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Abstract Aristolochic acids (AAs) have long been considered as a potent carcinogen due to its neph-

rotoxicity. Aristolochic acid I (AAI) reacts with DNA to form covalent aristolactam (AL)eDNA adducts,

leading to subsequent A to T transversion mutation, commonly referred as AA mutational signature. Pre-

vious research inferred that AAs were widely implicated in liver cancer throughout Asia. In this study, we

explored whether AAs exposure was the main cause of liver cancer in the context of HBV infection in

mainland China. Totally 1256 liver cancer samples were randomly retrieved from 3 medical centers

and a refined bioanalytical method was used to detect AAIeDNA adducts. 5.10% of these samples could

be identified as AAI positive exposure. Whole genome sequencing suggested 8.41% of 107 liver cancer

patients exhibited the dominant AA mutational signature, indicating a relatively low overall AAI expo-

sure rate. In animal models, long-term administration of AAI barely increased liver tumorigenesis in adult

mice, opposite from its tumor-inducing role when subjected to infant mice. Furthermore, AAI induced

dose-dependent accumulation of AAeDNA adduct in target organs in adult mice, with the most detected

in kidney instead of liver. Taken together, our data indicate that AA exposure was not the major threat of

liver cancer in adulthood.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aristolochic acids (AAs) are natural compounds that are widely
present in genera of Aristolochia, Bragantia and Asarum1,
commonly used in herbal medicine and traditional Chinese med-
icine. Due to its well-defined nephrotoxicity, herbal remedies
containing plant species of the genus Aristolochia were listed as
Group 1 carcinogen by the International Agency for Research on
Cancer. As early as the 1990s, AA-containing herbs were found to
cause kidney failure in women taken pills for weight loss at
Belgian2,3. AA was also responsible for AA-associated urothelial
cancer4,5 and bladder cancer6, etc. Therefore, the use of herbs with
AAs was prohibited or limited worldwide. As a country with large
consumption of herbs in traditional Chinese medicine,
AA-containing plants have been banned in Taiwan (China) since
2003 and in Hong Kong (China) since 2004. Some AA-containing
herbs were also banned in mainland China. According to China
Food and Drug Administration, there were still 43 Aristolochia-
containing drugs and 24 possible AAs-containing crude drugs in
circulation up to 2017.

Aristolochic acid I (AAI) is the well-defined carcinogenic
component of Aristolochia species both in human and rodents7,8.
AAI reacts with DNA to form covalent aristolactam (AL)eDNA
adducts, that is, 7-deoxyguanosin-N2-yl aristolactam I and
7-deoxyadenosin-N6-yl aristolactam I (dA-ALI)9,10. dA-ALI is by
far the most abundant form of AAeDNA adduct found in human
kidney11. AAeDNA adducts could still be detected many years
after AA exposure was ceased, showing remarkable persistence in
human tissues12,13. dA-ALI were responsible for the subsequent A
to T transversion mutation in patients with aristolochic acid ne-
phropathy in Taiwan area of China5 and AA-caused upper urinary
tract urothelial cell carcinoma14. Therefore, dA-AL is often
considered as biomarkers of AA exposure, and A to T transversion
(Catalogue of Somatic Mutations in Cancer [COSMIC] signature
22) is commonly referred as AA mutational signature.

Liver cancer is one of the most heterogeneous malignancies
worldwide with multiple risk factors, and the most well-known is
hepatitis B virus (HBV) infection15. Hepatocellular carcinoma
(HCC) accounts for about 85% of all primary liver malignancies15.
In 2012, a research has reported that 4 out of 10 HBV-related HCC
patients from China showed significant A to T transversion16. It was
not until 2017 that AA was under spotlight for its association with
liver cancer in Taiwan area of China and throughout Asia. This
study sequenced the whole exosomes of 98 HCCs from Taiwan area
and revealed that 78% showed the mutational signature of AA
exposure17. Another study analyzed the mutation profile of 159
HBV-related HCC patients in China and identified AA signature
mutation in 56 tumors18. These studies implicated the potential
association of AA exposure with HCC mainly based on data
analysis. However, direct evidence linking AA consumption to
HCC in adulthood is absent. Besides, considering the fact that most
of HCC patients in China are related to HBV infection, whether AA
exposure could overweigh the power of HBVas the main risk factor
of HCC needs to be carefully investigated.

In this study, we aimed to explore if there is a causal link be-
tween AA exposure and HCC development via cohort study and
mouse models. Significantly, we detected 1256 randomly selected
HCC patient samples from 3 medical centers, of which 64 were
identified as dA-ALI positive, indicating a low AA exposure rate.
Meanwhile, mutational spectra of 107 HCC patients did not show a
dominant AA mutational signature. From a retrospective study,
HBV infection other than AA exposure increased the risk of HCC
in a cohort of 9977 patients. Meanwhile, AAI did not increase liver
tumorigenesis when administered to adult mice. We also explored
whether AA could cooperate with HBV infection to accelerate HCC
in transgenic mice. dA-ALI and AA mutational signatures were
also detected in these samples.
2. Methods and materials

2.1. Patients and samples

One hundred and seven patients who underwent liver resection
between January 2018 and October 2019 at Eastern Hepatobiliary
Surgery Hospital (EHBH, Shanghai, China) for clinical patho-
logically confirmed HCC were included for whole genome
sequencing analysis. Matched pairs of fresh primary HCC samples
and adjacent normal liver tissue were obtained. This investigation
was approved by Eastern Hepatobiliary Surgery Hospital Ethics

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Committee. Informed consent was obtained from patients prior to
surgery.

For dA-ALI detection, we collected 1256 formalin-fixed,
paraffin-embedded (FFPE) tissues of HCC patients from 3 medi-
cal centers in mainland China. Cohort 1 included 925 samples
from Eastern Hepatobiliary Surgery Hospital in Shanghai, China.
Cohort 2, containing 277 samples, was obtained from Southwest
Hospital located in Chongqing, China. Cohort 3 contained sam-
ples of 54 patients from the Fifth Medical Center of Chinese
People’s Liberation Army General Hospital, located in Beijing,
China. These samples with the diagnosis of HCC within five years
were randomly selected according to their availability. This study
was approved by Ethics Committee of EHBH, Southwest Hospital
and the Fifth Medical Center of Chinese People’s Liberation
Army General Hospital, respectively. Informed consent was ob-
tained prior to surgery from each patient.
2.2. Animal experiments

C57BL/6 and BALB/c mice were obtained from the China
Academy of Science (Shanghai, China). C57BL/6-TgHBV mice
were purchased from Shanghai Model Organisms Center, Inc.
(Shanghai, China). High-level expression HBV transgenic BALB/c
mice were obtained from Transgenic Engineering Research Lab-
oratory, Infectious Disease Center of People’s Liberation Army
(Guangzhou, China). All animals were maintained at an animal
facility under specific pathogen-free conditions and received hu-
mane care according to the criteria outlined in the “Guide for the
Care and Use of Laboratory Animals” and the animal experiments
protocols approved by the Institutional Animal Care and Use
Committee of the Second Military Medical University, Shanghai,
China.

For C57BL/6, C57BL/6-TgHBV, BALB/c and BALB/c-
TgHBV adult mice model, animals were given indicated doses of
AAI (Sigma, St. Louis, MO, USA) or the control (1% NaHCO3,
Sinopharm Chemical Reagent Co., Shanghai, China) by gavage at
the age of 8 weeks. For mice with AAI administration alone, AAI
was given consecutively every other week. The total duration of
AAI administration was 8 months. For C57BL/6 and C57BL/6-
TgHBV mice with the combined treatment of CCl4 (Sinopharm
Chemical Reagent Co., Shanghai, China) and AAI, CCl4 (0.5 mL/
kg) was injected intraperitoneally once a week for a duration of 8
months. AAI was administered as described above. For BALB/c
and BALB/c-TgHBV mice with the combined treatment of CCl4
and AAI, CCl4 (0.5 mL/kg) was injected intraperitoneally once a
week, and AAI was administered at the same frequency as
described above for a total duration of 2 months. For each group
with AAI, more than 20 mice were used to observe the long-term
effect of AAI on different organs such as the forestomach, liver
and kidney.

For the infant mouse model, a single dose of AAI (10 or
20 mg/kg) was given intraperitoneally 14 days after birth.
Chemical carcinogen N-nitrosodiethylamine (DEN, 20 mg/kg,
Sigma, St. Louis, MO, USA) was administered as a positive
control. For each group, at least six mice were sacrificed at each
time point to observe the effect of AAI or DEN. For mice with
CCl4 combined treatment to accelerate tumorigenesis, CCl4
(0.5 mL/kg) was administered intraperitoneally 2 weeks after the
single shot of DEN or AAI per week for 18 weeks. In AAI sup-
plemented model, AAI (3.0 mg/kg) was given consecutively every
other week started one week after the first injection of CCl4. For
each group, more than 15 mice were used to observe the long-term
effect of AAI on liver tumorigenesis.

2.3. Analysis of dA-ALI

2.3.1. dA-ALI synthesis
7-Deoxyadenosin-N6-yl aristolactam I (dA-ALI) was synthesized
based on SuzukieMiyaura coupling reaction. The final coupling
step that produced the adduct and 1H NMR spectrum was
described in the Ref. 19. The productive rate of dA-ALI synthesis
was 0.24%, and the purity by HPLC was 97.8%.

2.3.2. Deparaffinization, rehydration, and DNA isolation from
FFPE tissues
The HCC samples were cut out of the block, and two tissue-
sections of 10 mm-thickness were transferred to a 1.5 mL
Eppendorf tube and submerged with xylene (1.0 mL), washed
with xylene for 3 times, and then washed with descending ethanol/
water, followed by final rehydration with water. DNAwas isolated
by Quick-DNA FFPE MiniPrep Kit (Zymo Research, CA, USA).
The protocol followed the manufacturer’s instructions with minor
modifications. Due to the variation of tissue size and extracellular
matrix content among FFPE samples, the DNA concentrations of
many samples were lower than 50 ng/mL, which Nanodrop could
not accurately measure. Therefore, we used Quant-iT PicoGreen
dsDNA Assay Kit (ThermoFisher, Waltham, MA, USA) to detect
the concentration of DNA recovered from FFPE tissues.

2.3.3. DNA digestion and protein precipitation
48 mL purified DNA was used for the DNA digestion. 1.5 mL
DNase I (2542 U/mL in 0.15 mol/L NaCl; 254.2 U/mg DNA;
Sigma) was added, and incubated at 37 �C for 1.5 h. Next, 1 mL
nuclease P1 (100 U/mL in 1 mmol/L ZnCl2; 4 U/mg DNA; Sigma)
was added, and incubated at 37 �C for 3 h. 1.5 mL alkaline phos-
phatase (24 U/mL in 1 mmol/L MgCl2; 2 U/mg DNA; Sigma) and
8 mL phosphodiesterase I (1.7 U/mL in 110 mmol/LTris-HCl at pH
8.9 containing 110 mmol/L NaCl, 15 mmol/L MgCl2, and 50%
glycerol; 0.0714 U/mg DNA; Sigma) were added, and incubated at
37 �C for 18 h. After incubation, 60 mL internal standard (IS)
solution was added into 60 mL above mixture for protein precipi-
tation and centrifuged at 12,000 rpm for 5 min. 110 mL supernatant
was transferred to 96-well plate for LCeMS/MS analysis.

2.3.4. Qualitative and quantitative analysis of dA-ALI
dA-ALI was analyzed with an ultra-performance liquid chroma-
tography (UPLC) system (LC-30, SHIMAZU, Tokyo, Japan)
connected to a Triple Quad 6500þ System (UPLCeMS/MS, AB
Sciex LLC, MA, USA) with electrospray ionization (ESI). The
separation was carried out on an ACE C18 column
(50 mm � 2.1 mm, 5 mm) maintained at 40 �C. A gradient pro-
gram was conducted using an aqueous mobile phase A of 0.2%
acetic acid in water and an organic mobile phase B of acetonitrile.
Flow rate was set at 0.5 mL/min through each injection. The in-
jection volume was 15 mL and the retention time of the dA-AAI
(Analyte) and AAII (IS) were 1.19 min and 1.42 min, respec-
tively. The gradient program used followed previous report19.
Detection of the ion pairs was performed by multiple reaction
monitoring (MRM) mode fitted with electrospray ionization (ESI)
probe and operated in the positive ion mode. The MRM ion pairs
for dA-ALI were 543.2/427.1 and 543.2/395.2. The optimized
conditions were as follows: Curtain Gas, 40 psi; Collision Gas, 10
psi; IonSpray Voltage, 5000 V; Temperature, 550 V; Ion Source
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Gas 1, 50 psi; Ion Source Gas 2, 50 psi; Entrance Potential, 10 V;
Collision Cell Exit Potential, 15 V. The MRM transitions and the
related optimized declustering potential (DP), collision energy
(CE) for dA-AAI and IS are shown in Table 1. Data were acquired
and analyzed by Analyst 1.6.3. For the qualification of dA-ALI,
the following criteria were used: signal to noise ratio should
be � 3 and relative abundance variation between two ion pairs
should be � 50% (when one of production content is � 10% that
of another product ion in total ion current). For the quantification
of dA-ALI, a limit of detection at 5 pg/mL was selected and
validated its accuracy, stability and precision19.

2.4. Statistical analysis

Data analysis was performed using the SPSS software (version 22)
and R (v.3.6.2). Values were presented as mean � standard de-
viation (SD). Competing risk analysis was used for mice survival
analysis. In the community population of HCC and non-HCC,
associations between risk variables and HCC were explored via
logistic regression. Student’s t-test was applied when normality
and homogeneity of variance assumptions were satisfied otherwise
the Chi-square test and Mann Whitney test were used. All tests of
P values were two-sided. Values of P less than 0.05 were
considered statistically significant.

Additional details are available in Supporting Information.

3. Results

3.1. dA-ALI positive rate was low in HCCs from multi-centered
samples in mainland China

AAeDNA adduct was considered as a marker of AA exposure for
AA nephropathy-associated cancer and upper urothelial cancer20.
In this study, we used a refined method to quantify dA-ALI in a
total of 1256 HCC patients from 3 medical centers. These samples
covered 31 provinces and municipalities in mainland China
(Fig. 1A). Cohort 1 was obtained from a hospital located in
Shanghai, with a total of 925 patients. Cohort 2 (n Z 277) was
from a hospital located in the southwest China, where herbal
medicine might be more commonly used by minority ethnic
groups reside in this area. Cohort 3 (n Z 54) was from Beijing,
located in the North of China. The threshold for positive dA-ALI
detection was identified as 5 pg/mL and samples with peaks were
considered as dA-ALI detectable. The accuracy, stability and
precision of the method developed were validated19.

Among the 3 cohorts, cohort 1 has a dA-ALI positivity
of 5.73%, with 53 out of 925 patients above the threshold of
5 pg/mL. Seven hundred twenty-one samples (77.95%) were
below the limit of detection, with no peak detected. The positive
rates of dA-ALI in cohort 2 and cohort 3 were 3.25% and 3.70%,
respectively, even lower than cohort 1. Taken the 3 cohorts
together, a total of 64 patients out of 1256 (5.10%) were identified
Table 1 Mass spectrometry parameters.

Ion pair Q1

(Da)

Q3

(Da)

Time

(ms)

DP

(V)

CE

(V)

dA-AAI 543.2 427.2 80 66 31

dA-AAI 543.2 395.2 80 55 65

IS 312.1 268.0 80 80 11
as dA-ALI positive and another 13.93% (175/1256) had detectable
peaks (Fig. 1B). From the above data, dA-ALI was only detected
in a small proportion of HCC patients, indicating a relatively low
AA exposure rate. The distribution of dA-ALI abundance in
positive patients was presented as pg/mL and dA-ALI per 106

nucleotides relatively in Fig. 1C. The clinicopathological features
between dA-ALI positive patients and negative patients in cohort
1 and cohort 2 revealed no significant preference of dA-ALI
distribution to variables, such as age, gender, HBV infection or
tumor size (Supporting Information Tables S1 and S2).

Next, we investigated if AA correlated with HCC development
in a retrospective cohort study. The Chinese Electronic Health
Records Research (CHERRY) was designed to establish a longi-
tudinal population-based ambispective cohort study for tracing the
complete lifetime healthcare journal for one million adults in
Yinzhou, an eastern coastal area of China21. In this study, we
extracted a sub-cohort (n Z 9977) with the history of traditional
Chinese medicine consumption from the CHERRY study cohort,
including 127 HCC patients and 9850 non-HCC patients
(Supporting Information Fig. S1A). Four variables were extracted
from the database, including three well-defined risk factors of HCC
(gender, age, HBV infection) and AAs-containing drug exposure
history (Fig. S1B). 47 out of 127 (37.01%) patients in HCC group
had medical records of AAs-containing drug consumption. While in
control group, the AA exposure rate was nearly 50%. Logistic
regression analysis showed that gender, age and HBV infection
were significant risk factors of HCC development, especially HBV
infection with an OR of 106.119 (P < 0.0001). However, the OR of
AA exposure to HCC was 0.683 (P Z 0.082), indicating that AAs
exposure didn’t increase the risk of HCC in this sub-cohort
(Fig. S1B). Therefore, these data suggest that AAs exposure
might not be the main contributor of HCC in our cohorts.

3.2. Low AA mutational signature in HCCs from EHBH cohort

Since AAeDNA adduct could cause characteristic A to T trans-
version in the genome, we next investigated the proportion of AA
mutational signature in HCC patients. One hundred seven patients
were randomly selected from cohort 1, comprised of dA-ALI
detectable samples (n Z 23) and undetectable samples (n Z 84).
Clinical characteristics of HCC patients are presented in
Supporting Information Table S3. We sequenced the whole
genome of tumor tissues and matched nonmalignant tissues, with
a mean of 89.89% targeted tumor bases �30 � coverage. A total
of 18,165 somatic single nucleotide variants (SNV) across the
HCCs were detected (median, 146 SNVs per tumor). A total of
7942 short insertions or deletions were identified. Driver gene
analysis with MutSigCV identified significantly mutated genes.
Among them, TP53, CTNNB1 and AXIN1 were the most
commonly mutated genes reported in HCC22 (Supporting
Information Fig. S2A). We also detected the mutation of driver
genes identified in the Cancer Genome Atlas (TCGA), of which
TP53 mutation occurred in 44% of tumors (Fig. S2A).

The mutational spectra of 107 patients in our cohort showed a
much lower proportion (17.40%) of A to T transversion (T > A)
compared with the previous report17. C > A mutation accounts for
32.96% of the total mutation (Fig. 2A and Supporting Information
Fig. S3). We further analyzed the contribution of signature 22 to
the observed mutation spectra. Our data reveal that 41 out of 107
patients exhibited signature 22. However, only 9 patients dis-
played a dominant signature 22 in tumors, meaning that signature
22 was the most significant mutational pattern in 8.41% of 107



Figure 1 Low dA-ALI positive rate in HCCs from multi-centered samples in mainland China. (A) Distribution of HCC samples from 3 medical

centers located in mainland China. The number of samples from different provinces was presented in bar chart. AAs positive patients were marked

in red. The numbers above each bar show the ratio of AA positive patients to the total tested patients in each province. (B) Quantification results of

dA-ALI detection in 1256 samples from above HCC patients. dA-ALI positive is defined as more than 5 pg dA-ALI per mL DNA. No peak in

mass spectrometry analysis is defined as undetectable. (C) dA-ALI abundance in 64 AAeDNA adduct-positive patients was presented as pg/mL

and dA-ALI per 106 nucleotides, relatively. Positive patients were marked as black, red and blue in cohort1, cohort 2 and cohort 3, respectively.

2256 Shuzhen Chen et al.
HCC samples (Fig. 2B). AA signature had a Pearson coefficient of
0.3795 among the signatures extracted (Supporting Information
Fig. S4). Next, we examined the number of AA-associated mu-
tation genes according to defined risk factors of HCC development
or prognosis, namely, age at diagnosis, gender, alpha fetoprotein
(AFP) level at diagnosis, liver cirrhosis, micro-vessel invasion
(MVI) and tumor size. Of these, HCCs with liver cirrhosis or MVI
have displayed a declined average number of AA-associated
mutations. While there was no discrepancy of AA-associated
mutation among the other variables (Supporting Information
Fig. S5).
Among the 107 cases, 76 were divided into HBV positive group
and 31 were HBV negative according to patient history and clinical
test of HBV infection (Table S3). The panels of 30 most mutated
genes between the two groups were slightly different (Fig. S2B). As
expected, more driver gene mutation was observed in HBV positive
group (Fig. S2C). However, there was no discrepancy in AA-
associated gene mutation between these two groups (26.96 vs.
35.87, P Z 0.3943) (Fig. 2C). The mutational spectra of HBV
negative group showed a slight increase in T > A (20.14% vs.
16.20%) and a decrease in C > A (27.34% vs. 35.41%) (Fig. 2A
and D). The correlation coefficients of AA mutational signature to
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the observed mutation spectra were 0.5496 and 0.3006 in HBV
negative group and HBV positive group, respectively (Fig. S4). For
the 41 samples with signature 22, 11 out of 31 (35.48%) were HBV
negative patients and 30 out of 76 (39.47%) were from HBV
positive patients (Fig. 2E). The correlation coefficient between AA-
associated mutation and total exonic mutation were 0.538 and 0.657
in HBV positive and HBV negative group relatively (Fig. 2F).
Therefore, the above evidence indicate a relatively low proportion
of AA mutational signature in HCCs, with no significant discrep-
ancy between HBV positive and negative patients.

3.3. Lack of a positive link between AAeDNA adducts and AA
mutational signature in human HCCs

Next, we compared the result of dA-ALI and AA mutational
signature in each of the 107 patients, comprised of 23 dA-ALI
detectable (marked as adduct positive group) and 84 dA-ALI
undetectable patients (marked as adduct negative group). We
found a slightly increased T >A mutation in adduct positive group
(21.41%) than negative group (16.5%) or the overall mutation
(17.4%) (Fig. 3A and B). The distribution of signature 22 in
adduct positive and negative groups was similar (39.13% vs.
38.10%, P Z 0.928) (Fig. 3C). Notably, in adduct positive group,
3 out of 23 (13.04%) patients had dominant signature 22.
Whereas, 6 out of 32 (7.15%) patients in adduct negative group
possessed dominant AA mutational signature (P Z 0.401)
(Fig. 3C). As to the number of AA signature associated mutations,
we didn’t observe an increase in adduct positive group (Fig. 3D).
Additionally, the two groups exhibited a similar correlation of
AA-associated mutations with total exonic mutations (Fig. 3E).
More mutated driver genes were found in adduct negative patients,
probably due to more individualized risk factors in this group
(Fig. S2D and S2E). In general, adduct positive patients didn’t
show a predominant advantage in T > A mutation or more AA
signature associated gene mutations.

3.4. Small doses of AAI did not cause liver tumorigenesis in
adult mice in the long term

To further explore whether AAI could directly cause HCC in adult-
hood, we observed long-term effect of AAI on tumorigenesis in a
mousemodel. C57BL/6mice at the age of 8 weeks were administered
with varied doses of AAI (by gavage every other week) for a total of 8
months consecutively. Since a single dose of AAI (10 mg/kg) could
cause kidney failure in rats within 2 months without obvious liver
damage23,24, themaximumdosage in our studywas set at 3.0mg/kg to
avoid themortality caused by severe kidney damage. CCl4was used to
induce the inflammatory and fibrosis environment in liver (combined
treatment) (Fig. 4A). AAI caused dose-dependent retarded weight
gaining comparedwith the control (Supporting InformationFig. S6A).
Creatinine (CRE) and urea (UREA) were used to monitor kidney
function (Fig. S6B). Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were used to monitor liver damage. Mice
treated with AAI alone or combined with CCl4 have shown elevated
ALT and AST in blood, demonstrating a certain level of liver injury
(Fig. S6C and S6D). After the first dose of AAI for 4 months, no
obvious abnormality in liver morphology could be observed
(Fig. S6E). According to Sirius red staining, AAI merely resulted in
(AAI alone treatment) or aggravated (combined treatment) fibrosis in
mouse livers (Fig. S6E). We then prolonged the observation to 10
months and found bulky tumors formed in mouse forestomach in all
the AAI treated groups (Fig. 4B). No macroscopic or microscopic
liver tumors could be detected in AAI alone groups (Fig. S6F). In
CCl4 combined treatment, a few tumors formed in each group (2/6
in control group, 1/5 in AAI 0.3 mg/kg and 2/6 in AAI 1.0 mg/kg,
respectively), indicating CCl4 other than AAI was responsible for
liver tumorigenesis (Fig. 4C). Competing risk analysis suggested
that forestomach carcinoma was responsible for the mortality
caused by AAI in combined treatment groups (Fig. 4D). No kidney
tumors were observed after 8 months of AAI treatment (Fig. 4E).
However, the severity of kidney fibrosis increased with the dosage
of AAI (Fig. 4E). In conclusion, although small doses of AAI
could induce slight hepatocyte injury, it didn’t cause liver
tumorigenesis in the long term. Forestomach carcinoma is the
main cause of death in this model.

3.5. AAI showed no additive effect in liver tumorigenesis in
HBV transgenic mice

Since HBV infection is the leading risk factor of HCC in China, we
further exploredwhetherAAI couldworkwithHBV topromoteHCC
in HBV transgenic (TgHBV) mouse models. In this study, we intro-
duced two strains of TgHBV mice which expressed high-level HBV
and detectable serum HBsAg, C57BL/6-TgHBV25 and BALB/c-
TgHBV, respectively26. Mice were subjected to small doses of AAI
administration (1.0 or 3.0 mg/kg) by gavage every other week, as
indicated in Fig. 5A. Blood levels of ALT and AST were detected
when they were sacrificed. Although C57BL/6-TgHBVmice showed
a slightly higher baseline ALT, no obvious discrepancy of liver injury
was detected between the two groups treated with AAI (Supporting
Information Fig. S7A). For C57BL/6-TgHBV mice, no macro-
scopic tumors were observed after treatment of AAI alone for 10
months. Similar to wild type (WT) mice, there was no significant
morphological abnormality or fibrosis caused by AAI in livers of
C57BL/6-TgHBVmice (Fig. 5B). For CCl4 combined treatment, few
mice formed liver tumors in each group (2/6 inWT control group, 2/6
in WT combined treatment group, 2/6 in C57BL/6-TgHBV control
group and 2/6 inC57BL/6-TgHBV combined treatment group). H&E
and Sirius red also showed comparable liver fibrosis in each group,
probablymainlycausedbyCCl4 (Fig. 5C). In thismodel, forestomach
carcinoma was formed in every animal of AAI treated groups after
AAI treatment for 10 months (Fig. S7B). No kidney tumors were
observed at this time point, while dose-dependent kidney fibrosis was
validated in AAI-treated groups (Fig. S7C). Survival analysis
revealed that in AAI alone groups, forestomach carcinoma
caused dose-dependent mortality. In AAI (1.0 mg/kg) treated group,
C57BL/6-TgHBVmice somehow showed slightly prolonged survival
compared with WT group (P Z 0.03, Fig. 5D). In combined treat-
ment groups, AAI didn’t decrease the life span of C57BL/6-TgHBV
compared with WT mice (Fig. 5E).

Since BALB/c inbred mice were susceptible to CCl4 induced
liver fibrosis27, they couldn’t survive CCl4 treatment for as long as
two months. Therefore, we only observed the long-term impact of
AAI exposure alone in this model. After AAI treatment for 10
months, no detectable liver tumors or notable liver fibrosis were
observed in both BALB/c-WT and BALB/c-TgHBV mice
(Fig. 5F). Although ALT and AST levels revealed a dose-
dependent elevation in both BALB/c-TgHBV and control mice,
there was no significant difference between the two groups
(Fig. S7D). Every individual animal in AAI treated groups
developed forestomach tumors (Fig. S7E), and no kidney tumors
were detected at this time point (Fig. S7F). Survival analysis
indicate that AAI caused a dose-dependent death related to for-
estomach carcinoma in both groups. Whereas, no significant



Figure 2 Low AA mutational signature was found in HCCs from EHBH cohort. (A) Average mutational spectra of 107 individual HCCs. Average

mutational spectra of HBV positive (nZ 76) and negative patients (nZ 31) were presented. Each bar indicates the proportion of mutations in a particular

trinucleotide context. (B) Estimated numbers of mutations contributed by each mutational signature in 107 HCC. Samples were listed according to total

number of mutations. AA mutational signature is COSMIC signature 22. COSMIC signatures 4 and 24 reflect known exogenous risk factors for HCC:

tobacco smoking and aflatoxin exposure, respectively. MMR, mismatch repair. (C) The comparison of AA signature mutations in HBV positive and HBV

negative patients. P Z 0.3943 (D) Exonic variation distribution of 107 patients, HBV positive (n Z 76) and negative patients (nZ 31). (E) Estimated

numbers of mutations contributed by each mutational signature in patients with signature 22 (nZ 41). Samples in HBV positive and negative group were

marked in black and blue respectively.MMR,mismatch repair. (F) The correlation of total exonicmutations andAA-associatedmutations were presented.

HBV positive (nZ 76) and negative group (nZ 31) were marked in blue and red, relatively.
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Figure 3 Lack of a positive link between AAeDNA adducts and AA mutational signature in human HCCs. (A) Average mutational spectra of

AAeDNA adduct detectable group (Adductþ, n Z 23) and AAeDNA adduct undetectable group (Adducte, n Z 84) were presented. No

significant difference was detected in T >A mutation. (B) Exonic variation distribution of 107 patients, AAeDNA adduct detectable group and

AAeDNA adduct undetectable group. (C) Estimated numbers of mutations contributed by each mutational signature in patients with signature 22

(n Z 41). Samples in AAeDNA adduct detectable group and undetected group were marked in black and blue respectively. MMR, mismatch

repair. The table summarized the number of patients according to AAeDNA adduct detection and signature 22. Major Sig.22 means signature 22

was the dominant mutational signature of all the estimated signatures. Minor Sig.22 means signature 22 was detected in the sample but not the

major estimated signature. Sig.22 (�) was identified as no estimated signature 22 in the sample. In AAeDNA adduct detectable group, 9 samples

had signature 22, of which 3 samples had dominant signature 22. (D) The comparison of AA signature mutations in AAeDNA adduct detectable

group and undetected group. P Z 0.8697. (E) The correlation of total exonic mutations and AA associated mutations were presented. AAeDNA

adduct detectable group and undetected group (n Z 31) were marked in blue and red, relatively.
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discrepancy was observed between the control group and
BALB/c-TgHBV group under AAI treatment (Fig. 5G). Taken
together, AAI didn’t accelerate liver tumorigenesis under the
pathological background of HBV infection in adult mice.

3.6. AAI could induce liver cancer when administered to infant
mice

We further investigated if AAI could cause liver tumorigenesis
when subjected to infant C57BL/6 mice. In this model, a well-
defined liver carcinogen DEN was used as a positive control. A
single dose of DEN subjected to mice at the age of 14 days could
induce severe tumorigenesis in mouse liver in 9 months28. When
DEN was combined with CCl4, tumors could form at as early as 4
months29. DEN (20 mg/kg) or AAI (10 or 20 mg/kg) were
administered to infant mice at 14 days after birth to compare its
effect on inducing HCC (Fig. 6A). CCl4 was used as mentioned
before. Mice were sacrificed 10 months after AAI/DEN adminis-
tration. As expected, severe tumor burden could be observed in
DEN group (6/6), while fewer liver tumors were formed in AAI
(20 mg/kg) group (6/7) and no macroscopic tumors could be
observed in mice treated with AAI-10 mg/kg group (0/6) (Fig. 6B



Figure 4 Small doses of AAI didn’t cause liver tumorigenesis in adult mouse in long term. (A) Design of small doses AAI administration

model in adult male C57BL/6 mice. AAI was given by gavage every other week with or without CCl4 (0.5 mL/kg, once a week) at 8 weeks after

birth. The red arrow represents AAI administration for 7 days a week. Blue arrow represents CCl4 once a week. (B) Representative images of

macroscopic (scale bars, 1 cm) and H&E staining (scale bars, 100 or 250 mm) of forestomach in AAI alone groups and AAI combined treatment

groups at 10 months were presented. (C) Representative images of macroscopic (scale bars, 1 cm), H&E staining (scale bars, 100 or 250 mm), and

IHC staining (AFP and Ki-67, scale bars, 100 or 250 mm) of liver samples in AAI combined treatment groups at 10 months were presented. (D)

Competing survival analysis has compared the mortality caused by forestomach carcinoma and liver cancer in AAI combined with CCl4 treatment

groups and control group. The table summarized P values of different doses of AAI groups under two causes of death. AAI caused a dose-

dependent death due to forestomach carcinoma. No significant difference in liver cancer-related death between different doses of AAI treat-

ment was found. (E) Representative images of macroscopic (scale bars, 1 cm), H&E staining (scale bars, 100 or 250 mm), and Sirius red staining

(scale bars, 100 or 250 mm) of kidney in AAI alone groups and AAI combined treatment groups at 10 months.
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Figure 5 AAI showed no additive effect with HBV in the development of HCC. (A) Design of AAI administration in WT and TgHBV mice

model. NaHCO3 was served as control. AAI was subjected to mice at the age of 8 weeks by gavage for 8 months. AAI combined CCl4 treatment

groups received a single shot of CCl4 intraperitoneally every other week. (B) Representative images of macroscopic (scale bars, 1 cm), H&E

staining (scale bars, 100 or 500 mm) and Sirius red (scale bars, 100 or 500 mm) of liver samples in AAI treatment groups of C57BL/6-WT and

C57BL/6-TgHBV mice at 10 months. (C) Representative images of macroscopic (scale bars, 1 cm), H&E staining (scale bars, 100 or 500 mm) and

Sirius red (scale bars, 100 or 500 mm) of liver samples in AAI combined CCl4 treatment groups of C57BL/6-WT and C57BL/6-TgHBV mice at 10

months. (D) Survival rate of C57BL/6-WT and C57BL/6-TgHBV mice in AAI alone treatment groups were calculated and presented in charts. (E)

Survival rate of C57BL/6-WT and C57BL/6-TgHBV mice in combined CCl4 treatment groups were calculated and presented in charts. (F)

Representative images of macroscopic (scale bars, 1 cm), H&E staining (scale bars, 100 or 500 mm) and Sirius red (scale bars, 100 or 500 mm) of

liver samples in AAI alone treatment groups of BALB/c-WT and BALB/c-TgHBV mice at 10 months. (G) Survival rate of BALB/c-WT and

BALB/c-TgHBV mice in AAI treatment groups were calculated and presented in the chart.
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and D). When the observation was extended to 16 months, tumor
burden in AAI (10 mg/kg) group was comparable to DEN treated
group at 10 months (Supporting Information Fig. S8A). These data
indicate that the same dose of AAI treatment could impose a
slightly weaker genotoxic effect than DEN in liver. In CCl4 com-
bined groups, AAI (10 mg/kg) exhibited a similar effect of DEN
with comparable tumor numbers and microscopic pathological
morphology (Fig. 6C). Mice treated with AAI showed a significant
dose-dependent increase in tumor burdens per liver. Mice treated
with AAI (20 mg/kg) even formed more tumors per liver than DEN
injected mice (Fig. 6D). No forestomach tumors were detected at
the above time points (Fig. S8BeS8E). In comparison, a single
dose of AAI could cause kidney fibrosis (Fig. S8C and S8D) and a
slight increase in blood CRE and UREA (Fig. S8F). We’ve also
observed similar results in C57BL/6-TgHBV mice with the above
treatment (Fig. S8G). Furthermore, when AAI (3.0 mg/kg) was
supplemented every other week in DEN plus CCl4 model, started
one week after the first dose of CCl4 till the mice were sacrificed,
additional AAI treatment didn’t cause more liver tumor formation
in WT and C57BL/6-TgHBV mice (Fig. 6E and F). Therefore, this
model demonstrated that AAI could cause liver tumorigenesis
when administered to infant mice.

3.7. AAI induced AAeDNA adducts in a dose-dependent
manner instead of AA mutational signature in target organs

From the previous data, positive AAeDNA adducts in HCC pa-
tients didn’t necessarily lead to dominant AA mutational signa-
ture. Therefore, we further validated if AAeDNA adducts or AA
mutational signature was correlated to AAI exposure in the above
animal models, since AAI consumption for each animal was
traceable and countable. Our data reveal a dose-dependent in-
crease of dA-ALI in liver and kidney (Fig. 7A). In CCl4 combined
treatment group, kidney still exhibited the most abundant dA-ALI
as in AAI alone groups (Fig. 7B). Forestomach tumor has shown a
rather low accumulation of dA-ALI, probably because that
massive replication of tumor cells diluted the proportion of
genomic AAeDNA adducts30. Therefore, dA-ALI level in for-
estomach might be higher before the tumor formed. To explore
dA-ALI distribution before tumor formed, C57BL/6 mice aged at
8 weeks were given AAI (3.0 mg/kg) every other week for one
month or two months before sacrificed. Our data show that the
short-term administration of AAI also caused massive dA-ALI
formation in kidney other than liver and forestomach (Fig. 7C).
In two TgHBV mouse models, dA-ALI formation exhibited a
dose-dependent manner in liver, but was still most abundant in
kidney (Supporting Information Fig. S9A). dA-ALI level was
comparable between WT and TgHBV mice under the same dosage
of AAI (Fig. S9B). In infant model, kidney displayed the most
abundance of dA-ALI, although it declined as the mice aged since
they only received a single shot of AAI at the age of 14 days
(Fig. 7D). Therefore, we could safely conclude that dA-ALI was
positively correlated with the AAI exposure in target organs and
kidney was the most vulnerable organ for dA-ALI formation.

We further investigated AA mutational signature in samples of
long-term and short-term models. WGS revealed a dominant T>A
mutation in forestomach tumors in adult mice. A slight increase of
T >A mutation could also be observed in liver, compared with the
control group (Fig. 7E). In the short term (2 months) AA exposure
model, T > A mutation was significantly elevated in forestomach
(Fig.7F). However, it is worth noticing that even though kidney
was the main target for AAeDNA adduct formation, T > A
mutation was not significantly increased in kidney when no tumor
was formed (Fig. 7F). In infant model, massive T > A mutation
occurred in liver tumors and para-tumors instead of kidney, where
the dA-ALI level was relatively higher (Fig. 7G). Taken together,
AAeDNA adduct was positively correlated with the consumption
of AAI in target organs. However, AAeDNA adduct may not
necessarily lead to T > A mutation.

4. Discussion

Liver cancer ranks as the second leading cause of cancer-related
death in China15. HCC accounts for 85%e90% of all cases with
poor prognosis. High risk factors of HCC comprised of chronic
hepatitis (B/C), aflatoxin contamination, nonalcoholic steatohe-
patitis, etc. The success of antiviral therapy on HBVand anti-HBV
vaccine has greatly contributed to decreasing the prevalence of
HBV-related HCC. Therefore, identifying chemical compounds
that pose great threat to HCC is an effective approach for tumor
prevention.

In this study, we demonstrate that AAs exposure was not the
main cause of HCC in our cohorts, which was contradictory to a
previous report. The conclusion of the previous report17 was
mainly based on WGS analysis of AA mutational signature in
HCCs from Taiwan area of China via a newly developed software
mSigAct (mutational signature activity). However, another group
of researchers re-measured the AA signature in Chinese samples
from datasets and only got AA signature in 5 out of 88 HCCs
compared with 42 out of 88 patients from the previously published
paper31. Researchers further measured AA signature frequencies
with HCC from TCGA dataset and found that only 10.2% (19/
187) of Asians had AA signatures. Therefore, they indicated there
might be more errors in mSigAct when the proportion of AA
signature mutation is not high31. Besides, whether these patients
had AA exposure history was unclear. Another study evaluated the
effect of AA exposure on human liver cancers32. In two mainland
China liver cancer datasets they have selected, AA signature
exposure greater than 0 were 17% (52/313)33 and 11% (11/103)17,
respectively. Moreover, a recent study investigated somatic mutant
clonal events of 120 patients with urothelial cell carcinoma and
found that AA mutagenesis was more prevalent in females than in
males in urothelium samples34. The gender bias is contrary to the
incidence of liver cancer, which is male dominant. In our study,
we observed a lower A to T transversion (17.40%) in the mutation
spectra of 107 patients (Fig. 2A) than the previous report indi-
cated17. 41 out of 107 HCCs have displayed signature 22 and only
9 patients (8.41%) showed dominant signature 22 (Fig. 2B). Thus,
based on our data, we believe that the evidence of AA exposure
widely implicated in mainland China HCC was not as convincing
as the previous report indicated. However, we have to admit that
the limited number of samples in our study was not enough to
draw the conclusion about the overall mutational spectra of HCCs
in mainland China. But it’s noticeable that no case report has
linked AAI to HCC in mainland China by far.

Previous studies lacked evidence of dA-ALI examination in a
large amount of HCC patients. In this study, by using the
improved method to quantity dA-ALI19 in HCC FFPE samples
from 3 medical centers in mainland China, we have found that dA-
ALI was detectable in 239 (19.03%) samples. However, only 64
samples (5.10%) could be identified as AAI positive exposure
(Fig. 1B). The feasibility of yielding DNA from FFPE tissue may
cause sampling bias derived from the varied time interval between
tissue procurement and formalin fixation, thereby possibly



Figure 6 AAI induced liver cancer when administered to infant C57BL/6 mice. (A) Design of AAI administration in infant C57BL/6 mice

model. NaHCO3 was served as negative control and DEN (20 mg/kg) as the positive control. One single shot of AAI (10 or 20 mg/kg) or DEN was

injected intraperitoneally at 14 days after birth. CCl4 (0.5 mL/kg) was used to accelerate tumorigenesis once a week for 14 weeks in combined

treatment groups. (B) Representative images of macroscopic (scale bars, 1 cm) and H&E staining (scale bars, 100 or 500 mm) of liver samples in

AAI alone treatment groups at 10 months. The black arrows point at tumors formed on liver. (C) Representative images of macroscopic (scale

bars, 1 cm), H&E staining (scale bars, 100 or 500 mm), and IHC staining (Ki-67 and AFP; scale bars, 100 or 500 mm) of liver samples in control,

DEN and AAI combined CCl4 treatment groups at 4 months. The black arrows point at tumors formed on liver. (D) Tumor number per liver in

DEN group. AAI alone treatment (left) and AAI combined treatment groups (right) were calculated and presented. (E) Representative images of

macroscopic (scale bars, 1 cm), H&E staining (scale bars, 100 or 500 mm) of liver samples in WT and C57BL/6-TgHBV which AAI (3.0 mg/kg)

was supplemented every other week for DEN combined with CCl4 treatment groups at 4 months. (F) Tumor number per liver of WT and

C57BL/6-TgHBV mice in Fig. 6E were calculated and presented. Values are presented as mean � SD; *P < 0.05; **P < 0.01; ***P < 0.001; ns,

no significance.
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Figure 7 AAI induced AAeDNA adducts in a dose-dependent manner instead of AA mutational signature in target organs. (A) AAeDNA adduct

was detected in liver, forestomach tumor and kidney samples of mice in adult C57BL/6 model with indicated doses of AAI gavage for 8 months. The

results are presented as dA-ALI per 106 nucleotides. UD: undetected. (B) dA-ALI was detected in liver, forestomach tumor and kidney samples of

mice in adult C57BL/6 model with AAI combined CCl4 treatment for 8 months. The results are presented as dA-ALI per 106 nucleotides. UD:

undetected. (C) C57BL/6 WT mice at the age of 8 months were subjected to AAI (3.0 mg/kg) by gavage every other week for 1 month (left) or 2

months (right) before sacrificed. dA-ALI quantification was determined in liver, forestomach and kidney and presented as dA-ALI per 106 nucle-

otides. (D) dA-ALI quantification was determined in liver, forestomach and kidney samples in infant mice model sacrificed at the indicated time

points. (E) Mutational spectra of liver and forestomach in C57BL/6 mice with AAI alone treatment for 8 months was determined by WGS analysis.

Mice with NaHCO3 by gavage for 8 months were served as control. (F) Mutational spectra of liver and kidney in infant mice model at the age of 16

months was determined by WGS analysis. Mice with a single shot of NaHCO3 intraperitoneally at the age of 14 day served as the control. (G)

Mutational spectra of kidney, forestomach and kidney of C57BL/6 mice with AAI treated by gavage for 2 months. Values are presented as

mean � SD; *P < 0.05; **P < 0.01; ***P < 0.001; NS, no significance.
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impacting the measurement of carcinogen DNA adducts35. How-
ever, AAIeDNA adducts were chemically stable to the conditions
of DNA and were present in the oligomers10, suggesting the fix-
ation procession of samples has little effect on the DNA adducts
quantification. One study reported that AAI adducts in human
kidney FFPE tissues for up to 9 years are recovered in high yield
and their levels are comparable with those in matching freshly
frozen tissues36. Therefore, the detection of AAIeDNA adducts in
FFPE samples from different sources was acceptable for
AAIeDNA adducts measurement.

In this study, we also compared the role of AAI on liver
tumorigenesis when it was subjected to mice at their infancy or
adulthood. In contrast, a shot of AAI (20 mg/kg) at the age of 14
days plus CCl4 treatment could induce heavy tumor burden, which
was comparable to the effect of DEN. Long-term administration of
AAI in small doses barely promoted liver tumors until the age of 10
months. The main cause of death was forestomach carcinoma. The
following reasons could be responsible for the discrepancy. (1) AAI
was administered to infant mice i.p. and to adult mice by gavage.
With i.p. injection, drug is absorbed into the mesenteric blood supply
that is carried directly to the liver and subject to hepatic first-pass
metabolism, leading to even more liver injury than other routes.
That’s why DEN is commonly administered between 12 and 15 days
of age by a single intraperitoneal injection, given the liver is the
primary target to the exposed chemical compounds and the key
detoxification enzymes (cytochrome P450) increases and reaches its
peak activity between the 7th and 15th day of age and then de-
creases37. However, we should notice that oral route instead of
intraperitoneal injection is the authentic way of uptaking AAs in
human. (2) The enzymes responsible for detoxifying the bio-
activation of AAI to form DNA adducts were compromised in infant
mice, which makes them vulnerable target for AAI induced damage.
The enzyme activities and mRNA expression of various phase I and
phase II metabolic enzymes that contributed to the detoxification of
AAI in the liver of 2-week-old mice are lower than adult mice38,39.
(3) The high proliferation rate of hepatocytes in infant mice is
conducive to cumulative gene mutation caused by carcinogen. The
gene mutation caused by carcinogen could be cloned and amplified
with cell proliferation40,41. Due to the high proliferation and renewal
of hepatocytes around the age of 15 days, the susceptibility of infant
mice to hepatocellular carcinogenesis is much higher than in
adulthood, laying seeds for later liver cancer.

AAeDNA adduct is a well-known biomarker for AA exposure
since it could persist for many years11e13,42. Our data show that
AAeDNA adduct could be detected in a dose-dependent manner
and kidney exhibited the highest dA-ALI level among these three
organs, which was in accord to previous reports, since organ sus-
ceptibility of AAI toxicity has long been validated43. However, no
quantitative correlation exists between the level of DNA adduct
formation and carcinogenicity in different organs. We assumed that
DNA damage repair capacity resulted in the discrepant removal
efficacy of DNA adduct that can cause mutations and later give rise
to cancer. This theory also explained why HCC patients with posi-
tive AAeDNA adducts from our cohort didn’t show a significant
AeT transversion in genome. Besides, whether these patients with
detectable dA-ALI have consumed AA-containing drugs or if AA
consumption occurred before or after HCC diagnosis was also ab-
sent. Although the previous report suggested that the quantity of
DNA adducts formed by a DNA-reactive compound is not a carci-
nogenicity predictor44, whether therewas a threshold for dA-ALI to
cause gene mutation is worth further investigation.
5. Conclusions

Taken together, our study demonstrated that AAs were not the
main cause of liver cancer in adulthood. Also, more evidence was
needed to demonstrate AA exposure as the main cause of HCC in
mainland China. However, due to their genetic toxicity, the use of
AAs-containing drugs should be taken with more caution, espe-
cially in the underage group and patients with liver malfunction.
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