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Background: Tyrosine kinases and phosphatases modulate TGF-� signaling.
Results: PTP1B deficiency attenuates TGF-�-induced Smad phosphorylation correlatingwith suppression of growth inhibition
and apoptosis, an effect that is reverted by genistein, and p65 or NOX1 knockdown.
Conclusion: Lack of PTP1B impairs Smad activation in a NOX1 and NF-�B-dependent manner.
Significance: New insights are opened into the role of phosphatases in TGF-� signaling.

Transforming growth factor-� (TGF-�) plays a dual role in
hepatocytes, mediating both tumor suppressor and promoter
effects. The suppressor effects of the cytokine can be negatively
regulated by activation of survival signals, mostly dependent on
tyrosine kinase activity. The aim of our work was to study the
role of the protein-tyrosine phosphatase 1B (PTP1B) on the cel-
lular responses to TGF-�, using for this purpose immortalized
neonatal hepatocytes isolated from both PTP1B�/� and
PTP1B�/� mice. We have found that PTP1B deficiency con-
ferred resistance to TGF-� suppressor effects, such as apoptosis
and growth inhibition, correlating with lower Smad2/Smad3
activation. Both responses were recovered in the presence of the
general tyrosine kinase inhibitor genistein. PTP1B�/� cells
showed elevated NF-�B activation in response to TGF-�.
Knockdownof theNF-�Bp65 subunit increased cell response in
terms of Smads phosphorylation and apoptosis. Interestingly,
these effects were accompanied by inhibition of Smad7 up-reg-
ulation. In addition, lack of PTP1B promoted an altered
NADPH oxidase (NOX) expression pattern in response to
TGF-�, strongly increasing the NOX1/NOX4 ratio, which was
reverted by genistein and p65 knockdown. Importantly, NOX1
knockdown inhibited nuclear translocation of p65, promoted
Smad phosphorylation, and decreased Smad7 levels. In sum-

mary, our results suggest that PTP1B deficiency confers resis-
tance to TGF-� through Smad inhibition, an effect that is medi-
ated by NOX1-dependent NF-�B activation, which in turn,
increases the level of the Smad inhibitor Smad7 and participates
in a positive feedback loop on NOX1 up-regulation.

Transforming growth factor-� (TGF-�) is an important reg-
ulatory cytokine in the liver. Among its physiological roles, it
exerts essential suppressor functions through regulating hepa-
tocyte proliferation and cell death (1, 2). However, TGF-� may
also modulate protumorigenic processes, such as epithelial to
mesenchymal transition, which mediates cell migration and
survival, and also cell invasion, immune regulation or microen-
vironmentmodification (3). Indeed,malignancy of liver tumors
can be related to their so-called TGF-� gene signature: tumors
expressing antiapoptotic and metastatic genes (late signature)
display a higher invasive phenotype and increased tumor recur-
rence compared with those that show suppressor genes (early
signature) (4).
TGF-� final effects in the cell can bemodulated by activation

of survival signals dependent on different protein kinases, such
as the epidermal growth factor receptor (EGFR)4 or the Ras/
ERKpathway. These kinases are generally regulated by its phos-
phorylation status, which is tightly controlled by mechanisms
involving inactivation by protein phosphatases (5). Among
them, protein-tyrosine phosphatase 1B (PTP1B) is a widely
expressed member of the nonreceptor PTPs, which is located
mainly associated with intracellular membranes such as the
endoplasmic reticulum (6). This phosphatase plays important
roles regulating insulin signaling and susceptibility to apoptosis
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because its deficiency confers resistance to cell death triggered
by different stimuli (7, 8). These cellular effects are dependent
on themodulation of several prosurvival pathways directly con-
trolled by PTP1B, such as the EGFR, IGF-1R, or the IR (9). In
addition, several reports have linked PTP1B to NF-�B regula-
tion (10, 11). Importantly, the NF-�B pathway has been also
described as an inhibitor of the TGF-� suppressor effects in
hepatocytes (12).
To exert its proapoptotic activity in hepatocytes, TGF-�

requires the production of reactive oxygen species (13, 14),
mainly originated by the NADPH oxidase NOX4, which is nec-
essary for apoptosis execution in hepatocytes sensitive to the
cytokine (15). However, the role of NADPH oxidases in TGF-
�-mediated signaling in liver is complex. In fact, recent results
indicate that TGF-�might induce anothermember of theNOX
family (NOX1) in hepatoma cells, with prosurvival properties
(16). Thus, NOX proteins might play a dual role in the intracel-
lular signaling induced by TGF-� in liver cells, being the bal-
ance in the expression of differentmembers of the family deter-
minant for the final effects of the cytokine. Importantly, we
have described that EGFR or Ras/ERK activation would coun-
teract the suppressor effects of the cytokine, inhibiting NOX4
induction or modifying the balance between NOX1 and NOX4
(16–19). Moreover, we have also previously proposed a rela-
tionship between NF-�B and NADPH oxidases mediating pro-
survival signals in response to TGF-� (20).
On that basis, the aim of our work was to study the role of

PTP1B on the cellular responses to TGF-�, using for this pur-
pose immortalized neonatal hepatocytes isolated from both
PTP1B�/� and PTP1B�/� mice. We have found that PTP1B
deficiency conferred resistance to TGF-� suppressor effects
through Smad signaling inhibition. Interestingly, NOX1-de-
pendent NF-�B activation mediates this response, which cor-
relates with increased levels of Smad7 and a positive feedback
loop of NOX1 up-regulation.

EXPERIMENTAL PROCEDURES

Cell Culture Conditions—Isolation and immortalization of
neonatal hepatocytes fromPTP1B�/� and PTP1B�/�micewas
described previously (21). For cell culture, cells were grown in
DMEM (Lonza, Basel, Switzerland) supplemented with 10%
fetal bovine serum andmaintained in a humidified atmosphere
of 37 °C, 5%CO2. For experiments, cells at 70% confluencewere
serum-deprived for 4 h and treated with 2 ng/ml TGF-�
(Merck). When indicated, the following products were added
30 min before TGF-� and maintained during the experiment:
EGF (20ng/ml; a gift fromSeronoLaboratories,Madrid, Spain),
the tyrosine kinase inhibitor genistein (50 �M, from Sigma),
IGF-1R inhibitor II (Merck) or anti-mouse IGF-1 antibody
(R&D Systems).
Analysis of Cell Number—Cell number was analyzed after

crystal violet staining (0.2% in 2% ethanol), as described previ-
ously (14).
Analysis of Cell Cycle—The percentage of cells in each phase

of the cell cyclewas determined by flow cytometry and analyzed
using the software ModFit LTTM (Verity Software House) as
described previously (22).

Proliferation Measurement by [3H]Thymidine Incorporation—
Proliferation was measured after 48 h of incubation with 1
�Ci/ml, 1 �M thymidine (Hartmann Analytic GmbH, Braun-
schweig, Germany), as described previously (23). Radioactiv-
ity was measured in a scintillation counter 1209 Rackbeta
(Wallac, Turku, Finland) and expressed as a percentage of
control.
Measurement of Intracellular Redox State—The oxida-

tion-sensitive fluorescent probe 2�,7�-dichlorodihydrofluo-
rescein diacetate (H2DCFDA; Invitrogen) was used to ana-
lyze the total intracellular content of reactive oxygen species
as described previously (16). Fluorescence was measured in a
Microplate Fluorescence Reader Fluostar Optima and
expressed as percentage of control after correction with pro-
tein content.
Analysis of Apoptotic Nuclei—Cells were fixed with 4% para-

formaldehyde in PBS for 30 min at room temperature, stained
for 5 min with 2 ng/ml DAPI solution, and mounted with
Vectashield (Vector Laboratories, Burlingame, CA). Cells were
visualized in anOlympus BX-60with the appropriate filter, and
fragmented nuclei were counted as positive in at least 10 differ-
ent fields.
Analysis of Caspase-3 Activity—Caspase-3 activity was ana-

lyzed fluorometrically upon incubation of 20 �g of cell lysates
with 6.6 �g/ml Ac-DEVD-AMC (BD Pharmingen) for 2 h at
37 °C as described previously (16). Protein concentration of cell
lysates was determined using the Bio-Rad protein assay kit.
Results are calculated as units of caspase-3 activity/�g of pro-
tein per h.
Analysis of Gene Expression—RNeasy Mini kit (Qiagen) was

used for total RNA isolation. Reverse transcription (RT) was
carried out using the High Capacity Reverse Transcriptase kit
(Applied Biosystems), with 500 ng of total RNA from each sam-
ple for complementary DNA synthesis. Semiquantitative PCRs
were performed using specific primers for mouse samples:
Smad7, 5�-TGTTCAGGTGGCCGGATCTCAG-3� and 5�-
GATGCCACAGCCGATCTTGCTC-3�; Smad4, 5�-CAAGTA-
ATCGCGCATCAACG-3� and 5�-GCAGGATGATTGGAA-
ATGGG-3�; Smad3, 5�-GCCATTCCATTCCCGAGAAC-3�
and 5�-CACTGAGGCACTCCGCAAAG-3�; Smad2, 5�-CCC-
AGCAGGAATTGAGCCAC-3� and 5�-ACACTGTTGCAG-
GGTGCCAG-3�; TGF-�RII, 5�-CGCCAACAACATCAACC-
ACAAC-3� and 5�-CTGTGAACAATGGGCATCTTGG-3�;
TGF-�RI, 5�-AGACAATGGGACATGGACGCAG-3� and 5�-
TGCATAGATGTCAGCGCGTTTG-3�; PTP1B, 5�-TGGCC-
TGACTTTGGAGTCCC-3� and 5�-CTCCAGTGTGCGTTT-
GGGTG-3�; 18s, 5�-GCGAAAGCATTTGCCAAGAA-3� and
5�-CATCACAGACCTGTTATTGC-3�.
PCR products were obtained after 30–35 cycles of amplifica-

tion at annealing temperatures of 57–62 °C and analyzed by
1.5% agarose gel electrophoresis. Expression of 18s was ana-
lyzed as a loading control, as indicated. The �RT channel con-
tained RNA that had not been treated with the RTmixture and
is shown as a specificity control.
For real-time quantitative PCR, expression levels were deter-

mined in duplicate in an ABI Prism7700 System, using the
SYBR Green PCRMaster Mix (Applied Biosystems). Reactions
were performed with the following primers mouse specific
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primers: NOX1, 5�-TCCTTCGCTTTTATCGCTCC-3� and
5�-TCGCTTCCTCATCTGCAATTC-3�; NOX4, 5�-TCCAA-
GCTCATTTCCCACAG-3� and 5�-CGGAGTTCCATTACA-
TCAGAGG-3�; IGF-1, 5�- TCATGTCGTCTTCACACCT-
CTTC-3� and 5�-CCACACACGAACTGAAGAGCAT-3�;
IGF-1R, 5�-GTGGGGGCTCGTGTTTCTC-3� and 5�-GATC-
ACCGTGCAGTTTTCCA-3�; Smad2, 5�-TCACAGACCCA-
TCAAACTCG-3� and 5�-ACTCAGCAAACACTTCCCC-3�;
Smad3, 5�-CCGAGAACACTAACTTCCCT-3� and 5�-CATC-
TTCACTCAGGTAGCCAG-3�; 18s, 5�-GCGAAAGCATTT-
GCCAAGAA-3� and 5�-CATCACAGACCTGTTATTGC-3�.
Western Blot Analysis—Total protein extracts, nuclear

extracts, and Western blotting procedures were carried out as
described previously (16, 20). The antibodies used were: mouse
anti-�-actin (clone AC-15); rabbit anti-phospho-Akt (Ser473),
rabbit anti-Akt, rabbit anti-phospho-p44/42 MAPK (Thr202/
Tyr204), anti-p44/42 MAPK, rabbit anti-PTP1B, rabbit
anti-p65; rabbit anti-I�B�, mouse anti-Smad2, rabbit anti-
phospho-Smad2 (Ser465/Ser467), rabbit anti-Smad3, rabbit
anti-phospho-Smad3 (Ser423/Ser425), rabbit anti-Smad4, goat
anti-Smad2/3, mouse anti-Smad7, rabbit anti-PCNA. All anti-
bodies were from Cell Signaling Technology, except anti-�-
actin from Sigma, anti-PTP1B and anti-Smad3 fromMillipore,
and anti-Smad2/3, anti-Smad7, anti-p65, anti-I�B�, and anti-
phospho-IGF-IR (Tyr1165/Tyr1166) from Santa Cruz Biotech-
nology. Antibodies were used at 1:1000 dilution, except �-actin
(1:3000). Protein concentration was measured with BCA Pro-
tein Assay kit (Pierce).
Immunocytochemistry Studies—Fluorescence microscopy

studies were performed as described previously (22). Cells were
fixed with 4% paraformaldehyde in PBS for 30 min at room
temperature and incubated with primary antibody (1:50)
diluted in 1% BSA for 2 h at room temperature. After several
washes with PBS, the samples were incubated with Alexa Fluor
488-conjugated anti-rabbit for 1 h at room temperature (1:200)
andmounted in Vectashield. Representative images were taken
with a Spot 4.3 digital camera and software and edited in Adobe
Photoshop. Cells were visualized in anOlympus BX-60with the
appropriate filters.
Knockdown Assays—For transient siRNA transfection, cells

were transfected at 70% confluence using TransIT-siQuest
(Mirus, Madison, WI) at 1:300 dilution in Complete medium,
according to the manufacturer’s recommendation, with a final
siRNA concentration of 50 nM during 8 h. After 16 h of incuba-
tion inCompletemedium, cells were trypsinized and seeded for
experiments. Oligonucleotides were obtained from Sigma-
Genosys. The oligonucleotide sequences were as follows:
unsilencing, 5�-GUAAGACACGACUUAUCC-3�; p65, 5�-UUA-
CUCGGCAGAUCUUGAG-3�; NOX1, 5�-GAGGAGAGCUU-
GGGUGAAA-3�; IGF-1, 5�-GCUGCAAAGGAGAAGGAAA-
3�; IGF-1R, 5�-CAGAAGUGGAGCAGAAUAA-3�; EGFR,
5�-GAACAACAGAGCTGAGAAA-3�; Smad2, 5�-ACTCA-
GAATTGCAATACT-3�; Smad3, 5�-CTACCTGAGTGAA-
GATGGA-3�.
The unsilencing siRNA used was selected from previous works

(16). Specific oligonucleotides with maximal knockdown effi-
ciency were selected among three different sequences for each
gene.

RESULTS

Immortalized Neonatal Hepatocytes Isolated from PTP1B-
deficient Mice Are Resistant to TGF-�—To investigate the role
of the tyrosine phosphatase PTP1B in TGF-� signaling in hepa-
tocytes, we first compared basal activation of several kinases in
wild-type (PTP1B�/�) and PTP1B-deficient (PTP1B�/�)
immortalized hepatocytes. PTP1B�/� cells showed high phos-
phorylation of ERK1/2 and AKT; total levels of the latter were
also elevated in these cells (Fig. 1A). Next, we wanted to com-
pare the response to TGF-� of wild-type and PTP1B-deficient
cells. Crystal violet staining revealed that, indeed, cell number
of wild-type hepatocytes was reduced to half upon 36 h of treat-
ment, whereas PTP1B�/� hepatocytes remained unaffected
(Fig. 1B). As reduction of cell number by TGF-� has been
reported to be a combinatory effect of apoptosis induction and
growth inhibition, we decided to measure both parameters in
response to the cytokine. On the one side, TGF-� was able to
inhibit basal and EGF-induced DNA synthesis of wild-type
hepatocytes (Fig. 1C and Table 1), whereas basal cell growth of
PTP1B�/� hepatocytes was not affected by the cytokine. EGF-
induced increase of cell number in PTP1B-deficient cells was
attenuated by TGF-�, but effects were modest and did not
reach statistical significance (Fig. 1C and Table 1). On the other
side, we studied apoptosis induction by measuring caspase-3
activity, which was induced by TGF-� treatment either in the
presence or in the absence of serum only in wild-type cells (Fig.
1D). We further confirmed these results by phase contrast
microscopy, which revealed a great number of wild-type hepa-
tocytes with morphological characteristics of apoptosis after
36 h of incubation with the cytokine (Fig. 1E). By contrast,
under similar experimental conditions most PTP1B�/� cells
remained attached to the plate (Fig. 1E). In summary, these
results indicate that PTP1B�/� hepatocytes are resistant to the
suppressor effects of TGF-�, namely growth inhibition and
apoptosis triggering.
PTP1B�/� Hepatocytes Show Diminished Smad Phosphory-

lation and Translocation, Both Recovered in Presence of
Genistein—Taking into consideration that PTP1B-deficient
hepatocytes show resistance to the diverse TGF-� effects, we
next decided to study themolecules involved in the signaling of
the cytokine. First, we confirmed that these hepatocytes
expressed all of the components required for TGF-�-mediated
signal transduction, such as receptors and Smad proteins (sup-
plemental Fig. 1). For these reasons, we next decided to check
the phosphorylation status of Smad2 and Smad3, both in total
(Fig. 2A) and nuclear (Fig. 2B) extracts. Interestingly, we found
that duration and strength of Smad2 and Smad3 phosphoryla-
tion are greatly reduced both in total or nuclear extracts in
PTP1B�/� hepatocytes compared with wild type. Conse-
quently, phospho-Smad2 translocation to the nucleus is atten-
uated in these cells (Fig. 2C). A direct correlation between the
TGF-� sensitivity and phospho-Smad2 levels was also con-
firmed using wild-type cells stably overexpressing PTP1B,
which showed higher apoptotic rate and phosphorylated
Smad2 in response to the cytokine compared with control cells
(supplemental Fig. 2).
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As stated above, PTP1B deficiency led to constitutive kinase
phosphorylation in the absence of stimuli (Fig. 1A), which
might counteract Smad signaling (24). Looking for the possible
kinase responsible for resistance to TGF-� in PTP1B-deficient
hepatocytes, we first decided to incubate cells in the presence of
different kinase inhibitors: PD98059 for ERK1/2, LY294002 for

PI3K/AKT, and PP2 for Src.We found that, although the inhib-
itors caused some effects on basal viability, none of them was
able to sensitize PTP1B�/� hepatocytes to TGF-� treatment
(data not shown). Importantly, when a general tyrosine kinase
inhibitor, genistein, was added to the culture medium the
response to TGF-� was recovered (Fig. 3). First of all, we found

FIGURE 1. Immortalized neonatal hepatocytes generated from PTP1B-deficient mice are resistant to TGF-� in terms of cell viability. A, representative
Western blot of total lysates from both wild-type (PTP1B�/�) and PTP1B-deficient (PTP1B�/�) immortalized hepatocytes. �-Actin was used as loading control.
B, left, PTP1B�/� cells; right, PTP1B�/� cells. Cell number was measured by crystal violet staining; cells were serum-depleted for 4 h and treated for the indicated
times with 2 ng/ml TGF-�. Data were calculated relative to zero time and represent the mean � S.E. (error bars) of three independent experiments. Student’s
t test was calculated versus zero time for each cell type: *, p � 0.05; ***, p � 0.001. C, DNA synthesis analysis by [3H]thymidine incorporation. When indicated,
cells were pretreated for 30 min with 20 ng/ml EGF and then incubated for an additional 40 h in the absence or presence of 2 ng/ml TGF-�. Data were calculated
as a percentage of untreated cells for each cell type and represent the mean � S.E. of three independent experiments. Student’s t test was calculated as
TGF-�-treated versus nontreated cells for each experimental condition (EGF-pretreated or nonpretreated for each cell type): *, p � 0.05. D, PTP1B�/� and
PTP1B�/� hepatocytes were treated for 24 h with 2 ng/ml TGF-� the presence or absence of FBS, and caspase-3 activity was determined. Data were expressed
as arbitrary units/h and per �g of protein and were calculated as percentage of untreated cells and represent the mean � S.E. of three independent
experiments. Student’s t test was calculated as TGF-�-treated versus nontreated cells for each experimental condition (FBS-pretreated or nonpretreated for
each cell type): *, p � 0.05; **, p � 0.01. E, representative phase contrast photographs of PTP1B�/� and PTP1B�/� hepatocytes at 36 h of TGF-� treatment.
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that 6 h of genistein treatment was sufficient to inhibit the AKT
and ERK basal phosphorylation detected in PTP1B�/� cells
(Fig. 3A). In addition, we observed that combined genistein and
TGF-� treatment induced a great loss of viability which was
accompanied by caspase-3 activation (Fig. 3, B and C). Interest-
ingly, the combined treatment also increased Smad2 and
Smad3 phosphorylation (Fig. 3D). Thus, resistance to TGF-� in
PTP1B-deficient cells correlates with reduced Smad2 and

Smad3 phosphorylation, which is recovered in the presence of a
general tyrosine kinase inhibitor.
As a result, we decided to investigate the possible implication

of different tyrosine kinase receptors in this response. We
found that IGF-1 levels were approximately 30 times higher in
PTP1B-deficient hepatocytes, correlating with strong receptor
activation (supplemental Fig. 3A). However, neither inhibi-
tion nor down-regulation of the IGF-1/IGF-1R pathway

FIGURE 2. PTP1B�/� hepatocytes show decreased Smad2/3 phosphorylation and translocation to the nucleus in upon TGF-� treatment. Cells were
serum-depleted for 4 h and treated with TGF-� for the indicated times. A, Western blot of total lysates. B, Western blot of nuclear extracts. Total Smad2 and
PCNA were used as loading control, respectively, in A and B. C, phospho-Smad2 immunocytochemistry (top row), DAPI (middle row), and merge of both (bottom
row) at 2 h. Below, a quantification of p-Smad2-positive nuclei in at least 10 different fields for experiment (n � 3) is shown. Student’s t test was calculated as
TGF-�-treated versus nontreated cells for each cell type: *, p � 0.05; ***, p � 0.001. A representative experiment of three is shown in each case.

TABLE 1
PTP1B�/� hepatocytes are resistant to growth inhibition induced by TGF-�
PTP1B�/� and PTP1B�/� hepatocytes were serum-depleted for 4 h and then treated for an additional 48 h with 20 ng/ml EGF, 2 ng/ml TGF-�, or both. Numbers represent
the mean � S.E. of three independent determinations of the percentage of cells in each phase of the cell cycle, analyzed by flow cytometry.

Treatment
PTP1B�/� PTP1B�/�

G0/G1 S G2/M G0/G1 S G2/M

Control 62.40 � 6.47 27.94 � 11.13 9.64 � 4.95 51.57 � 3.80 46.38 � 2.43 5.2 � 4.66
TGF-� 71.46 � 4.78 20.58 � 8.24 7.95 � 3.99 54.12 � 6.41 50,86 � 8.56 6.71 � 1.52
EGF 48.16 � 2.01 45.16 � 4.36 10.01 � 3.80 39.14 � 3.80 53.79 � 2.00 10.62 � 2.05
EGF � TGF-� 62.34 � 16.66 23.29 � 15.29 11.88 � 0.97 31.38 � 11.01 61.50 � 13.85 6.77 � 3.86
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(supplemental Fig. 3), EGFR (supplemental Fig. 4) nor the IR indi-
vidually (data not shown) nor different combinations of siRNA
(data not shown) could recover the response to TGF-�.
Activation of NF-�B Pathway Is Responsible for TGF-� Resis-

tance in PTP1B�/� Hepatocytes—In addition to its direct effect
on tyrosine kinases, several reports have related genistein-
proapototic effects with NF-�B pathway inhibition, which also
can counteract TGF-� signaling (12, 25). For this reason, we
decided to investigate a possible implication of NF-�B in our
model. First, we measured the nuclear translocation of the p65
subunit, as a hallmark of NF-�B activation, in response to
TGF-� in both PTP1B�/� and PTP1B�/� hepatocytes. As
shown in Fig. 4, PTP1B�/� cells showed an increased p65
nuclear localization, which correlated with lower levels of
inhibitory protein I�B� upon TGF-� treatment. Interestingly,
and as described in other experimental systems, genistein
inhibited I�B� degradation and p65 translocation (Fig. 4, B and
C). To test the role of the NF-�B pathway in the resistance
to TGF-� of PTP1B�/� cells, we decided to perform a
siRNA-targeted knockdown against p65. Thus, silencing p65
sensitized both PTP1B�/� and PTP1B�/� to TGF-� proapop-
totic effects, asmeasured by appearance of fragmented nuclei at
30 h (Fig. 5A).Western blot analysis determined that phosphor-
ylated levels of both Smad2 and Smad3 in PTP1B�/� cells were
increased when p65 was knocked down, correlating to lower
levels of the inhibitory Smad7 (Fig. 5B). Accordingly, nuclear
phospho-Smad2 and 3 were also significantly augmented upon
p65 silencing (Fig. 5,C and D). On the contrary, Smad levels, or

phosphorylation, in PTP1B�/� cells did not seem to be affected
by p65 knockdown. Together, these results indicate that an
increased NF-�B activation upon TGF-� treatment is respon-
sible for the resistance to the cytokine in PTP1B-deficient
hepatocytes.
NOX1-dependent SignalingAccounts for TGF-�Resistance in

PTP1B�/� Hepatocytes by Activating NF-�B Pathway—As
described above, NOX-derived reactive oxygen species are
important regulators of TGF-�-induced cell death in hepato-
cytes and may be contemplated as proapoptotic or antiapop-
totic, depending mainly on the NOX enzyme induced (16). In
addition, we have previously proposed a relationship between
NF-�B and NADPH oxidases in response to TGF-� (20). For
these reasons, we decided to investigate whether they could be
implicated in the resistance to TGF-� observed in PTP1B-de-
ficient cells. When we comparatively measured NOX1 and
NOX4 expression, we found their expression regulated differ-
ently: first, PTP1B-deficient cells showed a decreased but still
significant NOX4 induction compared with wild-type cells;
second, although NOX1 is repressed by TGF-� in PTP1B�/�

cells, it is strongly induced in PTP1B�/� hepatocytes (Fig. 6A).
In addition, basal expression of NOX1 was significantly higher
in PTP1B�/� cells (data not shown). These results suggest that
PTP1B-deficient cells show an imbalance in the expression of
NOX enzymes upon TGF-� treatment, leading to a more pro-
survival phenotype. Accordingly, we decided to measure their
levels in genistein-dependent or p65 knockdown-dependent
sensitization to TGF-�. NOX1 up-regulation by TGF-� was

FIGURE 3. Genistein pretreatment recovers the response to TGF-� in terms of cell death and Smad phosphorylation in PTP1B�/� hepatocytes. Except
when indicated, PTP1B�/� hepatocytes were incubated for 30 min with 50 �M genistein (Gen) and then treated or not with TGF-�. A, Western blot of total
lysates at 6 h of genistein treatment. B, cell number at the indicated times. C, caspase-3 activity at 16 h. D, Western blot of total lysates at 2 h. �-Actin was used
as loading control in A and D. In B and C data represent the mean � S.E. (error bars) of four independent experiments. Student’s t test was calculated as
TGF-�-treated versus nontreated cells: *, p � 0.05; **, p � 0.01.
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impeded by both genistein and p65 knockdown, whereas
NOX4 expression was not affected (Fig. 6B).
For these reasons, we wanted to test the effects of NOX1-

targeted knockdown on TGF-�-dependent cell death in
PTP1B�/� cells. NOX1 silencing, which was effective in block-
ing an TGF-�-induced increase in NOX1 (Fig. 7A), recovered
the apoptotic response to TGF-� in terms of percentage of apo-
ptotic nuclei and caspase-3 activity, confirming the prosurvival
role of this protein in hepatocytes (Fig. 7B). It is worthy to note
that NOX1 silencing also decreased p65 nuclear translocation
(Fig. 7C) while increasing Smad2 phosphorylation and nuclear
localization (Fig. 7,D and E). Importantly, we observed an inhi-
bition of Smad7 protein level, as it occurred when p65 was
silenced (Fig. 7E). These results imply that NOX1 activation is
upstream NF-�B activation; however, down-regulation of

NOX1 when p65 was knocked down suggests the existence of a
positive feedback loop on NOX1 expression levels dependent
on NF-�B.

DISCUSSION

TGF-� plays a dual role in the control of liver pathophysiol-
ogy, exerting both suppressor and tumor promoter functions.
We and others have described previously that suppressor func-
tions of TGF-� in hepatocytes, mainly growth inhibition and
apoptosis induction, can be inhibited by different survival sig-
nals through activation of the EGFR, PI3K/AKT, and/or
ERK1/2 hyperactivation (26–28) that are frequently observed
in tumoral hepatocytes (18, 19). Inmost cases, such prosurvival
signals are dependent on growth factor or cytokine receptors,
whose activation status is controlled mainly by phosphoryla-
tion/dephosphorylation cycles triggered by protein kinases and
phosphatases. In this context, the tyrosine phosphatase PTP1B
seemed a good candidate for the modulation of the suppressor
effects of TGF-� because it controls several receptor tyrosine
kinases, such as the EGFR, the IR, or IGF-1R (29). As hypothe-
sized, PTP1B-deficient hepatocytes showed great resistance to
the suppressor effects of TGF-�, correlating with high ERK1/2
andAKTphosphorylations (Fig. 1). In addition, these cells were
less responsive to exogenous EGF in terms of growth, which
might reflect EGFR activation under basal conditions (Fig. 1C
and Table 1).
TGF-�-induced growth inhibition and apoptosis are con-

trolled in a Smad-dependent manner (30). We discarded that
the expression of essential components of the TGF-� canonical
pathwaymight be altered in PTP1B�/� cells (supplemental Fig.
1), but we found a diminished Smad2 and 3 phosphorylation
and nuclear translocation upon TGF-� treatment compared
with wild-type cells (Fig. 2). TGF-� pathway is strongly regu-
lated at the level of Smad activation and nuclear translocation
by different means. One mechanism involves Smad sequestra-
tion in the cytosol by proteins acting as repressors such as SnoN
(31, 32) or AKT (33, 34). However, these proteins do not seem
to participate in our system, because neither SnoN knockdown
nor AKT inhibition with LY294002 was able to recover
response to TGF-� in PTP1B-deficient cells (data not shown).
Moreover, we found that although IGF-1 levels were about 30
times higher in PTP1B-deficient hepatocytes, correlating with
strong receptor activation (supplemental Fig. 3), knockdown or
inhibition of IGF-1R, IGF-1, or IR suppressed autocrine growth
of PTP1B-deficient cells but was not able to recover the
response to TGF-� in terms of cell death (supplemental Fig. 3
and data not shown). Knockdown experiments using specific
siRNAs against EGFR, or combinations of EGFR, IR, IGF-1, or
IGF-1R were also ineffective (supplemental Fig. 4 and data not
shown). All of these negative results indicate that the impair-
ment of TGF-�-induced suppressor effects due to the kinase
activation status of the cell related to PTP1B deficiency cannot
be overcome by simple inhibition of two or three kinases
because it is probably the sum of signals from multiple origins.
For these reasons, the apoptotic response was only observed in
the presence of genistein, a general tyrosine kinase inhibitor
(Fig. 3).

FIGURE 4. PTP1B�/� hepatocytes show an increased NF-�B pathway acti-
vation in response to TGF-�. PTP1B�/� and PTP1B�/� cells were serum-
depleted for 4 h, incubated for 30 min with 50 �M genistein (Gen) when indi-
cated, and then treated or not with TGF-� for an additional 2 h.
A, representative p65 inmunocytochemistry. B, percentage of p65-positive
nuclei in at least 10 different fields for the experiment (n � 3). Student’s t test
was calculated as PTP1B�/� versus PTP1B�/� cells (left) or genistein-pre-
treated versus nonpretreated cells (right). *, p � 0.05; **, p � 0.01. Error bars,
S.E. C, representative Western blot of I�B�. �-Actin was used as loading
control.
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Several articles had demonstrated NF-�B-dependent inhibi-
tion of the proapoptotic effects of TGF-� both in normal and
transformed hepatocytes (12, 35, 36). Indeed, we have
described that TGF-� can induce not only proapoptotic but
also prosurvival signals in hepatocytes. Interestingly, these sig-
nals are dependent on NF-�B activity (20, 37). In our model,
results obtained with p65-targeted knockdown confirm the
inhibitory effect of NF-�B on TGF-� signaling in both
PTP1B�/� and PTP1B�/� hepatocytes (Figs. 4 and 5). Thus, we
hypothesize that kinase hyperactivation due to PTP1B lack pro-
vokes an early or excessive NF-�B activation, which completely
blocks the response to the cytokine in PTP1B-deficient cells.
The existence of a connection between PTP1B and NOX

proteins has been proposed previously (38, 39). However, such
a relationship was always contemplated as unidirectional
toward the regulation of PTP1B activity by NOX-derived reac-
tive oxygen species. In fact, it is well known that protein phos-
phatases are regulated mainly by oxidation/reduction of a cys-
teine localized in their active center (40). In contrast, what we
propose herein involves a differential NOX regulation at the
expression level depending on the presence of PTP1B (Fig. 6).
NOX1 regulation by TGF-� seems to be Smad-independent
(because TGF-�-induced changes are not affected by either

Smad2 or Smad3 siRNAs) (supplemental Fig. 5), butNF-�B-de-
pendent (Fig. 6B). Indeed, a direct dependence of NOX1 tran-
scriptional levels on NF-�� has been described previously in
vascular smooth muscle cells (41). As mentioned above, NOX1
andNOX4 play opposite roles in the control of cell survival and
death in response to TGF-�. In this regard, we have reported
that NOX4 is up-regulated in response to the cytokine in nor-
mal and tumoral hepatocytes (15, 16), whereas NOX1 remains
unchanged or is even down-regulated in fetal hepatocytes
treated with TGF-� (15, 20). In agreement with these previous
results, in this study we demonstrate that NOX4 up-regulation
and NOX1 down-regulation also occur in neonatal wild-type
hepatocytes upon TGF-� treatment (Fig. 5B). Hence, it was
reasonable to hypothesize that the results obtained in
PTP1B�/� cells, which increased both NOX1 and NOX4, sug-
gest a change in the balance between cell death and survival
signaling toward a more resistant phenotype associated with
NOX1 up-regulation. Accordingly, the proapoptotic condi-
tions achieved with the combined treatment of genistein and
TGF-� or p65 silencing impeded NOX1 increase, strongly sug-
gesting a role for this protein in our model (Fig. 6B). NOX1
knockdown experiments (Fig. 7B) confirmed the crucial role of
this protein in the survival of hepatocytes to proapoptotic

FIGURE 5. p65 knockdown in PTP1B�/� hepatocytes recovers the apoptotic response to TGF-� and Smad2 and Smad3 phosphorylation and nuclear
translocation, coincident with lower Smad7 induction. PTP1B�/� and PTP1B�/� cells were transfected with either an unspecific siRNA (Uns.) or p65 siRNA
(p65) and then treated or not with TGF-�. A, percentage of apoptotic nuclei at 30 h. B, Western blot of total lysates at 2 h. C, percentage of p-Smad2-positive
nuclei in at least 10 different fields for experiment (n � 3) at 2 h. D, Western blot of cytosolic/nuclear extracts of PTP1B�/� treated for 2 h with TGF-�. �-Actin
was used as loading control for total, and cytosolic extracts and PCNA were used as loading control for nuclear extracts in B and D. Data represent the mean �
S.E. (error bars) of three independent experiments. Student’s t test was calculated as unsilencing siRNA versus p65 siRNA for each experimental condition in each
cell type: *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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insults dependent onTGF-� or growth factor deprivation as we
have described previously in tumoral hepatocytes (16, 23, 42).
Indeed, results presented here indicate that one of the mecha-
nisms for NOX1 to promote survival is via NF-�B activation
because its knockdown reduced p65 nuclear translocation (Fig.
7C). Such a relationship betweenNOX1 andNF-�B to promote
survival upon TGF-� treatment had been suggested previously
by our group, because we described that a NADPH oxidase
apocynin-inhibitable (NOX1 or NOX2 in hepatocytes) was
responsible for NF-�B activation in fetal hepatocytes, which
promoted cell survival (20). Indeed, several reports in other
cellular systems described NF-�B activation by NOX1 in
response to potentially harmful stimuli such as advanced gly-
cation end products (43) or proinflammatory cytokines such as
TNF-� or IL-1� (44). Moreover, such prosurvival signaling
involving nuclear p65 and NOX1 has been suggested to be
important for colon cancer development (45, 46).
Our results suggest that NOX1would be located upstream of

NF-�B in the signaling cascade, but the kinase/kinases regu-
lated by PTP1B responsible for the initial NOX1 activation/up-

regulation upon TGF-� treatment remain unknown. It is pos-
sible to hypothesize that, because NOX1 has been described to
participate in the signaling cascades of several tyrosine kinase
receptors and intracellular kinases, NOX1 knockdown blunts
several signaling pathways simultaneously leading to NF-�B
activation.
However, it is well known that the TGF-� pathway is tightly

controlled by a mechanism of autoinhibitory feedback loop
involving Smad7 up-regulation (47), which binds to the recep-
tor I and interferes with the phosphorylation of Smad2 and
Smad3 (48). Western blotting experiments performed at 2 h of
treatment revealed that Smad7 induction was greater in
PTP1B�/� cells (Fig. 5E and data not shown). Furthermore, we
observed the existence of a correlation among the situations in
which the apoptotic response and Smad phosphorylation upon
TGF-� treatment were recovered and lowered Smad7 induc-
tion (Figs. 5B and 7E). Thus,we propose here that higher Smad7
early induction dependent on NF-�B activation may be inhib-
iting Smad2 and Smad3 phosphorylation in PTP1B-deficient
cells. Indeed, it has been described previously that NF-�B can

FIGURE 6. PTP1B�/� hepatocytes show a prosurvival pattern of NADPH oxidase induction in response to TGF-�. A, NOX1 and NOX4 expression at the
indicated times of TGF-� treatment was determined by real-time PCR. Data were calculated with respect to zero time for each cell type. B, left, cells were treated
for 30 min with genistein in the presence or the absence of TGF-� for an additional 12 h. Right, PTP1B�/� and PTP1B�/� cells were transfected with either an
unspecific siRNA (Uns.) or p65 siRNA (p65) and then treated or not with TGF-� for 12 h. Data represent the mean � S.E. (error bars) of at least three independent
experiments. Student’s t test was calculated versus zero time (A), genistein-pretreated versus nonpretreated cells (B, left), or TGF-�-treated cells for each siRNA
(B, right). *, p � 0.05; **, p � 0.01.
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counteract TGF-� pathway signaling by direct binding of the
transcription factor to the Smad7 promoter in a response
observed within the first minutes upon stimulation (49, 50).
In summary, our results suggest that lack of PTP1B

expression impairs TGF-�-induced Smad activation in a

NOX1- and NF-�B-dependent manner, which could involve
changes in Smad7 levels (Fig. 8). Further work is necessary to
study the potential role of this novel pathway in pathological
conditions implicating kinase hyperactivation, such as liver
cancer.

FIGURE 7. NOX1 knock-down in PTP1B�/� hepatocytes recovers the apoptotic response to TGF-� and Smad2 phosphorylation, inhibiting p65
nuclear translocation. PTP1B�/� cells were transfected with either an unspecific siRNA (Uns.) or NOX1 siRNA (NOX1) and then treated or not with TGF-�.
A, real-time PCR of NOX1 at 12 h. B, cell death measured as percentage of apoptotic nuclei at 30 h (left) or caspase-3 activity at 16 h (right). C, percentage
of p65-positive nuclei. D, percentage of phospho-Smad2-positive nuclei. E, Western blot of total lysates. �-Actin was used as loading control. Data
represent the mean � S.E. (error bars) of two experiments with duplicate or triplicate wells. Student’s t test was calculated versus unspecific siRNA: *, p �
0.05; **, p � 0.01;***, p � 0.001).

FIGURE 8. Proposed model for the effect of PTP1B in TGF-�-dependent suppressor signaling in neonatal hepatocytes. PTP1B-inhibitable signals from
intracellular tyrosine kinases or growth factor receptors activate NOX1, which in turn, promotes p65 nuclear translocation. NF-�B increases Smad7 levels by
either transcriptional activation or protein stability regulation, which inhibits Smad2 and Smad3 phosphorylation and up-regulates NOX1, to activate an
inhibitory positive feedback loop.
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