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ABSTRACT

Boron neutron capture therapy (BNCT) is a binary cancer therapy that involves boron administration and neutron
irradiation. The nuclear reaction caused by the interaction of boron atom and neutron produces heavy particles with
highly cytocidal effects and destruct tumor cells, which uptake the boron drug. p-Boronophenylalanine (BPA), an
amino acid derivative, is used in BNCT. Tumor cells with increased nutrient requirements take up more BPA than
normal tissues via the enhanced expression of LAT1, an amino acid transporter. The current study aimed to assess
the correlation between the expression of LAT1 and the uptake capacity of BPA using genetically modified LAT1-
deficient/enhanced cell lines. We conducted an in vitro study, SCC7 tumor cells wherein LAT1 expression was altered
using CRISPR/Cas9 were used to assess BPA uptake capacity. Data from The Cancer Genome Atlas (TCGA) were
used to examine the expression status of LAT1 in human tumor tissues, the potential impact of LAT1 expression
on cancer prognosis and the potential cancer indications for BPA-based BNCT. We discovered that the strength of
LAT1 expression strongly affected the BPA uptake ability of tumor cells. Among the histologic types, squamous cell
carcinomas express high levels of LAT1 regardless of the primary tumor site. The higher LAT1 expression in tumors
was associated with a higher expression of cell proliferation markers and poorer patient prognosis. Considering that
BPA concentrate more in tumors with high LAT1 expression, the results suggest that BNCT is effective for cancers
having poor prognosis with higher proliferative potential and nutritional requirements.

Keywords: boron neutron capture therapy (BNCT); p-boronophenylalanine (BPA); Borofalan(1°B); SLC7AS;
LAT1

INTRODUCTION

Boron neutron capture therapy (BNCT) is a binary cancer therapy that
involves boron administration and neutron irradiation, which result
in the interaction of boron atom ('°B) and neutron [1,2]. When °B
captures alow-energy neutron, the interaction of '’B and neutron leads
to a nuclear fission reaction and produces heavy particles (an alpha
particle and a lithium nucleus) with a highly cytocidal effect. This
mechanism is referred to as the boron neutron capture reaction. The
flight range of these particles in water is < 10 (range: 5-9) m, which
is shorter than the diameter of a single cell. Therefore, if a sufficient
amount of boron atoms accumulates in tumor cells, neutron irradiation
can selectively destruct tumor cells using the fission reaction of boron
atoms within these cells.

The anti-tumor effect of BNCT is via the selective delivery of
boron atoms to tumor cells through boron drugs [2,3]. Currently,
p-boronophenylalanine (BPA, borofalan(*°B)) is the most effective
agent used in BNCT for cancer [4]. Based on clinical trials, BPA-based
BNCT has been established as safe and effective for cancer treatment
and is covered by insurance for the treatment of unresectable locally
advanced or locally recurrent head and neck cancers in Japan [S]. BPA
was first used as a boron drug for BNCT in 1986 [6]. Thereafter,
various efforts have been made to enhance the therapeutic efficacy of
BPA-based BNCT. These include improving drug solubility and opti-
mizing administration methods [4-8]. In principle, BNCT is a unique
therapy that can selectively deliver heavy ion beams at the cellular level.

Moreover, its features, such as the capability to treat recurrence at sites
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where radiation has already been delivered relatively safely, are not
found in other radiation therapies.

Expanding the clinical indications of BNCT to cancers other than
head and neck cancer is a future challenge. The structure of BPA is
similar to that of phenylalanine and tyrosine. The latter are used as
raw materials for the biosynthesis of melanin. Therefore, BPA was first
developed as a tumor cell-selective boron agent for melanin-bearing
tumors and malignant melanoma [6,9]. Subsequently, BPA was found
to be actively taken up by other tumors with increased nutrient require-
ments [10]. The efficacy and safety of BPA-based BNCT is currently
evaluated in clinical trials on malignant melanoma, malignant brain
tumors and hemangiosarcoma. The use of clinical data and the iden-
tification of tumors with a propensity to take up BPA selectively are
essential in detecting tumor candidates for BPA-based BNCT in the
future.

Among several amino acid transporters in cells, SLC7AS (L-type
amino acid transporter 1, LAT1), a neutral amino acid transporter
that is highly expressed in tumor cells, is mainly responsible for BPA
uptake [11-13]. However, only a few reports have directly analyzed
the association between the strength of LAT1 expression and BPA
uptake in tumor cells. In addition, to date, no report has examined
the expression of LAT1 in different types of cancers using human
clinical specimens in terms of BPA-based BNCT. If there is an evident
association between the strength of LAT1 expression in tumor cells
and BPA uptake, the expression of LAT1 in human clinical specimens
can provide a reference in determining the indications for BPA-based
BNCT. The current study first assessed the effect of LAT1 expression
on BPA uptake in tumor cells with genetically enhanced or inhibited
LAT1 expression. Further, a group comprising diseases that can be
potential candidates for the future expansion of BPA-based BNCT
indications, with a focus on the expression of LAT1, were analyzed
using data from a cancer database.

MATERIALS AND METHODS
Materials

This study used cell lines generated from the SCC7 tumor cell line, a
murine squamous cell carcinoma cell line that obtained spontaneously
from a C3H/He mouse (Department of Radiation Oncology and
Image-Applied Therapy, Kyoto University, Kyoto, Japan). SCC7
cells expressing the 6 x His-tagged LAT1 protein (SCC7-WT) were
previously established [14], and the LAT1-deficient (SCC7-ALAT1)
and LAT1-overexpressing (SCC7-LAT1_enhance) cells were estab-
lished from the SCC7-WT cells, as described below. These cells were
maintained in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum and penicillin/streptomycin (100 U/mL). The
cells were cultured at 37°C in a 5% CO, incubator. BPA was purchased
from Interpharma (Prague, Czech Republic). 2-Aminobicyclo-(2.2.1)-
heptane-2-carboxylic acid (BCH), an inhibitor of system L amino
acid transporters, was purchased from Cayman Chemical (Michigan,
USA). BPA was used in the aqueous solution as a fructose complex
[15,16]. Briefly, BPA, fructose and 1 N NaOH were dissolved in
distilled water at a molar ratio of 1:1.5:1.15. The mixture was stirred
until BPA had dissolved completely, and the pH value was titrated to
7.6 with 1 N HCI. The solution was filtered using a 0.22-p4m syringe
filter for sterilization (Merck Millipore, Massachusetts, USA).

Kyoto University R

Establishment of LAT1-deficient and
LAT1-overexpressing cells

For SCC7-ALAT1, CRISPR/Cas9 expression vector #1 for the
Slc7aS locus was used (pX330, Addgene #42230). CCGGACT-
GTCGCTCGTGGTG(TGG) was the guide sequence for mouse
Slc7a$ targeting. SCC7-WT was transfected with CRISPR/Cas9
expression vector #1 using Lipofectamine 3000 (Invitrogen, Mas-
sachusetts, USA), and the single cell clones of genome-modified cells
were obtained by limiting dilutions. Genomic regions surrounding the
target site were sequenced and compared to the wild-type, as previously
described [17]. The genomes of the transfected cells used in this study
had insertion-deletion mutations (indels) in the target sequences.
All detected indels were predicted to change the translational reading
frame. For SCC7-LAT1_enhance, we designed a targeting vector
containing a CMV promoter, mouse LAT1 ¢cDNA fragment fused
to the His-tag sequence and a neo-resistance marker. CRISPR/Cas9
expression vector #2 for the Rosa26 locus was generated using pX330.
ACTCCAGTCTTTCTAGAAGA(TGG) was the guide sequence for
mouse Rosa26 targeting [18]. SCC7-WT cells were transfected with
targeting vector #2 and CRISPR/Cas9 expression vector. G418 at
dose of 0.5 mg/mL was added to the media 48 h after transfection for
selection, and the G418-resistant clones were obtained. The expression
of LAT1 in these transfected cells were confirmed via Western blot
analysis using an antibody against 6 x His-tag (Bethyl Laboratories,
1:1000). The quantification cycle (Cy) value of LAT1 and beta
actin mRNA were measured by reverse transcription-polymerase
chain reaction (RT-PCR) (MyGo Mini S, IT-IS International Ltd.,
Middlesbrough, UK). Beta actin was used as a reference for calculating
the AAC, value of LAT1 in RT-PCR.

Measurements of boron concentration in the cells
After the incubation of the tumor cells (2.0 x 10°) with 1 mM BPA
for 30 min, cells were rapidly washed twice with cold (4°C) Hanks’
Balanced Salt Solution without Ca’" and Mg**, and digested with
perchloricacid (60%) and hydrogen peroxide (30%) for 3hat 75°C.In
the BCH-treated group, cells were pre-treated with 1 mM BCH before
BPA administration for 10 min. After the pre-treatment, cells were
incubated with medium containing 1 mM BPA and 1 mM BCH. The
boron concentration of the cell lysate was assessed via inductively cou-
pled plasma atomic emission spectrometry (ICP-AES) (ICPE-9000,
Shimazu, Shimazu, Tokyo, Japan) and was normalized as "B j.g per 107
cells.

Flow cytometry
The BPA uptake capacity of tumor cells was assessed using the
amino acid uptake assay kit (#UP04-12, DOJINDO Laboratories,
Kumamoto, Japan). Briefly, BPA was used as amino acid analogs,
and the BPA uptake capacity was assessed using BPA-probe, which
penetrates the cell membrane, binds to the intracellular BPA and
emits strong fluorescence if bound to BPA [19-21]. The median
fluorescent intensity (MFI) of the complex of BPA with BPA-probe
in the cells was assessed using Cytek NL2000 full spectrum flow
cytometer (Cytek Japan, Tokyo, Japan). For the measurement of
Ki67 protein expression intensity, cells were measured with the same
cytometer using Alexa Fluor 488 anti-mouse/human Ki-67 antibody
(clone 11F6) (BioLegend, San Diego, USA) and Zombie Red fixable
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Fig. 1. The expression status of LAT1 in the cells used in this study. (A) Schematic diagram of the Slc7a$ locus, 6 x His-tag, and
the targeted site of CRISPR/Cas9 for the generation of SCC7-ALAT1. (B) Schematic diagram of the Rosa26 locus for the
generation of SCC7_LAT1_enhance. (C) Inmunoblot analysis of SCC7-ALAT1. Con (control): SCC-WT cells before the
generation of SCC7-ALAT1 cells by CRISPR/Cas9, DLAT1: SCC7-ALAT]1 cells. (D) CBB stain, immunoblot and RT-PCR
results of SCC7_LAT1_enhance. Con (control): SCC-WT cells transfected with an empty vector containing only a
neomycin-resistance cassette (PGK-neo), Enh: SCC7_LAT1 enhance cells. A P value of less than 0.05 were considered to be

statistically significant (****P < 0.0001).

viability dye (BioLegend, San Diego, USA) per the manufacturer’s
Ki67-staining protocol.

Analyses of data from a human cancer database
Data on patients with cancer were extracted from The Cancer Genome
Atlas (TCGA) (TCGA38) with QIAGEN OmicSoft ArrayStudio
(QIAGEN, Veno, The Netherlands). Patients were categorized
according to the expression of LAT1 (high=top 1/2 of LATI
expression levels, low =lower 1/2 of LAT1 expression levels), and the
overall survival curve was compared based on the LAT1 expression
categories. The extent of LAT1 in different types of cancer was
assessed using the value of fragments per kilobase million (FPKM).
The correlation between the expression levels of LAT1 and Ki67
and SLC6A14, another amino acid transporter, was compared among
tumor types (head and neck cancer, melanoma and glioblastoma).
Differential gene expression between tumor and normal tissues were
analyzed using TIMER2.0 [22-24].

Statistical analysis
Data were expressed as the mean =+ standard deviation. Between
groups differences in in vitro experiments were analyzed using t-test

(RT-PCR) or one-way analysis of variance with Dunnett’s multiple
comparison correction (ICP-AES and flow cytometry). The Kaplan—
Meier method was used to compare survival curves between groups.
A P-value (two-sided tests) of < 0.0S were considered statistically
significant (ns=P >0.05, *P<0.05, *P<0.01, **P<0.001,
¥ P < 0,0001). All statistical analyses were performed using Prism 9
(GraphPad Software, San Diego, CA, USA).

RESULTS
Importance of LAT1 expression in cancer cells on BPA
uptake capacity
To examine the association between the expression of LAT1 and BPA
uptake, LAT1-deficient (SCC7-ALAT1) and LAT1-overexpressing
(SCC7-LAT1_enhance) cells were established from the SCC7-WT
cells. Figure 1A shows the Slc7aS locus of SCC7-WT cells, which
express 6 X HIS-tagged LAT1 and are the targeted site for SCC7-
ALAT1 generation. Figure 1B shows the ROSA26 locus of SCC7-
LAT1_enhance. As shown in Figs 1Cand 1D, SCC7-ALAT1 and
SCC7-LAT1_enhance cells have low and high expressions of LAT1
compared to SCC7-WT cells, respectively. The RT-PCR results
showed that SCC7 cells had 1.95-fold higher LAT1 expression relative
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Fig. 2. p-Boronophenylalanine (BPA) uptake capacity based on the expression of LAT1 in cancer cells. (A) Boron concentration
in tumor cells with genetically modified tumor cells assessed via inductively coupled plasma atomic emission spectrometry
(n=6). Values were normalized as "B ug per 10’ cells. (B) MFI of the complex of BPA and BPA-probe in tumor cells evaluated via
flow cytometer (n = 4). (C) Mean Alexa Fluor 488 fluorescent intensity of Ki67 evaluated via flow cytometer (n=5). (D)
Representative histogram of the Ki67 fluorescent intensity of SCC7-WT, SCC7-ALAT1 and SCC7-LAT1_enhance. P-values of

< 0.05 were considered to be statistically significant (**P < 0.01, **P < 0.001, ***P < 0.0001).

to beta actin than the control group (Fig. 1D). Figure 2A shows the
BPA uptake in these cells evaluated via ICP-AES. Treatment with
BCH, a LAT 1 inhibitor, significantly suppressed BPA uptake. Similarly,
LAT1-deficient cells in the BCH-treated group had reduced BPA
uptake capacity. Further, BPA uptake was amplified in tumor cells with
a higher LAT1 expression. Figure 2B shows the BPA uptake in tumor
cells assessed via flow cytometry using a boron probe that binds to
BPA. The fluorescence intensity of tumor cells with enhanced LAT1
expression significantly increased. This information was consistent
with data obtained via ICP-AES.

LAT1 expression levels were correlated with Ki67
expression signals measured by flow cytometry in vitro
Figure 2C shows the mean fluorescent intensity of Ki67 for SCC7-
WT, SCC7-ALAT1 and SCC7-LAT1_enhance cells, respectively.
Figure 2D shows a typical histogram of Ki67 measured by flow
cytometry, showing that SCC7-ALAT1 has majority of cells with
little or no Ki67 expression, whereas SCC7-LAT1_enhance has a large
percentage of cells with strong Ki67 expression. The intensity of LAT1

expression in tumor cells also significantly changed the intensity of
Ki67 expression, with SCC7-ALAT1 having significantly weaker Ki67
expression and SCC7-LAT1_enhance having significantly stronger
Ki67 expression compared to SCC7-WT.

Potential human cancer candidates for BPA-based
BNCT
Figure 3 shows the LAT1 expression in different types of cancers based
on data collected from TCGA. The horizontal axis, as depicted in
Fig. 3,indicated the intensity of LAT1 expression. Unlike other tumors,
malignant melanoma had a high expression of LAT1. According to his-
tological type, squamous cell carcinoma was the most common tumor
with a high expression of LAT1. In addition to head and neck tumors,
esophageal and cervical tumors and squamous cell carcinoma of the
lung have a high expression of LAT1 (Fig. 3). Further, a relatively high
expression of LAT'1 was observed in transitional epithelial carcinoma,
which is the primary histological type of bladder and urinary tract can-
cer. The strength of LAT1 expression in tumors with adenocarcinoma
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million.

histology (such as gastrointestinal, breast and uterine cancer and lung
adenocarcinoma) and lymphomas was similar to that in glioblastoma.

Correlation between the expression of LAT1
and poor prognosis

Figure 4A shows the survival curves of patients with all types of
cancer in TCGA, which were stratified according to the strength of
LAT1 expression. Based on the survival curves of all patients with
cancer based on the expression of LAT1, patients with cancer who
had a low LAT1 expression in the tumor tissue were more likely to
have a better prognosis than those with high LAT1 expression. A
similar trend was observed in head and neck cancer and melanoma
(Supplementary Fig. 1A-1B). There was no evident difference in the
survival curves of patients with malignant brain tumors based on the
expression of LAT1 (Supplementary Fig. 1C).

A significant positive correlation was observed between the
expression of LAT1 and Ki67. However, there was no evident
correlation between LAT1 and another amino acid transporter,
SLC6A14 (ATB**). The expression of SLC6A14 in all types of cancer
tissues was more likely to be classified as minimal or no expression

and strong expression (Supplementary Fig. 2A-2D). Differential gene
expression between tumor and corresponding normal tissues indicated
that the tumor tissues had a higher expression of LAT1 than the
corresponding normal tissues (Supplementary Fig. 3). The expression
of respective transporters in tumor and normal tissues was not as
relevant as that of LAT1 (Supplementary Fig. 3B-C). The presence or
absence of SLC6A14 expression varied significantly among different
tumor types (Supplementary Fig. 3D).

DISCUSSION
The expansion of BNCT indications is an essential aspect in the future
development of BNCT. The current study used data from a human can-
cer database, and results showed a trend in LAT1 expression based on
cancer histology. In particular, the expression of LAT1 was more likely
to be high in squamous cell carcinoma. In addition to head and neck
cancers, esophageal and cervical cancers, particularly squamous cell
carcinomas, may have a higher BPA uptake capacity than other tumors.
Lung cancer is among the most common types of cancers worldwide.
Lung squamous cell carcinoma accounts for approximately one-fourth
of all lung cancer cases [25]. Squamous cell carcinoma of the lung is

©£20z Aenuga4 zo uo Jasn Aysianiun 0104y Ag 9666289/1 6/ /779/2101He/1l/woo dno-olwapese//:sdiy wolj papeojumoq


https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data
https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac077#supplementary-data

AR oF

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

96 « T Watanabe etal.
A All types of tumors
100 — Low LAT1 expression ~Jp<0.0001
T = High LAT1 expression
>
e
3 75
[72]
—
°
£ 50
o
<
a
[
a 25
0
0 5000 10000 15000
Days
C ne expression of D
SLC7A5(LAT1) vs MKI67(Ki67) H&N
! Y =2.4821 + 0.1660*X ¢ Y =2.3215 + 0.0555"X
N = 566 N =473
6  Correlation = 0.2277 Correlation = 0.0960
P value = 4.3227E-08 e 5 | Pvalue = 0.0369
a 5 . - : 'Y a
? : s
4 g
5 . 5°
8 g
K R 2
] A ]
< : 3
g ) g
< g’
= =
0
A
2 4
o 2 4 6 8 10 12 o 2 a

SLC7A5(LAT1) log2(FPKM +0.1)

ne expressmn of
SLC7A5(LAT1 ) vs MKI67(Ki67) Melanoma

SLC7A5(LAT1) log2(FPKM +0.1)

Gene expresslon of
B SLC7A5(LAT1) vs MKI67(Ki67)

8
Y =0.2290 + 0.4396*X
N=11291
Correlation = 0.4754

IS

MKI67 (Ki67) log2(FPKM +0.1)

SLC7A5(LAT1) log2(FPKM +0.1)

Gene expresslon of
SLC7A5(LAT1) vs MKI67(Ki67) GBM

V 0.8190 + 0.1015*X
=1

c:;rrehnnn 0.0535
P value = 0.4624

MKI67 (Ki67) log2(FPKM +0.1)

6 8 10 12 0 1 2 3 4 5 6 7 8

SLC7A5(LAT1) log2(FPKM +0.1)

Fig. 4. Correlation between high LAT1 expression in tumor tissues and poor prognosis. (A) Survival curves of patients with
cancer in TCGA stratified according to LAT1 expression. (B) Two-dimensional plots of SLC7AS (LAT1) and MKI167 (Ki67) in all
types of tumors. (C) Two-dimensional plots of SLC7AS (LAT1) and MKI67 (Ki67) in patients with head and neck cancer (H&N).
(D) Two-dimensional plots of SLC7AS (LAT1) and MKI67 (Ki67) in patients with melanoma. (E) Two-dimensional plots of
SLC7AS (LAT1) and MKI167 (Ki67) in patients with glioblastoma (GBM). FPKM, the value of fragments per kilobase million.

associated with a high LAT1 expression, and BPA-based BNCT may
be effective against squamous cell carcinoma of the lung if a sufficient
amount of neutrons can be irradiated to the tumor. Moreover, a rel-
atively high LAT1 expression was observed in transitional epithelial
bladder and urinary tract cancers. Surprisingly, the LAT1 expression
level of tumors with adenocarcinoma histology and lymphomas was
similar to that of glioblastoma. Considering the efficacy of BPA-based
BNCT against glioblastoma [26,27], patients with adenocarcinomas
may also benefit from such treatment.

We found that higher LAT1 expression tends to have a significantly
worse prognosis in all types of tumor (Fig. 4A), head and neck cancer
and melanoma (Supplementary Fig. 1). Especially in glioblastoma, we
did not find significant differences in survival curves and LAT1 expres-
sion. Figure 3 shows that for brain tumors, benign brain tumors tend to
have higher LAT 1 expression than malignant brain tumors. The inverse
correlation between LAT1 expression and grade may be responsible
for the lack of correlation between LAT1 expression and prognosis in
glioblastoma.

When expanding the indications for BPA-based BNCT, attention
should be paid to the BPA uptake capacity of normal tissues at the
neutron irradiation site. BPA is a derivative of amino acids, and normal
tissues take up BPA at a lesser extent than cancerous tissues [25]. In
particular, in terms of abdominal organs, the pancreas is a potential

uptake site for BPA, and other abdominal organs such as the intesti-
nal tract and liver may also take up BPA, but not as much as tumor
tissues [28]. In relation to this, BPA-based BNCT should be applied
in the treatment of gastrointestinal cancers only if its safety has been
validated. The authors have proposed a tumor-to-normal tissue ratio
(T/N) enhancer strategy. That is, T/N enhancer is pre-administered
prior to BPA administration. T/N enhancers are amino acids or amino
acid derivatives that reduce the BPA uptake in normal tissues ideally
without changing the BPA uptake capacity of tumor tissues [29]. BPA-
based BNCT may be safer for gastrointestinal cancers particularly if
T/N enhancers, which can inhibit BPA uptake in the intestinal tract,
liver and pancreas, can be developed in the future.

In this study, we assessed the effect of LAT1 expression on BPA
uptake in tumor cells with genetically enhanced or inhibited LAT1
expression. In this study, no experiments were conducted to irradiate
tumors with neutrons. In a previous study, we and our colleagues have
shown that BPA-based BNCT could destruct cancer cells by enhancing
the expression of LAT1 after neutron irradiation [30]. This finding is
also consistent with the current our results on SCC7-LAT1_enhance
cells. In addition, we have shown that genetically modified cells with
low expression of LAT1 uptake less BPA compared to control and a
group with a LAT1 inhibitor. Taken together, these data support the
hypothesis that the expression of LAT1 in cancer cells is associated
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