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Abstract

The carcinogenesis and progression of renal cell carcinoma (RCC), a heterogeneous
cancer derived from renal tubular epithelial cells, is closely related to oxidative stress
responses (OSRs). Oxidative stress responses participate in various biological pro-
cesses related to the metabolism and metastatic potential of cancer such as inflam-
mation, epithelial-mesenchymal transition (EMT), and angiogenesis. In this study, we
investigated the role of broad complex-tramtrack-bric-a-brac and cap ‘n’ collar homol-
ogy 1 (BACH1), a key transcription factor for OSRs, in clear cell RCC (ccRCC) develop-
ment and prognosis. The poor prognosis and elevation of serum inflammation markers
in nephrectomized ccRCC patients were correlated with the intratumor expression of
BACH1 accompanied by a downregulation of heme oxygenase-1. BACH1 contributes
to the invasion and migration abilities of RCC cell lines without affecting their prolifer-
ation in vitro. In contrast, BACH1 contributes to tumor progression in vivo, in relation
to OSRs with the activation of EMT-related pathways. BACH1 involvement in other
OSR-linked pathways, including inflammatory responses, angiogenesis, and mTOR
signaling, was further revealed by RNA sequencing analysis of BACH1-knockdown
cells. In conclusion, the crucial role of BACH1 in the pathogenesis and poor prognosis

of ccRCC through the promotion of OSRs is suggested.
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1 | INTRODUCTION

Renal cell carcinoma, a heterogeneous cancer derived from renal
tubular epithelial cells, is the 12th most common solid tumor that
develops in more than 400,000 patients per year worldwide.* As
most RCC cases are found without metastasis, surgical resection has
been one of the standard therapies. However, approximately 30%
of patients with RCC are diagnosed after metastasis.? Furthermore,
patients with metastatic RCC tend to show an abysmal prognosis;
therefore, systemic treatments such as molecular-targeted therapy
and immunotherapy have been proposed for these patients.®

There are many risk factors for RCC development, including ex-
cess bodyweight, hypertension, cigarette smoking, chronic kidney
disease, hemodialysis, kidney transplantation, and acquired kidney
cystic diseases.*® They are mostly related to hypoxia and inflamma-
tory processes, which are recognized to have a strong relationship
with each other’ and consequently play an important role in cancer
progression.m'14

Hypoxia promotes the generation of ROS, which induce OSRs.
Due to their close relationship with various carcinogenetic and tum-
origenic processes, including inflammation, EMT, and angiogenesis,
OSRs are crucially involved in the development of RCC.2>/

A cap ‘n’ collar-basic region leucine zipper factor (CNC-bZip) fam-
ily transcription factor, BACH1 is implicated in OSRs and the resulting
upregulation of the metabolism and metastatic potential of cancer.'®
From the identification of BACH1 by Oyake et al.,*’ various biolog-
ical activities of BACH1, such as regulation of the cell cycle, heme
homeostasis, hematopoiesis, and immunity, have been explored.?
BACH1 negatively regulates the inflammation-related gene HMOX1,
which encodes an antioxidant enzyme, HO-1. Heme oxygenase-1
catalyzes the degradation of heme and is involved in immunomod-
ulatory, cytoprotective, and anti-inflammatory responses.?*??
Consequently, BACH1-mediated HO-1 downregulation results in en-
hanced ROS production.23 However, the contribution of BACH1 to
the development and prognosis of RCC, including the participation
of the HO-1-related pathway, has not been investigated.

In this study, we showed that BACH1 expression accompanied
by the downregulation of HO-1 is closely related to the poor prog-
nosis of nephrectomized ccRCC patients, in association with its en-
hanced invasion, migration, and tumor progression activity in RCC
cells. Furthermore, by exploring BACH1-mediated and OSR-related
biological pathways, it was suggested that the effectiveness of
mTOR inhibitors and TKIs in patients with ccRCC could be predicted
by examining BACH1 expression.

2 | MATERIALS AND METHODS
2.1 | Subjects
Seventy-seven patients diagnosed with ccRCC who underwent

nephrectomy at the Hiroshima University Hospital between
April 2002 and December 2012 were included. The pathological

diagnosis was carried out based on the 2016 WHO classifica-
tion.?* Upon evaluating the patient background and survival
prognosis, we obtained relevant clinicopathologic data from
the medical records, such as age, sex, pathological TNM stage,
tumor grade, and blood biochemical tests. Tumor staging was
undertaken according to the 2010 American Joint Committee
on Cancer TNM Staging System.25 The study was conducted in
accordance with the Declaration of Helsinki and Good Clinical
Practice guidelines. All experimental procedures were approved
by the Ethics Committee of Hiroshima University Hospital (ap-
proval no. E-588-2). All patients provided written informed con-

sent prior to participation.

2.2 | Immunohistochemical staining

Immunohistochemical staining was carried out on tumor sections
obtained by nephrectomy, as described previously.?® Briefly, the
sections were incubated with anti-BACH1 (1:200; HPA034949;
Atlas Antibodies) or anti-HO-1 Ab (1:100; sc-136960; Santa Cruz
Biotechnology) for 1 h at room temperature. After washing with
PBS containing 0.05% Tween-20, the sections were incubated
with anti-rabbit or anti-mouse HPR polymer (Agilent Technologies)
for 1 h at room temperature, followed by incubation with
3,3'-diaminobenzidine substrate buffer (Agilent) for 1 min. Upon
blinded examination by two independent uropathologists, the stain-
ing intensity of the resulting specimens was determined as positive
or negative for BACH1 and categorized into four grades (very weak,
weak, moderate, or strong) for HO-1.

2.3 | Cell culture

Human RCC cell lines 786-O (RRID: CVCL_1051), Caki-1
(CVCL_0234), and ACHN (CVCL_1067), and a murine RCC cell
line RenCa (CVCL_2174) were purchased from the Japanese
Collection of Research Bioresources Cell Bank, and maintained
at 37°C in a humidified atmosphere containing 5% CO, in RPMI-
1640 medium (Sigma-Aldrich) supplemented with 10% FBS (Gibco)
and 1% penicillin-streptomycin (FUJIFILM Wako Pure Chemical

Corporation).

2.4 | Transfection and RNA interference

To knock down BACH1 expression in 786-0, Caki-1, and ACHN cells,
we used siRNA-based RNA interference technology. Cells were in-
dependently transfected with two different siRNAs against human
BACH1 (siBACH1-1 [#s1859] and siBACH1-2 [#s1860]; Stealth RNAI,
Thermo Fisher Scientific) or control siRNA (siCtrl; Silencer, Thermo
Fisher Scientific) using Lipofectamine RNAIMAX reagent (Thermo
Fisher Scientific). The cells were collected 48 and 72 h after RNA and

protein extraction, respectively.
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2.5 | Lentivirus infection

For ectopic expression of BACH1 in 786-0, Caki-1, and ACHN cells,
a human ORF DNA sequence corresponding to the BACH1 gene
was cloned into a lentiviral plasmid, pCDH-MSCV-MCS-EF1-GFP-
T2A-Puro (pCDH; RRID: Addgene_102325). An empty construct
of pCDH was used as the negative control. After confirming that
the BACH1 sequence was cloned, the lentiviral constructs were
cotransfected with helper plasmids, PMDLg/pRRE, pRSV-Rev
(RRID: Addgene_12253), and pVSV-G (RRID: Addgene_138479)
into Lenti-X 293T cells (Takara) using Lipofectamine 2000 (Thermo
Fisher Scientific). All vectors were purchased from Addgene. After
48h, the lentiviral supernatant was recovered, filtered, concen-
trated using a Lenti-X concentrator (Takara), and then used to infect
the target cells overnight. The resulting infected cells were sorted
as GFP-positive cells using a BD FACSAria Il flow cytometer (BD

Biosciences).

2.6 | CRISPR/Cas9-mediated gene editing

To knock out Bachl expression in RenCa cells, we used a CRISPR/
Cas9-mediated gene editing technique. For this purpose, commer-
cially available Bachl sgRNA CRISPR/Cas? All-in-One Lentivector
set (Mouse) and CRISPR scrambled sgRNA All-in-One Lentivector
(with spCas9) were purchased from Applied Biological Materials. The
Lenti-X 293T cells were cotransfected with 1 pg of the plasmids and
third generation packaging mix (Applied Biological Materials) using
Lipofectamine 2000 (Thermo Fisher Scientific) transfection reagent.
After 48h, the lentiviral supernatant was recovered, filtered, and
then used to infect the RenCa cells overnight. The resulting infected
cells were purified by antibiotic selection with puromycin (FUJIFILM

Wako Pure Chemical Corporation).

2.7 | Quantitative RT-PCR

Total RNA was isolated using NucleoSpin RNA (Takara), and 500ng
total RNA was reverse-transcribed to cDNA using PrimeScript RT
Master Mix (Takara). Quantitative PCR analysis was carried out for
the cDNA with SYBR Select Master Mix (Applied Biosystems) using
the Step One Plus Real-time PCR System (Applied Biosystems). The
Ct values were normalized to the expression of an endogenous

202481 yalues were calculated for

housekeeping gene, HPRT, and
relative quantification. The reactions were carried out in triplicate

using the quantitative PCR primers listed in Table S1.

2.8 | Western blot analysis

Western blot analysis was carried out as described previously.?’

Briefly, the protein samples were electrophoresed on 5%-20%

Cancer Science NuIIS ax

precast polyacrylamide gels (SuperSep Ace; FUJIFILM Wako Pure
Chemical Corporation) and transferred to nitrocellulose blotting
membranes (GE Healthcare Life Science) by electroblotting. The
membranes were blocked for 30min with 5% nonfat dry milk in
TBST (10mM Tris, pH 8.0, 150mM NaCl, and 0.05% Tween-20)
and incubated with primary Abs at 4°C overnight. The primary
Abs used in these assays were as follows: anti-human BACH1
(1:2000, #A303-058A; Bethyl Laboratories), anti-mouse Bachl
(1:1000, #66762-1-g; Proteintech), anti-HO-1 (1:1000, #sc-136960;
Santa Cruz Biotechnology), anti-E-cadherin (1:1000, #14472; Cell
Signaling Technology), anti-N-cadherin (1:1000, #13116; Cell
Signaling Technology), anti-vimentin (1:1000, #5741; Cell Signaling
Technology), anti-p21 (1:1000, #2946; Cell Signaling Technology),
anti-p53 (1:1000, #sc-126; Santa Cruz Biotechnology), anti-RB
(1:1000, #9309; Cell Signaling Technology), and anti-p-actin
(1:5000, #A2228; Sigma-Aldrich).

2.9 | Transwell invasion assay

For the Transwell invasion assay, 24-well cell culture inserts (Corning)
and 8.0 pm pore size ThinCert membranes (Greiner Bio-One) were
used. Cells suspended in serum-free medium were seeded in the
top chamber after adding serum-containing medium (10% FBS) to
the bottom chamber. Twenty-four hours later, the cells that translo-
cated to the bottom surface of the membrane were recovered and

counted following Diff-Quick staining.

2.10 | Wound healing assay

We used a wound healing assay to detect cell migration. Cells were
seeded in a culture insert (ibidi culture-insert 2 well; ibidi GmbH)
at a density of 5.0x 10° cells/ml. After allowing the cells to adhere
overnight, the culture insert was recovered and washed with PBS
to remove the nonadherent cells. The cells were then cultured in
fresh medium for 10 h. After photographing the plate at the start
and end of the culture period, the number of cells that migrated
into the wound space was manually counted in three fields per well
under light microscopy at 50x magnification. Cell migration areas
were quantified using Imagel software (NIH; https://imagej.nih.

gov/ij/).

2.11 | Cell proliferation assay

Cells (5.0 x 10%/ml) were incubated in a 96-well cell culture plate for
24 h. Cell proliferation was assessed using the Premix WST-1 Cell
Proliferation Assay System (Takara) and expressed as an absorbance
value measured using a microplate reader at 450 nm. For each meas-
urement, wells with untreated cells and media without cells served

as controls and blanks, respectively.
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2.12 | Oxidized glutathione/reduced
glutathione assay

To assess the oxidative stress level in tumors, we examined the
GSSG/GSH ratio by using a GSSG/GSH Quantification kit (#G257;
Dojindo Laboratories). Briefly, the tumor tissue (100 mg) was homog-
enized in lysis buffer (5% 5-sulfosaliylic acid dihydrate: #190-04572;
FUJIFILM Wako Pure Chemical Corporation) and centrifuged at
80004 at 4°C for 10 min. The supernatant was collected and its ab-
sorbance value was measured using a microplate reader at 405 nm.
Following the detection of GSSG, the concentration of GSH was
calculated by subtracting 2x GSSG concentration from the total glu-
tathione concentration. The GSSG/GSH ratio was determined using

these parameters.

2.13 | RNA sequencing and GSEA

Total RNA extracted from BACH1-knockdown cells and their con-
trols was converted into libraries using the SureSelect Strand-
Specific RNA Library Preparation kit (Agilent). Transcriptome
analysis was undertaken using the next-generation sequencer
HiSeq 2500 (lllumina). The generated sequence tags were mapped
onto human genomic sequences (hg38). Gene Set Enrichment
Analysis (version 4.1.0) software was downloaded from the web-
sites of the Broad Institute (http://software.broadinstitute.org/

gsea/downloads.jsp).

2.14 | Tumor implantation

All animal experiments were carried out in strict accordance with the
recommendations of the Guide for the Care and Use of Laboratory
Animals of the Hiroshima University Animal Research Committee
(permission no. 29-58). In a xenograft model, BACH1-overexpressed
786-0 cells (786-0O/exBACH1) and empty vector-transfected 786-O
cells (786-O/EV) (1.0 x 10* in 100 ul HBSS were injected subcutane-
ously into 8-week-old female BALB/c-nu mice (Charles River). In an
allograft model, Bach1-knockout RenCa cells (RenCa/Bach1-KO) and
empty vector-transfected RenCa cells (RenCa/EV) (1.0 x 10°) in 50 pl
HBSS and 50pl Matrigel (Corning) were injected subcutaneously
into 8-week-old male BALB/c mice (Charles River). The estimated
tumor volumes were measured weekly for 5-6 weeks using calipers
and calculated as (w?x1)/2, where w = width and | = length. The
mice were killed, the tumors were excised, and their weights were
measured. Tumor cells were subjected to western blotting and GSH/
GSSG assay.

2.15 | Insilico analysis

Clinicopathologic data of 533 ccRCC patients in the TCGA

Firehose Legacy datasets were downloaded from the cBioPortal

for Cancer Genomics (https://www.cbioportal.org) and used for
patient characteristic analyses (age, sex, pathologic T stage, tumor
grade, and stage). Upon processing mRNA expression z-scores
relative to diploid samples (RNA-Seq V2 RSEM), patients were
divided into BACH1 mRNA-high and -normal groups. There were
no “mRNA-low” cases. Kaplan-Meier analyses of disease-free and
overall survival for the two groups were carried out. By using an-
other TCGA-based Gene Expression Profiling Interactive Analysis
(GEPIA) database (gepia.cancer-pku.cn) developed by Tang et al.,?®
516 ccRCC patients were divided into low and high HMOX1 ex-
pression groups using a median cut-off value. Kaplan-Meier analy-
ses of disease-free and overall survival for the two groups were

undertaken.

2.16 | Statistical analysis

Multiple group comparisons were carried out using a one-way
ANOVA with Dunnet's multiple comparison test. Statistical analyses
were carried out using GraphPad Prism 8 (GraphPad Software Inc.;
RRID: SCR_002798). Linear regression analysis, Fisher's exact test,
unpaired t-test, X2-test, and log-rank test were used to compare the
two groups. In addition, univariate and multivariate Cox regression
analyses were undertaken using JMP software (SAS Institute Inc,;
RRID: SCR_008567). Statistically significant differences were indi-
cated by p values less than 0.05. For evaluating the false positive
possibility, false discovery rate-adjusted p values (g values) were also
calculated for the GSEA.

3 | RESULTS

3.1 | Expression of BACH1 in nephrectomized
ccRCC patients

The expression of BACH1 in tumor specimens from nephrectomized
ccRCC patients was analyzed. Immunohistochemical BACH1 stain-
ing patterns of ccRCC specimens were separable as positive or neg-
ative based on the judgments of two independent uropathologists.
As shown in Figure 1A, an apparent boundary between normal and
tumor tissues was recognized by the BACH1 staining. Even in the
tumor samples, BACH1-positive and -negative specimens were evi-
dently distinguishable (Figure 1B). The expression of BACH1 was
mainly detected in the tumor nucleoplasm and cytoplasm. Tumor
specimens positive for BACH1 were obtained from 31 (40%) of 77
patients. BACH1 expression was significantly associated with high
pathologic T stage, grade, and metastatic rate in ccRCC patients
(Table 1). Kaplan-Meier analysis revealed worse progression-free
and cancer-specific survival rates in BACH1-positive cases com-
pared to BACH1-negative cases (p<0.001 and = 0.007, respec-
tively) (Figure 1C). The relationship between BACH1 expression
and the survival rate of patients with ccRCC was further explored

by referring to a public database. High BACH1 mRNA expression in
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FIGURE 1 Relationship between (A)
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BACH1 expression and clear cell renal
cell carcinoma (ccRCC) progression. (A)
Immunohistochemical BACH1 staining
of nonneoplastic kidney and ccRCC.

The results shown are representative

of 77 independent specimens. Original
magnification, x100. Scale bar, 200 pm.
Broken line indicates the boundary
between nonneoplastic and cancerous
tissue. (B) Immunohistochemical staining
of BACH1-positive and -negative tumors.
The results shown are representative

of 31 BACH1-positive and 46

Positive

BACH1-negative specimens. Original

magnification, x400. Scare bar, 50 um. (C) < Nonneoplastic

Renal cell carcinoma
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ccRCC patients was significantly associated with high pathologic T
and disease stages (Table S2). Furthermore, disease-free and over-
all survival rates were significantly worse in BACH1 mRNA-high
cases than in BACH1 mRNA-normal cases (p = 0.013 and 0.002,
respectively; Figure S1). These results suggest that BACH1 expres-
sion is associated with poor prognosis in patients with ccRCC.
Next, we evaluated the association between BACH1 expression
and serum inflammatory marker levels. Serum levels of CRP and
the NLR were significantly higher in BACH1-positive cases than in
BACH1-negative cases (Figure 1D), suggesting a relationship be-

tween BACH1 expression and inflammatory responses.

3.2 | BACH1 promotes cell invasion and migration,
but not proliferation, in vitro

To determine the functional significance of BACH1 in RCC, we
investigated the contribution of BACH1 to cell invasion, migra-
tion, and proliferation by knocking down and overexpressing
BACH1 in 786-0, Caki-1, and ACHN cells, well-known RCC cell
lines.?? Successful knockdown (Figure 2A) and overexpression
(Figure 2B) of BACH1 were confirmed at the mRNA (Figure 2A,B,
upper panels) and protein (Figure 2A,B, lower panels) levels by
gRT-PCR and western blotting, respectively. BACH1-knockdown
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TABLE 1 Comparison of clinical characteristics between
BACH1-positive and -negative nephrectomized clear cell renal cell
carcinoma patients

Case (% of total)

BACH1-positive BACH1-negative p

(n=31) (n = 46) value
Age, years
<70 22(71.0) 29 (63.0) 0.47
>70 9(29.0) 17 (37.0)
Gender
Male 24 (77.4) 34 (73.9) 0.72
Female 7 (22.6) 12 (26.1)
Pathologic T stage
<pT3 18(58.1) 40 (87.0) <0.01
2pT3 13 (41.9) 6(13.0)
Tumor grade
G1/2 16 (51.6) 36(78.3) 0.01
G3 15 (48.4) 10 (21.7)
Lymph node status
NO 26 (83.9) 43(93.5) 0.18
N1 5(16.1) 3(6.5)
Metastasis status
MO 19 (61.3) 43 (93.5) <0.01
M1 12 (38.7) 3(6.5)

and -overexpressed cells displayed significantly decreased and in-
creased invasive activity, respectively, compared to their controls
(Figure 2C,D). In addition, the migration activity of 786-0, Caki-1,
and ACHN cells was downregulated and upregulated by knock-
down and overexpression of BACH1, respectively (Figure 2E,F).
However, the proliferation of these cells was not affected by
knockdown or overexpression of BACH1 (Figure S2), suggesting
that BACH1 promotes RCC cell invasion and migration without af-
fecting proliferative activity in vitro.

To investigate the role of BACH1 in the expression of OSR-
related proteins, western blotting for p21, p53, and RB was carried
out onto BACH1-overexpressed 786-0 and Caki-1 cells. The expres-
sion of p53 and RB was not affected but that of p21 was slightly
downregulated by BACH1 overexpression (Figure S3).

3.3 | RNA sequencing analysis for BACH1-
knockdown cells

We undertook RNA sequencing analysis of BACH1-knockdown
786-0 cells. Upon processing the resulting data with GSEA, a series of
hallmark gene sets were extracted (Figure 3A). Among several notable
pathways extracted, inflammatory response, EMT, mTORC1 signaling,
and angiogenesis pathways, as well as 13 other pathways, were sig-

nificantly associated with the expression of BACH1 (Figure 3B-E).

3.4 | BACH1 regulates HO-1in RCC

BACH1 binds to the antioxidant response element of the HMOX1
promoter and consequently inhibits its gene transcription under
homeostatic conditions.>° To explore the possibility that BACH1
is related to the poor prognosis of RCC through the suppression
of HO-1, we analyzed HO-1 expression in BACH1-knockdown and
BACH1-overexpressed 786-0, Caki-1, and ACHN cells. The expres-
sion of HO-1 was increased and decreased in BACH1-knockdown
(Figure 4A) and BACH1-overexpressed cells (Figure 4B), respectively,
at mRNA (Figure 4A,B, upper panels) and protein (Figure 4A,B, lower
panels) levels. These findings suggested that BACH1 negatively reg-
ulates HO-1 expression in RCC cells.

Next, we analyzed the expression of HO-1 in tumor specimens
from nephrectomized ccRCC patients. Immunohistochemical stain-
ing showed that HO-1 was mainly detected in the cytoplasm and cell
membranes of ccRCC tissues at different levels. Upon grading the
HO-1 staining levels as very weak, weak, moderate, and strong, we
divided cases with very weak and weak grades into the HO-1-low
group and those with moderate and strong grades in the HO-1-high
group (Figure 4C). Of the 77 examined cases, 23% were categorized
into the HO-1-high group. The expression of HO-1 was negatively
associated with a high pathologic T stage (Table 2). In addition, the
progression-free survival rate tended to be poor in the HO-1-low
group (Figure 4D), although there was no difference in the cancer-
specific survival rate between the two groups (Figure 4E). The re-
lationship between HMOX1 expression and the survival rate of
patients with ccRCC was further explored by referring to a public
database. Results from the database showed that disease-free and
overall survival rates were significantly worse in HMOX1 mRNA-low
cases than in mRNA-high cases (p = 0.001 and <0.001, respectively;
Figure S4).

The immunohistochemical staining of HO-1 tended to be weaker
and stronger in BACH1-positive and -negative tumors, respec-
tively (Figure 4F). The staining intensity grading data further indi-
cated a negative correlation between BACH1 and HO-1 expression
(p = 0.029; Table 3). In contrast to BACH1, HO-1 expression was
observed in tumor-adjacent normal tissues to some degree, even
though the spontaneous HO-1 expression did not show a significant
correlation with tumor BACH1 expression (Table S3). These findings
suggest that BACH1-mediated poor prognosis in ccRCC patients is
related, at least in part, to the downregulation of HO-1.

3.5 | BACHI1 regulates tumor progression in vivo

To examine the role of BACH1 in tumor progression in vivo, a xeno-
graft model was generated by subcutaneous implantation of 786-O/
EV and 786-O/exBACH1 cells into BALB/c-nu mice. The estimated vol-
umes of 786-O/exBACH1 tumors were significantly larger than those
of 786-O/EV tumors at 14, 21, 28, and 42days after transplantation
(Figure 5A). At the end-point, 786-O/exBACH1 tumors were mostly
larger and significantly heavier than 786-O/EV tumors (Figure 5B).
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FIGURE 2 Role of BACH1 in renal cell carcinoma cell invasion and migration in vitro. (A) BACH1-knockdown (siBACH1-1 and siBACH1-2)
and (B) -overexpressed (exBACH1) 786-0, Caki-1, and ACHN cells were subjected to determine mRNA (upper panels) and protein (lower
panels) levels of BACH1 by quantitative RT-PCR and western blot analysis, respectively. Results are expressed as mean+SEM (upper panels)
or representative of three experiments. **p <0.01 and ***p <0.001 by one-way ANOVA combined with Dunnet's multiple comparisons test,
compared with control siRNA-introduced control (siCtrl) or empty vector-introduced control (EV). (C) BACH1-knockdown and (D) BACH1-
overexpressed cell lines were subjected to Transwell invasion assay with corresponding control cells (siCtrl or EV) (n = 4). **p<0.01 and

***p <0.001 by one-way ANOVA combined with Dunnet's multiple comparisons test, compared with siCtrl or EV. Representative Diff-
Quick-stained Transwell membranes using 786-0 cells are shown in left panels. Scale bar, 50 um. (E) BACH1-knockdown and (F) BACH1-
overexpressed cell lines were subjected to wound healing assay with corresponding control cells (siCtrl or EV) (n = 3). *p<0.05, **p<0.01,
and ***p <0.001 by one-way ANOVA combined with Dunnet's multiple comparisons test, compared with siCtrl or EV. Representative images
of migrated cells using 786-0 cells are shown in left panels. Scale bar, 50 pm.
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We further generated an allograft model by subcutaneous implanta-
tion of RenCa/EV and RenCa/Bach1-KO cells into BALB/c mice after
confirming the knockout of Bach1 (Figure S5). Consistent with the re-
sults of BACH1 overexpression in a xenograft model, the estimated
volumes of RenCa/Bach1-KO tumors were significantly smaller than
those of RenCa/EV tumors at 21, 28, and 35 days after transplantation
(Figure 5C). At the end-point, RenCa/Bach1-KO tumors were mostly
smaller and significantly lighter than RenCa/EV tumors (Figure 5D).

LRI
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Epithelial-mesenchymal transition is characterized by down-
regulation of the epithelial cell marker E-cadherin, followed by up-
regulation of mesenchymal cell markers, including N-cadherin and
vimentin.®! Consistent with the involvement of BACH1 in the EMT-
related pathway (Figure 3C), reduced expression of E-cadherin and
increased expression of N-cadherin and vimentin were detected
in 786-O/exBACH1 tumors following the augmentation of BACH1
expression (Figure 5E). In contrast to the in vivo results, an almost

FIGURE 4 Relationship between BACH1 and heme oxygenase-1 (HO-1) expression. (A) BACH1-knockdown (siBACH1-1 and siBACH1-2)
and (B) -overexpressed (exBACH1) 786-0, Caki-1, and ACHN cells were subjected to determine HMOX1 mRNA (upper panels) and HO-1
protein (lower panels) levels by quantitative RT-PCR and western blot analysis, respectively. Results are expressed as mean+SEM (upper
panels) or representative of three experiments. ***p <0.001, compared with control siRNA-introduced control (siCtrl) or empty vector-
introduced control (EV) by one-way ANOVA combined with Dunnet's multiple comparisons test. (C) Immunohistochemical HO-1 staining of
clear cell renal cell carcinoma (ccRCC) specimens categorized into four grades; very weak, weak, moderate, and strong. The results shown
are representative of 77 independent specimens. Original magnification, x400. Scale bar, 50 um. (D) Kaplan-Meier plots of progression-free
and (E) cancer-specific survival rates for HO-1-high and -low nephrectomized ccRCC patients. p values calculated by a log-rank test are also
indicated. (F) Immunohistochemical BACH1 (upper panels) and HO-1 (lower panels) staining of BACH1-positive (left panels) and -negative
(right panels) ccRCC specimens in the continuous sections. Results shown are representative of 30 BACH1-positive and 47 BACH1-negative
specimens. N, normal area; T, tumor area. Original magnification, x100. Scale bar, 200 pm.
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undetectable basal expression of E-cadherin protein (data not
shown) and the ineffectiveness of BACH1 overexpression on the

weak mRNA expression of CDH1, an E-cadherin coding gene, was

HO-1

observed in 786-0 cells in vitro (Figure S6). To prove the association
between BACH1 and OSRs in the developed tumor, we assessed the
ratio of oxidized and reduced glutathione levels. The GSSG/GSH
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ratio was significantly downregulated in RenCa/Bach1-KO tumors
(Figure 5F). These findings suggest that BACH1 contributes to RCC
progression in vivo, in relation to OSRs with the activation of EMT-
related pathways.

4 | DISCUSSION

Various biological processes related to OSRs have been strongly im-
plicated in the development and prognosis of several types of cancer.
However, the critical contribution of OSRs to RCC has not yet been
thoroughly investigated. This study revealed the close interaction
of BACH1, a representative OSR-related transcription factor, with
the prognosis of nephrectomized ccRCC patients. The expression of

TABLE 2 Comparison of clinical characteristics between HO-
1-high and -low nephrectomized clear cell renal cell carcinoma
patients

Case (% of total)

HO-1-high HO-1-low p
(n=18) (n=59) value
Age, years
<70 9(50.0) 42(71.2) 0.10
>70 9 (50.0) 17 (28.8)
Gender
Male 13(72.2) 45 (76.3) 0.73
Female 5(27.8) 14 (23.7)
Pathologic T stage
<pT3 17 (94.4) 41 (69.5) 0.02
2pT3 1(5.6) 18(30.5)
Tumor grade
G1/2 15(83.3) 37 (62.7) 0.08
G3 3(16.7) 22(37.3)
Lymph node status
NO 16 (88.9) 53(89.8) 0.91
N1 2(11.1) 6(10.2)
Metastasis status
MO 16 (88.9) 43(78.0) 0.28
M1 2(11.1) 13(22.0)
Percentage

BACH1 in ccRCC tissues was correlated with poor prognosis and serum
inflammatory markers such as CRP and NLR, providing a reasonable ex-
planation for previous studies describing the potential of these markers
for predicting the prognosis of RCC patients.®?~>* The significant par-
ticipation of BACH1 in OSR-related GSSG/GSH ratio upregulation was
demonstrated in the allograft model. As observed in other solid types
of cancer®>%¢ BACH1 significantly contributes to the increased invasion
and migration ability of RCC cell lines without affecting their prolifera-
tion in vitro. In addition, BACH1 plays a role in tumor progression in
relation to enhanced EMT-related responses in vivo.

The relationship between the expression of BACH1 and worse
prognosis in solid cancers has been reported in pancreatic, esopha-
geal, lung, and ovarian cancers.>>™% Consistently, we showed the po-
tential usefulness of BACH1 expression in predicting the prognosis
of patients with ccRCC with its corresponding cellular mechanisms.
Furthermore, we elucidated the involvement of BACH1-mediated
HO-1 downregulation in the worse survival trend of patients with
ccRCC. Heme oxygenase-1 has been identified in several types of
cancer; however, the role of HO-1 in tumor progression is currently
being debated.?®*9"%2 Even in ccRCC cases, Deng et al.®? reported
worse prognosis in patients with high HO-1 expression. Although the
differences in the background of patients included and experimen-
tal conditions need to be considered, our present findings suggest
that HO-1 contributes negatively to tumor progression both in our
own patient samples and public databases. The antioxidant activity
of HO-1 is related to its cytoprotective effect through the clearance
of intracellular toxic heme.** However, this process also positively
modulates the tumor microenvironment, partly by facilitating an-
giogenesis and metastasis.***> Pharmacological inhibition of HO-1
has been proposed to enhance antitumor immune responses.*®
Although further studies are needed to elucidate this discrepancy,
loss of antioxidant activity rather than tumor microenvironment pro-
gression or immune response suppression could be essential, at least
for the poor prognosis of HO-1-low ccRCC patients.

Consistent with the results of the serum marker analysis for ccRCC
patients and GSEA for BACH1-knockdown cells, indicating the asso-
ciation between BACH1 and inflammation, the invasion and migration
of RCC cell lines were regulated by BACH1. These in vitro findings
were supported by in vivo xenograft experiments showing down-
regulation of E-cadherin in BACH1-overexpressed tumors. Thus, the

loss of E-cadherin-mediated cell adhesion likely contributes to the

TABLE 3 Relationship between BACH1

p and heme oxygenase-1 (HO-1) expression

HO-1 (tumor tissue) BACH1-positive BACH1-negative value in nephrectomized clear cell renal cell
carcinoma patients

Very weak 63.3 51.1 0.029

Weak 23.3 19.1

Moderate 10.0 19.1

Strong 3.4 10.7

Note: Based on immunohistochemical staining of tumor specimens, patients were categorized into
positive and negative for BACH1 and very weak, weak, moderate, and strong for HO-1. Results
are expressed as the percentage of BACH1-positive (n = 30) and -negative (n = 47) patients. The p

value was calculated using the y*-test.
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initiation of RCC cell invasion.*®*” Furthermore, through the down-
regulation and upregulation of FOXA1 and Snail family transcriptional
repressor 2, respectively, BACH1 has been reported to suppress the
expression of CDH1.18%548 The direct interaction of FOXA1 with the
CDH1 promoter was reported, although that of BACH1 has not been
determined. Further studies are required to confirm the correspond-
ing mechanisms involved in RCC cells and patients.

In contrast to its crucial participation in invasion and migra-
tion, the proliferation of RCC cells was not affected by BACH1 in
vitro. This is partly contradictory to and partly consistent with the
study by Sato et al.,® indicating the functional role of BACH1 in
proliferation-related gene expression, regardless of its dispensable
role in the proliferation of pancreatic ductal adenocarcinoma cells.
This study reported the lack of enrichment of proliferation-related
pathways in BACH1-knockdown 786-0 cells, suggesting the differ-

ential contribution of BACH1 among cell and cancer types.

In particular, with the apparent contradiction to the in vitro re-
sults, the tumor growth of RCC cells in vivo was upregulated and
downregulated by overexpression and knockout of BACH1, respec-
tively. In contrast to the partial downregulation of OSR-related path-
ways, such as p21 expression, by BACH1 overexpression in vitro,
decreased GSSG/GSH ratio was observed in Bachl KO tumors in
vivo. As BACH1 forms a complex with p53 and resultingly inhibits a
part of its function,*” BACH1 could play a competitive role in p53-
mediated p21 expression. These in vitro and in vivo experiments
were essentially different under the cell-surrounding conditions.
In fact, the expression of the CDH1 gene products was very low
in 786-0 cells and not affected by BACH1 overexpression in vitro.
Therefore, BACH1-overexpressed cells displayed enhanced prolifer-
ative potential, probably through interactions with their surround-
ing microenvironments. Angiogenesis is one of the most important

OSR-related physiological processes induced in tumor-surrounding
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microenvironments. This process does not occur in cancer cells
alone; for example, in vitro culture conditions, although it is es-
sential for the growth of most types of solid tumors and, conse-
quently, is often a rate-limiting step of cancer proliferation in vivo.'*
Consistent with our present findings revealing BACH1 involvement
in the angiogenesis pathway, the enhancement of angiogenesis by
BACH1 through upregulation of VEGF was previously reported in
esophageal, ovarian, and colorectal cancers.*¢°°>! Several TKIs for
the tyrosine kinases that are involved in the downstream pathways
of VEGF receptors have been used for advanced RCC treatment.
Furthermore, a relationship between BACH1 and CD31 expression,
another angiogenesis-related cell adhesion molecule, has been re-
ported.36 Together, it was suggested that BACH1 participates in
tumor progression at the invasion, migration, and proliferation pro-
cesses in vivo mainly through its functional role in cancer cells and
their surrounding microenvironment.

Remarkably, BACH1 was associated with the mTOR signaling
pathway, which is also related to OSRs? and a target of conven-
tional RCC therapeutic agents, mTOR inhibitors. Although the de-
tailed causal relationship should be further explored, the expression
level of BACH1 could correlate with the therapeutic responses of
patients with RCC to mTOR inhibitors and TKis.

In summary, BACH1 expression is associated with poor prog-
nosis in nephrectomized ccRCC patients. In addition to the involve-
ment of HO-1 suppression, the contribution of inflammation-, EMT-,
and angiogenesis-related upregulation of cellular invasion, migra-
tion, and proliferation to BACH1-mediated tumor progression was
suggested. BACH1 could be a biomarker for predicting the effective-
ness of mTOR inhibitors and TKls in patients with ccRCC.
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