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Abstract

Ribonucleotide reductase (RNR) activity requires an electron donor, which in bacteria, yeast, and
plants is usually either reduced thioredoxin (Trx) or reduced glutaredoxin (Grx). Mice lacking
glutathione reductase are viable and, although mice lacking thioredoxin reductase 1 (TrxR1) are
embryonic-lethal, several studies have shown that mouse cells lacking the £xnrdl gene, encoding
TrxR1, can proliferate normally. To better understand the /77 vivo electron donor requirements for
mammalian RNR, we here investigated whether replication of TrxR1-deficient hepatocytes in
mouse livers employed either an alternative source of Trx-reducing activity or, instead, solely
relied upon the glutathione (GSH) pathway. Neither normal nor genetically TrxR1-deficient livers
expressed substantial levels of mMRNA splice-forms encoding cytosolic variants of TrxR2, and the
TrxR1-deficient livers showed severely diminished total TrxR activity, making it unlikely that any
alternative TrxR enzyme activities complemented the genetic TrxR1 deficiency. To test whether
the GSH pathway was required for replication, GSH levels were depleted by administration of
buthionine sulfoximine (BSO) to juvenile mice. In controls not receiving BSO, replicative indexes
were similar in hepatocytes having either two, one, or no functional alleles of £xnrd1. Following
BSO treatment, hepatocytes containing either two or one copies of this gene were also normal.
However, hepatocytes completely lacking a functional ¢xnrd gene exhibited severely reduced
replicative indexes after GSH depletion. We conclude that hepatocyte proliferation in vivo
requires either GSH or at least one functional allele of £xnrdZ, demonstrating that either the GSH-
or TrxR1-dependent redox pathway can independently support hepatocyte proliferation during
liver growth.
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DNA replication depends on the activity of ribonucleotide reductase (RNR)! to make DNA
precursors [1]. RNR catalyzes the conversion of ribonucleoside diphosphates into
deoxyribonucleoside diphosphates by a reaction that requires an electron donor system [1-
4]. Early studies on Escherichia coli established that either thioredoxin (Trx) or glutaredoxin
(Grx) could serve as the terminal electron-donor for RNR, and either the Trx- or the
glutathione- (GSH-) pathways could hence support bacterial genome replication [5-8].
Either the Trx- or the GSH-pathway can also support S phase replication in yeast or plants;
however, in these eukaryotic organisms, ablation of the GSH-pathway has no effect on
replication, whereas ablation of the Trx-pathway results in slow-growth phenotypes [9-12].
Thus, in yeast and plants the Trx-pathway seems to be primarily active in supporting RNR
activity; the GSH-pathway is only marginally effective. Interestingly, in C. elegans, the only
essential role of TrxR1 seems to be in assistance of the molting process, i.e. shedding of old
cuticle in a process requiring both TrxR1 and glutathione reductase (Gsr), with no evidence
for an essential role of TrxR1 in support of cell replication and thus in support of RNR
activity [13]. These examples illustrate that different eukaryotes favor different redox
pathways to support RNR. However, the relative /n vivo contributions of these electron
donor systems to RNR activity in mammalian systems have yet to be determined.

GSH- and Trx-pathways are each nearly ubiquitous in biology. In the GSH pathway,
electrons flow from NADPH to oxidized glutathione disulfide (GSSG) via Gsr. In a separate
reaction, the reduced GSH can reduce oxidized Grx isoenzymes, serving the roles of general
GSH-dependent protein disulfide reductases [6, 14]. In the Trx pathway, electrons flow from
NADPH to Trx in a single reaction catalyzed by thioredoxin reductase (TrxR), with Trx
isoenzymes subsequently reducing a wide range of protein disulfide substrates [6, 15].
Although the relative roles of the GSH- and Trx-systems in supporting /n vivo genome
replication in mammalian systems has not previously been investigated, the catalytic
mechanisms by which mammalian GSH- and Trx-systems support RNR activities /in vitro
differ qualitatively both from each other and from those found with bacterial RNR [16, 17].
Early genetic studies in mice suggested that the Trx pathway played a more essential role
than did the GSH pathway in mammals. Mice genetically lacking Gsr protein are viable,
fertile, and overtly normal [18]. Conversely, homozygous disruption of either the £xn1 gene
encoding cytosolic Trx1 (also called Txn1) [19], the &2 gene encoding mitochondrial Trx2
(also called Txn2) [20], the txnrd1 gene encoding cytosolic TrxR1 (also called Txnrd1 or
TR1) [21, 22], or the txnrd2 gene encoding mitochondrial TrxR2 (also called Txnrd2 or
TR3) [23] in all cases, independently resulted in embryonic lethality. Nevertheless,
uncertainties about the mechanistic causes of embryonic failure in the Trx-system mutants
make it unclear why these pathways might be essential.

Labbreviations used in this paper. a.a., amino acid; Alb, serum albumin mRNA or protein; a/bCre, a Cre transgene driven by the
serum albumin gene promoter/enhancer; BrdU, bromodeoxyuridine; BSO, buthionine sulfoximine; C-, carboxyl-; Cre, bacteriophage
P1 cyclization recombinase optimized for activity in mammalian cells; Cys, cysteine; dNTP, deoxyribonucleoside triphosphate;
DTNB, 5,5 -dithiobis-(2-nitrobenzoic acid) or Ellman’s reagent; EDTA, ethyldiaminetetraacetic acid; EST, expressed sequence tag;
FAD, flavin-adeninedinucleotide; Grx, glutaredoxin; GSH, reduced glutathione; GSSG, oxidized glutathione; Gsr, glutathione
reductase; HEPES, N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid); 1.P., intraperitoneal; /oxP, Cre-recognition sites;
mRNA, messenger RNA; N-, amino-; P, postnatal; PCNA, proliferative cell nuclear antigen; PCR, polymerase chain reaction; PHH3,
phosphohistone H3; gPCR, quantitative (“real-time”) RT-PCR; RNR, ribonucleotide reductase; RT-PCR, reverse transcriptase-
mediated PCR; Sec, selenocysteine; S.E.M., standard error of the mean; Trx, thioredoxin; TrxR1 thioredoxin reductase 1 mRNA or
protein; TrxR2, thioredoxin reductase 2 mRNA or protein; txnrd1, thioredoxin reductase 1 gene; txnrd?2, thioredoxin reductase 2 gene;
UTR, untranslated region.
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In mammals, DNA replication is largely restricted to developmental growth of pre-
differentiated cells, although some differentiated immune and epithelial cells, germ and stem
cells, cancers, and mammalian cell cultures actively proliferate. A classic study based on
immuno-co-localization of the S phase-specific RNR subunit R1 (also called M1) and Trx1
in proliferative tissues of rats concluded that Trx1 is not likely the primary physiological
electron donor for RNR in mammals [24]. Consistent with this, mice homozygous for
disruptions of the £xnrdI gene survive until embryonic day 8.5 (E8.5) [22] or E10.5 [21], by
which time proliferation has yielded thousands of £xnrd deficient cells. In addition, knock-
down of TrxR1 activity in mouse cell cultures does not disrupt proliferation [25, 26] and
lymphomas lacking TrxR1 can exhibit normal proliferation [27]. One system that has proven
particularly useful for studying mammalian replication /n vivo has been in mouse
hepatocytes, an endoderm-derived cell type that constitutes roughly 95% of the mass of
adult liver [28]. Hepatocytes are one of few normal differentiated cell types that can
proliferate [29]. During developmental liver growth from embryonic day 14 (E14) to
postnatal day 56 (P56), liver increases >300-fold in mass; it has been estimated that
proliferation of differentiated hepatocytes accounts for at least 1/3 of this growth [30]. By
using a conditional mutagenesis system in which the &xrnrd gene is only disrupted in
differentiated hepatocytes [22, 31, 32], we showed that mice lacking hepatocyte txnrdl are
overtly normal [31] and exhibit normal liver growth and normal developmental and
regenerative hepatocyte proliferation [30]. In combination, all of these studies indicate that
TrxR1 is not required for proliferation, per se, in mammalian cells. However, it remains
unclear what provides electrons to RNR for replication in the absence of TrxR1.

Organellar compartmentalization in eukaryotes differentially affects the GSH and Trx
systems. Most eukaryotic genomes possess a single gsrgene, the protein product of which is
responsible for reduction of GSSG to GSH throughout the cell. By contrast, separate genes
typically encode cytosolic- versus mitochondrial-isoforms of TrxR. Despite this, in plants
the TrxR isoforms are largely functionally redundant. Thus, ablation of either TrxR gene in
Avrabidopsis is generally complemented by relocalization of a subset of the other protein
isoform to the deficient subcellular compartment [9, 10]. Whereas similar re-distribution of
TrxR protein isoforms between mitochondria and cytosol has not yet been shown to occur
naturally in mammalian systems, several expressed sequence tags (ESTs) have been
described representing alternatively initiated and spliced mMRNAs that might encode versions
of the normally mitochondrial TrxR2 protein lacking the N-terminal mitochondrial transit-
peptide [33]. /n vitro, synthetic mimics of these hypothetical TrxR2 isoforms readily reduce
Trx1 and, when expressed in mammalian cell cultures, these proteins accumulate in the
cytosol, not in mitochondria [33]. As such, it was plausible that cytosolic variants of TrxR2
might reduce Trx1 in TrxR1-deficient cells, and thus could provide the source of electrons
for the replication-supporting activity of RNR.

Another possible source of electrons for RNR in Txnrd1-deficient mammalian cells could
come from the GSH pathway. Biochemical studies showed that Grx purified from calf
thymus will reduce RNR from the same source [34]. More recently it was shown that a GSH
pathway reconstituted entirely from recombinant mammalian proteins is able to support
mammalian RNR activity /n vitro [16]. However, neither the GSH system nor a TrxR2-
driven Trx system has previously been shown to support mammalian cell replication /n vivo
[17]. Therefore, we here investigated the contributions of these two pathways in supporting
developmental proliferation of TrxR1-deficient hepatocytes in mice. Our results suggest that
TrxR2 does not support replication of hepatocytes lacking TrxR1, whereas GSH is essential
for their replication. Moreover, upon depletion of GSH, only one allele of txnrdZ is required
to support hepatocyte growth. These findings illustrate that, in mouse liver, the GSH- and
TrxR1-dependent pathways constitute complementary systems of supporting RNR. Either

Free Radic Biol Med. Author manuscript; available in PMC 2013 February 15.
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pathway alone is sufficient, and at least one of the two is required, for hepatocyte DNA
replication.

Experimental procedures

Materials

Except as indicated, reagents were from Sigma.

Mouse lines, care conditions, and procedures

All animal procedures meet the /nternational Guiding Principles for Biomedical Research
Involving Animals and were approved by the Montana State University Institutional Animal
Care and Use Committee under one or more of the following approved protocol numbers:
28-7,2009-7, 2009-32; 2010-7, 2010-22, and 2010-37. In this paper, genetic loci are
italicized and multiple loci are separated by a semi-colon. For known loci, allelic quality
follows as a superscript, with each allele at a locus separated by a slash. Unmapped
transgenes are italicized and followed by a superscript numeral to indicate whether they are
homozygous () or hemizygous present (1). The conditional- and null-alleles of the txnrad1
gene (&xnrd1€97 and txnrd 1™ respectively) were described previously [22]. These lines
were extensively back-crossed onto C57BI/6J [22] and are maintained by either homozygous
sib-matings (£xnra1€9™ or heterozygous back-crosses to C57BI/6J (&xnrd1™M. C57B1/6J
mice or mice bearing the “a/bCre” transgene (B6.Cg-Tg(Alb-cre)21Mgn/J) [35] were
purchased from Jackson Labs (stock numbers 000664 and 003574, respectively). All
genotypes were determined by PCR on genomic DNA using previously reported primers
[31]. Mice were maintained with a 14:10-hour light:dark cycle under sterile conditions in
forced HEPA-filtered-air caging systems (Tecniplast) containing sterilized bedding and
enrichment materials. Sterilized feed (PicoLab 5058, which contains selenium as a natural
component of the grains and is supplemented to 0.33 p.p.m. with sodium selenite by the
manufacturer) and autoclaved water were unrestricted.

Although txnrd 1™/l mice are embryonic-lethal [21, 22], use of the txnrd1°977 allele
allows us to achieve normal development by restricting conversion to the txnrg27"null
genotype to specific times or cell types [30, 31]. The a/bCre transgene [35] is activated
coincident with differentiation of hepatocytes from prehepatocyte cell types and results in
functional conversion of Cre-responsive reporter genes in most or all hepatocytes as early as
E15 [32, 36]. In this study albCre-expressing juvenile mice (P23-30, weighing 15-20 g) of
the indicated £xnrd genotypes were used, which represents a stage having active
proliferative growth of livers [28, 30] in which hepatocyte lineages had activated functional
Cre expression ~4 weeks earlier [32, 36].

Where indicated, a single inoculation of 0.5 ml of either saline or saline containing 100 mg/
ml freshly dissolved BSO (MP Biomedicals) was administered I.P. [37, 38].
Bromodeoxyuridine (BrdU) was administered in sterile saline as an I.P. inoculation at a dose
of 2.5 wmol/animal [30]. For harvests, mice were asphyxiated with carbon dioxide and
perfused by cardiac injection/portal drainage with 3—10 ml sterile saline to remove blood
from the liver. Livers were divided into three pieces. One was shap-frozen in liquid nitrogen
for enzyme assays; one was used fresh to isolate RNA; and one was fixed in 10% neutral-
buffered formalin and embedded in paraffin for histology and immunostaining.

RNA preparation and mRNA analyses

Fresh liver samples (~50 mg) were homogenized by sonication for 10 s in ~20-volumes of
Tri-reagent (Ambion) and total RNA was purified as recommended by the manufacturer.
First-strand cDNAS were synthesized from 5 g of total RNA using oligo(dT)-primers and
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M-MuLV reverse transcriptase (New England Biolabs). General reaction conditions for RT-
PCR, semi-quantitative RT-PCR, and gPCR were performed as described previously using
the conditions specified in figure legends [22, 31, 39]. For gPCR, relative specific product in
each reaction was determined by SYBR Green (Invitrogen) fluorescence using the relative
standard curve method on a MylQ PCR System (BioRad) using endogenous p-actin mRNA
signals as internal controls. Primer sequences were as follows (all 5”-to-3", “F-” for forward
and “R-” for reverse): B-actin, exon 5-F-gctgtctggtggtaccaccatgta, exon 6-R-
atctgctggaaggtggacagtgag; TrxR1, exon 2-F-tatactagtgctggtcttggattttgtcac, exon 3-R-
tatgaattccagccatagttgcgcgagtctticag, exon 6-R-atagaattccaaggcgacataggatgcac; TrxR2, exon
la-F-tatgaattctgaccgcctgaggtcecccggaccatgg, exon 1b-F-tatgaattcgttgaaacagagacatgttctggag,
exon lc-F-tatgaattcaggacaggcatcagcaatggaag, exon 2-F-tatgaattcggcagcagagctttgatctcttgg,
exon 2-R-tatggatccagcttccttggcacaagctagge, exon 4-R-tatggatccagcectgatgcatcagcttcttg.

Different nomenclatures exist for mouse £xnra’2 gene structure. Exon designations used here
are consistent with NCBI (http://www.ncbi.nlm.nih.gov), MGI (http://
www.informatics.jax.org), VEGA (http://vega.sanger.ac.uk/index.html), and Ensemble
(http://uswest.ensembl.org) for the major (mitochondrial isoform-encoding) mRNA splice-
variant issued from the gene, with transcription initiating at the first base of exon 1 and the
remaining exons of this mMRNA spliceform numbered consecutively through exon 18. Since
two other alternative promoters/first exons have been subsequently reported for this gene
[33], each alternative first exon is numbered 1 followed by a letter corresponding to the
order they appear on the gene, as detailed in Fig. 1A. Alternative first exon 1a encodes the
mitochondrial signal peptide and initiates the message encoding the familiar mitochondrial
TrxR2 protein.

Enzyme assays

Snap-frozen liver samples were thawed on ice and cut in two pieces (~0.1 g per piece). One
piece was used for measuring TrxR or Trx activity; the other one was used for GSH + GSSG
quantification. For measuring TrxR or Trx activity, samples were homogenized in 800 .l
ice-cold buffer containing 50 mM Tris-Cl, pH, 7.5, 5 mM EDTA, 0.15 M NaCl, 1% Triton-
X 100, and fresh protease inhibitors (complete EDTA-free, Roche). For measuring total
GSH + GSSG, samples were homogenized in 800 pl ice-cold 10 mM HCI. After
homogenization, non-soluble debris was removed by centrifugation (16,000 x gat 4 °C for
35 min) and protein content was determined on supernatants using Bradford reagent
(BioRad).

Total TrxR activity was determined according to the end-point Trx1-dependent insulin
reduction assay [40], modified for microtiter plates. Briefly, lysate (50 j.g protein) was
incubated with 20 M recombinant human Trx (kindly provided by Dr. Arne Holmgren,
Karolinska Institutet) in the presence of 314 wM insulin, 1.3 mM NADPH (AppliChem), 84
mM HEPES, pH 7.6, and 12.5 mM EDTA in a total volume of 50 pl. After 40 min
incubation at 37°C, the reaction was stopped by adding 200 .l 7.2 M guanidine-HCI (Acros)
containing 1 mM DTNB. Background references contained all components, but the reaction
was stopped immediately. Absorbance was recorded at 412 nm using a VersaMax
microplate reader (Molecular Devices). Total Trx activity was measured similarly to TrxR
activity except that lysates (25 g protein) were supplemented with 0.56 LM recombinant
rat TrxR (19 U/mg; kindly provided by Dr. Jiangiang Xu, Karolinska Institutet) instead of
Trx [40]. Measurements of total GSH + GSSG were performed by the Gsr-DTNB recycling
assay as described recently [41], except that we used 10 pl of supernatant for each assay.
Quantification was based on comparison to a GSH standard curve; the total concentrations
of GSH + GSSG in samples were normalized to protein content as above.

Free Radic Biol Med. Author manuscript; available in PMC 2013 February 15.
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Immunostaining for proliferative or replicative indexes

Processing, embedding, sectioning, and immunostaining for proliferative cell nuclear
antigen (PCNA), phosphohistone H3 (PHH3), or BrdU incorporation were performed as
described previously [30]. Primary antibodies used were mouse-anti-PCNA (AbCam
#A1029), rabbit-anti-PHH3 (Cell Signaling Technologies #9701), and mouse-anti-BrdU-
DNA (Sigma #B2531). Horseradish peroxidase conjugated secondary antibodies were goat-
anti-mouse (Pierce #31430) or goat-anti-rabbit (GIBCO #13859.012). All immunostaining
was performed as per the suppliers’ recommendations and our previously reported protocols
[30, 31].

Histological data collection and statistical analyses

Results

Short incubations with BrdU (here 1 h) label nuclei that are in the process of active DNA
replication. PCNA labeling, which marks all cells that are in or have been in S phase
recently [30], showed small (~2-fold range) animal-to-animal variation that was independent
of treatment group or genotype (Fig. 3A-F; data not shown; and reference [30]). To reduce
variance arising from such stochastic influences, we here measured the fraction of
proliferative hepatocyte nuclei that were actively synthesizing DNA under each condition
rather than the fraction of total liver hepatocyte nuclei that were synthesizing DNA, as
detailed in the Results section and in the figure legends. To do this, we used the PHH3
labeling index, which reflects the percent of cells in M phase and will be unaffected by
short-term (here 4-5 h) disruption of DNA synthesis, as the denominator to represent
normalize the BrdU-labeling index. In each case, 30 arbitrary full fields-of-view from BrdU-
or PHH3-stained liver sections from each animal were photographed using the 20X
objective, representing ~500 hepatocyte nuclei per field or 15,000 hepatocyte nuclei per
animal (Supplemental Figs 1A, B). BrdU- or PHH3 positive nuclei were enumerated on
these to get the labeling index for each animal (Supplemental Figs S1C, D). Statistical
analyses used the mean and S.E.M. of the four biological replicates for each treatment group
and Student’s two-tailed T-tests with n = 4.

Relative expression of transcripts encoding TrxR2 protein isoforms in normal and TrxR1-
deficient livers

S phase RNR is strictly cytosolic [42, 43], and thiol redox-equivalents do not directly shuttle
between the cytosol and the mitochondria [16, 17]. Moreover, a previous report showed that
TrxR2 mRNA is roughly 5-fold less abundant than TrxR1 mRNA in normal mouse liver
[44]. Nevertheless, ESTs have been reported that suggest the xnrd2 gene can issue cytosolic
isoforms of the normally mitochondrial TrxR2 protein [33], which theoretically could allow
TrxR2 to contribute electrons for S phase RNR activity. Mouse, rat, and human #xnrd2 genes
each have three known alternative first exons that can be spliced onto exon 2 [33]. The most
upstream first exon (exon 1a) encodes a mitochondrial transit-peptide, resulting in the
familiar mitochondrial TrxR2 protein (Fig. 1A), whereas transcription initiation at either of
the two putative downstream first exons (exons 1b or 1c) might generate mRNAs encoding
cytosolic versions of TrxR2 (Figs 1B,C). Although cytosolic accumulation of endogenous
TrxR2 has not yet been shown to occur /n vivo, translation of synthetic mimics of full-length
TrxR2 open reading frames having initiation-optimized versions of either exon 1b or 1c in
transfected cells results in cytosolic accumulation of TrxR2 protein [33]. Also, recombinant
versions of these hypothetical proteins possess potent Trx1-reducing activity /n vitro [33].
To investigate whether cytosolic TrxR2 protein issued from alternative TrxR2 mRNA
splice-forms might complement the hepatocyte TrxR1-deficiency in txnra1¢0m@null: afpCrel
mice and support replicative RNR activity, we measured levels of the alternative TrxR2
MRNA splice-forms and of TrxR1 mRNA in normal and TrxR1-deficient juvenile livers. In
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our analyses, we only detected a substantial level of the exon 1a-containing variant of TrxR2
and there was no difference or switch in levels of the three TrxR2 mRNA splice-forms upon
TrxR1 deletion (Figs 1D,E). As reported previously [22, 31], disruption of the £xnrd gene
had furthermore no effect on levels of total TrxR2 mRNA (Figs 1D,E). Based on these
results, we consider it highly unlikely that cytosolic isoforms of TrxR2 protein functionally
replace TrxR1 in txnrd1™"null hepatocytes.

Levels of TrxR and Trx activities in normal and hepatocytic txnrd1-deficient livers

Based on the relative TrxR1 and TrxR2 mRNA levels, we predicted that hepatic TrxR
activity would be substantially diminished in livers having hepatocyte-specific disruption of
the txnrdl gene. Lysates from txnrd1600@mull: ajbCrel (hepatocytes txnrd 1™l and wild-
type (hepatocytes txnrd1*/*) livers were compared and the results indeed showed that
disruption of the txnrd gene in hepatocytes reduced total TrxR activity to ~25% that of
wild-type controls (Fig. 2A). Residual TrxR activity in the homozygous mutant samples
likely arose from non-hepatocyte cell-types of the liver, in which one zxnrdZ allele would
remain functional (&xnrad1697%ulh and from TrxR2 present in mitochondria. Neither of
these sources can provide electrons to the hepatocyte S phase RNR, located in the cytosol,
for DNA replication [16, 45]. Importantly, lysates contained TrxR1 from all liver cell types
in addition to hepatocytes, yet total TrxR activity in the homozygous hepatocytic txnra-
deficient livers was substantially diminished (Fig 2A, black bars). Trx activities were not
significantly affected by the txnrd1 status, although there was a slight tendency for increased
Trx activity in the txnrd1™/null |ivers (Fig. 2B, black bars). These results verified that there
was no substantial source of alternative Trx-reductase activity that could complement the
TrxR1 deficiency in txnrd1™"nill hepatocytes.

Effects of GSH depletion on hepatocyte replication

Previous data showed that Gsr mMRNA expression was not increased in response to ablation
of TrxR1 [22, 31] but that mRNA encoding the modifier subunit of glutamate-cysteine
ligase (Gclm), a critical step in glutathione biosynthesis, was induced by ablation of TrxR1
[22, 31]. Despite the up-regulation of Gelm mRNA levels, we here found that total steady-
state levels of glutathione in wild-type, heterozygous-, and homozygous-mutant livers were
not altered upon ablation of TrxR1 (Fig. 2C, black bars). Nevertheless, it remained possible
that the normally non-essential Gsr-dependent pathways, in the absence of compensatory
up-regulation, were sufficiently robust to support homeostasis and replication of TrxR1-
deficient hepatocytes. Therefore, we tested whether GSH was necessary for replication in
txnrd1™null hepatocytes. For this, we treated the mice with the drug buthionine
sulfoximine (BSO), which inhibits GSH biosynthesis [38] and results in rapid depletion of
liver glutathione stores [37]. Juvenile (P28) wild-type, heterozygous-, or homozygous-
mutant mice were given a single inoculation of BSO or mock-treated with saline and, 4
hours later, all mice received BrdU, with livers harvested 1-hour after the BrdU inoculation.
Enzyme assays showed that the BSO treatment reduced hepatic glutathione levels 8- to 20-
fold as compared to mock-treated controls in livers of all three genotypes (Fig. 2C, compare
black and white bars for each genotype), but had no significant effect on the total TrxR or
Trx activity levels (Figs. 2A,B, compare black and white bars for each genotype).

Paraffin sections of each liver sample were immunostained for PCNA, a marker found from
early G4 through mitosis of proliferative cells, or for PHH3, an M phase-specific marker, as
measures of the proportions of input proliferative cells (Fig. 3, panels A-L) [30]. Sections of
the same samples were also stained for BrdU incorporation to determine whether
proliferative hepatocytes were able to continue DNA replication under each condition (Fig.
3, panels M-R, and Supplemental Fig. S1). Results showed similar levels of hepatocyte
replication under all conditions except for the txnrd1con@null. afpCre! mice treated with BSO,
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in which very few hepatocytes remained replicative (Fig. 3R and Supplemental Fig. S1,
panels C, D). Quantitative analysis of the proportion of proliferative hepatocyte nuclei under
each condition that could replicate DNA revealed that neither disruption of one nor both
copies of the txnrd gene alone, nor depletion of GSH stores in cells containing two or one
functional copy of the £xnrdZ gene, had a significant effect on DNA replication (Fig. 3,
panel S). Continued DNA replication following BSO treatment in all samples in which
hepatocytes contained at least one functional copy of the &xnrdZ gene indicated that, under
the conditions used, BSO was non-toxic and GSH was superfluous for replication in
hepatocytes having a functional TrxR1 system. Depletion of GSH in the

txnrd1condnull ajhCrel mice, however, inhibited the replication in > 90% of the proliferative
hepatocyte nuclei (Fig. 3, panel S). We thus conclude that normal replication in mouse
hepatocytes requires either one functional copy of the ¢xnrdZ gene or a functional GSH
system.

Discussion

Here we tested whether hepatocyte proliferation /n vivo depended upon an alternative source
of TrxR activity or on the GSH pathway. Our results revealed that TrxR1-deficient
hepatocytes are severely deficient in total Trx-reductase activity and that, although Gsr is
non-essential in mice [18] and GSH was not required for replication of hepatocytes lacking
one copy of the &xnrd1 gene (Fig. 3, panels P and S), GSH was critical for replication of
txnrd1™"null hepatocytes in mice (Fig. 3, panels R and S). These results are, to our
knowledge, the first showing that hepatocyte replication /n7 vivo requires either at least one
allele of #rnrd1 or sufficient GSH levels, thereby indicating that in these cells, the GSH- and
txnrd1-dependent systems are mutually complementary. Thus, either system alone is
sufficient, and at least one of the two systems is required, for S phase DNA replication.

In considering the interplay between the GSH- and Trx-pathways, it is interesting to note
that depletion of £xnrd1 leads to induction of the Nrf2 oxidative stress-response pathway
[31], which upregulates components of the Trx pathway as well as many GSH-dependent
enzyme systems [46-50]. Importantly, our results reveal that in mouse hepatocytes,
preservation of either the GSH- or &xnrdi-dependent system is sufficient to support viability
and replication. However, it should be noted that different cell- or tissue-types can have
highly divergent profiles of their redox pathways in mammals [50-52]. It is uncertain how
well the current results for mouse hepatocytes will reflect requirements for other mammalian
cell types. For example, a recent study showed that, whereas mouse lymphomas lacking
TrxR1 grow and progress, these tumors are highly susceptible to treatment with BSO [27].
Tumor cells, in particular those of aggressive cancers, exhibit enhanced oxidative stress and,
in fact, frequently over-express TrxR1 [53]. This oxidative stress might increase demands on
the two major endogenous antioxidant systems, the GSH- and the Trx-pathways, for
detoxification and repair. It was therefore suggested that the enhanced susceptibility of
TrxR1-deficient lymphomas to BSO treatment might reflect this critical need for protection
against oxidative damage [27]. The results we report here suggest an alternative explanation
for the susceptibility of TrxR1-deficient cancers to BSO treatment. Thus, by analogy to
mouse hepatocytes in the current study, it is possible that mouse lymphoma cells also cannot
replicate their DNA in the absence of both TrxR1 and GSH. It would be interesting to test
whether BSO treatment of TrxR1-deficient tumors results in a rapid block to replication, as
one might expect from inhibiting RNR activity, or a protracted death of the cancer cells, as
one might expect from accumulation of oxidative damage.

The embryonic lethality of mice lacking any of the major components of either the cytosolic
or the mitochondrial Trx-system remains mechanistically unexplained (see Introduction).
Disruption of TrxR1 gives the least severe of these phenotypes, with embryos surviving past
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E8.5 or E10.5, depending on allelic design [21, 22]. The extensive proliferation that these
embryos exhibit prior to failure, along with more recent studies on proliferation of TrxR1-
deficient cells bearing either of these two defective alleles [27, 30], makes it unlikely that
replicative defects underlie the failure of TrxR1-deficeint embryos. The present study, as
well as at least one classic study [24], point to competence of the Grx pathway in supporting
proliferative growth in mammalian systems. Still, the GSH pathway is not essential, as mice
lacking Gsr develop normally [18], and both txnraZ-wild-type and — heterozygous
hepatocytes depleted of GSH replicate their DNA (Fig. 3S). Our results however reveal that,
upon depletion of GSH, TrxR1 does become necessary for support of hepatocyte
proliferation. This highlights the complexity and complementarity of these redox pathways.
More detailed studies on all possible roles for TrxR1 in embryonic development, including
for example in signaling, gene regulation, apoptosis, redox modulation, repair, or other
processes, will be needed to understand why TrxR1 is critical for normal embryonic
development. Based on the present study, we conclude that TrxR1 and GSH are two
mutually complementary components, one of which is required for support of hepatocyte
replication in mice.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression of TrxR1 mRNA and alter native splice-forms of TrxR2 mRNA in livers of
normal and txnrd1°°"dnull- 5ihcrel mice

(A) Structure of mitochondrial splice-form of TrxR2 mRNA. mRNA sequence is shown in
black with the first AUG in green font. The heavy green line under the sequence initiating at
this AUG is the N-terminal protein-coding region, with the a.a. sequence indicated below.
The light green highlighted box is the 39-a.a. mitochondrial transit peptide. The exon 1a/2
splice-junction is noted with a red “Y”, and is labeled. The red arrow above the mRNA
sequence indicates the sequence and orientation of the exon la-specific primer used for RT-
PCR and gPCR. (B) Structure of alternatively initiated/spliced exon 1b-containing
transcript. Symbols are as above. In addition, the first AUG, which is in the +1 reading
frame from TrxR2, is blue, as is the heavy line denoting the 4-a.a. ORF this initiates. The
stop codon for this ORF, which overlaps the second AUG, is underlined. (C) Structure of
alternatively initiated/spliced exon 1c-containing transcript. The first AUG, which is in the
+2 reading frame from TrxR2, is lavender, as is the heavy line denoting the 3-a.a. ORF this
initiates. (D) Semi-quantitative RT-PCR analysis of mMRNA levels for p-actin, TrxR1, and
TrxR2 mRNA isoforms in mouse livers. Total RNA was prepared from three wild-type (+/
+) and three mutant (-/-) P28 mice and oligo(dT)-primed cDNAs were prepared. Semi-
quantitative RT-PCR was performed using the primers indicated below images and the
number of PCR cycles indicated in columns labeled “C”. Images show ethidium bromide-
stained gels. All six samples were analyzed with each primer set; the hepatocyte genotypes
are indicated above images. Other abbreviations: n, no-template control; m, molecular size
markers. (E) Expression of mMRNAS encoding TrxR1 and TrxR2 were quantified by gPCR
performed on equivalent amounts of oligo(dT)-primed first-strand cDNAs from wild-type
(hepatocytes txnrd1**) and txnrd1con@null apCre! (hepatocytes txnrd1™#Mull mouse livers.
Data were normalized to gPCR signals for B-actin mRNA in each sample. Bars represent
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mean and S.E.M. from three mice of each genotype. Below each column of gel images, the
cDNA region spanned by the PCR reactions is indicated.
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Fig. 2. Effects of BSO treatment of juvenile mice on levels of components of the Trx- and GSH-
pathwaysin livers

Juvenile (P23-25) wild-type (hepatocytes txnral**), txnrd1¢°"*;alpCre! (hepatocytes
txnrd1™#) and txnrd1¢0mmull afbCre! (hepatocytes txnrd 1™l mice received an I.P.
inoculation with saline alone (black bars) or 50 mg of BSO in sterile saline (open bars). Five
hours later, mice were sacrificed and livers were perfused with saline and harvested for
enzymatic analyses. Bars represent mean + S.E.M. for four mice in each condition. (A)
Effects of BSO treatment on total TrxR activity. (B) Effects of BSO treatment on Trx levels.
(C) Effects of BSO treatment on GSH + GSSG levels.
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Fig. 3. Requirementsfor TrxR1 or glutathionefor replication in proliferative hepatocytesin
juvenilelivers

Juvenile (P23-25) wild-type (hepatocytes txnrd1™?), txnrd1€"*; albCre! (hepatocytes
txnrd1™M*), and txnra1condnull aipCrel (hepatocytes txnrd1™Wnulh mice received an I.P.
inoculation with saline alone or 50 mg BSO in sterile saline. Four hours later, mice received
an L.P. inoculation with 2.5 pmol of BrdU in sterile saline. One hour later, mice were
sacrificed and livers were harvested for immunohistological analyses. Global proliferative
indexes were assessed by PCNA-staining (Panels A—F) and by analysis of the M phase
index by PHH3-staining (Panels G-L). None of the conditions tested affected the percent of
proliferative cells in liver (Panels A-L), verifying that the conditions used did not have a
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major impact on cell survival or general cell physiology within the time-frame of the
experiment. Replication was assessed by staining for BrdU (Panels M-R). Images from one
animal under each condition are shown to illustrate the methodology that was used and
further details are presented in Supplemental Fig. S1. The experiment was repeated on four
mice for each condition. For each animal, ~15,000 hepatocyte nuclei (30 fields with ~500
hepatocyte nuclei in each) were assayed. To determine the fraction of proliferative
hepatocytes that were able to sustain DNA replication under each condition (“replicative
index™), the number of BrdU-labeled hepatocyte nuclei per 15,000 total hepatocyte nuclei
was divided by the number of PHH3-labeled nuclei per 15,000 total hepatocyte nuclei for
each liver. Quantitative data is presented in Panel S as the mean + S.E.M. for the four
animals in each condition. The asterisk indicates the only significantly deviant condition,
txnra1condnull: ajbhCrel animals treated with BSO, which was significantly lower than all five
other conditions (P < 0.05, Student’s T-test).
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