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in color when compared with controls. At 6 weeks,
small spots of normal color had appeared on a yellow-
ish background. These normal-colored areas expanded
and had largely replaced the liver at 12 weeks after
birth.

Histologically, both control and Albumin-Cre;Dicer1'<¥/<
mouse livers showed homogeneous appearance at 3
weeks of age, even though hepatocytes of Albumin-Cre;
Dicer1®?/xP mice showed abnormalities at cytologic lev-
els as described later (Supplementary Figure 1). At 6
weeks after birth, Albumin-Cre;Dicer1'?/xP mouse livers
displayed round nodules consisting of enlarged but
otherwise normal hepatocytes. The nodules of normal-
appearing hepatocytes further expanded and largely
replaced the parenchyma of 12-week-old Albumin-Cre;
Dicer1"xP/xP mouse livers.

We suspected that these progressive morphologic
changes represented the replacement of DicerI-decifient
hepatocytes with wild-type hepatocytes that had escaped
Cre-mediated recombination. To test this hypothesis, we
examined the expression of the Cre transgene and Dicerl.
Quantitative PCR analysis revealed the widespread silenc-
ing of Cre expression and a concomitant recovery of
Dicer] expression between 6 and 12 weeks after birth
(Figure 1B and 1C). Because Dicer is essential for the
maturation of microRNAs, we also examined the expres-
sion of mir-122, a hepatocyte-specific microRNA. Mir-
122 expression was almost completely diminished at 3
weeks but was reestablished in older mice, indicating the
recovery of proper microRNA processing (Figure 1D). In
situ hybridization showed the extensive loss of mir-122
expression in 3-week-old Albumin-Cre;Dicer1®*/oxP mouse
livers, ensuring the efficient disruption of Dicerl at this
stage (Figure 1E). However, at 6 weeks of age, we observed
the appearance of mir-122-positive hepatocyte nodules
that corresponded to normal-colored spots observed on
gross examination.

These findings indicate that Dicerl allele is efficiently
disrupted at 3 weeks in Albumin-Cre;Dicer1*/*" mouse
livers; however, the entire liver is gradually repopulated
by Dicer1-positive hepatocytes over time, and this process
is achieved by nodular growth of DicerI-positive wild-type
hepatocytes. We did not observe oval/stem cell marker
expression, including cytokeratin 19, CD34, and A6
antigen, in Dicerl-positive hepatocyte nodules during
this process (data not shown), suggesting that liver
progenitor cells do not contribute to the repopulation
process.

We also assessed microRNA expression in 3-week-old
Albumin-Cre;Dicer1*/xP mouse livers using microarray
(Figure 1F). The analysis identified 45 microRNAs down-
regulated more than 2-fold with a false discovery rate
<0.0S5 in Dicerl-deficient livers (Supplementary Tables 2
and 3). Remarkably, all 4 previously reported liver-spe-
cific microRNAs (mir-122, -148a, -192, and -194) showed
robust down-regulation in DicerI-deficient livers.'> There
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were 9 microRNAs up-regulated in Dicerl-deficient livers;
they are likely expressed by nonparenchymal cells and
reflect secondary effects.

Dicerl-Deficient Hepatocytes Exhibit
Increased Proliferative Activity and
Overwhelming Apoptosis

Immunohistochemistry for phospho-histone H3
revealed a modest increase in hepatocyte proliferation in
3-week-old Albumin-CreDicer1*/? mouse livers (Figure
2A and 2B). At the same time, Dicerl-deficient hepato-
cytes showed increased apoptosis as indicated by staining
for cleaved caspase-3 (Figure 24 and 2C). Examination of
6-week-old Albumin-Cre;Dicer1'<F/xP mouse livers revealed
that both Dicer1-deficient hepatocytes and DicerI-positive
hepatocytes located in expanding nodules showed a sim-
ilar increase in proliferation. In contrast, wild-type mouse
livers displayed very low proliferative activity at this stage
(Figure 2D and 2E). However, there was a marked differ-
ence in their apoptotic activity; apoptosis was almost
exclusively observed in Dicerl-deficient hepatocytes (Fig-
ure 2D and 2F). These findings indicate that loss of Dicerl
in hepatocytes causes an increase in hepatocyte prolifer-
ation. Nonetheless, most of the mutant cells are lost to
elevated apoptosis over time, allowing repopulation by
wild-type hepatocytes that had escaped Cre-mediated re-
combination.

Loss of Dicerl Impairs Lipid and Glucose
Metabolism

To further address the consequences of Dicer loss,
we characterized 3-week-old mice, a time point at which
Dicerl is efficiently eliminated. Except for some alter-
ations in lipid levels, serum analyses did not reveal sig-
nificant changes that would indicate liver dysfunction
(Table 1). Histologic analysis confirmed that the normal
liver architecture was preserved (Figure 3A). However,
Dicerl-deficient hepatocytes had small vacuoles in their
cytoplasm; these vacuoles were identified as lipid droplets
using electron microscopy. The prominent lipid accumu-
lation is likely responsible for the discoloration of the
mutant livers. In contrast, glycogen granules normally
present in hepatocytes were barely detectable in Dicerl-
deficient hepatocytes. These findings were confirmed us-
ing histochemical analysis; oil red O staining confirmed
the presence of numerous lipid droplets, and periodic
acid-Schiff staining showed the depletion of glycogen in
Dicerl-deficient hepatocytes. A detailed analysis of the
lipid composition revealed a remarkable elevation of cho-
lesterol ester and triglyceride levels, whereas the free cho-
lesterol and free fatty acid levels were mildly increased
(Figure 3B-E). Our studies also revealed that the deple-
tion of glycogen storage led to impaired blood glucose
maintenance. Albumin-Cre;Dicer1*?/xP mice kept on nor-
mal feeding showed only a mild decrease in their glucose
levels; however, the mutant mice became severely hypo-
glycemic after 6 hours of fasting (Figure 3F). Thus, Dicer
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function is critical for the regulation of liver lipid and
glucose metabolism.

We also examined changes in the nonparenchymal cell
population. Sinusoidal endothelial cells and portal tracts,
including bile ducts, were not significantly altered (Sup-
plementary Figure 24). Some hematopoietic cell coloni-

Table 1. Metabolic Measurements of 3-Week-Old
Albumin-Cre;Dicer1/o/1oxP Mice

Albumin-Cre;
DicerlloxP/loxP
Control mice mice P value
Alanine aminotransferase  40.0 = 17.0 45,6 +24.8 .70
(/L)
Aspartate 104.5 + 60.2 136.6 +82.8 .52
aminotransferase (U/L)
y-Glutamyl transpeptidase = 3.0 £ 3.8 34+15 .85
(u/L)
Albumin (g/dL) 2.7*04 2.6 0.4 .83
Total protein (g/dL) 4.8 +0.3 4.0 +0.9 14
Direct bilirubin (mg/dL) 0.1 +0.1 01401 .65
Indirect bilirubin (mg/dL) 0.0 £ 0.0 0.2 +0.1 .053
Triglyceride (mg/dL) 46.3 + 11.8 326 +19.0 .22
Free fatty acid (nEq/L) 553.8 +156.3 1065 * 333.2 .023
Cholesterol ester (mg/dL) 56.3 £7.0 416 + 3.4 .017
Free cholesterol (mg/dL) 18.3 + 1.0 58.6 = 13.6 .0026

NOTE. n = 4-5 for each group.

zation was observed in Dicerl-deficient livers, and the
presence of megakaryocytes and erythroblasts was con-
firmed by immunohistochemistry (Supplementary Figure
2B). In contrast, hematopoietic cells are completely ab-
sent at 3 weeks of age in control littermates. While the
liver is a place for hematopoiesis during fetal stages, the
liver normally loses the capacity to support hematopoi-
esis around the perinatal stage. The persistent presence of
hematopoietic cells may represent an immature differen-
tiation state of Dicerl-deficient liver.

Dysregulated Expression of Fetal

Stage-Specific Genes in Dicerl-Deficient

Livers

We next sought to determine whether Dicerl-de-
ficient hepatocytes retain their terminally differentiated
mature phenotypes. Quantitative PCR analysis revealed
that the expression of liver-enriched transcription factors
was maintained, with Onecut]l and its direct target gene
Hnflb up-regulated significantly in Dicerl-deficient liv-
ers'¢ (Figure 4A). Hnfla and Cebpb also showed minor
changes in expression levels. To further determine the
differentiation status of Dicerl-deficient hepatocytes, we
examined the expression of a battery of developmentally
regulated genes. This analysis revealed dysregulated ex-
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Figure 3. Impaired lipid and glucose metabolism in Albumin-Cre;Dicer10x7exF mice. (A) Histology and ultrastructure of control and Albumin-Cre;
Dicer10xF/oxP mouse livers. Hepatocytes of control mice displayed uniform eosinophilic cytoplasm and were arranged in a trabecular pattern. The liver
architecture was preserved in the Albumin-Cre;Dicer1oxF/oxP mice, but the hepatocytes exhibited small cytoplasmic vacuoles. Electron microscopy
analysis of Dicer1-deficient hepatocytes revealed a lack of glycogen granules that are readily observed in control hepatocytes (Gy). Instead, the
Dicer1-deficient hepatocytes contained an abundance of lipid droplets (Ld). Lipid accumulation was barely detectable in the control liver, whereas
numerous lipid droplets were visible in Dicer1-deficient liver by oil red O staining. Periodic acid—-Schiff staining highlighted glycogen in the control liver
but not in the Dicer1-deficient liver. (B-£) Lipid analysis of the liver. The lipid composition of the liver tissue was determined following methanol/
chloroform extraction. (F) Blood glucose analysis. Tail vein blood glucose level was measured in a fed condition or after 6 hours of starvation. n = 4-5

for each group. ‘P < .05; "P < .0001.

pression of genes that mark immature hepatocytes,
whereas the expression pattern of genes normally found
in mature hepatocytes was preserved (Figure 4B). The
latter genes included Sdbh and Tdo, which are activated
during the terminal stages of liver development. Thus,
with some quantitative alterations, the fundamental he-
patocyte transcriptional programs of mature hepatocytes
were maintained in the absence of Dicerl. However, Dicer
function is required to repress the fetal gene expression
program in adult liver.

Dicer1-Deficient Livers Show Increased

Expression of Cell Cycle-Promoting Genes

and Su[})’pression of Genes for Steroid

Biosynthesis

To define global changes in gene expression, we
conducted a complementary DNA microarray analysis.
The analysis generated a list of genes with more than

2-fold changes, including 1415 up-regulated and 944
down-regulated genes, that was analyzed for the enrich-
ment in Gene Ontology categories to identify biological
pathways regulated by Dicerl. The most enriched Gene
Ontology term among the overexpressed genes was “cell
division” (P = 8.2 X 1071). A list of growth-promoting
genes, including those encoding cyclins and aurora ki-
nases, was found to be up-regulated in the Dicerl-defi-
cient livers (Table 2). The Gene Ontology term most
overrepresented among down-regulated genes was “ste-
roid biosynthesis” (P = 1.6 X 10~!5; Table 2). Of note, 2
previous studies using antisense oligonucleotide have
shown that genes for cholesterol synthesis were down-
regulated in the absence of mir-122.45 In addition, we
observed that previously identified direct targets of mir-
122 were up-regulated modestly in Dicerl-deficient liver
(Figure 4C).
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mRNA expression

mRNA expression

Figure 4. Expression of liver-
enriched transcription factors,
developmentally regulated genes,
and mir-122 target genes in Di-
cer1-deficient livers. (A) Relative
expression levels of liver-enriched
transcription factors. Quantitative
PCR analysis of liver samples from
Albumin-Cre;Dicer1xPox  and
control littermates at 3 weeks after
birth (n = 4 for each group). (B)
The expression of developmen-
tally regulated genes in control
and Albumin-Cre;Dicer 1'0xF/ioxP

mRNA expression

mice at 3 weeks (n = 5 for each

Wild-type controls
for developmental stages

Relative mRNA expression
o N} IS
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Development of HCC in
Albumin-Cre;Dicer1!oxP/loxP Mfice

Given that Dicerl-deficient hepatocytes
mostly replaced by wild-type cells at 12 weeks after birth,
we were surprised to observe that one third of Albumin-
Cre;Dicer1'xP/xP mice developed HCCs after 6 months
(Figure SA-C). Furthermore, 12-month-old mice showed
increased tumor incidence and progression of the disease,
including 3 mice that died of tumors at 9-11 months.
However, none of the mice developed metastatic lesions.
Similarly to human HCCs, these tumors exhibited con-
siderable histologic variations, including trabecular,

were

group). The expression levels of
wild-type mouse livers at different
developmental stages were used
as references (N = 3 for each
group). (C) Expression of putative
direct targets of mir-122 in Albu-
min-Cre;Dicer 1°xP1oxP mouse liv-
ers (n = 4 for each group). Values
are shown as mean = SD. ‘P <
.05. Ctrl, control; Mut, mutant (A/-
bumin-Cre;Dicer1/xF/oxP  mice);
fetus, embryonic day 14 fetus;
Neo, postnatal day O neonate;
Adult, postnatal day 42 adult.
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pseudoglandular, and solid arrangements with variable
degrees of steatosis (Figure SB).

Remarkably, the tumors exhibited a decreased expres-
sion of Dicerl, persistent Cre transgene expression, a lack
of mir-122 expression, and high expression levels of fetal
liver genes (Figure 6A-D). Nonneoplastic areas consisted
exclusively of histologically normal hepatocytes without
evidence of preneoplastic or dysplastic changes (data not
shown). In addition, nonneoplastic liver tissues obtained
from tumor-bearing mice had lost Cre expression and
were positive for Dicer] and mir-122 at levels comparable
to those in the control littermates (Figure 6A-C). These
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Table 2. Altered Gene Expression in Albumin-Cre;Dicer1!oF/1xf Mouse Liver

Genes related to cell division

Genes related to steroid synthesis

Gene name Microarray Quantitative PCR Gene name Microarray Quantitative PCR
Aurka 2.82 4,02 Dhcr7° 0.302 0.292
Aurkb 22,259 3.52 Fdft1® 0.212, 0.282 0.372
Ccna2 2.43, 2.62 3.72 Fdps® 0.0662 0.092
Cenb1 2.83, 3.0 4.0 Hmger 0,36, 0.39 0.29
Ccnb2 3.02 4.02 Hmgcs1? 0.1823, 0.223, 0.222, 0.292 0.372
Cend1 2.83, 3.1¢, 3.12 3.82 Hsd17b7 0.352 0.51
Ccng1b 2,28 2.32 Mvikb 0.142, 0.342 0.34
E2f5 0.7, 1.5, 2.02 2.42 Pmvk 0.142 0.252
Plk1 3.62 5.22 Tm7sf2 0.282 0.272

NOTE. Gene expression levels of 3-week-old Albumin-Cre;Dicer1'°F/xP mouse livers analyzed by complementary DNA microarray (n = 3 for each
group); the results were further confirmed by quantitative PCR (n = 4 for each group). Values are indicated as fold changes compared with control

mouse livers.

2Genes with significantly altered expression. False discovery rate <0.05 for microarray and P < .05 for quantitative PCR.

bSjgnificantly altered genes in mir-122 knockdown study.*5

findings indicate that the HCCs were derived from resid-
ual Dicerl-deficient hepatocytes, whereas the nonneoplas-
tic areas were entirely repopulated by wild-type hepato-
cytes.

Because disruption of Dicerl results in impaired sur-
vival of hepatocytes, we suspected that Dicerl-deficient
HCCs harbor additional molecular alterations that pro-
tect from apoptosis and transform the Dicerl-deficient
hepatocytes. Western blotting showed the increased ex-
pression of Erk1/2 and the enhanced phosphorylation of
Erk1/2 and Akt in Dicerl-deficient HCCs but not in
DicerI-deficient nonneoplastic livers (Figure 6E). Expres-
sion analysis of a panel of tumor-related genes did not
identify robust and consistent alterations of particular
oncogenes in HCCs but showed overexpression of Mycn
and Bcl2 in a subset of tumors (Supplementary Figure 3).
This may suggest that a variety of oncogenic signals can
transform Dicerl-deficient hepatocytes. Sequencing anal-
ysis did not reveal any activating mutations in major
oncogenes involved in mouse hepatocarcinogenesis, in-
cluding Ctnnbl, Hras, and Braf (data not shown).

Discussion

Our findings indicate that the loss of Dicerl com-
promises hepatocyte survival in vivo. As indicated by the
almost complete loss of mir-122, the Alb promoter-me-
diated expression of Cre recombinase in hepatocytes
achieved the efficient disruption of Dicer] in the liver at 3
weeks after birth. However, DicerI-deficient hepatocytes
exhibited increased apoptosis and wild-type hepatocytes
that had escaped the Cre-mediated recombination of
Dicerl gradually repopulated the entire liver in the ab-
sence of progenitor cell expansion. Previous studies have
noted that wild-type hepatocytes can display a selective
growth advantage over hepatocytes with metabolic de-
fects in vivo.!'7'® A small number of donor wild-type
hepatocytes can repopulate a metabolically defective liver

in this setting, a process known as therapeutic liver re-
population.'® The progressive replacement of Dicerl-de-
ficient hepatocytes by Dicerl-positive wild-type hepato-
cytes in the Albumin-Cre;Dicer1"*?/xP mouse livers closely
simulates this process and might be mediated by a com-
mon mechanism.

Examination of the Dicerl-deficient livers revealed the
requirement of Dicer for proper lipid and glucose metab-
olism. Of note, the suppression of mir-122, the most
abundant microRNA in the liver, has been previously
described to result in the down-regulation of genes in-
volved in cholesterol biosynthesis.** These mice became
resistant to high-fat diet-induced steatosis, while glucose
metabolism was not affected.* Indeed, Dicerl-deficient
livers also showed alterations in gene expression that are
consistent with the consequences of mir-122 loss, includ-
ing the up-regulation of mir-122 targets and the de-
creased expression of genes involved in cholesterol bio-
synthesis. Because mir-122 constitutes 70% of the entire
microRNA pool in the liver,?° it is not surprising that the
effects of mir-122 loss are prominent in Dicerl-deficient
liver tissues where all microRNA processing is impaired.
However, in contrast to the findings obtained in the
mir-122 knockdown study, the disruption of Dicerl re-
sulted in marked steatosis, indicating that Dicer regu-
lates lipid metabolism through a mir-122-dependent as
well as a mir-122-independent pathway. This suggests
the presence of microRNAs other than mir-122 that play
critical roles in metabolic regulation in the liver. Because
loss of Dicer impacts expression of a large number of
genes, it is difficult to identify a specific pathway respon-
sible for the steatosis in Dicerl-deficient livers. Further
studies, including modulation of single microRNAs,
would be required to clarify the mir-122-independent
mechanisms for the regulation of lipid and glucose me-
tabolism in the liver.
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Figure 5. Development of HCC
in  Albumin-Cre;Dicer1'0xF/loxP
mice. (A) HCCs in Albumin-Cre;
Dicer10P1oxP mjce at 6 and 12
months after birth. A single tumor
was observed in a 6-month-old
Albumin-Cre;Dicer 10%F/0xP mouse
liver (left, arrow). A 12-month-old
Albumin-Cre;Dicer1°/0xP mouse
liver carried multiple tumors that

C 6-month-old 12-month-old had replaced the liver paren-

=% = chyma (right). (B) Histologic spec-
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Mice 20 41 19 21 becular arrangement with mild
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2.20mm and a pseudoglandular pattern

Tumor size 2-25mm (bottom, right). (C) Summary of tu-
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Recent studies have established that microRNAs are
frequently deregulated in many types of cancers, in-
cluding HCCs.21.22 Some evidence suggests that the
dominant role of microRNA processing during trans-
formation may be tumor suppression. Lu et al reported
that microRNAs are predominantly down-regulated in
human tumors, and Kumar et al showed that the
simultaneous deletion of Dicer]l and expression of ac-

HCCs at 9-11 months of age.

tivated K-ras enhances lung tumorigenesis.?23 The
dysregulated expression of fetal liver genes in Dicerl-
deficient hepatocyetes is intriguing considering the no-
tion that cancers mimic corresponding fetal tissue, a
hypothesis that is supported by the common expres-
sion of a group of genes referred to as oncofetal
genes.?*25 The reactivation of fetal stage-specific genes
is also a common finding in human HCCs. a-Fetopro-
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Figure 6. HCCs in Albumin-Cre;Dicer1'x*1oxP mice are derived from Dicer1-deficient hepatocytes. (A) Expression of Dicer? in nonneoplastic and
tumor samples of control and Albumin-Cre;Dicer1'0xF/oxP mice (n = 5-6 for each group). Messenger RNA expression was determined by quantitative
PCR. Values are expressed as mean + SD. ‘P < .05. T, tumor; N, nonneoplastic liver tissue. (B) Reverse-transcription PCR analysis of Cre transgene
expression. Actb served as a positive control. (C) Northern blot for mir-122. Ethidium bromide staining of 5S RNA served as a loading control.
(D) Quantitative PCR analysis of oncofetal genes (n = 5-6 for each group). (E) Expression of phospho-Erk and phospho-Akt in HCCs and
Dicer1-deficient livers. Protein samples from HCCs, corresponding nonneoplastic liver, and 3-week-old Dicer1-deficient and control livers were
treated with the indicated antibodies. (F) Model of hepatocarcinogenesis in Albumin-Cre;Dicer 1'0xF10xP mice. Albumin-Cre; Dicer 10xF10xP mice exhibit
the efficient deletion of Dicer? at 3 weeks after birth. However, Dicer1-deficient hepatocytes (red cells) gradually undergo apoptosis and Dicer1-
expressing wild-type hepatocytes (pink cells) that have escaped Cre-mediated recombination repopulate the entire liver over time. When a
Dicer1-deficient hepatocyte acquires secondary oncogenic stimuli presumably through additional genetic alterations, the absence of Dicer?
cooperatively promotes the development of HCC.

tein, encoded by AFP, is the most widely used serum  known as tumor markers, several of their gene prod-
marker of HCCs in clinical practice.?%?” Glypican-3, ucts, including delta-like 1, glypican-3, and insulin-like
which is a gene product of GPC3, is another increas-  growth factor 2, have been implicated in the malignant
ingly recognized serum and histologic marker of hu-  potential of HCCs.3°32 For instance, insulin-like
man HCCs.?82° Not only are these oncofetal genes  growth factor 2 is a highly potent mitogen, and the
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suppression of this gene alone has therapeutic benefits
in a mouse implantation model of HCC.3°

It is also notable that Dicerl-deficient liver showed
increased expression of cell cycle-promoting genes, which
is another common feature of HCCs. Even though we
cannot exclude that these changes represent secondary
effects such as a consequence of dysregulated fetal
gene expression, it is tempting to speculate that these
growth-promoting genes are controlled by a mi-
croRNA-mediated machinery. Of note, Cengl, which is
up-regulated also in Dicerl-deficient liver, has been
identified as a direct target of mir-122.48 Thus, Dicerl-
deficient hepatocytes exhibit some characteristics con-
sistent with transformed hepatocytes, including dys-
regulation of fetal liver genes and increased expression
of cell cycle-promoting genes. However, the fact that
Dicerl-deficient hepatocytes undergo apoptosis indi-
cates that these changes are not sufficient to initiate
tumorigenesis by themselves.

Our observations indicate that the disruption of Dicerl
primarily impairs hepatocyte survival; however, it also
promotes hepatocarcinogenesis in cells that escape the
initial wave of cell death. Although these opposing effects
of Dicer] loss on nonneoplastic hepatocytes and HCCs
appear paradoxical, our findings are consistent with pre-
vious experimental observations. Impaired microRNA
processing has resulted in reduced proliferative activity,
tissue degeneration, or senescence in a variety of types of
primary cells.!-32333-35 On the other hand, deletion of
Dicerl promoted cellular transformation in the presence
of activated K-ras both in vitro and in vivo.?* Interest-
ingly, it is known that the introduction of prototypical
oncogenes into normal cells can induce apoptosis.>®37 In
these situations, the presence of appropriate survival sig-
nals can circumvent the apoptotic reaction and trans-
form the cells.?”-3° Thus, the opposing effects of Dicerl
loss on cell survival and transformation may somehow
simulate those of oncogenes.

The fact that only a minor subset of Dicerl-deficient
hepatocytes gives rise to HCCs suggests the requirement
of a “second hit” that promotes hepatocarcinogenesis in
Dicerl-deficient hepatocytes. We found that Dicerl-defi-
cient HCCs consistently exhibited phosphorylation of
Erk1/2 and Akt, processes that are also common in hu-
man HCCs.##! Because nonneoplastic Dicerl-deficient
livers did not show the activation of Erk1/2 or Akt, these
events are not an immediate consequence of Dicerl loss
but are acquired during tumorigenesis. Some secondary
events leading to the activation of these pathways might
be involved in the transformation of Dicerl-deficient
hepatocytes and may promote hepatocarcinogenesis syn-
ergistically with the loss of Dicerl (Figure 6F).

The present study revealed novel and pivotal roles of
Dicerl in hepatocyte survival, metabolism, developmental
gene regulation, and tumor suppression in the liver. Re-
activation of the fetal gene expression program might be

GASTROENTEROLOGY Vol. 136, No. 7

a key mechanism of hepatocarcinogenesis induced by the
loss of Dicerl. Because Dicerl is essential for microRNA
processing, the phenotypes observed here would reflect
the regulatory roles of microRNAs in the liver. Further
studies will examine the functions of individual microR-
NAs to elucidate the precise mechanisms for the regula-
tion of liver function by Dicer.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.02.067.
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Supplementary Table 1. Primary Antibodies Used in the Present Study

GASTROENTEROLOGY Vol. 136, No. 7

Antigen Clone Application Dilution Source
Phospho-histone H3 Polyclonal #9701 IHC-P 1:500 Cell Signaling Technology (Danvers, MA)
Cleaved caspase-3 Polyclonal #9661 IHC-P 1:500 Cell Signaling Technology
Cytokeratin 19 TROMA-III IHC-P 1:5000 Developmental Studies Hybridoma Bank (lowa City, |A)
TER-119 TER-119 IHC-P 1:100 BioLegend (San Diego, CA)

CD31 390 IHC-Fr 1:100 Biolegend

CD41 MWReg30 IHC-Fr 1:100 eBioscience (San Diego, CA)
ERK1/2 Polyclonal #9102 WB 1:1000 Cell Signaling Technology
Phospho-ERK1/2 Polyclonal #4377 WwB 1:1000 Cell Signaling Technology
AKT Polyclonal #9272 WB 1:250 Cell Signaling Technology
Phospho-AKT Polyclonal #9271 WB 1:250 Cell Signaling Technology
B-Actin AC-15 WB 1:3000 Sigma-Aldrich (St. Louis, MO)

IHC-P, immunohistochemistry (paraffin); IHC-Fr, immunohistochemistry (frozen); WB, Western blotting.

Supplementary Figure 1. Histology of control and Albumin-Cre;Dicer1*?ox? mouse livers during young adulthood. At 3 weeks of age, both
control and Albumin-Cre;Dicer1'oxPiexP mouse livers showed homogeneous appearance, even though hepatocytes of Albumin-Cre;Dicer1/exFioxP
mice showed abnormalities at cytologic levels (see Figure 3A for high-magnification images). At 6 weeks after birth, Albumin-Cre;Dicer 100 livers
displayed round nodules consisting of eosinophilic and enlarged hepatocytes (arrows) that correspond to normal-colored areas on gross examina-
tion (Figure 1A) and areas positive for mir-122 expression (Figure 1E). Normal-appearing hepatocytes largely replaced the parenchyma of 12-week-

old Albumnin-Cre;Dicer 10F/ox ivers,
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Supplementary Table 2. MicroRNAs Down-regulated in
Albumin-Cre; Dicer1/oxF/1ox Mouse
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Supplementary Table 3. MicroRNAs Up-regulated in
Albumin-Cre; Dicer1'oxF/1ox° Mouse

Livers Livers
Faise Probe name Log2 ratio  False discovery rate
discove -
Probe name Log2 ratio rate i mmumiR-327 . 23271 0.00019
mmu-miR-434-3p/rno-miR-434 1.589 0.0011
hsa-miR-192/mmu-miR-192 /rmo-miR-192 —4.274 1.70E-05 hsa-miR-142-3p/mmu-miR- 1.522 0.0011
hsa-miR-122/mmu-miR-122/mo-miR-122 ~4,271 6.30E-05 142- 3p/rmo-miR-142-3p
hsa-miR-194/mmu-miR-194 /rno-miR-194 ~4.271 8.40E-06 hsa-miR-142-5p/mmu-miR- 1.321 0.00037
hsa-miR-215 —-4.164 1.60E-05 142 -5p/rno-miR-142-5p
hsa-miR-193a-3p/mmu-miR-193/rno-miR- —-3.822 8.40E-06 hsa-miR-199a-3p/hsa-miR- 1.162 0.00034
193 199b-3p/mmu-miR-199a-
hsa-miR-122%* —3.162 2.20E-05 3p/mmu-miR-199b/rno-miR-
hsa-miR-148a/mmu-miR-148a —-3.089 8.40E-06 199a-3p
mmu-miR-101b/ro-miR-101b -~2.922 5.90E-05 mmu-miR-434-5p 1.153 0.0035
hsa-miR-22/mmu-miR-22/rno-miR-22 -2.801 8.40E-06 hsa-miR-199a-5p/mmu-miR- 1.15 0.0029
hsa-miR-802/mmu-miR-802 —-2.722 8.40E-06 199a-5p/rno-miR-199a-5p
hsa-miR-378/mmu-miR-378/rno-miR-378 -2.505 8.40E-06 mmu-miR-199b* 1.104 0.002
hsa-miR-365/mmu-miR-365/rmo-miRk-365 —2.282 2.00€-05 hsa-miR-223/mmu-miR-223/ 1.057 0.00034
hsa-miR-30c/mmu-miR-30¢/rno-miR-30c —2.179 2.50E-05 rno-miR-223
hsa-miR-31/mmu-miR-31/rno-miR-31 -2,113 2.00E-05
hsa-miR-101/mmu-miR-101a/rmo-miRk- —1.944 0.00019 NOTE. Probes that showed more than 2-fold changes with a false
101a discovery rate <0.05 are listed.
hsa-miR-30a/mmu-miR-30a/rmo-miR-30a —-1.913 5.90E-05
hsa-miR-30e/mmu-miR-30e/rno-miR-30e —1.764 5.50E-05
hsa-miR-30b/mmu-miR-30b /rno-miR-30b- -1.674 0.00019
5p
hsa-miR-200a/mmu-miR- 200a/rmo-miR- -1.617 0.00033
200a
hsa-miR-22* /mmu-miR-22* /rmo-miR-22* -1.519 7.90E-05
hsa-miR-130a/mmu-miR-130a/rno-miR- ~1.508 6.60E-05
130a
hsa-miR-200b/mmu-miR-200b/rno-miR- ~1.506 0.00034
200b
hsa-miR-20a/mmu-miR-20a/rno-miR-20a —-1.49 0.00015
hsa-miR-29¢c/mmu-miR-29¢/rmo-miR-29¢ ~1.48 0.00018
hsa-miR-29a/mmu-miR-29a/rno-miR-29a ~1.471 0.00015
hsa-miR-19b/mmu-miR-19b/mo-miR-19b —1.434 2.00E-04
hsa-miR-17 /mmu-miR-17/mo-miR-17-5p/ ~=1.415 0.00021
rmo-miR-17
hsa-miR-106a -1.401 0.00024
hsalet-7f/mmu-et-7f/rno-let-7f =1.277 0.00021
hsa-let-7a/mmu-let:7a/rno-let:7a =1.25 0.00015
hsa-miR-30d/mmu:miR-30d/rno-miR-30d —1.247 0.00016
mmu-let-7g =1.241 0.00019
mmu-let-7f/rmo-let7f ~1.204 2.00E-04
mmu-let-7d/rno-let-7d ~=1.167 0.00021
hsa-miR-107 /mmu-miR-107/mo-miR-107 =1.163 0.00027
mmu-let-7a/mo-let-7a ~1,142 0.00021
hsa-miR-30e* /mmu-miR-30e*/rno-miR- ~=1.114 0.00027
30e*
hsa-let-7d/mmu-let-7d/rmo-let-7d -1.113 0.00034
hsa-miR-19a/mmu-miR-19a/rno-miR-19a =1:107 0.0015
hsa-miR-185/mmu-miR-185/rno-miR-185 —1,088 0.00045
mmu-miR-20b =1.087 0.00034
hsa-miR-26b/mmu-miR-26b/ro-miR-26b -1.054 0.00028
hsa-miR-93/mmu-miR-93/rmo-miR-93 =1.034 0.0011
rno-miR-352 —1.031 0.00034
hsa-miR-191/mmu-miR-191/rno-miR-191 ~=1.005 0.00034

NOTE. Probes that showed more than 2-fold changes with a false
discovery rate <0.05 are listed.
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Supplementary Figure 2. Nonparenchymal cell components of Albumin-Cre;Dicer1#/e*P mouse livers. (A) Histologically, Albumin-Cre;Dicer 1o
mouse livers did not show significant alterations in portal tract morphology. Staining for cytokeratin 19 to stain bile ducts and CD31 to highlight
endothelial cells did not reveal significant abnormalities. (B) Hematopoietic cell colonization, which is not observed in controls, was found in most
Albumin-Cre; Dicer1P/oxP mouse livers. The presence of megakaryocytes was confirmed by staining for CD41. Islands of erythroblasts were also
noted (arrowheads). Ter119 was positive in both erythroblasts and mature erythrocytes, but immature erythroblasts were distinguished by the
presence of nuclei (@rrowheads).
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Supplementary Figure 3. Expression of tumor-related genes in Dji-
cer1-deficient HCCs. Quantitative PCR analysis of nonneoplastic liver
samples and HCCs from Alburnin-Cre; Dicer 10xPoxP (n = 68 for each
group). Values are expressed as mean * SD. 'P < .05. Two onco-
genes, Myc and Nras, were significantly but only modestly up-regulated
in HCCs. While Mycn and Bcl2 were overexpressed in some tumors,
the differences did not reach statistical significance due to high variabil-
ity. Expression of Axin2 and Glul, hallmarks of Wnt/g-catenin signal
activation, was down-regulated in tumors: This observation is consis-
tent with the absence of Cinnb1 mutations. Expression of Socs3; a
major target of Stat3, was not altered in HCCs.
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Dicer is required for proper liver zonation
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Abstract

A number of genes and their protein products are expressed within the liver lobules in
a region-specific manner and confer heterogeneous metabolic properties to hepatocytes;
this phenomenon is known as ‘metabolic zonation’. To elucidate the roles of Dicer, an
endoribonuclease III type enzyme required for microRNA biogenesis, in the establishment of
liver zonation, we examined the distribution of proteins exhibiting pericentral or periportal
localization in hepatocyte-specific Dicer] knockout mouse livers. Immunohistochemistry
showed that the localization of pericentral proteins was mostly preserved in Dicerl-
deficient livers. However, glutamine synthetase, whose expression is normally confined
to a few layers of hepatocytes surrounding the central veins, was expressed in broader
pericentral areas. Even more striking was the observation that all the periportal proteins
that were examined, including phosphoenolpyruvate carboxykinase, E-cadherin, arginase
1, and carbamoyl phosphate synthetase-I, lost their localized expression patterns and were
diffusely expressed throughout the entire lobule. Thus, with regard to periportal protein
expression, the consequences of Dicer loss were similar to those caused by the disruption of
B-catenin. An analysis of livers deficient in 8-catenin did not identify the down-regulation
of Dicerl or any microRNAs, indicating that they are not directly activated by S-catenin.
Thus, the present study illustrates that Dicer plays a pivotal role in the establishment of liver
zonation. Dicer is essential for the suppression of periportal proteins by Wnt/8-catenin/TCF
signalling, albeit it likely acts in an indirect manner.
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Introduction of proteosomal degradation, and the translocation of
the protein to the nucleus, where it activates TCF-
dependent transcription [6]. B-Catenin/TCF-dependent
transcription is normally active in the pericentral hep-
atocytes, where it induces pericentral gene expression
while suppressing periportal gene expression [4,7].
The hepatocyte-specific ablation of Apc, leading to
the constitutive activation of -catenin/TCF-dependent
transcription, resulted in the diffuse expression of peri-
central genes and the down-regulation of periportal
genes throughout the entire liver lobule [4,8]. Con-
versely, the suppression of Wnt signalling by the
overexpression of Dkk1 or the conditional ablation of
B-catenin caused a loss of pericentral gene expres-
sion and the diffuse expression of periportal genes

Although hepatocytes are uniform at a histological
level, they differ in a number of metabolic func-
tions [1,2]. For example, pericentral hepatocytes are
active in glutamine and bile acid synthesis and the
metabolism of xenobiotics, whereas periportal hepato-
cytes are more active in cholesterol, urea, and glucose
synthesis [1,2]. The metabolic heterogeneity of hepa-
tocytes enables multiple and occasionally antagonistic
metabolic functions to be performed efficiently in the
liver. A number of genes and their protein products
involved in these metabolic processes are expressed in
a region-specific manner along the porto-central axis
within the liver lobule and their respective functions

confer the heterogeneous metabolic properties of hep-
atocytes [1-3].

Recent studies have revealed that the Wnt signalling
pathway plays a key role in the establishment of liver
zonation [4,5]. The Wnt signalling pathway is acti-
vated by the binding of secreted Wnt ligands to Frz
and Lrp receptors on cell membranes. This leads to
the stabilization of B-catenin through the inhibition

[4,9]. Braeuning ef al further showed that activation
of the Ras/MAPK pathway by the oncogenic form
of H-ras or serum components suppressed pericen-
tral genes and induced periportal genes through the
inhibition of B-catenin/TCF-dependent transcription
[10,11]. Thus, the expression of pericentral and peri-
portal genes is coordinately and inversely regulated by
What/B-catenin/TCF signalling.

Copyright © 2009 Pathological Society of Great Britain and Ireland, Published by John Wiley & Sons, Ltd.

www.pathsoc.org.uk
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Dicer is an essential component of microRNA
biogenesis that cleaves pre-microRNAs into mature
microRNAs. Since Dicer is encoded by a single
locus in the mouse genome, the disruption of the
single Dicerl gene results in the loss of virtually all
microRNAs [12—14]. Here, we demonstrate that Dicer
plays an essential role in the establishment of proper
liver zonation. Remarkably, the loss of Dicer impairs
the localization of periportal proteins, leaving the
expression of pericentral proteins mostly intact. Thus,
our results reveal the novel finding that microRNAs
appear to be specifically required for the suppression
of periportal protein expression.

Materials and methods

Mice

Alb-Cre [15,16], Dicerlfox/flox [12], Ctnnb1fiox/fiox
[17], Alb-Cre;Ctnnb1fox/flex  [79], and Alb-Cre;
Dicer/*/flox [18] mice have been previously described.
The mice used in the present study were maintained
in barrier facilities and all studies were conducted in
compliance with the University of California IACUC
(Institutional Animal Care and Use Committee) guide-
lines and according to protocols approved by the Com-
mittee for Ethics in Animal Experimentation at the
National Cancer Center, Japan.

Immunohistochemistry

Liver tissue samples were fixed with 10% buffered
formalin, embedded in paraffin, and cut into 5-
pm-thick sections. Immunohistochemistry was per-
formed by an indirect immunoperoxidase method
using peroxidise-labelled anti-mouse, -rabbit or -goat
polymers (Histofine Simple Stain, Nichirei, Tokyo,
Japan). 3,3’-Diaminobenzidine tetrahydrochloride was
used as a chromogen. The primary antibodies that were
used are listed in Table 1. For double immunofluores-
cence staining, anti-mouse IgG antibody conjugated
with’ Alexa Fluor 488 and anti-rabbit IgG antibody
conjugated with Alexa Fluor 594 were used as sec-
ondary antibodies. The sections were analysed using
a confocal microscope (LSMS5 Pascal; Carl Zeiss Jena
GmbH, Jena, Germany) equipped with a 15 mW Kr/Ar
laser.

Table . Antibodies used for immunohistochemistry

S Sekine et al

Quantitative PCR

RNA extraction and the reverse-transcription reaction
were performed using standard protocols. Quantitative
PCR reactions were performed using SYBR Green
PCR master mix (Applied Biosystems, CA, USA). The
expression of Dicer! was compared with the expres-
sion level of Gusb, as previously described [9]. The
primer sequences were as follows: Dicerl: GAAC-
GAAATGCAAGGAATGGA and GGGACTTCGATA
TCCTCTTCTTTCTC; Gusb: ACGGGATTGTGGT-
CATCGA and TCGTTGCCAAAACTCTGAGGTA.

Microarray analysis

RNA samples were prepared from liver tissues of
6-week-old female Alb-Cre;Ctnblfox/flox  and
Ctnnb17ox/fox mice. The samples were labelled with a
miRNA Labeling Reagent & Hybridization Kit (Agi-
lent Technologies, CA, USA) based on the manufac-
turer’s instructions. The labelled RNA samples were
hybridized with a mouse miRNA microarray (Agilent
Technologies) containing 566 mouse miRNA probes
based on Sanger miRBase v10.0. MicroRNAs that
showed more than two-fold changes with p < 0.05
(Welch r-test) were considered significant.

Results

Localization of pericentral proteins is only
marginally affected in Dicer mutant mice

To elucidate the roles of Dicer in liver zonation, liver
samples from Alb-Cre;Dicero*/fox mice and their
control littermates (Dicer*/fex) were immunohisto-
chemically examined. As previously reported, the effi-
cient deletion of Dicerl in hepatocytes was achieved
in 3-week-old Alb-Cre;Dicerox/fox mijce: however,
Dicer-deficient hepatocytes were prone to apoptosis
and the complete disruption of Dicerl was followed
by repopulation with Dicerl-expressing hepatocytes
that had escaped Cre-mediated recombination [18].
We - therefore examined the livers from 3-week-old
Alb-Cre;Dicerfox/flox and Dicerfloxifiox mice (hereafter
referred to as Dicer-deficient and control livers).
Immunohistochemistry  showed that the localiza-
tion of pericentral - proteins was mostly maintained

Antigen Clone Dilution Source

Glutamine synthetase 6 1:1000 Becton Dickinson, Franklin Lakes, USA
GLT-1 Polyctonal 1:500 Dr Masahiko Watanabe [24]

OAT Polyclonal 1:500 Santa Cruz Biotechnologies, Santa Cruz, USA
CYP2EI Polyctonal 1:500 Dr Magnus Ingelman-Sundberg [25]
E-cadherin 36 1:250 Becton Dickinson, Franklin Lakes, USA
PEPCK Polyclonal 1:200 Santa Cruz Biotechnologies, Santa Cruz, USA
CPSI Polyclonal 1:500 Santa Cruz Biotechnologies, Santa Cruz, USA
Arginase | 19 1:2500 Becton Dickinson, Franklin Lakes, USA

OAT = ornithine aminotransferase; PEPCK = phosphoenolpyruvate carboxykinase; CPS| = carbamoyl phosphate synthetase-l.
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in the absence of Dicer. The distributions of GLT-1,
ornithine aminotransferase (OAT), and CYP2EI were
unaltered in Dicer-deficient livers. GLT-1 and OAT
were: expressed in-a few layers of hepatocytes sur-
rounding the central veins (Figures 1A, 1B, 1D, and
1E).. CYP2El was expressed  in  broader pericen-
tral areas (Figures 1J and 1K). Expression  of glu-
tamine synthetase (GS) was observed in the pericentral
areas of both mice; however, the GS-positive areas

control

OAT GLT-1

Glutamine synthetase

CYP2E1

Dicer1 knockout

367

were significantly broader in the Dicer-deficient livers
(Figures 1G and 1H).

The altered :localization of GS: was confirmed
by double immunofluorescence: staining for GS and
CYP2EL. In control mouse livers, distinct distribu-
tions. of 'these proteins were evident:: GS expres-
sion- was restricted to ‘a few. layers of hepato-
cytes surrounding the central veins, whereas CYP2E1
expression: was -extended to: the "distal pericentral

Ctnnb1 knockout

Figure I. Expression: of pericentral proteins. in Dicer-deficient liver, Pericentral protein expression was examined using
immunohistochemistry. The distributions of GLT-1, OAT, and CYP2E!l. were unaltered in Dicer-deficient liver (B, E, K)
compared with those in control mouse liver (Dicer®/fx) (A, D, J). Glutamine synthetase maintained its pericentral localization
in Dicer-deficient liver (H), but its expression extended beyond its normal boundary and encompassed a broader area than that
observed in control mouse liver (G). Pericentral protein expression was completely lost in S-catenin-deficient livers (C, F, 1, L). C

= pericentral vein; P = portal tract

J Pathol 2009; 219: 365-372 DOI: 10.1002/path

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



368

Glutamine synthetase

control

Dicer1 knockout

CYP2E1

S Sekine et al

Figure 2. Altered localization of glutamine synthetase (GS) in Dicer-deficient liver. The expression of GS and CYP2EI in control
(A-C) and Dicer-deficient liver (D—F) was examined using double immunofluorescence staining. In the control mouse liver, the
expression of GS was confined to a few layers of hepatocytes surrounding the central veins (A). However, GS was expressed in
broader pericentral areas in Dicer-deficient livers (D). The distributions of GS and CYP2E| were clearly distinct in control mouse

liver (C) but were almost identical in Dicer-deficient liver (F)

areas (Figures 2A-2C). However, the distribution
of GS-positive hepatocytes was almost identical to
that of CYP2El-positive cells in Dicerl-deficient
livers (Figures 2D—2F). The liver tissues from Alb-
Cre;Ctnnb1/ox/flox  mice (hereafter referred to as
B-catenin-deficient livers) were also examined for
comparison (Figures 1C, 1F, 1H, and 1K). g-Catenin-
deficient livers lost the expression of all the pericentral
proteins that were examined as previously reported [9].

Periportal proteins are diffusely expressed
throughout the entire lobule in the absence
of Dicer

We then examined the expression of periportal pro-
teins. Phosphoenolpyruvate carboxykinase (PEPCK)
was expressed in a gradient pattern, with the high-
est levels in the proximal periportal areas in con-
trol mouse livers (Figure 3A). E-cadherin was also
expressed in the proximal periportal regions but exhib-
ited a more pronounced sharp demarcation between
positive and negative cells (Figure 3D). Arginase 1
was expressed in periportal to distal pericentral areas
(Figure 3G). Finally, carbamoyl phosphate synthetase-
I (CPS1) expression was found throughout the liver
lobules, with the exception of a few layers of perive-
nous hepatocytes; this distribution was complementary
to that of GS (Figure 3J). Remarkably, all of these
periportal proteins lost their localized expression pat-
terns and appeared in a diffuse pattern throughout the

J Pathol 2009; 219: 365—372 DOI: 10.1002/path

entire lobule in Dicer-deficient livers (Figures 3B, 3E,
3H, and 3K). E-cadherin, arginase 1, and CPS1 were
all homogeneously expressed in all hepatocytes. Some
heterogeneity was noted in the staining for PEPCK,
but the predominant expression in the periportal areas
was lost in Dicer-deficient livers.

Interestingly, similar results were obtained in an
analysis of periportal protein expression in S-catenin-
deficient livers. All the periportal proteins that were
examined lost their restricted expression patterns and
were diffusely expressed (Figures 3C, 3F, 31, and 3L).
Similar to the Dicer-deficient livers, the expression
of PEPCK exhibited minor heterogeneity. Thus, with
regard to periportal protein expression, the loss of
B-catenin and Dicer resulted in virtually identical
phenotypes, suggesting that both S-catenin and Dicer
are required for the localized expression of periportal
proteins.

Neither Dicer| nor any individual microRNAs
are directly activated by S-catenin/TCF

Previous studies and the present observations on SB-
catenin-deficient livers showed that the expression of
pericentral proteins is dependent on active Wnt/g-
catenin signalling [4,9]. The conserved pericentral pro-
tein expression therefore indicates that Wnt signalling
is still active in the pericentral hepatocytes of Dicer-
deficient livers. On the other hand, periportal proteins
are diffusely expressed throughout the liver lobules in

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



Dicer in liver zonation

control
A B
e
S P
o
w
- G : c
P
D E
£ . bl el
O 0 i
i > P
m
S
L

Arginase

CP31

Dicer1 knockout

369

Ctnnb1 knockout

C

C
P
L F
; ' (@
’.:‘ V C
o
.M : 5 ,C -3 ’.

Figure 3. Expression of periportal proteins in Dicer-deficient liver. Periportal protein expression was examined using
immunohistochemistry. The characteristic distributions of the periportal proteins in the control mouse liver (A, D, G, ))
were completely lost in the Dicer-deficient (B, E, H, K) and S-catenin-deficient livers (C, F, |, L). High-magnification views of the
pericentral areas are presented as insets for CPS| (J—L). C = pericentral vein; P = portal tract

Dicer-deficient livers. This finding suggests that Dicer
is essential for the repression of periportal proteins
achieved by active Wnt signalling and that Dicer may
act downstream of S-catenin/TCF. However, Dicerl
expression was not affected in S-catenin-deficient liv-
ers, indicating that Dicerl itself is not involved imme-
diately downstream of Wnt signalling (Figure 4A).
Furthermore, we performed a microarray analysis to
test whether individual microRNAs are regulated by 8-
catenin. Similarly, a comparison of B-catenin-deficient

and control livers identified no microRNAs whose
expression levels were down-regulated in B-catenin-
deficient livers. Thus, we did not find any microRNAs
that were directly activated by S-catenin/TCF sig-
nalling (Figure 4B and Supporting information, Sup-
plementary Table 1). On the other hand, the analysis
identified four microRNAs that were up-regulated in
B-catenin-deficient livers: miR-31 (2.84-fold), miR-
34a (2.77-fold), miR-31* (2.91-fold), and miR-193b
(2.21-fold). However, considering the modest increase

J Pathol 2009; 219: 365-372 DOI: 10.1002/path
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Figure 4. Expression of Dicer] and microRNAs in f-catenin-deficient liver. (A) Expression of Dicer! as determined using
quantitative PCR (n = 6 per group). (B) Microarray analysis of microRNA expression (n = 3 per group). The four microRNAs

with significantly altered expressions are indicated by the arrows

of these microRNAs, these changes: are unlikely to
explain the dramatically altered expression of peripot-
tal proteins.

In summary, our data-demonstrate that neither the
expression of Dicerl mnor that of individual microR-
NAs is dependent on B-catenin/TCF signalling. Thus,
while Dicer and B-catenin elimination results in simi-
lar defects with regard to the inappropriate expression
of periportal proteins, our results. indicate that Dicer
and microRNA expression is not directly controlled
by Wnt signalling.

Discussion

Recent studies have suggested that the Wnt/g-catenin/
TCEF signalling pathway plays a key role in the estab-
lishment' of ‘liver zonation [4,5]. As observations of
B-catenin-deficient liver have indicated, B-catenin-
mediated signalling is essential for both the expression
of pericentral proteins and the repression of peripor-
tal“proteins in pericentral hepatocytes. Even though
MAPK signalling has been reported to affect zonation
through the modulation of B-catenin/TCF-dependent
transcription [11], the mechanisms underlying the
establishment of zonation remain largely undefined.
The present study identified Dicer as a novel and
essential component in the establishment of one aspect
of liver zonation, the repression of periportal proteins
in pericentral areas.

The hepatocyte-specific loss of Dicer resulted in
the diffuse expression of proteins that are normally
localized to the periportal areas. On the other hand,
the localization of pericentral proteins was left mostly

] Pathol 2009; 219: 365-372 DOL 10.1002/path

unaltered. Since pericentral protein expression requires
active- Wnt: signalling  [4,8,9], the conservation of
pericentral protein expression in Dicer-deficient liv-
ers indicates that the loss of Dicer does not affect
Wht -activity -in. pericentral hepatocytes. In contrast,
our findings in Dicer-deficient livers suggest that the
repression of periportal proteins by active Wnt sig-
nalling requires Dicer. While the induction of pericen-
tral proteins and the repression of periportal proteins
are coordinated by Wnt signalling, these processes are
regulated independently of each’ other; and Dicer is
selectively required for the repression of periportal
proteins:

To explore how Dicer is involved in the repres-
sion of periportal proteins, we: first tested whether
the expression of Dicer itself: was regulated by
B-catenin/TCF; however,. the expression of Dicerl
was not altered in B-catenin-deficient livers. The
primary physiological role of Dicer is microRNA
processing [12,19]. . While Dicer. has microRNA-
independent functions, such ‘as endogenous siRNA
processing in at least some organs [20,21], Dicer’s
functions are generally thought to be largely medi-
ated by microRNAs. Since microRNA precursors
are mostly transcribed by RNA polymerase I [22],
some microRNAs might be transactivated by pB-
catenin/TCF, resulting- in suppression of peripor-
tal genes. Nevertheless, we could not identify any
microRNAs that were down-regulated in B-catenin-
deficient livers. Collectively, these observations imply
that Dicer plays an essential role in the repression of
periportal proteins at some point downstream of S-
catenin/TCF signalling, albeit this effect likely occurs
through an indirect mechanism.

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 5. Model of the regulation of zonal gene expression.
B-Catenin/TCF transactivates pericentral genes ‘as well as
represses periportal genes. Dicer and microRNAs are essential
for the repression of periportal genes, but are not directly
regulated by S-catenin

The disruption of Dicer did not have a major effect
on the localization of pericentral proteins, but it did
result in the expression of GS in a broader area. This
finding indicates that a suppressive signal mediated
by Dicer is required for the repression of GS in
distal pericentral areas. A previous study reported that
loss of Hnfd4a also caused aberrant GS expression
[23]. However, the loss of Hnf4a resulted in weak
expression of GS in the entire lobule, unlike in Dicer-
deficient livers, and the expression of Hnf4a was not
altered in Dicer-deficient livers [18]. While the loss of
Dicer and Hnf4a both affected the localization of GS,
these two molecules seem to regulate GS expression
through independent mechanisms.

In summary, the present study shows that Dicer is
required for the establishment of proper liver zonation.
Dicer is essential for the suppression of periportal pro-
teins by Wnt/8-catenin/TCF signalling, albeit neither
Dicer itself nor any individual microRNAs are directly
activated by B-catenin/TCF. Our results suggest that
Dicer regulates factor(s) that suppress periportal genes
at some point downstream of S-catenin (Figure 5).
However, the individual microRNAs responsible for
the repression of periportal proteins remain elusive
at present. Further studies of individual microRNAs
should help to elucidate the precise mechanisms by
which these factors regulate zonal gene expression in
the liver.
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