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ABSTRACT Stratified epithelium contains a mitotically
active basal layer of cells that cease proliferating, then migrate
outwards and undergo terminal differentiation. The control of
this process, which is abnormal in cutaneous neoplasia and
inflammation, is not well understood. In normal epidermis,
NF-kB proteins were found to exist in the cytoplasm of basal
cells and then to localize in the nuclei of suprabasal cells,
suggesting a role for NF-kB in the switch from proliferation
to growth arrest and differentiation. Functional blockade of
NF-kB by expressing dominant-negative NF-kB inhibitory
proteins in transgenic murine and human epidermis pro-
duced hyperplastic epithelium in vivo. Consistent with this,
application of a pharmacologic inhibitor of NF-kB to intact
skin induced epidermal hyperplasia. In contrast, overexpres-
sion of active p50 and p65 NF-kB subunits in transgenic
epithelium produced hypoplasia and growth inhibition. These
data suggest that spatially restricted NF-kB activation occurs
in stratified epithelium and indicate that NF-kB activation in
this tissue, in contrast to its role in other settings, is important
for cellular growth inhibition.

NF-kB gene regulatory proteins are activated in a range of
conditions involving cellular stress and injury (1–3). Stratified
epithelial tissues must respond to such frequent environmental
stresses while maintaining a precise balance between cellular
proliferation and cell loss via desquamation. In stratified
epithelium, proliferative basal cells adherent to the underlying
basement membrane undergo cell cycle arrest associated with
outward migration and activation of terminal differentiation
genes (4, 5). Abnormalities in this process disrupt epithelial
homeostasis and are characteristic of cutaneous neoplasms as
well as a wide array of inflammatory skin diseases. The gene
regulatory transcription factors mediating control of epithelial
growth and differentiation are not fully known. A number of
such transcription regulators, however, may influence kerati-
nocyte gene expression (6), including AP-1 (7–9), c-myc (10),
AP-2 (11), LEF-1 (12), steroid family receptors, retinoid
receptors, (13–16), and homeodomain proteins (17) such as
Skin1ayi (18), Oct6 (19) and distal-less 3 (20). Although there
is evidence for activation of each of these gene regulatory
factors in specific settings in epithelium, the mechanisms
linking gene regulation to cellular growth control have not
been clearly elucidated.

NF-kByRel proteins are potent inducible gene regulatory
factors expressed in a wide array of tissues. NF-kB subunits
function as dimeric DNA-binding transcription factors with
mammalian family members that include RelA(p65), RelB,
c-Rel, p50, and p52, with Dif and Dorsal identified as ho-
mologs in Drosophila (1, 2). Studies of NF-kB in lymphoid
tissues have revealed potent effects in stimulating prolifera-

tion, preventing apoptosis, activating the immune response,
and triggering cellular stress response genes. NF-kB activity is
controlled at a number of levels, prominent among these being
the regulation of its transition from an inactive preexisting
cytoplasmic form to an active nuclear protein. IkB family
proteins mediate this inhibitory cytoplasmic anchoring effect
and functional mammalian members include IkBa, IkBb,
p105yIkBg, p100yIkBd, and IkB«, with Cactus an IkB family
member identified in Drosophila. NF-kB activation involves
phosphorylation and degradation of IkB proteins (21–23), a
process that releases NF-kB dimers to translocate to the
nucleus and alter expression of target genes (1, 2).

The role of NF-kB in epithelium is not well studied. For
some time it has been known that NF-kB, consistent with its
role as a primary transcription factor, is rapidly activated after
UV injury in many cell types, and recent work has confirmed
the rapid induction of NF-kB DNA-binding activity in nuclear
extracts prepared from cutaneous tissue irradiated with UV
light (24). The expression pattern of NF-kB and its effects on
global cellular processes that have been characterized in the
immune system, however, have not yet been defined in epi-
thelium. We wished to investigate whether NF-kB—as a
prototype primary transcription factor controlling important
cell fate decisions—may be important in stratified epithelium,
a tissue possessing an array of rapidly inducible genetic pro-
grams mediating response to external injury, growth, and
differentiation.

Here we report that NF-kB undergoes a translocation from
cytoplasm to nucleus in a pattern that coincides spatially with
the differentiation-associated cell cycle arrest in stratified
epithelium. To examine a functional role for NF-kB in this
setting, we generated murine and human epidermis transgenic
for proteins activating or inhibiting NF-kB function. The
results of these studies indicate that NF-kB function in strat-
ified epithelium, in contrast to its role in other tissues, is
important for growth arrest.

METHODS

Production of Transgenic Skin Tissue. Sequences encoding
the IkBaM mutant (25), the constitutively nuclear p50 XbaI
mutant (26) and p65 (27) were subcloned downstream of a
2,075-bp human keratin 14 promoter (28) construct containing
a 59 intron from the b-globin gene and used to produce
transgenic mice. Transgene integration was confirmed both by
Southern blot analysis as well as PCR of genomic DNA. For
the latter, primers specific for the 39 end of the K14 promoter
and the 59 end of the expressed cDNA, either the mutant IkBa
dominant-negative for NF-kB function (IkBaM), the consti-
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tutively nuclear p50 XbaI mutant or p65 were used to amplify
an 850-bp fragment. Fourteen independently generated
IkBaM[1], 13 CN.p50[1], and 9 p65[1] mice were charac-
terized.

Genetically engineered human epidermis was regenerated
on CB.17 scidyscid mice from early passage keratinocytes after
high efficiency retroviral gene transfer by previously described
methods (29, 30). Briefly, transduced keratinocytes were
plated on devitalized human dermis and grown in vitro with
growth media for 7–10 days followed by grafting to the backs
of CB.17 scidyscid mice. Analysis of grafted human tissue was
performed 3 weeks postgrafting.

Immunoblotting. Whole cell extracts were prepared from
keratinocytes grown in vitro and immunoblotted as described
(31) after separation by SDSyPAGE on an 8% gel. In addition
to antibodies for p50, p65, and IkBa (Santa Cruz Biotechnol-
ogy), immunoblots were also incubated simultaneously with
antibodies to BRG1 (32), a constitutively expressed protein
that served as an internal control of extract quality and protein
transfer efficiency. Immunoblots were performed on trans-
genic skin tissue extracts as an additional confirmation of
transgene expression. Following skin biopsy, tissue was incu-
bated for 1 h at 37°C with dispase (Becton Dickinson) (25
unitsyml) to separate the epidermis from underlying dermis.
Epidermal extracts were then prepared and analyzed as above.

Cell Culture and Gene Transfer. Primary human keratino-
cytes were isolated from skin of normal human donors as
described (33) and grown in a 1:1 mixture of SFM (GIBCOy
BRL) and 154 medium (Cascade Biologics, Portland, OR),
optimal conditions for proliferation. cDNA sequences corre-
sponding to the coding regions of human p50 (amino acids
1–502, XbaI truncation) (36), p65 (27), and the dominant-
negative mutants IkBaM (25) and mutant p50 dominant-
negative for NF-kB function (DSP) (34) were subcloned into
the EcoRI site of the LZRS retroviral vector (35). Ampho-
tropic retrovirus production and gene transfer to passage 1
human keratinocytes was performed as previously described
(29, 35); .99% gene transfer efficiency was confirmed for each
vector by immunofluorescence analysis by using antibodies to
detect cells overexpressing the transduced gene product. Tran-
sient transfections were performed by the modified polybrene
shock method, as described (36). Briefly, 30% confluent
normal human keratinocytes were transfected with 2 mg of p50,
p65, IkBaM or DSP expression plasmid, 2 mg of NF-kB-
luciferase reporter plasmid, and 1 mg of Rous sarcoma virus–
chloramphenicol acetyltransferase internal control. For as-
sessment of IkBaM and DSP dominant-negative effects,
NF-kB activity was induced for 4 h with 30 ngyml of phorbol
12-myristate 13-acetate prior to reporter gene analysis (32).

Immunohistochemistry. Immunohistochemical stainings
were performed as described (29, 31) with antibodies to NF-kB
subunits (Santa Cruz Biotechnology) as well as to involucrin
(Biomedical Technologies, Stoughton, MA), filaggrin (Babco,
Richmond, CA), keratin 10 (Babco), transglutaminase 1 (Bio-
medical Technologies), and laminin 5 (gift of P. Marinkovich,
Stanford University). Briefly, 5-mM-thick skin cryosections
were air-dried, fixed 10 min in acetone, and blocked with 5%
normal goat serum. For staining, slides were incubated with
primary antibodies for 30 min, followed by PBS washing and
incubation with fluorescein isothiocyanate-conjugated sec-
ondary antibodies (Sigma) and mounted with Vectashield
mounting media (Vector Laboratories). Slides were then
analyzed by fluorescence microscopy and, where indicated, by
laser confocal microscopy. For immunoperoxidase staining, a
horseradish peroxidase-conjugated secondary antibody
(Dako) was used, followed by visualization with dihydroxyac-
etone phosphate (Boehringer Mannheim) and counterstaining
with methyl green.

Analysis of Mitotic Activity. For in vivo BrdU labeling, mice
were injected i.p. with BrdU (250 mgykg body weight) and then

sacrificed 2 h later; tissue sections were subjected to immu-
nof luorescence staining with f luorescein isothiocyanate-
conjugated antibody to BrdU.

RESULTS

Expression of NF-kB in Stratified Epithelium. To examine
a potential role for NF-kB in a stratified epithelial tissue, we
analyzed expression of NF-kB subunits in non-sun-exposed
human epidermis. In cells of the basal epithelial layer, p105y
p50 is strongly expressed in the cytoplasm. In contrast, in the
nonproliferative cells of the suprabasal layers this cytoplasmic
expression is entirely absent, and cells demonstrate nuclear
expression (Fig. 1). Given the well-characterized regulation of
NF-kB via control of nuclear translocation (1, 2, 37, 38), these
data suggest that NF-kB activation may play a role in the switch
from the proliferative basal cell phenotype to the nonprolif-
erative, terminal differentiation program of the suprabasal
layers.

Transgenic Mice with Alterations in Epidermal NF-kB
Function. To investigate the role of NF-kB in stratified epi-
thelium, we generated transgenic mice expressing proteins for
dominant-negative inhibition as well as for constitutive acti-
vation of NF-kB function (Fig. 2). For blockade of epidermal
NF-kB function, we targeted expression of the dominant-
negative IkBaM mutant to epidermis via the keratin 14
promoter (13, 28, 39) (Fig. 2a). IkBaM contains substitutions
at serines 32 and 36 of IkBa along with deletion of COOH-
terminal PEST sequences (25) and was chosen because it has
been shown to abolish nuclear DNA binding activity by any of
the 5 NF-kB subunits in a range of mammalian cells (1, 25).
Fourteen IkBaM[1] transgenic mice were generated with
transgene integration confirmed by Southern blot analysis and
PCR (Fig. 2b). IkBaM[1] mice express IkBaM on Western
blot analysis of epidermal tissue extracts, as detected by
antibodies to IkBa that recognize both the wild type and
mutant proteins (Fig. 2c). IkBaM[1] mice also demonstrate
markedly increased immunostaining with IkBa-specific anti-
bodies throughout all layers of transgenic epidermis (data not
shown), consistent with the expected resistance to degradation
by this mutant protein. To test that IkBaM blocked nuclear
localization of NF-kB in transgenic epidermis, immunostain-
ing for p50 was performed and demonstrated a complete

FIG. 1. Expression of NF-kB in stratified epithelium in vivo. Frozen
tissue sections of non-sun-exposed adult human abdominal skin were
immunostained with antibody to p50. Immunoperoxidase staining for
(a and c) p50 and (b and d) secondary antibody alone control.
Immunofluorescence staining for (e) p50 and ( f) secondary antibody
alone control. E, epidermis; D, dermis; SC, stratum corneum; SG,
stratum granulosum; S, squamous layer; B, basal layer; BMZ, base-
ment membrane zone. Arrows denote suprabasal nuclei. [Bars 5 75
mM (a and b) and 25 mM (c–f ).]
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absence of nuclear NF-kB subunit expression in the suprabasal
layers (Fig. 2j). All IkBaM[1] transgenic mice develop epi-
dermal hyperplasia clinically and histologically within 4 days
after birth (Fig. 2 d and g). This hyperplasia appeared to be
caused by an increase in the thickness of the suprabasal
squamous layer (Fig. 2g). In addition, these mice lack both
clinical and histologic evidence of normal hair formation,
exhibit growth retardation, and die within 5–7 days; no ab-
normalities in any internal organs are seen on either histologic
or macroscopic evaluation.

These data suggest that nuclear translocation of NF-kB
subunits may be necessary for growth control in stratified
epithelium, raising the possibility that improper activation of
NF-kB in the proliferative basal compartment of the epidermis
could lead to premature growth inhibition. To test this hy-
pothesis, we generated transgenic mice expressing constitu-
tively nuclear NF-kB subunits in this location (p50 construct,
Fig. 2a). This mutant p50 construct encodes a protein longer
than the endogenous processed p50 and displays well charac-
terized transactivating properties (26). Constitutive nuclear
expression of p50 in transgenic skin was confirmed by immu-
nofluorescence (Fig. 2l) and results in epidermal hypoplasia at
the clinical and histologic levels (Fig. 2 e, f, and i); similar
findings were observed in mice transgenic for K14-targeted
p65 (data not shown). The markedly thin epidermis of p50[1]
mice, consists of as little as two viable cell layers (Fig. 2i). In
addition, p50[1] mice fail to gain weight normally, appear to
become cachectic and die within 5 days after birth. The most
severely affected mice demonstrate open eyes at birth accom-
panied by extreme skin fragility and death within hours after
being born (Fig. 2f ). Consistent with the specificity of K14-

FIG. 3. Effect of a pharmacologic inhibitor of NF-kB function on
normal murine skin. Histologic appearance of adult C57BLy6J mouse
skin is shown after 7 days of twice daily topical application of (a) 10
mM PDTC in PBS versus (b) 0.1% SDS in PBS and (c) PBS alone
(control). Brackets define the thickness of the epidermis (Bars 5 100
mM.)

FIG. 4. Growth characteristics of murine epidermis transgenic for
gain and loss of NF-kB function. (a–c) Clinical appearance of
IkBaM[1], littermate control, and p50[1] skin harvested from 3-day-
old transgenic mice and grafted to CB.17 scidyscid recipients, shown
at 14 days postgrafting. (d–f ) Histologic appearance of grafted skin
from IkBaM[1], control, and p50[1] mice (scale bars 5 150 mM).
(g–i) The proportion of epithelial cells actively synthesizing DNA in
vivo as a function of altered NF-kB activity. CB.17 scidyscid mice
bearing IkBaM[1], p50[1], and nontransgenic control skin were
injected with BrdU (250 mgykg of body weight) i.p. Skin biopsy
specimens were obtained 2 h later, and tissue sections were stained
with antibody to BrdU. Shown are representative immunofluores-
cence micrographs. Note the increased labeling activity in IkBaM[1]
skin that extends into cells of the suprabasal layers and the marked
decrease in labeling activity in p50[1] skin compared with control.
(Bars 5 150 mM.)

FIG. 2. Transgenic mice engineered for gain and loss of epidermal
NF-kB function. (a) Schematic of the K14-IkBaM and K14-p50
transgenes for targeted expression to murine epidermis. (b) Confir-
mation of transgene integration. Genomic DNA extracted from tail
specimens of IkBaM[1] (lanes 1 and 2) and p50[1] (lanes 4 and 5)
mice was subjected to PCR by using transgene-specific primers. Data
obtained from unaffected littermates (lanes 3 and 6) with each primer
set are also shown. (c) Western blot analysis of tissue protein extracts
prepared from p50[1], IkBaM[1], and control mice. Lanes 1–4 are
tissue extracts blotted with antibodies to IkBa. Lanes: 1, normal
littermate skin; 2, IkBaM[1] skin; 3, normal littermate liver; 4,
IkBaM[1] liver. Lanes 5–8 are blotted with antibodies to p50. Lanes:
5, normal littermate skin; 6, p50[1] skin; 7, normal littermate liver; 8,
p50[1] liver. (d) Clinical appearance of K14-IkBaM transgenic mice.
Five-day-old IkBaM[1] transgenic animals displayed clinical evidence
of epidermal hyperplasia with markedly enhanced skin markings and
a lack of visible hair growth compared with nontransgenic littermates.
(e and f ) Clinical appearance of 5-day-old p50[1] transgenic mice.
p50[1] mice displayed clinical evidence of thin, slack skin compared
with nontransgenic control. (g–i) Histology of IkBaM[1], age and
site-matched control, and p50[1] mice; brackets define the thickness
of the epidermis. Note increased epidermal thickness relative to
normal in IkBaM[1] transgenic tissue compared with decreased
epidermal thickness in p50[1] transgenic skin. (Bars 5 75 mM.) (j–m)
Epidermal expression pattern of p50 in (j) IkBaM[1] and (l) p50[1]
transgenic mice along with (k) littermate and (m) secondary antibody
alone controls.
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directed gene expression, no transgene expression or tissue
abnormalities were observed in any internal organs, including
liver, kidney, heart, and lung in either IkBaM[1] or p50[1]
mice (Fig. 2c and data not shown), leaving the basis for the
lethality associated with altered expression of NF-kB in the
epidermis unclear.

Effect of a Pharmacologic Inhibitor of NF-kB on Normal
Murine Skin. In an alternative approach to alter NF-kB
function in epidermis, we applied a pharmacologic inhibitor of
NF-kB, pyrrolidine dithiocarbamate (PDTC) (40), topically to
the skin of normal adult C57BLy6J mice. SDS (0.1%) was
applied under occlusion for the same period as an additional
control for nonspecific reactive hyperplasia to irritant stimuli.
Application of 10 mM PDTC for 1 week induces significant
epidermal thickening over controls (Fig. 3), indicating that
topical application of an agent that blocks NF-kB function to
normal intact adult skin is associated with epidermal hyper-
plasia.

Growth Characteristics of Murine Epidermis Transgenic
for Alterations in NF-kB Function. To follow epithelial growth
characteristics beyond the time of perinatal mortality observed
in both IkBaM[1] and p50[1] mice, skin from transgenic mice
as well as nontransgenic littermate controls was grafted onto
immune-deficient mice in an approach recently shown to
preserve growth characteristics of donor skin (39). Grafted
IkBaM[1] epidermis demonstrates pronounced epidermal
hyperplasia clinically and histologically at 14 days postgrafting,
with epidermal invaginations penetrating deeply into the un-
derlying dermis (Fig. 4 a and d). p50[1] epidermis, in contrast,
remains hypoplastic at this time point clinically and histolog-
ically (Fig. 4 c and f ).

To further examine the basis for these alterations in epi-
dermal homeostasis, DNA synthetic activity was studied in
transgenic and control epidermis by BrdU incorporation (Fig.
4 g–i). IkBaM[1] epidermis demonstrates a marked increase
in proportion of cells actively synthesizing DNA. BrdU-
positive cells in IkBaM[1] transgenic epidermis include those
well above the basal layer (Fig. 4g), indicating a possible failure
of the cell cycle arrest that is normally associated with outward
migration. p50[1] epidermis, in contrast, demonstrates a near
absence in cells incorporating BrdU over the 2-h time period
analyzed, consistent with inhibition of proliferation (Fig. 4i).
These findings suggest that functional loss of NF-kB leads to
hyperproliferation in stratified epithelium caused by failure of
growth arrest, in marked contrast to the proliferative defect
seen with NF-kB blockade in lymphoid cells (41), and suggest
that premature expression of activated NF-kB subunits in
mitotically active basal epithelial cells leads to growth inhibi-
tion.

Impact of Altering NF-kB Activity in Human Skin Tissue in
Vivo. Epithelial neoplasia is much more readily induced in
many strains of mice than in humans (42). To study the
functional relevance of NF-kB in growth control of human
stratified epithelium as distinct from murine tissue as well as
to further examine NF-kB effects in postnatal, developmen-
tally mature epithelium, we produced amphotropic retroviral
expression vectors for mutant proteins exerting either activat-

FIG. 5. Impact of NF-kB on human epithelial growth in vivo. (a)
Retroviral expression vectors for proteins exerting inhibitory and
activating effects on NF-kB function. Diagrammed are vectors for
dominant-negative mutant IkBaM, constitutively nuclear p50 (p50),
and p65. The LZRS lacZ vector (35) served as a control for these
studies. (b) Impact of inhibitory and activating NF-kB proteins on
NF-kB-driven gene expression in epithelial cells in vitro. The panel of
vectors above was expressed in human keratinocytes along with a
reporter construct containing three copies of NF-kB DNA consensus
binding sites driving expression of the luciferase reporter gene. All
transfections were performed in triplicate. Twenty-four hours follow-
ing gene transfer, cell extracts were prepared and analyzed for reporter
gene activity. Data are reported as fold induction in reporter gene
activity, normalized for transfection efficiency by using a cotransfected
Rous sarcoma virus–chloramphenicol acetyltransferase internal con-
trol. C, lacZ control. For assessment of IkBaM dominant-negative
effects, NF-kB activity was induced for 4 h with 30 ngyml of the
phorbol ester phorbol 12-myristate 13-acetate prior to performance of
reporter gene analysis. (c) Tissue architecture of human skin express-
ing either activating or inhibitory NF-kB subunits and lacZ control.
Retroviral expression vectors for proteins activating or inhibiting
NF-kB function were utilized to transduce primary human keratino-
cytes in vitro. These cells were then used to regenerate human skin on
CB.17 scidyscid mice. Histologic appearance is shown; immunostain-
ing of each tissue section with species-specific antibodies to human
involucrin was used to confirm human tissue origin prior to hematox-
ylinyeosin staining. Brackets define epidermal thickness; arrows in the
low power (310) field of IkBaM skin denote focal areas of deep
hyperplasia. (d) Frequency of histologic abnormalities in human
epidermis in vivo. Multiple 5-mM sections were obtained in a stepwise
fashion through tissue biopsies that spanned the full 1.5 cm thickness
of each regenerated human graft. Atrophic changes were defined as
less than 30% thickness of viable epidermis as compared with normal
average value of 0.1 mm found in controls. Deep hyperplasia was
defined as epithelial tissue penetrating underlying dermis to a depth
of at least 0.3 mm. For p50, a total of 9 representative tissue sections

were analyzed from all grafted mice; for IkBaM, n 512; and for lacZ
and unengineered control, n 5 6. The data are expressed as the percent
of individual tissue sections displaying the given histologic abnormal-
ity. (e) Expression of involucrin in human skin expressing either
activating or inhibitory NF-kB subunits and lacZ control. Double
immunostaining was performed with human species-specific antibod-
ies to involucrin and laminin 5, a basement membrane zone protein
used to highlight the inferior boundary of the basal epidermal layer;
involucrin (rhodamine), and laminin 5 (fluorescein isothiocyanate).
Low power field of laminin 5 immunostained IkBaM[1] skin is also
shown to highlight the boundaries of deep human epithelium. E,
epidermis; D, dermis.

2310 Cell Biology: Seitz et al. Proc. Natl. Acad. Sci. USA 95 (1998)



ing or inhibitory effects on NF-kB function (Fig. 5). These
retroviral vectors included dominant-negative IkBaM (25),
constitutively nuclear mutant p50 (26), and p65yRelA (27);
transduction with a lacZ vector (35); as well as mock trans-
duction served as controls. These vectors effectively express
full-length mutant proteins in primary cultures of human
epithelial cells (data not shown). Expression of these proteins
alters the subcellular distribution pattern of NF-kB subunits,
with either high levels of constitutive nuclear expression (p50,
p65) or a complete absence of nuclear NF-kB subunit expres-
sion (IkBaM), as anticipated. p50 combined with p65, as well
as either subunit alone, produce consistent activation of NF-
kB-directed gene expression (Fig. 5b); IkBaM, in contrast,
blocks phorbol ester induced NF-kB-directed reporter gene
expression in a dose-dependent manner (Fig. 5b), as expected.

These vectors were then used to examine the impact of
altering NF-kB function in human epithelial tissue in vivo.
Keratinocytes expressing p50, IkBaM, and lacZ control were
used to regenerate human epidermis on severe combined
immunodeficient (SCID) mice. Six mice were grafted for each
vector in two separate sets of experiments and analyzed 3
weeks later. Similar to transgenic mice, p50 localization was
appropriately altered in engineered epidermis compared with
controls. Consistent with findings in transgenic murine tissue,
histologic analysis showed p50[1] human epidermis to be
markedly atrophic whereas IkBaM[1] specimens display ep-
ithelial hyperplasia (Fig. 5 c and d). This hyperplasia is
characterized by epidermal thickening as well as formation of
invaginations penetrating deeper in the dermis (Fig. 5c),
similar to those observed in IkBaM[1] transgenic mice. An
additional trans-dominant repressor for NF-kB function, the
p50 DSP mutant (34), produces uniformly hyperplastic changes
in vivo as well; however, these are less deeply invasive (data not
shown), consistent with its less potent spectrum of inhibitory
effects on NF-kB function than those of IkBaM (1, 25, 34).
These changes in tissue architecture in vivo confirm NF-kB
effects in an alternative model system to transgenic mice that
uses postnatal human tissue.

In addition to growth arrest, suprabasal cells in stratified
epithelium activate expression of proteins necessary for ter-
minal differentiation. To study the involvement of NF-kB in
the expression of such differentiation genes, we analyzed the
keratin 10, involucrin, transglutaminase 1, and filaggrin dif-
ferentiation markers in all vector groups. These proteins are
expressed in normal suprabasal distribution in epidermis en-
gineered for either loss or gain of NF-kB function, suggesting
that NF-kB does not exert a dominant role in the regulation of
differentiation gene expression in stratified epithelium (Fig. 5e
and data not shown).

DISCUSSION

Although NF-kByRel proteins have been extensively studied
in lymphoid tissue, little is known about their expression and
function in epithelia. In lymphocytes and other nonepithelial
cell types, NF-kB proteins promote cellular proliferation,
inhibit apoptosis, and activate cellular stress responses (1, 2).
Targeted inactivation of murine NF-kByRel genes has not yet
revealed a dramatic phenotype in stratified epithelium; how-
ever, this may be due to the embryonic lethality observed in
some cases or to compensation by other NF-kB proteins in
others. The inflammatory infiltrate seen in skin of IkBa
knock-out mice (43) suggests a role for NF-kB in skin but does
not support a primary role in epithelial homeostasis as distinct
from the secondary changes commonly observed during cu-
taneous inflammation. Therefore, we expressed proteins ex-
erting both dominant-negative and constitutively active effects
on NF-kB function to examine a possible role for NF-kB in
stratified epithelium. This general strategy has also identified
key roles for other transcription factors in epithelia that were

undetected in knock-out models, including retinoid receptors
(13). Recently, this approach has also been used to help
confirm a previously suggested role for NF-kB proteins in
promoting lymphocyte proliferation that had not been as
evident in prior knock-out models (41). Our findings suggest
that functional nuclear NF-kB may be necessary for the growth
inhibition characteristic of upward cellular migration and
differentiation in stratified epithelium. In such a setting,
inactive NF-kB subunits sequestered in the cytoplasm of
proliferative basal cells would undergo nuclear translocation
and activation in a manner spatially restricted to cells prepar-
ing to undergo terminal differentiation. This model would
predict that premature activation of NF-kB in mitotically
active basal cells would lead to growth inhibition and epithelial
hypoplasia, similar to what we have observed. Direct cell cycle
inhibition by NF-kB has not been previously reported. Given
the pleiotropic effects of NF-kB in other tissues, NF-kB could
alter epithelial growth via either a direct impact on cell cycle
regulators or by a more indirect process. Such indirect effects
could include the induction of growth inhibitory cytokines.

In spite of their opposite effects on epidermal growth,
IkBaM[1] and p50[1] mice share common features of growth
retardation and death within the first week after birth, sug-
gesting that proper epidermal growth regulation may be
necessary for normal postnatal survival and development. A
clear gene dosage-dependent severity of phenotype could not
be confirmed in any of the transgenic mice analyzed. Although
it is possible that posttranslational control of transgene protein
expression may have contributed to this observation, the fact
that higher levels of mutant proteins in skin could lead to
embryonic lethality in mice expressing high levels of trans-
genes is also a formal possibility. Our findings are also
consistent with several other murine genetic models charac-
terized by abnormal stratified epithelium. Transgenic mice
with K14 promoter targeted expression of tumor necrosis
factor a (TNF-a) in epidermis also demonstrate epidermal
hypoplasia, inhibition of proliferation, and cachexia (44), a
finding that may be explained by the fact that TNF-a is a potent
activator of NF-kB function. Interestingly, the most severely
affected p50 transgenic mice present with open eyes at birth.
This resembles the phenotype of another series of mice
generated for targeted disruption of the epidermal growth
receptor who also show epidermal hypoplasia (45–47). Thus
far, a clear role for NF-kB in epidermal growth factor signaling
pathways has not been established; however, these phenotypic
similarities suggest either possible direct linkage in effector
pathways controlling epithelial growth, as may be the case for
TNF-a activation of NF-kB, or common defects in epithelial
growth control caused by altering distinct pathways.

We have shown that topical application of the NF-kB
inhibitor PDTC induces hyperplasia of normal epidermis
within one week. PDTC, however, is not an entirely NF-kB-
selective compound, and the development of more potent and
specific compounds will be necessary to extend this finding
with greater precision. Our data raise the possibility that the
opposite approach, namely application of a pharmacologic
inducer of NF-kB function could be used to treat hyperpro-
liferative human skin disorders such as psoriasis. Interestingly,
it has recently been shown that anthralin, a topical agent used
for decades in the treatment of psoriasis, activates NF-kB in a
dose-dependent fashion (48). Consistent with this, UV
light—a mainstay of current treatment for severe psoriasis—is
also a potent inducer of NF-kB in skin (24). The complexity of
such proliferative disorders of epithelium, however, requires
careful future studies to determine any actual potential utility
for direct topical regulation of NF-kB function in this setting.

Based on our findings using both genetic and pharmacologic
approaches, it appears that spatially restricted nuclear trans-
location and activation of NF-kB contribute to growth inhi-
bition in stratified epithelium.
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