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Etiologic risk factors for hepatocellular carcinoma can be involved
in the transformation process by directly targeting intracellular
signaling pathways or by indirectly stimulating chronic cycles of
hepatocyte destruction and regeneration. However, the contribu-
tion of these two routes to hepatocarcinogenesis has not been
determined, partly because of the difficulty in distinguishing
damaged and regenerated hepatocytes. Here we report that
induced deletion of the damaged DNA binding protein 1 (DDB1)
abrogates the self-renewing capacity of hepatocytes, resulting in
compensatory proliferation of DDB1-expressing hepatocytes. Con-
stitutive stimulation of this regeneration process leads to develop-
ment of hepatocellular carcinoma, which surprisingly contains no
disruption of the DDB1 gene, indicating a cell-nonautonomous role
of DDB1 inactivation in tumor initiation. Our results suggest that
viruses and hepatoxins may cause liver tumors by simply driving
hepatocyte turnover without directly targeting cancer cells.

ubiquitin ligase | mouse model | gene knockout

H epatocellular carcinoma (HCC), representing 80% to 90%
of all primary liver cancers, is the fifth most common cancer
and the third leading cause of cancer death worldwide (1). HCC
development follows a multistep progression from hepatic dys-
plasia to neoplasia, with accumulation of somatic mutations and
chromosomal alterations (2). Conventionally, these genetic
alterations are identified in human liver tumor samples by gene
expression profiling, genomic and proteomic analysis, and direct
sequencing. Candidate genes are subsequently validated in cell
cultures and animals. This methodology has led to the identifica-
tion of oncogenes and tumor suppressor genes important for liver
tumor development, such as those regulating Wnt/B-catenin, p53,
EGEFR receptor tyrosine kinases, and MET/HGF pathways (3).

Alternatively, interactions between host factors and HCC-as-
sociated pathogens such as hepatitis B virus (HBV) and hepatitis
Cyvirus (HCV) can be investigated to understand early molecular
and cellular alterations leading to HCC initiation. HBV encodes
a nonstructural regulatory protein, HBx, that is required for
HBYV replication and implicated in HBV-associated HCC (4).
How HBx contributes to hepatocarcinogenesis is unclear, but is
believed to involve its myriad target host proteins, one of which is
the damaged DNA binding protein 1 (DDB1) (5). DDBI is the
linker protein for the Cullin 4 (Cul4) E3 ubiquitin ligase (6),
which regulates ubiquitination and proteasomal degradation of
proteins essential for nucleotide excision repair [DDB2 (7) and
CSB (8)], cell cycle progression [p21 (9, 10), p27 (11), and Myc
(12)], DNA replication [Cdtl (13) and POLH-1 (14)], and cell
growth [c-Jun (15) and TSC2 (16)]. Other substrates of the E3
ligase, including XPC (7), histones H3 and H4 (17), and histone
H2A (18), are modified without degradation to facilitate DNA
damage repair. Several viral regulatory proteins such as the HIV
Vpr protein (19) and the simian virus 5 V protein (20) can hijack
the E3 ligase to target undesired host factors and benefit the
respective viral life cycle.

In this study, we addressed the role of DDBI1 in mouse liver
development and pathogenesis. By using mice with inducible or
constitutive deletion of DDB1 in hepatocytes, we show that
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DDBI1 loss prevents hepatocytes to replicate DNA, induces
compensatory proliferation of DDBI1-expressing hepatocytes,
and eventually leads to development of HCC that surprisingly
contains the intact DDBI gene. Our genetic experiments suggest
that cancer-initiating events for HCC may not necessarily di-
rectly target cancer-initiating cells, but can stimulate cell trans-
formation by altering tissue homeostasis. Our results have
significant implication for designing therapies against HCC in
human patients.

Results

DDB1 Is Required for Hepatocyte Proliferation. We previously
reported that DDBI is essential for survival of proliferating cells
in mouse brain and skin, but dispensable for nondividing cells
such as neurons (21, 22). Although highly differentiated, hep-
atocytes can reenter cell cycle and self-renew in response to loss
of liver mass. To analyze the role of DDBI1 in hepatocyte pro-
liferation, we generated DDBI"¥;Mx1-Cre™~ mice, which har-
bor homozygous floxed DDBI alleles (DDBI™) (21) and an MxI-
Cre transgene (23). We confirmed a very efficient deletion of
DDB1 in DDBI*F;Mx1-Cre*’~ mouse liver after one ip. in-
jection of polyinosinic:polycytidylic acid [poly(I:C)], which
induces an IFN response to activate the expression of Cre
recombinase. The floxed DDBI alleles were almost completely
deleted 1 d after injection, shown by PCR analysis of liver ge-
nomic DNA (Fig. 14), and the DDBI protein was undetectable 5
d after injection, as shown by Western analysis of total liver
lysates (Fig. 1B). MxI-Cre is also activated by poly(I:C) in other
cell types such as hematopoietic cells, but we detected only
a small reduction of DDB1 levels in spleen lysates, suggesting
that our induction protocol mainly targets the liver.

We performed two experiments to determine the effect of
DDBI loss on hepatocyte proliferation. First, we injected poly(I:
C) to young mice (1 mo old) in which hepatocytes are actively
proliferating. Loss of DDBI in these mice resulted in an abol-
ishment of proliferating hepatocytes, shown by their lack of
BrdU incorporation (Fig. 1C and Fig. S14). Second, we deleted
DDBI in adult mice (>2 mo old) in which hepatocytes are mostly
quiescent, and then we performed partial hepatectomy (PH)
surgeries to stimulate hepatocytes to reenter the cell cycle. In
contrast to massive DNA replication (Fig. 1D) and mitotic fig-
ures (Fig. S1B) found in control mouse liver 40 h after PH,
DDB1-deficient liver exhibited few cycling hepatocytes (Fig. S1
C and D). To definitively prove that DDB1-deficient hepatocytes
failed to replicate DNA, we isolated hepatocytes from poly(I:C)-
treated mice at various times after PH, labeled hepatocyte DNA
with propidium iodide (PI) in a hypotonic buffer, and analyzed
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Fig. 1. Induced deletion of DDB1 deprived hepatocytes of replicative capacity during liver development and regeneration. (A) PCR analysis of floxed (DDB1")
and deleted DDB1 (DDB14) alleles in liver genomic DNA prepared from adult mice with indicated genotypes 1 or 2 d after poly(l:C) injection. Tail DNA from
heterozygous DDB1"* mice was used as a quantitative control for the two alleles. (B) Western analysis of DDB1 protein levels in whole liver lysates from
control (c, DDB1) or mutant (m, DDB1";Mx1-Cre*"") mice 1, 2, 3, or 5 d after poly(I:C) injection. (C) IHC staining for incorporated BrdU on liver sections
from 1-mo-old mice 3 d after injection. Arrows indicate positive hepatocytes. (D) BrdU IHC staining on liver sections from 2-mo-old mice 20, 40, or 70 h after
PH surgery. Surgery was performed on mice 3 d after injection with poly(l:C).

DNA contents by flow cytometry. Consistent with PH-induced
hepatocyte reentry into cell cycle, hepatocytes from control mice
exhibited a reduction of diploid cells and concurrent increase of
polyploid cells following DNA replication (Fig. S1E). By con-
trast, DNA contents in hepatocytes from DDB1-deficient liver
exhibited little fluctuation within 100 h after PH (Fig. S1E).
Based on these results, we conclude that DDB1 is required for
hepatocyte proliferation in vivo.

P21 Accumulates in DDB1-Deficient Liver After PH. Failure of hepa-
tocyte proliferation usually results in defective liver regeneration
and animal death (24). We found that six of eight mice with
DDBI1-deficient liver died within 24 d after PH (Fig. S24). Liver
from these mice contained variable degrees of DDB1-expressing
ductile cells amid inflammatory infiltrates around portal areas,
but very few DDBI1-expressing hepatocytes (Fig. S2B). To un-
derstand the underlying molecular changes, we compared the

protein levels of cell cycle regulators that are known to be tar-
geted by the DDB1-Cul4A ubiquitin ligase (6) in DDB1-de-
ficient and control livers after PH. Whereas levels of Cdtl and
p27 showed no change and c-Jun was constitutively up-regulated
following PH, p21 accumulated dramatically 100 h after PH,
a time when regenerating control liver expressed no p21 (Fig.
S2C). Abundant p21 protein was also found in all dead animals
with failed regeneration of DDB1-deficient liver, consistent with
an inhibitory role of p21 in hepatocyte cell cycle progression
and liver regeneration (25). These results suggest that DDB1-
deficient hepatocytes fail to proliferate, possibly as a result of
accumulation of p21 during liver regeneration.

DDB1-Expressing Hepatocytes Replace DDB1-Deficient Hepatocytes
During Regeneration. Interestingly, the two mice with DDBI1-
deficient liver that survived after PH had their livers completely
restored with DDB1-expressing hepatocytes (Fig. S1F). In fact,
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Fig. 2. Complete liver regeneration with DDB1-expressing hepatocytes after induced DDB1 deletion. DDB1 staining on liver sections from (A) adult DDB17;
Mx1-Cre*~ mice 2, 4, or 8 wk after poly(I:C) injection or (B) mice 2 or 8 wk after the second poly(l:C) injection. (C) Ki67 IHC staining and (D) TUNEL analysis on
liver sections from mice 4 or 8 wk after poly(1:C) injection. Arrows indicate TUNEL-positive cells.
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all DDBI*F;MxI-Cre*'~ mice showed regenerated livers with
DDBl-expressing hepatocytes 8 wk after poly(I:C) injection,
following a defined time course of gradual replacement of
DDBI1-depleted hepatocytes by DDB1-expressing hepatocytes
(Fig. 24). This regeneration progress is independent of mouse
sex (male or female), mouse age at the time of injection (1 mo, 2
mo, or 5 mo tested), or injection frequency (one injection or two
consecutive injections). In livers with mixed population of
DDBI1-positive and DDB1-negative hepatocytes, hepatocyte
proliferation was very prominent, indicated by their positive
staining for proliferation marker Ki67 (Fig. 2C). Only DDB1-
expressing hepatocytes were in the cell cycle (Fig. S1G), con-
sistent with a proliferation defect of DDBI-deficient hep-
atocytes. TUNEL-positive apoptotic cells were detected in
regenerating livers but became more abundant in livers repo-
pulated with DDB1-expressing hepatocytes (Fig. 2D), suggesting
that DDBI1-depleted hepatocytes, unlike DDB1-depleted neu-
ronal and epidermal progenitor cells (21, 22), do not undergo
immediate apoptotic death but can survive for a very long time,
presumably to maintain liver structural integrity and metabolic
functions. No tissue necrosis (on histologic examination) or cell
senescence (based on senescent p-galactosidase staining) were
found during the regenerative process. Based on these results,
we conclude that the growth defect of DDB1-depleted hep-
atocytes induces compensatory proliferation of DDB1-express-
ing hepatocytes to regenerate a new liver.
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Strikingly but not surprisingly, the newly regenerated DDB1-
expressing hepatocytes can be depleted of DDBI1 again by
a second injection of poly(I:C) into the DDBI™";MxI-Cre*’~
mice with freshly regenerated liver, and these mice once more
recovered completely with DDB1-expressing hepatocytes 8 wk
later (Fig. 2B). This observation not only exemplifies the seem-
ingly unlimited regenerative capacity of liver, but also stimulated
consideration of a continuous deletion of DDBI in regenerating
hepatocytes by Alb-Cre.

Continuous Deletion of DDB1 Causes Chronic Hepatocyte Turnover
and Mild Liver Damage. By using DDBI"/"; MxI1-Cre*'~ mice, we
have established that hepatocytes without DDB1 expression
failed to proliferate, resulting in their displacement by DDB1-
expressing hepatocytes. As this regeneration process can be re-
peatedly induced, we generated DDBI™F;Alb-Cre*'~ mice to
induce continuous hepatocyte-specific deletion of DDB1 and, as
a consequence, continuous liver regeneration. These young mice
(1-3 mo) contained mixed amounts of deleted and nondeleted
DDBI alleles in their hepatocytes, determined by PCR and
Southern blot analysis of hepatocyte genomic DNA, and reduced
DDBI1 protein levels in hepatocyte lysates compared with those
from control mice (Fig. 34). These changes reflected the mixed
population of DDBIl-expressing and DDBI1-deficient hep-
atocytes in DDBI*F;4lb-Cre*'~ mouse liver (Fig. 3B), in which
hepatocyte proliferation and death were very active (Fig. S34;

DDB17F;Alb-Cre*-

2

CD44

CD45

F4/80

Fig. 3. DDB1"F;Alb-Cre*'~ mice exhibited continuous hepatocyte turnover and chronic liver damage. (A) PCR and Southern blot (SB) analysis for DDB1" and
DDB1* alleles in genomic DNA, and Western blot (WB) analysis of DDB1 protein levels from hepatocytes isolated from adult mice. (B) DDB1 IHC staining on
liver sections from 6-wk-old mice. Arrows indicate hepatocytes freshly inactivated of the DDBT gene, and arrowheads indicate hepatocytes completely de-
pleted of DDB1 protein. (C) Quantification of Ki67-positive hepatocytes and TUNEL-positive cells on liver sections from three 6-wk-old mice. Values shown as
mean + SEM (*P < 0.01). (D) IHC staining for CD44, CD45, and F4/80. Abundant positive cells are found around portal areas. Arrows indicate CD45-positive
blood cells in portal vein. (E) Measurement of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels. Values shown as means +

SEM; n =3 (*P < 0.01).
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quantified in Fig. 3C) and only DDBI1-expressing hepatocytes
were dividing (Fig. S3B). Closer examination of the regenerative
DDBI1-positive nodules revealed many hepatocytes weakly
stained for DDBI in nuclei only (Fig. 3B Right), which turned out
to be hepatocytes that were freshly deleted of the DDBI gene
(Fig. S1H). These results indicate that constitutive expression of
Cre in hepatocytes leads to continuous replenishment of DDBI1-
deficient hepatocytes with DDB1-expressing hepatocytes.

The regenerating liver from DDB1*"";4lb-Cre™'~ mice exhibited
increased infiltration with liver parenchyma immune cells, in-
cluding activated CD44™" T cells, CD45" leukocytes, and F4/80*
macrophages (Fig. 3D). Areas of liver steatosis and fibrosis were
frequently found (Fig. S3C). Polyploid hepatocytes with 8N and
16N chromosomes were dramatically increased (Fig. S3D). Serum
levels of alanine aminotransferase and aspartate aminotransferase
were elevated compared with controls (Fig. 3E), indicating that the
regenerating liver is undergoing chronic damage.

In DDBI™T:Alb-Cre™~ mice 4 mo or older, Cre-induced
DDBI deletion was significantly reduced (Fig. S44). Resistance
of many hepatocytes to Cre excision is likely caused by an age-
dependent decline of Cre expression in these mice (Fig. S4B).
Reexpression of Cre by intrasplenic delivery of Ade-Cre ex-
pression constructs efficiently induced DDBL1 deletion in those
resistant hepatocytes (Fig. S4C). Nevertheless, hepatocyte turn-
over in these adult mutant mice was still prominent (Fig. S4D)
compared with age-matched DDBI®F controls, which showed
barely any proliferation and death. Together these results in-
dicate that constitutive expression of Cre in hepatocytes leads to
continuous replenishment of DDB1-deficient hepatocytes with
DDB1-expressing hepatocytes.

Aged DDB1"F;Alb-Cre*’~ Mice Develop Liver Tumors. DDBI"F;Alb-
Cre*'~ mice developed normally and exhibited no signs of ob-
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vious sickness until they developed liver tumors (Fig. 4A4),
starting at approximately 17 mo and affecting more than 80% of
the animals 20 mo or older (Fig. 4B and Table S1). Histological
examination of livers from 12- to 17-mo-old DDBI7F:Alb-Cre™'~
mice showed frequent premalignant nodules featuring clear-cell
dysplasia (Fig. 4C). Approximately the same ratio of male and
female mutant mice had tumors. These tumors were character-
istically HCC based on histological features such as trabecular
growth with multiple hepatocyte layers in one plate, increased
cellularity, lack of portal tracts, and increased mitotic figures and
apoptotic cells (Fig. 4D). Cancer cells replicated substantially
and expressed biomarkers such as a-fetoprotein and cytokeratin
8 (Fig. 4E and Fig. S54). Some tumors, but not all, were sur-
rounded by fibrotic tissues (Fig. SSB). Examination of livers from
DDBI™F;Alb-Cre*'~ mice before tumorigenesis did not reveal
significant fibrosis, suggesting that HCC development is in-
dependent of fibrosis in this animal model. As in some human
HCCs, E-cadherin was down-regulated and p-catenin up-regu-
lated in these tumors, compared with their neighboring non-
tumor tissues (Fig. S5C). Levels of several other proteins
implicated in HCC development, including c-Myc, p38, JNK,
IxBa, and IxkBp, did not show significant changes in the tumor
lysates compared with lysates from nontumor tissue and WT
livers (Fig. S5D).

Liver Cancer Cells Contain No Deletion of DDB1. In cultured cells
(26) and developing embryos (22), loss of DDB1 causes genomic
instability, which is associated with cancer disposition. Surpris-
ingly, cancer cells in the liver tumors from DDBI1"*Alb-Cre™*'~
mice apparently contained the parental floxed DDBI allele
rather than the deleted allele, judged from four experimental
observations. First, nearly all cells within HCCs were positive for
DDBI1 immunostaining, in contrast to a mixed population of

DDB1"F

DDB17¥;Alb-Cre*"

H&E

DDB17F;Alb-Cre*"

BrdU
o
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D DDB17F

H&E

Fig. 4. Aged DDBI1F;Alb-Cre*’~ mice developed HCC. (A) Representative photograph of liver tumors (outlined with dashed white lines) in a 19-mo-old
DDB1F; Alb-Cre*”~ mouse. (B) Age-dependent increase of liver tumor incidence in DDB1"F;Alb-Cre*'~ mice. Each age group has at least 10 animals of each
genotype. n, total number of mice. (C) H&E staining of premalignant nodules shows clear cell dysplasia in a 15-mo-old DDB17F;Alb-Cre*'~ mice. (D) Histo-
logical analysis of the liver tumor (T). Black arrows indicate the tumor edge, yellow arrows mitotic figures, blue arrows apoptotic cells, and green arrows rims
of a trabecular growth of multiple layers of malignant cancer cells. (E) IHC analysis of the tumor. AFP, o-fetoprotein. Dashed line separates nontumor (NT)

from tumor part.
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DDB1-positive and DDB1-negative hepatocytes in the neigh-
boring nontumor tissues (Fig. 54). Second, Western analysis
demonstrated that levels of DDBI1 protein in the tumors were
higher than those in the neighboring nontumor tissues, and
similar to those in WT livers (Fig. 5B). Third, PCR genotyping
for the floxed and deleted DDBI alleles in isolated hepatocytes
demonstrated a predominant population of cancer cells with no
deletion of the floxed DDBI allele (Fig. 5C). Finally, unlike
highly polyploid hepatocytes in nontumor tissues, cancer cells
isolated from tumors were mostly aneuploid (Fig. 5D). To ex-
clude the contamination of nonparenchymal cells (containing 2N
chromosomes and no DDBI deletion) in total hepatocytes, an-
euploid cancer cells with more than 2N chromosomes were iso-
lated by FACS and genotyped by PCR. Whereas hepatocytes
from nontumor tissues always contained the deleted DDBI al-
lele, cancer cells contained almost exclusively the floxed allele
(Fig. 5SE). Given the clonal nature of tumor growth, we conclude
that HCCs in DDBI1""";Alb-Cre™'~ mice originate from DDBI-
expressing cells undergoing continuous regeneration but appar-
ently develop ways to circumvent Cre-driven deletion of DDBI.

Discussion

DDBI"F;Alb-Cre™'~ mice recapitulate many key features of hu-
man HCC pathogenesis, including chronic inflammation and
hepatocyte turnover (3). The unique genetics behind this mouse
model is that parenchymal hepatocytes are deprived of their
regenerative capacity by Cre-driven DDB1 deletion, leading to
compensatory proliferation of DDB1-expressing hepatocytes.
We propose that substantial proliferation of these cells might
expose them to damages from the inflammatory environment
and allow for accumulation of mutations that eventually lead to
their transformation. This mechanism might be shared by other
genetic models such as albumin-plasminogen activator trans-
genic mice (27).

DDB1 is ubiquitously expressed in noncancerous hepatocytes
and HCC cells from patients (Fig. S6), suggesting that de-
regulation of DDBI1 expression may not be a principal mechanism
underlying human hepatocarcinogenesis. Instead, the rationale
behind our genetic studies of DDBI inactivation in liver is that
DDBI is a well-established target protein of HBx, a viral protein
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implicated in HBV-associated liver tumor pathogenesis (4). The
direct binding of HBx to DDBI is required for nearly all biological
functions of HBX, including arrest of cell growth, stimulation of
HBYV replication, and transcription activation (28). The role of
DDBI1 in the HBx tumor model is being investigated.

Our HCC model offers insights into HCC pathogenesis. Un-
like many other solid tumors, liver tumors have no clear genetic
predisposition, but usually arise from chronic attacks by viruses
such as HBV and HCV or chemical carcinogens (3). Hepatoxins
are metabolized in hepatocytes, leading to toxicity and death of
targeted hepatocytes rather than their transformation. HBV and
HCV infection clearly contributes to liver cancer development by
inducing immune-mediated inflammation, and whether these
viruses directly cause cell transformation is still an area of in-
tense studies (29). Our work demonstrates that cancer-initiating
mutations or damages do not necessarily reside in cancer-initi-
ating cells. Genetic alterations, such as DDBI inactivation, can
initiate HCC indirectly through cell-cell communication. Our
work argues that viruses, toxins, and somatic mutations may
cause HCC mainly by inducing microenvironmental changes,
such as a local immune response (30), rather than directly
transforming their target cells. Therefore, caution has to be ex-
ercised when deciphering the exact roles of targeted genes in
HCC development in KO mice. Furthermore, identifying cancer-
driving mutations from tumor samples, as illustrated in many
large-scale sequencing projects (31), may have missed some early
cancer-initiating genetic events, particularly for HCC.

Materials and Methods

Mice. Mutant mice used in this study were in a mixed BL6/129 genetic
background and generated by breeding the conditional DDBT mice (21) with
Alb-Cre transgenic (32) and MxT7-Cre transgenic (23) mice, both acquired
from Jackson Laboratory. All animals were maintained in pathogen-free
facilities and all experiments followed regulations of the authors’ in-
stitutional animal care and use committee and the Burnham Institute. De-
letion of DDB1 in DDB1F;Mx1-Cre*'~ mice was achieved by one i.p. injection
of poly(I:C) (GE Healthcare) at 13 mg/kg body weight.

Immunostaining and Imaging. Mouse liver tissues or dissected tumors were
collected and processed for histological, immunohistochemical (IHC), im-
munofluorescence (IF), Southern blot, Western blot, or PCR genotyping
analysis, essentially as described previously (21). Five-micrometer paraffin
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Fig.5. Liver cancer cells from DDB17;Alb-Cre*'~ mice had no deletion of the DDBT gene. (A) IHC staining for DDB1 on a tumor and its neighboring nontumor
liver tissues. Arrows indicate DDB1-negative hepatocytes in nontumor tissue. (B) Western analysis of the levels of DDB1 protein in nontumor and tumor
lysates. (C) PCR genotyping of DDB1" and DDB1* alleles in genomic DNA from hepatocytes isolated from nontumor and tumor tissues. (D) Flow cytometry
analysis of DNA contents in nontumor and tumor hepatocytes. Percentage of cells with different chromosomes is indicated. () PCR genotyping of DDB1
alleles in hepatocytes and cancer cells sorted by FACS according to their DNA contents.
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tissue sections were used for all analysis except a few performed on frozen
sections as indicated. The following antibodies were used: rabbit polyclonal
antibodies against human DDB1 (Bethyl Laboratories) and human AFP
(Santa Cruz Biotechnology) and monoclonal antibodies against mouse F4/80
and CD45 (eBioscience) and mouse CD44 (Endogen). Additional antibodies
used in Western blot analysis are rabbit polyclonal antibodies against human
p21 (Santa Cruz Biotechnology) and Cdt1 (gift of N. Hideo, University of
Hyogo, Kobe, Japan). For BrdU incorporation assays, mice were injected
intraperitoneally with 100 mg/kg BrdU and killed 1 h later. For steatosis
assays, frozen liver sections were incubated in 60% isopropanol for 2 min
and then in oil red solution for 20 min. All IHC pictures were taken with
a Zeiss Axio Imager LED microscope, and IF pictures were taken with a Nikon
inverted TE300 fluorescent microscope.

Hepatocyte Isolation. Hepatocytes were isolated following a standard three-
step protocol involving collagenase perfusion of the whole liver and low-
speed centrifugation of detached cells. Isolated hepatocytes were then an-
alyzed without being cultured.
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Liver Function Assays. Blood samples (150 pL) collected from mice via retro-
orbital bleeding were analyzed by using a mammalian liver enzyme profile
rotor on a VetScan VS2 analyzer. At least three animals of matching ages
from each genotype were assayed.

PH Surgery. Two-thirds PH surgery was performed as described (33). Briefly,
adult mice (2-3 mo old) were injected with poly(I:C) to induce DDB1 deletion
in the liver. After 3 d, mice were anesthetized by isoflurane inhalation, and
resection of left lateral and median lobes or sham operation was performed.
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