustaining circulatory system must be maintained
by the heart. The second possibility is that Txnrd2, and not
Txnrd1, plays a decisive role in proper heart development and
function. To discriminate between these possibilities, we spe-
cifically deleted Txnrd1 from the heart. To this end, we first
crossed Txnrd1�/� mice with MLC2a-Cre-expressing mice (44).
The resulting Txnrd1�/� MLC2a-Cre mice were subsequently
crossed with Txnrd1loxP/loxP mice to obtain Txnrd1loxP/� MLC2a-Cre

mice. The efficiency of the heart-specific deletion of Txnrd1 was
monitored by RT-PCR analysis and Western blotting (Fig. 5A)
and appeared to be similarly effective as the MLC2a-Cre-medi-
ated elimination of Txnrd2. Heart-specific Txnrd1 KO mice were
viable and fully fertile. The preparation of cardiac tissue did not
show any signs of cardiac insufficiency (data not shown). Similarly,
a histological examination did not reveal any differences in heart
shape or in the cellular morphology of cardiomyocytes between
WT and heart-specific Txnrd1 KO mice (Fig. 5B to E). These

FIG. 5. Histological examination of cardiac tissues of heart-specific
Txnrd1 KO mice. (A) Semiquantitative RT-PCRs revealed reduced
levels of Txnrd1 transcripts in the hearts of heart-specific Txnrd1 KO
mice (loxP/� Cre�) compared to those in the hearts of control animals
(loxP/� Cre�). Note that Txnrd1 mRNA levels were comparable in
other tissues, such as the kidneys, showing the specificity of the
MLC2a-Cre line. In the bottom panels, immunoblotting reveals the
high efficacy of deletion of the targeted Txnrd1 allele in the hearts of
Txnrd1loxP/� Mlc2a-Cre mice, but not in the kidneys. Provided that the
antibody used was highly specific, the faint band migrating at the
position of Txnrd1 was most likely due to cell and tissue heterogeneity
within the heart and to an incomplete deletion of the targeted allele by
Cre recombinase in vivo. Serial sections of control (B and D) and
Txnrd1-deficient (C and E) hearts show no differences in nuclear and
cellular morphology between WT and KO cells by hematoxylin and
eosin staining (B and C) and phase-contrast imaging (D and E) of
cardiomyocytes. Bars � 25 �m (B and C) and 20 �m (D and E).

groove of the homozygous KO embryo (L) is opposed to the caudal neuropore, indicating that turning had not occurred. (N to P) Mitotically active
cells were detected by phospho-histone H3 (PH3) immunostaining (brown color). Hemizygous embryos at E9.5 (N) displayed significantly more
mitotically active cells than Txnrd1 KO embryos of the same age (O), whereas the number of PH3-positive cells at E9.5 in Txnrd1 KO embryos
was similar to that in WT embryos at E7.5 (P). Sections A to M were stained with hematoxylin and eosin, and sections N to P were counterstained
with hematoxylin after immunodetection. Bars � 1,000 �m. Abbreviations: a, amnion; ac, amniotic cavity; al, allantois; ec, ectoderm; en, endoderm;
h, embryonic heart; ng, neural groove; nt, neural tube; tg, trophoblast giant cells; tv, telencephalic vesicle.
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results indicate that Txnrd1 is dispensable for embryonic heart
development. We conclude that Txnrd2 rather than Txnrd1 plays
the decisive role in heart development.

DISCUSSION

The Txnrd1 knockout approach described here sheds light
on as yet unresolved questions regarding a putative functional
redundancy between Txnrd1 and Txnrd2 and whether (or how
closely) the phenotype of Txnrd1�/� mice mimics the pheno-
type of Txn1�/� mice. With this study and our recent work (5),
we provide evidence that Txnrd1 and Txnrd2 fulfill nonredun-
dant functions to a large extent. Both enzymes play distinct and
essential roles in embryonic development and in cell and organ
functions and cannot substitute for each other. A ubiquitous
inactivation of Txnrd1 in mice was associated with remarkable
embryonic growth and developmental retardation, a failure of
embryonic turning, an impairment of somitogenesis, and early
embryonic death between E9.5 and E10.5. Txnrd1�/� embryos
reached a developmental stage resembling E8.5 wild-type em-
bryos. A severe impairment of proliferation was noted for
Txnrd1�/� embryos by use of a phospho-histone 3-specific an-
tibody, whereas no obvious increase in the number of apoptotic
cells was observed. Remarkably, the heart appeared to develop
normally and was spared from dramatic growth and develop-
mental retardation. The development of extraembryonic tis-
sues also appeared unaffected in Txnrd1�/� embryos.

Only the last of 15 exons of the Txnrd1 gene was deleted in
our gene targeting approach. This exon includes the seleno-
cysteine-containing active site and the SECIS element required
for selenocysteine incorporation. The strategy of deleting only
a small part of the gene bears the risk that a truncated protein
will be synthesized from the targeted allele and that the trun-
cated protein may impose a gain-of-function rather than a
loss-of-function phenotype. Given the facts that small amounts
of truncated transcripts were indeed detected and that seleni-
um-compromised Txnrd1 was shown to induce apoptosis (2), it
was particularly important to test whether a truncated protein
that might be responsible for the phenotype observed was
made from the targeted allele. A Western blot analysis of heart
tissue obtained from Txnrd1loxP/� MLC2a-Cre mice (and
Txnrd1loxP/� mice as controls) revealed that the deletion of the
Txnrd1 gene in the heart was indeed very effective and appar-
ently did not lead to the formation of a truncated protein (Fig.
5A). The notion that our targeting strategy led to a loss- and
not to a gain-of-function phenotype is corroborated by the fact
that hemizygous Txnrd1�/� and Txnrd1loxP/� mice were normal
and did not show any evidence of increased cell death in vivo.

The Txnrd1�/� phenotype described here clearly differs
from that of Txnrd2�/� embryos (5). Txnrd2�/� embryos were
smaller and pale compared to their wild-type siblings and died
of severe anemia and improper heart development at E13.5.
The importance of Txnrd2 for heart development and function
was emphasized by the heart-specific deletion of Txnrd2 lead-
ing to congestive dilated cardiomyopathy and perinatal death,
whereas mice with a heart-specific elimination of Txnrd1 de-
veloped normally and appeared healthy. The importance of
thioredoxin for proper heart function has recently been no-
ticed by Yamamoto et al. (46). They showed that the heart-
specific overexpression of a dominant-negative mutant of Txn1

in mice results in increased oxidative stress and cardiac hyper-
trophy. Since dominant-negative Txn1 most likely also inter-
feres with Txn2 function, the transgenic approach did not de-
termine which of the thioredoxin/thioredoxin reductase
systems is responsible for the observed phenotype. Thus, our
data clearly indicate a pivotal role for Txnrd2 in proper heart
function but do not exclude a potential contribution of Txn1. If
Txn1, in addition to Txn2, is also of critical importance in the
heart, then Txn1 should be a substrate of Txnrd2.

The time of embryonic death and the appearance of Txnrd1
KO embryos closely reflected the expression pattern. At E8.5,
Txnrd1 was highly expressed in the developing neural tissues,
i.e., the neural tube, rhombomeres, and forebrain, and at E9.5
and E10.5, expression was confined to branchial arches,
somites, and the apicoectodermal ridge of the limb buds, but
the primitive heart was largely excluded. Notably, Jurado and
colleagues showed that Txnrd1 expression peaks around E10.5
(19). The discrepancy in the expression patterns of Txnrd1 and
Txnrd2 in the heart, the different subcellular localization of
Txnrd1 and Txnrd2, and potential differences in the enzymes
themselves suggest the nonredundancy of both thioredoxin
reductases (28).

Our analysis of the phenotypes of Txnrd1�/� and Txnrd2�/�

embryos has clearly revealed the nonredundant functions of
Txnrd1 and Txnrd2, but we could not assess to what extent
both thioredoxin/thioredoxin reductase systems might func-
tionally overlap. Additional information was provided by com-
paring the phenotypes of Txn1�/� to Txnrd1�/� and of
Txn2�/� to Txnrd2�/� embryos. Mice deficient in Txn1 show a
severely perturbed proliferation of the inner cell mass and
embryonic death at around E6.5, which is much earlier than
that for Txnrd1�/� embryos (E10.5). Likewise, mice lacking the
Txn2 gene die at E10.5 from exencephaly and massive apopto-
sis, which is significantly earlier than the death of Txnrd2�/�

embryos (E13). The fact that Txn1�/� and Txn2�/� mice die
much earlier than mice lacking the respective thioredoxin re-
ductases may suggest a partial functional overlap of Txnrd1
and Txnrd2. Alternatively, other pivotal functions of thiore-
doxins that do not require thioredoxin reductase activity might
exist. A C-terminally truncated form of Txn (referred to as
Txn80) exerts a potent mitogenic activity on resting human
peripheral mononuclear cells (32). This truncated form lacks
reductase activity and tends to form homodimers, unlike full-
length Txn. It may be possible to discriminate between these
possibilities by generating mice with a Txn1 gene that is mu-
tated in the catalytic cysteine residues Cys 32 and Cys 35.

It is remarkable, but not surprising, that the phenotypes of
both Txn1�/� and Txnrd1�/� embryos are dominated by a
defect in cell proliferation. This supports the notion that Txn1
is the main substrate of Txnrd1 and strongly argues that
Txnrd1�/� embryos die from compromised Txn1 activity. An
important role of the Txn1/Txnrd1 system in cell proliferation
is also suggested by the facts that the Txn/Txnrd system is
abundantly expressed in tumors and tumor cell lines (23, 33,
36), that Txnrd1 is a direct target gene of the proto-oncogene
c-myc (39), and that it was impossible to establish primary
mouse embryonic fibroblast cultures of Txnrd1�/� embryos. It
is of crucial importance now to identify the molecular targets
of Txn1 in cell proliferation. Due to the pleiotropic activity of
Txn1 and its interaction with many different target molecules,
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it will remain a very difficult task to define the actions of Txn1
and Txnrd1 in diverse biological processes at a biochemical
level. Several reports indicate that the Txn/Txnrd1 system—
either directly or through substrates such as Ref-1 and perox-
iredoxins—participates in the regulation of transcription, rep-
lication, and DNA repair (3, 16). Whether the mammalian
Txn/Txnrd system provides reducing equivalents for the syn-
thesis of deoxyribonucleotides by ribonucleotide reductase, as
shown for Escherichia coli (21), Saccharomyces cerevisiae (25),
and Xenopus laevis (14), is still being debated.

Its association with proliferation makes Txnrd1 an interest-
ing drug target for cancer therapy in the future. Our data stress
the importance of inhibiting Txnrd1 without affecting Txnrd2
activity. We predict that drugs lacking specificity for Txnrd1
would most likely also impair the activity of Txnrd2, eventually
leading to serious cardiac side effects. Since the catalytic cen-
ters of Txnrd1 and Txnrd2 are virtually identical, it will be
extremely difficult to design chemical drugs with specificity for
Txnrd1. Txnrd1 may therefore be an ideal target for inhibition
by RNA interference.
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