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Abstract: Transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) plays a crucial role
in regulating the expression of genes participating in cellular defense mechanisms against oxidative
or xenobiotic insults. However, there is increasing evidence showing that hyperactivation of NRF2 is
associated with chemoresistance in several cancers, including hepatocellular carcinoma (HCC), thus
making NRF2 an attractive target for cancer therapy. Another important issue in cancer medication
is the adverse effects of these substances on normal cells. Here, we attempted to identify a dual-
selective NRF2 regulator that exerts opposite effects on NRF2-hyperactivated HCC cells and normal
keratinocytes. An antioxidant response element driven luciferase reporter assay was established in
Huh7 and HaCaT cells as high-throughput screening platforms. Screening of 3,000 crude extracts
from the Taiwanese Indigenous Plant Extract Library resulted in the identification of Beilschmiedia
tsangii (BT) root extract as a dual-selective NRF2 regulator. Multiple compounds were found to
contribute to the dual-selective effects of BT extract on NRF2 signaling in two cell lines. BT extract
reduced NRF2 protein level and target gene expression levels in Huh7 cells but increased them in
HaCaT cells. Furthermore, notable combinatory cytotoxic effects of BT extract and sorafenib on Huh7
cells were observed. On the contrary, sorafenib-induced inflammatory reactions in HaCaT cells were
reduced by BT extract. In conclusion, our results suggest that the combination of a selective NRF2
activator and inhibitor could be a practical strategy for fine-tuning NRF2 activity for better cancer
treatment and that plant extracts or partially purified fractions could be a promising source for the
discovery of dual-selective NRF2 regulators.
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1. Introduction

Liver cancer occupies the sixth place regarding cancer incidence and the fourth in
cancer mortality rate worldwide (data source: http://gco.iarc.fr/today/home, accessed
date 22 November 2020). Hepatocellular carcinoma (HCC), the major subtype of primary
liver cancer, accounts for ~80% of cases [1]. Despite great advances in HCC management,
the incidence and mortality rate of HCC are still high due to frequent tumor recurrence
after treatment. Even sorafenib, a multiple kinase inhibitor and the first approved systemic
therapy for advanced HCC, provides limited survival benefits. The failure of cancer
therapy has been attributed to the existence of primary and acquired drug resistance
mechanisms [2].

The nuclear factor erythroid-derived 2-like 2 (NRF2)-Kelch-like ECH-associated pro-
tein 1 (KEAP1) pathway is a redox- and xenobiotic-sensitive signaling axis that functions
to protect cells against oxidative stress and environmental toxicants through the induc-
tion of cytoprotective genes. NRF2 participates in the basal activity and coordinates
the induction of genes encoding numerous antioxidant and detoxifying enzymes and
related proteins such as catalase (CAT), superoxide dismutase (SOD), NAD(P)H:quinone
oxidoreductase-1 (NQO1), heme oxygenase-1 (HO1), glutamate cysteine ligase (GCLC),
glutathione S-transferase (GST), glutathione peroxidase (GPX), and thioredoxin (TXN) [3,4].
NRF2 is held in the cytoplasm as an inactive complex bound to KEAP1, which facilitates the
ubiquitination of NRF2 [5]. Modification of KEAP1 cysteine residues results in inhibition
of NRF2 ubiquitylation and stabilization of NRF2. Accumulated NRF2 then translocates
into the nucleus where it binds to a small MAF protein and activates transcription of genes
containing antioxidant response elements (AREs) in their regulatory regions [3]. Due to
its cytoprotective function, NRF2 has been traditionally considered as a tumor suppressor
and target for chemoprevention [6]. However, recent genetic analyses of human cancer
revealed that NRF2 could be oncogenic and cause resistance to chemotherapy. Moreover,
abnormal high expression of NRF2 is frequently seen in human tumor specimens and is
correlated with poor prognosis [7,8]. In addition, evidence from studies in cancer cell lines
and in experimental animals supported the capability of NRF2 to enhance drug resistance
against a diverse range of drugs, such as cisplatin, carboplatin, 5-fluorouracil, paclitaxel,
bleomycin, doxorubicin, and etoposide [9,10]. Thus, NRF2 is also regarded as an important
pharmacological target for anticancer therapy.

In agreement with this notion, natural products, natural product derivatives, and
small molecules that suppress NRF2 activity have been shown to render cancer cells more
sensitive to anticancer therapies [11–13]. Singh and colleagues used KEAP1-mutated non-
small-cell lung cancer (NSCLC) cell lines stably carrying ARE luciferase reporter gene
fragment as screening platforms and identified ML385 as a potent NRF2 inhibitor that
directly binds to NRF2 then interrupts the binding of NRF2–MAFG complex to ARE. ML385
shows specific and selective cytotoxicity and potentiates the toxicity of chemotherapy drugs
in KEAP1-mutant NSCLC cells [14]. However, the effects of NRF2 inhibitors on normal cells,
which are vulnerable to anticancer agents, should also be considered. For instance, cisplatin
and doxorubicin, widely used anticancer agents, are well known for causing nephrotoxicity
and cardiotoxicity, respectively, which limits their clinical use [15,16]. Similarly, sorafenib,
a targeted therapy agent, can cause cutaneous side effects. Although the skin toxicity
of sorafenib is not a life-threatening side effect, it significantly affects quality of life and
leads to dose reductions [17]. Nonselective NRF2 inhibitors could worsen anticancer-
agent-induced adverse effects. On the other hand, natural compound NRF2 activators
such as sulforaphane and curcumin have been shown to prevent side effects caused by
anticancer drugs [18]. Thus, more efforts are needed to search for better and more selective
NRF2 regulators that can potentiate anticancer treatment and at the same time alleviate
the collateral toxic effects in noncancerous tissues [18,19]. Therefore, in this study, we
aimed to identify selective NRF2 regulators that could specifically suppress NRF2 function
in liver cancer cells but enhance it in normal keratinocytes. A pair of high-throughput
screening platforms was established and used for screening a natural product library that
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contains 3000 crude extracts prepared from 1336 Taiwanese indigenous plants [20]. The
crude extract of root of Beilschmiedia tsangii Merr. (BT extract) was identified as a selective
NRF2 regulator that inhibited NRF2 activity in Huh7 cells and activated it in HaCaT cells.
Furthermore, the effects of BT extract on sorafenib-induced cytotoxicity in Huh7 cells and
sorafenib-induced adverse effects in HaCaT cells were evaluated.

2. Materials and Methods
2.1. Taiwanese Indigenous Plant Extract Library (TIP Library)

The details of the TIP library were described in a previous report [20].

2.2. Cell Cultures and Transfection

HEK293T and liver cell lines including Sk-hep1, HepG2, Hep3B, PLC/PRF/5, Huh7,
and Mahlavu were cultured as described previously [21]. HaCaT cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific, Taipei, Taiwan) with
10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific), penicillin (100 U/mL),
and streptomycin (100 µg/mL). Lentivirus-infected cells were grown in complete DMEM
supplemented with either hygromycin along (100 µg/mL, Thermo Fisher Scientific) or
puromycin (1 µg/mL) and hygromycin (100 µg/mL) together. TurboFect Reagent (Fer-
mentas, Hanover, MD, USA) was used for plasmid DNA transfection according to the
manufacturers’ instructions.

2.3. Quantitative Real-Time PCR (QPCR)

RNA was prepared by using TRIzol Reagent (Thermo Fisher Scientific) and was re-
verse transcribed into cDNA using a TOOLs Easy Fast RT Kit (TOOLs Biotechnology, New
Taipei City, Taiwan). QPCR was performed on an ABI StepOne Plus System (Applied
Biosystems, Foster City, CA, USA) using the KAPA SYBR FAST qPCR Master Mix (2X) Kit
(KAPA Biosystems, Woburn, MA, USA). The mRNA level was normalized with the glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA level. The following primers
were used: HO1 (NM_002133) forward: 5′-GCCAGCAACAAAGTGCAAG and reverse:
5′-GAGTGTAAGGACCCATCGGA; NQO1 (NM_000903) forward: 5′-TGCAGCGGCTTTGA
AGAAGAAAGG and reverse: 5′-TCGGCAGGATACTGAAAGTTCGCA; GCLC (NM_001498)
forward: 5′-CTGGGGAGTGATTTCTGCAT and reverse: 5′-AGGAGGGGGCTTAAATCTCA;
ABCC2 (NM_000392) forward: 5′-TACCTAGGCACATGGCTCCT and reverse: 5′- AGAAC
AGGCAGGAGTAGGCT; G6PD (NM_000402) forward: 5′-CAACATCGCCTGCGTTA and
reverse: 5′-CTTGACCTTCTCATCACGG; COX2 (NM_000963) forward: 5′-GTTCCACCCG
CAGTACAGAA and reverse: 5′-AGGGCTTCAGCATAAAGCGT; IL-1β (NM_000576) for-
ward: 5′-TGAGCTCGCCAGTGAAATGA and reverse: 5′-AGATTCGTAGCTGGATGCCG;
TNF-α (NM_000594) forward: 5′- TGGCGTGGAGCTGAGAGATA and reverse: 5′-CTTGGT
CTGGTAGGAGACGG; MMP1 (NM_002421) forward: 5′-GAGATCATCGGGACAACTCTC
CT and reverse: 5′-GTTGGTCCACCTTTCATCTTCAT; MMP3 (NM_002422) forward: 5′-
TGAAATTGGCCACTCCCTGG and reverse: 5′-GGAACCGAGTCAGGTCTGTG; GAPDH
(NM_002046) forward: 5′-GCAAATTCCATGGCACCGTCA and reverse: 5′-TCCTGGAAG
ATGGTGATGGGA.

2.4. Immunoblot

Cells were washed with PBS and harvested with RIPA lysis buffer (50 mM Tris (pH 7.5),
150 mM NaCl, 1mM EDTA, 1% NP-40, 0.1% SDS) supplemented with protease and phos-
phatase inhibitors (1 mM PMSF, 10 µg/mL Leupeptin, 50 µg/mL TLCK, 50 µg/mL TPCK,
1 µg/mL Aprotinin, 1 mM NaF, 5 mM NaPPi, and 10 mM Na3VO4). The cell lysates were
cleared via 15 min spins at 13,000 rpm, 4 ◦C. Protein concentrations were determined by
Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA). The following antibodies were used:
anti-NRF2 (GTX103322, GeneTex, Irvine, CA, USA), anti-GAPDH (60004-1g, Proteintech,
Rosemont, IL, USA), anti-KEAP1 (10503-2-AP, Proteintech, Rosemont, IL, USA), anti-lamin
B1 (66095-1-Ig, Proteintech, Rosemont, IL, USA).
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2.5. Plasmids and Constructs

A 4 Kb NRF2 reporter fragment was generated by digesting the pGL4.37[luc2P/ARE/
Hygro] (Promega Corporation, Madison, WI, USA) with SspI and SalI. A pLKO.1-shLuc
plasmid (clone#TRCN0000072249) purchased from National RNAi Core Facility (Academia
Sinica, Taiwan) was digested by ClaI and KpnI to generate a 5.3 Kb fragment that contained
all required elements for lentiviral transduction and was used as backbone. The Quick
Blunting Kit (New England Biolabs, Beverly MA, USA) was used to convert the incompati-
ble 5′ or 3′ overhangs in these two fragments to blunt-end DNA according to manufacturers’
instructions. The map of the ligation product of these two fragments was confirmed by
restriction enzyme digestion with SspI and EcoRV. The resultant plasmid was then desig-
nated as pLV-ARE-Luc_R (Figure S1). Two plasmids encoding different shRNAs for NRF2,
namely shNRF2-1 (5’AGTTTGGGAGGAGCTATTATC, clone#: TRCN0000007555) and
shNRF2-2 (5’GCTCCTACTGTGATGTGAAAT, clone#: TRCN0000273494); the control plas-
mids for the RNA interference (pLKO.1-shSCR); the packaging plasmid (pCMV-DR8.91);
and the envelope plasmid (pMD.G) were obtained from National RNAi Core Facility
(Academia Sinica, Taiwan).

2.6. Viral Infection

HEK293T cells were used for pseudotyped lentivirus preparation as described previ-
ously [21]. To generate stable cell lines, cells were infected with pseudotyped lentivirus-
containing medium with the presence of polybrene (8 µg/mL) for 24 h. Stable cells were
then selected by antibiotic-containing medium 48 h after infection.

2.7. Luciferase Reporter Assay and Cell Viability Assay

Luciferase reporter assay and cell viability assay were performed based on methods
described in a previous paper [22]. Relative luciferase activity (RLA) was calculated by
normalizing luciferase activity to cell viability. The average RLA of DMSO wells was
defined as the control and attributed a relative NRF2 activity of 100%. Combination index
values were determined using the CompuSyn 1.0 software.

2.8. Subcellular Fractionation

Nuclear and cytoplasmic proteins were collected using EPIXTRACT Nuclear Protein
Isolation Kit (ENZ-45016, Enzo Life Sciences, Ann Arbor, MI, USA) according to the
manufacturer’s instructions.

2.9. Statistical Analyses

All data were analyzed using GraphPad Prism 6.01 software (La Jolla, CA, USA).
Differences in multiple groups were compared with one-way analysis of variance (ANOVA)
followed by Dunnett’s comparison test. In combination study, the data of cell viability
assay were analyzed by two-way ANOVA. A P-value < 0.05 was considered statistically
significant. The Z’-factor was used to quantify the suitability of the luciferase reporter assay
for high-throughput screening (HTS) [23]. A platform with a Z’-factor > 0.5 represents
an excellent assay for HTS. The Z’-factor was calculated based on the following equation:
Z’ = 1 − (3 SD of positive controls + 3 SD of negative controls)/|mean of positive controls
−mean of negative controls|.

3. Results
3.1. Establishment of Drug Screening Platform and Identification of Beilschmiedia tsangii Merr.
Extract as a Selective NRF2 Regulator

Although persistent activation of NRF2 signaling has been reported in several cancer
cell lines, particularly lung cancer, the profile of NRF2 activation among liver cancer cell
lines remains largely unknown [8]. We thus analyzed the basal NRF2 protein level and
the expression of NQO1, an NRF2 target gene, in a panel of five liver cancer cell lines,
namely Sk-hep1, HepG2, Hep3B, PLC/PRF/5, Huh7, and Mahlavu. NRF2, as well as
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NQO1, is expressed at the highest abundance in Huh7 cells (Figure S2). These results
suggest that Huh7 cells could be considered as an HCC cell line with persistent NRF2
activation, and they were used as one screening cell model in this study. On the other hand,
to identify selective NRF2 regulators, we used normal keratinocyte cell line HaCaT cells as
the other cell model, because hand–foot skin reaction (HFSR) is the most common adverse
effect related to sorafenib treatment, which remains the only approved systemic therapy
for advanced HCC [17]. The result confirmed a much lower NRF2 protein expression in
HaCaT cells (Figure S2A).

To monitor NRF2 activity in these two cell lines, a DNA fragment containing an
antioxidant response element (ARE), a minimal promoter, a luciferase reporter gene Luc2P,
a hygromycin resistant gene, and some other required elements was cloned into pLKO.1
lentiviral vector (Figure S1). The reporter fragment was then delivered into Huh7 and
HaCaT cells by the lentiviral system. Cells stably carrying the NRF2 reporter fragment
were selected and maintained by hygromycin-containing medium and were designated
as Huh7/ARE and HaCaT/ARE cells. The existence of the reporter fragment in both cell
lines was evidenced by remarkably elevated luciferase activities (Figure 1A). In addition,
depletion of NRF2 in these two reporter cells (Figure S3) significantly reduced luciferase
activities (Figure 1B,C), which confirm the specificity of these reporter platforms. It was
also interesting to note that a significantly higher NRF2 reporter activity was found in
Huh7/ARE cells compared to HaCaT/ARE cells, which was consistent with the higher
expression level of NRF2 in Huh7 cells. Furthermore, tBHQ, an NRF2 activator, can further
induce NRF2 activity in HaCaT/ARE cells, but not in Huh7/ARE cells. Luteolin, an NRF2
inhibitor, suppressed NRF2 activity in both cell lines (Figure 1A). These results highlight
the difference in NRF2 signaling regulation between these two cell lines and suggest the
usefulness of these two reporter platforms for identifying selective NRF2 regulators.

The qualities of these two platforms were evaluated by signal-to-background ratio
(S/B), signal-to-noise ratio (S/N), and Z’-factor. The S/N, S/B, and Z’-factor for Huh7/ARE
platform were 7.8, 24.1, and 0.69, respectively, and those for HaCaT/ARE platform were
10.5, 77.7, and 0.64, respectively (Figure 1D and Table 1). These results suggest that the
assay conditions of these platforms can be used for high-throughput screening (HTS). To
identify selective NRF2 regulators, we performed HTS of the Taiwanese Indigenous Plant
(TIP) Extract Library (3000 extracts) [20] using these two NRF2 reporter platforms. The
screening was performed as described in Section 2. Extracts that could reduce NRF2 activity
in Huh7 cells to 23% or below without severe cytotoxicity (> 60% viability compared to
DMSO control wells) and increase NRF2 activity in HaCaT cell to 1100% or above were
considered as hits in primary screening. A total of four extracts were selected for valida-
tion, and two extracts that passed validation were further tested in three concentrations
(Figure 2A,B). Beilschmiedia tsangii Merr. (Lauraceae) root extract (BT extract) was the most
potent candidate, with IC50 of 38.5 µg/mL in NRF2 inhibition in Huh7 cells and EC50 of
14.7 µg/mL in NRF2 activation in HaCaT cells (Figure 2C).

Table 1. Statistical parameters of screening platform.

Parameters Values in HaCaT/ARE Values in Huh7/ARE

S/B a 10.5 7.8
S/N a 77.7 24.1

Z’-factor a 0.64 0.69
a Parameters were calculated as follows: S/B = mean of the maximum signal/mean of the minimum signal;
S/N = |mean of signal −mean of background|/SD (standard deviation) of background; Z’ = 1 − (3SD of
positive control + 3SD of negative control)/|mean of positive control −mean of negative control|. DMSO was
considered as background, while luteolin- and tBHQ-treated wells were defined as signal for S/N calculation.
Luteolin- and tBHQ-treated wells were defined as positive controls and DMSO was defined as negative control
for calculating Z’-factor.
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Figure 1. Establishment of high-throughput screening (HTS) platforms for selective NRF2 regulator screening. (A) NRF2
reporter fragment (ARE/Luc) was stably expressed in HaCaT cells (HaCaT/ARE) and Huh7 cells (Huh7/ARE). Luciferase
activity and cell viability were measured in these two stable cell lines and their corresponding parental cells. Relative
luciferase activity (RLA) was calculated as described in Section 2. Luteolin and tert-butylhydroquinone were used as NRF2
inhibitor and activator, respectively. The average of RLA in parental cells was used as a standard for 100%. The graph
shows the means ± SD (n = 6). * indicates significant difference from HaCaT/ARE; # indicates significant difference from
Huh7/ARE by one-way ANOVA. (B,C) Knock-down of NRF2 by shRNAs dramatically reduced NRF2 reporter activity in
HaCaT/ARE cells (B) and Huh7/ARE cells (C). * indicates significant difference from control scramble shRNA (shSCR)
group (** p < 0.01, *** p < 0.001, one-way ANOVA). (D) Variation test for platform evaluation. Huh7/ARE and HaCaT/ARE
cells were determined in two experimental groups: DMSO (circles) and tBHQ (10 µM) or luteolin (50 µM) (squares). In
each group, 30 wells were tested. The average of the DMSO group was used as a standard for 100%. Each dot represents
NRF2 activity for one well. Solid lines represent the mean relative NRF2 activity, and dashed lines represent ± 3 standard
deviations (SDs) for each group.

3.2. Potential Active Ingredients in BT Extracts

The chemical constituents of the root of B. tsangii have been reported previously [24,25].
We evaluated the effects of 23 compounds (Supplementary Table S1), including endiandric
acid analogs (BT10–13, 15, 17, 21, 23), tetrahydrofuran-type lignans (BT01, 03, 04, 16, and
20), benzenoids (BT07, 08, and 19), sesquiterpenes (BT06, 09, 18, and 22), triterpene (BT05),
and steroids (BT02 and 14), on NRF2 activity in both Huh7/ARE and HaCaT/ARE cells.
The results showed that BT04 is the only compound that can suppress NRF2 activity in
Huh7 cells while enhancing it in HaCaT cells (Figure 3A). However, the NRF2 activity
induction efficacy (182% at 100 µM) of BT04 was not comparable to that of BT extract
(1179% at 100 µg/mL). Interestingly, we found that these compounds can be grouped into
different types according to their effects on NRF2 activity in these two cell lines. Firstly,
all lignans (BT01, 03, 04, 16, and 20) displayed Huh7-cell-specific NRF2 inhibitory effects
to different extents. Secondly, BT19 and some endiandric acid analogs (BT10, 12, and 23)
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caused notable enhancement of NRF2 activity (> 200% at 100 µM) specifically in HaCaT
cells. Lastly, BT05 and BT21 inhibited NRF2 activity in both cell lines. We next tested
whether the combination of different types of compounds could recapitulate the dual-
selective effect of BT extract on these two cell lines. Due to the availability of these 23
compounds, we only evaluated the combinatory effect of BT12, a HaCaT-specific NRF2
enhancer, and BT20, a Huh7-specific NRF2 inhibitor. The result clearly demonstrated that
the combination treatment of BT12 and BT20 displayed a dual-selective NRF2 regulatory
activity in HaCaT and Huh7 cells (Figure 3B). These findings strongly suggest that the
dual selectivity of BT extract on NRF2 signaling in normal and cancer cells is most likely
contributed by multiple components/mechanisms.
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Figure 2. Identification of Beilschmiedia tsangii root extract as a selective NRF2 regulator. (A) The XY scatterplot shows the
distribution of relative NRF2 activity in primary screening. Extracts that induced NRF2 activity to >1100% (horizontal
dashed line, which was approximately equivalent to mean + 1SD of all tested extracts) in HaCaT/ARE cells and reduced
NRF2 activity in Huh7/ARE cells to <23% (vertical dashed line, which was approximately equivalent to mean—2SD of
all tested extracts) without severe cytotoxicity (>60% of DMSO control wells) were selected as hits of the primary screen
(red dots). The screening results of Beilschmiedia tsangii root extract (BT extract) are indicated. (B) Screening flowchart
for the identification of selective regulators of NRF2. (C) Huh7/ARE and HaCaT/ARE cells were treated with indicated
concentrations of BT extracts for 24 h. NRF2 activity was calculated as described in Figure 1D.
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Figure 3. Potential active ingredients in BT extracts. (A) Concentration-response plots of compounds isolated from B. tsangii.
The Huh7/ARE and HaCaT/ARE cells were treated with 23 compounds isolated from B. tsangii at 25, 50, and 100 µM for
24 h. The relative NRF2 activity was determined as described in Figure 1D. Data are presented as mean± SD, n = 3. The
compound names are listed in Supplementary Table S1. (B) Combinatory effects of BT12 and BT20 on NRF2 activity in
Huh7 and HaCaT cells. The Huh7/ARE and HaCaT/ARE cells were treated with BT12 and BT20 at 25 and 50 µM for 24 h.
Then, the relative NRF2 activity was determined.
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3.3. Effects of BT Extract on NRF2 Signaling in Huh7 and HaCaT Cells

Next, we evaluated the effect of BT extract on NRF2 signaling. BT extract increased
NRF2 protein level in a concentration-dependent manner in HaCaT cells, while reducing
it in Huh7 cells (Figure 4A,B). Moreover, a significant and concentration-dependent re-
duction in NRF2 mRNA was observed in BT-extract-treated Huh7 cells. Interestingly, BT
extract also caused a slight yet significant decrease in NRF2 mRNA level in HaCaT cells
(Figure 4C,D). These results indicate that BT extract could suppress NRF2 expression at the
transcription level via a mechanism that is more robust in Huh7 cells than in HaCaT cells.
In addition, these findings also suggest that BT extract increased NRF2 protein expression
post-transcriptionally in HaCaT cells. To attain a deeper understanding of the effects of BT
extract on NRF2 activation in HaCaT cells, we isolated cytoplasmic and nuclear proteins
and analyzed the expression levels of NRF2 and KEAP1 in both fractions. The results
showed that treatment with BT extract significantly increased both cytoplasmic and nuclear
NRF2 protein expression in HaCaT cells within 2 h and still maintained a higher level of
expression after 4 h, while neither the protein level nor the location of KEAP1 was affected
by BT extract treatment. NRF2 showed faster and slower mobility bands in immunoblot-
ting. Interestingly, while the slower mobility band appeared mainly in the nuclear fraction
in the DMSO control group, its expression increased substantially in both cytoplasmic
and nuclear fractions upon BT extract treatment (Figure 4E). These results suggest that BT
extract could induce NRF2 protein accumulation and alterations in its posttranslational
modification, which in turn promote the nuclear translocation of NRF2. Next, the mRNA
expression levels of NRF2 target genes, namely NQO1, ABCC2, GCLC, G6PD, and HO1,
were determined by QPCR. BT extract induced significant and concentration-dependent in-
duction of G6PD and HO1 expression in HaCaT cells. NQO1 and GCLC were only slightly
induced by BT extract, and ABCC2 did not seem to be affected by BT extract in HaCaT cells
(Figure 4C). On the other hand, BT extract caused a significant concentration-dependent
reduction in NQO1, ABCC2, and GCLC expression in Huh7 cells (Figure 4D). No notable
change in G6PD expression in Huh7 cells was observed upon BT extract treatment. Sur-
prisingly, a significant induction of HO1 expression was found in BT-extract-treated Huh7
cells (Figure 4D). To obtain further insight into this phenomenon, Huh7/ARE cells bearing
shSCR or shNRF2 were treated with BT extract and used for HO1 expression measurement.
We found that BT extract dramatically induced HO1 expression in NRF2-depleted Huh7
cells (Figure S4). This finding suggests that BT extract could suppress NRF2 signaling in
Huh7 cells, while activating it in HaCaT cells, and that BT-extract-mediated HO1 induction
in Huh7 cells mostly relies on NRF2-independent mechanism(s).

3.4. BT Extract Sensitizes Huh7 Cell to Sorafenib Treatment

Inhibition of NRF2 signaling has been reported to make cancer cells vulnerable to
anticancer drugs [7,12]. Thus, we tested whether BT extract could sensitize Huh7 cells to
sorafenib. Combination of BT extract and sorafenib induced more substantial cytotoxicity
effects in Huh7 cells than those of sorafenib alone (Figure 5A). We further evaluated
the effects of treatment with sorafenib and BT extract by determining the combination
index (CI) values using the Chou–Talalay method [26]. CI < 1 indicates synergistic effect,
while CI = 1 and CI > 1 indicate additive and antagonistic effects, respectively. A slight to
moderate synergistic effect was observed in some combinations of sorafenib with 12.5 or
25 µg/mL BT extracts (Figure 5B and Table 2). On the other hand, we hardly detected any
change in sorafenib-induced cytotoxicity in HaCaT cells with or without the presence of
BT extract (Figure 5). These findings suggest that BT extract selectively sensitized Huh7
cells to sorafenib.
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Figure 4. The effect of BT extract on NRF2 signaling in Huh7 and HaCaT cells. (A,B) HaCaT and
Huh7 cells were treated with indicated concentrations of BT extracts for 8 h. NRF2 protein level
was measured by immunoblot. (C,D) The HaCaT and Huh7 cells were treated with indicated
concentrations of BT extracts for 18 h. Total RNA was isolated and submitted to reverse transcription
and QPCR for the detection of NRF2 and expression levels of its target genes. Statistical analysis was
performed using ANOVA, and different superscript letters indicate statistically significant differences
(p < 0.05); ns, nonsignificant. (E) HaCaT cells were exposed to 50µg/mL BT extract for 2 and 4 h. The
levels of NRF2 and KEAP1 in cytoplasm and nuclei were detected by immunoblot. Lamin B1 and
GAPDH served as nuclear and cytoplasmic markers, respectively.
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Figure 5. BT extract selectively potentiates sorafenib-mediated cytotoxicity in Huh7 cells. (A) Huh7 and HaCaT cells were
exposed to indicated concentrations of sorafenib in the absence or presence of indicated concentrations of BT extracts for
72 h. The alamarBlue reagent was used to determine cell viability. DMSO solvent control was used as a standard for 100%
activity. Data are presented as mean± SD from three independent experiments. Statistical analysis was performed with
results from Huh7 set using two-way ANOVA followed by Dunnett’s multiple comparisons test: * p < 0.05; $ p < 0.001;
# p < 0.0001 vs. DMSO group. (B) Combination index (CI) for sorafenib and BT extract in Huh7 cells was calculated using
CompuSyn software.

Table 2. The combination index (CI) of sorafenib and BT extract treatment on Huh7 cells.

Sorafenib (µM)
BT Extract (µg/mL)

12.5 25 50

20.000 1.522 1.885 1.917
10.000 1.095 1.242 1.507
5.000 0.985 0.930 1.150
2.500 0.773 0.740 0.964
1.250 0.587 0.689 1.150
0.625 0.618 0.639 1.100
0.313 0.524 0.617 0.955
0.156 0.708 0.588 0.977

3.5. BT Extract Reduces Sorafenib-Mediated Expression of Hyperkeratotic Factors in HaCaT Cells

Hand–foot skin reaction (HFSR) is one of the most common adverse effects of so-
rafenib. However, the mechanism of the cutaneous toxicity remains largely unknown, and
optimal treatment or prevention has yet to be developed [17,27]. A main feature of HFSR
is hyperkeratosis, which is also frequently observed in patients who suffer from adverse
effects induced by tyrosine kinase inhibitors. Upregulation of TNF-α has been detected in
such skin lesions [28]. Genetic polymorphism and serum level of TNF-α have been shown
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to be associated with sorafenib-induced HFSR [29]. TNF-α can induce inflammation and
participate in the impairment of skin barrier function, which thus increases the sensitivity
of skin to environmental insults [28,30]. Abnormal expression of matrix metalloproteinases
such as MMP1 and MMP3 is known to affect the homeostasis of keratinocytes [31–33]. In
addition, MMP1 and MMP3 can be induced by TNF-α and sorafenib treatment, respec-
tively [34,35]. Moreover, these genes have been shown to be downregulated by NRF2
signaling [36–38]. Here, we found that sorafenib can induce mRNA expression of TNF-α,
COX2, IL-1β, MMP1, and MMP3 in HaCaT cells. More importantly, BT extract significantly
reversed sorafenib-mediated induction of these genes (Figure 6). This finding suggests a
potential beneficial effect of BT extract on sorafenib-induced skin toxicity.

Figure 6. BT extract reduces the expression of hyperkeratotic factors caused by sorafenib in HaCaT cells. HaCaT cells were
pretreated with or without BT extract (50 µg/mL) for 8 h and then exposed to indicated concentrations of Sora for 18 h.
Total RNA was submitted to reverse transcription and real-time PCR for the detection of TNF-α, COX2, IL-1β, MMP1, and
MMP3 genes. For normalization, GAPDH was analyzed as an internal control. Data are expressed as relative mRNA level
to nontreated group and presented as mean± SD from three independent experiments. Statistical analysis was performed
using ANOVA, and different superscript letters indicate statistically significant differences (p < 0.05).

4. Discussion

NRF2, a pleiotropic transcription factor, not only plays a crucial role in cancer pre-
vention but also promotes each hallmark of cancer through direct or indirect manners [39].
With its dual roles in normal cells and cancer cells, modulation of NRF2 activity should be
performed cautiously. Ideally, a selective NRF2 inhibitor would suppress NRF2 signaling
only in cancer cells but not in normal cells; thus, it could enhance the therapeutic effects of
anticancer drugs without worsening side effects. By contrast, a selective NRF2 activator
would only activate NRF2 signaling in normal cells; therefore, it could ameliorate the
adverse effects of anticancer drugs without compromising therapeutic effects. Moreover,
we wondered if an NRF2 regulator could possess dual selectivity in cancer cells and normal
cells. Therefore, a combination of platforms to identify selective NRF2 regulators is required
for the development of novel therapeutic modalities targeting NRF2 signaling. Here, we
used a liver cancer cell line, in which NRF2 signaling is consistently activated, and a normal
keratinocyte cell line as models, and we built stable screening platforms to monitor the
effects of plant extracts on NRF2 activities in both cell lines. Interestingly, an extract of the
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root of Beilschmiedia tsangii (BT extract) was identified to display opposite selective effects,
in which BT extract suppressed NRF2 signaling in an NRF2-hyperactivated liver cancer cell
line and induced NRF2 signaling in a normal keratinocyte cell line. More importantly, we
showed that BT extract caused cell-specific alterations in NRF2 mRNA and protein levels
in Huh7 and HaCaT cells. The results of our study suggest that these platforms could
represent a novel strategy to identify single/dual-selective NRF2 regulators.

In general, in our platforms, tBHQ increases NRF2 activity to around 850–1100% in
HaCaT cells and luteolin reduces NRF2 activity to around 7–21% in Huh7 cells when
compared to their own DMSO controls (100%) (Figure 1D). The screening results showed
that the average effects of these 3000 extracts were around 463% and 76% in HaCaT and
Huh7 cells, respectively. These findings indicate that a majority of extracts in the TIP library
exert mild NRF2-activating effects in HaCaT cells. Moreover, among 3000 extracts, there
were 239 (~8%) extracts that showed activity greater than 1100% and could be considered as
substantial NRF2 inducers in HaCaT cells. On the other hand, there were 126 (4.2%) extracts
that reduced NRF2 activity to less than 23% of DMSO controls in Huh7 cells. However, only
4 out of 3000 extracts fit both criteria and were selected for further validation tests. Among
them, only two extracts passed the tests and were considered as hits of this high-throughput
screening. These results clearly show the scarceness of extracts with dual selectivity. It
is also worth noting that 9 extracts among the 239 substantial NRF2 inducers in HaCaT
cells could also enhance NRF2 activity to 150–200% in Huh7 cells. Although the chance
of identifying cancer cell/normal cell nonselective NRF2 activators might be limited, our
screening results showed that there are still plant extracts that could further induce NRF2
activity even in NRF2-hyperactivated cancer cells. On the other hand, 80 extracts out of
the 126 NRF2 suppressors in Huh7 cells could also reduce NRF2 activity to less than 23%
in HaCaT cells. These results suggest that using NRF2-hyperactivated cancer cells as a
platform to screen NRF2 inhibitors could possibly generate a majority of hits that also
suppress NRF2 activity in normal cells. Accordingly, these results further demonstrate the
advantage of utilizing NRF2-hyperactivated cancer cells and normal cells simultaneously
as selective NRF2 regulator screening platforms.

As aforementioned, NRF2 has been considered as a therapeutic target for cancer
treatment. Many synthetic and natural compound NRF2 inhibitors have been discovered
and evaluated in vitro and in vivo [11,12]. However, some NRF2 inhibitors, such as luteolin,
apigenin, and 4-methoxychalcone, display mixed effects on NRF2 signaling. Depending
on treatment concentration or cell type, these compounds could either activate or inhibit
NRF2 signaling [11]. One possible explanation for the divergent effects of NRF2 inhibitors
is that aberrant NRF2 activation can be caused by multiple mechanisms, including genetic
mutations, epigenetic changes, transcriptional alterations, metabolic changes, and altered
interaction with regulators [8,12]. Moreover, NRF2 activation may be beneficial not only in
reducing adverse effects but also in enhancing cancer immunotherapy via inhibiting the
immunosuppressive and tumor-promoting functions of myeloid-derived suppressor cells
(MDSCs) [40,41]. Thus, NRF2 activators could be considered as an immunostimulatory
therapy for cancer. One argument is that the effect of NRF2 activators on cancer cells
with persistent NRF2 activation is negligible because NRF2 signaling is already strongly
activated in these cancer cells [8,41]. Our results for tBHQ treatment also support this
notion (Figure 1A). However, one should also notice that several extracts could still increase
NRF2 activity in Huh7 cells to more than 150% (Figure 2A). To take all these observations
into consideration, and also from a precision medicine point of view, a panel of different
cancer cell platforms and platform pairs with different noncancer cells are required to
profile the cell-context-dependent effects of each NRF2 regulator. Therefore, identifying or
building up the most representative cell line or cell line panel for evaluating the effects of
NRF2 regulators in different cell contexts would be an interesting and important task to be
completed in the future.

In the screening of pure compounds isolated from the root of B. tsangii, we found that
only one compound (BT04) displayed dual selectivity (Figure 3). However, the effect of
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BT04 on HaCaT cells was not comparable to that of BT extract. The simplest explanation is
that the true major active component was not in the panel of compounds that we tested.
These findings also imply a scarcity of compounds with dual selectivity. Nevertheless, we
observed that two series of compounds showed opposite selectivity on NRF2 signaling: all
lignans (BT01, 03, 04, 16, and 20) displayed Huh7-cell-specific NRF2 inhibitory effects, while
three endiandric acid analogs (BT10, 12, and 23) caused HaCaT-cell-specific enhancement
of NRF2 activity. These findings strongly suggest that the dual selectivity of BT extract
on NRF2 signaling in HaCaT cells and Huh7 cells is most likely contributed by multiple
components and different mechanisms. Based on this observation, we infer that a com-
bination of normal-cell-specific NRF2 activators and cancer-cell-specific NRF2 inhibitors
could represent a novel strategy to achieve selective regulation of NRF2 signaling for better
cancer treatment. Nevertheless, it is also interesting to test whether the combination of
two functional moieties, one each from selective NRF2 inhibitor and activator, would still
possess dual selectivity on NRF2 signaling. Incidentally, some of the 23 compounds used
in this study had been evaluated for their iNOS-inhibitory activities [24,25]. However,
most of them displayed IC50 values of around 50 µM and did not correlate with NRF2
regulatory activities.

As mentioned above, our inference is that multiple compounds contribute to the dual
selectivity of BT extract. However, in fact, this is the fundamental of traditional herbal
medicine: more than one component contributes to the overall therapeutic effect, and
some components may not have therapeutic activities but are required for the combinatory
effects [42,43]. To possess dual-selective NRF2 regulation function in cells with different
regulatory contexts of the NRF2 pathway, the candidate must have the ability to modulate
at least two distinct mechanisms. Thus, the conventional “one drug, one target, one
mechanism” concept would not fit our screening described in this study. Moreover, chronic
diseases such as cancer tend to stem from multiple molecular abnormalities [44]. Thus,
a “multiple drugs, multiple targets” approach would be a more effective therapeutic
strategy [45], which is the foundation of our screening principle. Furthermore, our results
also highlight the advantage of utilizing plant extracts or partially purified fractions for
the discovery of selective NRF2 regulators. Finally, we are still working on the expansion
of the Taiwanese Indigenous Plant Extract Library. We believe that this library, which has
high chemical diversity, is a useful resource for new drug development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10040544/s1, Figure S1: Basal NRF2 expression level and activity in different cell lines,
Figure S2: Construction of lentiviral-based NRF2 luciferase reporter plasmid, Figure S3: Validation
of shRNA-mediated NRF2 knockdown, Figure S4: BT-extract-mediated HO1 induction was NRF2-
independent, Figures S5–7: Raw images of all Western blot results, Table S1: Compounds used in
this study.
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