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Tubule formation in vitro using Madin-Darby canine kidney (MDCK) epithelial cells consists mainly of two processes.
First, the cells undergo a partial epithelial–mesenchymal transition (pEMT), losing polarity and migrating. Second, the
cells redifferentiate, forming cords and then tubules with continuous lumens. We have shown previously that extracel-
lular signal-regulated kinase activation is required for pEMT. However, the mechanism of how the pEMT phase is turned
off and the redifferentiation phase is initiated is largely unknown. To address the central question of the sequential
control of these two phases, we used MDCK cells grown as cysts and treated with hepatocyte growth factor to model
tubulogenesis. We show that signal transducer and activator of transcription (STAT)1 controls the sequential progression
from the pEMT phase to the redifferentiation phase. Loss of STAT1 prevents redifferentiation. Constitutively active
STAT1 allows redifferentiation to occur even when cells are otherwise prevented from progressing beyond the pEMT
phase by exogenous activation of Raf. Moreover, tyrosine phosphorylation defective STAT1 partially restored cord
formation in such cells, suggesting that STAT1 functions in part as nonnuclear protein mediating signal transduction in
this process. Constitutively active or inactive forms of STAT1 did not promote lumen maturation, suggesting this requires
a distinct signal.

INTRODUCTION

Many internal metazoan organs consist of tubes that are
lined by a layer of polarized epithelial cells. How such tubes
are formed is a key issue in cell and developmental biology.
Tubes in different organs, such as kidney, lung, mammary
gland, vasculature, and Drosophila trachea, form by a wide
variety of mechanisms. It is likely that common principles
underlie this diversity (Hogan and Kolodziej, 2002; O’Brien
et al., 2002; Lubarsky and Krasnow, 2003; Bryant and
Mostov, 2008). To discover these principles, we are using an
organotypic tissue culture model system in which Madin-
Darby canine kidney (MDCK) cells are cultured in three-
dimensional (3D) gels of collagen I. Treatment of these cysts
with hepatocyte growth factor (HGF) causes the cysts to
elaborate tubules (Montesano et al., 1991a,b), which resem-

ble tubes normally seen in the kidney and many other
organs.

We and others have used this system to dissect the basic
cell and molecular mechanisms involved in tubulogenesis.
Previously, we defined four morphogenetic stages of HGF-
induced MDCK tubulogenesis: First, some cells send long
extensions of their basolateral surface into the surrounding
extracellular matrix ([ECM]; Pollack et al., 1998). Second,
cells move centrifugally out from the cysts to form chains of
cells, typically one to three cells long. Because these cells
have lost polarity and become migratory, we refer to steps 1
and 2 together as the partial epithelial–mesenchymal transi-
tion (pEMT) phase (O’Brien et al., 2002). Third, cells form
cords, which are two to three cells thick. Some cells in cords
start to repolarize, forming small lumens between cells.
Fourth, these lumens enlarge and become continuous with
the central lumen of the cyst, thereby forming mature tu-
bules. We refer to steps 3 and 4 collectively as the rediffer-
entiation phase (O’Brien et al., 2002).

HGF acts through c-Met that in turn signals through sev-
eral intracellular pathways, including the Raf-mitogen-acti-
vated protein kinase (MEK)–extracellular signal-regulated
kinase (ERK) mitogen-activated protein (MAP) kinase cas-
cade. We reported previously that we could bypass HGF
and c-MET by activating Raf-1 for 24 h (O’Brien et al., 2004).
We used an inducible Raf-1 kinase, EGFP�Raf-1:ER (Raf:
ER), in which the estrogen receptor ligand binding domain
(ER) and enhanced green fluorescent protein (EGFP) are
fused to the Raf-1 kinase domain. Binding of the estrogen
analog 4-hydroxytamoxifen (4HT) activates the Raf-1 do-
main. Activation of Raf-1 for up to 24h causes some cells in
cysts to initially send out extensions and then form chains,
mimicking the pEMT phase of HGF-induced tubulogenesis.
If 4HT is removed at 24 h, inactivating the Raf:ER, cords and
then mature tubules form over the next 48 h, indicating that
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the redifferentiation phase occurs. In contrast, prolonged
activation of Raf-1 by treatment with 4HT for �24 h causes
the cells to dissociate and migrate.

Signal transducers and activators of transcription (STATs)
were originally identified as the critical mediators of cyto-
kine responses and subsequently implicated in diverse ex-
ternal stimuli-initiated cellular signaling. STAT1 has been
implicated in antiproliferative and proapoptotic processes.
Developmentally, STAT1 has been implicated in the remod-
eling of the mammary gland during involution (Liu et al.,
1996). In endothelial cells, STAT1 was reported to negatively
regulate proliferation and tube formation (Battle et al., 2006).
An additional role of STAT1 not only as a transcription
factor but also as a protein in the cytoplasm has been studied
(Stancato et al., 1998). STAT1 and ERK have been shown to
coimmunoprecipitate (David et al., 1995) and behave antag-
onistically (Caraglia et al., 2004; Wang and Koromilas, 2009).

In this study, we dissected the two phases of MDCK
tubulogenesis and identified STAT1 as a key component that
is required specifically for the redifferentiation phase. We
showed that the knockdown of STAT1 by short hairpin RNA
(shRNA) impairs HGF-induced MDCK tubulogenesis.
STAT1 is down-regulated by Raf-1 activation. If Raf is acti-
vated for �24 h to cause cell migration and dissociation, the
presence of tyrosine phosphorylation defective STAT1 par-

tially restores cord formation, but constitutively active
STAT1 is sufficient to restore cord formation, although not
mature lumens. Only small, discontinuous lumens form,
rather than the large, single lumen characteristic of normal
tubules. These data suggest that STAT1 is necessary for the
late, redifferentiation phase of tubulogenesis and that ma-
ture lumenogenesis requires an even later, distinct signal.

MATERIALS AND METHODS

Antibodies and Reagents
Type I collagen was from Cohesion Technologies. Primary antibodies were
mouse anti-STAT1, mouse anti-phospho-STAT1 (Y701), mouse anti-Raf-1 (BD
Biosciences, San Jose, CA); mouse anti-STAT1, rabbit anti-phospho-STAT1
(Y701) (Cell Signaling Technology, Danvers, MA); rabbit anti-ERK1/2, mouse
anti-phosphoERK1/2, mouse anti-FLAG (Santa Cruz Biotechnology, Santa
Cruz, CA); and mouse anti-glyceraldehyde-3-phosphate dehydrogenase
([GAPDH] Millipore Bioscience Research Reagents, Temecula, CA). Second-
ary antibodies used for immunoblotting was rabbit anti-mouse (Jackson Im-
munoResearch Laboratories, West Grove, PA) and for confocal microscopy:
goat anti-chicken Alexa Fluor 488. Actin filaments were stained with Alexa
Fluor 546 phalloidin (Invitrogen, Carlsbad, CA). Nuclei were stained with
Hoechst 33342 (Invitrogen).

Cell Culture
MDCK cells were maintained in minimal essential medium with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. EGFP�Raf-
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Figure 1. Inhibition of STAT1 retards HGF-induced
MDCK tubulogenesis. (A) Expression level of STAT1 in
control (pPRIME) and STAT1 knockdown lines (18, 19,
and 33) was compared by immunoblot with anti-STAT1
antibody. (B) Control cells or STAT1 knockdown cells
were grown as cysts and either left untreated (top row)
or treated with HGF for 72 h (bottom row). Inhibition of
STAT1 blocks the HGF-induced redifferentiation phase.
The GFP represents GFP-pPRIME transfectant. Bar, 10 �m.
(C) Quantification of tubular structures in the presence of
HGF. One hundred GFP-positive structures per sample
were counted, and values are the mean � SEM of three
independent experiments. *p � 0.01 and **p � 0.05.
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1:ER cells (DD32 or YY34) have been maintained as described previously
(Hansen et al., 2000). MDCK or Raf:ER cysts were treated with 10 ng/ml HGF
(gift of R. Schwall, Genentech, South San Francisco, CA). To induce Raf:ER
activity, Raf:ER-transfected cysts were treated with 1 �M 4HT (Calbiochem,
San Diego, CA).

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR) Analysis
Total RNAs were extracted from collagen containing cysts using the RNeasy
Mini kit (QIAGEN, Valencia, CA). One microgram of total RNA was reverse
transcribed by SuperScript III RT (Invitrogen). The yield of cDNA was nor-
malized by GAPDH as an internal standard. Primers used were as follows: for
STAT1: forward primer, 5�-ATGGAAATCAGACAGTACCT-3� and reverse
primer, 5�-TGGTGAAATTGCAAGAGCTG-3�; and for GAPDH: forward
primer, 5�-CAGTTGTGGATCTGACCTGC-3� and reverse primer, 5�-CCTTG-
GAGGCCATGTAGACC-3�.

Immunoblotting and Immunofluorescence Analyses
For STAT1 experiments, cysts were processed as described previously (Kim et
al., 2007). For ERK experiments, total cell lysates were immunoprecipitated
with anti-total ERK and then simultaneously immunoblotted for total ERK
and phospho-ERK. Blots were analyzed by Odyssey (LI-COR Biosciences,
Lincoln, NE). Cysts and tubules were processed for immunofluorescence and
analyzed on a LSM 510 confocal fluorescence microscopes (Carl Zeiss, Thorn-
wood, NY) as described previously (Kim et al., 2007).

Overexpession of a Constitutively Active Form of STAT1
CA-STAT1 was FLAG-tagged by introducing Cys residues into Ala-656 and
Asn-658 in the SH2 domain, a gift from Dr. T. Ouchi (Mount Sinai School of
Medicine, New York, NY). FLAG-tagged Y701F-STAT1 construct, in which
Tyr701 was changed to Phe, was obtained from Addgene (Cambridge, MA).
After transfection, stably overexpressing cells were cloned.

Inhibition of STAT1 by shRNA
To generate a shRNA of STAT1, a 97mer oligonucleotide sequence containing
specifically the canine STAT1, 5�-CACCCAGAAAGCCCTGATTAAT-3�, was

synthesized by Sigma-Aldrich (St. Louis, MO) and cloned into GFP-pPRIME.
Virus containing media was used to infect MDCK cells. Efficiency of infection
was checked by examining expression of green fluorescent protein (GFP).
Positive clones were selected.

RESULTS

Depletion of STAT1 Blocks HGF-induced Tubulogenesis
To address the question of the sequential control of MDCK
tubulogenesis, we knocked down (KD) STAT1 in MDCK
cells by using the pPRIME shRNA vector. Several clones
with efficient (�60%) KD were selected and the levels of
STAT1 in the cells were determined by immunoblotting
(Figure 1A). A control for nonspecific KD is also shown
(pPRIME), as is the level of GAPDH in each clone. Figure 1B
shows typical morphological responses of cysts of these
clones to treatment with HGF for 72 h. Responses are quan-
tified in Figure 1C, showing the percentage of cysts forming
extensions/chains, or cords/tubules for control and the
three KD clones. Although �40% of the control cells exhib-
ited cords/tubules in response to HGF, only 5–17% of the
KD cysts formed cords and tubules and instead had a cor-
responding increase in extensions and chains. We conclude
that STAT1 is required for the redifferentiation phase of
HGF-induced tubulogenesis but not for the earlier pEMT
phase.

Raf:ER Activation Suppresses STAT1
We found previously that treatment of cysts with HGF leads
to prolonged activation (�72 h) of the MAP kinase pathway
(O’Brien et al., 2004). Direct activation of this pathway by
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Figure 2. Redifferentiation is not promoted by (addi-
tional) HGF treatment in activated Raf:ER cells. Raf:ER
cysts were treated with 4HT alone for 48 h, and HGF
was added or not for additional 24 h. (A) In the absence
of 4HT, HGF-induced cysts formed tubules with ma-
ture lumens. (B) Cysts treated with 4HT alone for 72 h
exhibited cell dispersion. GFP fluorescence reflects
Raf:ER induction. (C) Treatment with HGF plus 4HT
failed to complete tubule development. Quantifica-
tion of cysts with tubule(s) (bottom) (mean � SEM,
n � 3). Bar, 10 �m.

Figure 3. STAT1 mRNA is down-regulated
in activated Raf:ER cells. (A) MDCK or Raf:ER
cysts grown in collagen were treated with ei-
ther HGF or 4HT. (B) Raf:ER cysts were treated
with both HGF and 4HT for 72 h. STAT1
mRNA levels were analyzed by RT-PCR using
GAPDH as an internal control (mean � SEM,
n � 3). *p � 0.05.
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4HT in Raf:ER leads to cell dissociation, whereas activation
via HGF leads first to pEMT and then to redifferentiation
and tubule formation. Why does HGF activation of the MAP
kinase pathway eventually lead to redifferentiation, whereas
activation over the same time period by Raf:ER leads instead
to cell dissociation? One possibility is that HGF activates
another pathway(s) that prevents cell dissociation, perhaps by
reversing the pEMT after 24 h and thereby allowing rediffer-
entiation to occur. To test this possibility we treated Raf:ER
cysts for 72 h with HGF alone, 4HT alone or a combination of
HGF and 4HT (Figure 2). As expected, HGF alone caused
Raf:ER cells to form tubules, whereas 4HT alone gave scattered
cells. The combination of HGF plus 4HT gave scattered cells
but not tubules. This result suggested that HGF does not sim-
ply activate a pathway(s) that opposes the action of activated
Raf-1, as redifferentiation did not occur.

Interestingly, the inability of Raf:ER tubules to proceed
into redifferentiation resembles the phenotype of STAT1-
knockdown tubules. We thus considered the effect of HGF
or 4HT on the level of STAT1. Figure 3A shows the levels of
STAT1 mRNA (as indicated by RT-PCR; quantified in Figure
3, bottom). Compared with untreated MDCK cells (Figure 3,
lane 3), treatment with HGF alone did not give a statistically
significant change in the level of STAT1 mRNA (lane 4).
Untreated Raf:ER cells had a similar level of STAT1 mRNA
(lane 1). However, in Raf:ER cysts treated with 4HT for 72 h,
STAT1 was down-regulated (lane 2). Similarly, the com-
bined treatment of HGF and 4HT results in a statistically
significant decrease of STAT1 (Figure 3B), which is consis-
tent with a result in Figure 2. In accordance with this, we
observed that the protein level of STAT1 was also signifi-
cantly decreased when Raf:ER cells were stimulated with
4HT or a combination of 4HT and HGF (Figure 4, A and B,
compare lanes 1 and 2, quantified in Figure 4, bottom). These
suggest that the down-regulation of STAT1 by activation of
Raf:ER may be responsible for the tendency of Raf:ER cells
to scatter rather than proceed into redifferentiation and form
mature tubules. Furthermore, the level of tyrosine phos-
phorylated STAT1 was unchanged during HGF-induced tu-
bulogenesis at the time points of 24, 48, and 72 h and no
nuclear accumulation of STAT1 was detected (Supplemental
Figure S1, A and B). Two plausible interpretations of this
result are that the basal activity of STAT1 is sufficient to
allow MDCK cells to redifferentiate during tubulogenesis or
alternatively that STAT1 functions in a nonnuclear signaling
mode, as explained below.

Constitutively Active STAT1 Rescues the Block in Cord
Formation Caused by Raf:ER Activation
Mutation of Arg-656 and Asn-658 in STAT1 to Cys (CA-
STAT1) produces a well-characterized constitutively active
(CA) form of STAT1 (Sironi and Ouchi, 2004). To further
examine the function of STAT1 in MDCK tubulogenesis, we
stably expressed FLAG-tagged CA-STAT in Raf:ER cells. In
cysts expressing Raf:ER and treated with 4HT for 72 h,
individual cells migrated out from the cysts, as mentioned
previously (Figure 5A, left). Cords were largely absent. In
contrast, when we coexpressed Raf:ER and CA-STAT1 and
treated with 4HT for 72 h, cords of cells protruded from a high
percentage of the cysts (Figure 5A, right; quantified in Figure
5B). Notably, the cords formed from the CA-STAT1 cysts often
lacked detectable lumens or had only small, discontinuous
lumens, i.e., they failed to progress to the mature tubule stage
with their characteristic continuous lumens, even at longer
times (compare the lumen in Figure 5A, right with control
mature tubules in Figure 1B, left or Figure 2A).

STATs are known to be phosphorylated by various ki-
nases and to be imported to the nucleus. However, recent
work has shown that STAT3 is also found in mitochondria,
where it is required for Ras-mediated transformation. This is
distinct from the classical role of STAT3 in the nucleus as a
transcription factor (Gough et al., 2009). To determine
whether the activity of STAT1 as a transcription factor is
required for tubulogenesis, we introduced into Raf:ER cells
a mutant form of STAT1, in which its tyrosine phosphory-
lation site is defective (Y701F). Tyrosine phosphorylation by
extracellular signaling proteins is known to translocate
STAT proteins into the nucleus to drive transcription; mu-
tation of Tyr701 to Phe prevents this translocation (Shuai et
al., 1993). Interestingly, expression of the Y701F-STAT1 mu-
tant partially promoted cord formation in cysts with acti-
vated Raf:ER (Figure 6C). This is consistent with the idea
that at least some of the role of STAT1 in this tubulogenesis

Figure 4. STAT1 is down-regulated in activated Raf:ER cells. (A)
Protein levels of STAT1 were assayed in either 48-h HGF-treated
MDCK or 4HT-treated Raf:ER cysts by immunoblot. (B) Raf:ER cysts
treated with the combination of 4HT and HGF were lysed and blotted
for STAT1. GAPDH was used as a loading control. The relative de-
crease of STAT1 is shown (mean � SEM, n � 3). *p � 0.05.
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may be due to a nonnuclear function. However, compared
with the abundant cords formed from the CA-STAT1 cysts
(�65%), not only did a low percentage of cysts form cords in
Y701F-STAT1 (�20%) but also the tubules were significantly
shorter (compare Figure 5A with Figure 6A). These differ-
ences suggest that the transcriptional activity of STAT1 does
play a significant role in tubulogenesis.

Raf-1 Activation Reduces Interaction of Raf-1 with STAT1
In lymphocytes, Raf-1 is known to be physically associated
with STAT1 but not with either STAT3 or STAT5 (Stancato et

al., 1998). We used Raf:ER cells, transfected or not with
CA-STAT1 and that were treated or not with 4HT for 48 h.
We solubilized the cells and immunoprecipitated with anti-
bodies to Raf-1. We western blotted the immunoprecipitates
with antibodies to STAT1. As shown in Figure 7Aa, STAT1
coimmunoprecipitated with Raf-1; this was not observed in
the immunoprecipitate with control immunoglobulin (Ig)G
(Figure 7Ac). The STAT1 signal was stronger in cells ex-
pressing CA-STAT1, due to coimmunoprecipitation of the
CA-STAT1 with the Raf-1. Notably, when Raf:ER is acti-
vated by 4HT, the amount of coimmunoprecipitated STAT1
is reduced (Figure 7Aa, top). The middle panel is a loading
control, where an aliquot of the total lysate is blotted for the
FLAG tag on the CA-STAT1. The bottom panel shows the
amount of Raf-1 that was immunoprecipitated. This demon-
strates that even though the levels of FLAG-tagged CA-
STAT1 and immunoprecipitated Raf-1 were unchanged by
treatment with 4HT, the amount of CA-STAT1 that coim-
munoprecipitated with Raf-1 is reduced by 4HT. Figure 7Ab
shows cells immunoprecipitated with antibodies to Raf-1
and then blotted for the FLAG tag on the CA-STAT1, so only
the CA-STAT1 that coimmunoprecipitated with the Raf-1 is
detected. Again, activation of Raf:ER by 4HT reduces the
interaction of Raf-1 and STAT1.

Raf-1 acts through the MAP kinase cascade to cause the
activation of ERK. To test whether the effects of CA-STAT1
on cord formation are due to an effect of CA-STAT1 on the
MAP kinase pathway, we examined the level of phosphor-
ylation of ERK. In cells treated with 4HT, phospho-ERK
(green) is detected (Figure 7B, top). The ratio of phospho-
ERK to total ERK is quantitated in Figure 7B (bottom).
Notably, the expression of CA-STAT1 has no impact on the
phosphorylation of ERK, suggesting that the effects of CA-
STAT1 are independent of the MAP kinase cascade.

STAT3 has been shown previously to be involved in tu-
bulogenesis in the HGF–MDCK system (Boccaccio et al.,
1998). Given that STAT1 and STAT3 are known to het-
erodimerize, we considered the possibility that CA-STAT1
could be acting through STAT3. We determined the activa-
tion state of STAT3 and found no evidence of STAT3 acti-
vation in CA-STAT1–overexpressing cells in response to
4HT by immunoblot (Supplemental Figure S2). These data
suggest that the effect of CA-STAT1 in promoting cord for-
mation probably does not involve coactivation of STAT3.
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Figure 5. Overexpression of constitutively active form of STAT1
restores redifferentiation of Raf:ER cells in the presence of 4HT. (A)
Raf:ER cysts (left) and Raf:ER cysts overexpressing CA-STAT1 were
treated with 4HT for 72 h. CA-STAT1 overexpression promotes
redifferentiation in activated Raf:ER cysts. Bar, 10 �m. (B) Quanti-
fication of cords plus tubules in the presence of 4HT. One hundred
GFP-positive structures per sample were counted (mean � SEM,
n � 3). *p � 0.005.

Figure 6. Overexpression of tyrosine phos-
phorylation defective STAT1 partially rescues
cord formation of activated Raf:ER cysts. (A)
Raf:ER cysts (left) and three clones overex-
pressing Y701F-STAT1 were treated with 4HT
for 72 h. Bar, 10 �m. (B) Total lysate from
Raf:ER cells and three Y701F-STAT1 transfec-
tants were immunoblotted for FLAG tag on
Y701F-STAT1. (C) Quantification of cords in
the presence of 4HT (mean � SEM, n � 3).
*p � 0.05 and **p � 0.06).
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DISCUSSION

We report that STAT1 is needed for the redifferentiation
phase of tubulogenesis. Loss of STAT1 prevents redifferen-
tiation. Tellingly, CA-STAT1 can even overcome the effect of
prolonged activation of exogenous Raf that otherwise main-
tains pEMT and prevents redifferentiation. Essentially, CA-
STAT1 is able to allow redifferentiation under these condi-
tions, supporting the notion that STAT1 plays a central role
in the redifferentiation phase of tubulogenesis.

The Janus tyrosine kinase (JAK)–STAT pathway has been
previously implicated in tubular morphogenesis. STAT3,

which associates with c-Met, was found previously to be
necessary for HGF–MDCK tubulogenesis (Boccaccio et al.,
1998), although the exact step of tubulogenesis involved was
not analyzed. Several other lines of evidence supporting a
role of JAK-STAT in tubulogenesis have been reported. The
JAK–STAT pathway is negatively regulated by the suppres-
sor of cytokine signaling (SOCS) (Krebs and Hilton, 2001).
HNF-1� regulates tubulogenesis by controlling SOCS3 ex-
pression via the JAK—STAT pathway (Ma et al., 2007). Pro-
tein tyrosine phosphatases, such as SHP-2, limit STAT ty-
rosine phosphorylation via dephosphorylation of cytokine
receptor (Yu et al., 2000). SHP-2 controls STAT1 activation
(Wu et al., 2002) and is involved together with STAT1 and
STAT3 in HGF–MDCK tubulogenesis (Wang et al., 2006).
SHP-2 also has been implicated in tubule branching in early
lung development (Tefft et al., 2005).

Most intriguingly, STAT1 may be involved in the forma-
tion of pathologically large cysts in autosomal dominant
polycystic kidney disease, which is caused by mutations in
either polycystin-1 or polycystin-2, which form a complex.
Polycystin-1 activates the JAK–STAT pathway and up-reg-
ulates the cell cycle inhibitor p21waf1, thus inducing cell
cycle arrest (Bhunia et al., 2002). Mice mutant in polycystin-1
have a defect in STAT1 phosphorylation and induction of
p21waf1. However, this result is controversial, because it has
been claimed recently that the abnormal proliferation in cells
expressing mutant polycystin-2 is independent of STAT1
and p21waf1 (Felekkis et al., 2008).

Cell migration is necessary for tubule development. Focal
adhesion kinase (FAK) is known to integrate HGF and inte-
grin signals for promoting cell migration (Sieg et al., 2000).
Interestingly, a previous study has shown that FAK acti-
vates STAT1 with its interaction through its C-terminal do-
main, but not STAT3 (Xie et al., 2001). Thus, it would be
interesting to investigate the role of FAK in STAT1-regu-
lated tubulogenesis, although a recent study reveals that
FAK is required but not sufficient for MDCK tubulogenesis
(Wei et al., 2009). This is consistent with our observation that
CA-STAT1 overexpression itself in the absence of 4HT has
no morphological changes even though STAT1 is highly
activated (data not shown).

When tubulogenesis is driven by HGF alone, the MAP
kinase cascade remains active for at least 72 h. This presents
a paradox in that continued activation of the MAP kinase
cascade by Raf:ER for �24 h causes cell scattering and not
tubulogenesis. We have now resolved this paradox by find-
ing that Raf:ER activation causes the down-regulation of
STAT1, whereas HGF activation does not down-regulate
STAT1. Interestingly, a negative cross-talk of STAT1 and
ERK has been suggested previously. The inhibition of all
JAKs induced not only a complete block of STAT1 but also
an increased baseline phospho-ERK (Reiterer and Yen,
2006). It also has been reported that the specific inhibition of
MEK triggers JAK-dependent STAT1 expression and expo-
sure to Clostridium difficile toxin B, which specifically inhibits
Rho GTPases, induces ERK dephosphorylation and STAT1
up-regulation (Loucks et al., 2006). However, CA-STAT1
overexpression induces no decrease in ERK activation (Fig-
ure 7B), and we conclude that STAT1 activation does not
result in deactivation of ERK in our system.

Consistent with the finding that STAT1 is needed for the
redifferentiation phase, but not the pEMT phase, we found
that expression of CA-STAT1 in cysts with activated Raf:ER
allowed the formation of cords. Moreover, Y701F-STAT1,
which is not imported into the nucleus, partially rescued
cord formation, suggesting that STAT1 functions in a non-
nuclear role in addition to its transcriptional role in tubulo-
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Figure 7. Activation of Raf-1 represses the association between
Raf-1 and STAT1. (A) CA-STAT1 overexpressing or not Raf:ER cells
were cultured either in the presence or absence 4HT for 48 h. Cell
lysates were coimmunoprecipitated with the antibody to Raf-1 and
then blotted for STAT1 or Raf-1 or FLAG tag on CA-STAT1 (a and
b). (c) Raf:ER cell lysates in the absence of 4-HT were immunopre-
cipitated with Raf-1 or mouse IgG and analyzed by immunoblotting
with STAT1 (lanes 1 and 2). Total lysates were immunoblotted for
STAT1 as loading controls (lane 3 and 4). (B) Quantification of ERK
activation. The ratios of phospho-ERK (green) to total ERK (red)
were quantified (bottom) (mean � SEM, n � 3). Activation of Raf-1
by 4HT induces ERK activation, yielding green and yellow bands.
but CA-STAT1 overexpression has no effect on it.
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genesis. Importantly, these cords either lacked lumens or at
best formed small, discontinuous lumens; they did not
progress to the single, continuous lumen that defines a ma-
ture tubule. Cords are two or more cells thick and contain
extensive cell–cell contacts that are distant from the ECM.
We had proposed previously that these cell–cell contacts
would provide a signal for lumen formation and that tubu-
lar lumen formation was a recapitulation of the process by
which lumens form in cysts before HGF stimulation
(O’Brien et al., 2002). Our new data indicate that tubulogen-
esis is more complex. Rather, the redifferentiation phase can
be divided into separate steps of lumen initiation (which
occurs in cords) and subsequent maturation (which involves
coalescence of small, discontinuous lumens and expansion
of lumen diameter and length), the latter leading to mature
tubules. Several other molecular pathways are known to
underlie lumen formation (Bagnat et al., 2007; Ferrari et al.,
2008; Martin-Belmonte et al., 2008; Delous et al., 2009; Hurd
and Margolis, 2009; Kim et al., 2009; Schluter et al., 2009).
Distinct mechanisms have been uncovered that control tu-
bule size and diameter (Affolter et al., 2009; Nelson et al.,
2010). Expression of CA-STAT1 in cysts with activated
Raf:ER rescues lumen initiation, but may be dysregulated in
a pathway(s) that controls formation of mature tubules, such
as enlargement and coalescence of lumens or other pro-
cesses. Our results may help us understand the regulation of
mammalian tubule diameter, which is central to several
important disorders, such as vascular stenosis and cystic
diseases.

In conclusion, STAT1 is required for the redifferentiation
phase of tubulogenesis. Constitutively active or phosphory-
lation defective rescues the block in cord formation caused
by prolonged activation of Raf:ER but does not restore for-
mation of the single, continuous lumens characteristic of
mature tubules. This suggests that the complex processes of
lumen formation and maturation may be under the control
of a distinct signal(s).
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