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Liver growth in the embryo and during liver
regeneration in zebrafish requires the cell

cycle regulator, uhrf1
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In contrast to the deregulated hepatocellular division that is a
feature of many hepatic diseases and malignancies, physiologic
liver growth during embryonic development and after partial
hepatectomy (PH) in adults is characterized by tightly controlled
cell proliferation. We used forward genetic screening in zebrafish
to test the hypothesis that a similar genetic program governs
physiologic liver growth during hepatogenesis and regeneration
after PH. We identified the uhrf1 gene, a cell cycle regulator and
transcriptional activator of top2a expression, as required for he-
patic outgrowth and embryonic survival. By developing a meth-
odology to perform PH on adult zebrafish, we found that liver
regeneration in uhrf1+/~ adult animals is impaired. uhrf1 transcript
levels dramatically increase after PH in both mice, and zebrafish
and top2a is not up-regulated in uhrf1+/~ livers after PH. This
indicates that uhrf1 is required for physiologic liver growth in both
embryos and adults and illustrates that zebrafish livers regenerate.

hepatic outgrowth | hepatogenesis | partial hepatectomy

he liver’s capacity to regenerate after acute injury allows for the

full restoration of liver mass and function. In the most reliable
model to study liver regeneration in rodents, ~70% of the liver mass
is removed with partial hepatectomy (PH), resulting in the reentry
of the normally quiescent hepatocytes into the cell cycle (1). Within
a week of this procedure, the presurgical liver mass is restored (2).
Whereas pathologic liver growth is characterized by uncontrolled
cell division, physiologic liver growth during PH-induced liver
regeneration is a tightly regulated process. Hepatic outgrowth, the
final stage of liver development during which the liver bud expands,
is another example of physiologic liver growth. There is very little
known regarding the process that controls hepatic outgrowth in the
embryo, and with decades of research on liver regeneration, the
genetic requirements of physiologic liver growth remains an active
area of scientific inquiry.

Studies with knockout mice have identified a few genes that are
essential for both hepatic outgrowth and regeneration; of these,
none are liver-specific. For example, a liver specific knockout of
c-jun results in defective liver regeneration (3), whereas homozy-
gous c-jun deletion results in embryonic lethality and hypoplastic
livers (4, 5). Similar studies have shown that the hepatocyte growth
factor/c-met (6-8), B-catenin (9), and TNF« (10-12) pathways also
regulate physiologic liver growth in embryos and adults. Compar-
ison of the gene expression profiles in regenerating and embryonic
livers has identified a handful of genes that are coregulated during
both processes (13, 14); however, the functional significance of
these findings has not yet been addressed.

Zebrafish present an excellent system for such genetic studies.
The robust regenerative potential of adult zebrafish is well estab-
lished (15), and PH-induced liver regeneration has been reported
in trout (16), suggesting similar studies are possible in zebrafish.
Zebrafish are renowned for developmental studies, and work on
hepatogenesis has revealed that similar genes regulate hepatic
patterning in zebrafish and mice (17, 18). Interestingly, studies in
mice indicate that hepatic outgrowth requires both hepatomito-
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genic signal (18) combined with the active suppression of apoptotic
signals (11, 19, 20). This dual-signaling mechanism regulating
outgrowth has yet to be demonstrated in other species.

We have used the power of zebrafish-forward genetic screening
to identify genes that regulate physiologic liver growth. First,
embryonic mutants that fail to undergo hepatic outgrowth were
identified. We then developed a PH model in zebrafish and
demonstrate its utility to discover new genes that regulate liver
regeneration. We show that the hi>’? line, which bears an insertion
in the ubiquitin-like protein containing PHD and ring finger do-
mains-1 (uhrfl) gene (21), is defective in physiologic liver growth in
embryos and adults. UHRFI (also called Np95 in mice and ICBP90
in humans) has been shown to require cell cycle progression in
mammalian tissue culture cells (22-25), and the expression of
UHRF]I is up-regulated in cancer cells (24, 26-28). UHRF1 is a
transcriptional activator of fopoisomerase Il « (top2a, refs. 23 and 28;
and an E3 ubiquitin ligase, refs. 24 and 29). Here, we report that
zebrafish mutants bearing homozygous mutation of uhrfl develop
small-for-size livers and do not survive embryogenesis, whereas
uhrfI™'~ adults appear healthy but have impaired liver regeneration
after PH. We describe liver regeneration in zebrafish and show the
utility of this system for addressing whether the genetic program of
liver development is recapitulated during regeneration.

Results

uhrf1 Is Required for Hepatic Outgrowth. A screen in zebrafish by
using retroviral insertional mutagenesis identified nearly 1/4 of the
genes that are essential for embryogenesis, and the mutated gene
has been identified in every line (21). Streptavidin linked to the
fluorophore CY3 (CY3-SA) effectively labels the liver in fixed
embryos and was used to screen 294 of these lines for mutants with
liver size defects (30), and the hi?’> was chosen for further analysis.
Fig. 1 illustrates that, in addition to the liver phenotype, hi?’”> mutant
(MT) embryos have a small head, eyes, and jaw, and an underde-
veloped gut. Additionally, the diminished yolk consumption and
uninflated swim bladder and embryonic lethality are phenotypes
common to many of the mutants in this collection. The liver
phenotype is revealed both by CY3-SA labeling and in situ hybrid-
ization with the liver-specific probe, fatty acid binding protein 10
(fabp10; Fig. 1 B-E). Histologically, the liver in day 5 WT embryos
is a crescent-shaped organ composed primarily of hepatocytes (Fig.
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Fig. 1. hi?’2mutant embryos have
a small-for-size liver on day 5. (A)
WT and MT liver day 5 embryos
from hi?’2, The liver in phenotypi-
cally WT embryo is visible anterior
to the intestinal bulb (white out-
line); the expected position of the
liver in the MT is indicated by an
arrow. (B and C) CY3-SA labeling of
day 5 WT (B) and MT embryos (C).
The gutin the mutant is malformed
and does not stain with CY3-SA,
and the yolk consumption is incom-
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plete in the mutant by day 5, and thus is labeled with CY3-SA. (Scale bar: 50 um.) (D and E) In situ hybridization with fabp70 and insulin probes on WT (D) and
MT (E) embryos. Arrows point to pancreatic islets, labeled with insulin. (F and G) H&E-stained sagittal sections of livers from WT (F) and MT (G) embryos. Images
were taken through the widest section of the left liver lobe. (Scale bar: 10 um.) (H and /) Apoptotic cells (green) are not seen in the CY3-SA labeled liver (white
outline) and gut of WT (H) but are plentiful in MT (/) embryos. (J) Q-PCR on cDNA prepared from day 5 WT and MT embryos from hi?’2. Expression levels relative
to tbp were calculated and shown as fold change compared with phenotypically WT siblings. The experiment was run in triplicate; bars indicate SD.

1F), whereas a ball of histologically normal hepatocytes is observed
in MT embryos (Fig. 1G).

The failure to develop a full-size liver could be due to a defect in
hepatic patterning or differentiation or from the inability to un-
dergo hepatic outgrowth. To differentiate among these three
options, we determined the expression of GATAG6, hex, and prox1,
genes important for endodermal and hepatic patterning (17), and
assessed the pancreas in hi*’”> mutants. All of the patterning
markers were expressed normally (data not shown), and there was
not a difference in the pancreatic size, morphology (data not
shown), or expression of insulin by islet cells (Fig. 1 D and E),
suggesting that endodermal patterning is not affected. In addition,
hepatocyte differentiation is also unaffected in hi?’> mutants: (i)
hepatocytes are histologically normal (Fig. 1G), (if) hepatic glyco-
gen production and storage is unaffected (data not shown), and (iif)
markers of liver function, fabp10 (Fig. 1E) and ceruloplasmin (data
not shown), are expressed by MT hepatocytes. In contrast, hepa-
tocellular apoptosis is increased in MT embryos (Fig. 1 H and 1),
proliferation appears decreased (data not shown), and cyclin A2
(ccna2) and the hepatocyte growth factor receptor, met, levels are
decreased (Fig. 1J). Taken together, these data suggest that the
hepatic phenotype in hi?”> MT embryos results from a defect in
hepatic outgrowth.

The mutagenic viral insertion in the hi*’? is in the first intron of
the zebrafish uhrfl gene (21). The hi3? line has been identified as
another allele, with an insertion 20 bp downstream of the hi?’?
insertion site (A. Amsterdam, personal communication). Both
alleles are phenotypically identical with 100% penetrance (data not
shown). uhrfl mRNA levels in MTs from both lines are decreased
by ~75% compared with phenotypically WT siblings [supporting
information (SI) Fig. 6A4], confirming that both alleles are hypo-
morphic uhrfl mutants. Mammals have two UHRF genes (UHRF1
and UHRF2), whereas zebrafish have only uhrfl, which is 66%
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identical to human UHRF]I at the amino acid level (SI Fig. 6B).
When referring to uhrf1, we will follow the nomenclature guidelines
for the species under discussion.

uhrf1 Is Expressed in Proliferating Tissues. We evaluated the expres-
sion pattern of uhrfI in zebrafish embryos and adults. Using in situ
hybridization, we found uhrfl to be highly expressed at 24—48 h
after fertilization (pf) in rapidly proliferating tissues, including the
tectum, retina, and brachial arches. This pattern is similar to many
genes that are markers of cell proliferation (zfin.org). Interestingly,
during hepatic outgrowth (57 h pf, day 4), uhrfl is preferentially
expressed in the liver bud and expression is maintained in the fully
developed liver (Fig. 2 E and F). Expression in the proximal gut also
is observed at these times. Thus, the uhrfl expression pattern in the
embryo correlates with the tissues that are the most severely
affected in the mutant. In adult zebrafish tissues, the highest
expression of uhrfl was detected in testis (Fig. 2G), consistent with
what is seen in mice (31) and humans (28) and is correlated with the
high proliferation observed in this tissue; however, no fertility
defects were noted for heterozygous animals. Importantly, low
uhrfl expression was detected in adult liver in zebrafish (Fig. 2G),
mice (31), and humans (28), suggesting a conserved function.

Adult Livers Regenerate After PH. To establish a system in which to
study physiologic liver growth in adults, we developed a procedure
to carry out PH in zebrafish. The adult zebrafish liver is a bilobed
organ positioned on the dorsal-ventral axis, slightly lateral to the gut
and other organs of the gastrointestinal system (Fig. 34). The dorsal
lobe is ~25% larger than the ventral lobe, and the two lobes are
contiguous, lacking a pedicle between them. Thus, the anatomy of
the zebrafish liver does not allow full removal of an entire lobe, as
is performed in rodents through the ligation of individual pedicles.
We opted for a small ventral-lateral incision to excise the caudal

Fig. 2.  uhrf1 is expressed in zones of

D proliferation during organogenesis
and in proliferating adult tissues. (A
qut and B) In situ hybridization at 24 (A)

and 34 (B) hours pf shows high levels of
uhrf1 expression in rapidly proliferat-
ing cells. (C—F) At 48 h pf (C), expression
has decreased in most tissues except
the tectum, retina, and arches, and by
57 h (D), 4 days (E) and 5 days (F) pf,
expression is evident in the liver bud
and gut (arrowheads). No expression is
seen in MT embryos at 4 days pf (E
Inset). (G) uhrf1 message was detected
intissues from and adult male zebrafish

57 hpf

heart distalgut  gill liver  proximal  testis

qut by Q-PCR by using tbp as a reference.

PNAS | January 30,2007 | vol.104 | no.5 | 1571

DEVELOPMENTAL
BIOLOGY


http://www.pnas.org/cgi/content/full/0610774104/DC1
http://www.pnas.org/cgi/content/full/0610774104/DC1
http://www.pnas.org/cgi/content/full/0610774104/DC1

Gut

Heart
Pancreas
Gall
bladder

Csurgery

Ll

L}

day

portion of the ventral lobe (Fig. 3 4 and C). The procedure has a
success rate of nearly 75% postoperative survival, and a median
survival of 63% after overnight recovery. There is no significant
difference in the survival after sham operation (SI Table 1).
Survival is directly related to the size of the animal, and as technical
expertise improved, the percent survival after overnight recovery
averaged over 83-100% for PH animals.

To assess the amount of tissue removed by this procedure, 15
animals (n = 4 at 16 h, n = 11 at 24 h) were collected during the
first day after PH, and the size and shape of the liver was analyzed
histologically on step-sagittal sections through the whole fish (rep-
resentative example shown in Fig. 3E). In sham-operated fish, the
dorsal lobe extends caudal to the bowel, whereas the tip of the
ventral lobe is more rostral (Fig. 3 D, F, and H). In 100% of the fish
that underwent PH, extensive inflammation was observed at the
site of resection and, in all cases, the entire caudal region of the
ventral lobe was missing (Fig. 3E), indicating that nearly half of
the ventral lobe, or ~20-40% of the total liver mass, had been
successfully removed.

To characterize the regeneration process, we collected animals at
16, 24, 48, 60, and 72 h and 4 and 7 days after PH, and carried out
histological analysis to determine liver morphology during regen-

Fig. 4. PCNA expression peaks at 48 h  Time after
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Fig. 3. Partial hepatectomy results in regenera-
tion within 7 days. (A) Schematic of the gastroin-
testinal organs, viewed from the animals ventral
side. The animal’s left (L) and right (R) are labeled
as are the dorsal (D) and ventral (V) liver lobes. The
dashed line marks the site of resection of the
ventral lobe. (B) Dissected gut and liver with a
piece of spleen (s) attached. Ruler marks are mil-
limeters. (C) PH in zebrafish is carried out on day 0
(Upper) by creating a small incision through the
ventral body wall and the ventral lobe of the liver
is resected. By day 7 (Lower), the wound has
healed and a ventral lobe is evident in both sham
and animals subject to PH. (D-/) H&E stained sag-
ittal sections of fish taken at 16 h (D and E) and 4
(F and G) and 7 (H and /) days after PH or sham
operation. The tip of the dorsal lobe is outlined
with a dotted line and indicated with an arrow in
PH samples. (Scale bars: 100 pm.)
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eration. Fig. 4 illustrates the phases of regeneration at 16 h and 4
and 7 days after PH. The unperturbed zebrafish liver is falciform,
tapering to a rounded point at the tip (Fig. 3 D, F, and H). This
architecture is disrupted during the initial phase of regeneration
(Fig. 3E). By day 4 of recovery, the tip of the liver lobe extended
farther caudally and the rounded tip structure was nearly restored
(Fig. 3G). Seven days after PH, the liver is indistinguishable from
sham-operated animals (Fig. 3 H and I). This demonstrates that PH
can lead to complete liver regeneration in zebrafish within a week
after PH. We did not find any difference in the pattern or extent of
regeneration if the dorsal lobe instead of the ventral lobe was
resected (data not shown). Animals from age 6 to 36 months were
indistinguishable in procedure survival and regeneration (data not
shown), indicating that animal age does not affect liver regeneration
as it does in rodents (32).

Cell Proliferation After PH. We used immunohistochemical nuclear
staining of proliferating cell nuclear antigen (PCNA) as a prolif-
erating cell marker in regenerating livers. Liver regeneration in
mammals is accomplished by hepatocyte proliferation, and only
under certain circumstances are progenitor cells thought to play a
part in this process (33). Aside from a few infiltrating inflammatory
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plotted as a bar with the value indicated
above. The median PCNA index for sham
animals is illustrated with an x. *, a sig-
nificant difference in the PCNA index in
the cut lobe at 48 h compared with the
cutlobeat24h (P<0.0035)and72h (P <
0.095). (N) The remaining ventral lobe of
zebrafish livers were collected at the in-
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dicated times after PH. The expression levels were determined in two fish by using Q-PCR with ef7a as a reference, the values were averaged and are plotted
as fold change compared with expression levels in quiescent livers (t = 0) from five fish.
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Fig. 5. uhrf1 is required for liver regeneration. (A) uhrfl message was

detected by standard PCR in rat primary hepatocytes, stellate cells, and whole
liver tissue, in human hepatocyte cell lines (Huh7 and Hep3B), and in the
stellate cell line (LX2) compared with GAPDH. (B and C) Mouse (B) and
zebrafish (C) livers were collected at the indicated times after PH. The expres-
sion levels of uhrf1, ccne, and ccna2 were determined by using Q-PCR with
cyclophilin as a reference for mouse and efla as a reference for zebrafish.
Graphs represent fold change compared with quiescent livers. For zebrafish,
n = 2 foreach PH time pointand n = 5 for quiescent liver samples. (D) The level
of uhrf1 and top2a transcripts in quiescent (t = 0; n = 3) and regenerating (t =
36 h; n = 3) livers were determined by Q-PCR with ef7a as areference. Numbers
are expressed as the average fold change at 36 h compared with the t = 0
samples. Error bars indicate SD, and P values are labeled. (E) Seven uhrf1+/*
fish and nine uhrf1+/~ fish were subject to PH. After 5 days of recovery, the
livers were dissected and assessed for regrowth. Representative animals are
shown. One hundred percent (7/7) of the uhrf1*/* animals had substantial
regeneration, whereas only 22% (2/7) of the uhrf1*/~ animals had any re-
growth 5 days after PH.

cells and, in some cases, the cells of Glisson’s capsule, virtually all
of the PCNA-positive cells in the regenerating liver are hepatocytes
(see Fig. 4F Inset). Although contribution of hepatic progenitor
cells to regeneration in zebrafish could not be ruled out because of
the lack of specific markers for these cells, we surmise that
hepatocyte proliferation accounts for the restoration of liver mass.

PCNA-positive hepatocytes were rare, observed in sham-
operated animals (Fig. 4 4, D, G, and J) despite the robust PCNA
staining of the adjacent gut or inflammatory cells in the healing
wound in the same section (Fig. 4 D and G), indicating that
hepatocytes are quiescent in unperturbed zebrafish livers, as in
mammals (2). After PH, PCNA-positive cells were concentrated at
the site of resection (Fig. 4 F and /), indicating that the lobe that was
removed indeed was growing back. We noted that in some cases,
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PCNA-positive hepatocytes were present at the tip of the unexcised
lobe (Fig. 4E), suggesting that some compensatory regeneration
also occurs. Typically, after 72 h after PH, <1% of the cells were
PCNA-positive (the sample containing the highest percent of
PCNA-positive cells at day 7 is shown in Fig. 4L).

To quantitatively evaluate hepatocyte proliferation after PH and
to determine the region of the liver that is responsible for regen-
eration, we calculated the PCNA index (no. of PCNA-positive
nuclei/total no. of hepatocytes) at the tips of both lobes in 42 PH
and 21 sham-operated animals as a function of time after surgery.
Fig. 4M illustrates both the range of PCNA indices for the cut (red
dots) and uncut (blue dots) lobes, as well as the median values
(horizontal lines with corresponding numerical values). The PCNA
indices for the dorsal and ventral lobes of sham animals were
pooled, as there was no significant difference between these; the
median sham PCNA index is <1 at all time points and is denoted
by an X. In both the cut and uncut lobes of animals that underwent
PH, the PCNA index peaks at 48 h after PH; however, the increase
in the cut lobe is significant, with P < 0.003 compared with the cut
lobe PCNA index at 24 h, and P < 0.09 compared with the cut lobe
at 72 h. The PCNA index returned to baseline on days 4 and 7 after
PH, consistent with the observation that liver size is reestablished
at these times (Fig. 4 G and [).

Many studies have defined the changes in gene expression as a
function of time after PH in mammals. Among the up-regulated
genes are c-jun and c-myc, which are activated in the first several
hours after PH (34). These and other transcription factors, such as
Foxmlb (35), activate the transcription of the G; cyclins, such as
cyclin D1, E, and A2, which drive the hepatocytes from G; into S
phase of the cell cycle (2). To investigate the genes that are
up-regulated in regenerating zebrafish livers, we performed PH on
18-month-old WT animals. We collected samples from the tip of
the regenerating lobe at 24, 36, 48, and 72 h from two animals and
analyzed the RNA expression levels of jun, myc, foxmlIl (the
zebrafish Foxmib homolog), ccndl, ccne, and ccna2 by using
quantitative PCR (Q-PCR). The expression levels for each gene
was averaged between the two samples and plotted as the fold
change relative to the average expression level in five quiescent
livers (Fig. 4N). jun and myc are up-regulated at 24 h, likely
reflecting a more dramatic up-regulation at an earlier time point,
as is reported in rodents (36). foxm Il and ccne are also up-regulated
at 24 h, and ccndl and ccna2 show peak expression at 36 h after PH.

uhrf1and ccna2 Are Coregulated After PH in Mouse and Zebrafish. The
UhrfI transcript is present in mammalian primary and immortalized
liver cell lines. In Fig. 54, we detect the transcript by PCR in primary
rat hepatocytes and stellate cells as well as immortalized cell lines
Huh7, Hep3b (hepatocyte), and LX2 (stellate cells). Because many
of the genes that have been shown to be critical for liver regener-
ation are up-regulated after PH (37) and we reasoned that if u/rfl
were required for physiologic liver growth, it too would be up-
regulated during recovery from PH. Using Q-PCR to detect uhrfl
message in samples collected from regenerating mouse (Fig. 5B)
and zebrafish (Fig. 5C) livers, we found that expression was
drastically up-regulated during regeneration, in parallel with ccna2
expression. Ccne expression peaks at 24 h in zebrafish regenerating
livers and at 40 h in mice. Transcription of TOP2A4 is directly
regulated by UHRFI (23, 28), and Top2a is up-regulated during
mouse liver regeneration (38) with the same kinetics that we
observe for Uhrfl. To determine whether heterozygous mutation of
uhrfl hinders its capacity to activate fop2a during liver regeneration,
we used Q-PCR to compare its expression in livers from whrfI/+
and ulrf1™'~ zebrafish at the peak time of uhrf1 expression after PH
(36 h). Fig. 5D illustrates that there is a nearly 30-fold increase in
uhrfl and a 1.4-fold increase in fop2a expression in WT livers at 36 h
after PH. The difference in magnitude in the uhrfl levels in WT fish
at 36 hin Fig. 5 C and D reflects the natural variation from animal
to animal that is seen in this system: we observed that the absolute
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expression levels vary with different samples, but that the pattern
observed is consistent across the experiments in which we analyzed
expression in >12 animals. As expected, uhrfl transcript levels in
uhrfl1*/~ animals are roughly one-half that found in animals car-
rying both copies of the gene, and expression of fop2a after PH is
markedly suppressed. This demonstrates that activation of top2a
depends on uhrfl in vivo and suggests that cell cycle activation
during zebrafish liver regeneration may depend on Uhrf1 activity.

uhrf1 Is Required for Liver Regeneration After PH. To test whether
uhrfl is required for liver regeneration, we performed PH on
uhrfI™'~ adults. One hundred percent (9/9) of the uhrfI™/~ animals
survived surgery and overnight recovery, compared with 88% (7/8)
of the uhrfl™'*. Fig. 5D shows a representative example of livers
from animals of both genotypes on days 0 and day 5 after PH:
whereas all (7/7) of the WT animals had full regrowth of the ventral
lobe by this time, 78% (7/9) of the uhrfl*/~ animals showed no
significant regrowth. In the 22% of the whrfl™~ animals that
showed some ventral lobe regeneration, the size of the lobe was
significantly smaller than WT (data not shown), and no mutant
animal demonstrated full regeneration by day 5. A similar pattern
was observed at day 7 (data not shown). Importantly, fin regener-
ation was not affected in w/rfI*/~ animals (SI Fig. 7). These data
illustrate that whrfl is required for efficient liver regeneration.

Discussion

We have reasoned that a similar genetic program governs physio-
logic liver growth in embryos and adults and used forward genetic
screening in zebrafish to address this. We discovered that a loss-
of-function homozygous mutation in the uhrfl gene results in a
small-for-size liver and embryonic lethality on day 5-6 pf and that
heterozygous mutation of this gene in adult zebrafish impedes liver
regeneration. This demonstrates the utility of the zebrafish PH
model for identifying genes that are required for liver growth.

In comparison to the advances in understanding of hepatic
patterning (17, 18, 39), hepatic outgrowth is understudied. Mouse
knockout models have revealed a handful of genes that are required
for outgrowth and have demonstrated that disruption of a number
of these genes results in hepatic hypoplasia and apoptosis (4, 5, 10,
11, 12, 40). In zebrafish, we identified a similar pattern in uhrfl
embryos. They undergoes normal hepatic patterning, and several
pieces of evidence indicate that mutation of uhrfl blocks hepatic
outgrowth: () the size and morphology of uhrf1 livers is that of WT
livers at the commencement of hepatic outgrowth (day 3.5), (i)
uhrfl is expressed in WT livers during outgrowth, (iif) met and ccna2
transcripts are decreased, and (iv) hepatocyte apoptosis is increased
in uhrfl embryos. This finding is significant, for it implies that
positive signals driving proliferation as well as suppression of
apoptosis is the mechanism for regulating hepatic outgrowth that is
conserved across species. Given that UHRFI is highly expressed in
human fetal livers (28), it may play similar role in humans.

Is uhrfl a liver-specific proliferation regulator? Our data points
to a requirement for uhrfl in a defined number of tissues and
suggest that it is one of several important regulators of hepatocyte
proliferation. Indeed, the requirement for ukrfI has been demon-
strated in a number of cell types in vitro suggests against this (23-25,
28, 29, 41). In the zebrafish embryo, it is possible that wuhrfl
expression is required for proliferation of many tissues, but that
maternally derived whrfl mRNA produces sufficient Uhrfl to
advance the embryos through the early stages of development.
Then, when the maternal message is depleted, the organs that
proliferate later in development, such as liver and gut, may be more
severely affected. Should this be the case, it would highlight the use
of the zebrafish mutant for these studies, because maternal mRNA
in mouse embryos is much less than is found in zebrafish, germ-line
Uhrfl mutation in mice would result in early embryonic lethality.
Moreover, as the majority of genes previously identified as essential
for hepatic outgrowth in mice are not liver specific, c-jun, for
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example (4, 5), but are required preferentially in the liver for
outgrowth and regeneration.

To determine whether uhrfl is required for liver regeneration,
we have developed a model of PH-induced regeneration in
zebrafish. We show that livers from adult zebrafish can regen-
erate fully after PH and that the regenerated livers appear
grossly, architecturally, histologically, and functionally normal.
Unlike regeneration in rodent models of PH, where remnant
lobes become proliferative after excision of adjoining lobes (i.e.,
compensatory regeneration), zebrafish liver regeneration is a
true regenerative process in that the liver mass increase is
contiguous with the resection site. We do observe some com-
pensatory proliferation of hepatocytes at a site distant to the
resection, indicating that a circulating factor may play a part in
this process, as has been determined in rodents (42). Our data
demonstrate that liver cell proliferation after PH peaks at 48 h,
preceded by a up-regulation of several cell cycle regulatory
genes. Liver regrowth is complete within 7 days. We observe that
the pattern of gene expression that is consistent with the finding
that PCNA immunostaining peaks at 48 h in the regenerating
ventral lobe and illustrate that the pattern of hepatocyte cell
cycle reentry after PH is similar to what is observed in mammals,
although the precise time and magnitude in which a set of genes
become activated may vary by species. We postulate that growth
is due to hepatocyte proliferation, however, development of
specific markers for the different populations of zebrafish liver
cells will allow studies addressing the identity of the proliferative
cells. Interestingly, preliminary data imply that hepatocytes in
uhrfI*/~ livers after PH may be hypoplastic and apoptotic (data
not shown), suggesting that parallel processes might regulate
hepatic outgrowth and regeneration.

We tested the hypothesis that uhrfl is required for regeneration
by performing PH and observing liver regrowth by gross analysis.
Most uhrfl™~ animals have a stunted knob 5 days after PH, and
there is no significant difference at day 7 (data not shown).
Moreover, mRNA levels of uhrfl after PH are approximately half
of that in WT fish. These data indicate that heterozygous mutation
of uhrfl results in a haploinsufficiency phenotype that is revealed
in the liver only when significant proliferation is required, similar to
the example of hepatic outgrowth.

TOP2A4 is required for cell cycle progression, and as such has
been exploited as a target for chemotherapies (43). UHRF1 directly
activates TOP2A transcription in vitro (25, 27, 28), and Top2Za
up-regulation after PH has been reported in mice (38, 44) and,
shown here, in zebrafish. Interestingly, fop2a expression after PH in
zebrafish requires whrfl, providing an in vivo example of this
relationship and suggests a mechanism by which u/rfl mutation
hampers liver regeneration. In contrast, it is not likely that the uhrfl
embryonic phenotype is mediated exclusively through regulation of
top2a. First, mutation of top2a in zebrafish (hi*¢°) results in a severe
and early embryonic lethal phenotype (21), whereas the wuhrfl
mutants are relatively healthy on day 5 pf. Second, significant
down-regulation of fop2a message in uhrfl embryos was not ob-
served; however, if Uhrf1 regulates top2a only in the liver, then our
assays with whole embryo mRNA may underestimate grossly the
level of fop2a suppression. In situ hybridization analysis of the
hepatic changes in fop2a expression are required before conclusions
can be made. Indeed, fop2a expression is regulated by a number of
other genes (45), raising the possibility that Uhrfl mediates addi-
tional, fop2a-independent, cell cycle effects in hepatocytes. There
has been a report that Uhrfl can negatively regulate expression of
the retinoblastoma gene at the transcriptional and posttranscrip-
tional levels (23), and this has been proposed as one mechanism by
which alterations in UHRFI expression may contribute to hyper-
proliferation. However, we were unable to detect a similar pattern
of rb] mRNA expression in uhrf] mutant tissue (data not shown).
Establishing a link between whrfl and rbl in zebrafish awaits
development of suitable reagents for interrogating Rb1 protein.
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http://www.pnas.org/cgi/content/full/0610774104/DC1

Lo L

P

1\

=y

In addition to regulating the transcription of TOP2A (28) and
RBI (23), UHRF1 has been shown to possess E3 ubiquitin ligase
activity targeting histone H3 (29) and itself (24), yet the functional
relevance of monoubiquitinization of these targets is unknown.
Loss of UHRF1 function abrogates S phase entry, and its overex-
pression shortens the cell cycle (22-24, 46), in agreement with our
finding that uhrfl is up-regulated during regeneration in parallel
with ccna2 and is required for hepatocyte proliferation in vivo. We
postulate that this role is liver specific in adults, because fin
regeneration (SI Fig. 7) and wound healing are unaffected in
uhrfl™/~ animals. It is of interest to dissect how Uhrfl acts to
control proliferation in vivo, because it has been proposed as a
prognostic marker for some human tumors (26).

Materials and Methods

Screen. Mutants were generated as described in ref. 21. CY3-SA
staining was performed as described (30). Mutants that were
healthy on day 5 and had little or no liver tissue staining with
CY3-SA were scored as small-for-size liver mutants. The phenotype
had 100% penetrance in more than five clutches of hi?’> and hi*?
embryos.

In Situ Hybridization. Day 5 embryos were processed for in situ
hybridization by using a probe mixture containing dioxygenin-
labeled anti-sense fabp10 (30) and insulin, prepared as described in
ref. 47. Experiments were carried out in duplicate on at least 10
embryos.

Histology. TUNEL assays were performed on three WT and MT
embryos. For adult zebrafish, tissue was fixed and processed for
PCNA immunohistochemistry.

Between 150 and 250 PCNA-positive cells at the tips of both the
ventral (cut) and dorsal (uncut) liver lobes were counted on one- to
two-step sections. The PCNA index was calculated as (no. of PCNA
positive cells)/(total no. of cells counted). See SI Text for detailed
methods.
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Partial Hepatectomy. Before surgery, adult zebrafish aged 6-30
months were deprived of food for 16-24 h. They were anesthe-
tized in 1% MESAB for 40 seconds and placed on a sponge
immersed in MESAB, with continual bathing of the gills during
the 90-second surgery. A 1- to 2-mm V-shaped incision was made
through the ventral body wall, caudal to the heart and ~1 mm
medial to the left pectoral fin. The ventral liver lobe was resected
by using forceps and fine-spring scissors. Animals recovered in
fish water at room temperature for 2—4 h and then maintained
at 28°C. Sham-operated animals were subject to the same
anesthetic and body wall incision without liver resection. Ani-
mals were monitored daily and euthanized upon signs of distress.
PH was performed on 8- to 26-month-old uhrfl ™/~ adults and on
age-matched controls that did not bear an insertion in the uhrfl
gene. Samples from regenerating livers were collected at the
distal tip of the resected lobe.

RNA Extraction, cDNA Preparation, and PCR. RNA samples from
zebrafish embryos and adult tissue were isolated by standard
protocols. Mouse liver samples were provided by L. Greenbaum
(University of Pennsylvania, Philadelphia, PA), and collected as
described (38). Rat liver samples were provided by Natalie Nieto
(Mount Sinai) and collected as described (48), except that
pronase was not used in the hepatocyte isolation protocol. See
SI Text for additional experimental details. See SI Table 2 for
primer details.
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