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and colleagues (5) establishes a framework 
for how to tease out genetic and biochemi-
cal  modifiers  of  complex  phenotypes  in 
monogenic disorders such as IBMPFD and 
neurofibromatosis type 1.
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While	it	has	been	well	established	that	the	fetal	liver	originates	from	foregut	
endoderm,	the	identity	of	the	mechanisms	that	maintain	liver	mass	under	
both	basal	and	injury	conditions	remains	controversial.	Dramatically	differ-
ent	models	have	been	proposed	based	on	the	experimental	design	employed.	
In	this	issue	of	the	JCI,	Malato	and	colleagues	report	their	elegant	new	model	
for	genetic	lineage	tracing	of	mature	mouse	hepatocytes	using	an	adenoas-
sociated	virus–driven	Cre	recombinase.	They	show	convincingly	that	main-
tenance	of	liver	mass	during	normal	turnover	or	in	response	to	mild	injury	
is	achieved	by	mature	hepatocytes,	rather	than	cholangiocytes	or	specialized	
progenitor	cells,	as	has	been	suggested	by	others.

For parents, the question, where do babies 
come from? may cause dread or discom-
fort. The same is true for scientists who are 
asked, where do hepatocytes come from? 
The reason for this is that there is not a 
single answer. Hepatocytes can arise from 
different cell types depending on age (pre-

natal vs. adult), the presence or absence of 
hepatic injury, and even the type and degree 
of injury. An understanding of hepatocyte 
origins is a prerequisite for advancing the 
treatment of  liver disease by promoting 
regeneration of endogenous hepatocytes 
or by deriving hepatocytes ex vivo for cel-
lular therapy. The work of Malato and col-
leagues, reported in this issue of the JCI 
(1), adds new and important information 
regarding the origins of adult hepatocytes, 
although controversy still remains.

Fetal hepatocytes are derived from 
hepatoblasts
One  area  of  clarity  regarding  hepato-
cyte  origin  is  that  embryonic  and  fetal 
hepatocytes arise from hepatoblasts, endo-
derm-derived cells with the potential  to 
differentiate into either hepatocytes, which 
populate the bulk of the liver parenchyma, 
or cholangiocytes, which line the intrahe-
patic bile ducts. Cholangiocytes differenti-
ate from hepatoblasts near a transient fetal 
structure called the ductal plate, while the 
remaining hepatoblasts differentiate into 
hepatocytes (2). Hepatoblasts are charac-
terized by coexpression of biliary markers 
(e.g., cytokeratin 19) and hepatocyte mark-
ers (e.g., albumin) as well as hepatoblast-
specific genes (e.g., α-fetoprotein). Shortly 
after birth, this cell type is virtually unde-
tectable in situ. This implies that the sup-
ply of hepatocytes necessary for the rapid 
hepatic  growth  that  occurs  in  juveniles 
must arise from another cell type.
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Postnatal hepatocytes are derived 
from hepatocytes
The  earliest  studies  investigating  adult 
hepatocyte origin were based on partial 
(two-thirds) hepatectomy in the rat. Seven-
ty-four years ago (16 years before the iden-
tification of DNA as the genetic material), 
Brues and Marble noted (3) that after par-
tial hepatectomy, “[m]itoses are evenly dis-
tributed throughout the liver and through-
out each lobule; there is no preponderance 
near the bile duct cells.” They concluded 
that hepatocytes themselves are the pre-
dominant source of new hepatocytes, and 
this model has been supported by work in 
many laboratories (4). Indeed, studies using 
serial transplantation of hepatocytes have 
shown that small numbers of hepatocytes 
are capable of fully reconstituting diseased 
livers multiple times, dividing more than 
100 times in the process (5).

Until recently, it was accepted that the 
same process of hepatocyte self  renewal 
is responsible for homeostasis in all cases 

in  which  healthy  hepatocytes  are  avail-
able in sufficient numbers, such as in the 
quiescent liver or following mild injury. In 
1962, Grisham used tritiated thymidine to 
pulse-label replicating DNA following par-
tial hepatectomy in rats (6) and observed 
that the first hepatocytes to be labeled were 
those closest to the portal tracts, regions of 
the liver known as zones 1 and 2. Labeled 
zone 3 hepatocytes were seen nearly a day 
later. This finding led to a model in which 
new  hepatocytes  arise  in  the  periportal 
area, after which they “stream” out to pop-
ulate the remainder of the lobule. While 
the “streaming” hypothesis gained some 
support (7, 8), other data suggested that 
streaming of hepatocytes does not occur (9, 
10). Mice harboring a transgene expressing 
lacZ under the control of the hepatocyte-
specific α-1-antitrypsin  promoter  have 
mosaic expression of lacZ in hepatocytes 
(9). On its own, this is uninformative, but 
observations in transgenic mice of differ-
ent ages (or after injury) demonstrated that 

with time, the clusters of lacZ-positive cells 
grew larger and the overall distribution of 
the clusters did not change. This is incom-
patible  with  the  streaming  hypothesis, 
which predicts that  later clones of  lacZ-
positive cells will be observed closer to the 
central vein. Identical results were obtained 
in experiments in which retroviral infec-
tion (which requires replicating cells) was 
used to mark rat hepatocytes one day after 
partial hepatectomy (10). Thus, these stud-
ies (9, 10) strongly suggest that streaming 
does not occur in the quiescent liver or fol-
lowing partial hepatectomy.

As Grisham himself pointed out (11), the 
appearance of streaming, seen in both his 
own and others’ experiments, may be an 
artifact of the use of radiolabeled thymi-
dine, in which the initial pulse of labeled 
thymidine  is  released  from  cell  popula-
tions that are rapidly turning over. This 
would permit other cells — such as zone 3 
hepatocytes — to become labeled after the 
pulse phase is completed.

Figure 1
Comparison of 2 models of liver cell homeostasis using pulse labeling. In this hypothetical example, Sox9-expressing cells (pink) and hepatocytes 
(yellow) are permanently marked, as are all their progeny. (A) In the model proposed by Furuyama et al. (17), after labeling, Sox9-expressing cells 
differentiate into both cholangiocytes and hepatocytes, ultimately populating the entire lobule. This requires streaming of the Sox9-derived hepatocytes 
from zone 1 to zone 3. (B) The data presented by Malato and colleagues in this issue of the JCI (1) support a distinct model in which, under most condi-
tions, hepatocytes are derived from other hepatocytes, without any contribution from nonhepatocytes. In some forms of injury, a small percentage of 
hepatocytes are derived from a nonhepatocyte cell population, perhaps from Sox9-expressing stem cells.
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Hepatocytes are derived from 
progenitor cells when the supply of 
healthy hepatocytes is insufficient
While hepatocytes are a self-renewing pop-
ulation under normal conditions, a variety 
of experimental models have demonstrated 
that a nonhepatocyte population can also 
supply new hepatocytes. A common feature 
of all the models in which this has been 
demonstrated is that hepatocyte self renew-
al is prevented, either by an exogenous toxin 
or as a result of cholestatic injury (4). In this 
case, a progenitor cell population (known 
as oval cells in rodents) appears to give rise 
to both hepatocytes and cholangiocytes 
(4).  Determining  the  precise  identity  of 
these progenitor cell populations has been 
challenging, most likely because they may 
not comprise a single cell type and because 
several of  the markers used are not spe-
cific to progenitors. Nevertheless, it is clear 
that progenitors arise from cells in or near 
the canals of Hering (the intrahepatic bile 
ductules in direct communication with the 
hepatocyte canalicular system), are likely a 
component of the periportal proliferation 
of cholangiocytes seen in response to inju-
ry (the so-called ductular reaction), and are 
able to repopulate injured liver, even from 
single-cell clones (12, 13). At  least some 
of these cells are identified by expression 
of the forkhead box transcription factor 
FoxL1 (14). Finally, while progenitor cells 
residing outside the liver may be capable 
of differentiating into hepatocyte-like cells 
(15, 16), they are not likely to be relevant 
under most conditions.

Sox9-expressing cells as hepatocyte 
progenitors: new life for the 
streaming hypothesis?
In  late  2010,  Furuyama  and  colleagues 
published  a  remarkable  paper  in  which 
they studied liver cells expressing the high-
mobility group transcription factor Sox9 
(17). Sox9 is expressed in the ductal plate 
and is required for the proper timing of fetal 
cholangiocyte differentiation (18); it is also 
required for the maintenance of pancreatic 
progenitor cells (19). To investigate the pos-
sibility that Sox9 is also expressed in hepatic 
progenitor cells, Furuyama and colleagues 
used homologous recombination in ES cells 
to place a CreERT2-encoding gene into the 
Sox9 locus (17). CreERT2 is a fusion pro-
tein of the Cre recombinase and a mutated 
estrogen receptor; it is able to recombine 
loxP sites only in the presence of tamoxi-
fen. This tool allowed the investigators to 
perform pulse labeling similar to that in 

Grisham’s 1962 study (6), but marking only 
Sox9-expressing cells. At early time points, 
the marked cells were found to be present 
in bile ducts, as would be expected based on 
Sox9 immunohistochemistry (Figure 1A).

However,  the  appearance  of  marked 
cells in the liver at later time points was 
unexpected: over the course of one year, 
the marked cells assumed the morphol-
ogy of hepatocytes and expanded toward 
the central vein, ultimately representing 
a majority of the hepatocyte population 
(Figure 1A) (17). This process was accel-
erated in the CCl4 and bile duct ligation 
models of hepatic injury, indicating that 
Sox9-expressing cells are also hepatocyte 
progenitors in the context of these forms 
of hepatic injury. However, Sox9-express-
ing cells did not contribute significantly to 
regeneration following partial hepatectomy 
or in other injury models.

This ability of cholangiocyte-like Sox9+ 
cells to function as hepatocyte progenitors 
after injury is consistent with prior studies 
of oval cells  (which resemble cholangio-
cytes) and other hepatocyte progenitors 
that are also  located  in  the portal area, 
although it remains to be demonstrated 
that the Sox9+ cells share markers with oval 
cells. The surprising aspect of the study 
by  Furuyama  and  colleagues  was  their 
finding that the full population of adult 
hepatocytes was derived from Sox9+ cells 
that were cholangiocytes  in  initial mor-
phology (17). This model supports a return 
to the streaming hypothesis, in apparent 
contradiction  with  the  aforementioned 
lineage-tracing experiments (9, 10).

A new method of pulse labeling 
hepatocytes for lineage tracing
In  this  issue of  the  JCI, Malato and col-
leagues use a novel  technique to  lineage 
trace pulse-labeled hepatocytes (1). Others 
have used tamoxifen-regulated Cre recombi-
nase to mark hepatocytes (e.g., ref. 17), and 
there are concerns that the promoters used 
result in incomplete or nonspecific label-
ing of cells and that the toxicity of tamoxi-
fen can affect experimental outcomes. To 
overcome these issues, Malato et al. used a 
novel vector based on adenoassociated virus 
serotype 8 (AAV8), which exhibits tropism 
for hepatocytes. The AAV8-Ttr-Cre vector 
designed by Malato and colleagues drives 
expression of Cre recombinase under the 
control of  the hepatocyte-specific  trans-
thyretin (Ttr) promoter, adding a level of 
hepatocyte specificity to that imposed by 
the use of the AAV8-based vector. The vec-

tor did not integrate into the host genome 
and did not replicate or reinfect other cells, 
so the treatment of ROSA26-EYFP (where 
EYFP indicates enhanced yellow fluorescent 
protein) mice with AAV8-Ttr-Cre was equiv-
alent  to a pulse  labeling of hepatocytes. 
This approach is therefore the complement 
of the cholangiocyte labeling performed by 
Furuyama and colleagues (17).

Malato and colleagues first confirmed 
that treatment with AAV8-Ttr-Cre resulted 
in EYFP expression in all hepatocytes (1). 
Importantly,  this  was  achieved  without 
any serum biochemical evidence of hepa-
totoxicity.  They  also  confirmed  that  no 
Sox9+ cells were marked. The model pro-
posed by Furuyama and colleagues  (17) 
predicts that over time, the percentage of 
EYFP+ hepatocytes should decrease, as they 
are  replaced by daughters of  the Sox9+/
EYFP– cholangiocyte-like cells. However, 
at 12 weeks after infection, Malato and col-
leagues could detect no EYFP– hepatocytes 
(Figure 1B) (1). This observation is in direct 
contrast with the finding of Furuyama and 
colleagues  that  many  hepatocytes  were 
derived from Sox9+ cells 2 months after 
tamoxifen treatment (17).

Malato  and  colleagues  also  show  that 
induction of liver regeneration as a result 
of acute CCl4 toxicity resulted in no EYFP– 
hepatocytes at  two days after  treatment 
(Figure  1B),  when  the  peak  of  replica-
tion is expected to occur (1). A few EYFP– 
hepatocytes were observed after 6 weeks of 
chronic low CCl4 exposure, but at a much 
lower frequency than expected based on 
the  results  of  Furuyama  and  colleagues 
(17). The induction of liver regeneration 
by  partial  hepatectomy  also  resulted  in 
an extremely low frequency of unmarked 
hepatocytes (1); this is consistent with the 
lack  of  hepatocytes  derived  from  Sox9+ 
cells in the same injury model. No EYFP– 
hepatocytes were observed after bile duct 
ligation or 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine (DDC) feeding; only the lat-
ter case is in agreement with the findings 
of Furuyama and colleagues (17). Both of 
these models of hepatic injury induced pro-
liferation of Sox9+ bile duct cells, but none 
of these cells gave rise to hepatocytes.

Conclusions
How can these disparate results of Malato 
and colleagues (1) and Furuyama and col-
leagues (17) be reconciled? The most strik-
ing difference between the two studies is 
in the case of hepatocyte homeostasis in 
the quiescent liver; in the injury models, 
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it  is  likely  that both preexisting mature 
hepatocytes and Sox9+ cells contribute to 
regeneration. One possibility  is that the 
“quiescent” liver in the Sox9 knockin mice 
(17) is actually undergoing chronic injury, 
either via decreased Sox9 levels or toxic-
ity due to tamoxifen or chronic CreERT2 
expression. However, this would have to 
cause a non–cell autonomous inhibition of 
hepatocyte replication to result in the sort 
of oval/progenitor cell–derived repopula-
tion of the liver seen in the DDC diet. By 
using a conditional lineage-tracing model 
that  does  not  produce  any  measurable 
toxicity  or  liver  injury,  Malato  and  col-
leagues (1) provide strong evidence that it 
is hepatocytes themselves, and not chol-
angiocytes or specialized progenitor cells, 
that are responsible for the homeostatic 
renewal of the liver under basal and even 
mild injury conditions.
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Perception of sound and gravity  
by TMC1 and TMC2

Xi Lin
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Central	to	our	ability	to	hear	and	sense	gravity	is	a	cellular	process	known	as	
mechanotransduction,	which	is	initiated	by	the	opening	of	mechanosensitive	
cation	channels	located	near	the	tips	of	the	stereocilia	of	auditory	and	vestib-
ular	inner	ear	hair	cells.	The	molecular	identity	of	the	mechanotransduction	
channels	has	eluded	researchers	despite	intensive	investigations	over	the	years.	
In	this	issue	of	the	JCI,	Kawashima	et	al.	report	their	results	obtained	using	
mice	with	targeted	deletion	of	both	transmembrane	channel–like	1	(Tmc1)	and	
Tmc2.	The	use	of	inner	ear	hair	cells	isolated	from	these	mice	provided	a	nearly	
perfect	system	for	testing	the	mechanotransduction	channels	without	disrupt-
ing	functions	of	other	accessory	proteins	needed	in	the	complicated	molecular	
apparatus,	and	it	allowed	the	authors	to	show	that	the	proteins	encoded	by	
these	genes	are	integral	components	of	the	mechanotransduction	complex.

Auditory and vestibular inner ear hair cells 
are central to our ability to perceive sound 

and gravity, respectively. These cells convert 
mechanical stimuli initiated by sounds and 
gravitational force into electrical signals, a 
process known as mechanotransduction. 
Mechanotransduction  is  initiated  when 
the mechanical stimuli cause stereocilia 
at  the apical  surface of  the hair  cells  to 

move,  triggering the opening of mecha-
nosensitive cation channels located at the 
tip. Ionic currents that flow through the 
open  channels  initiate  graded  receptor 
potentials (refs. 1, 2, and Figure 1). This 
results in rapid changes in the membrane 
potential of the hair cells and subsequently 
modulates neurotransmitter release at the 
hair cell base. Auditory and vestibular inner 
ear hair cells synapse with auditory and ves-
tibular nerves, respectively. Thus, changes 
in neurotransmitter release by the hair cells 
modulate postsynaptic action potentials to 
convey the mechanical information to the 
brain. These neuronal activities underlie 
our perception of sound and are necessary 
for maintaining balance and coordination 
of eye and head movements.

Molecular identification of the mecha-
notransduction channels in the stereocilia 
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