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Thioredoxin reductase-1 (TrxR1)-, glutathione reductase (Gsr)-, and
Nrf2 transcription factor-driven antioxidant systems form an
integrated network that combats potentially carcinogenic oxida-
tive damage yet also protects cancer cells from oxidative death.
Here we show that although unchallenged wild-type (WT), TrxR1-
null, or Gsr-null mouse livers exhibited similarly low DNA damage
indices, these were 100-fold higher in unchallenged TrxR1/Gsr–
double-null livers. Notwithstanding, spontaneous cancer rates
remained surprisingly low in TrxR1/Gsr-null livers. All genotypes,
including TrxR1/Gsr-null, were susceptible to N-diethylnitrosamine
(DEN)-induced liver cancer, indicating that loss of these antioxi-
dant systems did not prevent cancer cell survival. Interestingly,
however, following DEN treatment, TrxR1-null livers developed
threefold fewer tumors compared with WT livers. Disruption of
TrxR1 in a marked subset of DEN-initiated cancer cells had no
effect on their subsequent contributions to tumors, suggesting
that TrxR1-disruption does not affect cancer progression under
normal care, but does decrease the frequency of DEN-induced can-
cer initiation. Consistent with this idea, TrxR1-null livers showed
altered basal and DEN-exposed metabolomic profiles compared
with WT livers. To examine how oxidative stress influenced cancer
progression, we compared DEN-induced cancer malignancy under
chronically low oxidative stress (TrxR1-null, standard care) vs. ele-
vated oxidative stress (TrxR1/Gsr-null livers, standard care or
phenobarbital-exposed TrxR1-null livers). In both cases, elevated
oxidative stress was correlated with significantly increased malig-
nancy. Finally, although TrxR1-null and TrxR1/Gsr-null livers
showed strong Nrf2 activity in noncancerous hepatocytes, there
was no correlation between malignancy and Nrf2 expression
within tumors across genotypes. We conclude that TrxR1, Gsr,
Nrf2, and oxidative stress are major determinants of liver cancer
but in a complex, context-dependent manner.
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Liver cancer is the third most lethal cancer worldwide. There is
a major need to better understand the mechanisms un-

derlying progression of the disease and to identify novel molec-
ular targets for therapy (1). Oxidative stress in hepatocytes has
been implicated in liver cancer, but the mechanisms and overall
impacts remain uncertain (2, 3). Reactive oxygen species (ROS),
such as hydrogen peroxide (H2O2), which arise primarily from
respiration, metabolism, or inflammation, can cause point mu-
tations or larger genomic lesions (4).
Since mutation underlies carcinogenesis, oxidative stress is

considered carcinogenic (5–8); however, H2O2 is now also rec-
ognized as a signaling molecule that modulates inflammation,

proliferation, differentiation, cytoprotection, autophagy, metastasis,
and metabolic pathways (9–11). The activities of these pathways can
either increase or decrease malignancy in a context-dependent
fashion (12). Therefore, H2O2 likely can be either procarcino-
genic or anticarcinogenic depending on context.
Excess cytosolic ROS is eliminated by peroxiredoxins using

reducing power from thioredoxin reductase-1 (TrxR1) or by
glutathione peroxidases using reducing power from glutathione
reductase (Gsr) (11). In response to oxidative stress, nuclear
factor erythroid-derived 2-like 2 (Nrf2), which is normally post-
translationally repressed by Kelch-like ECH-associated protein-1
(Keap1), becomes derepressed and drives expression of com-
ponents within the TrxR1- and Gsr-driven systems above their
basal levels (13). Other Nrf2 target genes encode detoxification,
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energy metabolism, or other cytoprotective functions (14, 15).
Homozygous single disruption of TrxR1, Gsr, or Nrf2 in mouse
livers is benign (16–18), yet each of these conditions influences
hepatic responses to oxidative stress (18–20). TrxR1 disruption
activates Nrf2 (16), and mounting evidence suggests that
TrxR1 is a critical participant in the redox signaling mechanism
that makes Nrf2 H2O2-responsive (21). Together, the TrxR1-,
Gsr-, and Nrf2-driven systems constitute an integrated antioxi-
dant network (21).
Besides safeguarding normal cells from carcinogenesis, the

Nrf2 pathway protects cancer cells from oxidative stress, cyto-
toxic immune responses, radiation therapy, and chemotherapy,
any of which might otherwise kill the cancer (22–26). Indeed,
many aggressive cancers have an activated Nrf2 pathway (27–30).
Thus, the Nrf2 pathway itself can be either procarcinogenic or
anticarcinogenic, depending on the context of its activation (21,
31). Similarly, based on its roles in eliminating cytosolic H2O2
but also in redox signaling and Nrf2 activation, we hypothesized
that TrxR1, like H2O2 and Nrf2, might also have context-
dependent procarcinogenic or anticarcinogenic activities.
N-diethylnitrosamine (DEN) is a procarcinogen that is acti-

vated to yield an ethyl diazonium ion by hepatocyte-specific cy-
tochrome P450s. The reactive ethyl diazonium ion alkylates
diverse substrates in the hepatocytes, including DNA (32). DEN
treatment of proliferative liver (juvenile or regenerating) causes
a high incidence of subsequent hepatocellular carcinoma (HCC)
(33–35). Like clinical HCC, the DEN-induced rodent model is
initiated by arbitrary mutations in the host’s own cells. This
provides carcinogenic diversity, and it models cancer progression
in an isogeneic immune-competent host. Male mice are more
susceptible than females to DEN-induced HCC; the sex-specific
roles of signaling, cell adhesion, metabolism, and inflammation
are still being resolved (34, 36–39). Glutathionylation and glu-
curonidation, both of which are induced by hepatic Nrf2 acti-
vation, participate in DEN detoxification (32, 40, 41).
Here we investigated the formation of either spontaneous or

DEN-induced cancers in WT vs. TrxR1-, Gsr-, and TrxR1/Gsr-
null livers, to characterize the impacts of the antioxidant systems
on tumor initiation or progression. Although TrxR1/Gsr–double-
null livers showed high levels of basal DNA damage, this was
associated with a surprisingly low incidence of spontaneous liver
cancer. However, our results also show that reductase-deficient
livers remained susceptible to DEN-induced carcinogenesis, and
that in the postinitiation phase, TrxR1 and Gsr deterred oxida-
tive stress-driven malignant progression.

Results
TrxR1/Gsr-Null Livers Have Chronically Elevated DNA Damage Markers
Yet Rarely Develop Spontaneous Cancer. Although neither TrxR1-
nor Gsr-null livers show oxidative stress, mice with double-null
(TrxR1/Gsr-null) livers, while still able to sustain long-term ho-
meostasis via a backup system that uses the catabolism of me-
thionine (Met) to support essential GSH-dependent activities (42),
accumulate extensive oxidative damage (42, 43). TrxR1/Gsr-null
livers also exhibit hepatomegaly, ploidy anomalies, hyperproliferation,
hepatocyte death, and inflammation (42, 43). To investigate whether
chronic oxidative stress in TrxR1/Gsr-null livers causes DNA damage,
we immunostained liver sections for the modified histone γ-H2A.X
(44). Our results show low frequencies of γ-H2A.X–positive nuclei in
WT, Gsr-null, and TrxR1-null livers (∼0.1–1% of hepatocytes posi-
tive), whereas ∼40% of all nuclei in resting adult TrxR1/Gsr–double-
null livers were γ-H2A.X–positive (Fig. 1). Since genome damage
underlies cancer initiation, we expected TrxR1/Gsr-null livers to have
a high rate of spontaneous cancers. However, of 32 aged mice (9–
14 mo old, standard care) with TrxR1/Gsr-null livers, only 2 (6.3%)
had liver tumors at harvest (Table 1). Whereas no spontaneous liver
tumors were found in similar groups of mice with WT, Gsr-null, or
TrxR1-null livers, in considering the high chronic level of damage in

TrxR1/Gsr-null livers, their incidence of spontaneous tumors was
unexpectedly low.

TrxR1/Gsr-Null Livers Are Susceptible to Chemically Induced Cancer. It
has been hypothesized that cancer cells are more dependent on
endogenous antioxidant systems compared with normal cells (45).
Therefore, we tested whether the low incidence of spontaneous
liver cancer in TrxR1/Gsr-null livers might reflect an intrinsic in-
ability of liver cancer cells to thrive without these antioxidant sys-
tems, unlike noncancerous hepatocytes (42). Groups of juvenile
[postnatal day (P) 14] male mice with WT, Gsr-null, TrxR1-null, or
TrxR1/Gsr-null livers each received DEN, were maintained under
standard care thereafter, and were harvested 8 mo later. TrxR1/Gsr-
null livers readily developed severe liver cancer (Fig. 2A). WT and
Gsr-null livers showed indistinguishable cancer burdens, TrxR1-null
livers developed less cancer than WT livers, and TrxR1/Gsr-null
livers developed more cancer than WT livers (Fig. 2B). Histology
showed that the lesions in TrxR1/Gsr-null livers included large
adenomas and malignant HCCs (Fig. 2C and SI Appendix, Fig. S3).

Cancer Resistance in TrxR1-Null Livers Correlates with Altered Metabolite
Profiles. Following DEN challenge, mice with TrxR1-null livers de-
veloped threefold fewer tumors (P = 0.015) compared with their
WT littermates (SI Appendix, Table S1). This indicates that hepa-
tocellular TrxR1 disruption provided partial protection against
DEN-induced cancer. Because TrxR1-null livers exhibit chronic
activation of Nrf2 (16, 19), and the GSH system is a predominant
target of Nrf2 activation, we measured basal and DEN-induced
levels of Gsr and glutathione-S-transferase (GST) activity. Gsr ac-
tivity was constitutively higher in TrxR1-null livers compared with
WT livers and did not respond to the DEN challenge, whereas GST
activity was constitutively higher in TrxR1-null livers compared with
WT livers and was induced in both genotypes on DEN challenge
(SI Appendix, Fig. S1 A and B). Metabolomics analyses revealed
dramatic differences in metabolite profiles between WT and
TrxR1-null livers in both unchallenged and DEN-challenged
conditions (SI Appendix, Fig. S1 C–J). Affected metabolites in-
cluded nucleosides, amino acids, and oxidative stress/repair
products, and affected diverse pathways (SI Appendix, Fig. S1 E–
J). This analysis verified that the basal enzymatic and metabolic
profiles in mouse liver are substantially different between WT and
TrxR1-null livers, and that DEN challenge differently impacts
metabolic activities in each genotype.

WT and TrxR1-Null Liver Tumors Progress Similarly Under Normal Care,
but TrxR1-Null Tumors Are More Aggressive Under Chronic Stress.One
of the most robust ways to evaluate the impacts of mutations on

Fig. 1. TrxR1/Gsr-null livers have high basal levels of DNA damage. (A) Liver
sections of the indicated genotypes from resting adult mice immunostained
for γ-H2A.X. CV, central vein; PT, portal triad. (Scale bars: 100 μm.) (B) Zone-
and genotype-specific staining quantification. Bars show mean and SEM.
**P < 0.01, pairwise vs. all other genotypes, Student’s t test.
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in-context cell fate is clonal analysis (46), wherein a marked subset
of mutated cells develops alongside, and potentially in competi-
tion with, WT cells. To test whether persistence or progression of
DEN-initiated liver cancers differs between WT and TrxR1-null
cells, we used a cell lineage-tracing strategy based on clonal
analysis of postinitiation marked-mosaic gene conversion (Fig.
3A). By this approach, the entire liver showed WT TrxR1 activity
at the time of DEN exposure (P14). One month later (P44),
allowing time for clonal expansion of the cancer-initiated cells, an
arbitrary subset of cells was converted to TrxR1-null using limited
Cre-activation (Materials and Methods).
At harvest, the relative contributions of functionally WT (red)

and TrxR1-null (green) cells in tumors were monitored by
fluorescence imaging. This analysis revealed extreme variation in
the composition of TrxR1-null cells vs. WT cells to tumors (Fig.
3 B–D). For example, Fig. 3B shows a large (>1 cm diameter)
tumor containing clones of red (WT) or green (TrxR1-null) cells.
Fig. 3C shows a liver lobe containing a major tumor also com-
posed of clones of WT or TrxR1-null cells, as well as several
smaller lesions with various ratios of WT to TrxR1-null cells
(quantified in Fig. 3D). Region 1 shows the relative representation
of WT vs. TrxR1-null hepatocytes in noncancerous parenchyma of
this liver. Compared with this region, cancerous regions either
showed similar red:green ratios (e.g., regions 2 and 3), substantially
more WT cells (regions 4 and 7), or substantially more TrxR1-null
cells (regions 5 and 6). In addition, many apparently equivalent
tumors were either fully WT or fully TrxR1-null (Fig. 3E, T1 and
T2, respectively). Of 112 tumors analyzed in 25 marked mosaic
animals, 55 had mixed cell composition, and 28 had predominantly
WT cells, and 29 had predominantly TrxR1-null cells. Thus, even
under conditions in which WT and TrxR1-null cancer cells com-
peted with each other developmentally for contribution to tumors,
neither cell type had an overarching advantage over the other
within DEN-initiated liver tumors.
We next investigated whether DEN-initiated cancers in

TrxR1-null vs. WT livers developed differently under conditions
of lifetime chronic hepatic oxidative stress. For this, P14 male
mice with WT or TrxR1-null livers were treated with 25 mg/kg
DEN, and at P44, one-half of the mice were switched perma-
nently onto drinking water containing 0.07% phenobarbital (PB)
(47, 48). Metabolism of PB by hepatocyte-specific cytochrome
P450s results in chronic NADPH-dependent ROS generation
(49–51). At harvest (P240), most livers exhibited only few and
small tumors, with the exception of TrxR1-null livers that had
been under chronic PB stress, which exhibited dramatic cancer
(Fig. 4A), including increased numbers of tumors and an in-
creased total tumor burden (Fig. 4 B and C). Because the ani-
mals were not started on PB until 1 mo after the DEN challenge,
this dramatic difference in liver cancer likely arose from differ-
ences in cancer persistence or progression rather than initiation.

Nrf2 Activity in TrxR1-, Gsr-, and TrxR1/Gsr-Null Livers. TrxR1-null
livers have been shown to chronically activate Nrf2 (16, 19),
whereas the status of Nrf2 activity in Gsr- and TrxR1/Gsr-null livers
has not been reported. Transcriptomes of adult Gsr-null livers were
similar to those of WT livers and did not have a marked Nrf2

response (SI Appendix, Fig. S2), whereas TrxR1/Gsr-null livers
showed dramatically altered expression of hallmark Nrf2-response
genes (Fig. 5A) (52); in the figure, red asterisks at right denote
Nrf2-response genes identified in previous studies (15, 53, 54).
Immunoblots confirmed that TrxR1/Gsr-null hepatocytes had in-
creased levels of nuclear Nrf2 protein and the Nrf2-response
proteins Cbr3 (carbonyl reductase-3) and HO-1 (heme-oxygenase-
1) (Fig. 5B). TrxR1/Gsr-null livers expressed higher levels of many
Nrf2-response mRNAs than have been reported for either TrxR1-
null (16, 19) or Keap1-null (chronic derepression of Nrf2) livers
(15) (Fig. 5C). Nonetheless, these comparisons also show that each
genotype had a large number of responses that were either unique
or were shared with only one of the other two genotypes (Fig. 5D),
suggesting that differences in WT, TrxR1-null, TrxR1/Gsr-null, and
Keap1-null liver transcriptomes extend beyond having different
degrees of Nrf2 activation. qRT-PCR analyses for sentinel Nrf2-
response mRNAs verified that most were not induced in Gsr-null
livers yet were significantly stronger in TrxR1/Gsr-null livers com-
pared with TrxR1-null livers (Fig. 5E).

Fig. 2. DEN induces cancer in TrxR1/Gsr-null livers. Male mice were chal-
lenged with 25 mg/kg DEN at P14, maintained under standard care, and
harvested at P260–P265. (A) Cancerous TrxR1/Gsr-null liver. The “grapeshot”
appearance is from the many tumors (e.g., yellow asterisks); relatively
healthy tissue is seen in the right third of the organ (green dashed line). The
small ticks on the scale at the bottom are 1 mm. Li, liver; St, stomach. (B)
Overt tumor counts (Top) and tumor burden (Bottom) of individual mice.
Tumor burden represents the sum of all tumor volumes, calculated from
their measured diameters. Black and red dashed lines represent the volume
of normal adult WT (∼1,700 mm3) and TrxR1/Gsr-null (∼3,200 mm3) livers,
respectively. *P < 0.05; **P ≤ 0.01, Student’s t test. (C) Representative his-
tology of cancerous TrxR1/Gsr-null liver. (Top) Region containing non-
cancerous tissue, an adenoma, and an HCC. (Bottom) Higher-magnification
images, as indicated. (Scale bars: Top, 200 μm; Bottom, 50 μm.)

Table 1. Spontaneous tumor frequencies in mice after 9–14 mo
under standard care

Genotype (n)

Tumors (tumors/liver)

Total 0.5–2 mm 2–5 mm 5–10 mm >10 mm

WT (31) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Gsr-null (7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
TrxR1-null (22) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
TrxR1/Gsr-null (32) 3 (0.094) 0 (0) 0 (0) 2 (0.03) 1 (0.031)
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Immunohistochemistry was used to identify the cell types that
participated in the Nrf2 response in TrxR1- and TrxR1/Gsr-null
livers (Fig. 6). Across genotypes, Nrf2 was largely restricted to

hepatocyte nuclei. Within the liver lobule, however, the distri-
bution was nonuniform. In WT livers, staining for Nrf2 was weak
and centrilobular (zone 3, Fig. 6). Matching the transcriptome

Fig. 3. Marked-mosaic analysis of cancer progression by WT vs. TrxR1-null hepatocytes. (A) Strategy. The dual-fluorescent Cre-responsive ROSAmT-mG allele
was used to distinguish Cre-naïve (red fluorescent) from Cre-exposed (green fluorescent) cell lineages. Cre activity was supplied by activation of
tamoxifen-inducible CreER. DEN (25 mg/kg) was administered i.p. to tamoxifen-naïve (functionally WT) P14 males. At P44, tamoxifen was used to induce
mosaic activation of Cre in an arbitrary subset of cells. Mice were incubated under standard care and harvested at P270. If cancer cells required TrxR1, tumors were red
fluorescent (condition i). If the absence of TrxR1 favored cancer progression, tumors were green fluorescent (iii). If TrxR1 was superfluous for cancer, both red and
green fluorescent cells contributed (ii). (B) Contributions of WT and TrxR1 null cells within a single tumor. Bright field and red, green, and merged red + green
fluorescence images are shown. (Scale bar: 1 cm.) (C) Diversity of WT and TrxR1-null cell contributions to tumors. Shown are bright field and red, green, and
merged red + green fluorescence images of the surface of a liver lobe containing a large tumor (region 8, yellow dashed line) and several smaller lesions. (Scale
bar: 1 cm.) (D) Relative contributions of red (WT) and green (TrxR1-null) cells were determined in the eight numbered regions circumscribed in yellow lines in
C. Region 1 is apparently normal parenchyma; the red:green ratio in region 1 represents the baseline hepatocyte mosaicism in noncancerous liver of this
animal. All other demarcated regions were cancerous. (E) Representative fluoromicrographs of a cryosectioned cancerous marked-mosaic liver: red (Top),
green (Middle), and merged red + green (Bottom) fluorescence. The region exhibits two comparable tumors, one composed of WT cells (T-1, red fluorescent)
and the other composed of TrxR1-null cells (T-2, green fluorescent). (Scale bar: 165 μm.)
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data, proteins from Nrf2-response genes NADPH-quinone
oxidase-1 (Nqo1) and Cbr3 were undetectable in WT liver (Fig.
5). Another Nrf2-response protein, HO-1, was absent from he-
patocytes but was strongly expressed in Kupffer cells of WT
livers (purple arrows). Since Nrf2 was not detected in Kupffer
cells, this HO-1 expression was likely Nrf2-independent. In
TrxR1-null livers, nuclear staining for Nrf2 protein in cen-
trilobular hepatocytes was increased, and, correspondingly,
Nqo1, Cbr3, and HO-1 were detected in centrilobular TrxR1-
null hepatocytes. In TrxR1/Gsr-null livers, Nrf2 protein was
enriched in nuclei across all zones, although this remained
strongest in zone 3. Cbr3, Nqo1, and HO-1 were strongly in-
creased in TrxR1/Gsr-null livers. There remained large
hepatocyte-to-hepatocyte differences in expression levels of each
of these proteins in TrxR1/Gsr-null livers, but the distribution
was “checkerboard” rather than zonal. Nrf2 and Nrf2-response
gene proteins were expressed both in apparently healthy and in
degenerating hepatocytes (“ballooning” hepatocytes, blue as-
terisks, Fig. 6). HO-1 expression in Kupffer cells was similar in
all genotypes (purple arrows), indicating that this expression was
independent of the status of surrounding hepatocytes.

Phenotypic Heterogeneity in DEN-Induced Liver Tumors. DEN-
induced liver tumors in each genotype were pathologically di-
verse, with WT, Gsr-null, TrxR1-null, and TrxR1/Gsr-null livers
each exhibiting all grades of lesions, including benign hyperpla-
sias, adenomas, and malignant HCCs (Fig. 7 and SI Appendix,
Table S1). Quantitatively however, TrxR1/Gsr-null livers con-
tained predominantly larger and more advanced lesions, whereas
Gsr-null littermates had more benign lesions (SI Appendix, Fig.
S3). This prompted us to ask whether there was a correlation
between Nrf2 activation and tumor grade, particularly since
noncancerous TrxR1- and TrxR1/Gsr-null livers showed high
basal Nrf2 activity compared with WT and Gsr-null livers (Figs. 5
and 6). Sections of cancerous livers of each genotype were
stained for Cbr3 and Nqo1, and protein levels were compared
between normal parenchyma and cancerous lesions in the livers

(Fig. 7). Within tumors of all genotypes, expression of Cbr3 and
Nqo1 varied from no detectable expression in some tumors to
uniformly strong expression in others (Fig. 7).

Discussion
ROS and Cytosolic Disulfide Reductase Systems in Liver Carcinogenesis.
The ability of ROS to damage DNA makes these likely carcino-
gens. Endogenous ROS arise as collateral products of respiration,
β-oxidation of fatty acids, and other activities in hepatocytes. Ex-
tracellular ROS can also impact hepatocytes. Many liver cancers
are associated with inflammation (55) and are likely modulated by
oxidative stress (2, 3). The cytosolic NADPH-dependent disulfide
reductase systems, driven by TrxR1 and Gsr, support potent per-
oxidases and repair activities. Therefore, these pathways are
expected to provide a critical barrier against liver carcinogenesis.
Neither TrxR1- nor Gsr-null livers show evidence of basal

oxidative stress (16, 17, 20), indicating that the TrxR1- and Gsr-
driven pathways robustly complement each other to combat
ROS. However, TrxR1/Gsr–double-null livers accumulate ex-
tensive chronic oxidative damage. This indicates that Met-fueled
reductase activity (42) by itself is insufficient to prevent pervasive
oxidative stress. Contrary to our initial expectations, we found
that the number of spontaneous cancers in TrxR1/Gsr-null livers
remained low, yet DEN exposure increased their cancer fre-
quency by 115-fold over the rate for unmitigated endogenous
oxidants (cf. Table 1 and Fig. 2B). Mutation sites are likely ar-
bitrary for both ROS and DEN. Although we are unable to
quantitatively compare the one-time lesion incidence from
single-dose DEN-exposure with lifetime lesion incidence from
chronic oxidative stress in TrxR1/Gsr-null livers, our data might
suggest that compared with alkylation damage, oxidative DNA
damage is dramatically less carcinogenic. Interestingly, living
organisms have been adapting to endogenous ROS since the
evolution of respiration (56). In contrast, exposure to chemicals
that would be metabolized into intracellular alkylating agents, as
DEN is, might instead have been largely restricted to occasional
environmental exposures and thus perhaps have had less impact

Fig. 4. Chronic post-DEN initiation PB stress promotes increased liver cancer in TrxR1-null livers. P14 male mice with constitutively WT or TrxR1-null livers were
challengedwith 25 mg/kg DEN. One month later, groups of mice were either maintained under standard care or switched to drinking water containing 0.07% PB.
All mice were harvested at P240 (n = 5 mice per condition). (A) Gross morphology and quantification on representative whole livers of each condition at harvest.
Yellow arrows and yellow dotted lines indicate visible small and large tumors, respectively. Tumor counts and loads are for the liver shown above; tumor load
refers to the measured volume of tumor tissue per total liver weight for the liver shown, presented as a ratio. (B and C) Average number of tumors per liver (B)
and tumor load (C) for all five animals in each condition, presented as mean and SEM. *P < 0.05; **P < 0.01; ns, P > 0.05, Student’s t test.
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as a driver of natural selection over evolutionary time. If lesions
induced by oxidative stress are indeed less carcinogenic than
lesions induced by DEN, this would suggest that postmutation
defenses (i.e., repair, tumor suppression, and immune responses)
are more effective against oxidative damage than alkylation
damage. Further investigations are needed to test this.

The significantly diminished tumor incidence under normal
care seen in DEN-treated animals with TrxR1-null livers com-
pared with those with WT livers (Table 1) is intriguing. Based on
the strong chronic Nrf2 response (16, 19) and the altered basal-
and DEN-responsive metabolome in TrxR1-null livers (SI Ap-
pendix, Fig. S1), it is likely that Nrf2-driven expression of the

Fig. 5. The Nrf2 response predominates in the transcriptome of TrxR1/Gsr-null livers compared with WT livers. (A) Comparative heat map of resting adult WT
and TrxR1/Gsr-null liver transcriptomes. Mean values for each gene in WT livers were assigned the heat designation of black (“normal”). Red asterisks at right
indicate reported Nrf2 targets. (B) Nrf2 protein levels in purified liver nuclei from WT and TrxR1/Gsr-null livers (Top) and of Cbr3 or HO-1 protein from total
lysates of WT, Gsr-null, TrxR1-null, and TrxR1/Gsr-null (T/G) livers (Bottom). (C) Relative expression of 14 Nrf2 target genes compared with WT liver controls in
TrxR1/Gsr-null (this study), TrxR1-null (16, 19), Gsr-null (this study), and Keap1-null (65) livers, analyzed using uniform criteria. (D) Gene list comparisons for
Keap1-, TrxR1-, and TrxR1/Gsr-null livers from the uniform datasets used in C. (E) Relative mRNA levels assessed by qRT-PCR for six Nrf2 target genes in Gsr-,
TrxR1-, and TrxR1/Gsr-null livers compared with basal levels in WT livers (log scale). Bars show mean and SEM; n = 5 for all genotypes. Black asterisks indicate
values that differed significantly fromWT; red asterisks represent values that differed significantly from TrxR1-null liver. *P < 0.05; **P < 0.01, Student’s t test.
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phase-2 and -3 xenobiotic metabolism pathways, including both
the glucuronyl and GSH conjugation systems that detoxify DEN
and its products (32, 40, 41), effectively diminished the alkylation
damage in these livers at the time of DEN treatment. In-
terestingly, the TrxR1/Gsr-null livers, in which Nrf2 target genes
are induced to yet-higher levels (Fig. 5), developed more severe
cancer under standard care. Although it is tempting to speculate
that this reflects the balance between enhanced detoxification
and increased oxidative stress, other possibilities should also be
considered. For example, TrxR1-null livers overaccumulate gly-
cogen, providing the hexose source for glucuronidation, and have
an increased ability to generate excess GSH for GSH conjuga-

tion. In combination, this makes them exceptionally resistant to
acetaminophen-induced hepatotoxicity (19). In contrast, TrxR1/
Gsr-null livers have low glycogen levels and are critically de-
pendent on their GSH for survival, and thus are exceptionally
susceptible to acetaminophen (43). As such, the Nrf2-induced
phase 2 enzymes in TrxR1/Gsr-null livers might also plausibly
be substrate-limited for detoxification of DEN.

Cytosolic Disulfide Reductase Systems in Liver Cancer Persistence or
Progression. Many cancers appear to be critically addicted to cy-
tosolic disulfide reductase system activities. Metabolic realign-
ments in cancer cells increase intracellular levels of endogenous

Fig. 6. Nrf2 activity in WT, TrxR1-null, and TrxR1/Gsr-null livers. Sections of livers were immunostained for the markers indicated at left (brownish-red) and
counterstained with hematoxylin (bluish nuclei). Representative centrilobular (zone 3) expression circumscribed by green dashed lines. ne, necrosis. Yellow
arrows, bile ducts; red arrows, ectopic ductular responses; green arrow, inflammatory cells; purple arrows, HO-1+ Kupffer cells. Blue asterisks denote rep-
resentative ballooning (degenerating) hepatocytes. (Scale bars: 100 μm.)

11414 | www.pnas.org/cgi/doi/10.1073/pnas.1903244116 McLoughlin et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1903244116


ROS and thus make the cells more susceptible to oxidative stress-
induced cell death compared with noncancerous cells (45, 57).
This is consistent with our own studies on inhibition of TrxR1 in
cultured cancer cells, head and neck cancers, and breast cancer
tumors (58), and also with a recent report showing that knock-
down of TrxR1 in mouse models of xenografted human HCCs and
transgene-driven mouse HCCs led to diminished tumor size (59).
In line with this, we expected HCCs to be critically dependent

on the endogenous antioxidant systems, and when the oxidative
damage in TrxR1/Gsr-null livers did not result in abundant ful-
minant HCC, we originally suspected that TrxR1/Gsr-null can-
cers formed but became self-limiting via a “cell suicide mechanism”

that prevented transformed cells from tolerating their own cancer-
associated ROS. Conversely, however, the highly abundant malig-
nant tumors that developed in DEN-exposed TrxR1/Gsr-null livers
in the present study indicate that the absence of effective endog-
enous cytosolic antioxidant systems is not necessarily self-limiting
for HCC.
It remains unclear what roles the diversity of initiating muta-

tions in the DEN model, followed by long-term natural selection
and evolution of the tumors in the absence of the disulfide re-
ductase systems, play in their ability to tolerate increased oxi-
dative stress. Moreover, hepatocytic metabolic eccentricities,
such as their exceptionally strong Met cycle and transsulfuration
pathway, will make the Met-driven reductase pathway more ro-
bust in hepatocytic cancers (60, 61). Importantly, clinical HCC,
like DEN-induced HCC, presents with diverse genetic lesions
that are not well represented in some preclinical models.
Moreover, long-term therapeutic efficacy will require that the
cancers do not readily evolve a therapy-resistant physiology. The

present study emphasizes that HCC can readily adapt and persist
without TrxR1 and Gsr activities. In considering the strong pro-
pensity of cancers to acquire resistance mechanisms, therapeutic
approaches targeting reductase pathways in cancers should likely
be restricted to combinatorial regimes that discourage evolution of
“hepatocyte-like” oxidative stress-insensitivity survival strategies.
The results presented in this study show that postinitiation

oxidative stress, as modeled either by coincidental loss of both
TrxR1 and Gsr (Fig. 2) or by chronic hepatic PB-induced oxi-
dative stress in livers only lacking TrxR1 (Fig. 4), can increase
liver cancer malignancy. Indeed, malignant HCCs predominated
in DEN-induced TrxR1/Gsr-null livers, whereas Gsr-null livers
exhibited more benign hyperplasias (SI Appendix, Fig. S3).
Currently we do not have a mechanistic explanation for this, but
three possibilities might contribute. First, it is possible that ac-
cumulated oxidative DNA damage during cancer progression
favors malignant progression through a genetic mechanism, as
predicted in the “multihit” hypothesis (5, 6) and suggested in at
least one mouse HCC study (62). Second, it is possible that al-
terations in redox signaling resulting from these disruptions favor
malignant progression through an epigenetic mechanism, for
example, by favoring proliferation or morphogenic transitions.
Third, disruption of TrxR1 and Gsr may trigger secondary en-
zymatic and metabolic realignments through Nrf2 (Fig. 5 and SI
Appendix, Fig. S1) or other systems that contribute to the altered
cancer phenotypes. Further investigations are needed to test
each of these possibilities. The mouse liver cancer models
reported here should support such investigations.

Fig. 7. Nrf2 activity in tumors. Sections of DEN-induced cancerous livers stained for expression of Cbr3 or Nqo1. The top panels represent noncancerous
regions; below are representative tumors. (Scale bars: 100 μm.)
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Interplay of the Cytosolic Disulfide Reductase Systems and Nrf2 in
Liver Cancer. A previous study showed that in HeLa cells, phar-
macologic depletion of GSH did not induce Nrf2, knockdown of
TrxR1 did induce Nrf2, and combination treatments further in-
creased Nrf2 activation (63). We now extend these observations
with full liver transcriptome analyses (Fig. 5 and SI Appendix,
Fig. S2). The distinct impacts of TrxR1-, Gsr-, and TrxR1/Gsr-
null conditions on Nrf2 activation show that these three antiox-
idant systems are integrated into a cross-regulated network and
might provide further clues to understanding Nrf2 regulation.
The activities of this network optimize the protection of cells
from oxidative or toxic exposures. Whereas this will effectively
antagonize cancer initiation, in some cases the network could
favor the malignant progression of existing tumors by preventing
cell death-based defenses (Fig. 8).
A genome-wide association study of human squamous cell

lung cancers revealed a strong correlation between malignancy
and mutations that activate Nrf2 (29). Several mouse and human
studies have also shown that malignant progression in diverse
cancers is favored by chronic activation of Nrf2 (22, 27, 28), and
a recent study indicated that Nrf2-deficient mice are resistant to
HCC (64). Therefore, in the present study, we expected more
severe liver cancers to correlate with Nrf2 activation. Conversely,
we found that individual tumors within a liver can have diverse
Nrf2 activity levels that show no obvious correlation with tumor
grade (Fig. 7). This unexpected finding might be peculiar to liver
cancers. Indeed, the diversity of molecular, genetic, redox, and

metabolic phenotypes of the HCCs reported here likely presages
the diversity of “programs” that individual cancers might adopt
for survival. This should be considered a general caveat for
studies seeking an “Achilles’ heel” that makes cancer cells more
susceptible than normal cells to a simple therapy.

Materials and Methods
Mice. All procedures were reviewed and approved by the Montana State
University Animal Care and Use Committee. DEN was administered to male
pups at P14 ± 1 d at 25 mg/kg i.p. in sterile saline (33). PB at 0.07% (wt/vol)
was added to drinking water continuously starting at P44 ± 2 d. For marked-
mosaic analyses, male pups at P14 ± 1 d of age, genotype Txnrd1cond/cond;
ROSAmT-mG/CreER, were inoculated i.p. with 25 mg/kg DEN in sterile saline. At
P44 ± 2 d, 0.2 mL of 1 mg/mL tamoxifen-citrate was administered i.p.

Transcriptome Analysis, qRT-PCR, Histology, and Immunohistochemistry. Tran-
scriptomes from WT, Gsr-null, and TrxR1/Gsr-null livers were analyzed using
Affymetrix 430A 2.0 arrays. Probes were synthesized from total liver RNA
using the MessageAmp II-Biotin Enhanced system and hybridized for 16 h at
45 °C. Transcriptome data generated in this study have been deposited in
the Gene Expression Omnibus (accession nos. GSE124444, GSE124445, and
GSE124446). qRT-PCR was performed on cDNA generated from total mouse
liver RNA using a mixture of oligo-dT and random primers and GoTaq PCR
Master Mix. cT values were calculated using RotorGene 6000 series software
v. 1.7, and differences between Nrf2-regulated transcripts compared with
endogenous β-actin control were calculated. Histology, immunohistochem-
istry, and immunoblotting were performed following standard protocols
and the antibodies listed in SI Appendix.

Statistical Analyses. Except where indicated in figure legends, statistical
significance was determined by pairwise Student’s t tests. Transcriptomes
were analyzed using FlexArray software v. 1.6.2 and National Center for
Biotechnology Information Mouse Genome Annotation 35. Array compari-
son output datasets were normalized by GeneChip robust multiarray aver-
aging, and variance was calculated by one-way ANOVA. Datasets were
restricted to fold change twofold or more up- or down-regulated, false
discovery rate ≤0.05, and raw value expression level >200 units for com-
parisons between sets.
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