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Dear Editor,

B-cell lymphomas such as relapsed or refractory mantle
cell lymphoma (MCL) and diffuse large B-cell lymphoma
(DLBCL) are aggressive non-Hodgkin lymphomas (NHL).
Although the BTK inhibitor ibrutinib has offered mark-
edly improved clinical outcomes after disease relapse from
multiple prior therapies™? ibrutinib resistance often
develops in MCL, even following initial positive respon-
ses, and DLBCL is frequently resistant to ibrutinib>®. We
and others have found that specific tumor suppressor
gene defects are correlated with relapsed/refractory
characteristics and cause poor clinical outcomes™’.
However, these specific tumor suppressors, including
TP53 and CDKNZ2A, are not druggable, and indirectly
targeting these tumor suppressor-mediated pathways has
not resulted in high clinical response rates. Auranofin, a
gold-containing compound that is FDA-approved for
treatment of rheumatoid arthritis, is being repurposed as
a potential anti-tumor drug against different refractory
malignancies®. Currently, auranofin is being assessed in
clinical trials for chronic lymphocytic leukemia, breast
cancer, and lung cancer (NCT01747798, NCT01419691,
and NCT01737502, respectively). Auranofin has a proven
safety profile, making it an attractive compound for
clinical trials’, as an estimated 70-90% of agents fail
clinical trials, with safety concerns being a major cause of
drug development discontinuation®. However, repurpos-
ing FDA-approved drugs with known safety in humans for
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new indications may circumvent these issues and offer a
promising new area of investigation. Here, we demon-
strate that auranofin targets thioredoxin reductase-1
(Txnrdl) to effectively induce DNA damage, reactive
oxygen species (ROS) production, cell growth inhibition,
and apoptosis in aggressive B-cell lymphomas, especially
in TP53-mutated or PTEN-deleted lymphomas. First,
auranofin has consistently shown to induce lethality in a
panel of DLBCL and MCL cell lines. We treated 8 DLBCL
cell lines—including three GCB-type cell lines (OCI-Ly8,
OCI-Ly7, and Su-DHL-10) and five ABC-type cell lines
(OCL-Ly3, OCI-Ly10, U2932, TMDS8, and HBL-1)—and
six MCL cell lines (Z-138, JVM-2, Mino, Maver-1, Jeko-1,
and Jeko-R) with auranofin in concentrations ranging
from 0 to 5 uM for 72 h and tested cell viability using a
luminescent assay. We found that auranofin was cytotoxic
to both DLBCL (Fig. 1a) and MCL (Fig. 1b) in a dose-
dependent manner, with an ICsy range of
0.058-1.389 uM. TP53-mutated lymphoma cells, Mino,
Maver-1, OCI-Ly7, OCI-Ly8, Su-DHL-10, U2932, JeKo-1,
and JeKo-R, as well as PTEN-lost Z-138 were much more
sensitive to auranofin. However, the TP53-intact lym-
phoma cell lines OCI-Ly3 and JVM-2 had much higher
ICsp values than the other cell lines (Fig. 1c). The JeKo-R
cell line consists of ibrutinib-resistant MCL cells estab-
lished by long-term exposure to an escalating dose of
ibrutinib during JeKo-1 cell culture, and it represents
acquired resistance to ibrutinib. Z-138 has intrinsic
resistance to ibrutinib due to its constitutive NIK signal-
ing activation’. Our data demonstrate that the ICs, of
auranofin in Z-138 is only 0.058 pM, which is 10-fold
lower than the ICsy of the PTEN- or TP53-intact lym-
phoma cell lines (Fig. 1c).
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Fig. 1 Auranofin-induced cytotoxicity to lymphoma cells is related to Txnrd1 but not GPX1. a Dose-response curve for DLBCL treated with
auranofin for 72 h. Red = GCB type; Blue = ABC type. b Dose-response curve for various MCL cell lines treated with auranofin for 72 h. ¢ Averaged
auranofin ICsq calculated from repeated non-linear regression of dose-response curves. d Mino, Maver-1, and e OCI-Ly8 cell lines were
immunoblotted by anti-TP53 antibody after 48-h knockdown of TP53 by siRNA (siTP53) and scrambled siRNA (siScr), and auranofin-treated dose-
response growth curves were shown at the presentence of siTP53 or siScr for 72 h. f JVM-2 and g OCl-Ly3 cell lines were immunoblotted by anti-
PTEN antibody after 48-h knockdown of PTEN by siRNA (siPTEN) and siScr, and auranofin-treated dose-response growth curves were shown at the
presentence of SiPTEN or siScr for 72 h. h Immunoblot of Txnrd1 and GPX1 in MCL and DLBCL. i Txnrd1 protein level, and j GPX1 protein level to the
relation with ICso of auranofin in DLBCL and MCL cell lines. A Pearson'’s correlation test was performed with p < 0.05 being treated as significant.
k Mino, Maver-1, and I. OCl-Ly8 and OCI-Ly10 cell lines were immunoblotted by anti-Txnrd1 antibody after 48-h knockdown of Txnrd1 by siRNA
(siTxnrd1) and siScr, and auranofin-treated dose-response growth curves were shown at the presentence of siTP53 or siScr for 72 h. m Auranofin-
induced apoptosis at 24 h as measured by Annexin-V binding assay. n The in vivo effects of auranofin in TP53-mutated DLBCL PDX model. Mice were
administered vehicle control or auranofin 50 mg/kg, oral gavage, daily for 21 consecutive days after 3 days of tumor engraftment. Tumor burden was
calculated by measuring tumor volume (n = 5; auranofin vs. vehicle, p = 0.000213). o Body weight was calculated during drug treatment (auranofin

vs. vehicle, p =0.01556).

To address the correlation of auranofin and 7P53
mutation and PTEN loss, in TP53-mutated MCL cell lines
Mino, Maver-1 (Fig. 1d), and DLBCL cell line OCI-Ly8
(Fig. 1e), TP53 knockdown made cells more tolerant to
auranofin treatment (each pair cell lines siTP53 vs siScr,
p <0.0001). However, TP53 knockdown in two TP53
wild-type cell lines JVM-2 and OCI-Ly3 did not affect the
changes of growth inhibition after auranofin treatment
(data not shown), indicating that only mutated-TP53
sensitized cells to auranofin. Next, we specifically knocked
down PTEN in JVM-2 (Fig. 1f) and OCI-Ly3 (Fig. 1g),
cells became more sensitive to auranofin treatment (each
pair cell lines siPTEN vs siScr, p <0.0001). The result is
consistent with the data in PTEN-lost Z-138 cells (Fig. 1c)
indicating PTEN loss sensitized cells to auranofin
treatment.

A recent publication shows that the main function of
auranofin is to inhibit Txnrdl in the cytoplasm and
nucleus to induce ROS production, tumor cell growth
inhibition, and apoptosis'®. Txnrd1 could therefore be the
therapeutic target of auranofin for lymphoma. In addition,
TP53 and PTEN regulate glutathione perosidase-1
(GPX1), which results in ROS accumulation and cell
damage'!. Therefore, we investigated the expression of
both Txnrdl and GPX1 in lymphoma cells, especially
TP53-mutated or PTEN-deleted lymphoma cells, and
explored their correlation with auranofin treatment. We
found that all 14 tested aggressive lymphoma cell lines
expressed Txnrdl and GPX1, but the TP53-mutated cell
line U2932 had very low GPX1 protein levels (Fig. 1h). We
used a Pearson’s correlation to evaluate the correlation
between Txnrdl or GPX1 protein levels with the aur-
anofin ICsy. We found a significant inverse correlation
between Txnrdl and the auranofin ICs (Fig. 1li, p=
0.036). However, GPX1 protein levels did not correlate
with auranofin ICs, (Fig. 1j, p =0.7168). The results
indicate that auranofin-induced cytotoxicity to lymphoma
cells is related to Txnrd1l protein levels but not to GPX1.
To further address the correlation of auranofin to Txnrd1,
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Txnrd1 knockdown in Mino, Maver-1 (Fig. 1k), and OCI-
Ly8 and OCI-Lyl10 (Fig. 11) caused cells more tolerant to
auranofin treatment (each pair cell lines siTxnrd1 vs siScr,
p <0.0001).

Next, to investigate how auranofin induces apoptosis,
we treated the TP53 or PTEN wild-type/mutated/deleted
cell lines with 0-1.2 uM auranofin for 24 h, and a dose-
dependent apoptosis was observed in all of these cell lines.
We observed that the TP53-mutated cell lines U2932 and
JeKo-1 and the PTEN-lost cell line Z-138, were much
more sensitive to auranofin treatment than the 7P53 and
PTEN wild-type cell line OCI-Ly10 (Fig. 1m). To validate
the therapeutic effect of auranofin in vivo, we established
a DLBCL patient-derived xenograft (PDX) model using
freshly isolated tumor cells from a TP53-mutated DLBCL
patient sample. We found that auranofin significantly
inhibited tumor growth during 21 consecutive days of
50 mg/kg auranofin treatment by oral gavage (Fig. 1n, p =
0.000213). All mice were in good body condition during
treatment, and there was no body weight difference
between the vehicle and auranofin treatment cohorts (Fig.
lo, p = 0.1556).

To elucidate the mechanism of action of auranofin in
lymphoma cells, we first showed that auranofin com-
pletely inactivated Txnrd1 activity in vitro (Fig. 2a). Two-
hour pretreatment with 5mM antioxidant N-
acetylcysteine (NAC), which is a ROS inhibitor, sig-
nificantly reduced the production of ROS as shown by a
significant increase of H2DCFDA fluorescence (Fig. 2b, c,
all p<0.0001). To probe the mechanism of auranofin-
induced cell death, cells were then treated with auranofin
and co-incubated with either 5mM NAC or 20 uM Z-
VAD-FMK, a pan-caspase inhibitor. Incubation with
either NAC or Z-VAD-FMK abrogated auranofin-induced
apoptosis (Fig. 2d, p < 0.05). The results demonstrate that
auranofin induced ROS- and caspase-dependent apopto-
sis. Furthermore, treatment with 1.2 pM or 2.5 uM aur-
anofin reduced the mitochondrial membrane potential at
12 h (Fig. 2e, p < 0.05). Since long-term exposure to high
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Fig. 2 Auranofin inhibits Txnrd1, induces ROS accumulation, DNA damage, cell growth inhibition, and ROS- and caspase-dependent
apoptosis in B-cell lymphomas. a Lysates from cells treated with 1.2 uM auranofin for 24 h were evaluated for Txnrd1 activity (auranofin vs. vehicle
control, two-sample t-test, all p < 0.05). b Pool data and ¢ Representative data showed that auranofin significantly increased H2DCFDA fluorescence
(two-sample t-test, all p < 0.0001). Cells were treated with 5 uM auranofin with/without 5 mM NAC for 2 h, and fluorescence was detected by flow
cytometry. d Cell lines OCI-Ly8, OCI-Ly10, Z-138, and Mino were treated with 1.2 uM auranofin in the presence of either 5 mM NAC or 20 uM Z-VAD-
FMK for 24 h. Apoptosis was measured by Annexin-V binding assay. e Cells were treated with the indicated doses of auranofin for 12 h and subjected
to mitochondrial membrane potential assay (linear regression, all p < 0.05). f Immunoblot of JeKo-1, Z-138, Mino, OCI-Ly8, and OCl-Ly10 after 24-h
auranofin treatment showing DNA damage response. g Representative super resolution maximum intensity projections of whole cell micrographs of
Z-138 cells treated with 1.2 uM auranofin with/without 5 mM NAC for 24 h. Immunofluorescence staining for yH2A.X and Hoechst is shown. h yH2A X
foci were quantitated using the FindFoci ImageJ plugin. At least randomly 20 randomized cells of each treatment condition were evaluated
(auranofin vs. vehicle control, p < 0.01). NAC prevented auranofin-induced DNA damage (auranofin vs. auranofin plus NAC, p < 0.05). i DLBCL cell lines
OCl-Ly10, U2932, and OCl-Ly8, and j MCL cell lines Mino, Z-138, and JeKo-1 were treated with 1.2 uM auranofin for 24 h and then subjected to RPPA

analysis. The top 30 most differentially expressed proteins are displayed.

levels of ROS causes DNA damage, we then investigated
the effects of auranofin on DNA damage response path-
ways. We found that auranofin dose-dependently acti-
vated CHK2 and yH2A.X, as well as an observed
concomitant decrease of MDM?2 in Z-138, Mino, OCI-
Ly8, and OCI-Ly10, suggesting TP53 release and activa-
tion in these TP53-intact lymphoma cell lines (Fig. 2f).
Next, immunofluorescent staining with anti-yH2A.X
confirmed that auranofin-treated Z-138 cells had sig-
nificantly more phosphorylated H2A.X than control cells
(Fig. 2g, p=0.0118) and that 5mM NAC generally
inhibited H2A.X phosphorylation (Fig. 2h, p =0.0211).
These results demonstrate that these TP53-intact lym-
phoma Z-138 cells are DNA damaged during ROS-
dependent apoptosis induced by auranofin treatment,
regardless of PTEN loss. Interestingly, TP53-mutated
JeKo-1 cells had no DNA damage response (Fig. 2f),
indicating that auranofin-induced cytotoxicity in TP53-
mutated JeKo-1 cells is not dependent on the DNA
damage pathway activation.

To further investigate other pathways that auranofin
targets in both TP53 wild-type and mutated lymphoma
cells, we performed RPPA analysis on OCI-Ly8, OCI-
Ly10, Mino, Z-138, U2932, and JeKo-1 cell lines. The top
30 most differentially expressed proteins were analyzed in
two independent RPPA data analyses of DLBCL (Fig. 2i)
and MCL (Fig. 2j). We found that TP53-mutated DLBCL
and MCL cells have conspicuous changes of protein
expression, which were totally different from 7TP53 wild-
type cells. Especially, in TP53-mutated DLBCL cell line
U2932, auranofin increased the expression levels of
HSP70, histone H3, caspase-3, 7, p-H2A.X, LC3A, and
SLC1AS5, and decreased the expression of p-S6, ARID1A,
MSH6, Weel, elF4G, PLK1, XPA, p-NDRG1, Cdc25C,
mTOR, ATR, STAT3, ATM, and TRIM25 (Fig. 2i). In
TP53-mutated MCL cell line JeKo-1, auranofin increased
the expression levels of PAR, histone H3, caspase-7,
HSP27, and SLC1A5, and decreased the expression of
HES]1, p-Rb, and Weel (Fig. 2j). The common pattern is
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that auranofin increased the H3 and SLC1A5 levels and
decreased Weel expression in both 7TP53-mutated
DLBCL cell line U2932 and MCL cell line JeKo-1.
SLCIAS5 is a glutamine transporter'?, and Weel regulates
DNA damage checkpoints'®. Auranofin may strongly
induce metabolic stress, as evidenced by reducing the
mitochondrial membrane potential and then increasing
the expression of SLC1A5 as compensation for more
nutrient supplements from glutaminolysis. In addition,
auranofin increases the pro-autophagic protein LC3A and
decreases the proteins for signaling activation of mTOR,
STATS3, and the cell cycle in TP53-mutated DLBCL cell
line U2932, indicating that auranofin may have more
mechanisms for treating 7P53-mutated DLBCL.

In summary, our study demonstrates that auranofin
exerts its anti-lymphoma cytotoxic effects through ROS-
based therapeutics by targeting Txnrd1. Auranofin indu-
ces DNA damage, cell growth inhibition, and ROS- and
caspase-dependent apoptosis in aggressive B-cell lym-
phomas, and it especially shows more significant ther-
apeutic effects on TP53-mutated or PTEN-deleted
lymphomas. Our brief study points out that auranofin
may be repurposed as an effective clinical option for
TP53-mutated or PTEN-deleted refractory B-cell
lymphoma.
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