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Background & Aims: Obesity is an independent risk factor for Conclusions: Maternal obesity plays a role in regulating cu-

malignancies, including hepatocellular carcinoma (HCC). How-
ever, it remains unknown whether maternal obesity affects the
incidence of HCC in offspring. Thus, we aimed to investigate this
association and its underlying mechanisms.
Methods: Diethylnitrosamine (DEN) was used to induce HCC in
a high-fat diet (HFD)-induced multigenerational obesity
model. RNA-sequencing was performed to identify the genes
and microRNAs (miRNAs) that were altered over generations.
The role of the miR-27a-3p-Acsl1/Aldh2 axis in HCC was
evaluated in cell lines and HCC-bearing nude mice, and its
intergenerational impact was studied in pregnant mice and
their offspring.
Results: Under HFD stress, maternal obesity caused susceptibil-
ity of offspring to DEN-induced HCC, and such susceptibility was
cumulative over generations. We identified that Acsl1 and Aldh2,
direct targets of miR-27a-3p, were gradually changed over gen-
erations. Under hyperlipidemic conditions, downregulation of
Acsl1 and Aldh2 increased cell proliferation (in vitro) or tumor
growth (in vivo) in synergy. Intratumor injection of an miR-27a-
3p agomir exacerbated tumor growth by downregulating Acsl1
and Aldh2; while intratumor injection of an miR-27a-3p anta-
gomir had the opposite effect. Moreover, serum miR-27a-3p
levels gradually increased in the HFD-fed maternal lineage over
generations. Injecting pregnant mice with an miR-27a-3p agomir
not only upregulated hepatic miR-27a-3p and downregulated
Acsl1/Aldh2 in offspring (fetus, young and adult stages), but also
exacerbated HCC development in DEN-treated offspring. In hu-
man HCC, upregulated miR-27a-3p and downregulated Acsl1/
Aldh2 were negatively correlated with survival on TCGA analysis;
while, hepatic miR-27a-3p was negatively correlated with Acsl1/
Aldh2 expression in tumor/non-tumor tissues from fatty/non-
fatty livers.
words: Intergenerational effects; Maternal obesity; Hepatocellular carcinoma;
-27a-3p; Acsl1; Aldh2; MicroRNA.
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mulative susceptibility to HCC development in offspring over
multiple generations through the miR-27a-3p-Acsl1/Aldh2
axis.
Lay summary: It is not currently known how maternal obesity
affects the incidence of liver cancer in offspring. In this study, we
identified a microRNA (miR-27a-3p) that was upregulated in
obese mothers and could be passed on to their offspring. This
microRNA enhanced the risk of liver cancer in offspring by
regulating 2 genes (Acsl1 and Aldh2). This mechanism could be a
future therapeutic target.
© 2020 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.
Introduction
One-third of the population are overweight or obese; epidemi-
ological studies suggest that obesity is an independent risk factor
for malignant tumors such as colon cancer, breast cancer, and
liver cancer.1 For example, obesity increases the odds of devel-
oping liver cancer by 1.5–4.0 fold2; a 16-year prospective study of
900,000 Americans found that the incidence of liver cancer in
obese men and women was 4.52- and 1.68-fold higher than that
in non-obese individuals.3

Up to 50% of recently diagnosed HCC in the USA is the result
of hepatic metabolic disorders such as non-alcoholic fatty liver
disease (NAFLD).4 Maternal obesity, which directly affects the
health of offspring, plays a critical role in the obesity epidemic
and metabolic diseases.5,6 Offspring of obese mothers are at
increased risk of developing metabolic diseases, including
NAFLD, independent of the body weight of their fathers, indi-
cating that maternal factors play a major role in the inheritance
of obesity.7 We previously demonstrated that the offspring of
mothers exposed to high-fat diet (HFD) stress over multiple
generations showed gradual increases in obesity and NAFLD
score.8 However, whether the offspring of obese mothers are
more prone to develop malignant tumors, such as HCC, is
currently unknown.

Epigenetic mechanisms are involved in multigenerational
obesity.8,9 Growing evidence suggests that non-coding RNAs
mediate heritable phenotypes in their offspring,10 for example,
maternal circulating microRNAs (miRNAs) have been sug-
gested to cross the placenta and affect the phenotype of
2020 vol. - j 1–13

mailto:lzheng@whu.edu.cn
mailto:kunhuang@hust.edu.cn
https://doi.org/10.1016/j.jhep.2020.03.050


400 μm

D NC
n.s.

10

0

20

0

2

4

6

5

15

25

NCD

HFD1D

HFD2D

HFD3D NCD

HFD1D

HFD2D

HFD3D

*

*

1

3

5

7

*

*

n.s.

C

0

0.5

1.0

1.5

2.0

TG
 (m

m
ol

/L
)

0

10

TC
 (m

m
ol

/L
)

NC
NCD

HFD1D

HFD2D

HFD3D NC
NCD

HFD1D

HFD2D

HFD3D

2
4
6
8

n.s. n.s.

n.s.
***

*
#

***
***

NCD HFD1D HFD2D HFD3D

NC

NCD

HFD1D

HFD2D

HFD3D

NC

NCD

HFD1D

HFD2D

HFD3D

100

80

60

40

20

0
10864

(Months)

Su
rv

iv
al

 (%
)

5 7 9

B

NCD
HFD1D
HFD2D
HFD3D

A

*

400 μm

E H&E Masson

10 mice

F0 F1 F2
NC

NCD

HFD1D
HFD2D

HFD3D
Breeding
HFD or NC treatment
DEN treatment

F

T

T

10 mice

La
rg

e 
tu

m
or

 N
O

Tu
m

or
 N

O

Fig. 1. Maternal exposure to multigenerational HFD stress gradually increases susceptibility to HCC in their offspring. (A) Experimental design flowchart of
DEN-induced HCC in mice with multigenerational HFD-feeding stress. NC-fed mice, white; DEN-treated NC-fed mice, light grey; DEN-treated HFD-fed mice, grey
for HFD1D, dark grey for HFD2D, and black for HFD3D. (B) Survival ratio of DEN-injected offspring with multigenerational HFD-feeding stress. n = 8, 8, 20 and 17
for NCD, HFD1D, HFD2D and HFD3D group; *p <0.05 (Mann-Whitney U test). (C) Serum TG and TC levels. Data shown as mean ± SEM. n = 6, 7, 7, 12 and 9 for NC,
NCD, HFD1D, HFD2D and HFD3D group; *p <0.05; ***p <0.001; #p = 0.08; n.s., not significant (Mann-Whitney U test). (D) Two representative liver pictures for each
group, and quantification results of tumor and large tumor number; Data shown as mean ± SEM. n = 4, 7, 7, 12 and 9 for NC, NCD, HF1D, HFD2D and HFD3D group;
*p <0.05; n.s., not significant (Mann-Whitney U test). (E–F) Representative pictures for H&E (E) and Masson (F) stained liver sections (n = 4, 7, 7, 8 and 8 for NC,
NCD, HFD1D, HFD2D and HFD3D group). Dotted lines indicate the outline of tumors. Scale bar, 400 lm. DEN, diethylnitrosamine; HCC, hepatocellular carcinoma;
HFD, high-fat diet; NC, normal chow; NCD, normal chow + DEN; HFD(1/2/3)D, (F0/1/2) male offspring under high-fat diet + DEN; TC, total cholesterol; TG,
triglyceride.
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offspring.11,12 However, the links between maternal non-
coding RNAs and disease development in offspring have not
been established.

Herein, we studied the susceptibility of offspring from obese
mothers to diethylnitrosamine (DEN)-induced HCC under HFD
stress, using a previously reported mouse model.8,13 Multigen-
erational changes in miRNAs and genes in the livers of offspring
were identified by RNA-sequencing. Furthermore, using database
and clinical samples, tumor xenografts, cultured cells and mouse
models, we demonstrated an epigenetic mechanism operating
intergenerationally via the miR-27a-3p-Acsl1/Aldh2 axis, which
has a role in regulating the HCC incidence of offspring from
obese mothers.
2 Journal of Hepatology
Materials and methods
Mice, diets, and experimental design
C57BL/6 breeding pairs were from Hubei Center for Disease
Control and Prevention. Male BALB/c nude mice were from Hu-
nan SJA Animal Laboratory. Animals were handled according to
the Guidelines of the China Animal Welfare Legislation as
approved by the Committee on Ethics in the Care and Use of
Laboratory Animals, College of Life Sciences, Wuhan University.

The experimental design used to study HCC susceptibility in
the offspring of multigenerational HFD-stressed mothers is
shown (Fig. 1A). Briefly, female mice (F0 generation) were fed
normal chow (NC) or HFD (60% kcal fat; Research Diets, New
Brunswick, NJ) from 1 month to 3 months old, and mated with
2020 vol. - j 1–13
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Fig. 2. Maternal exposure to multigenerational HFD stress gradually increases hepatic inflammation and proliferation of their offspring. (A–B) Repre-
sentative pictures for F4/80, CD3 and Ly-6G staining with quantification results (A), and Ki67 staining with quantification results (B). Data shown as mean ± SEM.
n = 4, 5, 5, 5 and 5 for NC, NCD, HFD1D, HFD2D and HFD3D group; *p <0.05 (Mann-Whitney U test); scale bar, 100 lm; dotted lines indicate the outline of tumors.
(C) Quantification results of serum AST and ALT levels. Data shown as mean ± SEM. n = 6, 7, 7, 12 and 9 for NC, NCD, HF1D, HFD2D and HFD3D group; *p <0.05;
***p <0.001; #p = 0.08 (Mann-Whitney U test). (D) Quantification results of serum AFP, IL-6 and TNFa levels. Data shown as mean ± SEM. n = 6, 6, 7, 9 and 8 for NC,
NCD, HFD1D, HFD2D and HFD3D group; *p <0.05; ***p <0.001; #p = 0.08; n.s., not significant (Mann-Whitney U test). AFP, alpha-fetoprotein; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; HFD, high-fat diet; IL-, interleukin; NC, normal chow; NCD, normal chow + diethylnitrosamine; HFD(1/2/3)D,
(F0/1/2) male offspring under high-fat diet + diethylnitrosamine; TC, total cholesterol; TG, triglyceride; TNFa, tumor necrosis factor-a.
NC-fed male mice to breed the F1 generation as we previously
reported.8 The F2 generation was similarly created. Male mice of
the F0, F1 and F2 generations were injected intraperitoneally
with DEN (25 mg/kg body weight; Sigma, Saint Louis, MO) at p15
as previously reported,14 and maintained on HFD after weaning
which were named HF1D, HF2D or HF3D group, respectively
Journal of Hepatology
(Fig. 1A). Meanwhile, male mice of the F0 generation injected
with either PBS (NC group) or DEN (NCD group) at the same age
and maintained on NC were used as the control groups. All
groups were sacrificed at 40 weeks of age. The incidence of HCC
was determined by counting tumors (tumors with diameters of
2–8 mm are designated ‘tumor’; diameter >8 mm are designated
2020 vol. - j 1–13 3
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‘large tumor’) under dissecting microscope. Serum, tumor
(diameter >2 mm) and non-tumor tissues were collected for
further analysis.
4 Journal of Hepatology
In another set of experiments, multiple generations of HFD-
fed mothers, named NCF, HF1F and HF2F group, were created
(Fig. S1) and sacrificed at 16 weeks of age. Serum was collected.
2020 vol. - j 1–13
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miRNA agomir injection for pregnant mice
Pregnant C57BL/6 females were injected in the tail vein with PBS
or an agomir of miR-27a-3p (miR40000537, synthesized by
RiboBio; 5 lmol per mouse at E12.5 and 3 lmol per mouse every
other day, E14.5 to E18.5). The livers from E14.5 fetuses, p1, p5,
and p15 pups were collected. DEN was injected intraperitoneally
into p15 male offspring, which were maintained on NC or HFD
after weaning, named as Control+NC, Agomir+NC, Control+HFD
and Agomir+HFD group, respectively. NC-fed males were used as
controls. All groups were sacrificed at 32 weeks of age. Serum
and tumors were collected.
Measurements of serum factors and miRNAs
Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total cholesterol (TC), triglyceride (TG),
interleukin (IL)-6, tumor necrosis factor-a (TNFa) and alpha-
fetoprotein (AFP) were measured using ALT/AST kits (Jian-
cheng, Nanjing, China), total cholesterol or triglyceride kit
(KeHua, Shanghai, China), IL-6, TNFa or AFP ELISA Kits (FanKe,
Shanghai, China).

Serum RNA was extracted using a miRNeasy Kit (QIAGEN,
Germany). One microgram of RNA from each sample was reverse
transcribed into cDNA using miRNA qPCR Starter Kit (C10712,
RiboBio). qPCR was performed with specific primers synthesized
Journal of Hepatology
(RiboBio) for the targeted miRNA. Equal amounts of cel-miR-67-
3p were added before RNA extraction as the external control.

Histological, immunohistochemical and in situ hybridization
staining
Mouse liver samples were embedded in paraffin and sectioned.
Liver paraffin sections from 54 patients with HCC were obtained
from the Affiliated Hubei Cancer Hospital, with informed consent
and approval by the Ethics Committee of the Affiliated Hubei
Cancer Hospital in accordance with the principle of the Helsinki
Declaration. For histological evaluation, H&E or Masson’s tri-
chrome staining were performed.15,16 For immunohistochemical
staining, sections were incubated overnight with primary anti-
bodies (Table S2) and visualized by DAB substrate (Vector labo-
ratories). For miR-27a-3p in situ hybridization staining, miRNA
ISH Optimization Kit (339455, QIAGEN) and hsa-miR-27a-3p
miRNA detection probe (339111, QIAGEN) were used.

Sequencing of long non-coding RNA and small RNA
Total RNA of tumor samples from different groups (40-week-old
male offspring) was extracted individually using RNAiso Plus
(Takara Biotechnology). An equal amount of RNA (n = 4–8) from
the same group was combined into 2 samples/group for long
non-coding RNA-sequencing and 1 sample/group for small RNA-
sequencing as described previously.13,17 Sequencing was
2020 vol. - j 1–13 5
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performed by Novogene (Beijing, China) with details provided in
the supplementary methods.
Cell culture, plasmids, and transfection
HCC cell lines HepG2 (human) and Hepa1-6 (mouse) were ob-
tained from China Center for Type Culture Collection (CCTCC,
GDC024) and Rochen Pharma (CL-433), respectively. To knock-
down Acsl1 or Aldh2, HepG2 cells were transfected with either a
scrambled short hairpin RNA (shRNA) or an shRNA targeting
Acsl1 or Aldh2 (Table S1); stable knockdown cell lines were ob-
tained by puromycin selection.14,18 To create an Acsl1 and Aldh2
double-knockdown (shAcsl1+shAldh2) stable cell line, the Aldh2
stable knockdown cells were transfected with lentivirus packed
shAcsl1 plasmid twice (24 h apart), and selected with puromycin.

Human-specific Hsa-miR-27a-3p mimic (miR10000084-1-5)
or inhibitor (miR20000084-1-5) and mouse specific mmu-miR-
27a-3p mimic (miR10000537-1-5) or inhibitor (miR20000537-
1-5), all synthesized by RiboBio, were transfected into HepG2
cells or Hepa1-6 cells, respectively, using a Transfection Kit
(C10511-1, RiboBio). Cells transfected with micrON mimic
(miR01201-1-5) or micrOFF inhibitor (miR02201-1-5) were used
as respective controls.
6 Journal of Hepatology
Luciferase reporter assays
The siCHECK2 luciferase reporter for 30 UTR-WT (wild-type) or 30

UTR-mut (mutant, miR-27a-3p binding core bases mutated to A)
of mouse Acsl1 and Aldh2 were constructed (Table S1). Twelve
hours after transfection of mmu-miR-27a-3p mimic, or inhibitor,
or control micrON mimic, plasmids for luciferase reporter assays
were individually transfected. Twenty-four hours later, luciferase
activities were measured as described.19
MTT and colony formation
HepG2 or Hepa1-6 cells were transfected with different plas-
mids. Twelve hours after transfection, the cells were stimulated
with or without 100 lM palmitic acid (PA) for 24 h. MTT and
colony formation assay were performed as we previously
reported.14,20
Tumor xenografts
For one set of experiments, BALB/c nude mice fed with NC or
HFD for 8 weeks were subcutaneously injected with 1×106

HepG2 cells stably expressing either empty vector, or shAcsl1, or
shAldh2, or shAcsl1+shAldh2, and mice were maintained on their
original diets during the experiment.
2020 vol. - j 1–13



For miR-27a-3p agomir and antagomir treatments, nude mice
fed with NC or HFD were subcutaneously injected with HepG2
cells and maintained on their original diets. Five micromoles of
miR-27a-3p agomir or antagomir or an equal volume of PBS were
injected intratumorally every other day at certain times after cell
injection, and tumor volume was measured.20 Detailed protocols
are provided in the supplementary methods.

qPCR for genes or miRNA and western blots
qPCR (except for miRNA) and western blots were performed as
described with details provided in the supplementary
methods.21,22 The primers and antibodies used are provided
(Tables S1–2). miRNA levels were evaluated using RiboBio PCR
Primer Sets with miR-340-3p as the internal control.

Database analysis
The Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/)
was used to evaluate the expression of specific genes and miR-
NAs in patients with HCC and survival rates were calculated
using the minimum p value approach.23,24 TargetScan (http://
www.targetscan.org) was used to predict target genes regu-
lated by miR-27a-3p.

Data availability
The RNA-seq data are available at GEO (GSE117539; access token
epsxemamvngxlsj).

Statistical analysis
Results were expressed as average ± SEM. All of the cell experi-
ments were repeated 3 times. Most data were analyzed using the
non-parametric Kruskal-Wallis test followed by the Mann-
Whitney U test for comparisons of more than 2 groups, while
the Mann-Whitney U test was used for comparisons of 2 groups.
Differences were considered statistically significant when
p <0.05.

Results
Maternal multigenerational HFD exposure increases HCC
incidence in offspring
Compared with the HFD1D and NCD groups, the survival rate of
the HFD2D and HFD3D groups (HFD(1/2/3)D, (F0/1/2) male
offspring under high-fat diet + diethylnitrosamine) was signifi-
cantly decreased, with no further difference between these 2
groups (Fig. 1A,B). Serum TC and TG levels were significantly
higher in the HFD1D and HFD2D groups compared to those of
the NCD and NC mice, which were further significantly increased
in the HF3D group (Fig. 1C), indicating that generational HFD
stress gradually increased lipotoxicity in offspring. We previously
reported that continuous HFD stress resulted in gradually
increased offspring body weight over successive generations.8

However, in this DEN-induced HCC model, the offspring
showed no significant body weight change after exposure to
multigenerational HFD stress, maybe due to cancer-associated
cachexia.25 However, increased liver weights (Fig. S2B) and
steatosis (data not shown) were found in the HFD-fed plus DEN
stress groups compared to the NC group. Notably, the number
and size of tumors gradually increased in the offspring over
generations under HFD plus DEN stress (Fig. 1D). H&E and tri-
chrome staining also confirmed a gradual deterioration in liver
pathology in the offspring over generations under HFD plus DEN
stress (Fig. 1E–F).
Journal of Hepatology
Maternal multigenerational HFD exposure increases hepatic
inflammation and cell proliferation in the offspring after HFD
plus DEN challenge
Increased infiltration of immune cells and hepatocyte prolifera-
tion are important characteristics for the development of HCC.26

A gradual increase in the number of F4/80 (marker of macro-
phage), CD3 (marker for T cells), Ly-6G (marker for neutrophils),
and Ki67 (marker for cell proliferation) stained hepatic cells were
found in the livers (both tumor and non-tumor parts) of
offspring in succeeding generations upon HFD plus DEN stress
(Fig. 2A–B). Markers of liver injury, such as serum AST and ALT,
also gradually increased in the offspring over generations
(Fig. 2C). Meanwhile, the serum level of AFP, an HCC diagnosis
marker,26,27 was increased in the NCD, HFD1D and HFD2D
groups compared to that of the NC mice, which was further
increased in the HFD3D mice (Fig. 2D). Also, serum levels of
inflammation makers IL-6 and TNFa28 were increased in NCD
mice compared to NC mice, and further increased in the HFD2D
and HFD3D groups (Fig. 2D).

Metabolic genes altered over generations
To explore how multigenerational maternal HFD exposure in-
creases the incidence of HCC in offspring after HFD plus DEN
stress, RNA-sequencing for tumors was performed. Among the
top 10 KEGG pathways associated with significantly altered
genes between different groups (HFD1D vs. HFD3D, NCD vs.
HFD3D, NCD vs. HFD1D, HFD1D vs. HFD2D, and HFD2D vs.
HFD3D), most were involved in metabolism (Fig. 3A and
Fig. S3A–D). Further analysis of the enriched genes in metabolic
pathways indicated that most of these genes were down-
regulated and belonged to lipid and/or amino acid metabolism
(Fig. 3B–C). Consistent with the RNA-sequencing results, qPCR
confirmed that in tumors, the levels of Aldh2, Acsl1, Apoa5,
Apol7a, Rbp4, Akr1c6, Acaa2, Acaa1b, Glul, Car3, Hamp and
Hamp2 gradually decreased in the livers of offspring in suc-
ceeding generations under HFD plus DEN stress (Fig. 3D);
meanwhile, similar patterns of changes for these genes were
found in non-tumor parts (Fig. S3E), although most of these
genes showed significant changes in the HFD2D and HFD3D
groups, but not in the HFD1D group (Fig. S3E). Among these
genes, we focused on Acsl1 and Aldh2, since their levels were
significantly negatively correlated with HCC on TCGA analysis
(Fig. 3E). Furthermore, patients with HCC and lower Acsl1 or
Aldh2 levels had worse overall survival rates (Fig. 3F). In addi-
tion, the levels of Apoa5, Acaa2, and Hamp were also signifi-
cantly negatively correlated with HCC, while only Apoa5 and
Hamp were significantly related to survival rates (Fig. S4). We
thus tested whether Acsl1 and Aldh2 play roles in the increased
HCC incidence in offspring.

Knockdown of Acsl1 and Aldh2 synergistically promotes
tumor growth upon HFD
We individually or simultaneously knocked down Acsl1 and
Aldh2 in HepG2 cells (Fig. S5A). Under normal or PA-treated
conditions, both MTT and plate colony formation indicated
increased cell proliferation after single or double knockdown of
Acsl1 and Aldh2 (Fig. S5B–C). Interestingly, under PA-treatment,
simultaneous knockdown of Acsl1 and Aldh2 significantly
induced cell proliferation compared with knockdown of either
gene (Fig. S5B–C), suggesting that they affect cell proliferation
synergistically under hyperlipidemic conditions.
2020 vol. - j 1–13 7
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To investigate whether knockdown of Ascl1 or/and Aldh2
can exacerbate tumor growth in vivo, subcutaneous xenografts
were performed. We generated HepG2 cells that stably
express shAcsl1, or shAldh2, or shAcsl1+shAldh2. Before xeno-
graft injection, nude mice were fed NC or HFD for 8-weeks;
significantly increased body weight, serum TC and TG levels
were found in HFD-challenged mice (Fig. 4A). Under NC-fed
conditions, compared to the control group (CT, injected with
HepG2 cells stably expressing empty vector), significantly
increased tumor growth rate and size/weight were found
in the shAcsl1, shAldh2 and shAcsl1+shAldh2 groups, and no
significant difference was observed among these groups
(Fig. 4B–D). However, under the HFD-fed conditions, compared
to the CT group, tumor growth rate and size/weight were also
increased in the shAcsl1 or shAldh2 group, which were further
increased in the shAcsl1+shAldh2 group (Fig. 4B–D). Notably,
compared to the respective NC-fed group, the HFD-fed group
showed significantly increased tumor growth rate, size and
weight (Fig. 4B–D).

Hepatic miRNAs altered over generations
The hepatic miRNA levels in the offspring were also examined by
RNA-sequencing. Of the top 10 KEGG pathways enriched by
significantly altered miRNAs between different groups (HFD1D
vs. HFD3D, NCD vs. HFD3D, NCD vs. HFD1D, HFD1D vs. HFD2D,
and HFD2D vs. HFD3D), most are involved in cancer development
(Fig. 5A and Fig. S6A–D). A heatmap shows a set of miRNAs that
are gradually altered over generations (Fig. 5B). Consistent with
the RNA-sequencing results, qPCR confirmed that in tumors,
miR-210-3p, miR-223-3p, miR-222-5p, miR-322-5p, miR-34c-5p,
miR-27a-3p, miR-21a-5p, miR-486a-5p and miR-532-5p were
gradually increased in the offspring (Fig. 5C). Meanwhile, similar
patterns with lower levels of change were found for some of
these miRNAs in non-tumor tissue (Fig. S6E). TCGA analysis
suggested that survival rates were significantly decreased in
patients with HCC and higher levels of 5 miRNAs including
miR-27a-3p (Fig. 5D & Fig. S7).

Increased miRNA levels are often associated with decreased
expression of their targeted genes.29 Bioinformatic analysis
suggests that miR-27a-3p may regulate the transcription of Acsl1
and Aldh2 (Fig. S8A–B). A mimic or inhibitor of miR-27a-3p was
applied to HepG2 or Hepa1-6 cells, and successful regulation of
miR-27a-3p level was achieved (Fig. 6A and Fig. S8C). The mRNA
and protein levels of Acsl1 and Aldh2 were significantly
decreased after mimic treatment, while significantly increased
after inhibitor treatment (Fig. 6A–B and Fig. S8D–F).

To assess whether miR-27a-3p regulates the transcription of
Acsl1 or Aldh2 mRNAs, luciferase reporter assays were per-
formed. Co-transfection of the miR-27a-3p mimic with the wild-
type, but not mutant, 30-UTR of Acsl1 or Aldh2, dramatically
reduced their transcriptional levels, as demonstrated by the
reduction in luciferase activity; while the miR-27a-3p inhibitor
had the opposite effect (Fig. 6C). To further investigate the effect
of miR-27a-3p on tumor growth, subcutaneous xenograft ex-
periments were performed. Nude mice fed an HFD for 8-weeks
(E; CT, n = 8; agomir, n = 18) or antagomir (H; n = 10 per group) under HFD-fed con
and western blot results for Acsl1 and Aldh2 in xenograft tumor injected with m
CT+HFD and antagomir+HFD group, were used to evaluate the Acsl1 and Aldh2 le
Whitney U test). CT, control; HFD, high-fat diet; miRNA, microRNA.

Journal of Hepatology
were subcutaneously injected with HepG2 cells (day 0), then
miR-27a-3p agomir was injected into the tumors (from day 6 to
day 16/18) once every other day (Fig. 6D). Significantly
increased tumor growth rate and size were found in agomir-
treated mice (Fig. 6D–E). Significantly upregulated miR-27a-
3p, as well as downregulated mRNA and protein levels of
Acsl1/Aldh2 in the tumors, was achieved by agomir injection
(Fig. 6F). Consistently, a miR-27a-3p antagomir had opposite
effects on tumor growth rate and size under both NC or HFD
conditions (Fig. 6G–H and Fig. S8G–H). The miR-27a-3p anta-
gomir also had the opposite effect on the mRNA and protein
levels of Acsl1/Aldh2 in tumors (Fig. 6I). These data suggest that
miR-27a-3p regulates Acsl1 and Aldh2, affecting the develop-
ment of HCC.

Increased serum miR-27a-3p level in HFD-fed mothers affects
HCC susceptibility in the offspring
Maternal miRNAs have been suggested to affect fetal pheno-
types,11,12 thus, we examined 9 miRNAs (Fig. 5C) in serum from
the maternal lineage. Gradually increased serum levels of miR-
27a-3p, but not the other miRNAs, was found in the maternal
lineage under HFD stress (Fig. 7A and Fig. S9). We hypothesized
that altered maternal serum miR-27a-3p levels may affect the
level of hepatic miR-27a-3p and its target genes in offspring. To
test this possibility, an miR-27a-3p agomir was injected once
into adult mice. Significantly increased serum miR-27a-3p was
seen at 3 h and 3 days, returning to normal levels at 7 days post-
injection (Fig. S10A). Next, an miR-27a-3p agomir was injected
into pregnant C57BL/6 mice every other day from E12.5 to E18.5
(Fig. 7B). Significantly upregulated miR-27a-3p and down-
regulated mRNA and protein levels of Acsl1 and Aldh2 were
achieved in the fetus and pups by elevating maternal serum miR-
27a-3p (Fig. 7C–D and Fig. S10B–C).

Therefore, we hypothesized that altered maternal serum miR-
27a-3p levels may affect HCC susceptibility in their offspring. To
test this possibility, the miR-27a-3p agomir was injected into
pregnant C57BL/6 mice, male offspring were challenged with
DEN at p15 and fed with NC or HFD after weaning (Fig. 7B).
Notably, regardless of diets, significantly increased tumor
numbers were found in the offspring whose mothers were
injected with miR-27a-3p agomir; furthermore, heavier tumor
burden was found in the offspring under HFD conditions
(Fig. 7E–F). H&E and trichrome staining indicated exacerbated
hepatic pathological changes in the offspring from mothers
injected with miR-27a-3p agomir, while, the most significant
changes were found in HFD-fed offspring from agomir-injected
mothers (Fig. 7G). Moreover, significantly upregulated hepatic
miR-27a-3p level with downregulated mRNA and protein levels
of Acsl1 and Aldh2 were found in the offspring of agomir-
injected mothers (Fig. 7H–I).

miR-27a-3p is negatively correlated with Acsl1 and Aldh2 in
HCC patients, with or without fatty liver
To investigate the clinical relevance of miR-27a-3p-Acsl1/
Aldh2 axis in HCC, 54 clinical samples (27 fatty
ditions. Data shown as mean ± SEM. *p <0.05 (Mann-Whitney U test). (F, I) qPCR
iR-27a-3p agomir (F) or antagomir (I) (n = 6 per group, except n = 6 and 5 for
vels) under HFD-fed conditions. Data shown as mean ± SEM. *p <0.05 (Mann-
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liver-associated HCC, 27 non-fatty liver-associated HCC)
were obtained. The levels of Acsl1 or Aldh2 in tumors
were significantly lower compared to those in non-tumor
tissues, and their levels in fatty liver samples were also
significantly lower compared to those in non-fatty liver
(Fig. 8A). Consistently, the miR-27a-3p levels in tumors
were significantly higher compared with those in non-tumor
tissues, while its levels were significant higher in fatty liver
samples compared to those in non-fatty liver (Fig. 8A).
Correlation analysis further revealed a negative correlation
between the expression of miR-27a-3p and Acsl1 or Aldh2
(Fig. 8B).
Journal of Hepatology
Discussion
The present study indicates that maternal obesity affects the
incidence and development of HCC in offspring. Specifically,
obesity or HFD-feeding increased the maternal serum miR-27a-
3p levels, which could intergenerationally affect the hepatic
miR-27a-3p-Acsl1/Aldh2 axis in offspring (Fig. 8C). Since
maternal obesity is an independent contributing factor to
metabolic diseases in offspring, and HCC is closely associated
with metabolic diseases, our animal studies reveal a mechanistic
link between maternal obesity and the development of cancer in
offspring. Further clinical and epidemiological investigations will
help to link our findings in humans.
2020 vol. - j 1–13 11
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Disruption of miRNA expression patterns is regarded as a
hallmark of human cancer.30 Many miRNAs are involved in
human cancer as onco-miRNA or tumor suppressor-miRNA,
depending on their gene targets.31,32 miR-27a-3p is upregu-
lated in laryngeal tumors and gastric cancer33,34; and its level is
correlated with metastatic progression and survival rates in
nasopharyngeal carcinoma.35 Herein, we found that serum miR-
27a-3p levels increased over generations in response to obesity
in the maternal lineage (Fig. 7A). Interestingly, we also observed
elevated hepatic miR-27a-3p levels over generations in the
offspring from these obese mothers under HFD plus DEN stress
(Fig. 5B–C), which may occur through transportation of miRNAs
from mothers to their offspring via small extracellular vesi-
cles.36,37 Intratumor injection of a miR-27a-3p agomir increased
tumor growth rates in nude mice, whereas an antagomir had
the opposite effects (Fig. 6D–H and Fig. S8G–H). Notably,
injection of pregnant mice with an miR-27a-3p agomir exacer-
bated DEN-induced HCC development in offspring under NC-
and HFD-fed conditions (Fig. 7E–G). In humans, the hepatic
miR-27a-3p level was positively correlated with HCC (Fig. 8A)
and mortality (Fig. 5D). Although additional miRNAs, such as
miR-210-3p and miR-223-3p, may not be responsible for the
intergenerational effects observed in the offspring of obese
mothers, their roles in HCC development still await further
investigation.

In this study, we demonstrated in vitro and in vivo that Acsl1
and Aldh2 are targets for miR-27a-3p (Fig. 6). Acsl1 catalyzes the
acylation of fatty acids into long-chain acyl-CoAs38; whereas
Aldh2 is a mitochondrial aldehyde dehydrogenase highly
expressed in the liver,39 which is involved in normalizing the
acetaldehyde-redox level. Downregulated Aldh2 has been shown
to enhance the migratory capacity of HCC in mice.40 Consistently,
we demonstrated gradual decreases of Aldh2 and Acsl1 in DEN-
induced offspring exposed to multigenerational HFD stress
(Fig. 3C–D). Additionally, TCGA analysis suggested significantly
lower Aldh2 or Acsl1 levels in patients with HCC, which are also
negatively correlated with mortality (Fig. 3E–F). Furthermore,
under both NC-fed and HFD-fed conditions, the offspring of
agomir-injected pregnant mice showed upregulated hepatic
miR-27a-3p, with downregulated hepatic Aldh2 and Acsl1 levels
(Fig. 7). These results demonstrated a novel regulatory role
for hepatic miR-27a-3p on Acsl1 and Aldh2 in the development
of HCC.

Double knockdown of Acsl1 and Aldh2 had a synergistic effect
on tumor growth under hyperlipidemic conditions, both in vivo
and in vitro, but not under normal conditions (Fig. 4B–D and
Fig. S5B–C). Cancers are complex diseases with heterogeneous
genetic causes,41 in many cases, multiple mutations and/or gene
loss contribute to cell proliferation, differentiation and cellular
homeostasis during cancer development.42 Thus, the synergistic
effects of Acsl1 and Aldh2 on tumor growth may be due to co-
ordination of multiple signaling pathways and the provision of
metabolic substrates during cancer development.43 Whether this
synergistic effect takes place under other conditions requires
further investigation.

In summary, an important link between maternal obesity and
diseases in offspring has been described. Attention should be
paid to the potential clinical impacts of intergenerational and
multigenerational phenomena.
12 Journal of Hepatology
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