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Pancreatic ductal adenocarcinoma is a lethal disease characterized by late diagnosis, propensity for early metastasis
and resistance to chemotherapy. Little is known about the mechanisms that drive innate therapeutic resistance in
pancreatic cancer. The ataxia-telangiectasia group D-associated gene (ATDC) is overexpressed in pancreatic cancer
and promotes tumor growth andmetastasis. Our study reveals that increased ATDC levels protect cancer cells from
reactive oxygen species (ROS) via stabilization of nuclear factor erythroid 2-related factor 2 (NRF2). Mechanistically,
ATDC binds to Kelch-like ECH-associated protein 1 (KEAP1), the principal regulator of NRF2 degradation, and
thereby prevents degradation of NRF2 resulting in activation of a NRF2-dependent transcriptional program, reduced
intracellular ROS and enhanced chemoresistance. Our findings define a novel role of ATDC in regulating redox
balance and chemotherapeutic resistance by modulating NRF2 activity.
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Pancreatic ductal adenocarcinoma (PDA), because of its
often late diagnosis, propensity to metastasize early and
resistance to chemotherapy, has the worst prognosis of
any major malignancy (9% 5-yr survival rate) (Kleeff
et al. 2016). Recent advances in therapy have had amodest
impact on the mortality rate of the disease, and more ef-
fective therapies are needed. The gemcitabine/abraxane
(G/A) and FOLFIRINOX chemotherapy regimens are the
cornerstones of PDA treatment, but the effects of these
treatments are largely short-lived, and resistance typically
develops within weeks to months of treatment (Conroy
et al. 2011, 2018; VonHoff et al. 2013; Amrutkar andGlad-
haug 2017). Therefore, understanding the mechanisms of
therapeutic resistance is paramount to develop novel and
more effective strategies to treat PDA.

Regulation of oxidative stress is essential in both tumor
development and response to anti-cancer therapies. Alter-

ations in the levels of reactive oxygen species (ROS) can
result in different biological outcomes (Martin and Barrett
2002; Gorrini et al. 2013b). At low levels, ROS act as sig-
naling molecules to sustain proliferation and transforma-
tion (Mitsushita et al. 2004; Hole et al. 2010; Weinberg
et al. 2010; Jeong et al. 2016; Liou et al. 2016), while exces-
sive ROS production damages DNA, proteins, and lipids,
inducing cell death (Gao et al. 2009; Holmström and Fin-
kel 2014; Maya-Mendoza et al. 2015). Therefore, modula-
tion of ROS levels is critical for cellular homeostasis. In
cancer cells, aberrant activation of signaling andmetabol-
ic pathways often results in elevated ROS levels (Vafa
et al. 2002; Nogueira et al. 2008). However, cancer cells
adapt to increased oxidative stress by elevating multiple
antioxidant defensemechanisms (Sablina et al. 2005; Ben-
saad et al. 2009; DeNicola et al. 2011). Conventional
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chemotherapy often elevates ROS to induce cell death in
cancer cells (Kong et al. 2000; Conklin 2004; Pelicano
et al. 2004; Mizutani et al. 2005; Wang et al. 2013; Li
et al. 2016). Thus, cytoprotective antioxidation can be a
barrier to effective cancer treatment. An improved under-
standing of the determinants that govern ROS balance
may allow identification of new targets to overcome ther-
apeutic resistance.
The transcription factor nuclear factor erythroid-2-relat-

ed factor 2 (NRF2) is themaster regulator of the cellular an-
tioxidant stress response (Menegon et al. 2016; Rojo de la
Vega et al. 2018). Under normal conditions, NRF2 protein
is rapidly degraded by the ubiquitin proteasome system.
This process ismediated by the Kelch-Like ECH associated
protein 1 (KEAP1), a component of the cullin 3 (CUL3)-
based E3 ubiquitin ligase complex that controls NRF2 lev-
els. KEAP1 is a direct sensor of ROS levels. When ROS lev-
els increase, cysteine residues on KEAP1 are oxidized. This
leads to conformational changes that dissociateNRF2 from
the KEAP1/CUL3 ubiquitination complex (Tebay et al.
2015). Once released, NRF2 translocates to the nucleus
where it binds to geneswhose promoters contain an antiox-
idant response element (ARE) consensus sequence and pro-
motes their expression (Zhu and Fahl 2001). NRF2 target
genes include antioxidants, xenobiotic detoxification en-
zymes, and drug efflux pumps. The collective activation
of these transcriptional programs results in a coordinated,
cytoprotective response (Tonelli et al. 2018).
Constitutive activation of NRF2 is frequent in human

cancers and is related to therapeutic resistance. NRF2 ac-
tivation in cancer cells results from events that impair
KEAP1/NRF2 interaction, such as (1) somatic mutations
in KEAP1, CUL3, or NRF2 genes, which occur in 1% of
all cancers (Taguchi and Yamamoto 2017); (2) epigenetic
silencing of the KEAP1 gene (Wang et al. 2008); (3) accu-
mulation of KEAP1 or NRF2 interacting proteins, such
as BRCA1 (Gorrini et al. 2013a), p62 (Xia et al. 2014),
and PALB2 (Ma et al. 2012); or (4) cysteine modification
of KEAP1 by metabolites, such as fumarate (Akino et al.
2019) and methylglyoxal (Bollong et al. 2018).
Despite the fact thatNRF2 andKEAP1 are rarelymutat-

ed in PDA (DeNicola et al. 2011; The Cancer Genome At-
las Research Network 2017), NRF2 expression is
detectable in ∼90% of tumors and is significantly up-reg-
ulated compared with matching normal pancreatic epi-
thelium (Lister et al. 2011b; Soini et al. 2014). The
mechanisms regulating NRF2 expression and stability in
PDA are only partially known. Activation of oncogenic
KRAS is observed in ∼90%–95% of human PDA (The
Cancer Genome Atlas Research Network 2017) and is
considered an early and driving event (di Magliano and
Logsdon 2013). Oncogenic KRAS requires ROS to promote
the development of PDA precursor lesions (pancreatic
intraepithelial neoplasia [PanIN]) (Liou et al. 2016) and
transcriptionally enhances the expression ofNRF2 to low-
er intracellular ROS and prevent the accumulation of tox-
ic levels of ROS (DeNicola et al. 2011). Consistent with
this observation, the genetic ablation ofNRF2 inhibits on-
cogenic KRAS-driven proliferation and tumorigenesis
(DeNicola et al. 2011; Hamada et al. 2017), indicating

that elevated ROS levels represent a major barrier to pan-
creatic cancer initiation and progression.
We have previously demonstrated that ataxia-telangiec-

tasia group D complementing gene (ATDC, gene symbol
TRIM29), is highly overexpressed in PDA (Logsdon et al.
2003; Wang et al. 2009). The ATDC gene was initially de-
scribed as a candidate gene responsible for the genetic dis-
order ataxia-telangiectasia (AT) because its expression
increased radiation resistance of AT5BI (AT-D) cells
(Kapp et al. 1992). However, ATDC was later dismissed
as the AT gene after the gene responsible for ataxia-telan-
giectasia mutated (ATM) was identified (Savitsky et al.
1995). We have observed that ATDC overexpression pro-
motes KRAS-driven tumorigenesis and stimulates epithe-
lial-to-mesenchymal transition (EMT) and invasion
through activation of the β-catenin pathway (Wang et al.
2009, 2015). Loss of ATDC completely prevents PDA de-
velopment in a PDA genetically engineered mouse model
driven by the expression of oncogenic KRASG12D (Wang
et al. 2019). ATDC also acts as a mediator of resistance
to multiple forms of DNA damage, including ionizing ra-
diation (Wang et al. 2014; Yang et al. 2015).
Since ATDC is a potential mediator of oncogenic KRAS

signaling and imparts resistance to DNA damage, we
sought to determine whether ATDC mediates innate re-
sistance to chemotherapy in PDA and to define the asso-
ciated mechanism by which this occurs. This study
revealed a novel, previously unknown role of ATDC as a
critical modulator of NRF2 protein stability and antioxi-
dant activity in PDA and a predictive biomarker of chemo-
resistance in PDA.

Results

ATDC mediates resistance to chemotherapy and
regulates endogenous ROS levels in vitro.

To evaluate whether ATDC promotes resistance to che-
motherapy, we screened a panel of PDA cell lines, includ-
ing patient-derived primary PDA cell lines (referred to
here as NYU lines), and selected three cell lines each
with low (S2-013, MIA PaCa-2, and NYU32) and elevated
(Capan-2, HPAC, and NYU28) endogenous levels of
ATDCexpression (Supplemental Fig. S1A). In eachmodel,
either shRNA-mediated knockdown or overexpression of
ATDC was used to generate isogenic cell lines (Supple-
mental Fig. S1B,C), which differed only by the levels of
ATDC expression. To evaluate whether ATDC could pro-
mote resistance to chemotherapy, cells were treated with
increasing doses of gemcitabine (Gem) or 5-fluorouracil (5-
FU), two agents commonly used for PDA treatment in the
clinical setting. In all cases, cells with high ATDC levels
showed increased survival after 72 h of Gem or 5-FU treat-
ment (Fig. 1A,B; Supplemental Table S1), while ATDC
knockdown decreased cell survival with these treat-
ments. Similar results were obtained with hydrogen per-
oxide (H2O2) treatment (Supplemental Fig. S1D). Since
all of these treatments induce ROS (Hwang et al. 2001;
Donadelli et al. 2007; Arora et al. 2013; Palmbos et al.
2015), we tested whether ATDC expression might
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regulate ROS levels as a mechanism to protect cells
against chemotherapy-induced cell death. We evaluated
ROS levels using the fluorogenic probe CellROX andmea-
sured the ratio between reduced and oxidized glutathione
(GSH/GSSG). ATDC levels inversely correlatedwith ROS
levels, and positively correlatedwith theGSH/GSSG ratio
(Fig. 1C,D). Similar findings were observed in patient-de-
rived NYU cell lines (Supplemental Fig. S1E). Oxidizing
cytosolic conditions may lead to ROS-mediated damage
of macromolecules, including lipid peroxidation (Gasch-
ler and Stockwell 2017). We therefore evaluated lipid oxi-
dation in the presence and absence of ATDC and
confirmed that overexpression of ATDC reduced levels
of lipid peroxidation (Fig. 1E). Overall, these data indicated
that elevation of ATDC levels imparts resistance to oxida-
tive stress in PDA, both at steady state aswell as under the
oxidizing conditions of treatment with chemotherapy or
H2O2.

ATDC-induced alterations in ROS levels aremediated by
NRF2

Previous work has established that oncogenic KRAS regu-
lates cellular antioxidant response in PDA cells through

increased NRF2 gene (NFE2L2) mRNA expression (DeNi-
cola et al. 2011). Since ATDC offers protection to redox
stressors and both of these proteins are up-regulated in on-
cogenic KRAS driven tumors (Wang et al. 2009; DeNicola
et al. 2011), we sought to determine whether there might
be a functional relationship between ATDC and NRF2
levels. The silencing of ATDC reduced, while overex-
pressing ATDC increased NRF2 protein levels in four es-
tablished PDA cell lines and the two low-passage NYU
PDA cell lines (Fig. 2A; Supplemental Fig. S2A). There
was, however, no change in the transcript levels of
NFE2L2 (NRF2) upon ATDCmodulation (Fig. 2B; Supple-
mental Fig. S2B), suggesting that ATDC regulates NRF2
expression post-transcriptionally. NRF2 knockdown did
not affect ATDC levels, indicating that ATDC functions
upstream of NRF2 (Supplemental Fig. S2C). As we have
previously reported (Wang et al. 2015, 2019), we did not
observe changes in KRAS expression levels or activity
upon modulation of ATDC expression (Supplemental
Fig. S2D), excluding the possibility that the observed
changes in NRF2 levels were due to effects of ATDC on
KRAS. We did observe that knockdown of KRAS signifi-
cantly decreased ATDC and NRF2 protein levels (Sup-
plemental Fig. S2E,G). Interestingly, while ATDC
knockdown did not affect NRF2 mRNA levels, KRAS
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Figure 1. ATDC regulates oxidative stress and chemo-
resistance in pancreatic cancer cells. Dose response
curves for gemcitabine (GEM) (A) and 5-fluorouracil (5-
FU) (B) treatment in S2-013 or HPAC cells with either
ATDC overexpression (S2-013) or ATDC shRNA expres-
sion (HPAC). (C ) Steady state ROS levels in control
(Scramble, Scr) and sh ATDC Capan-2 and HPAC cells,
and control (vector [Vec]) and ATDC-overexpressing
S2-013 and MIA Paca-2 cells. (D) Ratio of reduced
(GSH) to oxidized (GSSG) glutathione in the PDA cell
lines listed in C. (E) Lipid peroxidation levels in the
same isogenic PDA cell lines listed in C. Data are repre-
sentative of three independent experiments. (∗) P <0.05,
(∗∗) P< 0.01, (∗∗∗) P <0.005. Mean±SEM.
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knockdown decreased NRF2 mRNA levels by ∼30%, and
this knockdown was not rescued by overexpression of
ATDC (Supplemental Fig. S2F), suggesting that KRAS
may have an alternative contributing mechanism of in-
creasing NRF2 transcription independent of ATDC
(DeNicola et al. 2011).
Consistentwith an increase in totalNRF2 levels, we ob-

served that high ATDC levels correlated with an increase
in the nuclear levels of NRF2 (Fig. 2C,D; Supplemental
Fig. S2HI). Modulation of ATDC levels caused a corre-
sponding alteration in expression of NRF2-regulated
genes, such as NQO1, PRDX1, HMOX1, GCLC, TXN1,
and FTL1 (Fig. 2E,F; Supplemental Fig. S2J) as well as a lu-
ciferase reporter gene driven by a promoter containing
multiple antioxidant response elements (ARE) (Supple-
mental Fig. S2K). A concurrent decrease or increase in
the protein levels of NRF2 targets NQO1 and HMOX1
was also observed in isogenic cells upon ATDC silencing
or overexpression, respectively (Fig. 2G; Supplemental
Fig. S2L). To evaluate whether ATDC-induced changes
in ROS were mediated by NRF2, we silenced NRF2 in
ATDC-overexpressing PDA cells and found NRF2 knock-
down reversed ATDC-mediated reduction in ROS levels

(Fig. 2H; Supplemental Fig. S2M). These data established
that ATDC regulates ROS levels in cancer cells and sug-
gest that this occurs by post-transcriptional regulation of
NRF2.

ATDC stabilizes NRF2 through binding with KEAP1

To determine the mechanism by which ATDC regulates
NRF2 protein levels, we first tested whether manipula-
tion of ATDC levels altered KEAP1 or CUL3 protein lev-
els in PDA cells, but no changes were observed
(Supplemental Fig. S3A). Because we did not see changes
in NRF2 mRNA levels in response to alteration of
ATDC levels, we next hypothesized that ATDC might
promote NRF2 activity by binding to either KEAP1 or
NRF2 and disrupting the KEAP1/NRF2 interaction. In-
deed, KEAP1 and ATDC proteins were reciprocally
coimmunoprecipitated when tagged constructs were
coexpressed in HEK293 cells lacking endogenous ATDC
expression (Fig. 3A,B; Supplemental Fig. S3B) and endoge-
nously in Capan-2 PDA cells (Fig. 3C). ATDC did not bind
to NRF2 (Supplemental Fig. S3C). To delineate the ATDC
domain that binds with KEAP1, we generated HEK293
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Figure 2. ATDC-induced alterations in
ROS levels aremediated by NRF2. (A) West-
ern blot assays of NRF2 levels in PDA cells
with stable knockdown (Capan-2 and
HPAC) or overexpression (S2-013 and MIA
PaCa-2) of ATDC ([Scr] Scramble, [control]
vector). (B) Expression of ATDC and NRF2
mRNA levels in response to modulation of
ATDC expression. (C ) After cell fraction-
ation, nuclear and cytoplasmic levels of
NRF2 inCapan2 or S2-013 cells with altered
levels of ATDC were determined by West-
ern blotting. (D) Quantification of nuclear
and cytoplasmic levels of NRF2 in C. (E,F )
Effect of ATDC knockdown (Capan-2 and
HPAC cells) (E) or overexpression (S2-013
and MIA PaCa-2 cells) (F ) on the mRNA ex-
pression of the NRF2-regulated genes.
(NOQ1) NAD(P)H quinone dehydrogenase
1, (PRDX1) peroxiredoxin 1, (HMOX1)
hemoxygenase 1, (GCLC) glutamate-cys-
teine ligase catalytic subunit, (TXN) thiore-
doxin, (GSTM1) glutathione S-transferase
µ1, (GSTM3) glutathione S-transferase µ3,
(FTL) ferritin light chain. (G) Expression of
NRF2 target proteins HMOX1 and NQO1
in PDA cells with ATDC knockdown
(Capan-2) and overexpression (S2-013). (H)
Effect of NRF2 knockdown on intracellular
ROS levels in control (vector) and ATDC-
overexpressing S2-013 and MIA PaCa-2
cells. (#) P<0.05 versus sh Scr, (ns) not sig-
nificant. All experiments were repeated
three times. (∗) P <0.05, (∗∗) P <0.01,
(∗∗∗) P < 0.005. Mean±SEM
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cells expressing wild-type (WT) FLAG-tagged ATDC or a
series of FLAG-tagged ATDC deletion mutants (Fig. 3D).
In coimmunoprecipitation assays, we observed that the
N-terminal 220 amino acids of ATDC were needed to
bind to KEAP1 (Fig. 3E). Likewise, using HEK293 cells ex-
pressing FLAG-tagged WT or FLAG-tagged KEAP1 mu-
tants, we confirmed that KEAP1 binds to ATDC through
its C-terminal Kelch domain (Fig. 3F,G). Furthermore, us-
ing purified GST-ATDC and MYC-KEAP1 in GST pull-
down assays,we established the direct interaction of these
proteins in vitro (Kd = 2.865 nM) (Fig. 3H; Supplemental
Fig. S3D), suggesting KEAP1/ATDC binding in a high-af-
finity mode. To determine whether an increase in
ATDC levels might decrease the interaction of KEAP1
and NRF2, FLAG-ATDC, HA-KEAP1, and MYC-NRF2
were cotransfected intoHEK293 cells. Coimmunoprecipi-
tation assays confirmed that an increase in ATDC com-
petitively inhibited the KEAP1 and NRF2 interaction
and stabilized MYC-NRF2 levels (Fig. 3I). To support
this finding, coimmunoprecipitation assays were also per-
formed in HPAC cells expressing control or ATDC
shRNA. Indeed, knockdown of endogenous ATDC signif-
icantly increased KEAP1/NRF2 binding and subsequently
decreasedNRF2 protein levels inHPAC cells (Supplemen-
tal Fig. S3E). The fraction of KEAP1 bound to endogenous
ATDC was∼ 65% of total KEAP1 in HPAC cells (Supple-
mental Fig. S3F). To further verify ATDC/KEAP1 binding
specificity, FLAG-ATDC and HA-KEAP1 transfected
HEK293 cells were pretreated with KI-696 (1 µM, 6 h), a
small molecule inhibitor that specifically disrupts the
KEAP1-NRF2 interaction (Davies et al. 2016; Sayin et al.
2017). ATDC-KEAP1 binding was significantly inhibited
by KI-696 treatment (Supplemental Fig. S3G). Coimmu-
noprecipitation experiments withHEK293 cells transfect-
ed with FLAG-ATDC and MYC-CUL3 revealed no
evidence of binding of ATDC to CUL3, confirming that
ATDC regulation ofNRF2 levels is through its interaction
with KEAP1 and not CUL3 (Supplemental Fig. S3H). Fur-
thermore, coimmunoprecipitation assays revealed that
the KEAP1-CUL3 interaction was not altered by ATDC
expression (Supplemental Fig. S3I), supporting the specif-
icity of theATDC/KEAP1 interaction inNRF2 regulation.

KEAP1 degrades NRF2 by facilitating its ubiquitination
(Ub) by Cul3 ubiquitin ligase (Sykiotis and Bohmann
2010). To test whether ATDC inhibits the ubiquitination
of NRF2 by interrupting its interaction with KEAP1, we
transfected HA-Ubiquitin (HA-Ub) into S2-013 cells and
performed coimmunoprecipitation assays. Overexpres-
sion of ATDC significantly decreased the ubiquitination
of NRF2 (Fig. 3J,K). We reasoned that if ATDC inhibited
proteasomal degradation of NRF2 by regulating its inter-
actionwithKEAP1, treatmentwith the proteasome inhib-
itor MG132 would increase NRF2 protein to comparable
levels independent of ATDC expression. Indeed, treat-
ment with the proteasome inhibitor MG132 (10 µM, 6
h) increased NRF2 levels both in control and ATDC-over-
expressing cells to comparable levels (Supplemental Fig.
S3J). MG132 treatment also re-established NRF2 to simi-
lar levels in cells with and without stable knockdown of
ATDC, indicating that loss of ATDC results in increased

NRF2 proteasomal degradation (Supplemental Fig. S3K).
To further prove that ATDCmediatesNRF2 protein stabi-
lization by inhibiting the KEAP1-NRF2 interaction, we
treated S2-013 cells overexpressing ATDC with KI-696.
ATDC’s effects on NRF2 expression were abolished in
the presence of KI-696 (1 µM, 6 h) (Supplemental Fig.
S3L,M), indicating that ATDC’s ability to regulate NRF2
levels requires an intact KEAP1-NRF2 interaction. We
also observed a positive correlation between ATDC levels
and NRF2 protein stability when cells were treated with
the protein synthesis inhibitor cycloheximide (CHX), sup-
porting our finding that ATDC regulatesNRF2 expression
levels post-transcriptionally (Supplemental Fig. S3N,O).
Overall these findings demonstrate that binding of
ATDC with KEAP1 stabilizes NRF2 in PDA cells by di-
minishing NRF2 proteasomal degradation.

ATDC-mediated increase in NRF2 regulates PDA cell
growth and invasion

We have previously shown that ATDC regulates growth
and invasion in PDA cells (Wang et al. 2009, 2015,
2019). To evaluate whether ATDC effects on cell growth
and invasion are mediated by NRF2, we first silenced
ATDC in the absence or presence of NRF2 rescue (Fig.
4A,B). In HPAC cells, ATDC knockdown decreased cell
proliferation, invasion, and increased ROS levels, and
these effects were recovered by NRF2 rescue (Fig. 4B–D).
In S2-013 PDA cells, ATDC overexpression significantly
increased cell proliferation and invasion, and decreased
ROS levels (Fig. 4E–H; Supplemental Fig. S4C,D). These
effects were blocked, at least in part, by NRF2 knock-
down. Indeed, we observed similar effects of ATDC and
NRF2 knockdown on cell proliferation and ROS levels
in HPAC and Capan-2 cells (Supplemental Fig. S4A,B,G,
H). Treatment with the antioxidants N-acetyl cysteine
(NAC; 0–10mM, 24 h) or trolox (0–200 µM, 24 h) reversed
the increase in ROS due to ATDC or NRF2 knockdown
and rescued ROS and cell proliferation in Capan-2 and
HPAC cells when ATDC was silenced (Fig. 4I; Supple-
mental Fig. S4E–H). Conversely, NAC treatment did not
further increase S2-013 cell proliferation when ATDC
was overexpressed (Fig. 4I; Supplemental Fig. S4E). Over-
all, these data indicate that ATDC-mediated regulation
of NRF2 and ROS is critical for PDA cell proliferation.

To confirm that the ATDC protumorigenic function re-
quires NRF2, we generated S2-013 cells expressing an
ATDC-Δ220N mutant unable to bind KEAP1 and com-
pared it with cells overexpressingWTATDC (Fig. 4J). No-
tably, this mutation does not prevent ATDC from
increasing the expression of a TCF4 reporter, indicating
that thismutant is still able to activate the β-catenin path-
way as previously reported (Supplemental Fig. S4I; Wang
et al. 2009) and does not cause a complete loss of function.
ATDC-overexpressing S2-013 cells had significantly in-
creased NRF2 protein levels, cell proliferation, and inva-
sion as compared with isogenic cells overexpressing
ATDC-Δ220N (Fig. 4K,L). ATDC-mediated reduction in
ROSwas not observed when using the ATDC-Δ220Nmu-
tant (Fig. 4M).
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Figure 3. ATDC stabilizes NRF2 through bindingwith KEAP1. (A–C ) Cell lysates fromHEK293 cells transfectedwith FLAG-ATDC and
HA-KEAP1, or Capan2 cells transfected with KEAP1 antibody were subjected to immunoprecipitation (IP) with FLAG (A), HA (B), or
ATDC (C ) antibodies. Immunocomplexes were resolved by SDS-PAGE and subjected to Western analysis with HA (A), FLAG (B), or
KEAP1 (C ) antibodies. Whole-cell lysates (WCL) were probed with HA, FLAG (A,B), or ATDC (C ) antibodies in Western blot assays. IP
with IgG served as a negative control. (D) Schematic of FLAG-ATDC mutants used to determine KEAP1-binding region in ATDC. (E)
Cell lysates fromHEK293 cells transfected with FLAG-tagged ATDC, ATDCmutants or HA-KEAP1 were subjected to IP with FLAG an-
tibody. Immunocomplexes and WCL were resolved by SDS-PAGE and subjected to Western analysis with HA and FLAG antibodies. IP
with IgG served as a negative control. The ATDC N-terminal is required for binding with KEAP1. (F ) Schematic of KEAP1 deletion mu-
tants used to determine theATDC-binding domain of KEAP1. (G) Cell lysates fromHEK293 cells transfectedwith FLAG-taggedKEAP1 or
FLAG-tagged KEAP1 mutants were subjected to IP with FLAG antibody. Immunocomplexes and WCL were resolved by SDS-PAGE and
subjected to Western analysis with ATDC and FLAG antibodies. IP with IgG served as a negative control. Immunoblot results confirm
KEAP1 interacts with ATDC through its KELCH domain. (H) In vitro binding assay for GST-ATDC with Myc-KEAP1. (I ) Cell lysates
from HEK293 cells transfected with FLAG-ATDC, HA-KEAP1, and Myc-NRF2 were subjected to IP with HA antibody. Immunocom-
plexes andWCLwere resolved by SDS-PAGE and subjected toWestern analysis with FLAG,HA,Myc, or β-actin antibodies. (J) Cell lysates
from S2-013 cells transfected with ATDC and HA-ubiquitin (HA-Ub) were subjected to IP with HA antibody. Immunocomplexes and
WCL were resolved by SDS-PAGE and subjected to Western analysis with NRF2, ATDC, or β-actin antibodies. IP with IgG served as a
negative control. (K ) Densitometric quantification of Ub-NRF2 from J. All experiments were repeated three times. (∗) P <0.05. Mean±
SEM.
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An ATDC-KEAP1 interaction is required for ATDC-
mediated PDA growth and invasion in vivo

We next evaluated the role of ATDC/NRF2 signaling on
growth and metastasis in vivo by orthotopically implant-
ing 0.5 × 105 S2-013 cells expressing vector control, ATDC
alone or in combination with shNRF2, and ATDC-Δ220N
in pancreata of NSGmice. As shown in Figure 5, A and B,
overexpression of ATDC, but not ATDC-Δ220N, signifi-
cantly promoted tumor growth (measured at 4 wk) com-

pared with vector controls, and this effect was blocked
when ATDC was coexpressed with shNRF2. Treatment
of mice with NAC rescued the effect of NRF2 silencing
in ATDC-overexpressing tumors, confirming that NRF2-
dependent reduction of ROS, promoted by ATDC, is crit-
ical for ATDC-mediated PDA growth (Fig. 5A,B). ATDC
overexpression in tumor cells increased in vivo expression
of NRF2 protein and the target gene NQO1, an observa-
tion not seen with ATDC-Δ220N or coexpression of
ATDCwithNRF2 shRNA (Fig. 5C). ATDC also promoted
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Figure 4. ATDC-mediated increase inNRF2 regulates growth and invasion in PDAcells in vitro. (A,E) Immunoblotting showing levels of
ATDC, NRF2, KEAP1, andNRF2 target NQO1 in HPAC cells with ATDC knockdownwith or without subsequent NRF2 overexpression
(A) and S2-013 cells overexpressing ATDCwith or without subsequent knockdown of NRF2 (E). (B–D) Cell proliferation (B), invasion (C ),
and ROS formation (D) in HPAC cells with or without sh ATDC and NRF2 rescue. (F–H) Cell proliferation (F ), invasion (G), and ROS for-
mation (H) in S2-013 cells with or without ATDC overexpression and sh NRF2 rescue. (I ) Cell proliferation in ATDC overexpressing S2-
013 or Capan2 orHPAC cells withATDCknockdown treatedwith increasing concentrations ofNAC (0–10mM). (J) Western blot analysis
of ATDC and NRF2 expression in S2-013 cells expressing full-length ATDC or the ATDCΔ220N deletion. β-actin was used as a loading
control. (K–M ) Quantification of cell proliferation (K ), invasion (L), and ROS levels (M ) in S2-013 cells expressing ATDC or ATDCΔ220N.
All experiments were repeated three times. (∗) P <0.05, (∗∗) P <0.01, (∗∗∗) P<0.005. Mean± SEM.
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lung and liver metastasis in mice in a NRF2- and ROS-de-
pendent manner (Fig. 5E,F).
In a complementary set of experiments, we evaluated

the effect of ATDC knockdown on tumor growth in
vivo. HPAC cells (5 × 105) either expressing a control
scramble shRNA (shScr) or a shRNA targeting ATDC
with or without overexpression of NRF2 were orthotopi-
cally implanted in the pancreata of NSG mice. At the
end of 6 wk, the mice were sacrificed, and tumor weight
and volume were determined. We observed that sh Scr tu-
mors had increased size, weight, and volume compared
with sh-ATDC tumors, while NRF2 overexpression in
the presence of sh-ATDC partially rescued tumor growth

(Supplemental Fig. S5A,B). Consistent with our in vitro
data, the silencing of ATDC significantly reduced NRF2
levels and NQO1 expression in vivo (Supplemental Fig.
S5C). The silencing of ATDC also diminished lung and
liver metastases in mice (Supplemental Fig. S5D,E), an ef-
fect that was mitigated by coexpression of NRF2.
To verify the impact of ATDC silencing in established

tumors, HPAC cells expressing inducible shRNA (ish)
ATDC (1 × 106) were orthotopically implanted in the pan-
creata of NSG mice. Mice were imaged by ultrasound
weekly to monitor tumor size. When the ish-ATDC tu-
mors reached the size of 200 mm3, doxycycline (625 mg/
kg) was added into the diet in the experimental group.
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Figure 5. ATDC-mediated increase in NRF2 regulates growth and invasion in vivo. NSGmouse pancreata (n=10/group) were implanted
with S2-013 control (empty vector), ATDC,ATDCΔ220N,ATDC+shNRF2 cells. N-acetyl cysteinewas provided in drinkingwater (1 g/L)
to a cohort of mice implanted with ATDC+shNRF2 cells. (A) Representative images of tumors harvested at the end of the study. (B) Mea-
surement of tumor volume in experimental groups depicted as scatter plots with error bars denoting SEM. (C ) Hematoxylin and eosin
(H&E) staining and immunohistochemical staining for NRF2, ATDC, and NQO1 in harvested tumors. (D) Hematoxylin and eosin
(H&E) staining of liver metastases. Quantification of liver metastases (E) and lung metastases (F ) in all groups. All experiments were per-
formed three times. (∗∗) P <0.01, (∗∗∗) P<0.005. Mean±SEM.
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At the end of 4 wk, the mice were sacrificed and tumor
volume, ATDC, and NRF2 protein levels were deter-
mined. Inducible knockdown of ATDC in established tu-
mors resulted in a significant decrease in NRF2 protein
levels and tumor volume compared with control tumors
(Supplemental Fig. S5F,G).

Wehave previously demonstrated that ATDCpromotes
PDA growth and metastasis in ATDC; KrasG12D; p48-Cre
(AKC) mice (Wang et al. 2015), and knockout of ATDC
blocks PDA initiation and progression in KrasG12D; p53−/+;
pdx1-Cre; ATDC−/− (KPCA) mice (Wang et al. 2019). To
determine whether ATDC regulates NRF2 protein levels
in genetically engineeredmousemodels of cancer, we per-
formedWestern blotting and coimmunofluorescent stain-
ing of pancreatic tissues from 3-mo-old KC and AKCmice
and found that elevation in ATDC levels correlated with
elevated NRF2 protein levels (Supplemental Fig. S5H–L).
Conversely, knockout of ATDC in KPC mice (KPCA)
markedly decreased NRF2 protein levels in pancreatic tis-
sue (Supplemental Fig. S5M–O).

High ATDC expression correlates with poor survival in
PDA patients

To determine the clinical relevance of our findings, we
evaluated the correlation between ATDC expression,
NRF2 expression, and overall survival in the TCGA
PDA cohort. We found that ATDC expression positively
correlated with NQO1 expression as well as expression
of a previously described NRF2 core target gene signature
(Supplemental Fig. S6A,B; Romero et al. 2017), chosen as
proxies of NRF2 activity. Because themajority of PDA ex-
press ATDC, we examined the distribution of log-trans-
formed values for ATDC and found them to be
negatively skewed (skewness of −1.1). All of the outlier
(median ± 1.5 median absolute deviation) samples, repre-
senting ∼15% of the total samples, had low expression
levels (Supplemental Fig. S6C). Therefore, we grouped
TCGA samples based on high and low (low=bottom 20
percentile) ATDC or NQO1 gene expression and found
that elevated expression of either ATDC orNQO1was as-
sociated with decreased survival (Fig. 6A,B). Similar re-
sults were obtained either when the ATDC-high and
ATDC-low 20 percentile samples were directly compared
(Supplemental Fig. S6D), or when samples were separated
equally (Supplemental Fig. S6E).

NRF2 mediates chemoresistance in ATDC expressing
PDA tumors

One of the defining features of PDA is an innate resistance
to chemotherapy. Gemcitabine (Gem) treatment has been
shown to generate ROS (Donadelli et al. 2011; Arora et al.
2013; Ju et al. 2015; Zhang et al. 2016). Gem-mediated
ROS induction activates a feedback loop, which results
in NRF2-dependent detoxification and resistance to treat-
ment, and this is abolished by silencing of NRF2 (Palmbos
et al. 2015). Because ATDC overexpression increases the
resistance to Gem in vitro (Fig. 1A; Supplemental Table
S1), we evaluatedwhetherATDCoverexpression could re-

duce the amount of ROS generated by Gem treatment.
Treatment of S2-013 cells with increasing doses of GEM
(0.1–1 µM, 24 h) resulted in a significant increase in
ROS, which was blocked by overexpression of ATDC
and was dependent on NRF2 (Supplemental Fig. S6F).
We hypothesized that the ability of ATDC to regulate
ROS through NRF2 signaling would impact cell survival
in response to Gem. We tested this by modulating NRF2
expression in S2-013 and HPAC isogenic cell lines ex-
pressing different levels of ATDC. Treatment of S2-013
cells with Gem caused a significant reduction in cell pro-
liferation (Fig. 6C), while overexpression of ATDC pro-
moted cell growth and increased resistance to Gem-
induced cell death. Notably, the effects of ATDC were
blocked by NRF2 silencing, indicating that ATDC-medi-
ated chemoresistance was dependent on NRF2 (Fig. 6C).
Conversely, the coexpression of NRF2 in the setting of
ATDC silencing rescued the effects on cell proliferation
in GEM-treated cells (Fig. 6D). Of note, knockdown of ei-
ther ATDC or NRF2 in HPAC cells had similar effects on
reducing cell proliferation and increasing sensitivity to
Gem (Supplemental Fig. S6G). To test whether an
ATDC-KEAP1 interaction was required for ATDC-medi-
ated cell survival and chemoresistance in vitro, we com-
pared the effects of overexpression of ATDC and ATDC-
Δ220N and found that the deletion of the KEAP1 interac-
tion domain abolished the ability of ATDC to promote
cell proliferation and chemoresistance in S2-013 cells
(Fig. 6E).

To test our hypothesis in vivo, we orthotopically im-
planted S2-013 cells expressing vector control, ATDC
alone or in combination with shNRF2, and ATDC-
Δ220N in the pancreata ofNSGmice and evaluated tumor
growth and response to Gem treatment. As shown in Fig-
ure 6, F and G, ATDC overexpression significantly pro-
moted tumor growth compared with vector control, and
this was partially reduced when ATDC was coexpressed
with shNRF2 or by removal of the KEAP1 interaction
domain (ATDC-Δ220N). Importantly, both ATDC+
shNRF2 and ATDC-Δ220N tumors demonstrated growth
inhibition in response toGem similar to vector control tu-
mors, while ATDC-overexpressing tumors were resistant
to Gem treatment. Overall, these data support our hy-
pothesis that ATDC drives enhanced PDA cell survival
as well as chemoresistance through activation of a
NRF2-dependent signaling pathway (Fig. 6H).

Discussion

Oncogenic mutations elevate the cellular antioxidant re-
sponse to impart resistance to tumor cells against geno-
toxic stressors, including chemotherapy treatment
(Weinberg et al. 2010; Collins et al. 2012). To orchestrate
this response, cancer cells increase the expression of the
NRF2-mediated transcriptional program, therefore in-
creasing protection from oxidative stress (DeNicola
et al. 2011). The major regulator of NRF2 protein stability
is KEAP1, a dimeric protein that facilitates the protea-
some degradation of NRF2 by Cullin-3 ubiquitin ligase
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(Sykiotis and Bohmann 2010). Our present study provides
conclusive evidence that ATDC binds to and sequesters
KEAP1, promotingNRF2 stabilization, reduction in intra-
cellular ROS, and ultimately an increased survival of can-
cer cells.
NRF2 expression is elevated in human PDA (Lister et al.

2011a; Soini et al. 2014). However, unlike other tumor
types, KEAP1 andNRF2 are rarely mutated in PDA (DeNi-
cola et al. 2011), suggesting that other mechanisms regu-
late NRF2 expression levels. Oncogenic KRAS has been
reported to increase NRF2 mRNA levels in mouse embry-
onic fibroblasts (DeNicola et al. 2011), and NRF2 is critical
for KRAS-driven initiation and development in a PDA
mouse model (DeNicola et al. 2011; Hayes et al. 2015;
Chio et al. 2016; Hamada et al. 2017). It has also been
shown that p62 accumulation promotes pancreatic malig-
nant progression and reprogramming by controlling the
p62-NRF2/Axis (Todoric et al. 2017). We provide evidence
that ATDC represents an additional critical regulator of
NRF2 expression levels in PDA. In agreement with our
findings, mutations in KEAP1 or NRF2 are not mutually
exclusive with KRAS mutations in lung adenocarcinoma
(Singh et al. 2006; The Cancer Genome Atlas Research

Network 2014; Berger et al. 2016), and >20% of KRASmu-
tant samples carry additionalmutations in eitherKEAP1or
NRF2 gene, arguing that KRAS expression itself is not suf-
ficient to elicit a full activation of theNRF2 transcriptional
program in human tumors. Consistent with these observa-
tions, genetic inactivation of KEAP1 further enhanced
KRAS driven tumorigenesis (Romero et al. 2017) and me-
tastasis (Lignitto et al. 2019) in a lung adenocarcinoma
mouse model. Notably, ATDC-mediated regulation of
NRF2 is independent of KRAS, since neither changes in
KRAS expression or activity, nor changes in NRF2
mRNA levels were observed upon modulation of ATDC
expression. Here we highlight the importance of ATDC
up-regulation as a major mechanism for modulation of
NRF2 activity in PDA, in which ATDC overexpression is
observed in the majority of PDA cases (Wang et al. 2009).
Our data demonstrate that ATDC positively regulates

NRF2 throughcompetingwithKEAP1binding.Mechanis-
tically, the N-terminal domain of ATDC binds to the C-
terminal Kelch domain of KEAP1, thereby competing
with NRF2 and inhibiting its interaction with KEAP1.
The NRF2-Neh2 domain contains two binding motifs,
DLG and ETGE, which are responsible for KEAP1/NRF2
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Figure 6. ATDC mediates chemoresist-
ance in PDA by NRF2 signaling. Relative
survival in patients with elevated ATDC
(A) or NQO1 (B) expression based on the
TCGA PAAD data set. (C ) Cell prolifera-
tion in control S2-013 cells or S2-013 cells
overexpressing ATDC in the absence or
presence of shNRF2. Cells were left un-
treated or treated with gemcitabine (GEM;
5 nM) for 3 d. (D) Effect of NRF2 overexpres-
sion on chemoresistance in HPAC control
(sh Scr) and sh ATDC cells as measured by
cell proliferation. Cells were treated with
GEM (5 nM) for 3 d. (E) Effect of the
ATDCΔ220N mutant on chemoresistance
in S2-013 cells. Cells were treated with
GEM (5 nM) for 3 d. (F ) Quantification of tu-
mor volume in control (vector), ATDC,
ATDC shNRF2, and Δ220N ATDC groups
treated with vehicle or GEM. (G) Represen-
tative images of tumors indicating tumor
sizes in the above study groups. All experi-
ments were performed in triplicate. (∗) P<
0.05, (∗∗) P< 0.01, (∗∗∗) P<0.005. Mean+
SEM. (H) Schematic representation show-
ing the mechanism of ATDC-mediated reg-
ulation of NRF2 protein levels and
antioxidant response resulting in increased
growth, metastasis, and chemotherapy
resistance.
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binding (Davies et al. 2016; Rojo de la Vega et al. 2018). In
an analysis of previously published proteomic/mass spec-
trometry studies performed to identify KEAP1 protein in-
teraction partners with or without DLG and ETGE
motifs, ATDCwas not identified as an interacting protein
(Hast et al. 2013; Goldfarb et al. 2014; Tamir et al. 2016).
However, these studies were performed in cell lines
known to either not express ATDC, such as the HEK293
cell line, supporting the notion that experiments per-
formed in cells with lowATDC or altered ATDC localiza-
tion may not identify ATDC as a KEAP1 binidng partner.
Of note, 38 of the 65 identified KEAP1 binding partners,
like ATDC, do not possess a DLG or ETGE motif.

Our previous work suggests that ATDC promotes pro-
liferation and invasiveness through activation of the β-
Catenin pathway (Wang et al. 2009, 2015, 2019). However,
ATDC domains involved in the interaction with KEAP1
orDVL2 (Wang et al. 2009), an activator of β-Catenin path-
way, are distinct. Herewe find that theATDC-Δ220Nmu-
tant is unable to execute the tumorigenic activities of
ATDC, despite being able to activate β-catenin signaling,
suggesting that activation of NRF2 is required for key as-
pects of ATDC function. Additional experiments will be
needed to investigate the relative contributions of these
unique interactions to ATDC biology and the settings
they are operative.

Previously, we and others revealed a role of ATDC in
regulating the cellular response to radiation-induced
DNA damage in PDA (Yuan et al. 2010; Wang et al.
2014; Yang et al. 2015). In this study, we provide evidence
that ATDC also mediates resistance to chemotherapy by
regulating NRF2 expression. Our data are consistent
with previous studies reporting a role of NRF2 in contrib-
uting to chemoresistance in multiple cancers, including
PDA (Jaramillo and Zhang 2013). While previous work us-
ing organoids derived from tumors of KrasP53R172H

NRF2−/− mice showed no difference in Gem responsive-
ness as compared with their counterparts with intact
NRF2 (Chio et al. 2016), amore recent analysis byHamada
et al. (2017) in cells derived from the same mouse model
demonstrated increased sensitivity to Gem in the absence
ofNRF2.The reason for thedifference inobserved respons-
es is not clear andmay be due to differences in cell culture
conditions or methods in which the models were generat-
ed. Nevertheless, other studies, including those from
Hong et al. (2010) demonstrated thatNRF2knockdown in-
creases sensitivity to cisplatin, aswell as other chemother-
apeutic agents in PDA cells. In our study, we show that
ATDC overexpression promotes resistance to Gem and
other chemotherapeutic agents, and that down-regulation
of NRF2 alone prevents ATDC-mediated resistance to
Gem both in vitro and in vivo.

In a recent study (Cheung et al. 2020) interrogating the
role of TIGAR and ROS regulation in pancreatic tumori-
genesis, the authors show at the early stages of pancreatic
tumorigenesis, high TIGAR levels decrease ROS to pro-
mote cancer initiation, but at later stages, low TIGAR lev-
els increase ROS and activate MAPK signaling to support
metastasis. These behaviors are quite distinct from those
we observewith ATDCmodulation in bothmouse and hu-

man systems, highlighting that TIGAR and ATDC appear
to play distinct roles in pancreatic tumorigenesis, and the
contributions of NRF2 signaling and ROS in this context
are also likely distinct. Collectively, these data highlight
the complexity of understanding the contribution of ROS
to PDA biology, which is likely dependent on the model
systems used, genetic and epigenetic changes in the tumor
itself, and stage of tumor. All of the experiments performed
in our study used human model systems, which may pos-
sess distinct differences from the KPC model system. The
authors include data that NRF2 deficiency in the KPC
model does not improve survival. This is countered by pre-
viously published data that deletion of NRF2 in the KPC
model decreased the incidence of invasive and metastatic
tumors and that NRF2 knockdown in human PDA organo-
ids was essential for human PDA organoid maintenance
(Chio et al. 2016). Also, others have shown that NRF2 pro-
motes pancreatic carcinogenesis in the KPC model (Ham-
ada et al. 2017). Our data clearly show that tumor growth
and metastasis of human PDA models driven by ATDC
is dependent on ROS and NRF2 (Supplemental Table S2).
To support this contention, the examination of the
TCGA data set shows that patients with an elevated
ATDC and a NRF2 core target signature have worse sur-
vival. Thus, while there may be conflicting data in
GEMM models, data in human systems collectively sup-
port an ATDC-driven protumorigenic NRF2 signal that is
associated with worse outcomes. Our data also suggests
that ATDC expression or an “activated” NRF2 signature
represents a novel biomarker for resistance toGem or FOL-
FIRINOX regimens. Further studies will be required to for-
mally test this hypothesis in human samples.

In conclusion, our data extend the understanding of
ATDC biology and demonstrate that ATDC is a critical
upstream regulator of NRF2 activity as well as redox bal-
ance in PDA. Since most normal tissues have a low or ab-
sent expression of ATDC, targeting the ATDC-KEAP1
interaction may offer a new therapeutic opportunity to
block PDA growth and metastasis and enhance respon-
siveness to chemotherapy regimens, not only in PDA
but possibly other types of malignancies with high
ATDC expression.

Materials and methods

Cell culture and reagents

The Capan-2, HPAC, MIA PaCa-2, H23, and SW900 cancer cell
lines were obtained from the American Type Culture Collection
(ATCC). NYU28 and NYU32 cell lines are primary patient-de-
rived pancreatic adenocarcinoma cell lines developed in the
Simeone laboratory. S2-013 cells were kindly provided by Dr. Mi-
chael Hollingsworth (University of Nebraska Medical Center,
Omaha). All cell lines were maintained in Roswell Park Memori-
al Institute Medium from Gibco. The growth media for all cell
lines was supplemented with 10% FBS. Trolox and N-acetyl cys-
teine were obtained from Sigma.

Creation of isogenic cell lines

ATDC knockdown cells were generated by shRNA-mediated
knockdown using ATDC sh1RNA, ATDC sh2RNA, and control
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shRNA expression vectors as described previously (Wang et al.
2009). Similarly, ATDC-overexpressing S2-013, MIA PaCa-2,
and NYU32 cells were generated by lentiviral-mediated overex-
pression of CMV-ATDC-PLX304 (Genocoepia) and selected for
blasticidin resistance (1 µg/mL). NRF2 knockdowns were gener-
ated by using Sigma shRNAs SHCLNNV-NM_006164
(TRCN0000007555 as sh1 and TRCN0000007558 as sh2) and se-
lected for puromycin resistance. NRF2 overexpressionwas gener-
ated via CMV-NRF2-PLX304 (Genocoepia) and selected for
blasticidin resistance. The full-length ATDC or KEAP1 cDNAs,
and the N-terminal or C-terminal mutants of ATDC (Δ220N-,
Δ260N-, Δ348N-, and ΔC-) or KEAP1 (ΔIVR-, ΔCTR-, and CTR-)
were generated using standard PCR and restriction enzymeproce-
dures into N-terminal p3xFLAG-CMV expression vector as de-
scribed (Yang et al. 2015). The MYC-NRF2, MYC-tagged CUL3,
and HA-tagged KEAP1 cDNA were purchased from Addgene.
Lentiviral ATDC (LPP-Z7667-Lv197) or NRF2 (LPP-T3128-
Lv197) in pReceiver-Lv197 vectorswere purchased fromGeneCo-
peia, and the lentiviral ATDC-Δ220N mutant construct was
subcloned into pReceiver-Lv197 vector (GeneCopeia). Full-
length recombinant GST-ATDC (LS-G32941) and full-length re-
combinant MYC-KEAP1 (LS-G66144) proteins used in the GST
pull-down binding assays were purchased from LifeSpan BioSci-
ences, Inc. (LsBio).

Creation of HPAC cells with inducible ATDC shRNA

SMARTvector-inducible human ATDC shRNA (ish ATDC;
V3SH11252-227098378) was purchased from Horizon. Following
the manufacturer’s instructions, HPAC cells were infected with
ish ATDC. HPAC cells stably expressing ish ATDC were estab-
lished by selection with medium containing puromycin. ATDC
knockdown efficiency in HPACish ATDC cells was verified by
Western blot assays 72 h after treatment with 1 µg/mL doxycy-
cline (Doxy).

ROS assays

For total cellular ROS measurement, 100,000 cells per well were
plated in 12-well plates. Each sample was plated in quadruplet.
After 24 h, cells were trypsinized and three samples were stained
with 5 μMCellROX for 15min, followed by flow cytometric anal-
ysis. A fourth sample was used as an unstained background con-
trol. Raw values for stained samples were normalized to values
for unstained cells and plotted as percent of sh Scr or control cells.

Glutathione assays

Total oxidized and reduced glutathione levels were determined
by performing GSH/GSSG-Glo assays (Promega) as per the man-
ufacturer’s protocol. Ten-thousand cells/well were plated in 96-
well plates. Raw luminescence counts were normalized to cell
counts per well.

Peroxidation assays

Cellular oxidation levels were measured by performing BODIPY
493/503 assays as per themanufacturer’s protocol (ThermoFisher
Scientific). Raw values for stained samples were normalized to
values for unstained cells and plotted as percent of sh Scr or con-
trol cells.

Cell proliferation and cytotoxicity assays

Fifty-thousand cells were plated in 24-well plates and treated
with indicated agents. At the end of 48 h, cell proliferation and cy-
totoxicity were determined by performing Cell-Titre Glo assays
(Promega) as per the manufacturer’s protocol.

Annexin V assays

Annexin V assays were performed by flow cytometry using
Annexin V Pacific Blue conjugate antibody according to theman-
ufacturer’s protocol (Thermo Fisher Scientific).

Immunoblotting

Immunoblotting was performed as previously described (Zhang
et al. 2004) using antibodies to detect ATDC, HMOX1, Fibrillin,
GAPDH (SCBT), NRF2 (GeneTex and Abcam), NRF2, NQO1
(Abcam), or FLAG (Sigma Aldrich). For loading controls, blots
were simultaneously probed for β-actin (Cell Signaling). All anti-
bodies were used at a dilution of 1:1000. For MG132 and cyclo-
heximide assays, cells were treated with 10 μM MG132 or 100
μg/mL cycloheximide for indicated times and immunoblotting
was performed to assess NRF2 stability.

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein was extracted from cells by us-
ing a compartmental protein extraction kit as per the manufac-
turer’s protocol (Millipore). Extracts were resolved by SDS-
PAGE and immunoblotting was performed to determine nuclear
and cytoplasmic levels of NRF2 (GeneTex) using GAPDH and
fibrillrin (SCBT) as cytoplasmic and nuclear controls,
respectively.

Real-time PCR

Total RNAwas isolated from 2×106 cells using Qiagen RNAeasy
kits as per the manufacturer’s protocol. Pretreatment with
DNase was done to ensure the purity of RNA. Three micrograms
of RNA per sample was used to prepare complementary DNA by
using a Thermo Scientific Verso cDNA synthesis kit. Real-time
PCR was done using specific primers detailed in Supplemental
Table S3. Values for each gene were normalized to the expression
of β-Actin.

Antioxidant response element (ARE) activity assays

Isogenic cell lines were cotransfected with an ARE luciferase re-
porter vector and a Renilla luciferase internal control. The
ARE-luc vector constitutes a firefly luciferase gene under the con-
trol of ARE responsive elements located upstream of a minimal
promoter. ARE activitywasmeasured by performing dual-lucifer-
ase activity assays as per the manufacturer’s protocol (BPS
Biosciences).

Invasion assays

Serum-starved cells (150,000) were plated in rehydrated Corning
Biocoat Matrigel invasion chambers in serum-free DMEM/
RPMI. Medium containing 0.1% FBS was added to the lower
chamber as a chemoattractant. Twenty-four hours following plat-
ing, invasion was determined by staining with Shandon Kwik-
Diff stain from Thermo Scientific. Invasion was calculated as %
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cells invaded through the matrix as compared with the control
membranes as per themanufacturer’s protocol (Fisher Scientific).

Protein complex immunoprecipitation (co-IP) assays

Coimmunoprecipitations were performed as described previous-
ly (Yang et al. 2015). Briefly, 293Tcells were transiently transfect-
ed with FLAG-tagged ATDC, HA-tagged KEAP1, Myc-tagged
Nrf2, or deletion mutants of FLAG-ATDC or HA-KEAP1. Cells
were lysed in a buffer containing 50 mM Tris, 150 mM NaCl,
and 0.5% Igepal (pH 7.5), followed by sonication for 5 min. Ly-
sates were used to perform immunoprecipitation with anti-
FLAG, anti-HA or anti-ATDCantibodies. After overnight incuba-
tion at 4°C, the immunoprecipitateswere resolved by SDS-PAGE,
and detected by anti-FLAG (Sigma) anti-ATDC (Sigma) or anti-
Myc (Cell Signaling) antibodies.

NRF2 ubiquitination assays

Todetect ubiquitinatedNRF2, S2-013 cells were transfectedwith
expression vectors for ATDC and HA-ubiquitin (Ub). At 24 h fol-
lowing transfection, cells treatedwith10 µMMG132 (Sigma) for 6
h to inhibit the proteasome function. Cells were then lysed by
boiling in a buffer containing 2% SDS, 150 mM NaCl, 10 mM
Tris-HCl, and 1 mMDTT. This rapid lysis procedure inactivated
cellular ubiquitin hydrolases and therefore preserved ubiquitin-
NRF2 (Ub-NRF2) conjugates present in cells prior to lysis. Ly-
sates were then immunoprecipitated (IP) with anti-HA antibody.
The washed immunoprecipitates and 50 µg of whole cell lysates
(WCL) were resolved by SDS-PAGE, followed by immunoblotting
with NRF2, ATDC, and β-actin antibodies.

Fluorescence anisotropy binding assays

Fluorescence anisotropy binding assays were performed as de-
scribed previously (Gijsbers et al. 2016). Briefly, purified human
GST-Keap1 protein was fluorescein-labeled using a fluorescein-
EX protein labeling kit according to the manufacturer’s instruc-
tions (Thermofisher Scientific). For the binding experiments, 20
nM fluorescein-labeled GST-Keap1 was titrated with purified hu-
man ATDC protein. The binding assays were performed for 30
min at 25°C. Changes in the fluorescence anisotropy values
(495-nm excitation and 520-nm emission) were measured using
a stopped-flow model SF-300X (KinTek Corporation) set up
with an automated titration module. The assays were repeated
five times and the data were plotted using GraphPad Prism 8
(GraphPad Software).

Colony formation assays

S2-013 pancreatic cancer cells were plated in 12-well plates (500
cells/well). At the end of 2 wk, cells were fixed, stained with
0.2% crystal violet, and imaged to determine the number of col-
onies in S2-013 control, ATDC, or ATDC Δ220N overexpressing
cells.

Animal studies

All animal experiments were approved by New York University
Langone Health Institutional Animal Care and Use Committee
(IACUC) under protocol number 170805-02. Isogenic pancreatic
cancer cells (5 × 105; S2-013 or HPAC) were orthotopically im-
planted in the pancreas of 8-wk-old female immunocompromised
NSG mice (NOD.Cg-Prkdcscid;Il2rgtm1Wjl/SzJ; The Jackson Labo-
ratory 005557) (n= 10 animals/group). Mice were monitored for

tumor growth weekly via ultrasound measurements. Mice treat-
ed with NAC were given NAC in drinking water at 1g/L. At the
end of 27 d (S2-013) or 42 d (HPAC) animals were sacrificed and
necropsies were performed. Relative tumor size and weight
were measured. Primary tumor, lung, and liver were harvested
and formalin-fixed or flash frozen for further analyses.
To evaluate whether NRF2 mediates chemoresistance in

ATDC-expressing PDA tumors, 5 × 105 S2-013 cells expressing
vector control, ATDC alone or in combination with shNRF2,
andATDC-Δ220Nwere orthotopically implanted in the pancreas
of 8-wk-old female immunocompromised NSG mice (n= 10/
group). Xenografted tumors were imaged by ultrasound to moni-
tor andmeasure tumor sizesweekly.When the tumor reached the
size of 200 mm3, 100 mg/kg gemcitabine (Gem) was administrat-
ed by intraperitoneal injection (IP) once per week for 2 wk. At the
end of 2 wk, the mice were sacrificed, and tumor volume was de-
termined.Metastasis analysis was done by 5-µm serial sectioning
of lung and liver samples (n =5/group) and analysis of metastasis
by two independent researchers using a Zeiss Axio Observer mi-
croscope. Data were summarized as a scatter plot and representa-
tive sections were included in the figures.
To examine the effect of knocking down ATDC in established

tumors, 5 × 105 HPACish ATDC cells (S2-013 or HPAC) were ortho-
topically implanted in the pancreas of 8-wk-old female immuno-
compromised NSG mice. Mice were distributed randomly into
two groups (10 animals each) for the subsequent analysis of tumor
development with and without doxycycline (Doxy)-treatment.
Xenografted tumors were imaged by ultrasound to measure tu-
mor sizes weekly. When the ish-ATDC-tumor reached the size
of 200mm3, control or doxy diets (625mg/kg) were administered.
At the end of 4 wk, the mice were sacrificed and tumor volume,
ATDC, and NRF2 protein levels were determined.

Immunohistochemistry/coimmunofluorescence

Four-micron-thick formalin-fixed paraffin-embedded tumor and
tissue sectionswere obtained and used for immunohistochemical
and coimmunofluorescence analysis as described previously
(Wang et al. 2009). IHC was performed to determine the tissue
levels of NRF2 (antibody generously provided by J.R. Prigge and
E.E. Schmidt, Montana State University), ATDC (Sigma
HPA020053), NQO1 (Sigma HPA007308), Ki67 and cleaved cas-
pase-3 (Cell Signaling). ATDC and NRF2 expression in PanIN le-
sions from KC or AKC mice were measured by co-IF staining
using ATDC (Sigma HPA020053) and NRF2 (provided by Dr.
Thales Papagiannakopoulos, New York University) antibodies.

TCGA patient data

TCGA pancreatic cancer batch effects-normalized mRNA data
and curated clinical data were retrieved from the UCSC Xena
Pan-Cancer Atlas hub. Survival curve estimates were calculated
with the Kaplan–Meier method and the significance was evaluat-
ed with the log-rank test using the “survival” R package.

Statistical analysis

Data are presented as mean±SEM. The experiments have repeat-
ed a minimum of three times to demonstrate reproducibility.
Statistical significance was determined by the Student’s t-test
or one-way analysis of variance (ANOVA) using GraphPad Prism
8 (GraphPad Software). P-values < 0.05 were considered
significant.
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