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AKRICI connects autophagy and oxidative stress by
interacting with SQSTMI1 1n a catalytic-independent manner

Lin-lin Chang1‘2, Yue-kang Li', Chenxi Zhao', Chen-ming Zeng1, Fu-jing Ge', Jia-min Du', Wen-zhou Zhangz, Pei-hua LU,

Qiao-jun He', Hong Zhu' and Bo Yang'

Targeting autophagy might be a promising anticancer strategy; however, the dual roles of autophagy in cancer development and
malignancy remain unclear. NSCLC (non-small cell lung cancer) cells harbour high levels of SQSTM1 (sequestosome 1), the
autophagy receptor that is critical for the dual roles of autophagy. Therefore, mechanistic insights into SQSTM1 modulation may
point towards better approaches to treat NSCLC. Herein, we used multiple autophagy flux models and autophagy readouts to show
that aldo-keto reductase family 1 member C1 (AKR1C1), which is highly expressed in NSCLC, promotes autophagy by directly
binding to SQSTM1 in a catalytic-independent manner. This interaction may be strengthened by reactive oxygen species (ROS),
important autophagy inducers. Further mechanistic research demonstrated that AKR1C1 interacts with SQSTM1 to augment
SQSTM1 oligomerization, contributing to the SQSTM1 affinity for binding cargo. Collectively, our data reveal a catalytic-
independent role of AKR1C1 for interacting with SQSTM1 and promoting autophagy. All these findings not only reveal a novel
functional role of AKR1C1 in the autophagy process but also indicate that modulation of the AKR1C1-SQSTM1 interaction may be a

new strategy for targeting autophagy.
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INTRODUCTION

Aldo-keto reductase family 1 member C1 (AKR1C1) mainly
catalyses the reduction of progesterone by utilising NADP"
(oxidised form of nicotinamide adenine dinucleotide phosphate)
as a cofactor [1]. Sharing high homology with AKR1C2/3, AKR1C1
displays overlapping substrate specificity with two members in its
same cluster [2]. Higher AKR1C1 levels are observed in many types
of cancers, which predicts the overall survival of patients [3-5].
AKR1C1 causes resistance to cisplatin and doxorubicin, partici-
pates in bladder cancer metastasis and contributes to malignant
transformation of fibroblasts [6-9]. Notably, these studies focused
on the catalytic functions of AKR1C1, the blockade of which
causes failure in efficient prevention of cancer progression [8].
AKR1C1 overexpression is also extensively observed in
nonhormone-related cancers, especially lung cancer [5, 10]. This
evidence indicates a catalytically independent role of AKR1C1 in
cancer development and/or progression. In our previous work,
AKR1C1 was shown to promote the metastasis of NSCLC (non-
small cell lung cancer) cells in a catalytic-independent manner by
directly interacting with STAT3 (signal transducer and activator of
transcription 3), thus reinforcing its transcriptional activity [4, 11].
As a potent prometastatic factor [12], STAT3 may dictate the roles
of AKR1C1 in NSCLC metastasis. Therefore, we speculated that the

proteins interacting with AKR1C1 are critical for their catalytic-
independent functions in cancer.

Autophagy is a catabolic process that maintains cellular
homoeostasis by recycling cellular metabolites, proteins or
organelles via lysosomes [13]. Upon exposure stressful stimuli
(drug treatment, toxin exposure, metabolic disorders and microbe
invasion), a double membrane forms at a site in the endoplasmic
reticulum to create a phagophore, which engulfs cellular cargo
and closes, forming an autophagosome that subsequently fuses
with a lysosome to produce an autolysosome, in which degrada-
tion occurs [14]. Autophagy signalling cascades ultimately
converge on autophagosomal proteins, including LC3B (micro-
tubule-associated protein 1 light chain 3 beta), which are routinely
used as indicators of autophagic flux [15]. Another essential
component of autophagy is a receptor protein. Similar to other
autophagy receptors, SQSTM1 (sequestosome 1) binds to cargo as
well as autophagosomal proteins [16]. Although autophagy
exhibits pleiotropic functions during the whole process of cancer
development (transformation, initiation, metastasis and drug
resistance), strategies for targeting autophagy are limited
[17, 18]. This dilemma is attributed to the context-dependent
functions of autophagy receptors, making autophagy a ‘Janus-
faced’ player [19, 20].
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As the best known autophagy receptor, SQSTM1 is commonly
dysregulated in cancers. Increasing evidence has revealed that
SQSTM1 is upregulated in more than 37% of lung cancer tissues
and that its aggregates accumulate in ~50% of hepatocellular
carcinomas [21-24]. On the one hand, SQSTM1 promotes tumour
metastasis and proliferation [25, 26]. On the other hand, SQSTM1
hinders tumour inflammation and chemically induced malignancy
[27]. Collectively, mounting evidence has highlighted the dual
roles of SQSTM1 in cancers, which inspires extensive exploration
of the underlying mechanisms. SQSTM1 is sensitive to ubiquitina-
tion, phosphorylation and oxidation, which are essential for its
autophagy receptor function [28-31]. Recent studies underscored
the importance of SQSTM1-binding proteins in the
SQSTM1 signalling hub [16, 19, 32, 33]. Therefore, the identifica-
tion of SQSTM1-interacting partners may shed light on the details
of SQSTM1 signalling.

In the current study, we demonstrated for the first time, that
AKR1C1 binds SQSTM1 in a catalytic-independent manner. Multi-
ple autophagy flux models and autophagy readouts indicate that
AKR1C1 promotes autophagy through the activation and main-
tenance of the receptor functions of SQSTM1. Our study provides
the rationale for interrupting the AKR1C1-SQSTM1 interaction and
subsequent autophagy as therapeutic strategies for NSCLC
patients presenting with high levels of AKR1C1.

MATERIALS AND METHODS

Chemicals

Enzymatic inhibitor of AKR1C1 (3-bromo-5-phenylsalicylic acid,
5BPSA) was purchased from Cayman Chemical Company (13574,
Ann Arbor, MI, USA) [34]. Hydrogen peroxide (H,0,) was obtained
from Sinopharm (10011208, Shanghai, China). Antioxidants were
all purchased from Sigma-Aldrich (St. Louis, MO, USA), including N-
acetyl-L-cysteine (NAC, A9165), glutathione (GSH, G4251) and
vitamin C/ascorbic acid (VC, A5960). Autophagy inhibitor, chlor-
oquine (CQ, S4157), was obtained from Selleckchem (Houston,
TX, USA).

Cell lines

293FT, 293T and Hela cells were cultured in DMEM (Gibco, Grand
Island, NY, USA). NCI-H1299, NCI-H292 and NCI-H460 lung cancer
cells were maintained in RPMI-1640 (Gibco, Grand Island, NY, USA).
All cell culture mediums were supplemented with 10% FBS (Gibco,
Grand Island, NY, USA). Cells were all cultured in a 5% CO,
incubator at 37 °C.

Plasmids

pCMV6-AKR1C1-Myc-Flag, pCMV6-AKR1C3-Myc-Flag and pCMV6-
SQSTM1-Myc-Flag was available from OriGene (Rockville, MD,
USA). pENTER-AKR1C2-Flag-His was available from Vigene
Bioscience (Rockville, MD, USA). pBABE-mCherry-EGFP-LC3B was
available from Addgene (Cambridge, MA, USA). The other
plasmids were constructed from the aforementioned plasmids,
as shown in Supplementary Table S1. The hairpin sequence was
5/-AAGCTTTAGAGGCCACCAAATCTCGAGATTTGGTGGCCTC-
TAAAGCTT-3’ for pLKO.1-shAKR1C1.

Mass spectrometry

First of all, stable overexpression of AKR1C1 and AKR1C1-Flag in
NCI-H1299 were achieved by lentivirus technology. Secondly,
stable overexpression cell lines were cultured in routine culture
medium for 5 passages. And then equal number of NCI-H1299
cells from both AKR1C1- and AKR1C1-Flag-expressing groups were
mixed to produce two biological replicates (batch 1 and batch 2).
Finally, the two samples were subjected to Flag immunoprecipita-
tion and assessed by LC-MS/MS (Jingjie PTM BioLab, Hangzhou,
China).

SPRINGERNATURE

Immunoprecipitation

Cells were seeded into six-well plates at 40% confluence
overnight. Plasmids were then introduced into cells using X-
tremeGENE™ HP DNA Transfection Reagent (06366236001, Roche,
Mannheim, Germany). At 48h posttransfection, cells were
harvested and lysed in ice-cold Nonidet-P40 lysis buffer (1%
Nonidet-P40, 10% Glycerol, 25 mM Tris-Base, 150 mM NaCl, 5 pg/
mL leupeptin, 1uL/mL NazVO412H,0, pH 8.0). Measured by
Bradford reagent (B6916, Sigma-Aldrich, St. Louis, MO, USA), 500
pg/group protein was applied to immunoprecipitation. Anti-Myc
magnetic beads were available from Biotool (B26302, Bimake,
Houston, TX, USA) and anti-Flag agarose resin were from
GenScript (L00425, Nanjing, China). Precipitates were then heated
in 1.25x Loading buffer (5xLoading: 62.5mM Tris-HCI, 50%
glycerol, 10% SDS, 5% mercaptoethanol, 0.1% bromophenol blue,
pH 6.8) for 10 min at 95°C and assessed by Western blotting.
Antibodies were obtained as shown in Supplementary Table S2.

GST pull-down assay

GST and GST-AKR1C1 were purified as previously described [35].
NCI-H1299 cells were lysed in ice-cold Nonidet-P40 lysis buffer (1%
Nonidet-P40, 10% glycerol, 25 mM Tris-Base, 150 mM NaCl, 5 pg/
mL leupeptin, 1 uL/mL Na3VO,4-12H,0, pH 8.0) and measured by
Bradford reagent. Purified GST-AKR1C1 or GST of 1ug was
preincubated with or without 5BPSA for 30min in 37°C to
investigate the effects of 5BPSA on GST-AKR1C1 and SQSTM1
interaction. GST beads of 10uL (C600031, Sangon Biotech,
Shanghai, China) were added into the mixtures of 300 ug NCI-
H1299 cell lysates and 1pg purified GST-AKR1C1/GST with or
without 5BPSA. Mixtures were rotated for 1h in 4°C. The
immunoprecipitates and lysates were probed with antibodies
against SQSTM1, AKR1C1 and GST (Supplementary Table S2).

Detection of LC3B puncta formation

Stable overexpression of EGFP-LC3B in Hela cells was achieved by
lentivirus technology and cultured in routine medium for five
passages. Then these Hela cells were seeded into Lab-Tek® Il
Chamber Slide™ (154534, Thermo Fisher Scientific, Rochester, NY,
USA) at 30% confluency. After 24 h, these cells were transiently
transfected with AKR1C1 plasmids using X-tremeGENE™ HP DNA
Transfection Reagent (06366236001, Roche, Mannheim, Germany).
At 24 h posttransfection, these cells were treated with CQ (10 uM,
15h) or HBSS (2 h). Finally, these Hela cells were subjected to
immunofluorescence and photographed. The numbers of LC3B
puncta were quantified by Image J software. DAPI was from
DOJINDO (D523, Kumamoto, Japan).

Evaluation of SQSTM1 punta formation

Stable AKR1C1 silencing in NCI-H460 was achieved by lentivirus-
delivered RNAi silencing technology. After multipled three
passages, NCI-H460 cells were seeded into Lab-Tek” Il Chamber
Slide™ (154534, Thermo Fisher Scientific, Rochester, NY, USA) at
50% confluency. Thirty-six hours later, cells were stimulated with
1TmM H,O, for 1Th and treated by 4% paraformaldehyde
immediately. Then these NCI-H460 cells were subjected to
immunofluorescence and photographed. The numbers of SQSTM1
punta were quantified by Image J software. Antibodies were
shown in Supplementary Table S2.

SQSTM1 disulphide-linked conjugate (DLC) status

AKR1C1 silencing in NCI-H292 was achieved by lentivirus-
delivered RNA silencing technology. At 5 days postinfection, cells
were stimulated with 1 mM H,0, for 2h and harvested on ice.
Then cells were lysed in RIPA lysis buffer (1% Nonidet-P40, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris-Base, 150 mM NaCl, 5
pg/mL leupeptin, 1 uL/mL NazVO,-12H,0, pH 7.4) plus 50 mM N-
ethylmaleimide. Next, the supernatant from each group was
divided into two tubes and boiled in Laemmli buffer (non-reduced
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SQSTM1 interacts with AKR1C1. a NCI-H1299 cells were transfected with AKR1C1-Flag or AKR1C1. Cells were subjected to Flag IP and

assessed by LC-MS/MS. Venn diagrams were used to visualize the potential AKR1C1-interacting proteins (left). Vertical bars represent proteins
(unique peptides > 2) from both batch 1 and batch 2 according to the rank of protein scores (right). b GST pulldown assay was utilized to
evaluate the interaction of recombinant GST-AKR1C1 with SQSTM1 from whole cell lysates of NCI-H1299. ¢ AKR1C1-HA or SQSTM1-Myc or
their combination were expressed in 293T cells for 36 h. Myc IP and IB were applied to the indicated cells. d Vector or SQSTM1-Myc plasmids
were introduced into NCI-H460 for 36 h. Cells were subjected to Myc IP and IB.

samples)/Loading buffer (reduced samples) separately at 100 °C
for 5 min. Western blotting was next implemented to explore DLC
status of SQSTM1. 5x loading: 62.5 mM Tris-HCl, 50% glycerol, 10%
SDS, 5% mercaptoethanol, 0.1% bromophenol blue, pH 6.8.
Laemmli buffer: 62.5 mM Tris-HCl, 25% glycerol, 2% SDS, 0.1%
bromophenol blue, pH 6.8. Antibodies were shown in Supple-
mentary Table S2.

Statistical analysis
Significance was determined by two-tailed Student’s t-test, n =3.
*P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS
AKR1C1 interacts with SQSTMT1 in a catalytic-independent manner
Our previous work showed that AKR1C1 binds to STAT3 in a
catalytic-independent manner and results in the activation of the
STAT3 pathway and the subsequent metastasis of NSCLC cells
[4, 11]. Therefore, we reasoned that interacting proteins, not
catalytic activity, may be essential for the tumour-promoting
functions of AKR1C1. To systematically address this point, we
generated exogenous AKR1C1- and AKR1C1-Flag-expressing cells
and performed analysis with mass spectrometry. To obtain an
unbiased profile of protein interactions, we transfected NCI-H1299
cells with AKR1C1 to generate a control group and with AKR1C1-
Flag to generate an experimental group. Analysing Venn diagrams
generated on the basis of two independent experiments, we
identified seven proteins according to the average number of
unique peptides (=2) (Fig. 1a, left). Notably, among the seven
potential interacting proteins, SQSTM1 was identified with the top
average scores for AKR1C1 binding (Fig. 1a, right).

We confirmed that SQSTM1 is a positive candidate for AKR1C1
interaction through a GST pull-down assay with NCI-H1299 cell
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lysates (Fig. 1b). Then, we further utilized coimmunoprecipitation and
confirmed the AKR1C1-SQSTM1 interaction by immunoprecipitating
exogeneous AKR1C1 and SQSTM1 (Fig. 1¢, d). Collectively, these data
indicated that AKR1C1 binds SQSTM1 both in vivo and in vitro.

As mentioned above, although AKR1C1 is an aldo-keto
reductase family member, its tumour-promoting function may
depend on catalytic activity. We were thus interested in exploring
whether catalytic activity is required for the AKR1C1-SQSTM1
interaction. AKR1C2 and AKR1C3, the other two family members
possessing similar enzymatic activities, were introduced to cells,
and the coimmunoprecipitation assay showed that SQSTM1
preferentially bound to AKR1C1 compared to the other family
members (Fig. 2a). To verify the contribution of catalytic activity,
we employed AKR1C1 enzymatic mutants, namely, Y55F, E127D
and H222I. A proton donor, Y55 is considered a catalytically dead
mutant [36]. All of these mutants led to a >24-fold decrease in
progesterone reduction [34, 36, 37]. As depicted in Fig. 2b, all the
catalytic mutants showed similar interactions with SQSTM1.

Taken together, these data indicate that SQSTM1 is an AKR1C1-
interacting protein, and this interaction is not dependent on the
catalytic activity of AKR1CT.

The R47H & L54V and R170H & Q172L mutants of AKR1C1 do not
interact with SQSTM1

Next, we sought to map the region(s) of AKR1C1 accounting for
the interaction with SQSTM1. Although studies revealed ~97%
sequence similarity between AKR1C1 and AKR1C2, SQSTM1 binds
only to AKR1C1, not to AKR1C2 (Fig. 2a). Therefore, we asked
whether the amino acid residues that are different between
AKR1C1 and AKR1C2 are critical for the interaction. As mapped in
Fig. 2c, AKR1C1 differs from AKR1C2 in only seven amino acid
residues: T38, R47, L54, C87, V151, R170 and Q172. Considering
these seven amino acid residues, we generated AKR1C2-HA mimic
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Fig.2 The enzymatic activity of AKR1C1 is not involved in its binding with SQSTM1. a AKR1C1/2/3-HA with or without SQSTM1-Myc-Flag
was introduced into 293T cells and assessed by Myc IP and IB. b 293T cells were transfected with AKR1C1-HA enzymatic mutants or SQSTM1-
Myc-Flag or their combinations and assessed by Myc IP and IB. ¢ AKR1C1 and AKR1C2 share approximately 97% sequence similarity. Y55, E127,
H222 and R304 account for AKR1C1 catalytic activity. AKR1C1 differs from AKR1C2 in only seven amino acid residues. d AKR1C2-HA mimic
mutants were constructed using AKR1C1-HA as the template: including T38V, R47H, L54V, C87S, V151M, R170H, Q172L, R47H & L54V and
R170H & Q172L. These mimic mutants were transfected with or without SQSTM1-Myc into 293T cells and assessed by Myc IP and IB.

mutants using AKRT1C1-HA as the template. Notably, only the
mutants of R47H & L54V and R170H & Q172L failed to interact
with SQSTM1 (Fig. 2d). This outcome may be attributed to dual
mutations (R47H & L54V and 170H & Q172L) having lower affinity
for SQSTM1 compared to WT AKR1C1, which is worthy of an in-
depth future investigation. R47, L54, R170 and Q172 in AKR1C1
were not essential for catalytic activity. In conclusion, R47H & L54V
and R170H & Q172L play vital roles in the AKR1C1-SQSTM1
interaction.

ROS augments the AKR1C1-SQSTM1 interaction

The abovementioned data showed that AKR1C1 bound to
SQSTM1 in a catalytic-independent manner. In this context, 3-
bromo-5-phenylsalicylic acid (5BPSA), one of the most potent
AKR1C1 enzymatic inhibitors (K;=4nM) [37], was expected to
impose no effect on the interaction between AKR1C1 and
SQSTM1. This hypothesis was verified with a GST pull-down assay
(Fig. 3a), but interestingly, a paradoxical observation was observed
in the cellular co-IP system. As shown in Fig. 3b, after 5BPSA cell
treatment, the interaction of AKR1C1 and SQSTM1 was greatly
impeded, but this effect was significantly attenuated by FBS
(Fig. 3b). Accumulating evidence implies that FBS includes a
variety of antioxidants [38-40], which inspired us to investigate
the roles of reactive oxygen species (ROS) in the AKR1C1-SQSTM1
interaction. We introduced hydrogen peroxide (H,0,), one of the
most important ROS, and found that H,0, exposure remarkably
promoted the AKR1C1-SQSTM1 interaction (Fig. 3c), an effect that
was attenuated by antioxidants, including NAC, GSH and VC
(Fig. 3d).

SPRINGERNATURE

ROS participate in multiple signaling pathways and biological
functions in tumorigenesis and progression [41, 42]. Recent
studies showed that by managing autophagic clearance, the
autophagy receptor SQSTM1 is susceptible to ROS, a condition
that is essential in the autophagy process [29, 43, 44]. Therefore,
Hank’s balanced salt solution (HBSS), the canonical autophagy
induction buffer, was introduced to establish a ROS induction
model [44-46]. Interestingly, the AKR1C1-SQSTM1 complex
accumulated gradually during the autophagy process upon HBSS
treatment (Fig. 3e). As shown by immunoprecipitation, upon
exposure to HBSS, the interaction between AKR1C1 and
SQSTM1 was enhanced in a time-dependent manner (Fig. 3e).
This observation indicates that AKR1C1 may play a role in
autophagy.

These observations collectively identify ROS as important
physiological stimuli controlling the interaction between AKR1C1
and SQSTM1 and implicate the potential roles of AKR1C1 in the
autophagy process.

AKR1C1 promotes autophagic flux
Autophagy is a homoeostatic cellular process that clears damaged
or unnecessary organelles and proteins [13]. Cumulative evidence
underpins the importance of autophagy in tumour progression,
including drug resistance, metastasis, inflammation and immunity
[17, 47-49]. At the core of autophagy are autophagy-related gene
8 (Atg8) family proteins, including LC3, which are routinely used as
indicators of autophagic flux [15].

The abovementioned data showed the increased AKR1C1-
SQSTMT1 interaction along with HBSS-induced autophagy; thus, we
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Fig. 3 ROS (reactive oxygen species) generation plays a vital role in AKR1C1-SQSTM1 interaction. a Purified GST-AKR1C1 was incubated
with or without 5BPSA for 30 min in 37 °C. Then NCI-H1299 cell lysates and GST beads were added into the mixtures of different groups and
assessed by GST pulldown assay. b—e Cells were transfected with AKR1C1-HA or SQSTM1-Myc or their combinations and assessed by Myc IP
and IB. b Cells were treated with or without 5BPSA for 10 h plus FBS starvation or not. ¢ ROS was mimicked by 1 mM H,O, in fresh DMEM
medium for 2 h. d Antioxidants treatment for 1 h, including 1 mM NAC, GSH and VC were used for the rescue experiment. e Cells were treated
with fresh medium (10% FBS and 90% DMEM) or with HBSS (hank’s balanced salt solution) for the indicated time.

were encouraged to explore the role of AKR1C1 in autophagy.
First, exogenous AKR1C1 was introduced into cells. As shown in
Fig. 4a, b, LC3B-Il protein levels were increased (4.94 + 1.02)-fold in
Hela cells (P=0.0028, vs. the control) and (2.70 + 0.39)-fold for
NCI-H1299 (P = 0.0066, vs. the control), respectively. These results
suggested that AKR1C1 overexpression led to enhanced LC3
conjugation to phosphatidylethanolamine, creating LC3B-Il, a
commonly used marker used to monitor the number of
autophagosomes formed in a cell [50].

However, increased amounts of LC3B-Il can correlate with either
an induction of autophagy or a block at the late steps of this
pathway [51]. To distinguish between these two possibilities for
AKR1C1-primed LC3B-ll accumulation, we next assessed the
effects of AKR1C1 on autophagic flux. A lysosome inhibitor of
autophagy flux, chloroquine (CQ), was introduced [52]. If the LC3B-
Il induced by AKR1C1 was caused by autophagic flux inhibition,
then cotreatment with CQ would not have an additive effect. As
shown in Fig. 4c, e, f, CQ + AKR1C1 overexpression led to higher
numbers of LC3B-Il and LC3B puncta than CQ treatment alone,
indicating that autophagy is induced, rather than inhibited, in the
AKR1C1-transfected cells. Moreover, AKR1C1 overexpression
further amplified the increase in LC3B-Il and LC3B puncta caused
by HBSS (Fig. 4d, g, h). Taken together, these data demonstrate
that AKR1C1 is an autophagy inducer.

AKR1C1 interacts with SQSTM1 to modulate its autophagy
receptor function

We next asked how AKR1C1 promoted autophagy, and we
particularly focused on the AKR1C1 interacting protein SQSTMT,
as this was the first identified autophagy receptor. Mounting
evidence has revealed that ubiquitination and oligomerization are
essential for the autophagy receptor function of SQSTM1
[28, 30, 53]. Therefore, we evaluated the oligomerized and
ubiquitinated states of SQSTM1 in the AKR1C1-SQSTM1 complex.
Ubiquitination of SQSTM1 in this complex reflects the affinity of
SQSTM1 for autophagy substrates. We found that AKR1C1 over-
expression led to more ubiquitin conjugated to the SQSTM1 in the
AKR1C1-SQSTM1 complex, whereas SQSTM1 imposed no effects
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on the ubiquitination of AKR1C1 (Fig. 5a, b). These data suggest
that AKR1C1 may not be the autophagy substrate for SQSTM1;
however, it may increase the substrate binding affinity for SQSTM1,
as indicated by the long polyubiquitin chain on SQSTM1.

Several lines of evidence have shown that SQSTM1 oligomeriza-
tion is required for its ubiquitin- and ubiquitinated substrate-
binding ability [28]. In this context, we asked whether AKR1C1
promotes the oligomerization of SQSTM1. As shown in Fig. 5¢, the
oligomerization of exogenous SQSTM1 was markedly augmented
in the presence of AKR1C1. To visualize SQSTM1 oligomerization,
we employed immunofluorescence to assess SQSTM1 puncta
formation. In response to H,0,, SQSTM1 puncta levels increased
from (1.08 + 0.68)-fold to (14.80 * 2.67)-fold (P = 0.00099, H,0, vs.
the control) (Fig. 5d). These results suggest that in NCI-H460 cells
harbouring high AKR1C1 protein levels, SQSTM1 puncta formation
was greatly induced by H,0,, which has been well documented
[29]. More interestingly, AKR1C1 shRNA obviously impeded the
formation of SQSTM1 puncta induced by H,0, (Fig. 5e). In addition,
we also implemented nonreduced Western blotting to assess
endogenous SQSTM1 disulfide-linked conjugate (DLC) status,
which can promote SQSTM1 oligomerization [29]. Upon H,0O,
stimulation, SQSTM1 formed DLCs, including dimers and polymers,
and this increase was blocked by shAKR1C1 (Fig. 5f).

Collectively, these data show that AKR1C1 plays a vital role in
promoting the function of SQSTM1 as an autophagy receptor.

DISCUSSION

AKR1C1 is more highly expressed in NSCLC than it is in other
cancer types, predicting poor prognosis for NSCLC patients.
However, catalytic inhibitors of AKR1C1 fail to exhibit potent
anticancer efficiency [8], emphasising the importance of the
catalytic-independent roles of AKR1C1 in tumour progression. In
this study, we performed an LC/MS/MS assay to explore the
catalytic-independent roles of AKR1C1 and identified the autop-
hagy receptor SQSTM1 as a newly discovered AKR1C1 interacting
partner, which subsequently promotes autophagy by activating
the receptor functions of SQSTM1.
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Fig.4 AKR1C1 accelerates autophagy flux. Hela (a and c) or NCI-H1299 cells (b and d) were transfected with AKR1C1 or vector plasmid and
assessed by Western blotting. Band intensities of LC3B-Il were measured and normalised to p-Actin. ¢ HelLa cells were exposed to CQ (10 pM)
for 15 h at 40% confluency. d NCI-H1299 cells were cultured in HBSS for 2 h. e-h LC3B-EGFP stably-expressed Hela cells were constructed and
cultured for 5 generations. These cells were transfected with AKR1C1 and treated by CQ (10 uM, 15 h) or HBSS (2 h). Then cells were subjected
to IF. LC3B puncta were quantified by Image J. Green: LC3B-EGFP. Red: AKR1CT1. Blue: cell nuclei. Scale bar: 20 pm. Large: size > 5.0 pixel units.

Total: size > 2.5 pixel units.

Reductases endow AKR1C1 with resistance-inducing effects
towards cisplatin, methotrexate, daunorubicin and progesterone
[7-9, 54]. However, the catalytic-independent roles of AKR1C1
remain enigmatic in therapy resistance. In the present work, we
demonstrate that AKR1C1 is a key regulator of autophagy. As
shown in HeLa and NCI-H1299 cells, the presence of AKR1C1 leads
to greater LC3B-ll accumulation and LC3B-EGFP puncta than
autophagy induction/inhibition treatments administered in the
absence of AKR1C1 (Fig. 4), which hints at the possibility that
AKR1C1 promotes autophagy. Increasing literature has under-
scored the role of cytoprotective autophagy in therapy resistance,
which ultimately results in treatment failure [18, 55]. We thus
speculate that lung cancer patients presenting high levels of
AKR1C1 may have previously undergone autophagy, leading to
therapy resistance.

SPRINGERNATURE

Although autophagy inhibition has been a focus of recent
studies to overcome therapy resistance, the outcomes remain
limited [18]. Preliminary results indicate that EGFR TKls induce
autophagy, partly contributing to chemoresistance; thus, NIH
sponsored clinical trials to evaluate the regimen of autophagy
inhibitors (e.g. chloroquine and hydroxychloroquine) and EGFR
inhibitors in the treatment of NSCLC [56, 57]. Previous work also
suggested that different BRAF-mutant cancers resist targeted
therapy through autophagy, leading to the launch of clinical trials
combining dabrafenib, trametinib, and HCQ [18, 57]. To date,
although some HCQ and HCQ combinations have exhibited some
activity in clinical trials, these treatments are not efficient or
sufficiently safe for further study, compared with contemporary
therapies [18]. A deepening understanding of autophagy modula-
tion will contribute to new therapeutic strategies to target
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2 h and assessed by SQSTM1 DLC detection.

autophagy. Here, we identified AKR1C1 as a new binding partner
of the autophagy receptor SQSTM1, contributing to autophagy
(Figs. 1, 4 and 5). In light of this finding, it seems possible to
overcome autophagy-addicted therapy resistance by interrupting
the AKR1C1-SQSTM1 complex, which deserves further research.

Many groups have underscored the essential roles of ROS in
autophagy [29, 43, 44]. One group reported that the Cys81 residue is
a target for the redox regulation of autophagy-related 4A cysteine
peptidase, which degrades and recycles Atg8 [44]. Similarly, another
group demonstrated that in response to age-associated oxidative
stress, Cys105/113 residues together with Lys102 locate to a charged
bridge and promote SQSTM1 oligomerization, which is required for
its autophagy receptor functions [29]. In line with these findings, our
data reveal that ROS plays vital role in the AKR1C1-SQSTM1
interaction (Fig. 3). Upon H,0O, exposure, more AKR1C1-SQSTM1
complex accumulated, which was abolished by antioxidants (Fig. 3¢,
d). Interestingly, SQSTM1-mediated Keap1 degradation restores Nrf2,
which can target AKR1C1 for transcription [58, 59]. This finding
prompted us to assume that a signalling loop is established, namely,
a AKR1C1-SQSTM1-Nrf2 loop, in tumour cells in response to
oxidative stress, which may accelerate the protective function of
antioxidants in tumours.

According to reported studies as well as our previous studies,
AKR1C1 actually exerts catalytic-dependent and catalytic-
independent activity in cancer cells [4, 8, 9, 11]. Although most
studies treat AKR1C1 as a reductase in cancers, AKR1C1 is
upregulated in nonhormone-related cancer as well, particularly lung
cancer, although progesterone is a major substrate for AKR1C1 [4]. In
addition, AKR1C1 and AKR1C2 both function as targets of Nrf2 to
detoxify other toxic by-products, whereas only AKR1C1 predicts
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overall survival for lung cancer patients [4, 60]. Moreover, our
immunoprecipitation results indicated that, among three similar
reductase family members, AKR1C1 is a novel SQSTM1 binding
partner (Fig. 2a). All this evidence is corroborated by our previous
work, in which AKR1C1 promotes the metastasis of NSCLC cells in a
catalytic-independent manner [4, 11]. In our present work, we also
show that AKR1C1 is endowed with the ability to bind SQSTM1
despite losing its catalytic ability, as induced by either treatment
with 5BPSA or the introduction of AKR1C1 mutants (Figs. 2b and 3a).
These data explained the mechanisms underlying AKR1C1-
promoted autophagy in which AKR1C1 directly binds the autophagy
receptor SQSTM1 independent of AKR1C1 catalytic activity.

In summary, our present work revealed a catalytic-independent
role for AKR1C1 in promoting autophagy. In response to oxidative
stress, AKR1C1 directly interacts with the autophagy receptor
SQSTM1 to facilitate SQSTM1 oligomerization required for its
increased affinity for autophagy substrates. With these newly
acquired insights, this work not only increases our understanding
of signalling cascades for autophagy machinery in cancer cells but
also provides a potential avenue to disrupt the AKR1C1-SQSTM1
interaction to target autophagy, thus shedding light upon the
design of anti-resistance therapies against lung cancer.
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