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ABSTRACT

Alcohol intake can modify gut microbiota composition, increase gut permeability, and promote
liver fibrogenesis. LRP6 is a signal transmembrane protein and a co-receptor for the canonical Wnt
signaling pathway. This study compared the curative effect of LRP6-CRISPR on alcohol-related liver
injury with that of traditional fecal microbiota transplant (FMT) and investigated the alteration of
the gut microbiome following the treatment. A rat model of alcohol-related liver injury was
established and injected with lentiviral vectors expressing LRP6-CRISPR or administered with
fecal filtrate from healthy rats, with healthy rat served as the control. Liver tissues of rats were
examined by HE staining, Sirius staining, and Oil red O staining, respectively. The expression of
LRP6 and fibrosis biomarkers were tested by PCR. The fecal sample of rats was collected and
examined by 16S rRNA sequencing. Our data indicated that LRP6-CRISPR was more efficient in the
prevention of alcohol-related liver injury than FMT. Microbiome analysis showed that alcohol-
related liver injury related to gut microbiota dysbiosis, while treatment with LRP6-CRISPR or FMT
increased gut microflora diversity and improved gut symbiosis. Further, bacteria specific to the
disease stages were identified. Genera Romboutsia, Escherichia-Shigella, Pseudomonas, Turicibacter,
and Helicobacter were prevalent in the intestine of rats with alcohol-related liver injury, while the
domination of Lactobacillus was found in rats treated with LRP6-CRISPR or FMT. Besides,
Lactobacillus and genera belonging to family Lachnospiraceae, Bacteroidales S24-7 group, and
Ruminococcaceae were enriched in healthy rats. LRP6-CRISPR and FMT have beneficial effects on
the prevention of alcohol-related liver injury, and correspondently, both treatments altered the
disrupted gut microflora to a healthy one.
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Introduction pathway, facilitates HSC activation and arguments

Alcoholic hepatic fibrosis, a significant type of alco-
holic liver disease (ALD), is a lifestyle-associated dis-
ease and also a co-factor in many other diseases.!"
Due to the ingested alcohol and its metabolic conse-
quences, alcohol intake can alter the gut microbiota
composition and contribute to disease aggravation. !
Despite its healthy burden, the occurrence, develop-
ment, detection, and treatment of alcohol-related liver
injury remain largely unknown."!

Low-density lipoprotein receptor-related protein 6
(LRP6) is a signal transmembrane protein. As a co-
receptor for the canonical Wnt pathway, the interac-
tion of LRP6 and Wnt ligand is the first step in the
Wnt signal transduction cascade.”! We have recently
demonstrated that RSPO2, which requires LRP6 for
activating and amplifying signaling of the Wnt

liver fibrogenesis by enhancing the canonical Wnt
pathway.">®! Thus, we hypothesized that the knockout
of LRP6 would repress the Wnt signaling activities
and subsequently suppress the activation of HSC.

For decades, the gut microbiota is recognized as
a major environmental factor influencing liver
fibrosis.”) Qin et al. reported that enteric dysbiosis,
especially the translocation of bacteria and their meta-
bolic products across the gut barrier, is involved in the
progression of liver fibrosis.!®® Alterations of gut
microbiota and associated gut dysbiosis may play an
essential role in the induction and promotion of liver
injury. Thus, the gut microbiota is considered as
a potential therapeutic target of a large number of
liver diseases due to the existing of gut-liver axis.!""
Lots of randomized-controlled trials show that FMT
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as a promising treatment in various diseases, such as
IBD and Clostridium difficile infections."*! Although
FMT may improve gut symbiosis, its impact on the
prevention of alcohol-related liver injury has not been
well studied.

This study used clustered regularly interspaced
short palindromic repeats (CRISPR) - CRISPR-
associated protein 9 (Cas9) system, an efficient gen-
ome editing tool, to identify the functions of LRP6 in
alcohol-related liver injury. The curative effect of
LRP6-CRISPR on alcoholic liver disease was com-
pared with that of traditional fecal microbiota trans-
plant, and the alteration of the gut microbiome
following the treatment was investigated.

Results

LRP6-CRISPR attenuated liver fibrogenesis in
a rat model of alcoholic liver disease

A rat model of alcohol-related liver injury was estab-
lished by administrating ethyl alcohol for four weeks
(the model). Alcohol-related liver injury rats were
then selected for in vivo transduction of lentivirus
vector expressing LRP6-CRISPR (the CRISPR
group), with healthy rats served as the control. Liver
tissues of rats were analyzed by Sirius staining and HE
staining, respectively. Sirius-red staining showed
decreased liver fibrosis in the CRISPR group com-
pared with the model (Figure 1a). Consistently, HE
staining presented similar results. The recovering of
vacuoles degeneration was observed in the liver tis-
sues of the CRISPR group (Figure 1b). Oil red
O staining indicated the lipid droplets obviously
decreased in the liver tissues of the CRISPR group,
which might suggest that LRP6-CRISPR relives liver
injury induced by ethyl alcohol (Figure 1Ic).
Interestingly, the above experiments presented
a similar pattern that the liver tissues of the CRISPR
group tended to restore to normal status as the
control.

To confirm the above findings, liver tissues of rats
were further tested by RT-PCR and western blot
assays. Aligned with the above findings, the results
of the PCR test showed the mRNA level of LRP6
(p < .01), fibrosis biomarker a-SMA (p < .01), and
collagen-I (p < .01) in the CRISPR group dropped
significantly compared with the model (Figure 1d).

No statistical difference was found in the mRNA level
of a-SMA and collagen-I between the CRISPR group
and the control, whereas the expression of LRP6 was
significantly decreased in the CRISPR group com-
pared with the control (p < .01). Consistently, the
same results were observed with the western blot
assay. Compared with the model, the protein expres-
sion of LRP6, a-SMA, and collagen-I was notably
down-regulated in the CRISPR group and was close
to that of the control (Figure 1le).

LRP6-CRISPR was more efficient in the
prevention of alcoholic liver disease than FMT

To validate the curative effect of LRP6-CRISPR on
alcoholic liver disease, fibrotic-liver rats were also
selected for fecal microbiota transplant. Rats with
alcohol-related liver injury were transplanted with
fecal filtrate from healthy rats (the FMT group).
Liver tissues of rats were analyzed by Sirius stain-
ing, HE staining, Oil red O staining, RT-PCR, and
western blot assay, respectively. Compared with
the CRISPR group, the results of staining experi-
ments indicated FMT has a modest effect in the
healing the liver injury caused by ethyl alcohol
(Figure la, b and c). Consistently, the results of
the PCR test confirmed the above findings.
Although the mRNA level of fibrosis biomarkers
a-SMA and collagen-I was significantly lower in
the FMT group than the model (p < .01 for a-SMA
and collagen-I), there was still a statistical differ-
ence between the FMT group and the control
(p < .01 for a-SMA and collagen-I) (Figure 1d).
Similar results were also observed with the western
blot assay (Figure le). The above findings indi-
cated that FMT treatment has little benefit on the
relief of alcohol-related liver injury.

Treatment with CRISPR-LRP6 or FMT increased
the gut microflora diversity

Fecal samples of rats were collected from the CRISPR
group, the FMT group, the model, and the control.
16S rRNA amplicon sequencing was performed on the
DNA extracted from the fecal samples. On average
22.29 Mbp clean data per sample was generated. After
clustering the operational taxonomic units (OTU) at
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Figure 1. LRP6-CRISPR had a superior efficiency in the prevention of alcohol-related liver injury than FMT in a rat model.

a. Representative pictures of Sirius staining showed decreased fibrosis in alcohol-related liver injury rats transfected with LRP6-
CRISPR (CRISPR group), whereas a modest effect was observed in rats transplanted with fecal filtrate from healthy rats (FMT group).
b. HE staining showed decreased vacuoles degeneration of liver tissues in the FMT had a little benefit on the relief of fibrosis CRISPR
group, whereas FMT had a little benefit on the relief of fibrosis. c. Qil red O staining indicated the lipid droplets were decreased in
the CRISPR group, whereas a weak effect was observed in the FMT group. d. The mRNA level of LRP6 and fibrosis biomarkers (a-SMA
and collagen |) in the CRISPR group, FMT group, and control were significantly lower than that of the model. The difference between
the FMT group and the CRISPR group was significant, whereas no statistical difference was found between the CRISPR group and the
control except LRP6. e. Similar results were found in the protein expression. Data were collected from four groups, which were
alcohol-related liver injury model group (twenty rats), CRISPR group (twenty rats), FMT group (twenty rats), and the control group

(twenty rats). Data represent the mean of three independent experiments, and error bars are the standard deviation of means.
* represent p < .05, and ** represent p < .01.

97% identity, a total of 1,908 OTUs were recovered ~ samples have been sequenced (Figure 2a).

from the fecal samples.

Aligned with the previous reports, this study found
liver injury correlates to gut microflora dysbiosis.!""?!
Rarefaction curves for Sobs index tended to be
smooth, which suggested a reasonable number of

Additionally, the rarefaction curves also indicated
the model has lower community richness (Sobs
index) than the rests (the CRISPR group, the FMT
group, and the control). Interestingly, the rarefaction
curve of the CRISPR group was almost overlapped
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Figure 2. Treatment with CRISPR-LRP6 or FMT improved the gut microflora symbiosis.

a. Rarefaction curves for Sobs index suggested the community richness of samples increased in the CRISPR group and the FMT group
as compared to the model. b. Community diversity (Shannon index) of the FMT group and the control was significantly higher than
that of the model, whereas the a-diversity of the CRISPR group had a trend to approach that of the control (p = .051). c. A similar
pattern of microbial community composition was found in the CRISPR group and the FMT group, which was obviously differed from
that of the model and was close to that of the control. d. The ternary analysis showed a comparison of relative abundance at the
genus level between the CRISPR group, the FMT group, and the model. Fecal samples were collected from rats with ethyl-alcohol-
induced liver injury and normal rat (the control). Fecal samples collected from alcohol-related liver injury rats were noted as the
model (twenty rats), fecal samples collected from alcohol-related liver injury rats transfected with LRP6-CRISPR were noted as the
CRISPR group (twenty rats), fecal samples collected from alcohol-related liver injury rats received FMT were noted as the FMT group
(twenty rats), and samples collected from healthy rats were noted as the control group (twenty rats).

with that of the FMT group, which implied these two
groups have similarly observed richness (Sobs index).

The community a-diversity index (Shannon
index) of each sample was calculated by removing
the outlier values (sample FMT_9). Consistently,
results showed the community diversity of the
CRISPR group (p = .05), the FMT group (p < .01),
and the control (p < .01) were significantly higher
than that of the model, and no statistical difference
was found between the CRISPR group and the FMT
group (p = .20), between the CRISPR group and the
control (p = .06), and between the FMT group and

the control (p = .26). (Figure 2b). Together, these
findings suggested that liver fibrosis was correlated
with the gut microbiota dysbiosis and the treatment
of CRISPR-LRP6 or FMT increased the gut micro-
flora diversity and tended to be close to that of the
control.

Treatment with CRISPR-LRP6 or FMT tended to
restore the gut microflora composition

Taxonomic annotations were derived from the SILVA
database (version 123), and the community



composition of each group (the CRISPR group, the
FMT group, model, and the control) was calculated
(Figure  2c¢). Community analysis showed
Lactobacillus has the highest abundance in the
CRISPR group (22.8%), the FMT group (24.6%),
and the control (25%), whereas its abundance was
only 84% in the model (Table 1). Genus
Romboutsia was abundant in the model (12.3%), fol-
lowed by the control (7.7%), the CRISPR group
(4.8%), and the FMT group (3.1%). Bacteroidales
$24-7 group (CRISPR: 6.5%, FMT: 7%, control:
9.2%), Lachnospiraceae NK4A136 group (CIRSPR:
5.8%, FMT: 5%, control: 7.6%), Ruminococcaceae
UCG-014 (CRISPR: 5.8%, FMT: 6.6%, control:
4.2%), and unclassified Lachnospiraceae (CRISPR:
4.4%, FMT: 4.4%, control: 5.9%) were the dominant
genus in the CRISPR group, the FMT group, and the
control. On the other hand, Helicobacter (8.9%),
Lachnospiraceae =~ NK4A136  group  (7.7%),
Pseudomonas (6.4%), and Clostridium sensu stricto_1
(6.1%) predominated in the model. In brief, the taxo-
nomic analysis indicated the CRISPR group and the

Table 1. Community composition.

Genera CRISPR Control FMT Model
Lactobacillus 0.228 0.250 0.246 0.084
Romboutsia 0.048 0.077 0.031 0.123
Bacteroidales_S24-7_group 0.065 0.092 0.070 0.040
Lachnospiraceae_NK4A136_group 0.058 0.078 0.050 0.077
Ruminococcaceae_UCG-014 0.059 0.042 0.066 0.029
unclassified_f__Lachnospiraceae 0.044 0.059 0.044 0.026
Clostridium_sensu_stricto_1 0.031 0.035 0.021 0.061
Helicobacter 0.031 0.008 0.016 0.089
Turicibacter 0.025 0.038 0.022 0.047
Pseudomonas 0.027 0.006 0.008 0.064
Akkermansia 0.015 0.010 0.044 0.030
Desulfovibrio 0.019 0.018 0.018 0.018
Treponema_2 0.012 0.011 0.020 0.029
[Eubacterium] 0.025 0.007 0.025 0.016
_coprostanoligenes_group
Bacteroides 0.013 0.006 0.021 0.025
Ruminococcaceae_UCG-005 0.014 0.012 0.026 0.012
norank_f__Ruminococcaceae 0.017 0.009 0.014 0.014
unclassified_f__Ruminococcaceae 0.017 0.014 0.012 0.009
Ruminococcaceae_UCG-013 0.019 0.014 0.012 0.007
Ruminiclostridium_9 0.015 0.011 0.011 0.009
Allobaculum 0.023 0.002 0.012 0.006
_unclassified_f__Prevotellaceae 0.007 0.008 0.018 0.004
Candidatus_Saccharimonas 0.009 0.015 0.008 0.004
Christensenellaceae_R-7_group 0.013  0.004 0.012 0.005
Prevotella_9 0.007 0.005 0.015 0.004
Phascolarctobacterium 0.008 0.001 0.011 0.005
Ruminococcus_2 0.003 0.015 0.003 0.002
Escherichia-Shigella 0.004 0.001 0.003 0.014
Blautia 0.002 0.003 0.004 0.010
Others 0.144 0.149 0.136 0.138
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FMT group share a similar pattern of microbial com-
munity composition with the control, which was
obviously differed from that of the model.

The relative abundance at the genus level
(between the CRISPR group, the FMT group, and
the model) was compared by ternary analysis. The
plot of the ternary analysis showed that most of the
genus was distributed along the median of CRISPR
and FMT, which indicated the CRISPR group and
the FMT group shared a similar microbiota compo-
sition and was differed from that of the model
(Figure 2d). Analysis results showed Lactobacillus
(CRISPR: 40.9%, FMT: 44.1%, model: 15%), and
genus belong to family Ruminococcaceae, such as
Ruminococcaceae UCG-014 (CRISPR: 38.1%, FMT:
42.8%, model: 19.1%), Ruminococcaceae UCG-013
(CRISPR: 50.6%, FMT: 31.4%, model: 18.1%),
unclassified Ruminococcaceae (CRISPR: 43.6%,
FMT: 32.3%, model: 24.1%), and Ruminiclostridium
(CRISPR: 42.8%, FMT: 31.1%, model: 24.1%) were
abundant in the CRISPR group and the FMT group.
In comparison, Romboutsia (CRISPR: 23.7%, FMT:
15.4%, model: 60.8%), Helicobacter (CRISPR: 22.9%,
FMT: 11.7%, model: 65.3%), and Pseudomonas
(CRISPR: 27.4%, FMT: 7.9%, model: 64.7%) were
predominated in the model.

Taken together, the above findings suggested
the treatment of LRP6-CRISPR or FMT tends to
restore the disrupted gut microflora of alcohol-
related liver injury rats to a normal status.

Treatment with CRISPR-LRP6 or FMT improved
gut symbiosis

Principal co-ordinates analysis (PCoA) was applied
to visualize the overall community structure of gut
microflora among all fecal samples on the species
level (Figure 3a). The first two components
accounted for 30.2% (PCI1: 18.4%, PC2: 11.8%) of
the total variation. A total of four groups (repre-
sented by an ellipse) were identified, which stands
for the CRISPR group, the FMT group, the model,
and the control, respectively. The control ellipse was
obviously apart from the model ellipse, which meant
they have different community structure of gut
microbiota. Notably, the CRISPR group and the
FMT group were overlapped and intersected with
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Figure 3. The gut microflora of the CRISPR group and FMT group tended to restore to an equilibrium status similar to the control.

a. PCoA analysis on species level showed the model has a distinguishable pattern of gut microflora from that of the control, whereas
the CRISPR group and the FMT group intersect with the model and the control. b. Enterotype analysis on species level showed three
unique enterotypes. Among which, type 1 purely included the model, whereas type 2 almost excluded the model, and type 3
consisted of all samples. ¢. Co-occurrence network analysis showed the CRISPR group and the FMT group shared more species with
the control than the model. d. Correlation network analysis on the genus level revealed the correlations of the gut microflora in the
samples. The size of the nodes represented species abundance, the red line indicated a positive correlation, whereas the green line
indicated a negative correlation. Most of the species belonged to phylum Firmicutes, followed by Bacteroides and Proteobacteria.
Lactobacillus had the highest abundance and was negatively correlated with Bacteroides, norank_f_Ruminococcaceae, and
Eubacterium_coprostanoligenes_group. Fecal samples were collected from rats with ethyl-alcohol-induced liver fibrosis and normal
rat (the control). Fecal samples collected from alcohol-related liver injury rats were noted as the model, samples collected from
alcohol-related liver injury rats transfected with LRP6-CRISPR were noted as the CRISPR group, and samples collected from alcohol-
related liver injury rats received FMT were noted as the FMT group.

the model and the control. This result implied the
CRISPR group and the FMT group share a similar
microbial community structure, which represents an
intermediate state transiting from the model to the
control.

By clustering the fecal samples with similar
dominant microbiota structure into one class, the
enterotype analysis presented three distinct classes
(enterotype), which were type 1, type 2, and type 3,
respectively (Figure 3b). Among which, type 1
purely included samples from the model, whereas

type 2 almost excluded samples from the model,
and type 3 consisted of samples from all groups.
Samples from the CRISPR group and the FMT
group were distributed evenly in type 2 and type 3.

In summary, the above findings indicated that
the alcohol-related liver injury is related to
a disrupted gut microflora with low diversity.
Further, the treatment of LRP6-CRISPR or FMT
improved the gut symbiosis and tended to restore
the gut microflora to an equilibrium status simi-
lar to the control.



Correlation between samples and gut microflora
were identified

For a comprehensive understanding of the relation-
ship between samples and gut microbiota species,
network analysis was performed on the abundance
data. Co-occurrence network analysis demonstrated
the distribution of gut microbiota species between
samples and revealed the similarities and differences
between groups. Results showed the CRISPR group
and the FMT group shared most of the species, and
they shared more species with the control than the
model (Figure 3c). Co-occurrence network analysis
also showed genus Escherichia-Shigella, Prevotellaceae
UCG-001, Prevotellaceae UCG-003, and Blautia were
related to the model only, whereas genus
Fuminococcus_2, Ruminiclostridium_5, ~Mollicutes
_RF9, and Roseburia were only identified in the
control.

The plot of correlation network analysis on the
genus level illustrated the correlations of the gut
microbiota species in the samples. The size of the
nodes represented the species abundance in the sam-
ples, and the color of the nodes indicated the phylum
of the species. A red line indicated a positive correla-
tion between the connected nodes, whereas a green
line indicated a negative correlation. Results showed
that most of the species belonged to phylum
Firmicutes,  followed by  Bacteroides and
Proteobacteria (Figure 3d). Correlation analysis
showed that Lactobacillus is negatively correlated
with genus norank_f_Ruminococcaceae, Bacteroides,
and Eubacterium_coprostanoligenes group.

Species that significantly differed between
groups were recognized

This study tried to identify the species that signifi-
cantly differ between groups. The difference of gut
microbiota abundance between multiple groups
(the CRISPR group, the FMT group, the model,
and the control) was analyzed with Kruskal-Wallis
H test. Significant difference analysis results
showed genera Lactobacillus (p < .01),
Bacteroidales S24-7 group (p < .01), and
Ruminococcaceae UCG-014 (p = .01) were signifi-
cantly enriched in the CRISPR group, the FMT
group and the control, whereas Romboutsia
(p < .01), Turicibacter (p = .03), Pseudomonas
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(p < .01), and Escherichia-Shigella (p = .01) were
dominant in the model (Figure 4a).

The difference of gut microbiota abundance
between the model and the remain groups was
further calculated (Figure 4b). Consistently, results
showed that Lactobacillus (p < .05) was enriched in
the CRISPR group, whereas Romboutsia (p < .05)
was abundant in the model (the CRISPR group vs.
the model). Similarly, Lactobacillus (p < .05) and
Christensenllaceae R-7 group (p < .05) were enriched
in the FMT group, where Escherichia-Shigella
(p < .05) and Pseudomonas (p < .05) predominated
in the model (the FMT group vs. the model).
Further, a noteworthy finding was the enrichment
of species Enterococcus faecalis (p < .05) in the
model, which was previously reported related to
hepatocyte death and alcoholic liver disease .'* In
addition, Lactobacillus (p < .01), Bacteroidales S24-7
group (p < .01), unclassified_f_Lachnospiraceae
(p < .01), Ruminococcaceae UCG-013 (p < .05) were
prevalent in the control, whereas genus Helicobacter
(p < .05), Pseudomonas (p < .01), Bacteroides
(p < .05), Escherichia-Shigella (p < .01) were enriched
in the model (the control vs. the model).

The gut microbial abundance data were further
analyzed by linear discriminant analysis to identify
bacteria that were specific for the groups. LEfSe
(Linear discriminant analysis Effect Size) results
were consistent with the analysis of the significant
differences. Overall, the abundance of 41 genera was
significantly different between groups (Figure 4c, d).
Nine genera predominated the model, including
Romboutsia  (LDA =  4.63), Turicibacter
(LDA = 4.08), and  Escherichia_Shigella
(LDA = .81), which implied these bacteria positively
responded to the liver injury induced by ethyl alco-
hol. Twenty-four genus were abundant in the con-
trol, including Lactobacillus (LDA = 4.92),
Bacteroidales S24-7 group (LDA = 4.43), and
Ruminococcus_2 (LDA = 3.78), which suggested
these bacteria might have a protective effect on the
liver injury. Besides, Ruminococcaceae UCG_013
(LDA = 3.82), Lachnoclostridium (LDA = 3.23),
Anaerovorax (LDA = 2.59), and Butricimonas
(LDA = 2.53) were enriched in the CRISPR group,
and Ruminococcaceae UCG_014 (LDA = 4.1),
Phascolarctobacterium (LDA = 3.71), Ruminococcus
torques group (LDA = 3.19), and Eubacterium fissi-
catena group (LDA = 2.42) were enriched in the FMT
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Figure 4. Species that significantly differ between the CRISPR group, the FMT group, the model, and the control were identified.

a. Kruskal-Wallis H test showed the abundance of several species were significantly different between the CRISPR group, the FMT
group, the model, and the control. Lactobacillus, Bacteroidales $24-7 group, and Ruminococcaceae UCG-014 were significantly

enriched in the CRISPR group, the FMT group, and the control,
Shigella, Bacteroides were dominant in the model group. b. The pl

whereas species Romboustia, Pseudomonas, and Escherichia-
ot of differences between the model and the remain groups,

which were the CRISPR group vs. the model, the FMT group vs. the model, the control vs. the model, respectively. ¢. The LEfSe

results were aligned with those of the analysis of the significant

differences between groups. D. The Cladogram plot of LEfSe

analysis. Fecal samples were collected from rats with ethyl-alcohol-induced liver fibrosis and normal rat (the control). Fecal samples
collected from alcohol-related liver injury rats were noted as the model, samples collected from alcohol-related liver injury rats

transfected with LRP6-CRISPR were noted as the CRISPR group, and
FMT were noted as the FMT group.

group, which implied these bacteria have a positive
response to the treatment.

Discussion

Alcoholic liver fibrosis remains a significant global
public health problem.”®! Our previous studies estab-
lished an exciting possibility of intervention in the
liver fibrosis by regulating Wnt signaling.!>**! In this

samples collected from alcohol-related liver injury rats received

study, we used an animal model that simulated the
drinking pattern of alcoholics and attempted to
investigate the therapeutic effects of CIRSRP or
FMT on alcohol-related liver injury. This study
found that the treatment of LRP6-CRISPR or FMT
can relieve liver injury in alcohol-related liver injury
rats. Further, histological analysis showed that the
curative effect of LRP6-CRISPR is superior to that of
the FMT. Meanwhile, gut microbiome analysis



revealed the treatment of LRP6-CRISPR or FMT
restore the disrupted gut microflora caused by alco-
hol ingestion and its metabolic consequences. Results
of 16S gene amplicon sequencing showed rats treated
with LRP6-CRISPR or FMT share similar gut micro-
biota composition, which stands for a transition sta-
tus from the gut dysbiosis of alcohol-related liver
injury rats to an equilibrium status similar as the
healthy rats. Besides, species that specific to the dis-
ease status were also identified. Our findings indi-
cated that the improvement of gut symbiosis might
reflect the therapeutic effect of LRP6-CRISPR
or FMT.

Our study used the CRISPR-Cas9 system to
knockout the LRP6 gene in rats with alcohol-
related liver injury and subsequently suppressed
the activities of the Wnt pathway. The CRISPR-
Cas9 system is an RNA-guided gene-editing tool
for cells and animals at the genomic DNA
level.'®'7) This system requires two components,
Cas9, a DNA endonuclease for cleaving the target
strand, and a single-guide RNA (sgRNA), which
accurately guides Cas9 to the location in the
genome.'"® The double-strands break inactivates
target gene loci and leads to loss of function.
A rat model with alcohol-related liver injury
was established. Various staining experiments
presented significantly improved histological
changes in rats treated with LRP6-CRISPR. PCR
and WB assays showed decreased expression of
tibrosis biomarkers a-SMA and collagen-I. These
results confirmed that LRP6-CRISPR effectively
relieves liver injury induced by ethyl alcohol.

The gut microbiota is essential in the mainte-
nance of the balance between health as well as
disease and may be considered as a virtual organ
of human."”! Specifically, numerous studies out-
lined that gut microbiota plays a significant role in
the onset and progression of alcoholic liver
disease.>*”) Studies showed that fecal microbiota
transplantation improves gut symbiosis.”!! Thus,
this study also performed FMT on rats with alco-
hol-related liver injury to reestablish the balance of
intestinal flora disrupted by alcohol ingestion and
its metabolic consequences. Rats with alcohol-
induced liver fibrosis were administrated with
fecal filtrate from healthy rats. Staining experi-
ments demonstrated slightly improved histological
changes in the liver tissues of rats with FMT
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treatment. Results of PCR and WB assays were
aligned with those of the staining experiments.
These findings suggested FMT has a modest effect
in the healing the liver injury caused by ethyl
alcohol compared with the LRP6-CRISPR.

A growing number of studies confirmed that gut
microbiota involves in the occurrence and develop-
ment of liver disease.!"®*?! The gastrointestinal tract
communicates extensively with the liver through
the portal vein and biliary tract, which refer to the
gut-liver axis. The liver affects the intestine by
secreting bile acids and bioactive mediators into
the biliary tract while metabolizing products in the
intestine is transported to the liver through the
portal vein.?***! An intestinal barrier, formed by
enterocytes tightly bound to adjacent cells, restricts
the movement of gut microorganisms and micro-
organism-derived molecule products from the
intestine to the liver while allowing the transport
of nutrients across the barrier.!*>?*) Infection, high
fat diet, and alcohol intake may induce gut dysbiosis
and increase intestinal barrier permeability. Upon
malfunction of the intestinal barrier, microorgan-
isms and their molecule products can translocate to
the liver through the portal vein and promote hepa-
tic injury.m’zs]

Hence, this study examined the gut microbiome
of rats with 16S rRNA sequencing. Aligned with
the previous reports, our study found alcohol-
related liver injury related to gut microbiota
dysbiosis.””! Results of 16S rRNA analysis showed
that gut microbiota richness and diversity of rats
with alcohol-related liver injury decreased signifi-
cantly compared with the healthy rats. The gut
microflora composition of rats with alcohol-
related liver injury also changed. Compared with
the healthy rats, the abundance of Lactobacillus
and genera belonging to family Bacteroidales S24-
7 group, Lachnospiraceae, and Ruminococcaceae in
fibrotic-liver rats dropped significantly, while the
abundance of Romboutsia, Escherichia-Shigella,
Pseudomonas, Helicobacter increased. These find-
ings were following the previous reports that the
intestinal dysbiosis in alcohol-related liver injury
can be characterized by enrichment of
Enterobacteriaceae and reduction of Bacteroidetes
and Lactobacillus.*>*"!

Interestingly, the analysis of gut microbiome
confirmed the treatment of LRP6-CRISPR or
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FMT partially restore the gut microbiota compo-
sition and improve the gut symbiosis. Under the
previous studies, our data indicated that FMT
increases the gut microflora diversity.*"*?! Both
the gut microbiota richness and diversity in rats
receiving fecal microbiota transplantation
increased compared with the alcohol-related
liver injury rats. Similar results were observed
in rats treated with LRP6-CRISPR. Further ana-
lysis showed that rats treated with LRP6-CRISPR
or FMT shared a similar microbiota composition
structure. The ternary analysis revealed the
CRISPR group and the FMT group have
a similar microbiota composition and was dif-
fered from that of the rats with alcohol-related
liver injury. Also, PCoA analysis indicated the
composition structure of the CRISPR group and
the FMT group are overlapped and intersected
with the model and the control. Besides, com-
pared with the rats with alcohol-related liver
injury, the abundance of Lactobacillus increased
in both the CRISPR group and the FMT group.
In brief, these findings suggested the CRISPR
group had similar alpha-diversity and microbiota
composition as the FMT group, which stands for
a transition state from the disrupted gut micro-
flora to a healthy one.

Our study further identified the species that
specific to the disease stages (rats treated with
LRP6-CRISPR or FMT represented a relieved
liver fibrosis state). Genera Romboutsia,
Pseudomonas, Helicobacter, and Escherichia-
Shigella were dominant in the rats with alcohol-
related injury.  Pseudomonas  and
Escherichia-Shigella were reported reduced in
mucosa-associated microbiota of colorectal can-
cer tissues compared to adjacent tissues.!*”
Bashir M, et al. found a decreased relative abun-
dance of Pseudomonas and Escherichia-Shigella
after oral vitamin D3 supplementation in the
colon.®" Evidence showed that Helicobacter
might be involved in the pathogenesis of alcohol-
related liver injury and worsen the course of
alcoholic liver cirrhosis.*>~*”]

Further, species Enterococcus faecalis was
enriched in the alcohol-related liver injury rats.
Enterococcus faecalis was recently confirmed as
important bacteria in patients with alcoholic liver
disease.!"*) The products of Enterococcus faecalis,

liver

exotoxin and cytolysin, will result in liver injury
with poor prognosis. These reports were consistent
with our findings.

Further, Lactobacillus was prevalent in rats trea-
ted with LRP6-CRISPR or FMT. Genus
Lactobacillus is part of the healthy human gastro-
intestinal flora and considered as probiotics that
have been used in food, biotechnology, and ther-
apeutic  application.?®**) A study showed
Lactobacillus accumulates in the gut during liver
injury and produces IL-22, which helps to restore
the damaged gut barrier.*”) Other reports show
the domination of gut microbiota by Lactobacillus
restore the gut barrier integrity.*"**! Consistent
with the above reports, our findings suggested
Lactobacillus may be an essential marker to repre-
sent the liver-injury healing stage.

Furthermore, genera belonging to family
Bacteroidales S24-7 group, Lachnospiraceae, and
Ruminococcaceae were abundant in healthy rats.
Family Lachnospiraceae and Ruminococcaceae are
beneficial commensals that participate in the
production of short-chain fatty acid (SCFA) in
the human intestine.'** SCFA, including acetate,
propionate, and butyrate, have a crucial role in
energy homeostasis and metabolism and benefi-
cially modulating liver tissue function.!**
Besides, genera belonging to Lachnospiraceae
and Ruminococcaceae are reported having the
ability to strengthen the integrity of the gut
barrier.*” A decreased abundance  of
Lachnospiraceae and  Ruminococcaceae  was
related to colon inflammation, cirrhosis,
Hepatic encephalopathy, and liver failure.[*¢~*%
Regarding our data, the domination of family
Lachnospiraceae and Ruminococcaceae may
stand for healthy microbiota composition.

Conclusion

Our study tried to establish a link between the
traditional molecular biology and the microbiome
and provide a new perspective for the intervention
and treatment of that alcohol-related liver injury. In
conclusion, treatment of LRP6-CRISPR presented
a superior curative effect on alcohol-related liver
injury than FMT, while both treatments altered the
disrupted gut microflora to a healthy one.



Material and Methods
Study design

This study compared the curative effect of LRP6-
CRISPR on the alcoholic liver disease with that
of traditional fecal microbiota transplant and
investigated the alteration of the gut microbiome
following the treatment (Figure 5). Alcohol-
related liver injury rats were injected with lenti-
virus vectors expressing LRP6-CRISPR or admi-
nistered with fecal filtrate from healthy rats, with
healthy rats served as the control. Liver tissues of
rats were examined by HE staining, Sirius stain-
ing, and Oil red O staining, respectively. The
expression of LRP6 and fibrosis biomarkers
were tested by PCR. Fecal samples of rats (rats
with liver fibrosis, rats injected of LRP6-CRISPR,
rats administered with fecal filtrate, and the con-
trol) were collected and examined by 16S rRNA
sequencing.

Animals used

Male Sprague-Dawley (SD) rats (8-10 weeks,
250-300 g) were purchased from Shanghai SLAC
Laboratory Animal Co Ltd (Shanghai, China). The
animals were housed under standard animal
laboratory conditions. All individuals involved in
animal research received instructions in experi-
mental methods and the care, maintenance, and

CRISPR

i

Alcohol-related
liver injury

-

healthy rats

il

Figure 5. Study design.
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handling of animals. All institutional and national
guidelines for the care and use of laboratory ani-
mals were followed. The protocol of the experi-
ments was approved by the Committee on the
Ethics of Animal Experiments of Jiaxing College
(JUMC2018-014).

The animal model of alcohol-related liver injury

A modified chronic-plus-binge ethanol feeding
model which simulates the drinking pattern of alco-
holics was adopted to induce robust liver injury.*’!
Eighty male Sprague-Dawley (SD) rats (8-10 weeks
old, 250-300 g of body weight) were randomly
divided into the following two groups: (i)
a control group (n = 20), which was supplied with
regular laboratory chow and water and (ii) an alco-
hol-related liver injury group (n = 60), which was
administered with a soya oil and 56% vol/vol alco-
hol solution instead of water, by starting at 3 ml/kg/
day in the first week and then 6 ml/kg/day in the
following days. A high level of blood ethanol
(150-250 mg/dl) was maintained during the days.

sgRNA plasmid

Single-guide RNA (sgRNA) sequences targeting
rat LRP6 (Gene ID: 312781) were designed using
online software (http://crispr.mit.edu). This study

Fecal sample | 16S rRNA Sequencing

Sirius staining
A
a.
Tissue sample

HE staining
0il red O staining
Real-time PCR

Western blot

An alcohol-related liver injury model of the rat was established by administering with ethyl alcohol for four weeks, with healthy rats
served as the control. Fibrotic-liver rats were then injected with lentivirus vectors expressing LRP6-CRISPR or administrated with fecal
filtrate from healthy rats. Liver tissues of rats were examined by HE staining, Sirius staining, and Oil red O staining, respectively. The
expression of LRP6 and fibrosis biomarkers were tested by PCR and Western blot assays. Fecal samples of rats (rats with liver fibrosis,
rats injected of LRP6-CRISPR, rats administrated with fecal filtrate, and the control) were collected and examined by 16S rRNA
sequencing.
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selected three sgRNA target sequences (target 1, 2,
and 3) for LRP6-CRISPR (Table 2).

FMT

Rats with alcohol-related liver injury received antibio-
tics (ampicillin, 1 mg/ml; neomycin, 1 mg/ml; metro-
nidazole, 1 mg/ml; and vancomycin, 0.5 mg/ml) once
a day for one week to deplete the gut microbiota. Each
rat in the FMT group was administered with 200 pl of
fecal filtrate from healthy rats by oral gavage once
a day for five days after the antibiotic treatment (rats
in other groups were administered with sterile normal
saline). At day 10, rats were sacrificed by CO, expo-
sure, and liver tissues were harvested.

Fecal sample collection

To account for the cage effects, the fecal samples of rats
were collected as below: (i) Eighty healthy rats were
co-housed (five rats in one cage) for one week to
homogenize the gut microflora before the start of the
experiment; (ii) Sixty rats were randomly selected for
establishing the alcohol-induced liver injury model,
with the remain twenty healthy rats served as the
control. Rats in the model and control were housed
in different cages; (iii) The alcohol-induced liver injury
rats were then randomly divided into three groups,
which were model group (20 rats without any further
treatment), CRISPR group (20 rats receiving LRP6-
CRISPR treatment), and FMT group (20 rats receiving
FMT treatment), respectively. Each rat was kept in an
individually ventilated cage until collecting fecal pel-
lets. Samples collected from the model group repre-
sented the baseline microbiota. Fecal pellets were
collected, flash-frozen, and stored at —80°C for later
analysis.

DNA extraction and 16S rRNA gene amplicon
sequencing

Fecal microbial DNA was extracted from 250 mg fro-
zen sample using Power Fecal DNA Kit (QIAamp,

Table 2. sgRNA sequences.

Germantown, MD, USA) following the manufac-
turer’s instructions. The final DNA concentration
and purification were determined by NanoDrop
2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA), and DNA quality was checked by
1% agarose gel electrophoresis. The extracted DNA
was stored at —20°C for future processing.

The amplicon library was constructed by ampli-
fying the V3/V4region of 16S rRNA gene using the
primer 338F_806R (338F: 5'-ACTCCTACGG
GAGGCAGCAG- 3°, 806R: 5'-GGACTACHVG
GGTWTCTAAT- 3°). PCR is performed by ther-
mocycler PCR system (GeneAmp 9700, ABI, USA)
with TransStartFastpfu DNA Polymerase AP221-
02 by using the following conditions: 95°C for
3 min followed by 30 cycles of 95°C for 30 s,
60°C for 30 s, and 72°C for 45 s, and a final
extension step at 72°C for 8 min. The PCR pro-
ducts are quantified using QuantiFluor™ -ST
(Promega, U.S.) according to the manufacturer’s
protocol. Purified DNA samples were sequenced
by using Illumina Miseq. Unqualified reads were
removed to obtain clean data for further analysis.
On average 22.29 Mbp clean data per sample was
generated. After clustering operational taxonomic
units (OTU) at 97% identity, a total of 1,908 OTUs
were recovered from the fecal samples.

16S rRNA sequence analysis

The sequenced 16S reads were analyzed by using the
QIIME software package,” the R programming
language (R version 3.5.1), and the Python program-
ming language (Python version 3.6). Data deconta-
mination was performed using FLASH"' and
Trimmomatic.” OTUs were created by clustering
the reads at the similarity threshold of 97% using
Usearch (vsesion 7.0, http://drive5.com/uparse/).
The taxonomy of each OTU representative sequence
was analyzed by RDP Classifier (http://rdp.cme.msu.
edu/) against the Bacteria and archaea 16S rRNA
gene databases Silva (Releasel128 http://www.arb-

Name Target sgRNA

CRISPR-T1 GCCAGTGCCAAGGCAACCGA caccGACGAGTACAAGGTGCCCAG
2aacCTGGGCACCTTGTACTCGTC

CRISPR-T2 GGAGACGCAGTAAGCGAGGT caccGACCGGCACAGCATCAAGAA
2aacTTCTTGATGCTGTGCCGGTC

CRISPR-T3 TCGGAGAGAAGGGATGCGCC caccCGGCTGAAGAGAACCGCCAG

aaacCTGGCGGTTCTCTTCAGCCG



http://drive5.com/uparse/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://www.arb-silva.de

silva.de) using confidence threshold of 0.7. Indexes
of a-diversity were calculated using mothur (version
v.1.35.1 https://www.mothur.org/). A phylogenetic
tree was inferred by using FastTree (version 2.1.3
http://www.microbesonline.org/fasttree/). Principal
component analysis (PCA) and PCoA analysis
(Principal coordinates analysis) were performed by
using R and python for analysis and plotting. With
R Ade4 and cluster, enterotyping analysis calculated
Jensen-Shannon Distance and PAM(Partitioning
Around Medoids) according to the relative abun-
dance of the species level first and then do clustering.
Differences analysis was performed by using R for
significant difference between groups (Kruskal-
Wallis H tests) and Galaxy (http://huttenhower.sph.
harvard.edu/galaxy/) for LEfSe (Linear discriminant
analysis Effect Size).

Statistical analysis

All statistical analyses were performed using
R software (version 3.5.1). Data were presented as
mean = SEM. A value of p<.05 was considered to be
statistically significant. A two-tailed Student’s t-test
was employed to evaluate the differences between
groups. For semi-quantitative analysis of histological
staging, nonparametric tests (Mann-Whitney U Test
or Kruskal-Wallis Rank Sum Test) were used.
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