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Abstract

NAD(P)H:quinone oxidoreductase (NQOL1) is essential for cell defense against reactive oxidative
species, cancer, and metabolic stress. Recently, NQO1 was found in ribonucleoprotein (RNP)
complexes, but NQO1-interacting mRNAs and the functional impact of such interactions are not
known. Here, we used ribonucleoprotein immunoprecipitation (RIP) and microarray analysis to
identify comprehensively the subset of NQO1 target mRNAS in human hepatoma HepG2 cells.
One of its main targets, SERPINAZI mRNA, encodes the serine protease inhibitor a-1-antitrypsin,
A1AT, which is associated with disorders including obesity-related metabolic inflammation,
chronic obstructive pulmonary disease (COPD), liver cirrhosis and hepatocellular carcinoma.
Biotin pulldown analysis indicated that NQO1 can bind the 3" untranslated region (UTR) and the
coding region (CR) of SERPINAI mRNA. NQO1 did not affect SERPINAI mRNA levels;
instead, it enhanced the translation of SERPINAI mRNA, as NQOL1 silencing decreased the size of
polysomes forming on SERPINAI mRNA and lowered the abundance of ALAT. Luciferase
reporter analysis further indicated that NQO1 regulates SERPINAI mRNA translation through the
SERPINA1 3" UTR. Accordingly, NQO1-KO mice had reduced hepatic and serum levels of A1AT
and increased activity of neutrophil elastase (NE), one of the main targets of ALAT. We propose
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that this novel mechanism of action of NQO1 as RNA-binding protein may help to explain its
pleiotropic biological effects.
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Introduction

The enzyme NAD(P)H:quinone oxidoreductase 1(NQO1, EC 1.6.5.2) utilizes either NADH
or NADPH as electron donor to catalyze the reduction of various quinones to hydroquinones
[1]. NQO1 has been studied extensively as a component of the cellular defense program
against the adverse effects of quinone xenobiotics, free radicals, and reactive oxidative
species [2]. NQOL1 protects against excessive oxidative stress by functioning as superoxide
reductase and generating antioxidant forms of a-tocopherol and coenzyme Q [3-5]. In
addition, induction of NQOL1 by caloric restriction has been shown to attenuate age-related
loss of antioxidative capacity in brain [6] and liver [7].

NQO1 is expressed ubiquitously in human tissues [8] and is transcriptionally regulated by
the Kelch-like ECH-associated protein 1 (Keapl)-nuclear factor erythroid 2-related factor 2
(Nrf2)-antioxidant response elements (ARE) pathway [9-11]. NQOL is expressed at high
levels in human tumors including cancers of the liver, thyroid gland, adrenal gland, breast,
ovary, colon and lung [8], prompting the hypothesis that cytotoxic quinones bioactivated by
NQOL1 could be used strategically to target NQO1-rich cancer cells [12-13].

Studies carried in NQO1-null mice have also revealed a role for NQO1 in the regulation of
lipid metabolism and glucose homeostasis. NQOZ1-null mice display altered metabolic
pathways resulting in significantly lower abdominal adipose tissue and increased NADPH
concentrations compared to wild-type (WT) mice [14]. However, these animals have higher
levels of triglycerides in liver and blood and develop insulin resistance [14]. Conversely,
NQO1-dependent NADH oxidation by B-lapachone (p-lap, a naturally occurring quinone
isolated from the bark of the Lapacho tree) has been shown to protect against obesity [15]
and hypertension [16] in mice, suggesting that therapeutic stimulation of NQO1 activity may
be beneficial in metabolic disorders. Moreover, a polymorphism in NQO1 (C609T,
NQO1*2), which essentially causes a NQO1-null phenotype, has been shown to be
associated with increased risk of complications related to metabolic syndrome [17,18].

Despite these studies, the full spectrum of metabolic functions controlled by NQO1 remains
unknown. A recent study that aimed to define a comprehensive atlas of proteins interacting
with mRNAs identified NQOL1 as a potential RNA-binding protein (RBP) [19]. However, the
RNA-binding properties of NQO1 are unknown. In the present study, we present evidence
that NQOL1 functions as a RBP that associates with several mRNAs. One of its targets,
SERPINAI mRNA, encodes alpha-1 antitrypsin (A1AT), an acute-phase protein with anti-
protease, immunoregulatory and metabolic activities [20-22]. Our results indicate that
NQO1 binding to SERPINAI mRNA promotes ALAT translation. Short-term treatment with
B-lap reduced the binding of NQOL1 to SERPINAI mRNA, causing a decline in A1AT
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translation and protein levels. NQO1 binding to SERP/INAI mRNA mapped primarily to the
3’ untranslated region (UTR) in liver and pancreatic cells. Reporter analysis revealed that
NQO1 selectively enhances A1AT translation through the SERPINAI 3’ UTR. Accordingly,
the levels of ALAT were lower after silencing NQO1 in cultured cells and were
constitutively lower in NQO1-null mice. We propose that the pleiotropic effects of NQO1
are linked, at least in part, to this novel RNA-binding function of NQO1.

Materials and Methods

Cell culture and reporter analysis

Human hepatoma (HepG2) were purchased from ATCC and upon receipt, cells were
expanded for a few passages to enable the generation of new frozen stocks. Cells were
resuscitated as needed and used for fewer than 6 months after resuscitation (no more than 10
passages). Cell line authentication was performed by ATCC utilizing Short Tandem Repeat
(STR) profiling. The NQO1 overexpressing Panc-1 cells clone5 (Panc-1/C5) expressing
NQO1 was previously generated form parental Panc-1 cells according to methods described
by Siegel et al. [23].

Cells were cultured in DMEM supplemented with 2 mM Glutamax, 10% FBS, 100 units/ml
penicillin and 100 pg/ml streptomycin (Invitrogen) under standard cell culture conditions.
For reporter assays, 50 ng of control plasmid psiCHECK2 (Promega) or psiCHECK?2
bearing the 3"UTR of SERPINAI mRNA were transfected using lipofectamine 2000
(Invitrogen); 72 h later, renilla luciferase (RL) and firefly luciferase (FL) were measured
using Dual-Glo Luciferase Assay System (Promega).

RNP immunoprecipitation (IP) and microarray analyses

Endogenous mRNA—protein complexes were immunoprecipitated as previously described
[24]. Briefly, cytoplasmic cell lysates were prepared in polysome lysis buffer (PLB; 20 mM
Tris-HCl at pH 7.5, 100 mM KCI, 5 mM MgCI2 and 0.5% NP-40) containing 100 U/ml
RNase OUT (Invitrogen) and protease inhibitors (Complete Mini, Roche). For microarray
analysis, 3 mg of lysate were incubated (2 h, 4°C) with 100 m pl of a 50% (v/v) suspension
of protein-A Sepharose beads precoated with 20 mg each of mouse anti-NQO1 or mouse
IgG (Santa Cruz Biotechnology). After washes with NT2 buffer (50 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1 mM MgCI2, 0.05% NP-40), bound RNA was extracted from the beads
using TRIzol (Thermo Fisher Scientific).

For Illumina microarray analysis, the RNA obtained after IP was assessed using an Agilent
2100 Bioanalyzer and RNA 6000 nanochips. The RNA was used to generate biotin- labeled
cRNA using the Illumina TotalPrep RNA Amplification Kit (Ambion), which was then
hybridized to Human HT-12 v4 Expression BeadChips (Illumina), containing 24,000 well-
annotated RefSeq transcripts with ~30-fold redundancy. The arrays were scanned using an
Illumina BeadStation 500X Genetic Analysis Systems scanner and the image data extracted
using lllumina BeadStudio software, version 1.5, normalized by Z-score transformation and
used to calculate differences in signal intensities. Significant values were calculated from
three independent experiments, using a two-tailed Z-test and P < 0.01. The complete list of
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MRNAs enriched in NQOL1 IP identified on the arrays is shown in https://
www.nchbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81614.

RNA isolation and RT-gPCR analysis

RNA was isolated from cell extracts or from RIP samples using TRIzol following the
manufacturer’s procedures. Reverse transcription was performed using iScript™ Advanced
cDNA Synthesis Kit for RT-gPCR (Bio-Rad). For real-time quantitative (q)PCR analysis,
iTag™ Universal SYBR® Green Supermix (Bio-Rad) was used with 250 nM gene-specific
primers (Table S1).

Renilla luciferase and Firefly luciferase mMRNA levels were measured using primers
TACAAGTACCTCACCGCTTGGT and TGATCTTGTCTTGGTGCTCGTA for RL mRNA,
CTAAGAAGGGCCTGCAGAAGAT and AAGCCCTGGTAGTCGGTCTTAG for FL
MRNA.

Western blot and biotin pull-down analyses

Whole-cell lysates were prepared using RIPA buffer and western blot analysis was
performed with 5 pg of protein fractionated by electrophoresis through 4-15% Criterion™
TGX™ precast gels (Bio-Rad) and transferred to nitrocellulose membrane using Trans-Blot
Turbo™ Transfer System (Bio-Rad). Primary antibodies recognizing NQO1, A1AT, p-actin
(all from Abcam) and LC3B (Cell Signalling) were added over night at 4°C followed by
incubation with the appropriate HRP-labeled secondary antibodies (Santa Cruz
Biotechnology). Immunocomplexes were detected using enhanced chemiluminescence
(Amersham). Cell media were concentrated in 30-kDa spin columns (Sigma) for detection of
extracellular A1AT. Quantitation of the protein bands was performed by volume
densitometry using ImageJ software (National Institutes of Health).

For biotin pull-down assays, PCR fragments generated using primers bearing the T7 RNA
polymerase promoter sequence (CCAAGCTTCTAATACGACTCACTATAGGGAGA) were
used as templates for in vitro transcription using MegaScript T7 kit (Ambion) followed by
purification using Nuc-Away Spin Columns (Applied Biosystems). Biotinylated transcripts
were incubated with cytoplasmic lysates from HepG2 or Panc-1 cells (150 pg lysate, 1 pg
biotinylated RNA) for 30 min at room temperature, and complexes were isolated with
streptavidin-coated magnetic Dynabeads (Dynal) and analyzed using western blot analysis to
detect NQOL. The primers used to prepare biotinylated RNA fragments spanning
SERPINAI mRNA are listed in Table S2.

Polyribosome fractionation

Cells were incubated with cycloheximide (Calbiochem; 100 pg/ml, 15 min) and cytoplasmic
lysates (500 pl) were fractionated by centrifugation through 10-50% linear sucrose gradients
and divided into 12 fractions for RT-qPCR analysis, as described [25].

Experimental animals

Wild-type C57BL/6 control mice were initially purchased from The Jackson Laboratory.
Ngol-null mice were obtained from Dr. Frank Gonzalez (National Cancer Institute) and
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backcrossed into the C57BL/6 genomic background. The generation of the original NgoZ-
null mice is described elsewhere [26]. Animals were housed four per cage in a room
maintained at a constant temperature (20-22°C) in a light:dark 12:12-h schedule according
to animal protocols and NIH guidelines. Mice were maintained on standard diet (Harlan
rodent diet 2018).

Serum A1AT levels and elastase activity assay

Serum A1AT levels were measured with ELISA kits according to the instructions provided
by Immunology Consultants Laboratory. Serum NE activity was measured using the highly
specific synthetic NE substrate A~methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide (Sigma)
according to the previously described method (24). Briefly, 40 pl of freshly isolated serum
was incubated with 0.1 M Tris-HCI buffer (pH 8.0) containing 0.5 M NaCl and 1 mM N-
methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide at 37°C for 24 h and liberated p-
nitroanilide was measured spectrophotometrically at 405 nm.

Statistical analysis

Results

Statistical differences were determined by unpaired Student’s t test and p values were
generated using GraphPad Prism 6.0. Error bar represents SEM.

Identification and validation of NQO1 target mRNAs

HepG2 cells were used to isolate NQO1-mRNA ribonucleoprotein (RNP) complexes using a
specific antibody against NQO1, control 1gG IP reactions were performed in parallel (Fig.
1A). To confirm that NQO1 was immunoprecipitated successfully, Western blot analysis was
used to detect NQO1 (Fig. 1B). The immunopecipitation (IP) reactions were carried out
under conditions that preserved protein-mRNA complexes as described (24), and the RNA
in the NQOL1 IP and control IgG IP samples was isolated and analyzed using Illumina
microarrays (‘Materials and Methods’ section). The transcripts that were associated with
NQOL1 are potentially involved in many cellular processes (e.g. fatty acid metabolism,
glucose utilization, cell cycle and apoptosis, insulin signaling, mitochondrial activity, protein
homeostasis and translation) and included multiple members of the serine protease inhibitor
(serpin) family.

We chose to validate by RT-qPCR analysis the interaction between NQO1 and the mRNAs
showing higher Z-scores in the two conditions and those that might be relevant to NQO1-
related functions reported in the literature. A partial list of target transcripts that were highly
enriched in NQOL IP relative to 1gG IP is shown (Fig. 1C, /ef?). A similar analysis (NQO1
IP vs 1gG IP) was carried out using cells that had been treated with 10 uM B-lap (a substrate
of NQOL1) and a partial list of enriched NQO1-bound transcripts is shown (Fig. 1C, right). A
complete list of target mMRNAs of NQO1 on arrays was deposited in the Gene Expression
Omnibus (GEO) database (GSE81614). Although microarray analysis allows an unbiased
transcriptome-wide approach for the identification of mMRNAs isolated in RNP complexes,
this interaction has to be validated by multiple approaches to avoid over-interpretation of the
microarray data.
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A subset of NQO1-bound target mRNAs was validated by reverse transcription (RT)
followed by real-time, quantitative (q)PCR analysis employing gene-specific primer pairs
(‘Materials and Methods’ section). In the validation step, we included RNA samples
obtained from p-lap-treated cells (Fig. 1D). SERPINAI [serpin peptidase inhibitor, clade A
(a-1 antiproteinase, antitrypsin), member 1] mRNA was highly enriched in NQO1 IP
samples compared to 1gG IP samples, and binding was significantly reduced upon p-lap
treatment, as assessed by RT-qPCR analysis (Fig. 1D and Fig. S1A). Enrichment of other
transcripts like GRB7 (growth factor receptor-bound protein 7) and KLHL (Kelch-like
family member 7) mRNAs was also measured by RT-gPCR analysis. Binding of NQO1 to
GAPDH mRNA, which encodes a housekeeping protein, was used for normalization. Since
GAPDH mRNA is highly abundant and binds IP components (e.g., beads, antibody, reaction
tube) at background levels, assessment of GAPDH mRNA levels demonstrated that sample
input was equivalent. Together, these findings indicate that NQOL1 interacts specifically with
various mRNAs.

NQO1 promotes SERPINA1 mRNA translation

Many RBPs associate with mRNASs to regulate their stability and/or translation. To
investigate the functional influence of NQO1 on SERPINAI mRNA, we specifically
silenced NQOL using small interfering (si)RNA directed at the NQOI mRNA. Interestingly,
NQO1 downregulation reduced A1AT levels in cell lysates and ALAT released in the cell
culture medium, without influencing the steady-state levels of SERPINAI mRNA (Fig. 2A
and Fig. S1B). These data suggest that NQO1 did not influence SERP/INAI mRNA stability
and may instead regulate its translation. To test if translation was altered by NQO1, we
studied SERPINAZ mRNA distribution in the polysomes (‘Materials and Methods’ section)
of cells with normal or reduced NQOL levels. As shown in Fig. 2B, NQO1 downregulation
did not alter appreciably the global profiles of polysomes compared with control cells (Fig.
2B). However, SERPINAI mRNA was found in lighter (thus less actively translating)
polysomes in cells with lower NQOL1 levels than in control cells (Fig. 2C), supporting the
hypothesis that NQO1 indeed enhanced SERP/INAI mRNA translation by promoting the
formation of larger polysomes on SERPINAI mRNA.

Since B-lap treatment induced the dissociation of the NQO1-SERPINAI mRNA complex
(Fig. 1D and S1A), we investigated the impact of B-lap treatment on SERPINAZI mRNA
translation and ALAT levels. As shown in Fig. 2D, B-lap treatment decreased the levels of
SERPINAI mRNA in actively translating fractions (where heavy polysomes reside)
compared to untreated cells, although SERP/INAI mRNA steady-state levels were not
affected (Fig. S1C). Consequently, there was a substantial reduction in both cellular A1AT
levels and in ALAT released into the cell culture medium (Fig. 2E). The rapid decline in
ALAT protein after p-lap treatment may suggest an involvement of NQOL1 in the regulation
of A1AT stability. Surprisingly, however, stimulation of HepG2 cells with the proteasome
inhibitor MG-132 increased protein degradation, as denoted by the reduction in the A1AT-
immunoreactive band and the appearance of lower proteolitic bands (~37 kDa).
Interestingly, this effect was paralleled by an increase in the autophagy marker LC3B-II
(Fig. S1D). However, the combination of MG-132 and B-lap treatments had no additive
effect on ALAT reduction (Fig. S1D).

Free Radic Biol Med. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Di Francesco et al. Page 7

Taken together, these results support the hypothesis that NQO1 binding to SERPINAI
MRNA enhances the translation of SERPINAI mRNA and the accumulation and secretion
of A1AT.

NQO1 regulates SERPINA1 mRNA translation through binding to the SERPINA1 3'UTR

To gain molecular details of how NQO1 binds to and promotes SERPINALZ mRNA
translation, we sought to map the regions of NQOL1 interaction with SERPINAI mRNA. We
generated biotinylated partial transcripts which spanned the 5"UTR, coding region (CR) and
3’UTR of SERPINAI mRNA (Figure 3A, top). The biotinylated RNAs were incubated with
lysates from HepG2 cells or from the human pancreatic carcinoma cell line Panc-1/C5 (34);
the resulting biotinylated RNA-protein (RNP) complexes were pulled down using
streptavidin-coated beads, and the presence of NQOL1 in the RNPs was examined by Western
blot analysis (‘Materials and Methods’ section). Binding assays using biotinylated
transcripts indicated that NQO1 showed robust interaction with the 3" UTR (fragments 6 and
7) of SERPINAZ mRNA both in HepG2 and Panc-1 lysates, although NQO1 also showed
some affinity for the CR fragments, particularly in HepG2 samples. Biotinylated GAPDH
3’UTR, included as a negative control, showed background binding of NQO1 and indicated
that several SERPINAI RNA segments bound to NQO1 specifically (Fig. 3A, bottom).

To test if NQO1 binding to the SERPINAI 3 UTR affects SERPINAI mRNA translation,
we cloned the SERPINAI3'UTR into a luciferase reporter construct (psiCHECK?2) bearing
the renilla luciferase (RL) coding region and measured luciferase production from the
resulting chimeric RNA (Fig. 3B); this vector also expressed firefly luciferase (FL), which
served as an internal control for transfection. Transfection of psiCHECK2-
SERPINAI(3’UTR) and the parent vector psiCHECK2 into HepG2 cells that expressed
either normal or reduced levels of NQO1 was followed by measurements of luciferase
activities. As shown in Fig. 3C, NQOL1 silencing significantly reduced luciferase expression
without significant changes in the levels of the corresponding reporter mRNAs (Figure 3D),
indicating that the 3"UTR was responsible for promoting translation of a heterologous
reporter mMRNA in the presence of NQO1. Together, these findings indicate that binding of
NQO1 to the 3"UTR of SERPINAI mRNA enhances translation of the encoded protein,
AlAT.

NQO1 KO mice have reduced A1AT levels and increased neutrophil elastase activity

In order to study the impact of NQO1 /n vivo, we assessed the levels of A1AT in WT mice
and in mice in which both NgoZ alleles have been knocked out (NQO1-KO). As shown in
Fig. 4A, NQO1 was robustly expressed in liver from WT mice, but not from NQO1-KO
mice; ALAT levels were significantly reduced in the livers of KO compared to WT mice.
Similar results were observed both in males and females. In contrast, similar levels of
Serpinal mRNA levels were observed between KO and WT animals (Fig. S1E). These
changes were consistent with low levels of A1AT after NQOL silencing and supported the
positive regulatory effect of NQO1 on SERP/INAI mRNA translation.

Finally, since ALAT is the predominant physiologic inhibitor of neutrophil elastase (NE), we
measured ALAT levels and NE activity in serum. Serum A1AT levels were lower in NQO1-
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KO than WT animals (Fig. 4B), consistent with the levels of A1AT observed in liver tissues.
Importantly, we observed that NE activity was elevated in NQO1-KO compared to WT
animals (Fig. 4C). Together, our findings indicate that NQOZ1-KO mice showed reduced
ALAT levels and enhanced NE activity, and that NQO1 promoted ALAT expression via
translation.

Discussion

This study provides evidence that NQO1 binds a subset of mMRNAS in human HepG2 cells
and that one major target was identified as SERPINAI mRNA, which encodes A1AT, a
circulating 52-kDa glycoprotein primarily known for its activity as a serine protease
inhibitor [27,28]. NQO1 knockdown did not alter the stability of SERPINAI mRNA, but
reduced its translation. Biotin-RNA pulldown and reporter assays indicated that the
regulatory effects on translation were elicited via the SERPINAZ 3"UTR. We also found that
the NQO1-SERPINAI mRNA complex was dissociated by B-lap treatment, perhaps
because, as a substrate of NQO1, pB-lap may prevent binding of NQO1 to SERPINA1
mMRNA. The impact of NQO1 on A1AT levels led to subsequent modulation of NE activity
in vivo.

NQOL1 has been proposed to mediate the 20S proteasomal degradation of specific proteins
including p53, p63, p73 and ornithine decarboxylase [29]. Degradation of ALAT follows two
major pathways: the proteasome is responsible for degrading the soluble forms of ALIAT
[30], while autophagy is specialized in the disposal of the insoluble polymers and aggregates
[31] by the proteasome. The rapid decline in ALAT protein after p-lap treatment observed in
this study suggests that NQO1 participates in A1AT degradation by the proteasome.
However, this may not be the case, since co-incubation with the proteasome inhibitor
MG-132 was not able to reverse the reduction in A1AT. On the contrary MG-132 increased
A1AT degradation, probably by activation of a compensatory autophagy pathway [32], as
indicated by the increased LC3B-11-to-LC3B-I ratio.

A1AT is the predominant physiologic inhibitor of NE, and a reduction in circulating A1AT
results in deterioration of the lung tissue and promotes liver disease, a common observation
in emphysema and COPD patients [27,33]. In light of our findings, this interaction between
NQOL1 and SERPINAI mRNA may help explain previous observations on the biological
roles of NQO1. Reduced Nrf2/NQOL activity is associated with emphysema; in particular,
Nrf2-deficient mice have exacerbated elastase-induced emphysema compared with control
mice [34] and mice lacking NQO1 spontaneously develop emphysema [35]. Moreover, lung
macrophages from patients with emphysema have reduced levels of NQOL1 [36]. In these
conditions, reduced A1AT levels may help explain the elevated NE activity and hence the
development of emphysema.

Several reports have suggested additional roles for A1AT. In one set of studies, A1AT has
been shown to reduce IL-1p—-mediated pancreatic islet toxicity /n vitro, and contribute to
islet allograft survival by promoting antigen-specific immune tolerance in mice [37,38].
Accordingly, ALAT therapy also delays the development of diabetes in nonobese diabetic
mice [39,40]. Recent studies have linked ALAT and NE to metabolic syndrome and insulin
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resistance in humans [22], as obese humans have significantly lower circulating levels of
ALAT, but higher serum NE activity, an imbalance that contributes to the development of
obesity, inflammation, liver steatosis, and insulin resistance [22,41]. Mice overexpressing
human AL1AT are resistant to diet-induced obesity, increased adiposity, and high fasting
blood glucose, and are more insulin sensitive than WT littermates [22]. In keeping with
these findings, our results showed that genetic deletion of NQO1 was accompanied by a
significant reduction in ALAT levels and increased NE activity, thus providing a rationale for
the metabolic abnormalities previously observed in these mice [14]. It remains to be
evaluated whether interventions to elevate A1AT levels can alleviate the inflammation,
insulin resistance and liver steatosis observed in NQOZ1-null mice.

The specific mechanism by which NQO1 promotes SERPINAI mRNA translation was not
elucidated in this study. NQO1 may compete with an RBP that suppresses translation or
cooperates with an RBP that enhances translation; alternatively, NQO1 may compete with
the binding of a microRNA that suppresses SERPINAI mRNA translation. These
possibilities await systematic analysis. Furthermore, the fact that NQO1 can bind a subset of
MRNAs opens new avenues for studying NQO1 as an RBP that might influence the stability
and/or translation of other target mRNAS.

NQO1 binding to target mMRNAs was altered by the redox cycling quinone p-lap indicating
that the redox state of the cell could alter the affinity of NQO1 for target mMRNAs, or the
binding sequences recognized by NQO1 affecting mRNA translation or turnover. While we
only investigated SERPINAI mRNA there may be other NQO1 target mRNAs whose
association with NQO1 may be influenced by B-lap.

In addition, NQO1 can undergo post-translational modifications such as phosphorylation
[42] and ubiquitination [43]. It has been shown previously that phosphorylation and other
post-translational modifications of RBPs including HuR, BRF1, TTP, KSRP, TIAR/TIA-1
have been linked to changes in their subcellular localization and their association with target
MRNASs [44]. Reduction of pB-lap by NQO1 results in an increased ratio of NAD+/NADH
and this in turn may activate the deacetylase SIRT1 [45]; of interest, NQOL1 is itself target of
acetylation [46] and this PTM may also contribute to alter its binding to target mMRNAs.
Further studies are needed to understand in detail if any of the known post-translational
modifications might affect the RBP properties of NQOL1.

In closing, these data demonstrate that NQO1 targets several mRNAs, including the
SERPINAI mRNA, which encodes A1AT. NQO1 promotes SERP/NAI mRNA translation
by interacting with the 3’ UTR. Whether the influence of NQO1 upon SERPINAI mRNA
translation is modulated by its interactions with other RBPs or microRNAs awaits
systematic study. It also remains to be tested whether NQOL is capable of binding other
RNA types (e.g., long noncoding RNAs, microRNAs, or circular RNAS), if posttranslational
modification alters NQO1 binding to target mMRNAs, and whether NQOL1 inhibitors or
activators affect its binding to target MRNAs. Our /17 vitro data demonstrates that the NQO1-
SERPINAI mRNA interaction weakens as the NAD*/NADH ratio increased due to -lap
redox cycling. It follows then that NQO1 may function as a molecular switch responding to
changes in pyridine nucleotide ratios resulting in the capture or release of MRNA targets.
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This hypothesis is also supported by major changes in the number of transcripts observed in
the microarray analysis in response to B-lap treatment. Addressing these questions in depth
will provide critical information about the role of NQO1 as an RBP, its cellular functions,
and its potential usefulness in therapy.
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Highlights
. NQO1 is a novel RNA-binding protein
. Binding of NQO1 to SERPINAI mRNA enhances translation of the

encoded protein, A1AT

. NQO1-KO mice have reduced A1AT levels and increased neutrophil
elastase activity
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Fig. 1.

N(%Ol binds SERPINAI mRNA. (A) Schematic of the RIP assay using cytoplasmic HepG2
cell lysates under conditions that preserved mRNA-RBP associations. (B) Western blot
analysis of NQOL1 recovered in IP samples. (C) Data represent the Z-ratio and signal
intensities of MRNAS in NQO1-IP relative to IgG-IP under CTRL and B-lap treatment. (D)
RT-qPCR analysis revealed that the main NQO1 target among those tested was SERPINAI
MRNA. B-lap treatment caused a rapid loss in the amount of SERPINAZ mRNA bound to
NQOL. Data represent the mean of three independent experiments + SEM.
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Fig. 2.
N(%Ol promotes SERPINAI mRNA translation. (A) Small interfering RNA (siRNA) was
used to determine the effect of NQO1 knockdown on SERPINAI mRNA and ALAT protein
levels in HepG2 cells. A ~60% reduction in NQOL1 protein levels was accompanied by
significant reduction in ALAT levels, measured in cell lysate (intracellular) and in cell
culture medium (extracellular). Data represent the mean of three independent experiments +
SEM. *P<0.05, **P<0.01. (B-C) Seventy-two hours after NQO1 silencing, cytoplasmic
extracts were fractionated through sucrose gradients to obtain cytoplasmic components of
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progressively larger weight: ribosomal subunits (40S, 60S), monosomes (80S), low-
molecular-weight (LMW) and high-molecular-weight (HMW) polysomes. (C) The relative
distribution of SERPINAI mRNA was measured by RT-gPCR analysis of RNA in each of
the gradient fractions and represented as percentage of total RNA in the gradient. (D) p-lap
caused a shift of SERPINAI mRNA towards smaller polysomes. (E) Western blot analysis in
HepG2 lysates and supernatants showing a substantial reduction in ALAT intracellularly and
in cell culture media after p-lap treatment.
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Fig. 3.

N%Ol binding to the 3"UTR of SERPINAI mRNA promotes its translation. (A) Biotin-
RNA pulldown indicated that NQO1 was capable of binding the 3" untranslated region
(UTR) and the coding region (CR) of SERPINAI mRNA in two different human cell lines.
(B) 3'UTR of SERPINAI mRNA was cloned downstream of the renilla luciferase (RL)
coding sequence, and firefly luciferase (FL) expressed from the same construct served as
internal normalization control. After NQOZ1 silencing, HepG2 cells were transfected with the
vector control (psiCHECK?2) or with a construct containing SERPINAI3’UTR. Twenty h
later, the ratio of RL/FL activity in siNQOL cells vs control siRNA cells was calculated
using empty vector as reference. (C) NQOZ1 silencing inhibited RL/FL reporter activity in
HepG2 cells. (D) RT-gPCR analysis of RL mRNA levels normalized to FL mRNA levels in
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the vector control (psi) and in the construct containing SERPINA1L3"UTR (psi-3’UTR).
Data represent the mean of three independent experiments = SEM. **** P < (.001.
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Fig. 4.

N(%Ol-null mice have reduced A1AT levels and increased NE activity. (A) Effect of NQO1
deletion on ALAT protein expression in livers of male (/eff) and female (righf) animals. (B—
C) Serum samples were collected from WT and NQO1 KO animals. Serum ALAT levels
were measured by ELISA, and serum NE activity was detected by a colorimetric assay. In all
cases, statistical differences were determined in diet-paired groups of mice of the same sex
using a student’s t-test. Data are represented as the mean + SEM.
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