
Introduction

Kidney tissue cell number is carefully regulated through the bal-
ance between mitosis and cell death. An imbalance between these
processes can result in disorders of cell number characterized by
an excessive or insufficient cell number [1]. Compensatory renal
hypertrophy and hyperplasia are observed following unilateral
nephrectomy [2]. This occurs clinically following nephrectomy
for benign or malignant conditions, in living kidney donors and in
transplant recipients. Growth factors and cytokines, such as
growth hormone and insulin-like growth factors, have been impli-
cated in compensatory renal growth after uninephrectomy [3]. In

addition, tubular cell proliferation is required to recover from
tubular cell death in acute kidney injury (AKI). Tumour necrosis
factor (TNF) superfamily cytokines participate both in parenchy-
mal cell injury as well as in proliferation following loss of tissue
mass. In the liver, TNF-� promotes hepatocyte apoptosis, but
type 1 TNF receptor is also required for compensatory prolifera-
tion following partial hepatectomy [4, 5]. TNF-like weak inducer
of apoptosis (TWEAK, TNFSF12) is a recently characterized 
member of the TNF superfamily of structurally related cytokines
[6]. TWEAK regulates cell death, proliferation and inflammation in
a cell- and microenvironment-dependent fashion [7–12].
Fibroblast growth factor-inducible 14 (Fn14) is the TWEAK recep-
tor [13]. Fn14 and TWEAK are present in healthy adult kidney, and
their expression is up-regulated in AKI, where TWEAK contributes
to amplification of inflammation [6, 14–16]. TWEAK induces
apoptosis in tubular cells cultured in an inflammatory milieu that
includes interferon-� (IFN-�) and TNF-�, similar to that found
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during AKI [17]. However, there is no information on the role of
TWEAK in tubular cell proliferation.

The cell division cycle is regulated by an intricate network of
regulatory pathways that ensures the correct sequence and timing
of each cycle phase [18]. Proliferative stimuli activate signal trans-
duction pathways such as kinases and transcription factors that
promote the progression through the cell cycle. This is controlled
by the sequential formation, activation and subsequent inactiva-
tion of a series of specific cyclin–cyclin dependent kinase com-
plexes. Cyclin levels fluctuate during the cell cycle. Cyclin D1 is 
a G1 cyclin and its up-regulation is required early in cell cycle pro-
gression [19].

We now report that TWEAK promotes NF-�B, mitogen-acti-
vated protein kinase (MAPK) and Akt activation in renal tubular
cells, leading to tubular proliferation, when the microenvironment
is not inflammatory. TWEAK-induced tubular cell proliferation was
observed in healthy kidneys in vivo. By contrast, TWEAK KO mice
displayed an impaired hyperplastic response to unilateral nephrec-
tomy, suggesting that this pathway plays a role in compensatory
renal cell proliferation in this model. We have previously shown
that in an inflammatory environment characterized by the pres-
ence of IFN-� and TNF-�, TWEAK has apoptotic effects [17] and it
does not promote cultured tubular cell proliferation. In an AKI
model characterized by increased local IFN-� and TNF-�, absence
of TWEAK limited both tubular apoptosis and proliferation and the
overall effect was beneficial.

Methods

Cells and reagents

MCT cells are a cultured line of proximal tubular epithelial cells harvested
originally from the renal cortex of SJL mice and have been extensively
characterized [20]. MCT cells were cultured in RPMI 1640 (GIBCO, Grand
Island, NY, USA), 10% decomplemented foetal bovine serum (FBS), 2 mM
glutamine, 100 U/ml penicillin and 100 �g/ml streptomycin, in 5% CO2

at 37�C [20].
Human proximal tubular epithelial (HK-2) cells (ATCC, Rockville, MD,

USA) were grown on the same media as the MCT cells plus 5 �g/ml
insulin, 5 �g/ml transferrin, 5 ng/ml sodium selenite, and 5 ng/ml hydro-
cortisone [15]. Results for these cells are only shown in Fig. 1E.

Recombinant human TWEAK (Alexis, Läufelfingen, Switzerland) and
ITEM-4 neutralizing anti-Fn14 antibody (eBioscience, San Diego, CA) were
dissolved in water. Unless otherwise specified the concentration of TWEAK
was 100 ng/ml. Blocking anti-TWEAK mAb (clone P2D10, BiogenIdec, Inc.,
Cambridge, MA, USA) was used at 10 �g/ml [15]. Murine TNF-� (PrePotech,
London, UK) 30 ng/ml and interferon-� (INF-�) (PrePotech) 30 U/ml were
used in some experiments. The kinase inhibitors SB203580, PD98059
(Stressgen Bioreagent, Brussels, Belgium), Wortmannin (Calbiochem,
Gibbstown, NJ, USA) and LY294002 (Sigma, St. Louis, MO, USA) were dis-
solved in DMSO and used at 5 �M, 20 �M, 50 nM and 50 �M, respectively,
1 hr prior to TWEAK. These concentrations inhibit phosphorylation of their
targets in MCT cells. Final concentration of DMSO, 0.05%, did not modulate
cell death or proliferation [21]. Parthenolide (Sigma) was used at 10 �M.

Cell proliferation

Cells seeded in 12-well plates (Costar, Cambridge, MA, USA) in 10% 
FBS RPMI overnight, were rested in serum-free medium for 24 hrs and 
100 ng/ml TWEAK was added. For assessment of cell cycle, apoptosis and
quantification of cell number, adherent cells were pooled with sponta-
neously detached cells, and stained in 100 �g/ml propidium iodide, 0.05%
NP-40, 10 �g/ml RNAse A in PBS and incubated at 4�C for �1 hr. This
assay permeabilizes the cells and propidium iodide stains DNA. The total
cell number, the percentage of apoptotic cells with decreased DNA staining
and proliferating cells with increased DNA content (S�M) was counted by
flow cytometry using BD CellQuest Software (BD Biosciences, San Jose,
CA, USA) [17].

Cell proliferation was also quantified by a colorimetric immunoassay of
BrdU incorporation into DNA (Roche, Penzberg, Germany). Cells were
seeded in 96-well plates in 10% FBS RPMI overnight, and then synchro-
nized for 24 hrs with RPMI without FBS and stimulated with TWEAK for 
18 hrs. Every condition was tested in triplicate. BrdU (100 �M) was added
14 hrs before the end of the assay. Absorbance was quantified using a
spectrophotometer plate reader (Microplate Absorbance Reader Anthos
2020, Anthos, Wals, Austria).

Western blot

Cell samples were homogenized in lysis buffer (50 mM TrisHCl, 150 mM
NaCl, 2 mM EDTA, 2 mM EGTA, 0,2% Triton X-100, 0,3% NP-40, 0,1 mM
PMSF and 1 �g/ml pepstatin A) then separated by 12% SDS-PAGE under
reducing conditions. After electrophoresis, samples were transferred to
PVDF membranes (Millipore, Bedford, MA), blocked with 5% skimmed
milk in PBS/0.5% v/v Tween 20 for 1 hr, washed with PBS/Tween and incu-
bated with rabbit polyclonal anti-TWEAK (1:500), rabbit polyclonal anti-
p-Akt (1:1000), rabbit polyclonal anti-Akt (1:2000), mouse monoclonal
anti-p-ERK (1:500), goat polyclonal anti-ERK (1:2000), mouse monoclonal
anti-p-p38 (1:500), goat polyclonal anti-p38 (1:2500), or rabbit polyclonal
anti-PCNA (1:1000) all from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) or mouse monoclonal anti-cyclin D1 (1:2000), rabbit polyclonal anti-
Fn14 (1:1000) or rabbit polyclonal anti-cleaved caspase 3 active (1:500)
from Cell Signaling (Danvers, MA, USA). Antibodies were diluted in 5%
milk PBS/Tween. Blots were washed with PBS/Tween and incubated with
appropriate horseradish peroxidase-conjugated secondary antibody
(1:2000, Amersham, Aylesbury, UK). After washing with PBS/Tween the
blots were developed with the chemiluminescence method (ECL)
(Amersham). Blots were then probed with mouse monoclonal anti-�-tubu-
lin antibody (1:2000, Sigma) and levels of expression were corrected for
minor differences in loading [21].

RNA extraction and real-time polymerase 
chain reaction

Total RNA was extracted from MCT cells or kidneys by the TRI Reagent
method (Sigma) and 1 �g of RNA was reverse transcribed with High
Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). Pre-
developed primer and probe assays for Fn14, TWEAK, TNF-�, INF-�, and
GAPDH (murine) were from Applied (Applied Biosystems). Quantitative
PCR was performed by 7500 Real Time PCR System with the Prism 7000
System SDS Software (Applied Biosystems) and RNA expression of differ-
ent genes was corrected for GAPDH [15].
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NF-�B luciferase reporter gene assay

MCT cells were plated at a density of 8 	 104 cells in six-well plates 24 hrs
before transfection with FuGENE™ 6 (Roche, Indianapolis, IN, USA). pNF-
�B-Luc (Stratagene, CA, USA) and pRLTK vectors, that contain the
luciferase gene Renilla (Promega, WI, USA) were used in a ratio of 10:1.
The medium was replaced with RPMI without serum 4 hrs after transfec-
tion and cells were pre-treated for 1 hr with the NF-�B inhibitor partheno-
lide or the kinase inhibitors SB203580, PD98059 or Wortmannin and then
stimulated with 100 ng/ml TWEAK. Luciferase activity was determined by
a luciferase assay system (Promega) and a luminometer (Berthold,
Nashua, NH, USA) and normalized to Renilla activity to control for differ-
ences in transfection efficiency [15].

In vivo administration of TWEAK to adult 
healthy mice

All animal studies were conducted in accord with the NIH Guide for the
Care and Use of Laboratory Animals. Balb/c 5- to 7-week-old mice were
obtained from IFFA-CREDO (Barcelona, Spain). Mice were killed at 4 or 24 hrs
after a single intraperitoneal injection of either: (i) 0.5 �g/mouse TWEAK
(n 
 5) or (ii) vehicle (200 �l of 0.9% NaCl) (n 
 5). The dose of TWEAK
in vivo (0.5 mg/mouse) was calculated based on in vitro experiments for
an extracellular volume of 5 ml/mouse and on in vivo experience of renal
effects of the systemic administration of this dose of TWEAK (15).

Experimental model of acute kidney injury

Folic acid nephropathy is a classical model of AKI, characterized by tubu-
lar cell death and proliferation and inflammation, all of them features of
human AKI [15]. The time course of tubular cell death and proliferation was
characterized in C57/BL6 mice (12- to 14-week old) that received a single
i.p. injection of folic acid (Sigma) 250 mg/kg in 0.3 mol/l sodium bicarbon-
ate or vehicle and mice were killed 24 or 72 hrs. In a second set of exper-
iments, C57/BL6 TWEAK KO mice and WT littermates mice [21]
(BiogenIdec, Inc.) were injected with of folic acid and killed 24 hrs, 72 hrs
or 7 days later (n 
 6 per group). In a third set of experiments, anti-TWEAK
antibodies were administered to wild-type animals with folic acid induced
AKI and the data have been described elsewhere [15].

Kidneys were cold saline perfused in situ before removal. One kidney
from each mouse was fixed in buffered formalin, embedded in paraffin and
used for immunohistochemistry. The other kidney was snap-frozen in liq-
uid nitrogen for RNA and protein studies.

Experimental model of compensatory renal
growth following uninephrectomy

Compensatory renal growth takes place following uninephrectomy for
malignant or benign lesions or in living kidney donors. Both hypertrophy
and hyperplasia contribute to kidney growth [2]. Female, 12- to 14- week-
old TWEAK KO mice and WT littermate mice were used (n 
 7/group) [22].
Nephrectomy of the left kidney was performed following ligation of the
renal vessels and ureter. The remaining kidneys were removed 48 hrs fol-
lowing nephrectomy, the time of peak tubular cell mitosis [2]. Kidneys

were perfused with cold saline in situ before removal. Half of each kidney
was fixed in buffered formalin, embedded in paraffin and used for immuno-
histochemistry. The other half kidney was snap-frozen in liquid nitrogen for
RNA and protein (Western) studies.

In a second set of experiments wild-type mice were subjected to left
nephrectomy, and 0.5 �g TWEAK (n 
 5) or vehicle (0.9% NaCl) were
administered 24 hrs later. Mice were killed 48 hrs after nephrectomy.

Immunohistochemistry

Immunohistochemistry was carried out in paraffin-embedded tissue sec-
tions 5-�m thick. The slides were deparaffinized with xylene and graded
concentrations of ethanol and then rehydrated. Endogenous peroxidase
was blocked by incubation in 3% H2O2/methanol (1:1) at 25�C for 30 min.
The slides were incubated in PBS with 4% bovine serum albumin (BSA)
and 6% horse serum, for 1 hr at 37�C to reduce non-specific background
staining, and then incubated overnight at 4�C with anti-cyclin D1 (1:100,
Cell Signaling), anti-active caspase 3 (1:100, Promega) or anti-Fn14 (1:20,
Cell Signaling) antibodies in PBS, 4% BSA, 1% serum. For PCNA staining,
slides were incubated in PBS with 1.5% horse serum for 1 hr at 37�C to
reduce non-specific background staining, and then incubated overnight at
4�C with anti-PCNA antibody (1:150, Santa Cruz Biotechnology) in PBS
containing 1.5% serum. After washing with PBS, sections were incubated
with a secondary biotin-labelled antibody, washed and developed with AB
streptavidin complex to cyclin D1, to caspase 3 active and to Fn14 and with
an anti-IgG HRP-conjugated antibody to PCNA. Finally, the sections were
washed and stained with DAB (Dako Diagnostics, Barcelona, Spain).
Sections were counterstained with Carazzi’s haematoxylin. Negative con-
trols included incubation with isotype IgG.

Apoptotic cell death was assessed by enzymatic in situ labelling of DNA
strand breaks using the terminal deoxynucleotidyl-transferasa-mediated
dUTP nick-end labelling (TUNEL) (In Situ Cell Death Detection Kit;
Promega).

The total number of PCNA and TUNEL� nuclei was quantitated in 20
randomly chosen fields (40	) per kidney using Image Pro Plus Software
(Media cybernetics, Bethesda, MD, USA). Cyclin D1 and caspase 3 active
staining was evaluated by a quantitative scoring system with the same
software in 10 randomly chosen fields (20	) per kidney [15].

Statistics

Statistical analysis was performed with SPSS 11.0 statistical software.
Results are expressed as mean � S.E.M. Significance at the P � 0.05 level
was assessed by Student’s t-test for two groups of data and ANOVA for three
of more groups.

Results

TWEAK induces tubular cell proliferation

TWEAK increased the number of cultured tubular cells in a time-
and dose-dependent manner (Fig. 1A and B). TWEAK, also
increased the percentage of cells in the S and M phase of the cell
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cycle without changes in the apoptotic rate (Fig. 1C). These find-
ings suggest that the changes in cell number are the consequence
of TWEAK-induced proliferation. Indeed, TWEAK increased BrdU
incorporation during DNA synthesis in a dose-dependent manner
(Figs 1D and 3D).

Fn14 is the characterized signalling TWEAK receptor. However,
the existence of additional TWEAK receptors has been suggested
[7, 23] and TWEAK may translocate to the nucleus [24]. Anti-Fn14
neutralizing antibody, ITEM-4, inhibited TWEAK-induced cell pro-

liferation (Fig. 1D), suggesting that TWEAK induces proliferation
in tubular epithelium through Fn14 activation. TWEAK blockade
with anti-TWEAK antibody also prevented TWEAK-induced prolif-
eration, confirming the specificity of the observation (Fig. 1D).
TWEAK also induced proliferation in human proximal tubular HK2
cells (Fig. 1E). Cyclin D1 expression regulates the transit through
the G1 phase of the cell cycle and is a key step in cell proliferation.
TWEAK increases cyclin D1 protein expression in a time- and
dose-dependent manner (Fig. 2A and B).

© 2009 The Authors
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Fig. 1 TWEAK increases cell proliferation in cultured murine (A–D) and human (E) renal tubular cells. (A) and (B) Quantification by flow cytometry of
tubular cell number following treatment with TWEAK: (A) Time–response to 100 ng/ml TWEAK in serum-deprived cells, **P � 0.005 versus its corre-
sponding control; *P � 0.05 versus control. Mean (�S.E.M.) of four independent experiments. (B) Dose–response at 18 hrs, *P � 0.02 versus 0%
FBS. Mean (�S.E.M.) of four independent experiments. Cells cultured in 5% FBS medium were used as positive controls. (C) Treatment with 100 ng/ml
TWEAK for 18 hrs induced cell proliferation (flow cytometry of DNA content). Note the increased proportion of cells in the S and M phase of the cell
cycle (|––––|), without changes in the apoptotic rate (arrow). Mean (�S.E.M.) of four experiments, *P � 0.002 versus control. (D) ITEM-4, a neutral-
izing anti-Fn14 antibody and an anti-TWEAK antibody prevented proliferation induced by 100 ng/ml TWEAK at 18 hrs, as assessed by BrdU incorpora-
tion. Mean (�S.E.M.) of four independent experiments. *P � 0.005 versus control; #P � 0.003 versus TWEAK alone. (E) TWEAK-induced proliferation
in human HK2 tubular cells as assessed by BrdU incorporation dose–response at 18 hrs, *P � 0.02 versus 0% FBS. **P � 0.001 versus 0% FBS.
Mean (�S.E.M.) of four independent experiments. Cells cultured in 5% FBS medium were used as positive controls.
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Modulation of the proliferative effect of TWEAK 
by the microenvironment

Renal tubular cells constitutively express TWEAK and Fn14 [17].
The presence of serum increased TWEAK expression at the protein,

as measured by Western blot analysis and mRNA levels (Fig. 3A–C)
Constitutive Fn14 expression was increased by serum at the pro-
tein and mRNA levels (Fig. 3A–C). In this regard, the presence of
serum increased the proliferative effect of TWEAK (Fig. 3D).

The inflammatory cytokines TNF-� and IFN-� also increase
Fn14 expression in tubular cells [15]. Interestingly, the prolifera-
tive effect of TWEAK was lost in the presence of IFN-� and TNF-�
(Fig. 3E). Tubular cell apoptosis induction by the combination 
of TWEAK, IFN-� and TNF-� was previously reported and charac-
terized by our group [17] and we now confirmed a four-fold
increase in hypodiploid cells in the presence of these cytokines
(data not shown).

TWEAK-induced tubular cell proliferation 
is mediated by p38 kinase, ERK1/2 and AKT

Next, we studied the effect of TWEAK on signalling pathways that
control cell proliferation. TWEAK induced phosphorylation of
ERK1/2 (Fig. 4A), p38 kinase (Fig. 4B) and Akt (Fig. 4C). “to”
TWEAK promoted phosphorylation of ERK1/2 (Fig. 4A), p38 kinase
(Fig. 4B) and Akt (Fig. 4C).

To explore the role of MAP kinases and PI3kinase/Akt sig-
nalling in TWEAK-induced proliferation, we used the specific
kinase inhibitors Wortmannin (PI3kinase), PD-98059 (ERK1/2)
and SB-203580 (p38). In the presence of these inhibitors TWEAK
failed to increase the number of cultured tubular cells (Fig. 5A) as
well as BrdU incorporation into DNA (Fig. 5B). Flow cytometry of
DNA content confirmed a decreased percentage of inhibitor-
treated cells in the S or M phases of the cycle as well as absence
of apoptosis induction (not shown). The inhibitors of ERK1/2 
(PD-98059) or Akt (Wortmannin and LY294002) prevented the
increased expression of cyclin D1 in response to TWEAK, whereas
the effect of the p38 inhibitor SB203580 was partial (Fig. 5C).

NF-�B controls TWEAK-induced proliferation 
in a different pathway than MAP-kinases 
and PI3 kinase/Akt

NF-�B plays a role in cell proliferation [25]. In tubular cells
TWEAK induces NF-�B activation and this is prevented by
parthenolide [15]. Inhibition of NF-�B activation by parthenolide
prevented TWEAK-induced increase in cell number (Fig. 6A). At
this concentration parthenolide does not induce apoptosis in cul-
tured tubular cells as assessed by flow cytometry analysis of DNA
content (Fig. 6B). By contrast, parthenolide decreased TWEAK-
induced proliferation (Fig. 6C).

Because NF-�B can be activated by MAP kinases and Akt 
[26, 27], the role of kinases in TWEAK-induced NF-�B activation
was studied by a reporter NF-�B luciferase gene assay. Inhibition
of ERK and p38 MAP kinase or phosphatidyl-inositol 3-kinase
(PI3K)/AKT did not decrease NF-�B activation (Fig. 6D).

© 2009 The Authors
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Fig. 2 TWEAK induces expression of cyclin D1 in a dose- and time-
dependent manner. Representative Western blots and quantification
showing the effect of TWEAK on cyclin D1 levels in tubular cell lysates.
(A) Time-course. tubular cells were stimulated with 100 ng/ml TWEAK,
or (B) dose–response at 6 hrs. Mean (�S.E.M.) of four experiments. 
*P � 0.04 versus control; **P � 0.02 versus control.
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In vivo actions of TWEAK on tubular 
cell proliferation

Tubular epithelium is the main site of Fn14 expression in the nor-
mal kidney [17]. TWEAK administration to healthy adult wild-type
mice resulted in an increased number of tubular cell nuclei posi-
tive for PCNA and increased total kidney PCNA levels (Fig. 7A and B).
This was associated with up-regulation of cyclin D1 in tubular
epithelium (Fig. 7C).

Because our data indicated that TWEAK has proliferative activ-
ities on renal tubular epithelium, we explored whether the TWEAK
pathway may be involved in renal cell proliferation following uni-
lateral nephrectomy. The expression of Fn14 was increased in
remnant kidneys, both at mRNA (Fig. 8A) and protein levels (Fig. 8B
and C), while TWEAK expression did not change (Fig. 8A–C).
Immuohistochemistry localized the increased Fn14 expression to
tubular cells in remnant kidneys following uninephrectomy (Fig. 8E).
Renal expression of the inflammatory cytokines TNF-� and IFN-�

was not increased in this model, in accordance with previous
reports [28] (Fig. 8D). Compensatory kidney growth takes
place following uninephrectomy both through hyperplasia and
hypertrophy. Cell proliferation peaks at 48 hrs [2]. There was a
trend towards a lower increase in kidney weight in TWEAK KO
mice versus wild-type (17 � 4 versus 31 � 7 mg, P 
 0.08).
TWEAK KO mice displayed lower tubular cell proliferation in the
remnant kidney than wild-type mice (Fig. 9A and B).
Administration of exogenous TWEAK to uninephrectomized
wild-type mice led to a further increase in renal cell prolifera-
tion, thus supporting the involvement of TWEAK in renal tubu-
lar proliferation (Fig. S1).

We next assessed the role of TWEAK on AKI. During AKI an ini-
tial wave of cell death is followed by tubular cell proliferation that
leads to recovery (Fig. 10A). Renal inflammation is a feature of AKI.
In particular, renal expression of mRNA for the inflammatory
cytokines TNF-� (11-fold over healthy control, P � 0.05) and IFN-�
(2.5-fold over healthy control, P � 0.05) was increased in AKI

© 2009 The Authors
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Fig. 3 Modulation of the prolifer-
ative effect of TWEAK by the
microenvironment. (A) TWEAK
and Fn14 mRNA expression
(real time RT-PCR) in tubular
cells cultured with 0% or 5%
FBS for 24 hrs. Mean (�S.E.M.)
of three independent experi-
ments. *P � 0.05 versus 0%
FBS; **P � 0.001 versus 0%
FBS. (B) Quantification of Fn14
and TWEAK protein in tubular
cells cultured with 0% or 5%
FBS for 24 hrs. Mean (�S.E.M.)
of three independent experi-
ments. *P � 0.05 versus 0%
FBS. (C) Representative Western
blot of TWEAK and Fn14 in tubu-
lar cells cultured with 0% or 5%
FBS for 24 hrs. (D) TWEAK for
18 hrs in serum-free medium or
in 5% FBS increased BrdU
incorporation during DNA syn-
thesis. Mean (�S.E.M.) of four
independent experiments. *P �

0.005 versus 0% FBS control,
**P � 0.0005 versus 5% FBS
control. (E) In the presence of
30 ng/ml TNF-�/30 U/ml INF-�
the proliferative effect of TWEAK
was abolished (cells in the S�M
phase of the cycle assessed by
flow cytometry of DNA content).
Mean (�S.E.M.) of three inde-
pendent experiments. *P �

0.005 versus control.
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induced by a folic acid overdose [15]. TWEAK KO mice had both a
decreased early apoptosis peak (Fig. 10B–D), as well as a
decreased late cell proliferation peak (Fig. 11A and B). Overall, renal
function was better in TWEAK KO mice and there was no impact
over functional recovery (Fig. 11C). These data are consistent with
the pro-apoptotic action of TWEAK in an inflammatory milieu in
cultured tubular cells [15]. Prophylactic treatment with anti-TWEAK
antibodies [15] also decreased the rates of tubular cell apoptosis as
assessed by TUNEL staining (by 55%, P � 0.05 versus control)
and tubular cell proliferation, as assessed by PCNA staining (by
61%, P � 0.05 versus control) (data not shown).

Discussion

TWEAK is a member of the TNF superfamily of cytokines that reg-
ulates apoptosis and inflammation in tubular cells [15, 17]. We

now report that TWEAK also induces tubular cell proliferation,
identify intracellular signalling cascades implicated in this action
and show that the proliferative effect is increased in the presence
of serum and lost in the presence of inflammation. Moreover,
TWEAK-induced proliferation contributes to tubular hyperplasia
following unilateral nephrectomy. By contrast, in the inflammatory
milieu of AKI TWEAK targeting has anti-apoptotic actions that are
associated with preservation of renal function without impairing
recovery.

Although TWEAK was originally identified as an apoptosis-
inducing factor, in quiescent tubular cells it stimulates cell prolif-
eration. Other TNF family members such as FAS ligand or TNF can
either induce apoptosis or proliferation depending upon experi-
mental conditions [29–31]. TWEAK actions on renal cells are
modulated by the cell microenvironment [17]. The proliferative
effect is enhanced in the presence of the mitotic factors from FBS.
Serum increased both TWEAK and Fn14 expression and this may
facilitate an increased proliferative response. Inflammatory

© 2009 The Authors
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Fig. 4 TWEAK activates the
MAP kinases, p38 and ERK1/2,
and promotes Akt phosphoryla-
tion in tubular cells. Tubular
cells were stimulated with 100
ng/ml TWEAK. Cell lysates were
analyzed by Western blot for
phospho-ERK1/2 MAP kinase
(A), phospho-p38 MAP kinase
(B) and phospho-Akt kinase
(C). Western blots representa-
tive of five independent experi-
ments. Each blot was stripped
and reprobed with anti-ERK,
anti-p38 MAPK and anti-Akt
antibody respectively. The band
intensities for each phospho-
protein were normalized to the
corresponding band intensities
for each total protein. Mean
(�S.E.M.) of five independent
experiments. **P � 0.005 ver-
sus 0 min., *P � 0.04 versus
0 min.
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cytokines also increase Fn14 expression [17] However, in their
presence TWEAK potentiates cell death [17]. Because our studies
identify the Fn14 receptor as the mediator of both the proliferative
and the lethal potential of TWEAK [17] we have to hypothesize that
serum and inflammatory cytokines may have opposite effects on
other cell cycle regulatory proteins. In this regard, they have dif-
ferent effects on cell survival proteins. Thus, TNF increases Bax
and SMAC/Diablo expression and down-regulates BclxL, while
serum has opposite effects [21, 32].

TWEAK-induced proliferation is cell type-specific. TWEAK
induces proliferation in endothelial cells, aortic smooth muscle
cells, astrocytes, progenitor cells of the mesenchymal lineage,
liver oval cells and human hepatocellular carcinomas but not in
mature hepatocytes or dermal fibroblasts [11, 12, 33–35].
However, there is little information on the molecular pathways
leading to TWEAK-mediated proliferation. As is the case for tubu-
lar cells, in endothelial cells TWEAK potentiates the mitogenic
activity of other mitogens that increase Fn14 receptor expression,
such as FGF-2 and VEGF-A. In endothelial cells TWEAK activated

NF-�B, ERK1/2 and JNK1/2, but not p38 MAPK [35]. In addition
TWEAK activated PI3K/Akt in osteoblastic cells [36] but inhibited
insulin-induced Akt activation in hepatocytes [37]. The role of
these pathways in TWEAK-induced cell proliferation was not
explored. TWEAK induction of NF-�B activation in tubular cells has
been extensively characterized in relation to its pro-inflammatory
role [15]. In addition, in tubular cells ERK, p38 MAPK, PI3K/Akt
and NF-�B cooperate in TWEAK-induced proliferation in a manner
that disruption of one of them prevents proliferation.

The proliferative action of TWEAK was also observed in vivo in
healthy kidneys from wild-type mice injected with exogenous
TWEAK. In addition, TWEAK contributed to renal cell proliferation
in compensatory renal growth following nephrectomy. This is a
situation characterized by tubular cell proliferation in the absence
of tubular injury or increased expression of inflammatory
cytokines [2]. No increased expressions of TNF-� or IFN-�, fac-
tors that in association with TWEAK promote tubular cell death
[17] were noted in this model. This is in accordance with previous
reports [28]. A decreased IFN-�, expression by T cells had
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Fig. 5 Inhibition of TWEAK-
induced tubular cell prolifera-
tion with specific inhibitors of
MAPKs and PI3K. (A), (B) Cells
were pre-treated with inhibitors
of ERK1/2 (20 �M PD98059),
p38 MAPK (5 �M SB203580)
or PI3K (50 nM Wortmannin)
for 1 hr and then stimulated
with 100 ng/ml TWEAK for 
18 hrs. (A) Quantification of cell
number by flow cytometry.
Mean (�S.E.M.) of four inde-
pendent experiments. #P �

0.005 versus TWEAK alone. (B)
Cell proliferation assessed by
BrdU incorporation. Mean
(�S.E.M.) of four independent
experiments. †P � 0.05 versus
TWEAK alone. (C) Effect of
kinase inhibitors on TWEAK-
induced up-regulation of cyclin
D1 at 8 hrs. Inhibition of
ERK1/2 or Akt prevented the up -
regulation of cyclin D1 induced
by TWEAK. Representative
Western blot and quantification.
Mean (�S.E.M.) of four experi-
ments, *P � 0.005 versus con-
trol; †P � 0.05 versus TWEAK
alone; #P � 0.005 versus
TWEAK alone. LY294002 (10 �M)
is a PI3K inhibitor.
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 previously been observed following unilateral nephrectomy [38].
Increased renal Fn14 expression may be the facilitator event for
tubular cell proliferation in compensatory renal growth following
nephrectomy, sensitizing the cells to TWEAK and cooperating with
other mitogens as observed in culture.

By contrast to the proliferative properties of TWEAK/Fn14 in
cultured cells and kidneys in the absence of inflammation,
TWEAK promotes death of cultured tubular cells when the
microenvironment includes additional pro-inflammatory
cytokines, such as TNF-� and IFN-�, as characterized in detail by
our group [17]. Consistent with the cell culture data, in an AKI
model characterized by renal inflammation and increased local
levels of TWEAK, Fn14, TNF-� and IFN-� [15, 17], the lack of
TWEAK decreased tubular cell apoptosis. In this model, as in

other models of AKI, an initial wave of cell death is followed by
tubular cell proliferation (Fig. 10A) that repopulates the tubules
and promotes recovery. In this regard, TWEAK KO mice displayed
a decreased peak of tubular cell apoptosis followed a decreased
peak of proliferation. Based on: (i) the cell culture data that indi-
cate that TWEAK promotes cell death in an inflammatory environ-
ment, (ii ) the temporal relationship between cell death and prolif-
eration in the AKI model, where cell death precedes proliferation
and (iii ) the beneficial effect of the absence of TWEAK for renal
function during AKI, without compromise of functional recovery,
we speculate that the absence of TWEAK decreased the early cell
death peak, thus leading to a lesser need of repair proliferation
during recovery. We cannot exclude some effect of TWEAK on
tubular cell proliferation in this context. However, the initial effect
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Fig. 6 TWEAK-induced prolifer-
ation is NF-�B  dependent.
Tubular cells were pre-treated
with the NF-�B inhibitor
parthenolide for 1 hr and then
stimulated with 100 ng/ml
TWEAK for 18 hrs. Parthenolide
prevents TWEAK-induced
increase in cell number (A),
without changing the rate of
apoptosis (B). Parthenolide
prevents TWEAK-induced pro-
liferation as assessed by BrdU
incorporation (C). Mean
(�S.E.M.) of four experiments.
*P � 0.005 versus control, #P
� 0.005 versus TWEAK alone.
(D) Parthenolide, but not
ERK1/2 (PD98059), p38 MAPK
(SB203580) or Akt
(Wortmannin) inhibitors pre-
vented TWEAK-induced NF-�B
activation as assessed by a
luciferase gene reporter assay
at 24 hrs. Mean (�S.E.M.) of
three experiments. *P � 0.05
versus control, #P � 0.03 ver-
sus TWEAK alone.
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Fig. 7 TWEAK induces tubular cell prolifera-
tion in healthy kidneys from wild-type-mice
in vivo. (A) Increased number of PCNA�

cells in kidney tubular epithelium 24 hrs after
injection of recombinant TWEAK as com-
pared to vehicle. Original magnification
	400. Inset, original magnification 	1000.
Mean (�S.E.M.) n 
 5. *P � 0.005 versus
control. (B) Whole kidney PCNA expression
assessed by Western blot. Representative
Western blot and quantification. Mean
(�S.E.M.) n 
 5. *P � 0.05 versus control.
(C) Increased expression of cyclin D1 in kid-
ney tubular epithelium 4 hrs following
TWEAK administration. Original magnifica-
tion 	400. Inset: note nuclear localization of
Cyclin D1 (arrow), original magnification
	1000. Mean (�S.E.M.) of 5 animals per
group. *P � 0.05 versus control.

Fig. 8 Expression of Fn14 and TWEAK in
compensatory renal growth following
uninephrectomy. (A) Total kidney Fn14 and
TWEAK mRNA expression in TWEAK WT
mice as measured by real time PCR. Mean
(�S.E.M.) of seven animals. *P � 0.05 
versus removed kidney. (B) Total kidney
Fn14 and TWEAK protein expression in
TWEAK WT mice as measured by Western
blot. Mean (�S.E.M.) of 7 animals. *P �

0.05 versus removed kidney. (C)
Representative Western blot showing Fn14
and TWEAK protein expression in removed
and remnant kidneys following uninephrec-
tomy. (D) No increase in renal TNF-� or IFN-
� mRNA expression in remnant kidneys, as
assessed by quantitative PCR. In fact, IFN-�
mRNA was decreased. Mean (�S.E.M.) of
seven animals. *P � 0.05. (E) Tubular cell
localization of increased Fn14 expression in
remnant kidney, when compared with
removed kidney. Immunohistochemistry.
Original magnification 	400.
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Fig. 9 TWEAK deficiency decreases tubular pro-
liferation in compensatory renal growth follow-
ing uninephrectomy. (A) The increase in the
number of PCNA� nuclei is blunted in remnant
kidneys from TWEAK KO as compared to
TWEAK WT mice. Remnant kidneys studied 
48 hrs following uninephrectomy. Original mag-
nification 	400. Mean (�S.E.M.) of seven
 animals per group. *P � 0.0001 versus
removed kidney of TWEAK WT mice; #P �

0.005 versus remnant kidney of TWEAK WT
mice. (B) Whole kidney PCNA expression
assessed by Western blot. Representative
Western blot and quantification. Mean
(�S.E.M.) n 
 7. *P � 0.03 versus removed
kidney of TWEAK WT mice; #P � 0.01 versus
remnant kidney of TWEAK WT mice.

Fig. 10 TWEAK neutralization decreases apopto-
sis in tubular epithelium during acute kidney
injury (AKI). AKI is characterized by a local
inflammatory milieu (15). (A) Time course of
apoptosis, assessed by TUNEL and proliferation
assessed as PCNA staining. Peak apoptosis pre-
cedes peak proliferation. Mean (�S.E.M.) of six
animals per group at each time-point. *P �

0.005 versus control. (B) Apoptotic nuclei were
stained by TUNEL. TWEAK deficiency decreases
TUNEL� nuclei 24 hrs following induction of
AKI. Original magnification 	400. Mean of six
animals per group, *P � 0.05 versus TWEAK
WT. (C) Active caspase 3 was localized to tubu-
lar epithelium 24 hrs following induction of AKI
and caspase 3 activation was decreased in
TWEAK KO mice. Original magnification 	200.
Mean (�S.E.M.) of 4 animals per group. *P �

0.05 versus TWEAK WT. (D) Whole kidney cas-
pase 3 activation 24 hrs following induction of
AKI assessed by Western blot of active caspase 3.
Representative Western blot and quantification.
*P � 0.05 versus TWEAK WT.
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of the lack of TWEAK on apoptosis appears to overwhelm any
hypothetical deleterious effect of the lack of TWEAK on tubular
cell proliferation that might impair recovery.

In conclusion, in tubular cells the actions of TWEAK depend on
the cellular context. TWEAK has a proliferative effect on tubular
epithelial cells cultured in a non-inflammatory environment, in
healthy kidneys and in compensatory renal growth following
nephrectomy, a model where the expression of inflammatory
cytokines such as TNF-� and IFN-� is low. By contrast, TWEAK
promotes cell death in cultured tubular cells exposed to TNF-� and
IFN-� [17], as well as in AKI, an inflammatory model where there
is a high local expression of TWEAK, TNF-� and IFN-� [15]. This
information is useful to design therapeutic strategies targeting
TWEAK in renal injury.
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Fig. S1 TWEAK administration increases kidney proliferation
in remnant kidney following uninephrectomy. (A) Whole
 kidney PCNA expression assessed by Western blot. TWEAK
was administered to wild-type mice following uninephrec-
tomy and mice were killed 24 hrs later (48 hrs after nephrec-
tomy). Representative Western blot and quantification. Mean
(�S.E.M.) n 
 6. *P � 0.005 versus removed kidney; #P �

0.005 versus remnant control. (B) haematoxylin and eosin
staining. Note mitotic figures (hyperplasia) and increased cell
size (hypertrophy) in remnant kidneys. Magnification 	400.
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Fig. 11 Lack of TWEAK
decreases proliferation in tubu-
lar epithelium during acute kid-
ney injury (AKI). (A) The number
of PCNA� nuclei is reduced in
TWEAK KO mice at 72 hrs fol-
lowing induction of AKI. Original
magnification 	400. Mean
(�S.E.M.) of 6 animals per
group.*P � 0.05 versus TWEAK
WT. (B) Whole kidney PCNA
expression assessed by Western
blot. Representative Western
blot and quantification. Mean
(�S.E.M.) n 
 6. *P � 0.009
versus control. (C) Time-course
of serum creatinine in TWEAK
KO or WT mice with AKI. Mean
(�S.E.M.) of six animals per
group at each time. **P �

0.001 versus TWEAK WT.
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