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Transient activation of FOXN1 in keratinocytes
Induces a transcriptional programme that promotes
terminal differentiation: contrasting roles of FOXN1
and Akt
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Summary

The forkhead transcription factor FOXNL1 is required for
normal cutaneous and thymic epithelial development.
Mutations in FOXN1 give rise to the nude phenotype in
mice, rats and man. However, the genes that are regulated
by FOXN1 are unknown. To investigate FOXN1 function
we expressed an inducible form of the protein, FOXN1ER,

detected increases of two fold or greater in the RNA levels
of over 30 genes. Genes promoting growth arrest, survival
and differentiation featured prominently and markers of
early events in keratinocyte differentiation were also
detected. Since one of the induced genes was Akt we
investigated whether Akt played a role in terminal

that is activated by 4-hydroxytamoxifen in primary human
epidermal keratinocytes. Transient activation of FOXN1
decreased the proportion of keratinocytes that formed
actively growing clones attributable to stem cell founders
and increased the number of abortive clones, without
inducing apoptosis. Within 24 hours the majority of cells
had initiated terminal differentiation, as assessed by
involucrin expression. We performed a cDNA microarray
experiment to analyse changes in the transcription of
approximately 6000 genes. Following FOXN1 activation we

differentiation. Activation of Pl 3-kinase but not Akt
was necessary for FOXN1-induced differentiation. In
reconstituted epidermis FOXN1 promoted early stages of
terminal differentiation whereas Akt activation was
sufficient to induce late stages, including formation of the
cornified layers. These results establish a role for FOXN1
in initiation of terminal differentiation and implicate Akt

in subsequent events.
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Introduction cells that are continuously shed from the skin and must be
The skin contains multipotential stem cells that give rise to théeplaced through proliferation of stem cells and differentiation
differentiated lineages of the interfollicular epidermis, hairof their progeny.

follicles and sebaceous glands (Niemann and Watt, 2002). FOXN1 encodes a member of the forkhead family of
Proliferation within the interfollicular epidermis is normally transcription factors, and possesses both a forkhead DNA
restricted to the basal layer of keratinocytes, where stem ceftnding domain and a negatively-charged C-terminal
reside. Basal interfollicular keratinocytes differentiate as theyransactivation domain, indicating that it functions as a
leave the basal layer and move towards the skin surface, froif@nscriptional activator (Brissette et al., 1996). Loss-of-
which they are shed as cornified squames. A similar proce$gnction mutations ifFOXN1 cause the nude phenotype in
occurs within the hair, where hair matrix keratinocytes ceas@nice, rats and man (Nehls et al., 1994; Frank et al., 1999). The
proliferating and through terminal differentiation give rise tohuman and mouse proteins each consist of 648 amino acids and
the multiple layers of the hair follicle and the hair shaft. Thereire 85% identical (Schorpp et al., 1997). The nude mutation
is evidence for the existence of distinct stem cell populationkas pleiotropic effects, influencing the multiplication and
in the basal layer of the interfollicular epidermis, the bulge oflifferentiation of cutaneous and thymic epithelial cells. Factors
the hair follicle outer root sheath and the periphery of theegulating the expression of FOXN1 have not been reported in
sebaceous gland (Ghazizadeh and Taichman, 2001; Niematfre skin. In the murine thymus Wnt glycoproteins expressed
and Watt, 2002). Stem cell progeny that are destined thy epithelial cells regulate expression of Foxnl in both
differentiate can first undergo a few rounds of division andutocrine and paracrine fashigf@alciunaite et al., 2002

during this time they are known as transit amplifying cells or The lack of visible hair associated with the nude mutation
committed progenitors. In hair, sebaceous gland ants due, at least in part, to an impairment in follicular
interfollicular epidermis the fully differentiated cells are deaddifferentiation. Although nude follicles appear normal during
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early stages of morphogenesis, the follicles frequently fail tpBabepuroGFP vector (Lowell and Watt, 2001) was also used.
form the hair cortex, develop defects in the inner root sheatRetroviruses were prepared by a two step packaging procedure
and hair cuticle, and produce fragile hairs that rarely protrudi@volving transient transfection of ectotropic Phoenix cells (Swift et
above the interfollicular epidermis (Kopf-Maier et al., 1990).8l-, 1999) and infection of amphotropic AM12 cells with viral
Aberrant differentiation is also observed in the interfolIicuIarsuﬁzgg%@yféosmatnh; m‘_iozr_‘r'g f;i'ﬁgrsfe r((\eN?rtatmes:[ dﬂc':’e?jo\?v‘ilt)ﬁ etroviral
ggIl;jr(iasrr?risithv(\e/hgratz%nzlc?riehd?r?l{Kg;?l\l/Jllglirerpg?Salo f fgg%';'eldvectors by incubation with supernatant from AM12 producer cells
- . " ) owell and Watt, 2001). Twenty-four hours later the cells were
culture, nude mouse primary keratinocytes have a normabjected with puromycin (2.fig/ml) to achieve close to 100%
mitogenic response to growth factors but undergo abnormghnsduction efficiency. Populations of keratinocytes to be transduced
differentiation, expressing low levels of the earlywith FOXN1ER were first enriched for stem cells by rapid adhesion
differentiation marker keratin 1 (Brissette et al., 1996). Into type IV collagen-coated plates (Biogen), essentially as described
murine embryonic epidermis and hair folliclefoxnl  previously (Jones and Watt, 1993). Activation of FOXNIER,
expression is associated with keratinocytes in the early stage@/ZLmyrAktER and pWZLA2myrAktER was achieved by adding
of terminal differentiation, while in postpartum miexnlis 100 nM 4-hydroxytamoxifen (40HT) to the culture medium.
predominantly expressed in the anagen (growing) phase of the
hair cycle in post-mitotic cells (Lee et al., 1999; Meier et al. cjonogenicity assays

1999; Prowse et al., 1999). . .
’ . o . .. For clonogenicity assays 500 keratinocytes were plated per 60 mm
FOXN1 is predicted to bind DNA as a monomer through itsjish. 14 days later the cultures were fixed in formaldehyde for 10

forkhead box (Schorpp et al., 1997; Carlsson and Mahlapughinutes and stained with 1% Rhodanile Blue. All colonies (that is,
2002). The C terminus of FOXNL1 contains a transcriptionatonsisting of 2 cells or more) were scored. Colony forming efficiency
activation domain capable of driving expression from awas calculated as the percentage of plated cells that formed colonies.
luciferase reporter (Brissette et al., 1996). In vitro selection ofbortive colonies were defined as colonies that contained fewer than
binding sites has defined a core DNA elemé&m®GGC-3 that 40 cells (Jones and Watt, 1993; Zhu and Watt, 1999). All experiments
is sensitive to methylation (Schlake et al., 1997). To date, the}¥ere performed in triplicate and more than 100 colonies were scored
is evidence that FOXN1 regulates expression of two hai€" experimental condition.

keratins, mHa3 and mHa5 (Meier et al., 1999; Schlake et al.,

2000), but no other target genes have been found. Tsifferentiation assays

investigate FOXN1 function in interfollicular epidermis, we gyantitation of the proportion of keratinocytes expressing involucrin

have.expressed an inducible FOXN1 protein in primary humagas performed by air drying single cell suspensions onto coverslips,

keratinocytes. fixing in 4% formaldehyde for 10 minutes at room temperature,

permeabilising in methanol on ice for 10 minutes and then labelling

. with  SY5 monoclonal antibody and an appropriate fluorescent

Materials and Methods secondary antibody, essentially as described previously (Read and

Cell culture Watt, 1988). In some experiments cornifin expression was used as a

Primary human keratinocytes (strains km, kq and kf) were isolatetharker of terminal differentiation, essentially as described previously

from neonatal foreskin and cultured in the presence of a feeder lay@iaase et al., 2001). At least 300 cells per experimental condition

of J2-3T3 cells in FAD medium containing 10% FCS, Qdml were scored for involucrin expression. Suspension-induced

hydrocortisone, fig/ml insulin, 1619M cholera toxin and 10 ng/ml differentiation was performed by harvesting preconfluent

EGF, as previously described (Lowell and Watt, 2001). J2-3T3 ankeratinocytes and placing them in medium supplemented with methyl

NIH 3T3 cells were cultured in DMEM containing 10% donor calf cellulose, as described previously (Jones and Watt, 1993). The

serum. J2-puro are J2-3T3 cells that have been stably transfected withosphoinositide 3-kinase (PI 3-kinase) inhibitor LY294002 (Sigma)

the retroviral vector pBabepuro to render them resistant to puromycinas added to the culture medium at a concentration @iVBOAkt

(Levy et al., 1998); they were cultured in DMEM, 10% donor calfinhibitor (1L-6-hydroxymethyl-chiro-inositol 2 [(R)-2-O-methyl-3-

serum and 21g/ml puromycin. O-octadecylcarbonate]; Calbiochem) was used in the culture medium

For experiments in serum-free conditions, keratinocytes werat a concentration of 10M.

cultured in Gibco Keratinocyte-SFM, 3Qg/ml bovine pituitary

extract (BPE) and 0.2 ng/ml rEGF. Prior to addition of growth arrest- ) ) )

specific protein 6 (Gas6) the cells were starved for 24 hours in Gibddeconstituted human epidermis

Keratinocyte-SFM without BPE or EGF. Recombinant Gas6 (R&DReconstituted human epidermis was prepared as described previously

Systems) was added to the culture medium at a concentration of 4(Régnier and Darmon, 1989; Rikimaru et al., 1997). Briefly, de-

ng/ml. epidermised dermis (DED) was prepared from adult human breast

skin. Skin was heated at 56°C for 30 minutes and the epidermis was

) ) ) peeled away from the underlying dermis. The dermis was cut into 1.5

Retroviral vectors and infections cn? squares and subjected to ten freeze/thaw cycles in liquid nitrogen.

The pBabepuroFOXN1 construct was generated by insertion of fullRetrovirally infected primary human keratinocytes (strain kf) were

length human FOXN1 cDNA (nucleotides 22-2058, corresponding teeeded at a concentration ofL8F keratinocytes per DED and grown

amino acids 1-648; GenBank entry NM_003593) intcBheH|/Sal at the air/liquid interface in keratinocyte medium supplemented with

sites of pBabepuro (Morgenstern and Land, 1990). ThelOO nM 40HT. DED cultures were harvested after 10 or 14 days and

pBabepuroFOXN1ER construct was generated by in frame insertidinozen in OCT freezing medium for immunohistochemical analysis,

of full-length human FOXN1 cDNA (nucleotides 22-2058) into the or paraffin embedded for Haematoxylin and Eosin staining.

BanHl| site of pBabepuroER (Littlewood et al., 1995). The retroviral

vector pWZLneo was used to express the conditionally active Akt

construct myrAkiA4-129-ER (myrAKtER) and the control construct Luciferase assays

A2myrAkt A4-129-ER (A2myrAKtER) (Kohn et al., 1998). The The following Promega luciferase reporter constructs were used: pRL
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(Renilla luciferase control) and pGL3-Basic (firefly luciferase) CACAGCAGGTTTACA (reverse) with a custom synthesized TagMan
containing either wild-type (WT-FP-luc) or mutant (Mut-FP-luc) probe VIC-TCCTCCCAATGCCAGCAGGTTCC; PLCD1: TTCTA-
FOXNL1 responsive minimal promoters. Transient transfections of 3STEGAGATGGCGTCCTTC (forward), AAGCCGTTTCCTGATTCTT-
cells were performed using Superfect Transfection Reagent (Qiager3G (reverse) and TagMan probe VIC-CTGAGAACCGTGCCCTTC-
To verify function of pBabepuroFOXN1ER, the reporter constructsGACTGC; CRABPI: GGCCCCAAAACCTACTGGA (forward),
were cotransfected into NIH 3T3 cells transduced with pBabepur6CGCCAAACGTCAGGATAA (reverse) and TagMan probe VIC-
(empty vector), pBabepuroFOXN1 or pBabepuroFOXN1ER. ToCCGTGAGCTGGCCAACGATGAA; CRABPII: GGGAGAGGGC-
check the influence of Akt on FOXNL1 activity, the reporter constructCCCAAGA (forward), CCGTCATGGTCAGGATCAGTT (reverse)
were cotransfected into NIH 3T3 cells with pCDNA3-FOXN1 and TagMan probe VIC-CGTGGACCAGAGAACTGACCAACG,; P-
and either N3-GFP (control vector), pWZLmyrAktER, cadherin: CGAAGAGGACCAGGACTATGACA (forward), GT-
pWZLA2myrAKtER, or pCS2+PKB-K179A (dominant negative Akt) CATTGCGGAGAACCACCT (reverse) and TagMan probe VIC-
(Burgering and Coffer, 1995). Cells were extracted using PassiM@ACCGAGGTCTGGAGGCCAGGC; Akt: ACCATGAAGACCTT-
Lysis buffer (Promega), enabling both firefly and Renilla luciferasef TGCGG (forward), ACCATGAAGACCTTTTGCGG (reverse) and
measurements to be performed on the same extracts. Luciferase asseggMan probe VIC-CACCTGAGTACCTGGCCCCCGA; Gasé:
were performed according to the manufacturer’s instructions using tteACGAGGGCTTTGCGTACAG (forward), CCCTGCAGACACT-
Dual-Luciferase Reporter Assay kit (Promega) in a BioOrbit 125ICGTCCA (reverse) and TagMan probe VIC-TCCCAGGAGAAG-
luminometer. All measurements were made in triplicate and correctsdCTTGCCGAGAT. All TagMan probes were synthesised by Applied
for transfection efficiency. Biosystems. To detect GAPDH, amplification was carried out using
first strand cDNA plus GAPDH Control Reagents (VIC probe)

) ) (Applied Biosystems). RT-PCR reactions were performed on an ABI
Microarray analysis Prism 7700 Sequence Detection System (Applied Biosystems).
Total RNA was isolated using Trizol Reagent (Invitrogen) fromRelative quantification of each gene was carried out using the standard
keratinocytes infected with pBabepuro or pBabepuroFOXN1ERcurve method and normalised to GAPDH.
retroviral vectors and treated with 4OHT or ethanol (control). For each
experiment, duplicate RNA samples were prepared at 0 and 24 hours =~ ) ] o
from cells treated with 4OHT or ethanol. The custom cDNAAntibodies, immunoblotting and immunostaining
microarrays (version 1.2.1 human arrays) used in this study werkntibodies against the following proteins were used for western
obtained from the Cancer Research UK/Ludwig/Wellcome Trusblotting at concentrations recommended by the manufacturers, unless
consortium at the Sanger Centre, Cambridge, UK. The version 1.2rbbted otherwise: oestrogen receptor [HL7; 1:500 (Arnold and Watt,
human arrays represent 6000 distinct human cDNAs. Each arr@001)], galectin-7 [1:1000 (Kuwabara et al., 2002)], FOXN1 [1:500
contains 9932 elements for human genes as follows: 8817 cDNA®rowse et al., 1999)], P-cadherin (610227; BD Transduction
derived from the I.M.A.G.E. collection (HGMP), 647 cDNAs derived Laboratories), Akt (9272; Biosource), phospho-Akt 473 (9271; Cell
from the .M.A.G.E. collection (Research Genetics), 468 chromosomg&ignalling Technology), phospho-Akt 473 (44-622; Cell Signalling
22 gene-specific PCR products (Sanger), together with positive arf@chnology), phospho-GSKB3Ser21/9 (no. 9331; Cell Signalling),
negative controls. The spotting patterns, complete annotated list @RABPI (sc-10061; Santa Cruz Biotechnology), CRABPII (sc-
these cDNAs and full details of the protocols are available online &0065; Santa Cruz Biotechnology), 14-3-&c-1019; Santa Cruz
www.cgal.icnet.uk/microarray/. Biotechnology), Erk2 (sc-1647; Santa Cruz Biotechnold8yibulin

Labelling of total RNA was achieved by direct incorporation (T-5293; Sigma).
of Cy5-dCTP or Cy3-dCTP (Amersham Pharmacia Biotech) in a Antibodies to the following proteins were used for
reverse transcription reaction using anchored oliga¢dpyimer immunohistochemical staining at concentrations recommended by the
(Oligonucleotide Service, Cancer Research UK) and Superscript thanufacturers unless noted otherwise: phospho-Akt 473 IHC (9277;
reverse transcriptase (Invitrogen). Cy-5- or Cy-3-tagged sampl€ell Signalling Technology), oestrogen receptor MC-20 (sc-542;
cDNAs were mixed and co-hybridised to each microarray. Washe8anta Cruz Biotechnology), loricrin (1:100; DH11 rabbit antiserum to
microarrays were scanned using a laser confocal scanner to genenagptide NH2-HQTQQKQAPTWPCK-COOH), involucrin [1:200;
fluorescence intensities. SY5 (Hudson et al., 1992)], anti-rabbit Alexa 488 (Molecular Probes),

Signal intensities for each element were extracted using thanti-mouse Alexa 488 conjugate (Molecular Probes). No antibodies
ImageQuant software program and then exported to Microsoft Excelequired unmasking.

Background correction was performed in Excel by subtracting the Frozen sections of human reconstituted skin (DED cultures) were
local background intensity value from the signal intensities of thdixed in 4% formaldehyde for 10 minutes and blocked in blocking
Cy5 and Cy3 channels. A global intensity correction was calculateduffer for 60 minutes (PBS, 0.1% Triton X-100, 2% BSA, 4% goat
using the sum of all Cy5 median probe signals divided by the sumserum). Primary antibodies were incubated with sections for 60
of all Cy3 median probe signals, and used for data normalisatiominutes in blocking buffer and detected using appropriate secondary
Normalised raw data were further analysed with GeneSpringTMntibodies. Nuclear counterstaining was performed using propidium
(Silicon Genetics version 4.1.4). For each experiment duplicate RNAodide. Stained preparations were analysed on a Zeiss 510 confocal
preparations were used and four microarray hybridisationsnicroscope.
performed. For western blotting keratinocytes were washed twice in PBS
and lysed in RIPA buffer containing protease and phosphatase
) inhibitors (Sigma) or PBS + 1% NP-40 (IGEPAL) and protease/
Real time PCR phosphatase inhibitors. To detect FOXN1 on western blots,
RNA quantification was performed using a two step real time PCReratinocytes were lysed directly in boiling SDS sample buffer.
procedure (RT-PCR). First strand cDNA was prepared usirggtétal Lysates were resolved by SDS-PAGE as previously described (Zhu
RNA, 1pl oligo(dT)17(0.5ug/pul) and Supercript Il Reverse transcrip- and Watt, 1999). Primary antibody-probed blots were visualized
tase (Invitrogen), according to the manufacturer’s instructions. RTwith appropriate horseradish peroxidase-coupled secondary
PCR was carried out using first strand cDNA, 900 nM of each forwardntibodies using enhanced chemiluminescence (ECL; Amersham).
and reverse primer and 250 nM TagMan probe in TagMan Universdlhe Akt kinase assay was performed using an Akt Kinase Assay kit
PCR Master Mix (Applied Biosystems). Primers were as follows:(no. 9840; Cell Signalling Technologies) as per the manufacturer’s
galectin-7: TGAGAATTCGCGGCTTGG (forward) and CCCG- instructions.
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Results hydroxytamoxifen (4OHT) (e.g. Gandarillas and Watt, 1997;
Construction and validation of the inducible FOXN1 Arnold and Watt, 2001). _ _
retroviral vector The FOXN1ER fusion protein localized to the cytoplasm

In pilot studies we were unable to stably express FOXN1 ii/Nen expressed in 3T3 fibroblasts (Fig. 1B) or primary human

primary human keratinocytes, suggesting that FOXN1 mighf€ratinocytes (data not shown). FOXN1 has a nuclear
inhibit "proliferation or promote terminal differentiation or 'ocalization signal (Schorpp et al,, 2000) and, as expected,
apoptosis (Prowse, unpublished observation). To achie eatment of transduced cells with 4OHT caused nuclear

inducible activation of FOXN1, full length hum&OXN1was accumulation of FOXNIER (Fig. 1C).
fused via its C terminus to a mutant form of the oestrogen 10 confirm the transcriptional activity of FOXN1ER we

receptor (ER), which lacks both transactivation ability and?€'formed luciferase assays in 3T3 cells using a minimal
oestrogen binding (Littlewood et al., 1995) (Fig. 1A). Thef€SPonsive reporter (WT-FP-luc), containing copies of the core

FOXNLER construct is expressed constitutively in retrovirallyS€dueénce ACGC previously shown to be activated by FOXN1
transduced cells, but is only activated on binding 4{Schlake et al., 1997). As a control we used a minimal mutant

promoter lacking ACGC sites (Mut-FP-luc) (Fig. 1D). 40HT
treatment resulted in a 13-fold induction of the WT-FP-luc
A { bt = reporter in cells transduced with FOXN1ER but did not affect

[Foxni O T [ER ] the mutant promoter. The level of induction by FOXN1ER in
40HT-treated cells was the same as that observed when 3T3
cells transduced with wild-type FOXN1 were transfected
with WT-FP-luc. Neither promoter was activated by 40HT
treatment alone. Thus the FOXN1ER fusion protein was
inducible and retained specificity for the reported target
sequence.

FOXNL1 activation promotes terminal differentiation

We investigated the effect of activating FOXN1 on clonal
growth of primary human epidermal Kkeratinocytes.
Keratinocytes that had been transduced with FOXN1ER were
plated at clonal density on feeders in the presence of 4OHT or
ethanol vehicle and colony formation was analysed 14 days
later (Fig. 2A-H; Table 1).

Addition of 40HT to cells expressing the empty retroviral
vector pBabepuro had no effect either on the proportion of cells
that formed clones (CFE) or on the proportion of abortive
clones that are founded by transit amplifying cells (Fig. 2A,B;

14 4 Table 1). In abortive clones cells had divided at least once (i.e.
12 4 a minimum of two cells per colony) but a maximum of about
5 times (i.e. fewer than 40 cells per colony), and by 14 days
Lol almost all of the cells had initiated terminal differentiation
| (Jones and Watt, 1993). FOXN1ER expression in the absence
i of 40HT had no effect on clonal growth either (Fig. 2C,E;
L Table 1). However, addition of 40HT to keratinocytes
4 expressing FOXN1ER dramatically decreased the proportion
ot s [

Fold Induction
o
4

of actively growing clones (Fig. 2D,H) and there was a
corresponding increase in the proportion of abortive colonies

to over 90% (Table 1). The induction of abortive clones by

Z z 25 2% & = & E FOXN1ER activation was as effective if 4OHT was only added
o o 2F BF £% Z s for 4 hours (Fig. 2F) or 24 hours (Fig. 2G) as when it was
e e present continuously for the 14 days of the clonogenicity assay

(Fig. 2D,H; Table 1).
Fig. 1. Generation of an inducible form of FOXN1. (A) Schematic The finding that FOXN1 activation increased the proportion
diagram showing the fusion protein. (B,C) Immunofluorescence of of abortive clones suggested that FOXN1 stimulates terminal
23_&6:'3 ‘Zﬁprfless'”g Fdoxr\_llEgz tr_ehated with (B) ethanol or (C)  (ifferentiation. We examined this by determining the
HT for 24 hours and stained with an anti-oestrogen receptor  pronortion of keratinocytes expressing the epidermal cornified
antibody (green) and arfiitubulin (red). Scale bar: 3tm. (D) 3T elope precursors involucrin (Fig. 21) and cornifin (data not

cells transduced with pBabepuro (empty vector), pBabepuroFOXN1 e .
or pBabepuroFOXN1ER were transiently transfected with IuciferaseShown)' After 24 hours activation of FOXN1ER with 40HT

reporters WT-FP-luc (black bars) or Mut-FP-luc (yellow bars) and the proportion of cells expressing involucrin or cornifin was
treated with 4OHT as shown. The luciferase activity of each reporteincreased in adherent cultures from 10% to 70%. In contrast,

was measured in triplicate and the fold induction calculated. Data the number of TUNEL-positive cells was unaltered (data not
shown are from a typical experiment. shown), showing that FOXN1 activation did not induce
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pBabe FOXNIER
A. 14 d ethanol B. 14 d 4OHT C. 14 d ethanol D. 14 d 4OHT

Fig. 2. The role of FOXN1 in
initiation of terminal differentiation.
(A-H) Clonogenicity assays.
FOXNIER (A, B) Keratinocytes transduced
E. 14 d ethanol F. 4 hr 4OHT G SO with pBabepuro (empty vector). _
; e - (C-H) Keratinocytes transduced with
Ny pBabepuroFOXN1ER. The plated
cells were treated with ethanol
(A,C,E) or 40HT (B,D,H) for 14
days or with 40HT for 4 hours (F)
or 24 hours (G). (1) Differentiation
assays were performed by treating
FOXN1ER-transduced keratinocytes
as shown or suspending uninfected
keratinocytes for 24 hours and
FOXNIER Uninfected J Time in suspension measuring the percentage of
= involucrin-positive cells. The means
and standard errors are shown from
three experiments. (J) Immunoblot
of endogenous FOXNL1 in
keratinocytes held in suspension for
the number of hours shown. The
r"| |—| =] blots were probed with antibodies to
Untreated 12-:‘3;[ -}ZS:IIII Adherent Sus;g:urdcd Eﬁ(éNl or,asa Ioadlng control,

100

80

0 hr
6 hr
4 h

2.

60
FOXNI
40
Erk2

20

% cells involucrin positive

apoptosis. The degree of stimulation of terminal differentiatiorinfected with empty vector were treated and analyzed in the
by FOXNL1 in adherent cultures was similar to that achievedame manner. The results were subjected to filter restrictions,
when nontransduced cells were held in suspension for 24 howalowing only those data sets to pass that showed at least a
(Fig. 2I) (Jones and Watt, 1993). Thus activation of FOXN1 igwofold difference in the Cy5:Cy3 ratio and no significant
a strong stimulus for terminal differentiation of keratinocyteschange in 40OHT-treated cells transduced with the empty
We next examined whether the level of endogenous FOXNilector. As a result we identified 32 differentially expressed
correlated with keratinocyte terminal differentiation. Culturedgenes, four of which showed greater than threefold
keratinocytes were disaggregated and held in suspension for upregulation (Table 2). No targets were identified that were
to 24 hours, by which time over 70% of the cells weredownregulated, consistent with previous reports that FOXN1
involucrin-positive (Fig. 2I). The level of FOXN1 protein, acts as a transactivator (Brissette et al., 1996).
assessed by western blotting, increased during suspension-The 32 genes upregulated in response to FOXN1 activation
induced differentiation (Fig. 2J). This is consistent with theat 24 hours were classified into seven functional groups (Table
observation that in mature mouse epidermis Foxnl is express2jl Thirty-two percent of the induced genes were associated
in the suprabasal keratinocytes and a subset of basalth signalling; 22% with metabolism; 16% with extracellular
keratinocytes (Lee et al., 1999).

Table 1. Effect of FOXN1 activation on colony formation
% Abortive

Identification of FOXN1-induced genes

To investigate changes in gene expression resulting fromell type Treatment Time % CFE clones

activation of FOXN1 we made use of the 1.2.1 human cDNA, "k gp ethanol > weeks 127404  57.0+75
microarray from the Cancer Research UK/Ludwig/Wellcomes. k-BpP 40HT 2 weeks 11.8+0.7  58.0+2.6
Trust consortium at the Sanger Centre, Cambridge, UK. Using K-FOXN1ER ethanol 2 weeks 13.9£1.8  62.3+3.5
this microarray we could examine the abundance of mMRNAR: EIES;((H%EE ;ﬁa"'rl)l zzv\\:feeeklfs 1110-9;01-96 961579130.42
encoded by approx[mately 6000 human genes. RNA wgg K-FOXN1ER A0HT 2 hours 116423 937435
prepared from keratinocytes that had been transduced with k.FoOxN1ER AOHT 24 hours 91410 949416
FOXN1ER and treated with solvent vehicle only (ethanol) oH. K-FOXN1ER AOHT 2 weeks 9.0+1.0  95.01.0

40HT (100 nM) for 24 hours. To account for potential changes

in gene expression induced by 40HT alone, keratinocyteSValues are mean and standard errors of three experiments.
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Table 2. Genes up-regulated by FOXNL1 activation in primary human keratinocytes

Fold induction (SD) Acc. no.

Name

Description

Signalling molecules, growth factors and cytokines

4.3 (0.6) M68867 cellular retinoic acid-binding protein Il (CRABPII) retinoic acid binding and regulation
2.1(0.1) NM_004378 cellular retinoic acid-binding protein 1 (CRABP1) retinoic acid binding and regulation
4.1(0.2) u09117 Phospholipase C-delta-1 (PLC-delta-1 PLCD1) Diacylglycerol and IP3 synthesis
3.2(0.3) AC002076 Guanine nucleotide binding protein Il (GNG11) G protein receptor signalling
2.0(0.1) U31383 Guanine nucleotide binding protein 10 (GNG10) G protein receptor signalling
2.5(0.3) u60808 CDP-diacylglycerol synthase (CDS) CDP-diacylglycerol synthesis
2.1(0.0) NMO004417 MAP kinase phosphatasel(MKP1,DUSP1,CL100) Phosphatase

2.1(0.2) 748541 Protein tyrosine phosphatase receptor O (PTPRO) Phosphatase

2.0(0.2) M63167 Aktl, rac protein kinase alpha, protein kinase B Cell survival

2.0(0.2) L13720 Growth-arrest-specific protein (GAS6) Ligand for AXL receptor, affects Akt
ECM, adhesion and cytoskeletal

7.7 (4.3) LO7769 galectin-7 beta-galactoside-binding lectin

2.6 (0.4) X63629 p cadherin (P-cadherin CDHP) Cell adhesion molecule

2.3(0.3) M19156 acidic keratin-10 (K10) Keratin

2.1(0.1) X05908 lipocortin /Annexin | (ANX1) Cornified envelop component
2.0(0.1) NM_001999 fibrillin 2 (FBN2) Component of tissue microfibrils.
Metabolism

2.7 (0.1) L47647 creatine kinase B kinase

2.6 (0.2) D49400 vacuolar H(+)-ATPase (ATP6V1F) ATPase, 14-KD, V1 Subunit F
2.5(0.2) AF005890 Na K-ATPase beta-3 subunit (atp1b3) Componet of Na K-ATPase
2.5(0.3) 729331 ubiquitin-conjugating enzyme UbcH2 Ubiquitin-conjugating enzymes
2.3(0.5) NM_000695 Aldehyde dehydrogenase 8 (ALDH8) Enzyme

2.1(0.3) AB011004 UDP-N-acetylglucosamine pyrophosphorylase UDP-N-acetylglucosamine synthesis
2.0(0.3) D49489 Protein disulfide isomerase P5 precursor (HUMP5) Enzyme

Calcium homeostasis

2.1(0.2) M96824 CALNUC/Nucleobindin 1 EF-hand, Ca2+-binding protein
2.0(0.1) A12022 Macrophage migration inhibition factor (MRP-8) calgranulins S100A8

Ribosomal proteins

2.3(0.2) M17886 acidic ribosomal phosphoprotein P1 (RPLP1) Ribosomal protein

2.2(0.1) M31520 ribosomal protein S24 Ribosomal protein

2.0(0.2) AF047440 ribosomal protein L33-like protein Ribosomal protein

Genes wth other functions

2.4 (0.4) M14200 diazepam binding inhibitor (DBI) Acyl-CoA-binding protein (ACBP)
2.4 (0.1) Al378609 CHMP1.5/RIKEN Vessicle trafficking

2.0(0.1) J03483 chromogranin A Protein coreleased with catecholamines
Genes with unknown functions

2.6 (0.4) R32952 Soares placenta Nb2HP cDNA IMAGE:135221 Unknown EST

2.2(0.2) AF201934 DC12 (DC12) Novel gene

matrix (ECM), adhesion or the cytoskeleton; 9% encoded to a twofold induction of Akt. Immunoblotting revealed that
ribosomal proteins; 6% were involved in calcium homeostasigalectin-7, CRABPI, CRABPII, P-cadherin and Akt protein

and 15% were novel genes or genes with unknown functionkevels increased in keratinocyte cultures in response to FOXN1
Involucrin and cornifin were not present on the microarrayactivation, while no changes in the levels of control proteins
however, the induced genes included keratin 10, a marker &#-3-3 or Erk2 were observed (Fig. 3B). The upregulation of
interfollicular keratinocyte differentiation (its partner, keratin 1,galectin-7 and P-cadherin following FOXN1 activation in
was induced 1.8 fold). Upregulated genes that are implicated human keratinocyte cultures was also confirmed by
the regulation of proliferation of other cell types included thosémmunofluorescence staining (data not shown).

for Gas6, a ligand of the Axl receptor which can activate Akt

to increase cell survival (Bellosta et al., 1995; Lee et al., ZOOZkOXNl induced terminal differentiation is not dependent

on induction of Akt and Gas6

Validation of the microarray data The upregulation of Akt and Gas6 in response to FOXN1 led
To validate the microarray results, expression of subsets of this to investigate whether these proteins mediated FOXN1
induced genes was analyzed by RT-PCR (Fig. 3A). Wénduced differentiation of keratinocytes. Gas6 has been shown
examined levels of the encoded proteins by western blotting o activate Akt in several different cell types (Goruppi et al.,
immunofluorescence staining (Fig. 3B and data not shown001; Valverde et al., 2004). Consistent with these findings,
RT-PCR showed that expression of all seven genes examinaddition of 400 ng/ml recombinant Gas6 resulted in a moderate
was specifically upregulated in response to FOXN1 activatiomcrease in activated Akt, detected with an antibody to serine
(Fig. 3A). The levels of induction detected by RT-PCR were473 phosphorylated Akt (phospho-AK), in keratinocytes
similar to those observed on the microarrays, ranging from grown under serum- and growth-factor-free conditions (Fig.
fivefold induction of the3-galactoside-binding lectin galectin- 4A). However, in normal keratinocyte culture conditions, when
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The dynamics of Akt activation in response to suspension
A 8.0 (Fig. 4C) were similar to those that occurred during FOXN1-
induced differentiation (Fig. 4B). We immunoprecipitated total

L Akt from adherent (0O hour) keratinocytes or cells held in
6.0 suspension for up to 28 hours. Following an in vitro kinase
5.0 reaction we determined the level of phosphorylated GBK-3

substrate as a measure of Akt kinase activity. As with FOXN1
induction, there was a rapid deactivation of Akt upon
3.0 suspension (2-hour time point) followed by a recovery of

50 kinase activity as time in suspension increased (Fig. 4C). We
B Fi conclude that during both FOXN1 and suspension-induced

4.0

Relative Induction

10 differentiation Akt activity initially decreases but subsequently
recovers.

We next tested the effects on terminal differentiation of
inhibiting Akt or PI 3-kinase, since Akt is a downstream

GALT PLCDI GAS6 CRABPII CRABPI P-CAD  AKT

o QOHT Ederol T effector of Pl 3-kinase (Kandel and Hay, 1999). Both FOXN1-
0 4824430482448 (4 B 24.46-0.4 8 24:48 and suspension-induced differentiation were largely inhibited
] ol with the PI 3-kinase inhibitor LY294002, as measured by the
14— SR CFASP| 14— o e S m—=—— .- QAL percentage of involucrin-positive cells (Fig. 4D). However,
— _— addition of the Akt inhibitor failed to block the initiation of
= e s differentiation triggered by either FOXN1 or suspension (Fig.
98— a— 4D). We confirmed by western blotting that both drugs
oo —Akt 2 . inhibited Akt phosphorylation at the concentrations used in the
46— differentiation assays (data not shown). Neither drug increased
el EFIC ————————Rie apoptosis and when LY294002 was removed from
Pl - keratinocytes in suspension they initiated involucrin expression
i B il (data not shown). We conclude that activation of Pl 3-kinase,

S o e msemaln | ham but not Akt, is necessary for initiation of terminal
differentiation.

e ————m A ERK2

Fig. 3. Validation of the microarray results. (A) Real time PCR  FOXN1 stimulates early stages of terminal differentiation
analysis of target gene expression. Keratinocytes transduced with \yhereas Akt stimulates later stages

empty vector (white bars) or FOXN1ER (grey bars) were treated . . .

with ethanol or 40HT for 24 hours and the relative induction by To . dlreg’ltlyfexam]!nek the rolg of ﬁ‘kt' Wek mtr_oduced an
40HT of galectin-7, Gas6, PLCD-1, CRABPI and II, P-cadherin ang@ctivatable form of Akt into primary human keratinocytes via
Akt determined. Results are the mean and standard deviations of @ retroviral vector. We used a membrane-targeted Akt

three experiments. (B) Immunoblot analysis of target gene construct, myrAktER, which contains an N-terminal Src
expression. Keratinocytes transduced with FOXN1ER were treated myristoylation sequence fused to an Akt mutant lacking the PH
with ethanol or 40HT for 0-48 hours and the induction of galectin-7,domain; this in turn is fused to a mutant oestrogen receptor and
CRABPI, CRABPII, Akt, P-cadherin and 14-Z-8etermined. The is therefore dependent on 40HT for activity (Kohn et al.,
blots were probed with Erk2 antibodies as a loading control. 1998). An inactive version, A2myrAktER, containing a glycine
to alanine substitution in the myristoylation sequence to
prevent membrane targeting (Kohn et al., 1998), was used as a
the cells were grown in the presence of a feeder layer in serumentrol. Adherent, preconfluent keratinocytes transduced with
containing medium, addition of Gas6 did not result inthe Akt constructs were treated with 40HT for 24 hours and
increased Akt activation nor in a stimulation of terminalthen assayed for Akt activation by immunoblotting (Fig. 5A,
differentiation (data not shown). Thus although Gas6 canpper panel). Expression of the Akt constructs was confirmed
activate Akt in keratinocytes, the effect is context-dependeriiy probing the blots with an anti-ER antibody (Fig. 5A, lower
and does not mimic the induction of differentiation observeganel). Strong AK{3 phosphorylation was observed in
in response to FOXNL1. keratinocytes transduced with myrAktER. Phosphorylation
Previous reports have suggested that extended activationwés evident in cells expressing A2myrAktER compared to the
murine Foxnl may positively influence early differentiationempty retroviral vector pBabepuro, suggesting some leakiness
while inhibiting progression to the later stages ofof the construct (Fig. 5A, upper panel).
differentiation (Baxter and Brissette, 2002). Additionally, To compare the effects of FOXN1 and Akt activation on
keratin 10, an early differentiation marker induced in responsterminal differentiation we used a reconstituted human skin
to FOXN1, can negatively regulate Akt activation (Paramio etnodel (Rikimaru et al., 1997). Primary human keratinocytes
al., 2001). This led us to examine the effect of FOXN1 orwere transduced with GFP, FOXN1ER, myrAktER or
activation of Akt. Activation of FOXN1ER with 100 nM 40HT A2myrAKtER retroviral vectors. Following infection, the
for 6 hours led to suppression of Akt phosphorylation (Figkeratinocytes were seeded onto pieces of human dermis that
4B). However, as total Akt levels increased at later time pointead been stripped of epidermis and subjected to repeated
(Fig. 3B), phospho-AKt'3 levels recovered (Fig. 4B). freeze-thaw cycles to kill all the dermal cells (DED). The
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Fig. 4. The dynamics of Akt activation in cultured human keratinocytes. (A) Adherent keratinocytes that had been starved for 2dehours w
treated with 400 ng/ml recombinant Gas6 for 0-40 minutes. Western blots were probed with antibodies to pht&draetat Akt. Erk2

was used as a loading control. (B) FOXN1ER transduced keratinocytes were stimulated with 4OHT (100 nM) for 0, 6, 12 car& hours
lysates were probed for phospho-Akt total Akt or Erk2. (C) Keratinocytes were held in suspension for 0 to 28 hours and total Akt protein
was immunoprecipitated. The level of phosphorylated GBKubstrate was analysed by western blotting as a measure of Akt kinase activity.
Actin was used as a loading control. (D) Percentage of involucrin-positive cells induced by FOXN1 or suspension culpreséentgeor
absence of Pl 3-kinase inhibitor LY294002 (LY) or Akt inhibitor. The means and standard errors are shown from three experiments

cultures were grown at the air/liquid interface in the presencirminal differentiation, as evaluated by epidermal morphology
of 40HT (100 nM). After 10 or 14 days the cultures wereand by expression of differentiation markers (Fig. 6). The
analysed by immunohistochemistry. Expression of the ERpidermis reconstituted by GFP and A2myrAkt-infected
constructs was verified by staining with an antibody directedontrol keratinocytes displayed an ordered maturation, with
against the ER epitope (Fig. 5B,D,F,H). No ER was detecteldasal (b), spinous (s), granular (g) and cornified (c) layers all
in epidermis transduced with GFP (Fig. 5B). As expectedpresent and resembling normal human epidermis (Fig. 6A,J).
FOXN1ER-transduced epidermis showed ER expressioAlthough involucrin expression is initiated in the upper spinous
localized to the nucleus (Fig. 5D) while ER expression ifdayers in vivo, in normal reconstituted epidermis it is expressed
A2myrAktER- and myrAktER-transduced epidermis wasin all the suprabasal layers (Watt et al., 1987) (Fig. 6B,K).
predominantly cytoplasmic and membrane associated (FidLoricrin expression was confined to the granular layer in GFP
5FH). or A2AKtER reconstituted epidermis (Fig. 6D,L) as in vivo
Consistent with the dynamic changes in phosphd“&kt (Hohl et al., 1993).
levels detected on western blots in suspended keratinocytesTerminal differentiation was altered in FOXN1ER- (Fig. 6D)
(Fig. 4C), GFP-transduced control epidermis had higland myrAktER- (Fig. 6G) transduced epidermis, but the
phospho-Akt’3 in the basal layer, low levels in the early changes were not the same. FOXN1-transduced epidermis
suprabasal layers, and high levels in the upper layers (Fig. 50acked a well defined basal layer and was composed primarily
Activation of FOXN1 resulted in a marked decrease inof early differentiating keratinocytes resembling spinous layer
phospho-Akt73 throughout the epidermis, the few phospho-cells; there were very few cornified layers (Fig. 6D). Involucrin
Akt473-positive cells being confined to the basal layer (Figwas expressed in all keratinocyte layers, including the basal
5E). As expected, myrAktER-transduced epidermis had strongyer (Fig. 6E) and loricrin expression was almost completely
Akt activation in all keratinocyte layers (Fig. 5G). absent (Fig. 6F). In contrast, myrAktER-transduced epidermis
A2myrAktER-expressing epidermis had high phosphotfkt had a pronounced granular layer and a thickened cornified
immunoreactivity in the basal and upper suprabasal layers blayer (Fig. 6G); involucrin was expressed in nearly all cells
lower activation in the first suprabasal layers (Fig. 51). Thé€Fig. 6H) and almost all suprabasal cells expressed loricrin
overall labelling of A2myrAktER-transduced epidermis was(Fig. 6l). These data indicate that activation of FOXN1 is
somewhat stronger than the GFP control, consistent with thaufficient to induce the early stages of differentiation (spinous
slight increase in phospho-AiBdetected by western blotting layer) but insufficient to trigger the later stages (granular and
(Fig. 5A). cornified layers). Strong activation of Akt, however, is capable
Activation of FOXN1 and Akt had different effects on of triggering the late stages of differentiation.
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Discussion FOXN1-regulated genes and investigating the consequences of

The aim of our experiments was to gain insights into th@ctivating FOXN1 in cultures of primary human epidermal
functions of FOXNL1 in interfollicular epidermis by identifying keratinocytes. We generated a FOXN1ER fusion protein that
was inducible and retained specificity for the reported target

sequence. Activation of FOXN1 promoted differentiation by

A i} increasing the proportion of transit amplifying cells and post-

qf 3 & mitotic, involucrin-positive keratinocytes but was not sufficient

v & to trigger the final stages of terminal differentiation. We

—, identified genes upregulated by FOXN1 activation using

microarrays. After 24 hours of FOXN1 activation 32 genes

ER —— were upregulated more than two fold, including markers of

keratinocyte differentiation and signalling molecules that are
implicated in growth arrest and differentiation.

Keratin 10 is expressed in all the suprabasal layers of
interfollicular epidermis and its upregulation, detected on the
microarrays, is consistent with the observation that FOXN1
activation induced terminal differentiation and expression of
involucrin (not represented on the microarrays). Cultured
keratinocytes from nude mice express lower levels of the
partner keratin, keratin 1 (upregulated 1.8 fold on the arrays)
than control keratinocytes (Brissette et al., 1996), and
overexpression of FOXN1 under the control of the involucrin
promoter in differentiating keratinocytes results in increased
levels of keratin 1 (Baxter and Brissette, 2002; Prowse et al.,
1999). The most highly induced gene in the microarrays, the
B-galactoside binding lectin galectin-7, is also expressed in the
suprabasal layers of human epidermis as part of the terminal
differentiation programme (data not shown). The function of
galectin-7 in keratinocytes is uncertain, but it is known to be
expressed at the onset of epidermal stratification during mouse
embryo development and to be downregulated in transformed
keratinocytes (Timmons et al., 1999).

There are reduced levels of the acidic hair keratins 3 and 5
(mHa3 mHab) in nude mouse epidermis (Meier et al., 1999)
and transfection of FOXN1 into HeLa cells induces expression
of mHa3 (Schlake et al., 2000). We did not, however, detect
upregulation of any hair keratins, either on the microarrays or
by RT-PCR (data not shown). This may reflect the fact that the
cultured keratinocytes used in our experiments were from
non-hair-bearing skin and were grown in the absence of a
mesenchymal compartment conducive to hair follicle
differentiation. It would clearly be of interest to repeat the
microarray analysis using Kkeratinocytes cultured in the
presence of fibroblasts from the hair follicle dermal papilla,
which are known to produce inductive signals for the epidermal
hair lineages (Jahoda, 1992).

The majority of signalling molecules that were upregulated
on the microarrays have been implicated in growth control or
cell survival. CRABPI and Il are retinoic acid binding proteins
that are known to have important functions within the skin
(Elder et al., 1993). CRABPI is expressed in basal and
suprabasal keratinocytes (Karlsson et al., 2002) and regulates
Fig. 5. Akt activity in reconstituted human epidermis. (A) Western  retinoic acid degradation (Dong et al., 1999). CRABPII is
blots probed with anti-ER or anti-phospho-Akantibodies. Cells  expressed in suprabasal keratinocytes (Karlsson et al., 2002)
were transduced with empty retroviral vector (pBabe), myrAKtER or 5 g regulates retinoic acid signalling (Dong et al., 1999).

A2myrAktER and treated with 40HT for 24 hours. (B-1) Epidermis : - ; : o
reconstituted by keratinocytes transduced with GFP (8,C), CRABPII is reported to sensitise epithelial cells to retinoic

FOXN1ER (D,E), myrAKtER (F,G) or A2myrAKtER (H,]). Sections acid-induced growth arrest (Budhu and Noy, 2002) and its
were subject to immunofiuorescent staining using antibodies to the UPreégulation during keratinocyte differentiation (Chatellard-
oestrogen receptor (B’D,F’H) or phOSphOﬂR(C,E,G,l) (green). Gruaz et a.l., 1998) may thus contribute to withdrawal of
Propidium iodide was used as a nuclear counterstain (red). Scale b&€ratinocytes from the cell cycle.

50 um. In attempting to elucidate the mechanism by which FOXN1

pAkt 473

anti ER anti pAKT‘”3

FOXNI1ER GFP

myrAktER

A2myrAktER
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anti Involucrin anti Loricrin

myrAktER

Fig. 6. Contrasting effects of FOXN1 and
Akt on terminal differentiation. Epidermis
was reconstituted by keratinocytes
transduced with GFP (A-C), FOXN1ER
(D-F), myrAKtER (G-I) or A2myrAktER
(J-L). (A,D,G,J) Haematoxylin and Eosin
staining of paraffin sections. Basal (b),
spinous (s), granular (g) and cornified (c)
layers are indicated. Sections were
stained by immunofluorescence with
antibodies to involucrin (B,E,H,K) or
loricrin (C,F,I,L) (green). Propidium
iodide was used as a nuclear counterstain
(red). Scale bar: 50m.

stimulated exit from the stem cell compartment and initiatiorAkt phosphorylation was not increased. This suggests that Akt
of keratinocyte terminal differentiation, we analysed the effectactivation is not essential for the initiation of differentiation,
of two genes upregulated on the microarrays that were dfut that other Pl 3-kinase targets, such as Rac (Welch et al.,
particular interest: Gas6é and Akt. Gas6 is a secreted prote2®03) may be important.
that binds to members of the Axl receptor tyrosine kinase Overexpression of Foxnl in transgenic mouse keratinocytes
family and activates Pl 3-kinase and its downstream target Alhibits progression to late stages of differentiation (Baxter and
(Demarchi et al., 2001). Although Gas6 was able to activatBrissette, 2002). Consistent with this finding, reconstituted
Akt in serum-free, growth factor-starved keratinocytes, it hadhuman epidermis transduced with FOXN1 consisted primarily
no effect on Akt activation or on involucrin expression whenof the early differentiating cells of the spinous layer (involucrin
keratinocytes were cultured in the presence of serum. Singmsitive, loricrin negative) and lacked granular and cornified
there is no reported epidermal phenotyp&aé6’- (Yanagita layers (Fig. 6D-F). In contrast, Akt stimulated later stages of
et al., 2002) oAxI~(Lu et al., 1999) mice we do not believe differentiation, resulting in an increase in granular (loricrin
that FOXN1 induction of Gas6 plays a major role in terminapositive) and cornified layers (Fig. 6G-I).
differentiation. We thus have evidence that FOXN1 stimulates Akt
Akt is known to enhance cell survival by inhibiting apoptosisexpression, resulting in an increase in total Akt. However, Akt
and has recently been shown to promote neural and adipocwetivity is actually decreased in the early stages of
differentiation (Lopez-Carballo et al., 2002; Peng et al., 2003Yifferentiation, potentially via the increase in keratin 10
We found that whereas inhibition of PI 3-kinase preventedParamio et al., 2001). Subsequent activation of Akt leads
FOXN1- and suspension-induced differentiation, inhibition ofkeratinocytes to progress through the later stages of terminal
Akt did not. Although FOXNL1 increased the total level of Akt, differentiation. Some members of the forkhead family of
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transcription factors are directly phosphorylated by Akt and imBaxter, R. M. and Brissette, J. L.(2002). Role of the nude gene in epithelial
thymic epithelial cells Pl 3-kinase and Akt are upstream f[ermmal dlffere_ntlatlonJ._Invest. Dermatol118 303-309.
regulators of FOXN1 (Balciunaite et al., 2002)_ However,Brlssette, J. L., Li, J., Kamimura, J., Lee, D. and Dotto, G. R1996). The
FOXN1 lacks the potential Akt phosphorviation sites present prqduqt of the mouse nUQe Iocu_s,_Whn, regulates the balance between
! . p p phory >l p epithelial cell growth and differentiatio@enes Devl0, 2212-2221.
in other family members (Datta et al., 1999). Additionally, AKtgudhu, A. S. and Noy, N(2002). Direct channeling of retinoic acid between
activation or inhibition in NIH-3T3 cells transduced with cellular retinoic acid- binding protein Il and retinoic acid receptor sensitizes
FOXN1ER had no effect on the FOXN1 responsive minimal Mmammary carcinoma cells to retinoic acid-induced growth aiviest.Cell.
Biol. 22, 2632-2641.

promotgr (data nc.)t ShOWI’l). . Burgering, B. M. and Coffer, P. J. (1995). Protein kinas B (c-Akt) in

Previously published data on Akt and Pl 3-kinase have beenyposphatidylinositol-3-OH kinase signal transductiature376, 599-602.
conflicting. Active Akt is present in both the basal andcarlsson, P. and Mahlapuu, M.(2002). Forkhead transcription factors: key
suprabasal layers of interfollicular mouse epidermis (Paramio players in development and metabolidbev. Biol.250, 1-23.
etal., 2001; Umeda et al., 2003). Our finding that inhibition ofhawellard-Gruaz, D., Randolph, R. K., Hagens, G., Saurat, J. H. and

. s - T - - Siegenthaler, G.(1998). Differentiation of human epidermal keratinocytes
P1 3-kinase inhibits differentiation is consistent with one report is accompanied by increased expression of CRABP-II and increased cellular

(Dajee et al., 2002), but contrasts with another, in which concentration of retinoic acids: retention of newly synthesized retinoic acids
blockade of Pl 3-kinase induced keratinocyte differentiation by CRABP-II.J. Lipid Res39, 1421-1429.

(Sayama et al., 2002). Mice that are lacking both Aktl and Dajee, M., Tarutani, M., Deng, H., Cai, T. and Khavari, P. A.(2002).
have a reduced number of hair follicles, and although initiation EPidérmal Ras blockade demonstrates spatially localized Ras promotion of
. . .o . . ! . . proliferation and inhibition of differentiatio®ncogene?1, 1527-1538.

of terminal differentiation in the interfollicular epidermis is NOt p,ta s R, Brunet, A. and Greenberg, M. E(1999). Cellular survival: a
completely inhibited, proliferation in the basal layer and the piay in three AktsGenes Devl3, 2905-2927.

number of differentiated layers are markedly reduced (Peng Bemarchi, F., Verardo, R., Varnum, B., Brancolini, C. and Schneider, C.
al., 2003). The phenotype of the knockout mice suggests that(;gf’lc)-hggszg é‘”;{?@;";fi’?if‘g”a“”g requires NF-kappa B activalion.
Akt §|gnalllng mfluepces bqth 'prollferat|c'>n and dlfferentlatlon ong, D., Ruuska, S. E.. Levinthal, D. J. and Noy, N1999). Distinct roles
and is consistent with our findings of activated Akt in the basal tor cellular retinoic acid-binding proteins I and 11 in regulating signaling by
and granular layers of reconstituted human epidermis. Thisretinoic acidJ. Biol. Chem274, 23695-23698.

suggests a dual role for activated Akt in epithelial maintenandgder, J. T., Cromie, M. A., Griffiths, C. E., Chambon, P. and Voorhees,

; it indi ; ian J- J. (1993). Stimulus-selective induction of CRABP-II mRNA: a marker
g:’]edIilglilrtegtkl)itlﬁr?p?)?&lrﬁ?é?t‘:)erg Slgnal strength and duratlonfor retinoic acid action in human skid. Invest. Dermatoll00, 356-359.

> i Frank, J., Pignata, C., Panteleyev, A. A., Prowse, D. M., Baden, H., Weiner,
In conclusion, we have shown that FOXNL1 is not only a key L., Gaetaniello, L., Ahmad, W., Pozzi, N., Cserhalmi-Friedman, P. B. et

transcription factor for hair follicle lineages, but also controls al. (1999). Exposing the human nude phenotyymture 398, 473-474.

interfollicular epiderma| differentiation. Our microarray Gandarillas, A. and Watt, F. M. (1997). c-Myc promotes differentiation of

; ; ; ; human epidermal stem cellSenes Devl1, 2869-2882.
analySIS led us to Identlfy Akt as a pOtentlaI effector O.thazizadeh, S. and Taichman, L. B(2001). Multiple classes of stem cells

FOXN1-induced differentiation. Our results suggest a model in"jy cytaneous epithelium: a lineage analysis of adult mouseEMBO
which FOXN1 induces the early stages of differentiation while 20, 1215-1222.

increasing the pool of total Akt. Subsequent activation ofsoruppi, S., Chiaruttini, C., Ruaro, M. E., Varnum, B. and Schneider, C.
Akt triggers completion of the differentiation program and (2001). Gas6 induces growth, beta-catenin stabilization, and T-cell factor

: . - transcriptional activation in contact-inhibited C57 mammary célsl.
formation of the granular and cornified layers. It will now be ~ Biol. 21 902-915.

of interest to examine how FOXNL interacts with otheryaase, I, Hobbs, R. M., Romero, M. R., Broad, S. and Watt, F. M2001).
regulators of the epidermal stem cell compartment, such as the role for mitogen-activated protein kinase activation by integrins in the
Wnt pathway (Balciunaite et al., 2002; Niemann and Watt, pathogenesis of psoriasi.Clin. Invest108 527-536.

; ; ; ;Hohl, D., Ruf Olano, B., de Viragh, P. A., Huber, M., Detrisac, C. J.,
ﬁOOZ), an?r Whethi{’kloss of FQXNl in mammalian ep|derm|§' Schnyder, U. W. and Roop, D. R(1993). Expression patterns of loricrin
as any efrect on t expression. in various species and tissuésfferentiation54, 25-34.
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