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Dunigan K, Li Q, Li R, Locy ML, Wall S, Tipple TE. The
thioredoxin reductase inhibitor auranofin induces heme oxygenase-1
in lung epithelial cells via Nrf2-dependent mechanisms. Am J Physiol
Lung Cell Mol Physiol 315: L545-1.552, 2018. First published July
19, 2018; doi:10.1152/ajplung.00214.2018.—Thioredoxin reduc-
tase-1 (TXNRD1) inhibition effectively activates nuclear factor (ery-
throid-derived 2)-like 2 (Nrf2) responses and attenuates lung injury in
acute respiratory distress syndrome (ARDS) and bronchopulmonary
dysplasia (BPD) models. Upon TXNRD1 inhibition, heme oxygen-
ase-1 (HO-1) is disproportionally increased compared with Nrf2
target NADPH quinone oxidoreductase-1 (Nqol). HO-1 has been
investigated as a potential therapeutic target in both ARDS and BPD.
TXNRDI is predominantly expressed in airway epithelial cells; how-
ever, the mechanism of HO-1 induction by TXNRDI1 inhibitors is
unknown. We tested the hypothesis that TXNRDI1 inhibition induces
HO-1 via Nrf2-dependent mechanisms. Wild-type (WT), Nrf2K01-3,
and Nrf2K©22 cells were morphologically indistinguishable, indicat-
ing that Nrf2 can be deleted from murine-transformed club cells
(mtCCs) using CRISPR/Cas9 gene editing. Hemin, a Nrf2-indepen-
dent HO-1-inducing agent, significantly increased HO-1 expression in
WT, Nrf2X01:3 and Nrf2X©22, Auranofin (AFN) (0.5 pwM) inhibited
TXNRDI activity by 50% and increased Ngol and HmoxI mRNA
levels by 6- and 24-fold, respectively, in WT cells. Despite similar
levels of TXNRDI inhibition, Ngo/ mRNA levels were not different
between control and AFN-treated Nrf2X©1-3 and Nrf2K©22, AFN
slightly increased HmoxI mRNA levels in Nrf2K©!3 and Nrf2K©02-2
cells compared with controls. AFN failed to increase HO-1 protein in
Nrf2KO!-3 and Nrf2K©22 compared with a 36-fold increase in WT
mtCCs. Our data indicate that Nrf2 is the primary mechanism by
which TXNRD1 inhibitors increase HO-1 in lung epithelia. Future
studies will use ARDS and BPD models to define the role of HO-1 in
attenuation of lung injury by TXNRD1 inhibitors.

acute respiratory distress syndrome; auranofin; bronchopulmonary
dysplasia; club cells; heme oxygenase-1; nuclear factor E,-related
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INTRODUCTION

Thioredoxin reductase-1 (TXNRDI1) is an NADPH-depen-
dent selenocysteine-containing oxidoreductase that catalyzes
the reduction of oxidized thioredoxin-1 (45). Our group has
previously shown that TXNRDI inhibition attenuates lung
injury in newborn and adult murine models of acute respiratory
distress syndrome (ARDS) and bronchopulmonary dysplasia
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(BPD) (5, 25, 41). Our collective data suggest that the protec-
tive effects of TXNRDI1 inhibition are mediated, at least in
part, through the activation of nuclear factor (erythroid-derived
2)-like 2 (Nrf2)-dependent responses (28). These findings are
consistent with other studies in which inhibition or genetic
deletion of TXNRDI1 enhances Nrf2-dependent responses, in-
cluding increased heme oxygenase-1 (HO-1) expression (3, 6,
8, 15, 18, 29, 38).

HO-1 is the rate-limiting inducible enzyme in the reduction
of free heme into iron, carbon monoxide, and biliverdin (12).
Hyperoxic exposure of neonatal HO-1 knockout mice elicits a
BPD phenotype that is attenuated upon activation or overex-
pression of HO-1 (43). In models of ARDS, HO-1 overexpres-
sion confers resistance to the development of lung injury (10,
22, 26, 35, 42). In contrast to other Nrf2-regulated genes, we
have consistently observed a disproportionate increase in HO-1
levels following TXNRDI1 inhibition in vitro and in a murine
BPD model in vivo (25, 28).

Though Nrf2 is a key regulator of HO-1 expression, HO-1 is
not exclusively regulated by Nrf2 (12). HO-1 expression is also
regulated by nuclear factor k-light chain enhancer of activated
B cells, activator protein-1, cAMP response binding protein,
hypoxia-inducible factor-1, and BTB and CNC homology 1,
basic leucine zipper transcription factor 1 (32, 37).

HO-1 is a key regulator of susceptibility to lung injury and
has been identified as a therapeutic target to attenuate ARDS
and BPD. In addition, there is currently much interest in
investigating the use of Nrf2 activating compounds to prevent
lung injury. In the adult and newborn lung, TXNRDI is
predominately expressed in airway epithelial cells (40). Our
group is actively pursuing TXNRD1 inhibition as a strategy to
prevent ARDS and BPD; however, the contribution of Nrf2
toward disproportionate increases in HO-1 following TXNRD1
in lung epithelial cells has not been defined. Thus, the present
studies were designed to test the hypothesis that HO-1 induc-
tion following TXNRDI1 inhibition is Nrf2 dependent.

MATERIALS AND METHODS

Auriothioglucose administration in vivo. Animal protocols were
approved by the Institutional Animal Care and Use Committee at the
Research Institute at Nationwide Children’s Hospital. Mice were
handled in accordance with the National Institutes of Health guide-
lines and housed in a pathogen-free facility. Adult C3H/HeN mice
(6—8 wk) received a single intraperitoneal injection of 0 or 25 mg/kg
auriothioglucose (ATG) (Research Diagnostics, Flanders, NJ) in sa-
line and were euthanized using intraperitoneal ketamine-xylazine
(150/15) at 24 h postinjection. Lungs were removed and placed in
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TRIzol on dry ice. A portion of the left lung was homogenized using
TissueLyser II (Qiagen, Valencia, CA).

Cell culture and generation of Nrf2 knockout murine-transformed
club cells. Murine-transformed club cells (mtCCs) (Dr. Franco De-
Mayo, Baylor University, Houston, TX) were cultured in complete
media, Dulbecco’s modified Eagle’s medium with 4.5 g/l glucose
(Thermo Fisher Scientific, Pittsburgh, PA), 10% fetal bovine serum
(FBS) (Amizona Scientific, Vestavia Hills, AL), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Thermo Fisher Scientific) and were
placed in a culture incubator HERAcell Vios 160i (Thermo Fisher
Scientific) maintaining 5% CO, at 37°C.

Nrf2 knockout mtCCs were generated with the CRISPR-CAS9
system as described (34). Guide sequence 1, GACTTGGAGTTGC-
CACCGCCAGG, and guide sequence 2, TGGGACTGTAGTCCTG-
GCGGTGG (Integrated DNA Technologies, Coralville, IA), at exon 1
in the genomic Nrf2 locus (NC_000068.7) were selected using the
CRISPR design website (http://crispr.mit.edu/). Guide sequences were
annealed into construct plasmids PX 458 SpCas9-2A-EGFP (No.
48138; Addgene, Cambridge, MA) and PX459 SpCas9-2A-Puro (No.
62988; Addgene). Plasmids were transformed into competent Esche-
richia coli, and the sequences were verified by UAB-Heflin Genomic
Science Core (University of Alabama at Birmingham, Birmingham,
AL). mtCCs were transfected using Lipofectamine 3000 (Thermo
Fisher Scientific). Following 24 h of transfection, transfection media
was replaced with selection medium containing 5 pg/ml puromycin
(Thermo Fisher Scientific). Clones from guide sequence 1 (n = 3; 1.1,
1.2, and 1.3) and 2 clones from guide sequence 2 (2.1, and 2.2) were
selected and expanded in selection media for these studies. Nrf2
deletion was confirmed using quantitative real time polymerase chain
reaction (PCR).

Treatment and sample preparation. Both wild-type and Nrf2
knockout mtCCs were plated on 6-well plates (Denville Scientific,
Holliston, MA) at a density of 400,000—450,000 cells per well,
adhered for 48 h, and treated with dimethyl sulfoxide (Thermo Fisher
Scientific) control, 0.1 or 0.5 wM auranofin (AFN) (Sigma-Aldrich,
St. Louis, MO), or 5 uM hemin (Sigma-Aldrich) in 2 ml complete
media. Cells were incubated at 37°C under 5% CO, for 1, 6, or 8 h.
Treated cells were washed twice with PBS (Thermo Fisher Scientific)
and then collected in 100 wl of lysis buffer (10 mM Tris, 0.1% Triton
100x, and 100 wM diethylenetriamine pentaacetic acid, pH 7.4). Cell
lysates were centrifuged at 14,000 g at 4°C for 10 min in Centrifuge
5804 R (Eppendoff, Hamburg, Germany), and supernatant was col-
lected for TXNRD1 activity assays and Western blot. Protein concen-
trations of the supernatant were determined by bicinchoninic acid
assay (Thermo Fisher Scientific).

TXNRDI1 activities. TXNRDI activities were determined as previ-
ously described (7, 36).

Western blot analysis. Protein (12-20 wg) was separated on 4%—
20% Midi-Criterion TGX Stain-Free gels (Bio-Rad Laboratories,
Hercules, CA) and transferred to polyvinylidene difluoride mem-
branes (Trans-Blot; Bio-Rad). Membranes were blocked by 5% milk
in Tris-buffered saline containing 0.05% Tween 20 and probed with
polyclonal rabbit anti-HO-1 antibody (SPA-895, 1:1,000; Santa Cruz
Biotechnology, Dallas, TX) followed by goat anti-rabbit-IgG-horse-
radish peroxidase (sc2004; 1:5,000; Santa Cruz Biotechnology).
Membranes were developed using Clarity Western ECL Substrate
(Bio-Rad) and imaged using a ChemiDoc MP Imaging System (Bio-
Rad). As a loading control, membranes were reprobed with monoclo-
nal mouse anti-f3-actin antibody (sc-4777; 5,000; Santa Cruz Biotech-
nology) or polyclonal rabbit anti-f3-tubulin antibody (SC-9104; 5,000
Santa Cruz Biotechnology).

Quantitative real-time PCR. Treated cells were washed once with
PBS, detached by trypsin (Thermo Fisher Scientific), collected in
PBS, and centrifuged using Sorvall ST 8 Centrifuge (Thermo Fisher
Scientific) for 5 min at 1,000 g. RNA was isolated from the pellets
using an RNeasy mini kit (Qiagen). cDNA was synthesized using
High Capacity cDNA Reverse Transcription (Thermo Fisher Scien-
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tific). Quantitative real time PCR was performed using Premix Tagq-
man master mix (Thermo Fisher Scientific), and cycle threshold (Ct)
values were determined using iQ5 Multicolor Real-Time PCR Detec-
tion System (Bio-Rad Laboratories). Primer probes for murine 18S
(4310893E), HO-1 (MmO00516005_m1) (21), and NQOI1 (0125-
3561_ml) (Thermo Fisher Scientific). Ct values were normalized to
18S (ACy). Fold-change values were calculated using 2¢24€D,

Statistics. Data were analyzed using GraphPad Prism 6.0 (La Jolla,
CA). All data expressed as means = SE were tested for homogeneity
of variances and were log transformed when indicated. Parametric
data were analyzed by one-way analysis of variance followed by
Tukey’s multiple-comparison tests. Nonparametric data were ana-
lyzed by Kruskal-Wallis followed by Dunn’s post hoc test. Signifi-
cance was accepted at P < 0.05.

RESULTS

Hmox1 mRNA expression is increased in adult murine lungs
following TXNRD1 inhibition. Our group has established that
treatment with the TXNRD1 inhibitor aurothioglucose (ATG)
(25 mg/kg) is protective in adult murine lung injury models (5,
40, 41). Though systemic treatment with 25 mg/kg ATG
inhibited pulmonary TXNRD1 activity by 80% at 24 h in our
prior studies, pulmonary expression of the Nrf2 target NADPH
quinone oxidoreductase-1 (NQO1) was not different from
control-treated mice (28). We found that treatment with 200
mg/kg ATG was required to elicit a significant increase in
Ngol mRNA levels (3-fold) in adult murine lungs. At that
time, we had also assessed Hmox1 expression in the same lung
samples used for our previous publication, although the data
were not included because HO-1 was not a focus of that
manuscript. Thus, given the current focus of the present man-
uscript, we now include these assessments of lung Hmoxl
mRNA expression in adult murine lung specimens 24 h after
treatment with 25 mg/kg ATG or saline. In contrast to our
Ngol findings, these data reveal that 25 mg/kg ATG signifi-
cantly increased lung Hmox! levels by threefold when com-
pared with controls (Fig. 1). These additional data are consis-
tent with our previous reports of disproportionate increases in
lung HmoxI levels (vs. Ngol) following TXNRDI inhibition
in vitro and in our murine BPD model studies in vivo (25, 28).

Optimization of AFN-mediated TXNRDI inhibition in
mtCCs. To characterize the effects of AFN on TXNRDI
activity, since media contains selenium in serum, mtCCs were
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Fig. 1. Hmox1 expression in adult murine lungs 24 h after aurothioglucose
(ATG) administration. Adult C3H/HeN mice were treated with a single
intraperitoneal injection of 0 or 25 mg/kg ATG in saline as described in
MATERIALS AND METHODS. Lung Hmox! mRNA levels were increased by
threefold in ATG-treated mice. Data (means = SE, n = 3) were analyzed by
t-test. *P = 0.043 vs. control
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Fig. 2. Thioredoxin reductase-1 (TXNRDI) activity in auranofin (AFN)-
treated murine-transformed club cells (mtCCs) cultured in the presence and
absence of 10% fetal bovine serum (FBS). mtCCs were cultured in medium in
the presences/absences of serum containing 0% or 10% FBS and treated with
the indicated concentrations of AFN for 1 h. TXNRDI activity was determined
as described in MATERIALS AND METHODS. Data (means = SE, n = 3-9) were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis. #P <
0.006 vs. no serum/0 wM AFN; $P < 0.03 vs. no serum/0.1 uM AFN; @P =
0.0071 vs. no serum/0.5 uM AFN; *P < 0.0001 vs. serum/0 M AFN; %P =
0.0048 vs. serum/0.1 .M AFN.

cultured in the absence or presence of 10% FBS and were
treated with 0, 0.1 or 0.5 uM of AEN for 1 h. Cell lysates were
prepared, and TXNRD1 activity was determined as described
in MATERIALS AND METHODS (Fig. 2). Under serum-free condi-
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tions, 0.1 M AFN decreased TXNRD1 activity by 67% when
compared with vehicle-treated cells. TXNRD1 activity was not
detectable in mtCCs treated with 0.5 wM AFN under serum-
free conditions, and we observed alterations in cell morphol-
ogy. In mtCCs cultured in the presence of 10% FBS, baseline
TXNRDI1 activity was not different from serum-free condi-
tions. When compared with control-treated cells, 0.1 uM AFN
decreased TXNRDI activity by 43%, and 0.5 pM AFN de-
creased TXNRDI activity by 72%. Based upon these findings,
mtCCs were cultured in 10% FBS-containing media, and 0.5
M AFN was used to inhibit TXNRD1 activity in all subse-
quent experiments.

We next determined the kinetics of TXNRDI1 inhibition and
HO-1 expression in AFN-treated mtCCs. When compared with
their respective controls, AFN decreased TXNRDI1 activity by
72, 55, and 38% at 1, 3, and 6 h, respectively (Fig. 3A). We
also detected significant increases in HmoxI levels by AFN at
all three time points (Fig. 3B). Specifically, Hmox1 levels were
7-, 31-, and 10-fold greater in AFN-treated cells at 1, 3, and 6
h, respectively. Our data demonstrated that AFN also signifi-
cantly enhanced HO-1 protein levels in mtCCs (Fig. 3C).
When compared with control-treated mtCCs, HO-1 expression
was increased 71-fold after 3 h and 100-fold after 6 h. In light
of these findings, we used 3-h AFN treatment to determine the
role of Nrf2 on HO-1 induction following TXNRD1 inhibition.

CRISPR/Cas9-mediated generation of gene-edited mtCCs.
To test our primary hypothesis, we elected to generate gene-
edited mtCCs to ablate Nrf2 expression. We generated seven
clones using strategies designed to delete regions of exon 1 in
the NFE2L2 gene, as described in MATERIALS AND METHODS. We
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Fig. 3. Time-dependent effects of auranofin
(AFN) on thioredoxin reductase-1 (TXNRD1)
activity and heme oxygenase 1 (HO-1) expres-
sion in murine-transformed club cells. A: TX-
NRDI1 activity was determined as described in
MATERIALS AND METHODS. Data (means *+ SE,
n = 6-15) were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis. *P <
0.0001 vs. 1 h/vehicle; #P < 0.015 vs. 1 h/0.5
wM AFN; %P < 0.0001 vs. 3 h/vehicle; $P =

1h 0.003 vs. 3 h/0.5 pM AFN; and &P = 0.0003
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n = 5-15) were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis. *P <
0.0001 vs. vehicle; #P < 0.0001 vs. 1 h/0.5 pM
AFN; and $P = 0.0005 vs. 3 h/0.5 p.M AFN.
C: representative Western blot. Relative densi-
tometries were calculated, and data (means *
SE, n = 6) were analyzed by Kruskal-Wallis
followed by Dunn’s post hoc analysis. *P <
0.016 vs. vehicle and #P = 0.0256 vs. 1 h /0.5
wM AFN.
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identified three clones that did not express NFE2L2 mRNA
(Fig. 4). Cell lines 1.3 (Nrf2X0!3) and 2.2 (Nrf2K922) were
selected for use in subsequent studies.

Hemin, a Nrf2-independent HO-1 inducer, increases HO-1
expression in wild-type and Nrf2 knockout mtCCs. To confirm
that Nrf2 knockout mtCCs maintained the ability to upregulate
the expression of HmoxI and HO-1 protein, we used hemin, an
Nrf2-independent HO-1-inducing agent (9, 39, 44). Wild-type,
Nrf2KO13 “and Nrf2K922 mtCCs were cultured for 8 h in the
presence and absence of 5 wWM hemin and Hmox1 expression,
and HO-1 levels were determined (4, 16, 31, 46). Hemin
enhanced HmoxI expression by fivefold in wild-type mtCCs.
In Nrf2 knockout cell lines, HmoxI levels were 1.4-fold greater
in Nrf2KO!3 and 3-fold greater in Nrf2K922 respectively,
when compared with respective control-treated cells (Fig. 5A).
Similar to mRNA effects, hemin also significantly increased
HO-1 protein expression in all three cell lines (Fig. 5B).
Specifically, HO-1 expression was 16-fold greater in hemin-
treated wild-type mtCCs. In Nrf2X°!3 and Nrf2X922 hemin
treatment increased HO-1 protein levels by six- and threefold,
respectively, when compared with respective controls.

AFN inhibits TXNRDI activity but does not enhance Nqgol
levels in gene-edited mtCCs. To evaluate the effect of loss of
Nrf2 on TXNRDI activity, control and Nrf2 knockout cells
were treated with 0.5 puM AFN for 3 h, and TXNRDI activity
was assessed. Baseline TXNRDI activity was not different
between vehicle-treated wild-type and Nrf2KO!3 cells (Fig.
6A). In contrast, we detected a significant decrease in TXNRD1
activity in Nrf2X022 when compared with both wild-type and
Nrf2%O!-3 cells. Following AFN treatment of wild-type mtCCs,
TXNRDI activity was reduced by 46% when compared with
vehicle-treated controls. In Nrf2 knockout mtCCs, TXNRD1
activity was 35% lower in Nrf2K°!'3 and 52% lower in
Nrf2K922 when compared with respective vehicle treated con-
trols.

As a surrogate for Nrf2-mediated transcriptional activation,
we next evaluated Nqgol levels in all cell lines cultured in the
presence and absence of 0.5 M AFN for 3 h. When compared
with vehicle-treated wild-type cells, Ngol expression was
significantly lower in Nrf2X0!-3 (0.7-fold) but not in Nrf2K©22

NFE2L2
(fold change vs control)

Fig. 4. Nuclear factor E-related factor 2 (NFE2[2) expression in gene-edited
murine-transformed club cells. Nrf2 knockout cells were generated via
CRISPR/Cas9 technology as described in MATERIALS AND METHODS. Based
upon these results, lines 1.3 and 2.2 were used for subsequent experiments.
GFP, green fluorescent protein.
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Fig. 5. Effects of hemin on heme oxygenase 1 (HO-1) expression in wild-type
(WT) and nuclear factor Es-related factor 2 (Nrf2) knockout murine-trans-
formed club cells (mtCCs). mtCCs were cultured in the presence and absence
of 5 uM hemin for 8 h, and Hmox! mRNA and HO-1 protein were determined
as described in MATERIALS AND METHODS. A: dCt values (means * SE, n =
5-6) were analyzed by one-way ANOVA followed by Tukey’s post hoc
analysis. *P < 0.0012 vs. WT/vehicle; #P = 0.0011 different from WT/hemin;
$P = 0.0002 vs. Nrf2 knockout 1.3/vehicle; and &P = 0.0270 vs. Nrf2
knockout 2.2/vehicle. B: representative Western blot. C: relative densitometry.
Data (means = SE, n = 6) were log-transformed and analyzed by one-way
ANOVA followed by Tukey’s post hoc analysis. *P = 0.0002 vs. WT/vehicle;
$P = 0.0003 vs. Nrf2 knockout 1.3/vehicle; and &P < 0.0001 vs. Nrf2
knockout 2.2/vehicle.

(Fig. 6B). In AFN-treated wild-type cells, Ngol levels were
increased 6-fold when compared with vehicle-treated controls.
In contrast, AFN did not significantly enhance Ngol levels in
Nrf2%O!3 or Nrf2X922 when compared with respective vehi-
cle-treated controls.

AFN enhances HO-1 expression in wild-type but not Nrf2
knockout mtCCs. To test the hypothesis that increases in
HO-1 levels following TXNRDI inhibition are Nrf2 depen-
dent, we measured HmoxI and HO-1 levels in vehicle- and
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Fig. 6. Thioredoxin reductase-1 (TXNRD1) activity and NAPDH quinone oxidoreductase-1 (Nqol) expression in auranofin (AFN)-treated wild-type nuclear
factor Ex-related factor 2 (Nrf2) knockout murine-transformed club cells (mtCCs). mtCCs were cultured in the presence and absence of 0.5 uM AFN for 3 h,
and TXNRDI activity and Ngo! were determined as described in MATERIALS AND METHODS. A: TXNRD1 activity in lysates from wild-type and Nrf2 knockout
mtCCs. Data (means = SE, n = 8§-9) were analyzed by one-way ANOVA followed by Tukey’s post hoc analysis. *P < 0.0003 vs. wild-type/vehicle; #P <
0.0001 vs. wild-type/0.5 uM AFN; $P = 0.0002 vs. Nrf2 knockout 1.3/vehicle; and &P < 0.0001 vs. Nrf2 knockout 2.2/vehicle. B: mRNA levels of Ngo! from
wild-type and Nrf2 knockout mtCC lysates following 3 h AFN treatment. Data (means *= SE, n = 5-6) were analyzed by one-way ANOVA followed by Tukey’s
post hoc analysis. *P = 0.0455 vs. wild-type/vehicle and #P < 0.0001 vs. wild-type/0.5 pM AFN.

AFN-treated wild-type, Nrf2XO!3 and Nrf2X©22 m(CCs. HmoxI levels, albeit to a lesser degree than in wild-type
All cell lines were cultured in the presence or absence of 0.5 mtCCs. Compared with wild-type mtCCs, baseline HO-1
wM AFN for 3 h. Baseline HmoxI levels were significantly protein levels were significantly lower in Nrf2X°1-3 but not
lower in Nrf2X°13 but not in Nrf2X°2-2 when compared with  in Nrf2X°22 (Fig. 7B). Similar to our Hmox! findings, AFN
wild-type mtCCs (Fig. 7A). AFN treatment enhanced significantly increased HO-1 protein levels by 36-fold com-
HmoxI levels by 24-fold in wild-type mtCCs when com- pared with vehicle-treated controls. In contrast, HO-1 pro-
pared with vehicle-treated controls. In Nrf2K9!3 and tein expression was not different between AFN- and vehi-
Nrf2K092-2 mtCCs, AFN treatment significantly increased cle-treated Nrf2X0!-3 and Nrf2K©22,
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Fig. 7. Heme oxygenase 1 (HO-1) expression in auranofin (AFN)-treated wild-type (WT) and nuclear factor E»-related factor 2 (Nrf2) knockout murine-
transformed club cells (mtCCs). mtCCs were cultured in the presence and absence of 0.5 wM hemin for 3 h, and Hmox! mRNA and HO-1 protein were
determined as described in MATERIALS AND METHODS. A: dCt values (means = SE, n = 5-15) were analyzed by log-transformed one-way ANOVA followed by
Tukey’s post-hoc analysis. *P < 0.0006 vs. WT/vehicle; #P < 0.0001 vs. WT/0.5 uM AFN; $P = 0.0002 vs. Nrf2 knockout 1.3/vehicle; and &P = 0.0046
vs. Nrf2 knockout 2.2/vehicle. B: representative Western blot and relative densitometry. Data (means = SE, n = 6-9) were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis. *P < 0.002 vs. WT/vehicle; #P < 0.0001 vs. WT/0.5 puM AFN; $P = 0.0005 vs. Nrf2 knockout 1.3/vehicle; and
%P < 0.0001 vs. Nrf2 knockout 2.2/0.5 uM AFN.
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DISCUSSION

Our past research has consistently demonstrated that TX-
NRD1 inhibition results in a disproportional increase in Hmox1
expression when compared with other Nrf2-regulated genes,
namely Nqgol (25, 28). The present data extend these findings
by revealing that treatment of adult mice with 25 mg/kg ATG
increases pulmonary HmoxI mRNA levels at 24 h, which is in
contrast to our previously reported findings with Ngol (28).
The remainder of our studies focused on defining the role of
Nrf2 on HO-1 induction in airway epithelial cells following
TXNRDI1 inhibition. Our novel data in mtCCs revealed that: 1)
the addition of FBS to culture media does not alter baseline
TXNRDI activity but does influence the degree of TXNRDI1
inhibition by AFN, 2) Nrf2 can be successfully deleted from
mtCCs using CRISPR/Cas9 gene editing, 3) Nrf2 knockout
cells are capable of producing HO-1 in response to hemin, 4)
AFN inhibits TXNRDI activity in Nrf2 knockout cells, and 6)
AFN does not increase HO-1 in Nrf2 knockout mtCCs.

In addition to various growth factors, FBS contains the trace
mineral selenium (Se). Se is required for the production of
selenocysteine, which is present in the active site of seleno-
proteins, such as TXNRD1 (36). In the absence of Se, cysteine
is instead inserted into the active site of selenoproteins, and
catalytic activity is significantly compromised. In the present
studies, baseline TXNRDI activity was similar in mtCCs
cultured in the presence and absence of FBS, and maximal
TXNRDI inhibition was detected in cells treated with 0 or 0.5
pM AFN (Fig. 2). In contrast to cells cultured in the presence
of FBS in which 0.5 uM AFN completely inhibited TXNRDI
activity. Indeed, morphological alterations were also observed
in AFN-treated mtCCs cultured in the absence of FBS (data not
shown). These findings suggest that Se in FBS dampens AFN
toxicity. Our data are consistent with recent findings of AFN-
mediated mitochondrial oxidative stress that is rescued upon Se
supplementation (13, 30, 33).

Upon determining the kinetics of HO-1 induction following
AFN treatment of mtCCs (Fig. 3), we used Nrf2-deficient
mtCCs using CRISPR-Cas 9 technology (Fig. 4). To minimize
the chance that findings would be due to off-target effects of
our targeting constructs, we generated two distinct targeting
constructs designed to elicit the deletion of exon 1. To confirm
that our Nrf2 knockout cell lines were capable of producing
HO-1 in response to treatment with an Nrf2-independent ago-
nist, we used hemin (14, 17). Our data revealed significant
increases in HmoxI and HO-1 levels in wild-type and Nrf2
knockout mtCCs following hemin treatment, though we did
observe relative differences between wild-type and knockout
lines Nrf2KO13 and Nrf2X022 (Fig. 5). The use of a single time
point for our analyses limited our ability to evaluate the
kinetics of HmoxI and HO-1 induction by hemin and may be
responsible for these observations. Nonetheless, our data indi-
cate that gene-edited mtCCs are capable of HO-1 induction.

To compare the effects of AFN across the three cell lines
used to test our primary hypothesis, we measured TXNRDI1
activity following AFN treatment (Fig. 6A). Basal TXNRDI1
activity was similar between wild-type and Nrf2X°!-3; how-
ever, activity was significantly lower in Nrf2K022 mtCCs.
Given that TXNRDI is regulated by Nrf2, this finding is likely
to represent altered homeostasis in this cell line. Ngol is
exclusively regulated by Nrf2. To further evaluate the effects

HO-1 INDUCTION BY TXNRD1 INHIBITORS IS Nrf2 DEPENDENT

of Nrf2 deletion, we determined Ngol levels in response to
AFN (Fig. 6B). As expected, Ngol levels were increased in
AFN-treated wild-type mtCCs. In contrast, AFN did not sig-
nificantly increase Ngol levels in either Nrf2K0!3 or
Nrf2K02.2'

Lastly, we tested our central hypothesis by measuring
HmoxI and HO-1 expression in wild-type and Nrf2 knockout
mtCCs cultured in the presence and absence of AFN. Whereas
AFN significantly increased HmoxI in wild-type cells, this
effect was severely attenuated in Nrf2XO!-3 and Nrf2K©22 (Fig.
7A). The finding of modestly increased HmoxI expression in
our Nrf2 knockout cells suggests the presence of Nrf2-inde-
pendent pathways for HO-1 induction in mtCCs. The physio-
logical relevance of this finding is questionable, given the
substantial AFN-mediated enhancement of Hmox! in wild-type
cells. As expected, AFN significantly increased HO-1 expres-
sion in wild-type mtCCs. In contrast to our mRNA data, AFN
did not alter HO-1 protein levels in either Nrf2KO!3 or
Nrf2K922 mtCCs (Fig. 7B). Collectively, our data indicate that
increases in HO-1 in the lung following TXNRDI1 inhibition
are predominantly driven via Nrf2-dependent mechanisms.
Our findings in lung epithelia are consistent with Nrf2 depen-
dency of HO-1 induction following induction or stress in other
models (1, 2, 9, 11, 23, 27).

HO-1 expression is also regulated by various transcription
factors, including nuclear factor k-light chain enhancer of
activated B cells, activator protein-1, cAMP response binding
protein, hypoxia-inducible factor-1, and BTB and CNC homol-
ogy 1, basic leucine zipper transcription factor 1 (32, 37).
Hyperoxia, oxidative stress, and pharmacologic agents also
induce HO-1 expression (11, 12, 24). The present findings
indicate that HO-1 induction following TXNRD1 inhibition is
predominately regulated via Nrf2-dependent mechanisms in
mtCCs. It should be noted that small but significant increases
in Hmox] mRNA levels were detected in AFN-treated
Nrf2KO!3 and Nrf2K022 mtCCs when compared with respec-
tive control-treated cells (Fig. 7A). This finding is in contrast to
Ngol, which was not increased by AFN in either Nrf2X©!-3 and
Nrf2%022 cells (Fig. 6B). These data confirm Nrf2-dependent
induction of Ngol as well as the presence of Nrf2-independent
HO-1 induction by AFN. HO-1 inducing agents have been
extensively studied as potential therapies to prevent and/or
treat ARDS and BPD (10, 22, 26, 35, 42). Our laboratory has
established TXNRDI1 as a novel therapeutic target to prevent
ARDS and BPD (5, 25). Our data do not specifically explain
the disproportionate increase in HO-1 upon TXNRDI inhibi-
tion when compared with other Nrf2-dependent genes. Maf
proteins modulate Hmox1 transcription by forming het-
erodimers with Nrf2 and other basic leucine zipper factors and
binding to the Maf-ARE sites in distal enhancer regions of the
HmoxI gene (20). AFN and similar gold compounds have been
shown to induce Maf heterodimer formation (19). Thus, it is
possible that Mafs may contribute to the disproportionate
increases in HmoxI levels by AFN in our studies; however,
these investigations are beyond the scope of the present man-
uscript.

In summary, we used gene editing technology to establish
that TXNRDI inhibitors elicit increases in HO-1 expression in
lung epithelial cells, primarily via Nrf2-dependent mecha-
nisms, which is consistent with our hypothesis. Given the key
role of HO-1 in modulating susceptibility to ARDS and BPD,
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we speculate that HO-1 uniquely contributes to the protective
effects of TXNRDI inhibitors in vivo. Future transgenic stud-
ies in murine models of ARDS and BPD will define the precise
contribution of HO-1 in pulmonary protection by TXNRDI
inhibitors.
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