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Loss of epidermal AP1 transcription factor function
reduces filaggrin level, alters chemokine expression
and produces an ichthyosis-related phenotype

Christina A Young1, Ellen A Rorke2, Gautam Adhikary1, Wen Xu1 and Richard L Eckert*,1,3,4,5

AP1 transcription factors are important controllers of epidermal differentiation. Multiple family members are expressed in the
epidermis in a differentiation-dependent manner, where they function to regulate gene expression. To study the role of AP1 factor
signaling, TAM67 (dominant-negative c-jun) was inducibly expressed in the suprabasal epidermis. The TAM67-positive epidermis
displays keratinocyte hyperproliferation, hyperkeratosis and parakeratosis, delayed differentiation, extensive subdermal
vasodilation, nuclear loricrin localization, tail and digit pseudoainhum and reduced filaggrin level. These changes are associated
with increased levels of IFNγ, CCL3, CCL5, CXCL9, CXCL10, and CXCL11 (Th1-associated chemokines), and CCL1, CCL2, CCL5
and CCL11 (Th2-associated chemokines) in the epidermis and serum. S100A8 and S100A9 protein levels are also markedly
elevated. These changes in epidermal chemokine level are associated with increased levels of the corresponding chemokine
mRNA. The largest increases were observed for CXCL9, CXCL10, CXCL11, and S100A8 and S100A9. To assess the role of CXCL9,
CXCL10, CXCL11, which bind to CXCR3, on phenotype development, we expressed TAM67 in CXCR3 knockout mice. Using a
similar strategy, we examine the role of S100A8 and S100A9. Surprisingly, loss of CXCR3 or S100A8/A9 did not attenuate
phenotype development. These studies suggest that interfering with epidermal AP1 factor signaling initiates a loss of barrier
function leading to enhanced epidermal chemokine production, but that CXCR3 and S100A8/A9 do not mediate the phenotypic
response.
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The epidermis produces a barrier that functions to prevent loss
of body fluids, fights infection, and is essential for life.
Epidermal keratinocytes differentiate to form the barrier via a
process that involves systematic destruction of intracellular
structures leaving a network of covalently-crosslinked pro-
teins, lipids, and keratin bundles that form the barrier.1 AP1
transcription factors are essential regulators of this
process.2–7 They form homo- and heterodimers that bind
DNA response elements to regulate gene expression.8 An
example is the AP1 site in the involucrin gene enhancer that is
required for expression of involucrin in epidermis.2–7 Disrup-
tion of AP1 factor function can produce mouse phenotypes
that mimic human epidermal diseases.9–12 To investigate the
role of AP1 factors in epidermis, we inactivated AP1
transcription factor function in the suprabasal epidermis using
TAM67, a dominant-negative form of c-jun.13–15 TAM67
dimerizes with AP1 factor family members, but the resulting
complex is not able to activate transcription. These animals
display an epidermal phenotype including increased cell
proliferation and delayed differentiation, extensive epidermal
hyperkeratosis and parakeratosis, nuclear loricrin accumula-
tion and digit and tail autoamputation.9

Epidermal ultrastructure studies reveal reduced cornified
envelope thickness, and abnormal desmosome, keratin

filament and lamellar body morphology.16 Analysis of cornified
envelope composition reveals reduced levels of cutaneous
keratins, late envelope precursor proteins, hair-related pro-
teins, and increased levels of hyperproliferation-associated
keratins and proline-rich proteins.16 Moreover, changes in
protein level were paralleled by changes in messenger RNA
(mRNA) level. Thus, suprabasal AP1 factor inactivation
reduces expression of AP1 factor-responsive late differentia-
tion genes and increases expression of early differentiation
genes. An important change is a reduction in expression of
filaggrin family-related genes,16 a change that is frequently
observed in ichthyosis vulgaris and atopic dermatitis.17–20 In
these diseases, compromised barrier function is associated
with migration of immune cells into the epidermis.21 These
immune cells are thought to contribute to the development of
disease phenotype due to the stimulatory impact of chemo-
kines and cytokines on keratinocyte proliferation.21 In the
present study, we characterize biochemical, structural and
immune changes following inhibition of AP1 factor function in
the suprabasal epidermis. We show that structural proteins
are altered in level, barrier function is compromised, and IFNγ,
CCL3, CCL5, CXCL9, CXCL10 and CXCL11 (Th1-asso-
ciated), and CCL1, CCL2, CCL5 and CCL11 (Th2-associated)
chemokines are elevated. S100A8 and S100A9 levels are also
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increased. To begin to understand the role of selected
chemokines in phenotype development, we show that the
CXCR3 receptor and it ligands (CXCL9, CXCL10, CXCL11)

and S100A8 and S100A9, although markedly overexpressed
in TAM67-positive epidermis, are not required for phenotype
development.
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Results

We recently showed that inhibition of AP1 factor function in
the suprabasal epidermis markedly changes the epidermal
phenotype leading to an ichthyosis/keratoderma-like
phenotype.9,16 The present study expands upon these
observations. Figure 1 shows the TAM67-FLAG time-depen-
dent change in epidermal phenotype. Erythema is observed at
12–24 h after induction of TAM67 expression and extended
TAM67 expression leads to formation of a thick scaly cornified
coat at 21 d (Figure 1a). The phenotype is associated with
increased blood flow to the skin, first observed at 12 and 24 h
(Figure 1b). Histologic sections reveal an increase in
epidermal thickness which is also apparent at 12–24 h, with
a massive increase in epidermis and stratum corneum
thickness observed at 21 d (Figure 1c). Ear thickness is also
increased progressively and is four-fold thicker at 21 d
(Figure 1d). The images in Figure 1b suggest a rapid change
in blood flow to the skin that is evident at 24 h. To assess
whether this is associated with increased vascular perme-
ability, we injected Evans Blue dye and monitored its leakage
from vessels into the surrounding tissue.22 Increased tissue
Evans Blue dye accumulation is evident at 0.5 d and increases
with time (Figure 1e). Epidermal dye accumulation is readily
visible in the skin at 2 d after induction of TAM67 expression
(Figure 1f), which indicates enhanced vessel permeability.

Chemokine levels in serum and epidermis. To identify
events that contribute to this phenotype, we monitored serum
chemokine content and observed elevated levels of a host of
chemokines including CXCL1, CXCL10, CCL1, CCL2,
CCL12, CXCL9, IL-16 and IL-1F3 (Figure 2a). Plotting
chemokine level versus time reveals an early increase in
CCL1 at 0.5 d with peak levels observed at days 2–21
(Figure 2b). CXCL1 level is elevated at 4 and 8 d, and at 21 d
other chemokines, including CXCL10, CCL1, CCL2, CCL12,
CXCL9, IL-16 and IL-IF3 are increased (Figure 2b). These
findings indicate a strong early increase in CCL1 (0.5 d),23

followed by an increase in CCL2 and CXCL10, CXCL1,
CXCL9, and CXCL11 chemokines at 8 and 21 days.
Chemokine levels are also altered in the epidermis. TAM67-

rTA mice were treated for 8 d with doxycycline and then
epidermal chemokine levels were measured. Figures 2c,d
shows that CCL1 and CCL2, CCL3, CCL5, CXCL9, CXCL10,
CXCL11, and IFNγ chemokines are elevated. CXCL1, CXCL2,
GM-CSF, TREM-1, TIMP-1, and compliment 5 A levels are
also increased (Figures 2c,d). To understand the mechanism
of this regulation, we measured mRNA level for selected
chemokines. Figure 2e shows an increase in mRNA encoding

CCL1 (7.7-fold), CCL2 (39-fold), CCL5 (33-fold), CCL7 (79.3-
fold), CCL11 (16.8-fold), CCL3 (11.5-fold), CCL4 (12.4-fold),
CXCL9 (16.8-fold), CXCL10 (625-fold), CXCL11 (13.2-fold),
and IFNγ (13.1-fold) at 8 d after TAM67 induction. CCL17
(16-fold) and CCL20 (4-fold) were also increased at 8 d. An
expanded plot of chemokine mRNA changes at 2 d after
doxycycline addition shows increased levels of CCL1 (11.4-
fold), CCL2 (2.2-fold), CCL7 (3.6-fold), CXCL1 (2.5-fold),
CCL17 (2.1-fold), CCL20 (6.5-fold), and CXCL10 (3.3-fold)
(Figure 2e). These findings suggest that Th1- and Th2-
associated chemokines are elevated in epidermis, and that
these increases are associated with increased mRNA level.

Immune cell invasion. We next monitored the types of
immune cells present in the dermis/epidermis in response to
epidermal TAM67 expression. Histologic examination of H&E-
stained sections revealed the presence of parakeratosis
beginning at 2 d, mild to moderate dyskeratosis and hyper-
keratosis at 8 days and severe dyskeratosis/hyperkeratosis at
21 d (Figure 3a). Inflammation was detected in hair follicles,
epidermis and stroma, and increased in severity with time.
Consistent with these changes, cell sorting analysis reveals a
marked increase in T-lymphocytes (CD3), neutrophils (CD11b),
and macrophages (F4/80) (Figure 3b). We also assessed the
number of CXCR3-positive cells (receptor for CXCL9, 10, 11)
and found no change (Figure 3b). To identify the tissue
localization of invading leukocytes, we stained epidermis from
8 d doxycycline-treated mice with antibodies specific for various
immune cells. There was a four-fold enrichment of CD3-positive
lymphocytes in the epidermal suprabasal layers (Figures 3c,d),
and a substantial increase in mast cells (Figure 3e) and CD11b-
positive neutrophils (Figure 3f) at 21 d.

Role of CXCL9, CXCL10, CXCL11 in phenotype develop-
ment. CXCL9, CXCL10, and CXCL11 are among the most
increased chemokines, as assessed by mRNA and protein
level, in TAM67-expressing epidermis (Figure 2). Considering
that CXCR3, the receptor for CXCL9, CXCL10 and CXCL11,
is expressed by keratinocytes where it can stimulate
proliferation24,25 and in activated T-lymphocytes as a chemo-
taxis mediator,26 we tested whether CXCR3 receptor function
is required for generation of the TAM67-rTA mouse pheno-
type. Although CXCR3 ligand (CXCL9, CXCL10, CXCL11)
levels are elevated, Figure 4a (and Figure 3b) shows that
CXCR3 receptor level is not changed in 8 d wild-type versus
TAM67-positive epidermis (in the CXCR3-WT background),
indicating that altered receptor level is not involved in
generating the TAM67-associated epidermal phenotype. To
examine the role of these chemokines and receptor, we

Figure 1 Development of TAM67 phenotype TAM67-rTA mice treated with 2 mg/ml doxycycline in drinking water for 0–21 d. (a) TAM67-rTA mice were photographed at 0, 0.5,
1, 2, 8, and 21 d following initiation of doxycycline treatment. (b) The back skin of TAM67-rTA mice was removed and flipped to reveal hypodermis and vascular network changes
during phenotype development. (c) H&E stained sections of TAM67-rTA mouse skin. The bars= 100 microns. (d) Measurement of TAM67-rTA mouse ear thickness at indicated
times after initiation of doxycycline treatment. The values are mean±S.E.M., n= 6, Po0.001. (e,f) The Evans Blue dye assay reveals enhanced vessel permeability. TAM67-rTA
mice were treated with 2 mg/ml doxycycline for 0.5–8 d (three mice/group, black bars) and then injected with Evans Blue dye solution. The open bar indicates dye level in control
(no doxycycline) mice. The values are mean±S.E.M. The treatment groups were significantly elevated compared to control (n= 3, Po0.05). Photographs of day two mice
indicate enhanced dye permeation into the epidermis. The bottom panel shows full thickness skin samples that were harvested following Evans Blue assay and are pictured
inside up
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produced TAM67-rTA/CXCR3-WT and TAM67-rTA/CXCR3-
KO mice and monitored the impact on the TAM67-dependent
phenotype. We treated WT/CXCR3-WT, TAM67-rTA/CXCR3-
WT and TAM67-rTA/CXCR3-KO mice with doxycycline.
Immunostaining confirms that CXCR3 is present in WT/

CXCR3-WT and TAM67-rTA/CXCR3-WT mice but not in
TAM67-rTA/CXCR3-KO mice (Figure 4a). We next monitored
the effect of CXCR3 knockout on the TAM67-associated
phenotype. Figure 4b shows that the presence or absence of
CXCR3 does not alter phenotype severity in male or female

Figure 2 Chemokine levels in epidermis and serum (a) TAM67-rTA mice were treated with 2 mg/ml doxycycline in drinking water for 0–21 days and serum was analyzed for
chemokine content. The boxes indicate chemokines that change in level. Similar changes were observed in each of three independent experimental replicates. Control dots (in
duplicate) are at the lower and upper left, and the upper right. (b) Pixel density graph depicts the levels of selected cytokines at 0.5–21 d after initiation of doxycycline treatment.
The values are normalized to the day 0 time point (not shown) and show fold change. The values are mean± S.E.M., n= 3, Po0.005. Control dots (in duplicate) are at the lower
and upper left, and the upper right in each panel. (c) TAM67-rTA mice were treated with or without doxycycline for 8 d and epidermal extracts were prepared and analyzed for
chemokine content using the chemokine protein array. Upregulated chemokines are indicated. (d) The graph presents a pixel density plot of data derived from panel (c). Since the
plot is a scan of a single experiment, as a representative example of three replicate experiments, error bars are not included. (e) RNA, extracted from epidermis on 0, 2, and 8 d
after initiation of doxycycline treatment of TAM67-rTA mice, was reverse transcribed to cDNA and applied to the cytokine and chemokine RNA array. Data were analyzed by the
comparative CT method and plotted as relative mRNA level. The values are mean± S.E.M., n= 3, Po0.005. The right panel shows the two day data on an expanded scale. The
key for treatment groups in this panel is the same as in the left panel. Similar trends were observed in three replicate experiments. The data indicates fold change as compared to
the control (day zero) sample
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mice. A severe flaking/scaly epidermal phenotype develops
in the TAM67-expressing mice independent of whether
CXCR3 is absent or present.

To get a more detailed view of the impact of CXCR3
knockout on phenotype, we monitored epidermal marker
expression as a measure of differentiation status. Figure 4c

Figure 3 Immune cell involvement in TAM67-expressing skin (a) Epidermal/dermal sections were prepared from mice at the indicated time points and prevalence of the
indicated parameters was monitored by counting. The findings were scored by an expert pathologist. (b) Flow cytometry data analysis of epidermal single cell suspensions from 8
d doxycycline treated WT and TAM67-rTA mice designed to detect CD3-, CD11b-, F4/80-, and CXCR3-positive cells. (Red-unstained/blank, green-WT, blue-TAM67-positive).
CD11b-positive cells are labeled as neutrophils, but this population may also include dentritic cells. (c,d) Immunofluorescent staining for CD3 in TAM67-rTA mouse skin treated
with or without doxycycline for 8 d. Bottom image is magnification of white box from middle image. The number of interfollicular CD3+ (activated T cells) cells per field in 11
separate images was counted and graphed (control – open box, doxycycline-treated – closed boxes). The arrows indicate CD3-positive cells in the suprabasal epidermis. The
values are mean± S.E.M., n= 11. The asterisk indicates a significant change, Po0.001. (e) Toluidine blue stain to detect dermal mast cells in TAM67-rTA mice treated with
doxycycline for 0–21 d. (Epi, epidermis; D, dermis). The values are mean±S.E.M. and the asterisk indicates a significant change, Po0.001 (n= 3). The arrows indicate mast
cells in the dermis. (f) Detection of CD11b-positive cells in wild-type and TAM67-positive mice at 21 d after initiation of doxycycline treatment. The bar= 100 μm and the dashed
line separates the epidermis and dermis
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confirms that TAM67-FLAG is expressed in the nuclei of
suprabasal keratinocytes (arrows).9,16,27 K14, which in normal
epidermis marks the epidermal basal layer,1 is expressed
in all epidermal layers in TAM67-expressing epidermis
confirming expansion of the proliferative layer and delayed
differentiation.9 Multilayer staining of K14 is observed in the
TAM67-expressing epidermis in the presence or absence of
CXCR3. Involucrin, a suprabasal marker,28–30 is confined to

the suprabasal layer in all mice. PCNA staining, an indicator of
proliferation, which is confined to the basal layer in normal
epidermis, is observed in the basal and suprabasal layers
which is indicative of hyperproliferation,9,27 and CXCR3 status
does not influence this distribution (Figure 4c). Figure 4d
shows reduced filaggrin level, abnormal nuclear accum-
ulation of loricrin (arrows) and induction of expression of
hyperproliferation-associated K6 in TAM67-expressing

Figure 4 CXCR3 knockout does not prevent development of the keratoderma-like phenotype (a) Immunofluorescent staining of CXCR3 in the indicated mouse genotypes.
The dotted white line indicates dermal-epidermal junction. Arrows indicated positive CXCR3 staining which is absent in CXCR3-KOmice. (b) Mice were treated for 7 and 21 d with
2 mg/ml doxycycline and the TAM67-rTA/CXCR3-WT and TAM67-rTA/CXCR3-KO mice were photographed alongside WT littermates. (c) Mice were treated for 8 d with
doxycycline and then epidermal sections were stained with the indicated antibodies and images were generated by fluorescence microscopy. The arrows indicate TAM67-FLAG-
positive nuclei (green). The bar= 200 μm. (d) Distribution of filaggrin, loricrin and K6 in epidermal sections prepared from WT/CXCR3-WT, TAM67-rTA/CXCR3-WTand TAM67-
rTA/CXCR3-KOmice at 8 d after initiation of doxycycline treatment. The arrows indicate nuclear localization of loricrin in sections from TAM67-expressing mice. The bar= 200 μm
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epidermis. These changes are identical in the CXCR3-WT and
CXCR3-KO background. Finally, we used a pharmacologic
approach to monitor the role of CXCR3, and showed that
treatment with a CXCR3-selective inhibitor, AMG487, does
not alter phenotype development (not shown). Based on this
we conclude that CXCR3 (CXCL9/10/11) signaling is not
required for phenotype development.

Role of S100A8 and S100A9 in phenotype development.
Our previous study showed that S100A8 and S100A9 are
among the most upregulated genes in TAM67-positive
epidermis at both the mRNA and protein level.16 We therefore
sought to identify a potential role for these calcium-binding,
proliferation and inflammation-associated proteins, in pheno-
type development in the TAM67-expressing epidermis. We
bred the TAM67-rTA mice into a S100A9-KO background.
S100A9-KO mice are interesting in that S100A9 knockout
also results in loss of S100A8. Thus, these mice are deficient
in both proteins.31 We then characterized various features of
phenotype development. Consistent with our previous
report,16 TAM67-expression is associated with increased
expression of K6, S100A8 and S100A9 and reduced levels of
loricrin and filaggrin (Figure 5a). As expected, based on our
previous reports, the level of K1, K10 and involucrin, which
are suprabasal differentiation markers, remain relatively
unchanged (Figure 5a). Figures 5b,c shows the epidermal
morphology and histology of control, TAM67-rTA/S100A9-WT
and TAM67-rTA/S100A9-KO mice, and shows that phenotype
development, as measured by gross appearance and by
histology, is not significantly altered in the S100A9-KO
environment. The TAM67-positive epidermis displays a scaly
appearance with hyperplasia and hyperkeratosis regardless
of S100 protein status. Figure 5d confirms nuclear loricrin
localization in TAM67 expressing epidermis. Involucrin
expression is detected in the suprabasal layers in all mice,
and the PCNA proliferation marker, is distributed in both basal
and suprabasal epidermal compartments in TAM67-positive
mice independent of the presence or absence of S100A8/A9
(Figure 5d).

Discussion

Morphological and biochemical response to AP1 factor
inactivation. Inhibition of suprabasal AP1 transcription
factor function in murine suprabasal epidermis initiates a
poorly-understood cascade of changes in epidermal structure
and function that produce a profound change in phenotype
including nuclear loricrin accumulation, tail and digit auto-
amputation, hyperproliferation, hyperkeratosis, parakeratosis,
delayed differentiation and reduced barrier integrity.16,27 This
is coupled with suprabasal expression of hyperproliferation-
associated epidermal markers (K6, K14, K16) and reduced
expression of filaggrin family members.16,27 Our present
findings show that this phenotype includes increased
erythroderma and vascular permeabilization. Many of these
features are observed in human epidermis in ichthyosis/
keratoderma.17,18,20

These changes may be due to direct effects of AP1 factor
loss on gene expression (e.g., filaggrin) and/or indirect effects

associated with altered differentiation and reduced barrier
function. A key example is the reduction in filaggrin mRNA and
protein levels (Figure 5a).16 As reviewed by Gutowska and
Ogg, a number of chemokines (IL-4, IL-13, TNFα, IL-17, IL-22,
and IL-24) are reported to suppress filaggrin mRNA and
protein level;32 however, we do not observe a major increase
in these chemokines suggesting this is not a likely explanation
for the reduction in filaggrin expression. Alternatively, AP1
transcription factors bind directly to the filaggrin gene promoter
to increase gene expression.33 Thus, loss of AP1 factor
function may directly lead to reduced filaggrin mRNA and
filaggrin protein. This finding is consistent with our report
showing that the level of filaggrin encoding mRNA is reduced
in TAM67-positive epidermis.16

Early chemokine response. We also monitored the impact
on AP1 factor inactivation on chemokine production. We
observe increased CCL1 and CXCL1 levels in serum at early
times (12–24 h) after TAM67 induction. We propose that
these chemokines are produced in the epidermis and
released to the serum, as we find elevated levels of CCL1
(11-fold) and CXCL1 (2.5-fold) mRNA at 2 d in epidermis.
This increase in CCL1 (8-fold) and CXCL1 (2.5-fold)
chemokines is maintained in 8 d epidermis. Keratinocyte-
produced CCL1 targets CCR8 expressing T-lymphocytes and
Langerhans cell precursors, and CXCL1 targets the CXCR2
receptor on keratinocytes34 and neutrophils35 to promote
proliferation and migration. Messenger RNA encoding other
chemokines are elevated in epidermis at 2 d including CCL2,
CCL3, CCL4, CCL5 (RANTES), CCL7, CCL11, CCL17,
CCL20, CXCL9, CXCL10, CXCL11, and IFNγ. CCL1 (11-
fold) and CCL20 (6-fold) levels are markedly increased.
CCL20 is a keratinocyte-produced chemokine that has a role
in recruiting CCR6-positive immature dendritic cells and
T-lymphocytes from blood.36–38 It is likely that these
chemokines play a role in initiating and maintaining
erythroderma.

Intermediate chemokine response. Additional chemokine
changes are observed at 8 days after TAM67-induction.
These are associated with keratinocyte hyperproliferation
and hyperkeratosis, and increased thickening of the epider-
mis. Analysis of mRNA isolated from 8 d epidermis reveals a
marked increase in CCL2 (39-fold), CCL5 (RANTES) (33-
fold), CCL7 (80-fold), CCL11 (33-fold) and CXCL10 (over
600-fold) which is associated with accumulation of CCL2,
CCL12, CXCL9, CXCL10, IL-16 and IL-IF3 in epidermis and
serum (Figure 2). CXCL9 and CXCL10 are the most
increased in serum (approximately 40-fold). Many of these
chemokines are elevated in states of chronic inflammation
and are involved in leukocyte recruitment. For example,
CCL2 recruits dendritic and Langerhans cells, CCL5 recruits
neutrophils, and CXCL9 and CXCL10 recruit T-lymphocytes.
We observed increased accumulation of CD3-positive T-lym-
phocytes, CD11b-positive neutrophils and F4/80-positive
macrophages in the epidermis at 8 d. It is interesting that
the CD3-positive T-lymphocytes accumulate in the supraba-
sal epidermis.
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Late chemokine response. At 21 d the mice manifest an
extensive scaling phenotype coupled with hyperproliferation
and hyperkeratosis. This is associated with additional

changes in the immune response including dermal accumu-
lation of mast cells. Mast cell invasion of the epidermis is
associated with response to allergens or pathogens,39 which

Figure 5 S100A8/A9 knockout does not prevent the keratoderma-like phenotype (a) Mice of the indicated TAM67-rTA and S100A9 genotypes were treated for 10 d with
doxycycline and epidermal extracts were prepared for immunoblot. (b) WT/S100A9-WT, TAM67-rTA/S100A9-WT and TAM67-rTA/S100A9-KO mice were treated for 10 d with
doxycycline before image collection. (c) H&E stained sections of mouse skin corresponding to mice from panel (b). Black arrows indicate the dermal-epidermal junction. (d)
Loricrin, involucrin, and PCNA staining of epidermis from 10 d doxycycline-treated mice of the indicated genotypes. Dotted white lines indicate the dermal-epidermal junction and
the arrows indicate either nuclear loricrin (upper panels) or nuclear PCNA staining (bottom panels). The arrows indicate nuclear loricrin localization (upper panels) and PCNA-
positive cells (lower panels). (e) Model of phenotype development: AP1 factor inaction leads to a reduction in filaggrin level and also has a direct impact on expression of other
genes that control proliferation and differentiation. Loss of filaggrin leads to reduced barrier function,17,18 which exposes the mice to antigens that stimulate epidermal chemokine
production and accumulation in the serum which further stimulate phenotype development. The arrows indicate the complex interactive feedback which is likely to exist
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is consistent with the finding that TAM67 expression in
embryonic epidermis compromises the barrier. The chemo-
kine profiles remain generally very similar in 21 d mice as
compared to 8 d, and the most highly elevated chemokines in
the serum include CCL1, CXCL9, and CXCL10. It is
interesting that the increase in chemokine level is nearly
always associated with a parallel increase in the correspond-
ing mRNA. We are not sure of the mechanism responsible for
the changes in chemokine mRNA level. This could be due to
gene activation associated with loss of AP1 factor-dependent
repression, infiltration of cell types that encode the RNA, or
indirect secondary effects (altered differentiation, reduced
barrier function).

Impact of CXCR3 and S100A9 knockout on TAM67-rTA
phenotype. The above studies document wide ranging
changes in chemokine expression in response to AP1
inactivation. To investigate the role of individual chemokine/
chemokine receptors, we focused on CXCL9/10/11 and the
CXCR3 receptor, and S100A8 and S100A9. CXCL9, 10 and
11 interact specifically with the CXCR3 receptor,40,41 and are
among the most highly elevated chemokines at days 8 and 21
after TAM67 induction. To study their role in phenotype
development, we bred the TAM67-rTA mice with CXCR3
knockout mice.24,42,43 We anticipated that eliminating
CXCR3-related signaling may attenuate development of the
phenotype associated with AP1 factor deficiency. However,
elimination of CXCR3 signaling did not impact phenotype
development. The mice develop the same morphological and
histological changes including hyperproliferation and hyper-
keratosis, and abnormal expression and subcellular distribu-
tion of K14, K6, filaggrin and loricrin, suggesting that CXCR3
related ligands are marginally important in phenotype
development.
S100A8 and S100A9 are key inflammatory and anti-

bacterial proteins in epidermis44–47 that are highly elevated
in some epidermal diseases.45,48,49 Recent studies indicate
that S100A9 genetic deletion reduces phenotype severity in
mouse inflammatory disease models;48 however, we did not
observe an appreciable change in disease onset or severity in
a S100A9-null/S100A8-null environment. Likewise, S100A8
and S100A9 have been reported to stimulate keratinocyte
proliferation which often controls epidermal thickness,50 but
we did not detect any change in epidermal thickness in the
S100A8/A9 null environment.

AP1 factors in epidermis. AP1 factors are key controllers of
differentiation-associated gene expression in epidermis29,51–54

and loss of AP1 function is associated with striking changes in
epidermal differentiation that can mimic disease.9,10,27,55,56

Inactivation of AP1 factor function in the suprabasal epidermis
of TAM67-rTA mice results in a phenotype that includes
features of ichthyosis vulgaris (altered epidermal differentia-
tion, reduced filaggrin content)57 and loricrin keratoderma
(pseudoainhum, nuclear loricrin accumulation).58,59 A possible
model of phenotype development is present in Figure 5e. In
this model, AP1 factor inactivation leads to a reduction in
filaggrin level and also has a direct impact on expression of
other genes that control proliferation and differentiation.
Filaggrin is an essential barrier component that is functionally

inactivated in ichthyosis leading to reduced barrier
function.17,18 We propose that loss of filaggrin leads to
reduced barrier integrity and exposes the mice to antigens
that stimulate epidermal chemokine production and accumula-
tion in the serum. Increased chemokine accumulation would
also be expected to further influence keratinocyte differentia-
tion status and barrier function. Our present studies describe
many chemokine changes, but clearly show, using genetic
methods, that S100A8/S100A9 and CXCR3 signaling
(CXCL9/10/11) are not required for phenotype development.

Materials and Methods
SKH1-TAM67-rTA mice. TAM67 is a dominant-negative form of c-jun which
lacks the c-jun amino terminus.13 TAM67 forms complexes with all AP1 transcription
factors but fails to activate transcription.13 This creates an AP1 factor function-
deficient environment. We cloned TAM67-FLAG into pTRE-Tight to produce pTRE-
Tight-TAM67-FLAG. The TetO-TAM67-FLAG-SV40 transcription cassette from this
plasmid was microinjected into B6SJL embryos9 to produce TAM67-FLAG
transgenic (strain 44) mice and the construct was then bred into an SKH-1 genetic
background.9 A FLAG epitope is included at the carboxyl terminus of TAM67 to
facilitate detection.9 We also utilize hINV-rTA transgenic mice, which harbor an
expression cassette encoding the hINV promoter linked to rTA, maintained in an
SKH-1 genetic background.60 TAM67-FLAG and hINV-rTA mice are bred to produce
SKH1-TAM67-rTA mice. These mice express rTA in the suprabasal epidermal layers
and addition of doxycycline converts rTA to a form that binds to the TetO to turn on
TAM67-FLAG expression in the suprabasal epidermis.9 The mice are genotyped
using DNA-dependent PCR and primers that detect each transgene.9 The SKH-1
genetic background was utilized in these studies because the mice are hairless and
this facilitates visualization of the epidermis. SKH-1 mice are immune-competent.
Mice were maintained in the University Of Maryland School Of Medicine animal
facility. The protocols were approved by the Institutional Animal Care and Use
Committee and comply with all NIH regulations. Induction of TAM67 expression was
achieved by treating animals with 2 mg/ml doxycycline in drinking water. Statistical
analysis used the student’s t-test.

CXCR3-KO and S100A9-KO mice. CXCR3 knockout (CXCR3-KO) mice
were kindly provided by Dr. Bao Lu from Children’s Hospital, Boston, MA.24,42,43

S100A9 knockout (S100A9-KO) mice, which lack both S100A8 and S100A9,31 were
kindly provided by Dr. Donna Kusewitt from MD Anderson Cancer Center, Houston,
TX. Both CXCR3-KO and S100A9-KO mice were bred into an SKH-1 hairless
genetic background for five generations then bred to the TAM67-FLAG and hINV-rTA
mice separately. Then TAM67-FLAG/CXCR3-KO mice were crossed with hINV-rTA/
CXCR3-KO mice to yield TAM67-FLAG-rTA/CXCR3-KO mice for experiments.
Likewise, TAM67-FLAG/S100A9-KO mice were crossed with hINV-rTA/S100A9-KO
mice to yield TAM67-FLAG-rTA/S100A9-KO mice for experiments.

Antibodies and immunological methods. Immunofluorescence was
performed using paraffin-embedded formalin-fixed sections.9 K1 (PRB-165 P), K6
(PRB-169 P), K10 (PRB-159 P), K14 (PRB-155 P), filaggrin (PRB-417 P) and
loricrin (PRB-145 P) antibodies were from Covance (Emeryville, CA, USA), and
β-actin (A5441) and FITC conjugated-anti-FLAG (M2) (F4049) antibodies were from
(Sigma). CD3 (ab5690) was purchased from Abcam (Cambridge, MA, USA).
Antibodies specific for proliferating cell nuclear antigen (PCNA, sc-56) CXCR3 (sc-
6226), S100A8 (sc-8113) and S100A9 (sc-8115) were purchased from Santa Cruz
(Santa Cruz, CA, USA). Anti-involucrin was prepared in our laboratory. All
fluorophore-conjugated secondary antibodies were from Invitrogen (Carlsbad, CA,
USA). These included Cy3-conjugated goat anti-rat IGG (A10522) and Alexafluor
488-conjugated goat anti-rabbit IgG (A11031). For immunoblot analysis, epidermis
was separated from dermis, frozen in liquid nitrogen, pulverized and suspended in
dye-free Laemmli sample buffer.9 The suspension was sonicated, centrifuged at
14,000 g, and the soluble extract electrophoresed on a polyacrylamide gel,
transferred to nitrocellulose and immunoblotted.3,4 Unless otherwise indicated,
immunohistological and immunoblot results were repeated in three separate
experiments and sections and extracts were monitored from epidermis of three mice
per treatment group. Evans Blue dye (E2129) and toluidine blue (89640) were
obtained from Sigma-Aldrich (St. Louis, MO).
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Cytokine mRNA Array. Total RNA was extracted using Illustra RNAspin Mini
Isolation Kit (25-0500-70, GE Healthcare), and 0.5 μg of total RNA was reverse
transcribed to cDNA using RT2 First Strand Kit (330401, QIAGEN, Germantown,
MD, USA) according to manufacturers’ protocol. RT2 SYBR Green qPCR Mastermix
(330500, QIAGEN) was prepared and cDNA added to the mix. PCR component mix
(25 μl) was dispensed into each well of the RT2 Profiler PCR array (Mouse
Cytokines & Chemokines, PAMM-150ZF-6, QIAGEN), sealed, spun down and gene
expression was measured by quantitative PCR using Roche LightCycler 480
System. Relative mRNA level was analyzed by the comparative CT method.

Cytokine protein array. The Mouse Cytokine Array Panel A from R&D
Systems (ARY006, Minneapolis, MN, USA) was used to assess epidermal cytokine
protein levels. This array has 40 target cytokines including 17 interleukins and 15
chemokines. Briefly, tissue lysates were homogenized in PBS with protease
inhibitors and Triton X-100. Sample protein concentrations were quantified and
300 μg protein or 200 μl of serum was added to the prepared membranes.
Next the membranes were incubated with the detection antibody cocktail and
washed. Streptavidin-HRP and chemiluminescent detection reagents were added
sequentially and the membranes were exposed to X-ray film. Pixel densities were
quantified using Image J. Each signal doublet was normalized to the reference
signal and then to the signal from TAM67-rTA mice not treated with doxycycline.

AMG487 formulation. AMG487, a CXCR3 inhibitor kindly provided by Amgen
(San Francisco, CA, USA) was prepared, as previously described61 with
modifications as follows. AMG487 was dissolved in dimethyl sulfoxide at 20 mg/
ml and then diluted with a 20% solution of 2-hydroxypropyl-β-cyclodextrin in
water to a final concentration of 1.75 mg/ml. Mice were injected subcutaneously
with 0.1 ml to achieve a final AMG487 concentration of 5 mg/kg body weight. Mice
received 0.1 ml of either the inhibitor or vehicle injected subcutaneously. The drug
and vehicle were stored at 4 °C for the duration of the experiment.

Flow cytometry. Six to eight week old mice were treated for 2–8 d with 0 or
2 mg/ml doxycycline in drinking water and then back skin was harvested and
incubated in 1% trypsin for 1 h at 37 °C. The trypsin was inactivated by addition of 1
volume of 0.5 mg/ml soy bean trypsin inhibitor and the solution was gently pipetted
to produce a single-cell suspension. The cells were pelleted and resuspended in
calcium-free KSFM, which was supplemented to a final concentration of 0.05 mM
calcium chloride and chunks were removed by passage through a sterile nylon
strainer (70 μm pore size, BD Falcon 352350). The cells were then resuspended in
phosphate-buffered saline and 5–10 million cells were incubated (per sample) with
the appropriate antibody for 30 min on ice. The cells were washed twice with PBS
and then sorted using a FACSCanto II Sorter. Antibodies for cell sorting include rat
anti-mouse CD11b APC (17-0112-81), rat anti-mouse F4/80 APC (17-4801-80),
which detects mature macrophages, CD3 APC (17-0032-80), and hamster anti-
mouse-CD183 (CXCR3) FITC (11-1831-80), which detects CXCR3, were
purchased from Ebioscience (San Diego, CA).

Blood vessel permeability. A 0.5% sterile solution of Evans Blue was
prepared in PBS and filter-sterilized to remove any particulates and 200 μl of the
Evans Blue solution was injected into the tail vein. After 30 min the mice were killed by
cervical dislocation and photographed. Whole skin biopsies were collected, weighted,
and placed into a tube containing 500 μl formamide and incubated for 24–48 h at
55 °C to extract the Evans Blue dye. The tubes were then centrifuged and absorbance
of the formamide/Evans Blue mixture was measured at 610 nm using formamide as
the blank. Evans Blue uptake was monitored in five mice at each time point.
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