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NF-�B inhibition promotes epidermal tumorigenesis;
however, whether this reflects an underlying role in ho-
meostasis or a special case confined to neoplasia is un-
known. Embryonic lethality of mice lacking NF-�B RelA
has hindered efforts to address this. We therefore gener-
ated developmentally mature RelA−/− skin. RelA−/− epi-
dermis displays hyperplasia without abnormal differen-
tiation, inflammation, or apoptosis. Hyperproliferation
is TNFR1-dependent because Tnfr1 deletion normalized
cell division. TNFR1-dependent JNK activation occurred
in RelA−/− epidermis, and JNK inhibition abolished hy-
perproliferation due to RelA deficiency. Thus, RelA an-
tagonizes TNFR1–JNK proliferative signals in epidermis
and plays a nonredundant role in restraining epidermal
growth.

Supplemental material is available at http://www.genesdev.org.

Received October 14, 2003; revised version accepted
November 19, 2003.

Epidermal homeostasis requires a balance of pro- and
antiproliferative signals; however, the genes mediating
this process are incompletely understood. Recent work
has shown that NF-�B gene regulatory proteins can in-
fluence epidermal proliferation (Seitz et al. 2000a; Hi-
nata et al. 2003). NF-�B can be activated by upstream I�B
kinase (IKK) complex members and inhibited by I�B pro-
teins (Dixit and Mak 2002; Ghosh and Karin 2002). In-
hibiting NF-�B, either via I�B� overexpression or phar-
macologic mediators, leads to epidermal hyperplasia
(Seitz et al. 1998; van Hogerlinden et al. 1999). Moreover,
NF-�B signaling appears impaired in human epidermal
cancer, and coexpressing I�B� with oncogenic Ras is by
itself sufficient to drive an uncontrolled epidermal pro-
liferation that leads to invasive neoplasia (Dajee et al.
2003). It is therefore surprising that mice deficient in
four of the five NF-�B subunits examined to date lack
epidermis-intrinsic growth abnormalities (Kontgen et al.
1995; Sha et al. 1995; Weih et al. 1995; Franzoso et al.
1998). In addition, NF-�B appears to be uninvolved in
epidermal differentiation (Seitz et al. 1998; Hu et al.

2001), raising the possibility that NF-�B function may be
entirely dispensable for epidermal homeostasis. NF-�B
proteins, however, display considerable genetic redun-
dancy, and all five subunits are expressed in epidermis
(Hinata et al. 2003). Moreover, homeostasis in adult epi-
dermis deficient for the RelA/p65 NF-�B subunit has not
been studied because of embryonic lethality (Beg et al.
1995), leaving open a potential role for RelA in this set-
ting.
The 55-kD tumor necrosis factor cell surface receptor,

TNFR1, is among the best-characterized inducers of NF-
�B function. In addition to activating NF-�B signaling via
a cascade that includes MyD88, TRAF6, TAB2/TAK1/
TAB, and I�B kinases (IKKs; Dixit and Mak 2002),
TNFR1 engages other downstream effector pathways
(Aggarwal 2000; Ghosh and Karin 2002). Among these
are the c-jun N-terminal kinase (JNK) mitogen-activated
kinase protein pathway, which regulates cell death but
has also been implicated in morphogenesis (Liu et al.
1996; Johnson and Lapadat 2002). Recent data suggest
that NF-�B subunits such as RelA can inhibit JNK func-
tion in several cell types in vitro (De Smaele et al. 2001;
Tang et al. 2001; Reuther-Madrid et al. 2002); however,
the importance of this cross-talk and whether it occurs
in tissue have not been established.
Here we report that RelA−/− epidermis displays cell-

autonomous hyperproliferation independently of altered
differentiation or inflammation. We know that increased
cell division is accompanied by induction of epidermal
JNK and requires TNFR1 because Tnfr1 deletion in this
setting restored both proliferation and JNK levels to nor-
mal. The epidermal hyperplasia seen with NF-�B inhibi-
tion is blocked by pharmacologic and genetic interfer-
ence with JNK activation. These findings indicate that
RelA plays a nonredundant role in epidermal growth in-
hibition by opposing proliferative signals dependent on
intact TNFR1 and JNK function.

Results and Discussion

To study the role of RelA in epidermal homeostasis, we
generated developmentally mature RelA−/− skin tissue.
Because these mice die by embryonic day 15.5 (E15.5)
with massive liver apoptosis (Beg et al. 1995), we har-
vested RelA−/− embryo skin prior to that point and per-
formed grafting to immune-deficient mice using estab-
lished embryo skin surface grafting approaches (Oro et
al. 1997). Grafted skin lacked RelA protein expression
and was notable for marked hyperplasia, which remained
stable over 8 wk of analysis in vivo (Fig. 1A; Supplemen-
tal Fig. 1A). RelA+/− control tissue was similar to wild-
type RelA+/+ skin in every respect assessed. Hyperplasia
in RelA−/− epidermis was due to increased cell division,
as confirmed by a >fourfold elevation in the epidermal
mitotic index (Fig. 1B,C). Unlike epidermis lacking the
upstream NF-�B regulator, IKK1/IKK� (Hu et al. 2001),
or mice with epidermal I�B� overexpression (Seitz et al.
2000b), RelA−/− mice lacked alterations in epidermal cell
death, as assessed histologically and by TUNEL staining
(Fig. 1A; Supplemental Fig. 1B). These findings indicate
that epidermal RelA deficiency leads to increased prolif-
eration without altering apoptosis.
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Epidermal differentiation can be altered in settings of
increased proliferation but is not obligately linked to
changes in cell division (Fuchs and Raghavan 2002). In
tissue, RelA−/− epidermal cells ex-
pressed the differentiation markers
keratin 10, involucrin, loricrin, and
filaggrin in the appropriate suprabasal
location (Fig. 2A), a finding consistent
with the normal-appearing granular
and cornified layers seen histologi-
cally in RelA−/− skin (Fig. 1A). RelA is
therefore dispensable for normal dif-
ferentiation, consonant with studies
demonstrating that epidermal NF-�B
blockade via I�B� fails to alter differ-
entiation (Seitz et al. 2000b) and that
IKK1 effects on differentiation pro-
ceed in an NF-�B-independent man-
ner (Hu et al. 2001).
Epidermal hyperproliferation may

occur as a secondary response to an
influx of inflammatory leukocytes, as
seen with conditional disruption of
Ikk2/Ikk� in epidermis (Pasparakis et
al. 2002). RelA−/− tissue, however,
lacked the F4/80[+] inflammatory der-
mal cell infiltrate, subcorneal epider-
mal pustules, and induction of in-
flammatory proteins such as IL-1�,
TNF�, and MCP-1 that characterize
Ikk2−/− skin (Figs. 1A and 2B). The ab-
sence of these indicators of inflamma-
tion suggests that hyperproliferation
might be epidermal cell-autonomous.
To test this, primary epidermal kera-
tinocytes were purified from E14.5
embryos and cell proliferation kinet-
ics was determined. RelA−/− keratino-
cytes exhibited enhanced proliferation
(Fig. 2C). These findings indicate that
RelA deficiency leads to epidermal
cell-autonomous hyperproliferation.

TNFR1 is an important receptor
acting upstream of NF-�B. TNFR1 de-
letion rescues RelA−/− mice from fatal
liver apoptosis in utero (Rosenfeld et
al. 2000; Alcamo et al. 2001), al-
though the skin phenotype of RelA−/−

Tnfr1−/− mice has not been reported.
We therefore explored the impact of
TNFR1 on hyperplasia in RelA−/−

skin. RelA−/− Tnfr1−/− epidermis
lacked even modest hyperplasia, and
was indistinguishable from wild-type
skin (Fig. 3A). Rescue of RelA−/− epi-
dermal hyperplasia by Tnfr1 deletion
raised the possibility that RelA may
inhibit unopposed action of other
TNFR1-induced signaling pathways,
such as the JNK cascade. Consistent
with this possibility, RelA−/− epider-
mis displayed a marked increase in
active, nuclear-localized JNK1/2 that
was absent in RelA−/− Tnfr1−/− tissue
(Fig. 3B). In addition, NF-�B blockade
increased active JNK in response to

TNF� stimulation in normal epidermal keratinocytes,
whereas RelA decreased active JNK levels (Fig. 3C).
The 30-min maximal exposure to TNF� in these studies

Figure 2. RelA−/− epidermis displays normal differentiation proteins and lacks induction of
proinflammatory cytokines. (A) Expression of the differentiation markers K10, involucrin,
loricrin, and filaggrin (green); laminin 5 BMZ marker (orange); and Hoechst 3342 DNA stain
(blue). Note the presence of differentiation proteins distributed normally to suprabasal epider-
mis in RelA−/− tissue. Scale bars, 75 µm. (B) Lack of inflammation in RelA−/− skin. TNF�,
IL-1�, and the F4/80 macrophage marker (green), laminin 5 (orange), and Hoechst 3342 (blue);
last column, MCP-1 (red), BMZ marker nidogen (green). Note the lack of cytokine/chemokine
induction or inflammatory cell infiltrate in RelA−/− epidermis compared with RelA+/− control.
Previously generated transgenic mice expressing NF-�B p50 in epidermis via the keratin 14
promoter (K14-p50) represents a positive control for induction of TNF�, IL-1�, and MCP-1.
Scale bars, 75 µm. (C) RelA−/− keratinocyte-intrinsic hyperproliferation. Primary epidermal
keratinocytes isolated from skin of E14.5 embryos were assessed for proliferative kinetics in
vitro. Data represent triplicate independent experiments ±SD for each genotype noted, with
keratinocyte cell type confirmed by immunostaining of cells harvested at each time point with
antibodies to keratin 14.

Figure 1. Hyperplasia and increased cell division in RelA−/− epidermis. (A) Histologic appear-
ance of RelA−/− skin at 6 wk postgrafting to immune-deficient mice. Note epidermal hyper-
plasia, moderately increased cell size, lack of inflammatory cell infiltrate, as well as normal
granular and cornified layers in RelA−/− skin. Magnification in top panels, original ×10, bottom
panels ×20, scale bars, 75 µm. (B) Proliferation marker expression. Ki-67 (green), nidogen
basement membrane zone (BMZ) marker (orange). Note the increase in Ki-67+ cells, including
those located multiple cell layers above the BMZ; scale bars, 75 µm. (C) Quantitation of
numbers of proliferating cells/100 µm linear BMZ in RelA−/− epidermis versus control from
three independent grafts ±SD.
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was designed to observe acute effects on active JNK lev-
els and did not extend to studies of other subsequent
processes, such as apoptosis, that are engaged in kera-
tinocytes at later time points by TNF� in the setting of
NF-�B hypofunction (Seitz et al. 2000a; Hinata et al.
2003). These data indicate that RelA growth effects are
dependent on TNFR1 and that RelA antagonizes JNK
activation in epidermal cells.
To determine if epidermal JNK induction is important

for the hyperproliferation seen with NF-�B impairment,
we next examined the effects of blocking JNK function
on epidermal cell growth in this setting. In vitro, phar-
macologic inhibition of JNK, but not MEK/ERK, abol-
ished the keratinocyte hyperproliferation that occurs in
both murine RelA−/− keratinocytes and in human kera-
tinocytes in which NF-�B has been inhibited by I�B�
overexpression (Fig. 4A,B). Consistent with prior studies
(Kock et al. 1990), murine keratinocytes express TNF�
(Supplemental Fig. 2A), and inhibitory antibodies to
TNFR1 but not TNFR2 also functioned in a fashion
similar to JNK inhibitors (Fig. 4A). In human skin in
vivo, JNK inhibition, by topical application of JNK in-
hibitor abrogated the epidermal hyperplasia and hyper-
proliferation seen in regenerated epidermis expressing
I�B� (Fig. 4C–E). Because pharmacologic kinase inhibi-

tors are known to lack complete specificity, we also ex-
pressed the dominant-negative JNK1–APF mutant (Deri-
jard et al. 1994), and observed similar findings with this
genetic approach to JNK disruption (Fig. 4C–E). Congru-
ent with these human tissue findings, topical JNK in-
hibitor lowered the enhanced detection of phosphory-
lated c-jun seen in RelA-deficient murine epidermis back
to the basal levels seen in wild-type tissue and reversed
epidermal hyperplasia in vivo (Fig. 4F). This finding was
accompanied by a normalization of the mitotic index in
untreated RelA−/− epidermis from 36.2 ± 5.39 down to
5.7 ± 0.63 with topical SP600125 JNK inhibitor, with
wild-type control 6.1 ± 1.44. These findings confirm that
interfering with JNK action abolishes the enhanced epi-
dermal proliferation that occurs with NF-�B hypofunc-
tion.
Inhibiting the functions of NF-�B and its upstream

IKKs can alter four major epidermal processes. These in-
clude apoptosis (deletion of Ikk1 and NEMO/Ikk� as
well as NF-�B blockade due to I�B� overexpression), dif-
ferentiation (Ikk1), inflammation (Ikk2 and Ikk�), and
proliferation (deletion of Ikk1, Ikk2, Ikk�, as well as NF-
�B blockade with I�B�; Seitz et al. 1998; Hu et al. 1999;
Makris et al. 2000; Schmidt-Supprian et al. 2000; Hu et
al. 2001; Pasparakis et al. 2002). Prior work demonstrat-
ing that hyperplasia in Ikk2−/− mice results from inflam-
mation (Pasparakis et al. 2002), and that NF-�B is dis-
pensable for IKK1-mediated differentiation (Hu et al.
2001), might predict that RelA deficiency would have
either predominantly inflammatory effects in epidermis
or no effects at all. Recent work, however, suggested that
NF-�B subunits exert primary epidermal growth effects
by demonstrating that RelA induces growth inhibitory
genes in epidermal cells but not other cell types (Hinata
et al. 2003). In contrast to its oncogenic role in other
settings, NF-�Bmay act as an important antiproliferative
safeguard in stratified epithelium because its blockade
facilitates uncontrolled neoplastic growth in both mu-
rine (van Hogerlinden et al. 1999) and human epidermis
(Dajee et al. 2003). Of interest, NF-�B DNA-binding ac-
tivity remains inducible in primary keratinocytes iso-
lated from both Ikk1−/− and Ikk2−/− mice in response to
stimuli such as TNF� (Hu et al. 2001; Pasparakis et al.
2002). Additionally, IKK-independent NF-�B target genes
have been identified in cells deficient in IKK�, IKK1, and
IKK2 (Li et al. 2002). Therefore, the phenotypic changes
in epidermis that result from the loss of individual up-
stream IKK subunits may not reflect complete impair-
ment of NF-�B function.
The present work demonstrates that the effects of

RelA deficiency are confined to keratinocyte prolifera-
tion. Although prior work had demonstrated that NF-�B
subunits, including RelA, inhibit keratinocyte growth
(Seitz et al. 1998; Seitz et al. 2000a; Hinata et al. 2003), it
was unclear whether this was an artifact of subunit over-
expression or whether it reflected a potential physiologic
role in epidermal growth regulation. The present find-
ings indicate that RelA is required for homeostatic epi-
dermal growth control. RelA−/− epidermis is altered
downstream of IKK signaling and displays several impor-
tant differences from Ikk1−/− and Ikk2−/− tissue. Al-
though RelA deficiency leads to hyperplasia in a TNFR1-
dependent manner like Ikk2−/− epidermis, it differs in
lacking inflammation. Also, RelA−/− keratinocytes are
hyperproliferative in culture, in contrast to Ikk2−/− ke-
ratinocytes, which are hypoproliferative (Pasparakis et

Figure 3. Increased epidermal proliferation due to RelA deficiency
is TNFR1-dependent. (A) Histologic appearance of wild-type, Tnfr1−/−,
RelA−/−, and RelA−/− Tnfr1−/− skin 6 wk postgrafting to immune-
deficient mice. Note hyperplasia in RelA−/− epidermis and its ab-
sence in RelA−/− Tnfr1−/− tissue. Scale bars, 75 µm. (B) Increased
active JNK in RelA−/− epidermis. Immunoperoxidase staining for
phosphorylated active JNK1/2 (p-JNK1/2). Note intense nuclear de-
tection of p-JNK1/2 in RelA−/− epidermis (brown staining) and res-
toration to the wild-type pattern in RelA−/− Tnfr1−/− tissue. Coun-
terstaining was performed with hematoxylin; dotted line denotes
BMZ. Scale bars, 75 µm. (C) RelA decreases keratinocyte levels of
activated JNK. Primary human keratinocytes transduced with ret-
rovectors encoding LacZ control, RelA, or I�B�. Cells were incu-
bated 48 h posttransduction with TNF� (10 ng/mL) for the number
of minutes shown at the top of each lane. Proteins immunoblotted
are noted at the right; optical densitometric quantitation is shown
below each active phosphorylated JNK1/2 (p-JNK1/2) band, normal-
ized to actin and total JNK control.
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al. 2002). These differences could result from differential
IKK2 induction of specific NF-�B subunits in epidermal
cells, a dominant role for inflammatory effects in influ-
encing subsequent proliferative capacity or a differing
degree of subunit redundancy for inflammation versus
proliferation. Consistent with the first possibility, IKK2
does not compensate entirely for abnormal RelA distri-
bution in Ikk1−/− epidermis (Takeda et al. 1999). Al-
though similar to IKK1 deficiency in increased prolifera-
tion in vitro and apparent lack of inflammation, RelA−/−

epidermal hyperplasia is stable for 8 wk after grafting
onto a wild-type background, in contrast to Ikk1−/− epi-
dermal grafts, which begin to lose their hyperplastic phe-
notype within 3 wk (Hu et al. 2001). This difference
could result from a partial redundancy of IKK1 and IKK2
that may permit NF-�B growth control in Ikk1−/− epider-
mis in combination with paracrine factors, such as kDIF
(Hu et al. 2001).

Our findings also suggest that op-
posing proliferative signals emanate
from TNFR1 in epidermis. In an
analogous fashion to pro- and anti-
apoptotic stimuli arising via TNFR1
in liver (Rosenfeld et al. 2000; Alcamo
et al. 2001), JNK activation in the set-
ting of RelA deficiency is associated
with epidermal proliferation, whereas
RelA is required for normal growth
arrest. In contrast to the liver, where
JNK induction promotes apoptosis,
JNK deregulation due to NF-�B hypo-
function in epidermis fails to trigger
cell death but instead increases cell
proliferation. Such a finding raises the
prospect that TNFR1 may regulate
epidermal proliferation through bal-
ancing pro- and antiproliferative sig-
nals mediated by pathways involving
JNK and RelA, respectively. Recent
studies in other cell types demon-
strating that NF-�B inhibits TNF�-
mediated JNK activation and that I�B
proteins up-regulate JNK activity are
in agreement with this possibility (De
Smaele et al. 2001; Tang et al. 2001;
Reuther-Madrid et al. 2002). In sum-
mary, our data indicate that the RelA
NF-�B subunit, although dispensable
for epidermal differentiation, plays a
nonredundant role in epidermal ho-
meostasis and opposes hyperprolifera-
tion driven by TNFR1 and JNK.

Materials and methods
Cell culture and gene transfer
For murine keratinocyte studies, E14.5 embryo
trunk skin was peeled and digested with 1× pan-
creatin and 0.25% trypsin (GIBCO BRL) for 2 h
at 4°C, followed by fine mincing, vortexing, and
centrifugation. The cell pellet was resuspended
in KSFM media (GIBCO BRL) supplemented
with 0.09 mM calcium. Cells were plated on col-
lagen IV-coated plates for 1 h, then washed twice
and fed with fresh KSFM in the presence of 2.5
ng/mL EGF, 10−10 M cholera toxin, 5 ng/mL in-
sulin, and 0.06 mM calcium with or without

neutralizing antibody to mouse TNFR1 (10 µg/mL; R&D systems). For
proliferation assays, cells were immunostained with primary antibodies
against K14 to confirm keratinocytic origin. K14+-positive cells were
quantitated on a Zeiss Axiovert (OpenLab digital quantitation software,
Improvision). Primary human keratinocytes were infected with retrovi-
ruses encoding LacZ, RelA, I�B� (Seitz et al. 1998; van Hogerlinden et al.
1999) or JNK1-APF (Derijard et al. 1994) in triplicate; >98% gene transfer
efficiency was verified in parallel by immunofluorescence staining. For
proliferation assays, 8 h posttransduction, human cells were incubated
with SB202190, PD05980 (Calbiochem), DMSO diluent control, or neu-
tralizing antibodies to TNFR1 or TNFR2 (10 µg/mL; R&D systems) for 96
h then trypsinized for cell counting.

Animal studies
Following murine embryo genotyping at E14.5, embryonic skin grafts
were generated on immune-deficient CB.17 scid/scid mice as described
(Oro et al. 1997). Grafted RelA+/+, RelA+/−, and RelA−/− skin tissue (n = 5
independent embryos grafted/genotype) was analyzed via skin biopsies
obtained at 6 to 8 wk postgrafting. Human epidermis was genetically
engineered to express LacZ marker control, I�B�, and dominant-negative

Figure 4. Intact TNFR1 and JNK function is required for epidermal hyperproliferation seen
with NF-�B impairment. (A) Hyperproliferation induced by NF-�B inhibition is reversed by
blockade of both TNFR1 and JNK. Primary human keratinocytes transduced with an I�B�
retrovector were grown in the presence of the JNK inhibitor SB202190 (30 µM), the MEK
inhibitor PD98059 (30 µM), and inhibitory antibodies to human TNFR1 and TNFR2. Cell
numbers were determined 96 h later; in each case, data represent triplicate independent ex-
periments ±SD and are normalized to LacZ-transduced control cells receiving identical treat-
ment with the inhibitors and antibodies noted. (B) Hyperproliferation of RelA−/− murine ke-
ratinocytes is inhibited by blockade of TNFR1 and JNK. Keratinocytes were isolated from skin
of RelA−/− and RelA+/+ E14.5 embryo siblings and incubated with antibodies to mouse TNFR1
and the inhibitors noted. Data represent triplicate independent experiments ±SD. Cell num-
bers were determined after 96 h in culture and are normalized to untreated wild-type control.
(C) Hyperplasia of human epidermis due to NF-�B blockade is abolished by JNK inhibition.
Note the normalization of I�B�-induced epidermal hyperplasia toward LacZ-marker-control-
engineered tissue by topical JNK inhibitor (SP600125) application and by coexpression of
dominant-negative JNK1 (JNK–APF). Scale bars, 75 µm. (D) Human tissues as in panelC; Ki-67
proliferation marker (green), type IV collagen BMZ marker (orange). (E) Mitotic index of epi-
dermal tissue in vivo in numbers of proliferating cells/100 µm linear BMZ from three inde-
pendent genetically engineered human skin grafts ±SD. (F) JNK inhibition reverses the hyper-
plasia and increased JNK substrate phosphorylation seen in RelA−/− epidermis. Histology (top
panel) and immunostaining for phosphorylated c-jun (p-c-jun; bottom panel) are shown of wild
type (left column), untreated RelA−/− skin (middle column), and RelA−/− skin treated with
topical JNK inhibitor (SP600125; right column). Note the normalization of hyperplasia and
p-c-jun detection in treated RelA−/− skin.
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JNK1 (JNK–APF) and grafted on immune-deficient mice (n = 5 indepen-
dent grafts per analyzed group) as described (Choate et al. 1996; Robbins
et al. 2001). The topically permeant JNK inhibitor SP600125 (Bennett et
al. 2001) was dissolved in dimethylsulfoxide and applied topically to
human skin grafts (1 mg/d) for 7 d prior to biopsy and analysis. For JNK
blockade studies in murine epidermis, SP600125 (1 mg/d) was topically
applied under occlusion to indicated murine skin grafts for 1 wk, begin-
ning 3 wk postgrafting.

Protein analysis
For Western blotting, 48 h posttransduction, cells were treated with
TNF� (10 ng/mL; Sigma) for 0, 7.5, 15, or 30 min and harvested for
immunoblotting with antibodies against p-JNK1/2, total JNK (Cell Sig-
naling), p65, I�B�, or actin (Santa Cruz). For JNK kinase assays, primary
human keratinocytes were pretreated with either dimethylsulfoxide di-
luent, the MEK-ERK inhibitor PD98059 (PD, 30 µM), or the inhibitors
SB202190 (30 µM) or SP600125 (50 µM), which inhibit JNK kinase activ-
ity at this concentration range (Bain et al. 2003; Hayakawa et al. 2003),
for 1 h prior to stimulation with TNF� (10 ng/mL) for 5 min. Extracts
were then harvested and immunoprecipitated with antibodies to JNK1/2,
and kinase assays were performed using recombinant c-jun substrate
(Cell Signaling Technology). For immunostaining, 5-µm cryosections
were fixed with cold methanol and blocked in 10% horse serum in PBS
with 0.1% Tween-20 for 30 min at room temperature. Fixed sections
were incubated either with primary rabbit antibodies against mouse K10,
involucrin, loricrin, filaggrin (BabCO), or MCP-1 (Santa Cruz) along with
rat anti-mouse nidogen (Chemicon), or primary rat antibodies against
mouse Ki-67 (DAKO), TFN�, IL-1, or F4/80 (R&D Systems) along with
rabbit anti-mouse laminin 5 (gift of M.P. Marinkovich, Stanford Univer-
sity, Stanford, CA), followed by Cy2- or Cy3-conjugated secondary anti-
bodies (Jackson ImmunoResearch). Activated JNK (p-JNK; Promega) was
detected by immunoperoxidase staining of paraffin sections (Dajee et al.
2003). In human tissue, murine anti-Ki-67 (LabVision) was used with
rabbit anti-collagen IV (CalBiochem) to double stain 5-µm cryosections.
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