














similar in CCl4-treated WT and CKO livers (data not shown),
with indistinguishable patterns of �-smooth muscle actin stain-
ing in vivo (Fig. 8C and D), suggestive of comparable degrees
of hepatic stellate cell activation. Hence, the specific deletion
of hepatocyte-derived Snail1 attenuates fibrotic responses in
the absence of direct effects on hepatic stellate cell numbers or
activation phenotype.

DISCUSSION

Fibrotic disease states have been associated with changes
in epithelial cell behavior, consistent with the engagement
of EMT or EMT-like programs that occur in combination
with the activation of transcription factors linked previously
to developmental EMT programs (2, 8, 13, 24, 30, 36, 40, 54,
55, 57). Nevertheless, to date, the impact of tissue-specific
ablation of any endogenously derived, EMT-promoting
transcription factor on fibrotic disease progression has not
been defined. Consequently, the functional roles assumed by
these transcriptional regulators in fibrotic states have re-
mained the subject of controversy (2, 8, 13, 24, 30, 36, 40, 54,
55, 57). Indeed, whereas hepatocyte- or epithelial cell-asso-
ciated EMT programs have been proposed to play important
roles during fibrosis (9, 10, 15–17, 28, 57), a series of recent
studies have questioned these conclusions (48, 56). Using
sophisticated transgenic-animal models that allow the lin-
eage-specific tracking of collagen-synthesizing cells in vivo,

Taura and colleagues have reported that hepatocytes do not
display mesenchymal characteristics during liver fibrosis in
CCl4-treated mice (48). Likewise, whereas Snail1 overex-
pression in kidney epithelial cells has been proposed to give
rise to fibrotic changes via similar EMT-associated pro-
cesses (5, 7, 34), studies tracing renal epithelial cell fate
have demonstrated that mesoderm-derived pericytes (alter-
natively named perivascular fibroblasts), rather than epithe-
lial cells, are the major cell type giving rise to type I colla-
gen-producing fibroblasts/myofibroblasts in vivo (21, 31).
Taken together, these findings confound attempts to pre-
dict, a priori, the functional impact of endogenous hepato-
cyte Snail1 in the in vivo setting of liver fibrosis. Though
current models propose that (i) liver fibrosis arises solely as
a consequence of hepatocyte damage and (ii) full-scale
EMT programs are not engaged during CCl4-induced liver
fibrosis (2, 48, 54), our findings not only identify endogenous
Snail1 as a functionally important profibrotic factor, but also
demonstrate that hepatocytes directly and actively orches-
trate fibroproliferative disease progression through both
cell-autonomous and paracrine mechanisms.

Given current controversies regarding Snail1’s ability to
trigger fibrosis-associated EMT programs in vivo, how can
one explain these findings? As demonstrated in our studies,
the singular deletion of hepatocyte Snail1 exerts a surpris-
ingly wide-ranging effect on fibrosis progression. By affect-

expressed probe sets for the unique WT and CKO and the common groups. (C) The fold increases in expression levels of selected fibrosis-related
genes in response to CCl4 in both WT and CKO livers were determined. (D) Induction of a panel of genes associated with the inflammatory
response in response to CCl4 in WT and CKO livers was measured by microarray analysis. All eight genes were induced significantly in WT livers,
but not CKO livers. The fold decrease � SEM in induction of expression in CKO livers compared to WT livers is presented for each gene (P �
0.05; n � 3). (E) Hematoxylin- and eosin-stained tissues from WT and CKO CCl4-treated mice were examined to assess immune cell infiltration.
The arrows indicate multinucleated giant cells in WT tissue (left) and mononuclear cell infiltrates in CKO tissue (right) (scale bar � 50 �m).
(Insets) Tissues were stained for CD11b (green) and counterstained with TOTO-3 (blue) (scale bar � 50 �m).

FIG. 7. Identification of a hepatocyte Snail1-regulated transcriptional program. (A) Using significance cutoffs of a minimum 1.5-fold change
and a P value of 0.05, differentially expressed probe sets within both AML-12 cells and intact livers with and without 2 weeks of CCl4 treatment
were identified. One hundred thirty probe sets representing 118 distinct genes appeared on both gene lists. (B) GO analysis of highly enriched
terms among the 130 probe sets within the overlapping region. Significance is expressed as GO enrichment scores (�log P value).
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ing the expression of growth factors critical to liver fibrosis,
(e.g., TGF-�1, CTGF, and platelet-derived growth factor
[PDGF]), proteases linked to extracellular matrix turnover
(MT1-MMP and cathepsins B and K), the synthesis of mul-
tiple connective tissue components (ranging from collagen
types I, III, V, and VI to syndecan, SPARC, and biglycan),
chemokine-chemokine receptor networks, angiogenic fac-

tors (Bmper and Sema4d), and adhesion molecules (2, 8, 36,
54), Snail1 most likely directs profibrotic programs by con-
trolling the expression of multiple signaling cascades that
impact hepatocyte, as well as nonhepatocyte cell popula-
tions, including hepatic stellate cells, endothelial cells,
Kupffer cells, and bone marrow-derived cells (14, 43). In-
deed, histologic analyses, coupled with GO analysis of dif-

FIG. 8. Snail1-dependent changes in hepatocyte differentiation markers during liver fibrogenesis in vivo. (A) Liver tissue was isolated
from uninjured mice (top row), WT mice treated with CCl4 for 2 weeks (middle row), or CKO mice treated with CCl4 for 2 weeks (bottom
row). Frozen sections were coimmunostained with antibodies against albumin (red; left column) and FSP1 (also known as S100A4) (green;
second column from left), and nuclei were counterstained with TOTO-3. Albumin/FSP1 double-positive cells are indicated by arrows in the
merged confocal images. Albumin-negative, FSP1-positive stellate cells are indicated by an arrowhead (blue; third column from left). Scale
bar � 50 �m. Liver tissue was coimmunostained with antibodies against E-cadherin (red; right column) and FSP1 (green), with nuclei
counterstained with TOTO-3. E-cadherin/FSP1 double-positive cells are indicated by arrows. (B) The number � SEM of albumin/FSP1 or
E-cadherin/FSP1 double-positive cells per field in WT or CKO livers treated with CCl4 was determined (n � 8; *, P � 0.001). (C) CCl4-
treated liver tissue was stained for �-smooth muscle actin (red) and counterstained with TOTO-3 (blue). The tissue was examined by
confocal laser microscopy. Scale bar � 30 �m. (D) The relative signals for �-smooth muscle actin in WT and CKO livers were analyzed by
morphometric analysis and are presented as mean and SEM (n � 3).
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ferentially expressed transcripts in whole-liver tissue, dem-
onstrate an attenuated CCl4-induced inflammatory response
in the absence of hepatocyte Snail1. Given the fact that
selective macrophage depletion confers resistance to CCl4-
induced fibrosis, the profibrogenic effects exerted by Snail1
may be mediated, in part, through changes in the recruit-
ment of mononuclear cells and consequent inflammatory
tissue damage (14, 43–45). While links between EMT-asso-
ciated programs and inflammation are not commonly con-
sidered in fibrotic disease, Snail1 has recently been shown to
modulate immune responses in neoplastic states (29, 33).
Consequently, our findings suggest that the inflammatory
cell axis may represent an important component of the in-
tercellular programs triggered by pathological Snail1 activa-
tion. At present, however, it is not possible to discriminate
between the possibility that a reduction in Snail1 expression
decreases inflammation-dependent fibrosis and the possibil-
ity that immune cell influx is attenuated as a consequence of
a decrease in upstream Snail1-dependent fibrotic events.
Nevertheless, in either scenario, Snail1 acts as a key effector
of the fibrotic program.

During liver fibrosis, the EMT-promoting factor Zeb2 is
concurrently induced, along with the recruitment of Snail1
during fibrosis in vivo. Zeb2 is a mediator of neural crest
EMT during development (52, 53), and its expression during
CCl4 treatment suggests potential functional cooperation
between these two factors during liver fibrogenesis. Inter-
estingly, following Snail1 deletion, a reduction in fibrosis
occurs in tandem with a strong trend toward decreased
CCl4-induced Zeb2 induction, a finding consistent with re-
ports characterizing Snail1 as a positive posttranscriptional
regulator of Zeb2 mRNA expression (3), suggesting that a
similar mechanism may be active during fibrosis in vivo.
Further investigation into the potential synergy of Snail1
and Zeb2 in contributing to fibrotic events is warranted.
However, given the complexity and range of Snail1’s field of
action during liver fibrosis, it seems naïve to subscribe to the
oft-favored notion that a single downstream effector, or
pathway, can be identified that will provide an unequivocal
“mechanistic basis” for its mode of action in vivo. Indeed, in
an attempt to dissect the transcriptional basis of Snail1’s
role in mediating fibrotic responses, we expressed exoge-
nous Snail1 in a mouse hepatocyte line and observed 179
Snail1-regulated transcripts in this simplified model and reg-
ulation of genes associated with diverse processes, including
extracellular matrix assembly and cell adhesion. Neverthe-
less, we did observe significant intersection of the gene
expression programs regulated by hepatocyte Snail1 in vivo
and within AML12 hepatocytes in vitro, outlining the poten-
tial cell-autonomous, profibrogenic impact of Snail1 expres-
sion within this cell population.

Though current attention remains focused on Snail1 func-
tion in epithelial cells, recent studies demonstrate that
Snail1 also acts as a transcriptional regulator of terminally
differentiated mesenchymal cells (42). As such, Snail1 likely
engages genetic programs in nascent transitioning hepato-
cytes, as well as mesenchymal cell populations, in paracrine
fashion that collaborate to orchestrate fibrosis and inflam-
matory responses in tandem (2, 8, 36, 54). In view of the fact
that our findings are limited to a single, short-term model of

fibrosis, further studies are required to determine the rela-
tive role of Snail1 versus that of related transcription factors
in long-term studies, as well as other models of fibroprolif-
erative disease. For example, recent studies raise the possi-
bility that endogenous Twist, rather than Snail1, plays a
dominant role in renal and lung fibrosis (27, 40), though
Twist1 may itself induce Snail expression (46). Nevertheless,
Snail1 expression has been detected in human fibrotic dis-
ease states ranging from virus-induced hepatitis to idio-
pathic pulmonary fibrosis (11, 13, 23), providing a strong
correlative basis for its proposed role as a central effector of
fibrotic responses (5, 13).

In spite of the link our studies have established between
endogenous hepatocyte-derived Snail1 and liver fibrosis, the
ability of Snail1 to initiate a complete EMT program leading
to fibroblast/myofibroblast formation during fibrotic events
in vivo remains unresolved. Even from the perspective of
developmental EMT, Thiery and colleagues have argued
that Snail1 is unlikely to play an essential role in mesoder-
mal fate specification (49). Rather, Snail1 appears to pref-
erentially regulate morphogenetic programs associated with
cell shape, adhesion, and movement (49). As such, it re-
mains possible that the role of Snail1 in fibrosis may be
limited to the formation of “metastable” hepatocytes dis-
playing a combination of epithelial and mesenchymal prop-
erties that exert a more complex effect on disease progres-
sion than was appreciated previously. Consistent with this
premise, we and others have documented the ability of
hepatocytes to undergo an incomplete EMT characterized
by a partial repression of E-cadherin with maintenance of an
overall epithelial-like phenotype in vitro and in vivo (9, 10,
13, 15, 16, 24, 57). Nevertheless, these data fall short of
proving that Snail1-expressing hepatocytes contribute di-
rectly to scar formation during liver fibrosis by depositing
substantive quantities of type I/III collagens in vivo, an un-
tested hypothesis that can be clarified only by conditionally
deleting the type I collagen gene in hepatocytes alone. Re-
cent efforts to rule out the possibility that hepatocytes par-
ticipate directly in type I collagen expression during liver
fibrosis in vivo should be interpreted cautiously, as these
conclusions rest on the use of transgenic mice harboring a
type I collagen reporter construct designed originally to
monitor collagen expression in hepatic stellate cells (48). As
such, the ability of this model to recapitulate the expression
of the endogenous type I collagen transcript in hepatocytes
in vivo has not yet been confirmed (32). Indeed, in contrast
to these findings, Dooley and colleagues have reported that
transferrin-positive hepatocytes coexpress type I collagen
and Snail1 in fibrotic human livers (13). While recent studies
also conclude that hepatocytes are unable to express FSP1
(38, 48), much of this work relies on the use of paraform-
aldehyde-fixed tissues for immunohistochemical analyses
rather than the fresh-frozen sections used here and else-
where (48, 57). Furthermore, in the latest work document-
ing FSP1 expression in inflammatory macrophages, the abil-
ity of hepatocytes to express the protein was not tested
directly, while FSP1 mRNA was detected in hepatocytes
isolated from CCl4-treated mice (38). These results notwith-
standing, it should be stressed that TGF-�1 can trigger type
I collagen expression in hepatocytes without inducing FSP1
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expression (24). Additional studies will be required to re-
solve these differences, but efforts to dismiss the possibility
that epithelial cells can undergo EMT in fibrotic states
should be interpreted cautiously. Indeed, other groups have
rigorously documented the ability of alveolar epithelial cells
to transition to type I collagen-producing fibroblasts in pul-
monary fibrosis models (28). Clearly, such studies provide
an important precedent for further analysis of EMT pro-
grams in the liver, as well as other target tissues, in fibrotic
states. Nevertheless, our findings document a required role
for endogenous hepatocyte Snail1 in the evolution of liver
fibrosis independent of the magnitude of the hepatocyte
EMT program per se. The functional importance of endog-
enously derived Snail1 documented in this study, coupled
with recent progress in developing new therapeutics de-
signed to block Snail1 activity in vivo (18), underscores the
importance of extending these observations to other disease
models.
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