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Recent	evidence	has	contradicted	the	prevailing	view	that	homeostasis	and	regeneration	of	the	adult	liver	are	
mediated	by	self	duplication	of	lineage-restricted	hepatocytes	and	biliary	epithelial	cells.	These	new	data	sug-
gest	that	liver	progenitor	cells	do	not	function	solely	as	a	backup	system	in	chronic	liver	injury;	rather,	they	
also	produce	hepatocytes	after	acute	injury	and	are	in	fact	the	main	source	of	new	hepatocytes	during	normal	
hepatocyte	turnover.	In	addition,	other	evidence	suggests	that	hepatocytes	are	capable	of	lineage	conversion,	
acting	as	precursors	of	biliary	epithelial	cells	during	biliary	injury.	To	test	these	concepts,	we	generated	a	
hepatocyte	fate-tracing	model	based	on	timed	and	specific	Cre	recombinase	expression	and	marker	gene	acti-
vation	in	all	hepatocytes	of	adult	Rosa26	reporter	mice	with	an	adenoassociated	viral	vector.	We	found	that	
newly	formed	hepatocytes	derived	from	preexisting	hepatocytes	in	the	normal	liver	and	that	liver	progenitor	
cells	contributed	minimally	to	acute	hepatocyte	regeneration.	Further,	we	found	no	evidence	that	biliary	
injury	induced	conversion	of	hepatocytes	into	biliary	epithelial	cells.	These	results	therefore	restore	the	previ-
ously	prevailing	paradigms	of	liver	homeostasis	and	regeneration.	In	addition,	our	new	vector	system	will	be	
a	valuable	tool	for	timed,	efficient,	and	specific	loop	out	of	floxed	sequences	in	hepatocytes.

Introduction
The liver is currently believed to be unique among adult mamma-
lian organs in that normal turnover or homeostasis of its fully dif-
ferentiated parenchymal cells (hepatocytes and biliary epithelial 
cells) is the result of self duplication. In accordance with this view, 
the ability of the liver to rapidly regenerate after tissue injury or 
loss rests on the stem cell–like proliferative potential of all residual 
parenchymal cells and not on that of an elite subpopulation (1–8). 
However, if hepatocytes or biliary epithelial cells lose the ability to 
proliferate, such as in chronic injury states, liver progenitor cells 
are activated. Liver progenitor cells reside in or around bile ducts 
within periportal areas and, depending on the nature of the injury, 
give rise to hepatocytes or biliary epithelial cells (9–11).

Whether liver progenitor cells contribute to maintaining the 
hepatocyte mass during homeostasis of the normal adult liver 
has been the focus of a long-standing debate. Findings made in 
rats many years ago (12), but recently confirmed in humans (13), 
suggest that new hepatocytes derive from periportally localized 
liver progenitor cells and migrate progressively toward the central 
vein. This “streaming liver” model has been contradicted by several 
studies showing that hepatocytes form small, presumably clonal, 
clusters throughout the liver parenchyma in adult rats (14) and 
mice (15) over time. In addition, liver progenitor cells were previ-
ously only identified in injured livers in humans (16). However, 
more recent reports suggest that the normal adult human liver 
contains a large number of liver progenitor cells that may con-
tribute to liver homeostasis (17). In fact, Furuyama et al. reported 
recently that liver progenitor cells residing in bile ducts are the pre-
dominant source of new hepatocytes in mouse liver homeostasis 
and afford near-complete turnover of the hepatocyte mass within 
6 months (18). They also showed that liver progenitor cells give 

rise to hepatocytes after two-thirds partial hepatectomy (2/3 PH) 
and carbon tetrachloride (CCl4) intoxication, both of which are 
experimental models believed to trigger hepatocyte regeneration 
only by self duplication (19–23).

Other recent findings challenge the current belief that new 
biliary epithelial cells derive only from 2 sources: mature bili-
ary epithelial cells or, if their ability to proliferate is impaired, 
liver progenitor cells (24, 25). The new findings suggest that 
hepatocytes can also contribute to the formation of new bili-
ary epithelial cells in states of biliary injury, in particular if the 
biliary injury is so severe that the proliferation of both biliary 
epithelial cells and liver progenitor cells is blocked (26–29). This 
lineage conversion is preceded by activation of biliary markers, 
such as cytokeratin 19 (CK19) in periportal hepatocytes, which 
can also be observed in humans with chronic biliary diseases 
(30, 31). The newly expressed genes include the biliary-specific 
transcription factor hepatocyte nuclear factor 1β (HNF 1β) (29), 
a finding that recalls recent reports showing that overexpression 
of cell type–specific transcription factors can induce lineage 
conversion in several tissues in mice (32).

These findings suggest an overlooked role of liver progenitor 
cells in normal hepatocyte turnover and regeneration, and raise 
the intriguing possibility that hepatocytes can assume a different 
cellular identity and function in response to injury. Because these 
findings call for correcting or amending our current understand-
ing of liver homeostasis and regeneration (33), we decided to test 
them using a different experimental approach. Instead of using in 
situ fate tracing of liver progenitor cells (18) or hepatocyte trans-
plantation (26–29), as in the original studies, we established in situ 
fate tracing of hepatocytes to address 2 questions. First, are new 
hepatocytes produced during liver homeostasis and in response 
to acute hepatocyte injury or loss derived from cells other than 
hepatocytes? Second, does biliary injury induce conversion of 
hepatocytes into biliary epithelial cells?
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Answering these questions required specific labeling of 
hepatocytes and their progeny in the adult mouse liver. Moreover, 
determining the origin of newly formed hepatocytes by hepatocyte 
fate tracing required labeling of all hepatocytes. A commonly used 
approach to following cell fate is to introduce an inducible cell 
type–specific Cre recombinase allele into Rosa26 reporter (R26R) 
mice, which carry a marker gene inactivated by a floxed stop codon 
in the ubiquitously expressed Rosa26 locus (34). Induction of Cre 
in such mice leads to stable expression of the marker gene in the 
targeted cell type and the progeny thereof. Because mice currently 
available for temporally controlled Cre expression in hepatocytes 
appear to lack the efficiency or specificity needed for hepatocyte 
fate tracing (35–41), we generated an adenoassociated virus (AAV) 
vector that expresses Cre and loops out floxed sequences in all 
hepatocytes, but not in other liver cell types, of adult mice within 
48 hours after intravenous injection.

Results
Efficient and specific loop out of floxed sequences in hepatocytes of adult 
mice. We built the new vector, designated AAV8-Ttr-Cre, on a dou-
ble-stranded AAV backbone that affords more rapid and efficient 
transgene expression than conventional backbones because it 
bypasses the need for conversion from a single-stranded to a dou-
ble-stranded state after transduction (42). To optimize loop-out 
efficiency, we used a Cre linked to a nuclear translocation signal 
(43). To restrict Cre expression to hepatocytes, we used a hepa-
tocyte-specific transthyretin (Ttr) promoter and pseudotyped the 
vector genomes with capsids from AAV8, a serotype that affords 

efficient and specific transgene expression in hepatocytes in vivo at 
low vector doses (44). We determined the vector titer by dot blot and 
quantitative PCR (qPCR) (Figure 1A and Supplemental Figure 1,  
A and B; supplemental material available online with this article; 
doi:10.1172/JCI59261DS1).

To identify the AAV8-Ttr-Cre dose needed for loop out of the 
floxed stop codon and marker activation in all hepatocytes, we 
intravenously injected increasing vector doses into 8- to 10-week-old  
R26R mice (Figure 1B). We used 2 types of R26R mice, the original 
type that conditionally expresses β-gal detectable by X-gal stain-
ing (34) and a variant in which β-gal was replaced with enhanced 
yellow fluorescent protein (EYFP) detectable by immunostaining 
and fluorescent microscopy (45). All mice were on a pure C57BL/6 
background and bred and kept under barrier conditions. We ana-
lyzed their livers 5 days after AAV8-Ttr-Cre injection and found 
that 4 × 1011 viral genomes were sufficient to activate EYFP expres-
sion in all hepatocytes of R26R-EYFP mice (Figure 1C). In fact, 
the marker gene was already expressed at 48 hours after AAV8-Ttr-
Cre injection in both R26R-EYFP and R26R mice, regardless of 
whether they were male or female (Figure 1D and data not shown). 
AAV8 transduction itself did not cause marker gene activation, as 
is evident from the absence of X-gal–positive hepatocytes in R26R 
mice injected with 4 × 1011 viral genomes of AAV8-Ttr-control, a 
sibling vector of AAV8-Ttr-Cre, which expresses EYFP instead of 
Cre (Supplemental Figure 2).

To rule out toxicity of AAV8-Ttr-Cre, which could cause loss of 
transduced hepatocytes and confound fate-tracing analysis, we 
analyzed blood and livers of R26R-EYFP mice injected with 4 × 1011  

Figure 1
Rapid marker gene activation in all hepatocytes of adult 
R26R-EYFP and R26R mice injected with AAV8-Ttr-Cre. 
(A) Results of AAV8-Ttr-Cre vector titration by dot blot and 
qPCR. The titer was approximately 4 × 1012 viral genomes/ml 
in both dot blot and qPCR analysis (Supplemental Figure 1,  
A and B). Data represent mean ± SEM. (B) Dose-finding 
strategy. Livers were analyzed by immunostaining for EYFP 
5 days after injection of different AAV8-Ttr-Cre doses into 
the tail veins of adult R26R-EYFP mice. (C) 1.5 × 1011 viral 
genomes were not sufficient to activate EYFP expression 
(red) in all hepatocytes. 4 × 1011 viral genomes activated 
EYFP expression in all hepatocytes. Nuclei were stained with 
DAPI (blue). (D) X-gal staining of livers of male and female 
R26R mice 48 hours after injection of 4 × 1011 viral genomes 
shows β-gal expression (blue) in all hepatocytes. 15 liver 
sections from 3 mice were analyzed for each experiment. 
Original magnification, ×200.
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viral genomes of AAV8-Ttr-Cre and compared the results with 
those from mice injected with AAV8-Ttr-control or PBS (Figure 2,  
A–E, and Supplemental Figure 3, A–C). We found that AAV8-Ttr-
Cre–injected mice were completely normal, including markers of 
hepatocyte function, injury, or apoptosis and liver inflammation 
or fibrosis. Moreover, AAV8-Ttr-Cre injection did not induce hepa-
tocyte proliferation, providing additional evidence for undisturbed 
liver homeostasis (Supplemental Figure 3D).

Next, we investigated whether AAV8-Ttr-Cre loops out floxed 
sequences specifically in hepatocytes or also in other liver cell types. 
Coexpression of cell type–specific markers and EYFP, but not β-gal, 
can be readily detected in the liver by immunostaining. Therefore, 
we used exclusively R26R-EYFP mice from this point on. First, by 
coimmunostaining for major urinary protein (MUP) or HNF4α, 
we confirmed that all hepatocytes activate EYFP in response to 
AAV8-Ttr-Cre injection (Figure 3A and Supplemental Figure 4A). 
MUP is expressed only in mature hepatocytes (46), whereas HNF4α 
is also detectable in liver progenitor cells committed to hepatocyte 
differentiation (9, 10). Then we excluded that AAV8-Ttr-Cre acti-
vates EYFP expression in biliary epithelial cells or liver progenitor 
cells. Both of these cell types express the biliary marker CK19 (10, 
11, 18). To establish sensitive immunostaining of cells that express 
CK19 together with EYFP, we used R26R-EYFP mice carrying a Cre 

transgene under the transcriptional control of albumin promoter 
and enhancer sequences (Alb-Cre) (47). Previous reports suggested 
that Alb-Cre affords loop out of floxed sequences in biliary cells in 
adult mice, not because it is aberrantly expressed in these cells, but 
because it is expressed in bipotent fetal liver progenitor cells that 
pass on the genome modification to both hepatocytes and biliary 
cells (48, 49). In accordance with these reports, we found that all 
biliary cells were positive for both EYFP and CK19 in adult Alb-Cre, 
R26R-EYFP mice (Figure 3B). In contrast, we did not find any cells 
that expressed both EYFP and CK19 in livers of R26R-EYFP mice 
injected with AAV8-Ttr-Cre (Figure 3C). We confirmed this result 
by excluding AAV8-Ttr-Cre–mediated loop out of the floxed stop 
codon in the R26R-EYFP gene in biliary epithelial cells and liver 
progenitor cells isolated by FACS (Supplemental Figure 4, B–D). 
In addition, we determined that liver macrophages, stellate cells, 
and endothelial cells, as identified by F4/80, desmin/α-SMA/glial 
fibrillary acidic protein (GFAP), and Griffonia simplicifolia lectin I 
(isolectin B4) labeling (50–53), were negative for EYFP (Figure 3, 
D–F). These results show that AAV8-Ttr-Cre activates EYFP expres-
sion in livers of R26R-EYFP mice, specifically in hepatocytes.

The origin of new hepatocytes in liver homeostasis. To resolve the con-
tradiction between emerging evidence suggesting that liver pro-
genitor cells play a critical role in liver homeostasis (13, 17, 18)  

Figure 2
AAV8-Ttr-Cre is not hepatotoxic. 
(A) Toxicity testing. Blood and 
livers of adult R26R-EYFP mice 
were analyzed 3 and 5 days after 
injection of 4 × 1011 viral genomes 
of AAV8-Ttr-Cre, AAV8-Ttr-con-
trol, or PBS, respectively. (B) 
H&E staining shows normal liver 
histologies 5 days after virus and 
PBS injection. Original magnifica-
tion, ×100. 12 liver sections from 
4 mice were analyzed per group. 
(C and D) Normal ALT and AST 
transaminase, direct bilirubin 
(DBIL), and albumin blood levels 
show that hepatocytes are not 
injured (C) and function normally 
(D) in AAV8-Ttr-Cre–injected 
mice. (E) qRT-PCR analysis 
shows that the inflammation-
associated genes Tnfa and Il6 are 
not induced in livers of AAV8-Ttr-
Cre–injected mice. 4 mice were 
analyzed per group. Data repre-
sent mean ± SEM.
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and the conventional view of hepatocyte self duplication as 
the principal mechanism (14–16), we decided to quantify the 
hepatocytes newly generated during liver homeostasis that are 
not derived from preexisting hepatocytes. For this purpose, we 
established stable expression of EYFP in every hepatocyte of adult 
R26R-EYFP mice by injecting them with 4 × 1011 viral genomes of 
AAV8-Ttr-Cre. Because all cells derived from hepatocytes also sta-

bly express EYFP in these mice, we designated them 
our hepatocyte fate-tracing model.

Hepatocyte turnover in the normal adult liver is 
slow — the life span of a hepatocyte ranges from 200 
to 400 days in mice (54) and rats (55). Therefore, 
we waited until 3 or 6 months after AAV8-Ttr-Cre 
injection before analyzing the mice to allow turn-
over of at least one-fourth or one-half of the hepa-
tocyte mass, respectively (Figure 4A). As expected 
from the negative results of the toxicity tests, liver 
histologies were normal (Figure 4B). We did not find 
EYFP-negative hepatocytes either in the liver paren-
chyma or around the portal veins (Figure 4, C–F). 
This result shows that all newly formed hepatocytes 
were derived from preexisting hepatocytes, which 
excludes a contribution of liver progenitor cells to 
normal liver homeostasis.

The origin of new hepatocytes after hepatocyte-specific 
injury. Next, we asked whether liver progenitor cells 
are involved in replacing hepatocytes lost due to 
acute injury. A single dose of CCl4 causes necro-
sis specifically in pericentral hepatocytes because 
they are the site of its metabolic activation (56). 
Within 2 days after intraperitoneal CCl4 injec-
tion, hepatocytes in the periportal and interme-
diate zones of the liver lobule begin to proliferate 
and replace the lost pericentral cells (20, 22). Liver 
progenitor cells were not believed to contribute to 
hepatocyte regeneration in this model of hepato-
cyte-specific injury until Furuyama et al. reported 
that a large fraction of new periportal hepatocytes 
derives from liver progenitor cells after acute CCl4 
intoxication (18).

To test this surprising finding, we repeated the 
experiment described by Furuyama et al. in our 
hepatocyte fate-tracing model (Figure 5A). As 
expected, a single CCl4 injection caused marked 
hepatocyte necrosis around central veins within 2 
days (Figure 5B and Supplemental Figure 5, A and 
B). In contrast to Furuyama et al., we did not detect 
any hepatocytes that were EYFP negative and thus 
not derived from preexisting hepatocytes (Figure 5,  
C and D, and Supplemental Figure 5C). However, 
when we injected CCl4 biweekly for 6 weeks, a 
chronic intoxication protocol used to induce liver 
fibrosis (51), we found that 1.3% of all hepatocytes 
were EYFP negative (Figure 6, A–C, Supplemental 
Figure 6A, and Supplemental Figure 7). Lack of 
EYFP in the presence of MUP expression indicated 
that these were mature hepatocytes that were not 
derived from preexisting hepatocytes (Figure 6D). 
Thus, these hepatocytes most likely originated 
from liver progenitor cells. Chronic CCl4 treatment 

has previously been reported to induce bile duct proliferation 
(57), which may explain why we found rare liver progenitor cell–
derived hepatocytes in mice after chronic, but not after acute, 
CCl4 intoxication. In accordance with a recently revised view 
on epithelial-mesenchymal transition (EMT) in liver fibrosis, 
we did not find hepatocyte-derived stellate cells (Supplemental 
Figure 6B and ref. 51).

Figure 3
Hepatocyte-specific activation of EYFP expression in adult R26R-EYFP mice 
injected with AAV8-Ttr-Cre. Livers were coimmunostained for EYFP (red) and cell 
type–specific markers (green) 5 days after injection of 4 × 1011 viral genomes of 
AAV8-Ttr-Cre. Double-positive cells appear yellow. (A) All MUP-positive cells are 
also EYFP positive, which confirms that AAV8-Ttr-Cre loops out floxed sequences 
in all hepatocytes of adult mice. (B) In Alb-Cre, R26R-EYFP control mice, not only 
all hepatocytes, but also all CK19-positive biliary cells, express EYFP. (C) All cells 
positive for CK19 are EYFP negative, which shows that AAV8-Ttr-Cre does not 
loop out floxed sequences in biliary epithelial cells and liver progenitor cells. (D–F) 
All cells positive for F4/80 (D), desmin/α-SMA/GFAP (E), or isolectin B4 (“Lectin”) 
(F) are EYFP negative, which shows that AAV8-Ttr-Cre does not loop out floxed 
sequences in liver macrophages, stellate cells, or sinusoidal, portal vein, and central 
vein endothelial cells. Nuclei were stained with DAPI (blue). Original magnification, 
×100, insets ×200 (A, C, and E); ×200, insets ×400 (B, D, and F). 20 liver sections 
from 4 mice were analyzed for each experiment.
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The origin of new hepatocytes after loss of intact liver lobes. We also 
investigated the role of liver progenitor cells in 2/3 PH, a model 
of hepatocyte regeneration not associated with hepatocyte injury 
and necrosis (5). Liver regeneration after 2/3 PH has been shown 
to be mediated by proliferation of differentiated cells (24, 25). 
Hepatocytes enter the cell cycle first, followed by biliary epi-
thelial cells and nonparenchymal cells. Virtually all residual 
hepatocytes contribute, and liver progenitor cells are not believed 
to be involved (19, 21, 23). To formally test this concept, we per-

formed 2/3 PH in our hepatocyte fate-tracing model. 
To allow complete liver regeneration, including resto-
ration of the normal lobular architecture, we analyzed 
the mice 3 weeks after the surgery (Figure 7, A and B). 
Surprisingly, we found that 1.4% of all hepatocytes 
were EYFP negative and could therefore not be derived 
from preexisting hepatocytes (Figure 7, C and D, and 
Supplemental Figure 7). These cells were located in 
close proximity to bile ducts, but were negative for 
CK19 and positive for MUP, indicating that they were 
fully mature hepatocytes (Figure 7, D and E). Our 
finding that liver progenitor cells contribute a small 
number of hepatocytes to liver regeneration after 2/3 
PH is in accordance with results recently reported by 
Furuyama et al. (18).

The origin of new biliary epithelial cells and liver progeni-
tor cells after biliary injury. Recent studies showed that 
transplanted hepatocytes can give rise to biliary epi-
thelial cells in rats after bile duct ligation (BDL), a 
model of biliary injury (26–29). This finding suggests 
that biliary injury induces conversion of hepatocytes 
into biliary epithelial cells, which we decided to test by 
performing BDL in our hepatocyte fate-tracing model 
(Figure 8A). Because ligation of the common bile duct 
has severe systemic effects in C57BL/6 mice, including 
hepatocyte injury, weight loss, and mortality, we used 
selective ligation of the left hepatic duct as a model 
of biliary-specific injury (58). As previously reported, 
affected liver lobes developed extensive ductular reac-
tions that stained positive for CK19 within 10 days of 
BDL (Figure 8, B and C). Coexpression of CK19 and 
EYFP was readily detectable in biliary epithelial cells 
formed after BDL in Alb-Cre, R26R-EYFP control mice 
(Supplemental Figure 8A). In contrast, we did not 
detect cells that expressed both CK19 and EYFP in our 
hepatocyte fate-tracing model (Figure 8C). Thus, our 
results show that new biliary epithelial cells generated 
in response to BDL do not derive from hepatocytes in 
mice. We also ruled out that stellate cells, which mas-
sively expand after BDL (58), are the product of hepa-
tocyte EMT (Supplemental Figure 8B).

It has not been reported whether conversion of 
hepatocytes into biliary epithelial cells in rats occurs 
directly or whether it entails dedifferentiation into 
liver progenitor cells followed by biliary differ-
entiation. To determine whether liver progenitor 
cells emerging during biliary injury originate from 
hepatocytes, we treated our hepatocyte fate-tracing 
model with a diet containing the toxin 3,5-diethoxy-
carbonyl-1,4-dihydrocollidine (DDC) (Figure 9A, 
Supplemental Figure 9A, and ref. 59). DDC feeding 

activates liver progenitor cells in mice that correspond to oval 
cells in rats (60) and ductular reactions in humans (61).

Mouse liver progenitor cells have been shown to be bipotent, but 
the injury caused by DDC promotes predominantly biliary differ-
entiation (9–11). Nevertheless, we found a small number of EYFP-
negative cells expressing the hepatocyte-specific marker HNF4α 
in our hepatocyte fate-tracing model after DDC feeding and also 
after BDL (Supplemental Figure 10, A–C). The cells were invari-
ably located in periportal areas and most likely represent liver 

Figure 4
Hepatocyte fate tracing in liver homeostasis. (A) Livers of adult R26R-EYFP 
mice were analyzed 12 and 24 weeks after injection of 4 × 1011 viral genomes of 
AAV8-Ttr-Cre. (B) H&E staining shows normal liver histologies. (C and D) Coim-
munostaining for EYFP (red) and CK19 (green) shows normal hepatocyte plates 
and bile ducts 12 weeks (C) and 24 weeks (D) after AAV8-Ttr-Cre injection. No 
hepatocyte appears EYFP negative at both time points. (E and F) Coimmunostain-
ing for EYFP (red) and MUP (green) confirms that all hepatocytes express EYFP 
12 weeks (E) and 24 weeks (F) after AAV8-Ttr-Cre injection. Nuclei were stained 
with DAPI (blue). Original magnification, ×100, insets ×200. 15 liver sections from 
3 mice were analyzed for each experiment.
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progenitor cells that committed to the hepatocyte fate. However, 
the vast majority of cells in the ductular reactions, which progres-
sively expanded into the parenchyma with time on the DDC diet, 
expressed CK19, indicating that they were liver progenitor cells or 
biliary epithelial cells (Figure 9, B–D). As expected, all cells posi-
tive for CK19 were also positive for EYFP in DDC-treated Alb-Cre, 
R26R-EYFP control mice (Supplemental Figure 9B). In contrast, 
none of the CK19-positive cells coexpressed EYFP in our hepato-

cyte fate-tracing model (Figure 9, C and D). These results show 
that DDC-induced liver progenitor cells and their differentiated 
progeny are not derived from hepatocytes.

Discussion
Recent findings have rekindled an old debate about whether 
hepatocytes or liver progenitor cells are the primary source 
of new hepatocytes in liver homeostasis and regeneration. 

Figure 5
Hepatocyte fate tracing after acute CCl4 intoxication. (A) Adult 
R26R-EYFP mice were injected with 4 × 1011 viral genomes of 
AAV8-Ttr-Cre and received a single dose of CCl4 7 days later. 
Livers were analyzed 2 days after CCl4 intoxication. (B) H&E 
staining shows pericentral hepatocyte necrosis. (C) Coimmu-
nostaining for EYFP (red) and CK19 (green) confirms hepato-
cyte loss in pericentral areas, while periportal areas, including 
bile ducts, appear normal. (D) Coimmunostaining for EYFP (red) 
and MUP (green) fails to detect EYFP-negative hepatocytes 
emerging in periportal areas. Pericentral necrotic hepatocytes 
appear weakly MUP positive (Supplemental Figure 5C). Nuclei 
were stained with DAPI (blue). Original magnification, ×100, 
insets ×200. 20 liver sections from 4 mice were analyzed.

Figure 6
Hepatocyte fate tracing after chronic CCl4 intoxication.  
(A) Adult R26R-EYFP mice were injected with 4 × 1011  
viral genomes of AAV8-Ttr-Cre and, starting 1 week  
later, received biweekly doses of CCl4 for 6 weeks. 
Livers were analyzed 3 days after the last CCl4 dose. 
(B) H&E staining shows liver remodeling, includ-
ing bridging between periportal areas. (C) Coim-
munostaining for EYFP (red) and CK19 (green) 
shows a cluster of EYFP-negative cells resembling 
hepatocytes in close proximity to a CK19-positive cell 
(white arrow). (D) Coimmunostaining for EYFP (red) 
and MUP (green) confirms the presence of clusters 
of EYFP-negative, MUP-positive hepatocytes (white 
arrows). Nuclei were stained with DAPI (blue). Origi-
nal magnification, ×100, insets ×200. 15 liver sections 
from 3 mice were analyzed.
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Hepatocytes are likely candidates because they have stem cell–
like proliferative capabilities (7, 8), which make liver progenitor 
cells dispensable. However, data obtained with new mouse mod-
els (18) and refined analyses of human livers (17) suggest that 
liver progenitor cells contribute significantly, if not predomi-
nantly, to replacing hepatocytes during normal turnover and 
after acute injury. Other recent reports have raised the possibil-
ity of lineage conversion of hepatocytes in response to biliary 
injury; the data suggest that hepatocyte differentiation is not 
fixed, but that hepatocytes can supply new biliary epithelial cells 
when the regenerative capabilities of both biliary epithelial cells 
and liver progenitor cells are impaired (26–29).

To test these new findings, we generated an in situ hepatocyte 
fate-tracing model based on rapid and specific marker gene activa-
tion in all hepatocytes of adult R26R-EYFP mice with the nontoxic 
vector AAV8-Ttr-Cre. We found that all newly formed hepatocytes 
in the normal adult liver are derived from preexisting hepatocytes. 
Our result contradicts the finding by Furuyama et al. that liver 
progenitor cells are primarily responsible for liver homeostasis 
(18) and supports the previous paradigm of hepatocyte self dupli-
cation as the principal mechanism. While we can only speculate on 
the reason for the finding by Furuyama et al., possibly their experi-
mental system, which was based on induction of Cre expression 
in liver progenitor cells and biliary epithelial cells in adult mice, 
caused toxicity and liver progenitor cell activation. An unrecog-
nized environmental factor may have subsequently perpetuated 
liver progenitor cell activation by causing subclinical chronic 
hepatocyte injury. This hypothetical, but not unlikely, scenario 
would explain why homeostatic hepatocyte replacement occurred 

in their mice in the form of bridging between periportal areas, a 
characteristic feature of liver progenitor cell–mediated repair of 
chronic hepatocyte injury (18, 49).

We also used our hepatocyte fate-tracing model to identify the 
origin of new hepatocytes in liver regeneration. In accordance 
with findings by Furuyama et al. (18), we found that liver pro-
genitor cells contribute to hepatocyte replacement after 2/3 
PH and CCl4 intoxication. This finding is surprising because 
hepatocytes lost due to these nontoxic or hepatocyte-specific 
insults were previously believed to be replaced only by self dupli-
cation of residual hepatocytes (19–23). However, our results also 
show that the number of hepatocytes derived from liver progeni-
tor cells after 2/3 PH or CCl4 intoxication is very small and thus 
most likely irrelevant. Moreover, we found that chronic, but not 
acute, CCl4 intoxication produces liver progenitor cell–derived 
hepatocytes. These results contradict the finding of Furuyama 
et al. that acute CCl4 intoxication leads to rapid production of a 
substantial number of hepatocytes by liver progenitor cells (18). 
Viewed together, our findings suggest that bile duct prolifera-
tion, which is triggered by both chronic CCl4 intoxication (57) 
and 2/3 PH (24), is a prerequisite for the emergence of liver pro-
genitor cell–derived hepatocytes.

Finally, we failed to find hepatocyte-derived biliary epithelial 
cells in our hepatocyte fate-tracing model. Our results obtained 
with BDL argue against the recently proposed concept of biliary 
injury causing conversion of hepatocytes into biliary epithelial 
cells (26–29). As was done in the original studies (26, 28, 29), 
we identified biliary epithelial cells based on CK19 expression. 
However, differences also exist between our experiments and the 

Figure 7
Hepatocyte fate tracing after 2/3 PH. (A) Adult R26R-
EYFP mice were injected with 4 × 1011 viral genomes 
of AAV8-Ttr-Cre and underwent 2/3 PH 7 days later. 
Livers were analyzed 21 days after 2/3 PH. Liver 
lobes removed by 2/3 PH were used as controls. (B) 
H&E staining shows restoration of normal liver his-
tology 21 days after 2/3 PH. (C and D) Coimmunos-
taining for EYFP (red) and CK19 (green) shows that 
all hepatocytes expressed EYFP before 2/3 PH (C) 
but that clusters of EYFP-negative cells resembling 
hepatocytes are present in periportal areas after 2/3 
PH (D, white arrows). (E) Coimmunostaining for EYFP 
(red) and MUP (green) confirms the presence of single 
cells and clusters of EYFP-negative, MUP-positive 
hepatocytes (white arrows). Nuclei were stained with 
DAPI (blue). Original magnification, ×100, insets ×200. 
20 liver sections from 4 mice were analyzed.
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original ones that may warrant further investigation. First, we 
used in situ hepatocyte fate tracing in mice, whereas the origi-
nal studies used hepatocyte transplantation into rats. Although 
unlikely, transplanted rat hepatocytes may be more amenable to 
lineage conversion than resident mouse hepatocytes. Second, we 
did not combine BDL with biliary toxins. A study in rats found 
that, while at least 1.75% of all biliary epithelial cells were hepa-
tocyte derived after BDL alone, the frequency could be markedly 
increased by additional exposure to methylene dianiline (DAPM), 
a biliary toxin that blocks proliferation of biliary epithelial cells 
and liver progenitor cells (27). Although little information is 
available on the effects of DAPM in mice (62, 63), combining 
BDL with DAPM intoxication may block proliferation of both 
biliary epithelial cells and liver progenitor cells in these animals 

as well. Nevertheless, we are confident that our system would 
have detected even a very small number of hepatocyte-derived bil-
iary epithelial cells, considering that we could identify rare liver 
progenitor cell–derived hepatocytes after 2/3 PH or chronic CCl4 
intoxication. Third, our BDL protocol entailed ligation of the left 
hepatic duct for 10 days, not the common bile duct for 30 days, 
as in the rat studies. We chose this protocol because it avoids the 
severe systemic effects of common BDL in C57BL/6 mice, includ-
ing hepatocyte injury, weight loss, and mortality, while causing 
indistinguishable ductular reactions in the affected liver lobes 
(58). Therefore, we cannot rule out that by avoiding injury and 
death of hepatocytes, we may have limited compensatory hepato-
cyte proliferation, which is generally viewed as a promoter of lin-
eage conversion (32). On the other hand, recent studies showed 

Figure 8
Hepatocyte fate tracing after BDL. (A) Adult R26R-EYFP mice 
were injected with 4 × 1011 viral genomes of AAV8-Ttr-Cre  
and underwent BDL 7 days later. Livers were analyzed 10 days  
after BDL. (B) H&E staining shows extensive ductular 
reactions. (C) Coimmunostaining for EYFP (red) and CK19 
(green) shows no double-positive cells. Nuclei were stained 
with DAPI (blue). Original magnification, ×100, insets ×200. 
25 liver sections from 5 mice were analyzed.

Figure 9
Hepatocyte fate tracing after DDC feeding. (A) Adult R26R-
EYFP mice were injected with 4 × 1011 viral genomes  
of AAV8-Ttr-Cre, and DDC feeding began 1 week later. 
Livers were analyzed after 3 or 8 weeks of DDC feeding. 
(B) H&E staining shows ductular reactions expanding 
with time of DDC feeding. (C and D) Coimmunostain-
ing for EYFP (red) and CK19 (green) shows no double-
positive cells after 3 (C) or 8 (D) weeks of DDC feeding. 
Nuclei were stained with DAPI (blue). Original magnifi-
cation, ×100, insets ×200. 20 liver sections from 4 mice 
were analyzed for each experiment.
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that proliferation is not needed for lineage conversion if the cell 
types are developmentally related, such as pancreatic exocrine 
and endocrine cells (64), B cells and macrophages (65), or, in this 
case, hepatocytes and biliary epithelial cells.

Hepatocyte-derived biliary epithelial cells were also absent in 
our hepatocyte fate-tracing model after DDC feeding. Because 
most DDC-induced liver progenitor cells express CK19 (10, 11, 
66), our results are consistent with previous findings that trans-
planted hepatocytes are not precursors of liver progenitor cells in 
mice (66). Nevertheless, it is in principle possible that our analysis 
missed rare hepatocyte-derived liver progenitor cells that were not 
expressing CK19. However, if such cells were present, it would be 
surprising that none of them differentiated into CK19-positive 
biliary epithelial cells during the extensive expansion of ductular 
reactions triggered by 8-week-long DDC feeding.

In conclusion, our study settles a long-standing debate by 
demonstrating that liver homeostasis is mediated by self dupli-
cation of mature hepatocytes and does not involve liver progeni-
tor cells. Moreover, we show that liver progenitor cells contrib-
ute only minimally to regeneration of acutely lost hepatocytes. 
Thus, our results support the view that liver progenitor cells 
provide a backup system for injury states in which the prolif-
erative capabilities of hepatocytes are impaired. Our findings 
underscore the importance of hepatocytes for liver regeneration 
and suggest that harnessing liver progenitor cells for therapy 
will require knowing the signals that trigger their activation. We 
also used our hepatocyte fate-tracing model to test the emerg-
ing concept that hepatocytes spontaneously convert into biliary 
epithelial cells in states of biliary injury. We found no evidence 
for hepatocyte-derived biliary epithelial cells or liver progenitor 
cells in 2 commonly used models of biliary injury. In the future, 
hepatocyte fate tracing could be used to determine whether 
hepatocyte lineage conversion can be forced by overexpression 
of biliary-specific transcription factors. Hepatocyte fate trac-
ing could also serve to advance our understanding of hepato-
carcinogenesis by determining whether liver cancers exhibiting 
liver progenitor cell characteristics derive from dedifferentiated 
hepatocytes or liver progenitor cells. In addition, AAV8-Ttr-Cre 
could be generally useful for liver research by facilitating timed 
gene inactivation in all hepatocytes, but no other liver cells, of 
conditional knockout mice.

Methods
Supplemental Methods are available online with this article.
Mice. 8- to 10-week-old homozygous R26R mice (34), homozygous R26R-
EYFP mice (45), and mice homozygous for R26R-EYFP and heterozygous 
for Alb-Cre (47) were used. All mice were on the C57BL/6 strain back-
ground and kept under barrier conditions. All procedures were approved 
by the Institutional Animal Care and Use Committee at UCSF.

AAV8-Ttr-Cre construction and production. The sequences of the Ttr pro-
moter and Cre recombinase were PCR amplified from the plasmids TTR-
Xpo-5 (67) and pML78 (43), respectively. A Ttr-Cre expression cassette 
was constructed to replace the H1 promoter in the double-stranded vec-
tor plasmid dsAAV-H1 (42). The dsAAV-H1 backbone is based on the 
AAV2 genome, but contains heterologous packaging signals from AAV2 
and AAV4 to prevent inactivating recombination during propagation. 
For AAV8-Ttr-Cre production, A293 cells were transfected with the newly 
generated plasmid dsAAV-Ttr-Cre, the adenoviral helper plasmid pVAE-
2AE4-5 (68), and the AAV8 capsid expression plasmid p5E18-VD2/8 (69) 
using the calcium phosphate method (42). Virus was collected 72 hours 

after transfection and purified by centrifugation on a density gradient 
of cesium chloride (Invitrogen).

AAV8-Ttr-Cre titration. The vector titer was determined by dot blot 
analysis as described (42) and qPCR. For dot blot analysis, serial ×10 
dilutions of the vector were spotted onto a nylon membrane next to a 
standard consisting of serial ×2 dilutions of the linearized original vec-
tor plasmid (Supplemental Figure 1A). Signals were detected by using 
a 32P-labeled probe against the Ttr promoter sequence and quantified 
using a phosphoscreen and Quantity One software (Bio-Rad). For qPCR 
titration, alkaline lysis was performed to release viral DNA from AAV 
particles: 10 μl of vector was incubated with 10 μl TE (10 mM Tris-HCl 
pH 7.5, 1 mM EDTA) and 20 μl 2 M NaOH for 30 minutes at 56°C, 
followed by neutralization with 38 μl 1 M HCl and 922 μl H2O. qPCR 
reactions were set up in 10 μl 1× SensiMix II Probe (Bioline) containing  
0.4 μM primer and 0.1 μM probe, and subjected to 40 cycles of amplifica-
tion (2 steps per cycle: 95°C for 10 seconds and 60°C for 20 seconds). All 
reactions were set up in triplicate and run in a Rotor-Gene 6000 system 
(QIAGEN) using the following primers and probe: forward, TGTTCC-
GATACTCTAATCTCCC; reverse, TATACCCCCTCCTTCCAACC; probe, 
FAM-TTTGGAGTCAGCTTGGCAGGGATCA-BHQ1 (MWG Biotech). 
Titers were calculated based on a standard curve (generated with the 
original vector plasmid containing the Ttr promoter) using the Rotor-
Gene 6000 software (Supplemental Figure 1B).

AAV8-Ttr-Cre injection. The purified vector was diluted in PBS. The tail-
vein injection volume was limited to 100 μl to avoid hydrodynamic effects.

Liver function tests. Plasma was diluted 4× in 0.9% sodium chloride and 
assayed for alanine (ALT), aspartate (AST) transaminase, direct bilirubin, 
and albumin with an ADVIA 1800 (Siemens) chemistry analyzer.

CCl4 intoxication. For acute intoxication, a single dose of 0.5 μl/g body 
weight CCl4 diluted 4× in corn oil (both Sigma-Aldrich) was injected 
intraperitoneally (18). For chronic intoxication, the same dose was injected 
twice weekly for 6 weeks.

2/3 PH. With mice under isoflurane anesthesia and sterile conditions, 
two-thirds of the liver was surgically removed as previously described (70).

BDL. With mice under isoflurane anesthesia and sterile conditions, the 
left hepatic duct was ligated as previously described (58).

DDC feeding. Mice received mouse diet 5015 (TestDiet) containing 0.1% 
w/w DDC (Sigma-Aldrich).

Immunostaining. Tissue samples were fixed overnight in neutral-buffered 
formalin containing zinc (Anatech), embedded in paraffin, cut into 5-μm– 
thick sections, and placed on Superfrost Plus slides (Fisher Scientific). 
Sections were deparaffinized and incubated in boiling Antigen Retrieval 
Citra Solution (BioGenex) for 10 minutes. After cooling down, sections 
were blocked in 10% serum for 1 hour and then incubated with primary 
antibodies overnight at 4°C and secondary antibodies for 1 hour at room 
temperature (Supplemental Tables 1 and 2). Nuclear DNA was stained 
with 300 nM DAPI (Millipore).

qRT-PCR. RNA was isolated with the TRIzol kit (Invitrogen). Reverse 
transcription was performed using qScript cDNA Supermix (Quanta Bio-
sciences). qPCR was performed using SYBR green reagent (Quanta Biosci-
ences) in a ViiA 7 system (Applied Biosystems). Reactions were performed 
twice in triplicate. Expression was normalized to Gapdh and quantified 
using the 2–ΔΔCt method.

Statistics. Data are expressed as mean ± SEM. Statistical significance was 
determined by 2-way ANOVA followed by 2-tailed Student’s t test. P < 0.05 
was considered significant.
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