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Different patterns of cytokines, ECP and immunoglobulin profiles at
two adverse drug reactions in a patient

Abstract
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Objectives: Drug-induced hypersensitivity syndrome (HS) is a rare but life-threatening disease. We
experienced carbamazepine-induced HS in a 14-year-old boy, who had cefaclor-induced cutaneous eruptions
15 months later. To clarify the mechanisms of HS and the differences between two diseases we studied this
case in detail.

Methods: We investigated the associated viral agents by polymerase chain reaction and the specific
antibodies. We also studied the mechanism of diseases by measuring chemical mediators including cytokines,
ECP and immunoglobulins.

Results: The patient was diagnosed as having carbamazepine-induced HS associated with reactivation of
human herpesvirus 6 based on the clinical course and laboratory data including drug-induced lymphocyte
stimulation tests. Similarly, the diagnosis of cefaclor-induced eruption without any viral reactivation was
made. Serum levels of IFN-y, IL-6, TNF-a, IL-5 and ECP were increased significantly at HS but mildly at
cefaclor-induced eruptions. Furthermore, we detected transient hypogammaglobulinemia only at HS.
Conclusions: This is the first report of anticonvulsant-induced HS followed by antibiotic-induced eruptions in
a patient. In addition, we demonstrated difference in serum levels of inflammatory cytokines, immunoglobulins,
activated eosinophils and viral reactivation between these diseases. This case would contribute to the
understanding of the pathophysiology of adverse drug reactions including HS.

adverse reaction, cytokines. drug, hypersensitivity syndrome, immunoglobulin. pathophysiology, viral reactivation.

Anticonvulsant-induced hypersensitivity syndrome (HS) is
an acute and life-threatening disease, which is characterized
by severe multiorgan hypersensitivity reactions.'-* However,
the pathophysiology of HS remains unknown.** Recently,
some virus infections, particularly human herpesvirus family,
were reported as being major precipitating factors of the
disease.™"" In contrast, drug-induced cutaneous eruption is
also an acute and self-limited but seldom life-threatening
disease. We reported a pediatric case of HS due to carba-
‘mazepine (CBZ) and associated with reactivation of human
herpesvirus 6 (HHV6) infection and transient hypogamma-
globulinemia.” Surprisingly, he had cefaclor-induced cutaneous
eruptions with generalized symptoms 15 months later. Thus,
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we report here this rare case and demonstrate the differences
in mechanisms between these two diseases.

Case
Episode 1

The patient, a 14-year-old boy, had been diagnosed as having
epilepsy and had been treated with valproate sodium (VPA,
600 mg daily) since 20 April 2001. However, convulsions
recurred, and CBZ (200 mg daily) was added on 6 July 2001
(episode 1, day 1). On 23 July, he developed a fever followed
by skin eruptions on 25 July. He was then treated with
cefaclor (CCL) (600 mg daily) as a bacterial infection was
suspected. However, generalized erythema and fever persisted
along with slightly elevated serum levels of liver enzymes
on 26 July. He was therefore admitted to the nearby hospital
on the same day. Drug-induced eruptions were suspected, and
CBZ and CCL were discontinued immediately. However, his
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condition and laboratory data exhibited further deterioration.
Thus. he was transferred to our hospital on 3 August (day
29). Apart from epilepsy and mild mental retardation, there
were no abnormalities in his previous history and his family
history was unremarkable.

On admission, he had facial and body angiedema,
generalized lymphadenopathy, mild hepatosplenomegaly, and
generalized erythema without erosions. His body temperature
was 38.5°C. The results of laboratory tests were as follows:
white blood cell count 31 700/uL (eosinophils 1%, atypical
lymphocyte 12.5%), red blood cells count 446 x 10%uL,
hemoglobin 13.6 g/dL. platelets count 16.9 x 10dL, CRP
1.8 mg/dL, total protein 5.2 g/dL, albumin 3.1 g/dL. AST
137 IU/L (normal 14-32). ALT 202 IU/L (normal 9-25),
LDH 7141U/L (normal 116-199), BUN 10 mg/dL, and
creatinine 0.69 mg/dL. Blood coagulation studies demon-
strated a fibrin/fibrinogen degradation product (FDP-E) level
of 314 ng/mL (normal <60). Immunological analyses were
negative for antinuclear antibody, and the serum level of
immune complex was 12.8 mg/L (anti-C3d method, normal
<13.0). Serum levels of CH50. C3 and C4 were 35 U/mL,
109 mg/dL and 24 mg/dL, respectively. Soluble IL-2R was
13 100 U/mL (normal 220-530), 2-5 oligoadenylic acid
synthetase (2-5 AS) 213 pmol/dL (normal <100), B2-
microglobutin 5.07 mg/L (normal 0.85-1.71). Urinalysis was
positive for protein 1+ and occult blood 1+.

The patient was diagnosed as having CBZ-induced HS.
Therefore. intravenous methylprednisolone (mPSL, 30 mg/
kg/day) pulse therapy was started, followed by oral pred-
nisolone (PSL. 30 mg daily). On this treatment, his clinical
symptoms and abnormal laboratory findings gradually
improved. After stopping mPSL puise therapy, there was
mild relapse of disease activity. This was controlled with
betamethasone (8 mg daily). Then the dose of oral steroid
was gradually tapered with complete withdrawal after
5 weeks. For | year and 3 months after the end of therapy, no
abnormal clinical episodes were induced with VPA and
clonazepam (CZP).

Episode 2

The patient had folliculitis on the face since the beginning of
September 2002 and was treated with CCL (600 mg daily) at
the nearby hospital on 20 September 2002 (episode 2, day 1).
On 22 September, he deveioped a fever of more than 39°C
with skin eruptions on the legs. On 23 September, CCL was
stopped and changed to midecamycin (MDM). However. his
condition including skin eruptions deteriorated, and he was
transferred to our hospital again on 25 September 2002
(episode 2. cay 6) because of suspected drug-induced HS.
On admission. he had generalized maculopapular eruptions
without erosions. However, there was neither lympha-
denopathy, hepatosplenomegaly nor angiedema. His body
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temperature was 38.3°C. The results of laboratory tests were
as follows: white blood cells count 7200/uL (eosinophils 9%,
atypical lymphocyte 1.5%). red blood cells count 494 x 1(*/pL.
hemoglobin 14.9 mg/dL, platelets count 14.0 x 10*/uL., CRP
1.2 mg/dL, total protein 7.9 g/dL, albumin 4.8 mg/dL, AST
13 TU/L, ALT 111U/, LDH 191 TU/L, BUN 16 mg/dL, and
creatinine 0.67 mg/dL. Blood coagulation studies demon-
strated FDP-E level of 80 ng/mL. Immunological analyses
were negative for antinuclear antibody, and the serum level
of immune complex was 10.9 pg/mL. Serum levels of CHS0.
C3 and C4 were 48.1 U/mL, 133 mg/dL and 29 mg/dL,
respectively. Soluble IL-2R was 4120 U/mL, 2-5 AS 132
pmol/dL, and P2-microglobulin 2.12 mg/L. Urinalysis was
unremarkable.

This time his condition including skin rashes and
laboratory data were not as severe. We suspected drug eruption
due to CCL. Betamethasone (8 mg daily) was started on the
admission day. His condition improved significantly earlier
than the first episode. There was no relapse of disease
activity with tapering of steroid, and oral steroid was
withdrawn completely on 15 October 2002. At present,
11 months after stopping the steroid therapy, there has been
no adverse drug reaction.

Further studies were performed to clarify the mechanisms
and causative factors of the two episodes. Virological investi-
gation was performed. At the first episode, serum levels of
IgG but not IgM antibody against HHV6 increased from 1:10
dilution to 1:10240 (Table 1). There were no significant
changes of antibodies against HHV7, CMV, EBV, HSV,
VZV and Parvovirus B19. Analysis of viral genomes using
real-time PCR!? demonstrated increased HHV6 but not
HHV7 viral DNA in 10¢ peripheral blood cells (3.5 x 10°
copies) on day 32 (Table 1). In addition. CMV DNA was not
detected in his sera. At the second episode, there were no
significant changes of specific antibody against HHV6,
HHV7 (Table 1) or other viruses listed above. However, real-
time PCR data demonstrated slight increase of HHV7 viral
DNA (4.1 x 10%) but not HHV6 DNA at day 33.

Serum levels of immunoglobulins are shown in Table 2.
The serum levels of IgG at the first episode increased from
649 mg/dL on day 29 to 1169 mg/dL on day 55. Similarly,
TgA and TgM increased. These data demonstrate transient
hypogammaglobulinemia. We also studied the serum levels
of IgG subclasses' (Table 2). In accordance with the changes
in total IgG, those in IgGl. IgG2, 1gG3, and IgG4 increased.
In particular, 1gG4 and IgM increased significantly. However,
there were no increases in serum levels of immunoglobulin
classes or subclasses at the second episode. Those levels
were instead decreased (Table 2).

A drug-induced lymphocyte stimulation test (DLST) using
peripheral blood mononuclear cells was performed for CBZ
and CCL on 3 August 2001 (episode 1, day 29). The results
of the stimulation index to the control were positive against
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Table I Profiles of the specific antibodies and DNA of human herpes viruses at two episodes in the patient

Virus Ig class Episode 1 Episodc 2
/genome Day 29 Day 32 Day 39 Day 75 Day 6 Day 19 Day 33
HHV6 IgM! <10 ND <10 ND <10 <10 ND
IgG! 10 ND 5120 10 240° 320 160 ND
DNA*® ND 35x 100 1.9 % 10* 6.3 x 10° 8.4 x 10! ND 7.3 x 10
HHV7 fgM! <10 ND <i0 ND <10 ND <10
IgG 80 ND 160 ND 80 ND 20
DNA? ND 22 x 108 ND 14 x 10 2.5 x 102 1.2 x 10 4.1 x 10
CMV [gM? 0.38 0.25 0.31 ND <0.8 <0.8 ND
IgG? <2.0 <2.0 <2.0 ND <2.0 <2.0 ND
DNA? ND <2.0 x 10! ND <2.0x 10! ND ND ND
EBV VCA IgM! <10 <10 <10 ND <10 <10 ND
IgG' <10 <f0 <10 ND <10 <10 ND

‘Determined at day 52. Day | represents the first day of his treatment with CBZ or with CCL at each episode. On day 29 at the first
episode and on day 6 at the second one he admitted to our hospital. This table was modified from reference 7.7

FA, fluorcscent antibody method (1:x dilution); 2, PCR; real-time PCR (copies/10¢ cells); 3, EIA; enzyme immunoassay (unit/mL); ND,

not determined; Ig, immunoglobulin.

Table 2 Changes of serum levels of immunoglobulin classes and IgG subclasses at two episodes in the paticnt

Immunoglobulin Episode | Episode 2
Day 29 Day 55 % Increase Day 6 Day 33 % Increase

IgG 649 1169 180 1160 990 -15
IgGl 384 773 201 640 510 =20
1gG2 247 365 148 490 453 -7
1gG3 13 25 192 22 19 ~14
18G4 0.4 35 875 8.4 7.9 -6
[gA 80 118 148 124 102 -12
IgM 47 204 434 76 79 101
IgE 550 ND ND 783 931 119

Sce Table 1 footnotes. This table was modified from reference 7.7 Unit of all immunoglobulins was mg/dL except IgE (IU/mL).

ND; not determined.

CBZ (726%) and negative against CCL (77%) (Table 3).
This suggested that the patient had been sensitized with CBZ
but not CCL at the first episode. In addition, DLST for CCL
and MDM were carried out on 25 September 2002 (episode
2, day 6). The results were positive against CCL (1746%)
and negative against MDM (113%) (Table 3). This suggested
that the causative agent of the second episode was CCL.
Furthermore, on 15 August 2003, DLST against CBZ and
CCL were done. The results were positive against both drugs,
such as CBZ (313%) and CCL (1572%) (Table 3).

We measured serum levels of seven cytokines using
Cytometric Bead Array (BD PharMingen, San Diego, CA,
USA)" and Human IL-6 ELISA Ready-SET (eBioscience,
San Diego, CA, USA) and ECP by Uni-CAP ECP
(Pharmacia Biotech, Piscataway, NJ, USA). At the first
episode, serum levels of IL-5, IFN-y and ECP were increased
on day 29 and decreased dramatically on day 39. Similarly,
IL-6 was increased. However, IL-4 was not detected at any

time point (Fig. 1). In contrast, at the second episode on day
6, there were slight increases in IL-5, IFN-y, IL10, IL-6 and
ECP in his sera. However, TNF-o. was not detected at any
point (Fig. 1).

Discussion

At the first episode we diagnosed drug-induced HS caused by
CBZ based on positive DLST, periods of exposure (o the
drug and typical clinical manifestations.” In this patient,
typical clinical features developed 17 days after the start of
CBZ. Regardless of discontinuation of the causative drug, his
condition did not change and he exhibited blood coagulation
abnormalities and nephritis. His symptoms persisted for
10 days before the start of mPSL pulse therapy. In contrast,
at the second episode, we diagnosed CCL-induced rashes
based on positive DLST, exposure to the drug and the milder
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Table 3 Changes of the results of DLST at two episodes in the patient
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Drugs Episode | Episode 2 Afterwards
Day 29, 3 August 2001 Day 6, 25 September 2002 15 August 2003
CBZ 726% ND 313%
CCL T1% 1746% 1572%
MDM ND 113% ND
Sce Table | footnotes. The results of stimulation index were shown as percentages against the control values.
CBZ, carbamazepine; CCL, cefaclor; MDM, midecamycin; ND, not determined.
Episode 1 Episode 2
pg/mL p de pg/mL p d
350 350
T 7 —O— IL-5
—O-— IFN~y
125 - 125 A
TNF-a
100 A 100 - e 1L-10
IL-2
75 1 75 1
IL-4
50 e IL-6
--V-- ECP
25
0
29 39 52
Days Days

Fig.1 Serum levels of cytokines and ECP at two episodes. Normal ranges of all seven cytokines in serum are <0.1 pg/mL and that of

ECP in serum is <5.0 pg/mL.

clinical manifestations which developed 3 days after the start
of CCL administration. This was at least the second time the
patient had taken CCL. At the first episode, the result of DSLT
to CCL was negative, suggesting that during the 15 months
between two episodes sensitization to CCL was established.
The pathophysiology of HS, in particular, the association
of reactivation of a certain virus and drug-induced hypersen-
sitivity reactions, has also not been elucidated. In most of the
recently reported cases, the associated viruses were shown to
be members of the human herpesvirus family, particularly
HHV6.™!" The association of HHV6 but not HHV7 reactiva-
tion in our patient at the first episode was determined by the
significantly increased levels of specific IgG antibodies and
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HHV6 DNA copies in peripheral blood cells by real-time
PCR. However, we could not detect an association of reacti-
vation of HHV infection except for a slight increase in HHV7
genomes at the second episode. This difference might explain
in part the severity of clinical manifestations and the
difference in numbers of atypical lymphocytes in peripheral
blood between these two episodes. Moreover, we could at
least rule out the possibility of other associated viral
infections including CMV, EBV, HSV, VZV and Parvovirus
B19 based on the results for specific antibodies and/or viral
genome in his peripheral blood at both episodes. In addition.
the difference in time courses of these episodes might
account for the difference in reactivation of HHV infection.
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Drug-induced HS and drug eruptions are believed to be
immune-mediated diseases. Many factors, including positive
patch tests and DLST, suggest an immune-mediated
mechanism for these diseases.”'s However, there are few
reports available dealing with cytokine profiles in sera but
not in local skin lesions in patients with this HS or with drug-
induced cutaneous eruptions.'*'” We demonstrated significant
increases in IL-5, IL-6 and IFN-y but not IL-4 at HS in the
patient’'s serum before steroid therapy. However, the
magnitude of increase in levels of inflammatory cytokines
was lower at CCL-induced skin rashes. Furthermore, it was
shown that eosinophilia was more prominent at HS than at
drug-induced rashes, in parallel with the increase of IL-5 and
ECP in his sera. Based on these data. we suspect that not only
inflammatory cytokines but also activated eosinophils play
important roles in HS. This is supported by a report of
significant roles of activated eosinophils induced by IL-5 in
drug-induced cutaneous eruptions.'®

Concerning the possibility of immunemodulation in
patients with HS but not drug-induced rashes, the association
of reactivation of HHV6 should be considered. Since it is
known that cells infected with HHV®6, in vitro, produce
several cytokines including IL-6, IFN-a and TNF-a.'* However,
immunosuppressive effects of HHV6 on T cell function in
vitro have also been reported.'? In addition. it is known that
treatment with anticonvulsants sometimes induces hypo-
gammaglobulinemia in patients with epilepsy.”"***' However,
the mechanism of this is not well understood. In our patient,
we detected transient hypogammaglobulinemia at the first
but not the second episode. This may explain in part the
association of immunosuppression and reactivation of HHV6
in our patient at the first episode. However, this alone would
not explain the pathophysiology of HS.

Cross-reactivity among anticonvulsants is known in patients
with HS.* However, our patient experienced two relatively
severe adverse drug reactions with different kinds of drugs
such as anticonvulsant and antibiotic. Although the frequency
of skin rashes in children treated with cefaclor was the
highest (4.79%) among oral antibiotics,”? we suspect that
there is a predisposition in our patient for adverse drug
reactions.” In addition, based on the results of DLST we
demonstrated that the memory cells to CBZ and CCL still
exist significantly in his peripheral blood even under the
strict elimination of those drugs after 1 and/or 2 years from
the episodes.

We demonstrated that the magnitudes of inflammation in
two different kinds of adverse drug reactions paralleled the
clinical manifestations and serum levels of chemical mediators
in our patient. In addition, it was shown in our patient that
there were more associated factors in HS such as the reacti-
vation of HHV infection and hypogammaglobulinemia. We
believe that our case contributes to an understanding of the

pathophysiology of HS, and that further investigations should
be undertaken to clarify this.
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Expression Profiling and Cellular Localization of Genes
Associated with the Hair Cycle Induced by Wax Depilation

Yumiko Ishimatsu-Tsuji, Osamu Moro, and Jiro Kishimoto

Shiseido Life Science Research Center, Fukuura, Kanazawa-ku, Yokohama, Japan

The hair cycle is a highly regulated process controlled by multiple factors. Systematic analysis of gene expression
patterns in each stage of the hair cycle would provide information useful for understanding this complicated
process. To identify genes associated with the hair cycle, we used DNA microarray hybridization to analyze
sequential gene expression patterns in mouse skin following hair cycle synchronization by wax depilation.
Messenger RNA levels in mouse skin at various times after depilation were compared with those prior to depilation
(resting phase). According to their expression patterns, upregulated genes were categorized into four groups: early
anagen, middle anagen, late anagen/early catagen, and middleflate catagen, and processes that take place in each
stage were evaluated. We identified 12 new components that are specifically expressed in the hair follicle, 11 genes
in anagen including carbonic anhydrase 6, cytokeratin 12, and matrix metalloproteinase-11 in catagen that were
confirmed using in situ hybridization. The strategy used here allowed us to identify unknown genes or process
previously not suspected to have a role in hair biology. These analyses will contribute to elucidating the
mechanisms of hair cycle regulation and should lead to the identification of novel molecular targets for hair growth

and/or depilation agents.

Key words: DNA microarray sequence analysis/gene expression profiling/hair follicle/in situ hybridization

J Invest Dermatol 125:410-420, 2005

The hair cycle is a highly regulated process. Three phases
have been defined in the mammalian hair cycle: anagen
(growing phase), catagen (regressing phase), and telogen
(resting phase) (Kligman, 1959). Intensive investigations
have revealed the involvement of numerous genes that
regulate the hair cycle, such as growth factors, adhesion
molecules, cytokines, hormones, neuropeptides, and tran-
scription factors (for reviews, see (Stenn and Paus, 2001)).
But, in order to elucidate the complete picture of the mo-
lecular mechanisms involved and to understand the regu-
lation of the hair cycle, many additional undiscovered
molecules and pathways need to be characterized.

Recently, multiple aspects in the hair follicle have been
guided by systematic analyses, including differential dis-
play, macroarray, and microarray analysis. DNA microarray
has emerged as one of the most powerful approaches for
systematic analysis, which detects changes in the expres-
sion of large numbers of genes. Using this method, several
genes and metabolic processes were revealed to function in
the hair follicle, such as GATA-3 in the cell fate decision of
hair follicle morphogenesis (Kaufman et al, 2003), the def-
ense response in alopecia areata (Carroll et al, 2002), or
epithelial stem cell-specific genes (Morris et al, 2004; Tum-
bar et al, 2004).

Abbreviations: AAT, a-1 antitrypsin; elF5A, eukaryotic translation
initiation factor 5; EST, expressed sequence tag; LEF-1, lymphoid
enhancer factor-1; MMP, matrix metalloproteinase; PABP, poly-A-
binding protein; RT-PCR, reverse transcriptase polymerase chain
reaction; TSP-1, thrombospondin 1

In this study, in order to identify genes involved through-
out the hair cycle, we analyzed the sequential gene expres-
sion pattern of mouse skin that had its hair cycle
synchronized by depilation. Taking advantage of DNA mi-
croarray hybridization, the messenger RNA (mRNA) levels in
mouse skin at days 1, 3, 6, 13, 19, 21, and 23 after de-
pilation were compared with genes expressed in skin with-
out depilation. We focused on genes that were upregulated
greater than 5-fold after hair induction, categorized them
into four groups, early anagen, middle anagen, late anagen/
early catagen, and middie/late catagen, and evaluated the
processes that may take place in each stage. Moreover, we
identified 12 new genes that are expressed specifically in
the differential stage of hair follicle using in situ hybridization
analysis and reverse transcription PCT.

Results

We used C57BL/6 mice that had their second hair cycle
synchronized into the anagen induction phase by wax de-
pilation at 8 wk of age. Figure 1 shows the morphology of
hair follicles at each time point. At days 3 and 6, epithelium
thickening was observed. At days 13 and 19, the formation
of the hair shaft was complete and elongation had occurred.
At day 21, typical morphologies of catagen, such as epi-
thelial strand and trailing connective tissue sheath, were
observed. According to the classification of hair cycle stag-
es in mice (Muller-Rover et al, 2001), day 1 mainly includes
anagen | hair follicles, day 3: anagen Ii, day 6: anagen lll,

Copyright .¢ 2005 by The Society for Investigative Dermatology, Inc.
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A

DAY 21 (catagen V-VE)

Figure 1

" DAY 23 (catagen Vill-telogen)

GENE EXPRESSION DURING THE HAIR CYCLE 411

#

o

Sequential changes in hair follicle morphology after wax depilation. Days indicate the day after depilation. Day 0 indicates telogen hair before

depilation. Scale bar: 100 um.

day 13: anagen V-VI, day 19: catagen |-V, day 21: catagen
V-VIi, and day 23: catagen Vlli-telogen.

In order to analyze the molecular behavior in each stage
of the hair cycle, gene expression of the total skin from mice
taken at sequential time points after depilation (days 1, 3, 6,
13, 19, 21, and 23) was analyzed by DNA microarray hy-
bridization and was compared with telogen (day 0} skin.
Total skin taken from mice just before depilation (day 0) was
used as a control.

To obtain the complete picture of changes in gene ex-
pression during the hair cycle, the results of representative
microarray experiments at each time point are shown in log/
log scatter plots (Fig S1). Upregulated genes at each time
point are defined by the upper boundary lines at 2-, 3-, 5-,

and 10-fold. Genes upregulated more than 2- or 3-fold were
observed from day 1, the very early stage after depilation. At
days 13 and 19 (Fig S1D, E), genes significantly upregulated
more than 10-fold were observed, and a greater number of
genes were upregulated compared with the other times
examined. At day 23, changes had almost converged back
to the baseline control (Fig $1G).

Table | shows the percentage and absolute number of
genes upregulated reproducibly in duplicate microarrays
greater than 2-, 3-, 5-, and 10-fold at each time point. The
number of genes that had detectable and reproducible sig-
nals was not significantly different at each time point. Cor-
relation coefficients (r) between duplicate chips at the same
time points were calculated, and the data for genes elevat-

Tablel. Percentage of upregulated genes at each time point after depilation

Day 1 Day 3 Day 6 Day 13 Day 19 Day 21 Day 23

2-fold 107 | (1.4 147 | (1.9) 123 | (1.7) 443 | (5.8) 668 | (9.1) 55 | (0.7) 16 | 0.2)
3-fold 31 | (0.9) 37 | (0.5) 30 | (0.4) 157 | (2.1) 281 | (3.8) 19 | (0.9) 4 1 (0.1)
5-fold 9 | (0.1) 9 | (0.1) 7 | (0.1) 51 | (0.7) 79 | (1.1) 11 | (0.1) | 0| (0.0

(First exp) 24 | (0.3 17 | (0.2) 69 | (0.9) 121 | (1.6) 88 | (1.2) 14 | (0.2) 4 1 (0.1)

(Second exp) 18 | (0.2) 42 | (0.6) 83 | (1.1) 146 | (1.9) 182 | (2.5) 17 | (0.2) 10 | (0.1)
10-fold 11 (0.0 1| (0.0) 1 (0.0 24 | (0.3) 24 | (0.3 6 | (0.1) 0 : (0.0)
Total genes detected? 7395 7556 7443 7603 7344 | | 7364 | 7010
Correlation coefficient® 0.69 0.44 0.26 | 0.82 O.éG 0.73 " 0.1

Exp, experiment.

aabsolute number of genes up-regulated reproducibly is in blacket.
Correlation coefficient between duplicate microarray experiments.

°The number of genes that had a detectable signal reproducibly.

The signal value was calculated as the ratio between the signal intensity of the experimental data to the control (day O Telogen mice before wax

depilation) data.
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Figure 2

Grouping of upregulated genes with similar expression patterns. Genes upregulated greater than 5-fold were grouped into 12 groups (a-/)
according to their expression patterns. Each group was classified further into four classes. (A} Early anagen {including groups a-b); (B) middle
anagen (including groups c-e); (C) late anagen/early catagen (including groups f-); and (D) middie/late catagen (including group /).

ed 5-fold in each experiment were obtained. The duplicate
data were significantly correlated at days 1 and 3, and were
highly significantly correlated at days 13, 19, and 21. At day
6, a weak correlation was observed, which is likely because
of the drastic changes in the hair cycle during this period so
that a mixed population of follicles at slightly different stag-
es coexists at this period. Consistent with the overview
shown in Fig S1, many genes were upregulated at days 13
and 19. At day 23, the transcripts fell within the 5-fold limits,
which might cause poor correlation (r<0.2) of duplicated
data.

We selected genes upregulated greater than 5-fold to
analyze in further detail. Most genes shown in Table | were
elevated at multiple time points. To characterize the ex-
pression profiling of each gene in the hair cycle, upregulated
genes at each time point were classified into 12 groups
named such as group a-l, by their expression patterns (Fig
2). Furthermore, each group was assigned to one or more
hair cycle stages, considering the morphology of the hair
follicle, as follows: “Early anagen” includes groups a-b, in
which the gene expression was upregulated at day 1; “mid-
dle anagen” includes groups c-e, in which the gene ex-

pression was upregulated at days 3 or 6 and with no change
at days 1 and 13; “late anagen and early catagen” includes
groups f-k, upregulated at days 13 or 19; and “middle and
late catagen” includes group |, upregulated at day 21 and
with no change at day 13.

Table Il show transcripts that were upregulated in early
anagen, middle anagen, late anagen/early catagen, and
middle/late catagen, respectively (A complete list of the
genes upregulated in late anagen and early catagen is sup-
plied as Table $2). The numbers in the tables show the
average of fold-change of the two identical array experi-
ments. In late anagen, a substantial number of genes (106
genes) were included (Table S1). To elucidate processes
that take place during the formation of the hair follicle,
genes were classified according to their biological function.
The 106 genes were sorted into 14 functional groups, tran-
scription, transiation, cell communication, cell adhesion,
signal transduction, axon guidance, transport, cytoskeleton,
ubiquitin cycle, defense response, metabolism, or others/
unknown, according to the biological process category or
molecular function category of the National Center for
Biotechnology Information (NCBI) Gene Ontology database.
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In cases where the gene has several functions, we refer to
the function for which the gene is best known.

In order to confirm the hair follicle-specific expression of
these genes, mRNA localization was analyzed by in situ
hybridization. We preferentially selected 45 genes whose
localization in the hair follicle had not been previously
reported. Localization of signals for those 45 genes are
marked with “H,” “O,” and “N” in Table Il. As a result, 12
newly identified genes gave detectable signals in the hair
follicle (Table Ill). In addition, Clusterin, which was previously
reported in the hair follicle (Seiberg and Marthinuss, 1995),
was also detected. Seventeen genes were detected in the
skin other than hair follicles, perhaps in putative mast cells,
nerves, vessels, and/or fibroblasts in the dermis. No signal
was detected at all for 15 genes.

Figure 3 shows the results of in situ hybridization of 11
genes upregulated in late anagen using paraffin sections of
mouse skin at day 13 after depilation. Carbonic anhydrase 6
was expressed in the outer root sheath above the boundary
of the dermis and subcutis. Cytidine 5'-triphosphate synt-
hase was expressed in the cuticle below the boundary of
the dermis and subcutis. Cathepsin E was expressed in the
cuticle of the keratogenous zone. Poly-A-binding protein
(PABP)/cytoplasmic 1 (Sachs et al, 1986; Afonina et al,
1998; Deo et al, 1999) and eukaryotic translation initiation
factor 5 (elF5A) (Nishimura et al, 2002) were expressed in
germinative hair matrix cells. Cytokeratin 12 was detected in
the inner root sheath of the hair bulb. In the cortex, keratin-
associated protein 3-3, expressed sequence tag (EST)
AA763224, high-glycine/tyrosine protein type | E5 mRNA,
Riken complementary DNA (cDNA) 4733401H21, and Riken
cDNA 1810008K03 were detected (Fig 3G-K). The signals
for KAP 3-3 and Riken cDNA 1810008K03 were detected in

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

more restricted areas of the cortex than EST AA763224 and
high-glycine/tyrosine protein type | E5 mRNA. The localiza-
tion of Riken cDNA 4733401H21 was in a characteristic
manner, showing an asymmetric expression pattern and
expression only in the skin surface side of the cortex.

To confirm the differential expression of newly identified
genes, we analyzed the expression of genes at different
stages of the hair cycle by quantitative PCR. Eleven of 12
genes that were identified in the hair follicle by in situ hy-
bridization at day 13 were upregulated remarkably in ana-
gen by reverse transcriptase polymerase chain reaction (RT-
PCR) (Fig 4A). Furthermore, we analyzed stage specificity
by in situ hybridization. Fig 4B-D shows representative dif-
ferential expression data of keratin 3-3, cytokeratin 12, and
carbonic anhydrase 6. Only cytokeratin 12 was detected,
not only in late anagen but also in telogen; however, the
signal-detected area was remarkably restricted in telogen,
which is consistent with the microarray results.

In catagen, the expression and localization of matrix
metalioproteinase (MMP)-11, which is known to be a unique
member of the MMP family (Murphy et al, 1993), was analy-
zed. Figure 4A-No. 12 shows the specific expression of
MMP-11 at catagen and telogen by RT-PCR. Figure 5
shows the staining of MMP-11 in anagen and catagen hair
follicles by in situ hybridization. The signal was detected in
the trailing connective tissue sheath of catagen hair follicles.
No signals were observed in anagen in contrast to catagen.

Discussion

Overview In this study, we analyzed the sequential changes
of gene expression patterns that occur throughout the hair

Tablelll. Genes detected in hair follicle by in situ hybridization

Experiment 1 Experiment 2
Expression value Expression value

Gene name Control® | Sample® Ratio Control® | Sample® Ratio Localization Stage
Carbonic anhydrase 6 299 33,217 > 100%i> 604 42,682 70.7 ORS Late anagen
Cytidine 5'-triphosphate synthase 391 2095 5.4 663 5678 8.7 | Cuticle Late anagen
Cathepsin E 573 4215 7.4 501 9180 18.3 [ Cuticle Late anagen
Poly A-binding protein, cytoplasmic 1 166 1672 10.1 124 1745 14.0 | Matrix Late anagen
Eukaryotic translation initiation factor 5 611 14,968 24.5 2628 30,646 1.7 Matrix Late anagen
Cytokeratin 12 517 1137 2.2 359 1849 5.1 IRS Late anagen
Keratin-associated protein 3-3 508 68,736 >100° 410 79,222 >100° | Cortex Late anagen
EST AA763224 gene 142 72,401 >100° 111 95,502 | >100° | Cortex Late anagen
High-glycine/tyrosine protein type | ES 265 43,613 >100° 287 131,564 >100° | Cortex Late anagen
Riken cDNA 4733401H21 gene 46 2989 65.2 67 3322 48.4 | Cortex Late anagen
Riken cDNA 1810008K03 gene 515 5642 10.9 847 15,564 18.4 | Cortex Late anagen
MMP-11 683 7898 11.6 224 1970 88 |CTS Catagen

MMP, matrix metalioproteinase; ORS, outer root sheath; IRS, inner root sheath; EST, expressed sequence tag; cDNA, complementary DNA; CTS,

connective tissue sheath.
“Expression value at day 0.

bExpression value at day 13 for all genes except MMP-11 or day 21 for MMP-11.
“Defined “more than 100-fold” by Feature Extraction Software.
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Figure 3

The localization of genes upregulated in late anagen. (A) Carbonic anhydrase 6; dotted line indicates the boundary of the dermis and subcutis.
(B) cytidine 5'-triphosphate synthase. (C) cathepsin E; (D) poly-A-binding protein, cytoplasmic 1; (E) eukaryotic translation initiation factor 5;
(F) cytokeratin 12; (G) keratin-associated protein 3-3; (H) expressed sequence tag (EST) AA763224; (/) high-glycine/tyrosine protein type | E5;
(/) Riken cDNA 4733401H21; and (K) Riken cDNA 1810008K03. Arrows indicate the signals. Magnified views are shown in the insets. co, cortex;
cu, cuticle; IRS, inner root sheath; ORS, outer root sheath; DP, dermal papilia; cDNA, complementary DNA; EST, expressed sequence tag. Scale

bars: 100 um.

cycle using DNA microarray hybridization. We identified
genes upregulated more than 5-fold at each time point of
the hair cycle and assigned them to four hair cycle stages: ())
early anagen, () middle anagen, (lll) late anagen/early cata-
gen, and/or (IV) middle/late catagen. Exploiting this list, we
could hypothesize processes that take place in each stage of
the hair cycle caused by physical stimulation,as follows: ())
just after depilation: defense response or defense response-
related processes; (Il) at 3 or 6 d after depilation: keratinocyte
proliferation-related processes; (lll} late anagen and early
catagen: multiple processes including keratin intermediate
filament formation; and (IV)} middle and late catagen: proc-
esses that include MMP-11 or thrombospondin (TSP)-1. On
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the basis of these lists, we identified 12 novel components of
the hair follicle that had not been previously suspected to play
a role in hair biology, and confirmed their expression using
in situ hybridization analysis. The novel components identified
were mainly specific for late anagen or early catagen. Con-
sidering the fact that dynamic growth of the hair follicle takes
place at this time, the strategy we employed here, in which
total skin was used for starting material and mRNA from
hair follicle cells only represents a fraction of the total
mRNA analyzed on the cDNA gene chips, may be suit-
able to identify genes that directly function in the construction
or elongation of the hair follicle. Recently, Lin et al (2004)
reported the identification of hair cycle-associated genes
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A Days after depilation B:keratin associated protein 3-3
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Figure 4

Differential expression of the microarray-identified genes during the hair cycle. (4) Semiquantitative RT-PCR. 7, carbonic anhydrase 6; 2,
cytidine 5'-triphosphate synthase; 3, cathepsin E; 4, poly-A-binding protein, cytoplasmic 1; 5, eukaryotic translation initiation factor 5; 6, cytokeratin
12; 7, keratin-associated protein 3-3, 8, EST AA763224; 9, high-glycine/tyrosine protein type | E5; 10, Riken cDNA 4733401H21; 77, Riken cDNA
1810008K03; 72, MMP-11; 13, GAPDH. (B, C) Expression of cytokeratin 12 (B) and keratin-associated protein 3-3 (C) in telogen (day 0 without wax
depilation) and anagen (day 17 after wax depilation) was analyzed by in situ hybridization. (D) Sequential change of carbonic anhydrase 6 expression
during the hair cycle was analyzed by in situ hybridization. Note that the signal intensity of cytokeratin 12 in C was overexposed with automated
processing system compared with Fig 3£ Scale bar: 100 um. EST, expressed sequence tag; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
RT-PCR, reverse transcriptase polymerase chain reaction; MMP, matrix metalloproteinase.
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Figure5

Localization of MMP-11 in catagen. Localiza-
tion of MMP-11 during catagen was analyzed by
in situ hybridization (A-D). (A) Late anagen; (B)
early catagen; (C) middle catagen; and (D) late
catagen. Arrows indicate the signals. MMP, ma-
trix metalloproteinase; CTS, connective tissue
sheath; DP, dermal papilla. Scale bars: 100 pm.

by DNA microarray. They reported several genes expressed
at each hair cycle stage, which are consistent with our mi-
croarray results, such as hair keratins and hair-keratin asso-
ciated genes, carbonic anhydrase, and neuroblastoma myc-
related oncogene 1. On the other hand, other differences be-
tween their study and ours may be because of multiple fac-
tors, including differences in DNA microarray chips used
(Agilent cDNA array vs Affymetryx oligo array), hair cycle
models (wax depilation vs natural hair cycle), and/or analytical
methods (fold-changes vs clustering). Therefore, in order to
confirm the significant expression of genes from these ex-
perimental array data, confirmation of hair follicle specific or
follicle-associated gene expression by in situ hybridization
seems to be crucial, as we performed for our 11 newly iden-
tified genes.

Taking the results together, we consider each stage as
follows:

Early and middle anagen Six of the eight genes on the
early anagen list could contribute to inflammation, such as
lipocalin 2, schlafen 4, secretory leukocyte protease inhibitor,
$100 calcium-binding protein A9 (calgranulin B), chemokine
(C-C motif) ligand 7, and tissue inhibitor of metalloproteinase
(Table li). These observations suggest that two processes,
anagen induction and inflammatory or regenerative respons-
es to damaged epithelia, take place in this stage. .

Four of eight genes on the middle anagen list (Table H)
could function in cell proliferation, such as cell division cy-
cle-associated 3, Shc SH2-domain-binding protein 1, kine-
sin family member C1, and baculoviral inhibitor of apoptosis
(IAP) repeat-containing 5. Two genes related to keratinocyte
differentiation, Small proline-rich protein 2A and retinol-
binding protein 2, are also inciuded in this list. Cell cycle and
differentiation-related genes on the list might contribute to
keratinocyte proliferation during epithelium thickening,
which is markedly observed at day 3 and especially at
day 6 (Fig 1C, D).
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Late anagen and early catagen A substantial number
of genes already reported to play some role in the hair
follicle are on this list (Tables Il and S1). Components of
keratin intermediate filaments and EST of putative keratin-
associated proteins, which contribute to the structure of
hair fibers, were highly upregulated more than 10-fold.
Besides keratin-related proteins, lymphoid enhancer factor
(LEF)-1, forkhead box N1, and vitamin D receptor are also
on that list. These proteins had been reported to be crucial
for the hair cycle according to in vivo analysis by
gene targeting or overexpression in a transgenic model
(DasGupta and Fuchs, 1999; Hong ef a/, 2001; Kong et al,
2002). These facts suggest that other genes included in
Table Il could play important roles in the hair follicle. Other
genes on the list could have functions in the hair cycle, as
follows:

Catalytic enzymes Cytidine 5'-triphosphate synthase piays
a role in the biosynthesis of nucleic acids and membrane
phospholipids (Ostrander ef al, 1998; Hatse et al, 1999}, and
cathepsin E, an endolysosomal aspartic proteinase, is
known to be predominantly expressed in immune system
cells. Besides lymphoid tissues, cathepsin E is distributed in
multiple tissues and cell types, such as the gastrointestinal
tract, blood cells, and microglia (Nakanishi et al, 1993,
lkuzawa et al, 2003). Carbonic anhydrase 6, a zinc-con-
taining enzyme, is known to be secreted in saliva and
regulates oral pH (Kivela et al, 1999). Recently, the morpho-
genetic roles of carbonic anhydrase 6 in taste bud growth
(Thatcher et al, 1998) and in development of the infant
alimentary tract (Karhumaa et al, 2001) have been reported.
Moreover, carbonic anhydrase 6 has been suggested to
contribute to taste dysfunction resulting from zinc deficien-
cy (Goto et al, 2000) and alopecia, which also results from
severe zinc deficiency (Prasad, 1988). It is possible that
carbonic anhydrase 6 and two other catalytic enzymes play
roles in keratinocyte differentiation in the hair follicle as in
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other tissues. A recent report by Lin et al (2004) also showed
late anagen and early catagen expression of carbonic an-
hydrase 6 in the natural murine hair cycle, which is con-
sistent with our observations, and suggests its relation to
apoptotic events.

Cell proliferation The detection of two cell proliferation-
related genes, PABP/cytoplasmic 1 and elF5A, in germina-
tive matrix cells is also noteworthy. PABP recognizes the 3’
poly-A mRNA tail and plays critical roles in eukaryotic
translation initiation and mRNA stabilization/degradation
(Sachs et al, 1986; Afonina et al, 1998; Deo et al, 1999).
Because its expression is elevated in growing cells, it has
been implicated in cell proliferation (Gorlach et al, 1994).
The gene product of elF5A has also been implicated in cell
viability and cell proliferation (Nishimura et al, 2002; Park
et al, 2003). The hair matrix is considered to be occupied by
“transient amplifying” cells that proliferate constantly during
anagen (Paus et al, 1994; Xu et al, 2003). Thus, it is rea-
sonable to assume that these two proteins participate in the
proliferation of the hair matrix. Moreover, elF5A is the only
protein known to undergo hypusination, a unique post-
translational modification for activation (Park ef al, 2003).
The regulation of hypusination could also be important in
the anagen hair follicle.

Transcription in the hair cortex The identification of five
genes (keratin-associated protein 3-3, EST AA763224, high-
glycine/tyrosine protein type | E5, Riken cDNA 4733401H21,
and Riken cDNA 1810008K03) in the hair cortex is also
noteworthy. Expecting that these genes could be regulated
by similar transcriptional mechanisms, we investigated
transcription factor-binding sites in the 5’ upstream regions
from —3000 to —1 of each gene in detail, except for EST
AA763224, whose full-length ¢cDNA has not yet been se-
quenced. As a result, the binding motifs of two transcription
factors (LEF-1 and runx-1) are found in the 5’ upstream re-
gion of all five genes. LEF-1 is a well-known transcription
factor that participates in regulating multiple keratin ex-
pression and is important for hair follicle patterning (Zhou
et al, 1995). Although runx-1 is the most frequently trans-
located gene in human leukemia, and has not been previ-
ously reported to be involved with hair follicle formation, it
could regulate transcription cooperatively with LEF-1
through recruitment of the co-repressor TLE1 {(Levanon
et al, 1998; Lutterbach ef al, 2000). Interestingly, both LEF-1
and runx-1 are upregulated in late anagen and are also list-
ed in Tables Il and S1. It is possible that these two tran-
scription factors may play important cooperative roles in
hair cortex formation.

Eye components Cytokeratin 12, which is known to be a
component of the corneal epithelia (Ferraris et al, 2000},
was detected in the inner root sheath of the hair bulb. Sug-
gestively, the expression of crystallin § A4 (which is the
major component of the eye lens) and aquaporin 1 water
channel (which is present in the ciliary body of the eye) (Patil
et al, 2001) was also elevated in anagen (Tables i} and S1).
Corneal epithelium and epidermal keratinocytes are known
to share a common embryological origin and to diverge re-
versibly during embryogenesis. In addition to their embryo-
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logical identity, the hair follicle and cornea might share
common properties even in adult tissues.

Middle and late catagen Only two genes, TSP-1 and met-
alloproteinase-11, were significantly increased in these
stages. TSP-1 has been reported to play a critical role in
the induction of hair follicle involution and in vascular re-
gression during the catagen phase (Yano et a/, 2003). MMP-
11 is known to be a unique member of the MMP family,
which is not directly involved in extracellular matrix degra-
dation (Murphy et al, 1993). It had not been reported to be
involved with the hair cycle, but it is expressed in tissues
undergoing active remodeling associated with embryonic
development, wound healing, and tumor invasion (Basset
et al, 1990; Okada et al, 1997; Boulay et al, 2001). Its unique
substrate specificity might be a clue to reveal its function. a-
1 antitrypsin (AAT) and insulin-like growth factor-binding
protein-1 have been identified as physiologic targets for
MMP-11 (Pei et al, 1994; Manes et al, 1997). It is noteworthy
that AAT is upregulated in anagen and is listed in Tables ||
and S1. It is possible that AAT plays some role in anagen,
and its disappearance may be important during catagen
progression. Recently, both MMP-11 and AAT were impli-
cated in apoptosis (Daemen et al, 2000; Ishizuya-Oka et al,
2000; Hagglund et al, 2001). Apoptosis is an important
process during the regression of the catagen hair follicle
(Lindner et al, 1997; Soma et al, 2002). It could be spec-
ulated that MMP-11 expression in the trailing connective
tissue sheath contributes to the regulation of epithelial re-
gression. From these observations, the regulation of MMP-
11 activity by 4- Abz- Gly- Pro- D- Leu- D- Ala- NH- OH
(MMP inhibitor [} or by a specific inhibitor of MMP-11 (Mat-
ziari et al, 2004) or the regulation of its gene expression by
all trans-retinoic acid, FGF2, insulin-like growth factor-li,
epidermal growth factor, platelet-derived growth factor, in-
terleukin-6, and/or 12-O-tetradecanoylphorbool-13-acetate
(Anderson et al, 1995; Delany and Canalis, 1998; Singer
et al, 1999) could have significant effects on the hair cycle.

Materials and Methods

Tissue preparation Female C57BL/6 mice (Charles River Labo-
ratories, Atsugi, Japan), approximately 8 wk of age, were used for
microarray and gene localization analysis, because the hair cycle is
well characterized in this mouse strain (Muller-Rover et al, 2001).
The hair cycle was synchronized on the dorsal skin by wax de-
pilation as described previously (Yano et al, 2001). Pigmentation of
the skin, which is the sign of hair induction, was observed from day
6 after depilation. Dorsal skin at days 1, 3, 6, 13, 19, 21, and 23
after depilation and at day 0, the day before depilation, was used.
All animal procedures had the approval of the ethical committee of
Shiseido Research Center.

Preparation of total RNA Total RNA was extracted as described
previously (Wada et al, 2002). Briefly, after being euthanized, mice
were shaved with mechanical clippers and total, full-thickness
dorsal skin was dissected free. Underlying fascia and soft tissue
were removed, and the skin was cut into small (0.5 cm) pieces
and frozen quickly in liquid nitrogen. The frozen skin pieces were
physically crushed with a Cryo-press apparatus (Microtec,
Funabashi, Japan) for 45 s. Each powdered sample was dissolved
in 1 mL ISOGEN (NIPPON GENE CO., LTD, Toyama, Japan), and
total RNA was isolated. After RNA precipitation, RNA was puri-
fied using an RNeasy spin column system, according to the
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manufacturer’s instructions (Qiagen Inc., Valencia, California). Total
RNA quality was assessed by recombinant RNA ratio [285/188]
using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto,
California).

Microarray analysis Two experiments were performed, and the
results of the two studies were statistically analyzed using two
control-sample pairs of mice, a total of four mice for each time
point. cDNA microarray analysis was performed according to the
manufacturer's instructions (Agilent Technologies) as previously
described {Seseke et al, 2004). Thirteen micrograms of total RNA
was converted to fluorescently labeled cDNA by in vivo transcrip-
tion using the Fluorescent direct label kit (Agilent Technologies) in
the presence of oligo(dT) primer (5 pM), Moloney muria leukemia
virus (MMLV)-reverse transcriptase (10 U), and CTP labeled with
fluorescent dye. Fifty micromoles Cyanine 5-dCTP (Perkin-Elmer,
Boston, Massachusetts) was used for samples fromday 1, 3, 6, 13,
19, 21, and 23, and Cyanine 3-dCTP for the control from day 0. The
resulting labeled cDNA of each sample and control were mixed
and hybridization to the microarray on which 8720 genes are spot-
ted (the mouse cDNA microarray: G4104A, Agilent Technologies)
was performed overnight at 65°C. Microarray slides after hybrid-
ization were washed with 0.5 x SSC and 0.01% sodium dodecyl
sulfate and then washed with 0.06 x SSC. After drying the slides,
the fluorescence of bound cDNA on the microarrays was gquantit-
ated using a microarray scanner (Agilent dual-laser Microarray
scanner G2565AA). The signals were analyzed using Feature Ex-
traction Software (Agilent Technologies), excluding the data from
signals that was recognized as outlier or equal to background. The
signal value was caiculated as the ratio between the signal inten-
sity of the experimental data to the control data. Scattering of the
ratios between duplicate experiments were calculated as correla-
tion coefficients using statistical function “CORREL" with Microsoft
Excel software.

In situ hybridization In situ hybridization was performed on 4 um
sections of 10% formalin-fixed, paraffin-embedded skin. For the
analysis shown in Figs 3A-F and 5, a signal amplification method
based on the deposition of biotinylated tyramide was used as de-
scribed previously (Kerstens et al, 1995). True blue peroxidase
substrate (Kirkegaad & Perry Laboratories Inc., Gaithersburg, Mar-
yland) was used as a color-developing reagent and nuclear fast red
(Sigma, St Louis, Missouri) was used as a counterstain. For the
analysis shown in Figs 3G-K and 4, the genes that have relatively
abundant signals, and for objective comparison of the signal in-
tensity among different hair cycle stages avoiding the bias by the
manual handling in situ protocol, an automated slide-processing
system (Discovery, Ventana Medical Systems, Inc., Tucson, Arizo-
na) was used with protocols (Lindner et al, 1997), designed based
on the standard protocol described in the RiboMap application
note. Signals were detected automatically using the BlueMap NBT/
BCIP substrate kit (Ventana, Tucson, Arizona) for 3 h at 37°C. For
probe preparation, a mouse cDNA for each gene was amplified by
RT-PCR using gene-specific primer sets listed in Table 52. Dig-
oxigenin-labeled antisense and sense RNA probes were prepared
by in vitro transcription with T7 RNA polymerase, using amplified
cDNA of each gene as a template.

RT-PCR One microgram of total RNA was used for first-strand
cDNA synthesis using superscript Il (Invitrogen Corp., Carlsbad,
California) according to the manufacturer’s instructions; 1/50th of
the synthesized cDNA was used as a template for PCR using
Ampli-Taq Gold (PE Biosystems, Roppongi, Tokyo, Japan) and
gene-specific primer sets listed in Table 82. After 10 min incubation
at 94°C to activate the polymerase, each cDNA was amplified by
the following iterative incubation 30 s at 94°C, 1 min at 55°C, and 1
min at 72°C with respective PCR cycles listed in Table S2 (shown
as a supplement), separated on 1.5% agarose gels, and visualized
by ethidium bromide staining.
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Supplementary Material

The following supplementary material is available for this article online.
Figure S1 Overview of changes in gene expression during the hair
cycle.

Table S1 Location of primers for RT-PCR and in-situ hybridization, and
the number of PCR cycles for RT-PCR.

Table S2 Complete list of the genes up-regulated in late anagen and
early catagen and fold-change during hair cycle.
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KEYWORDS Summary

Androgenic alopecia;

Bulge; Background: Versican, a targe chondroitin sulfate proteoglycan molecule, is impli-
Cytokeratin15; cated in the induction of hair morphogenesis, the initiation of hair regeneration, and
Proteoglycans; the maintenance of hair growth in mouse species. In contrast, in human hair follicles,
Stem cells the distribution and the roles of versican remains obscure.

Objectives: To elucidate the implication of versican in normal human hair growth.
Methods: Versican expression was examined by in situ hybridization (mRNA) and
immunohistochemistry (protein).

Results: The results clearly showed specific versican gene expression in the dermal
papitla of anagen, which apparently decreased in the dermal papilla of catagen hair
follicles. No specific signal was detectable in telogen hair follicles. Consistent with ISH
results, versican immunoreactivity was extended over the dermal papilla of anagen
hair follicles, and again, this staining diminished in the catagen phase of human hair
follicles. Interestingly, versican proteins were deposited outside K15-positive epithe-
lial cells in the bulge throughout the hair cycle. Versican immunoreactivity in the
dermal papilla was almost lost in vellus-like hair follicles affected by male pattern
baldness.

Conclusion: Specific expression of versican in the anagen hair follicles suggests its
importance to maintain the normal growing phase of human as well as mouse.

¢ 2005 Japanese Society for Investigative Dermatology. Elsevier Ireland Ltd. All rights
reserved.

1. Introduction lial—mesenchymal interaction for hair cycling

between follicular stem cells and their specific

Mammalian hair follicles have a unique cyclical re-
growth stage during their lifetime. Accordingly,
evidence emphasizes the importance of epithe-

* Corresponding author. Tel.: +81 45 7887291;
fax: +81 45 7887277.
E-mail address: tsutomu.souma@to.shiseido.co.jp (T. Soma).

mesenchymal dermal papilla (DP) cells. Compared
with the recent progress of follicular stem cell
research, the characterization of DP cells is virtually
unknown, and one reason is the lack of a marker
molecule, which shows relative specificity in its
gene or protein expression for DP cells. One class
of such candidate molecules is proteoglycans.

0923-1811/$30.00 .¢ 2005 Japanese Society for Investigative Dermatology. Elsevier ireland Ltd. All rights reserved.

doi:10.1016/j.idermsci.2005.03.010
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Proteoglycans, a large family of glycosylated pro-
teins, have covalently linked several sulfated glyco-
saminoglycans, such as chondroitin sulfate, derm-
atan sulfate, and heparan sulfate. The biological
functions of proteoglycans involve development, cell
adhesion, cell migration and differentiation to mole-
cular signalling as well as a large number of water
molecules [1,2]. Clinical patients with abnormal
mucopolysaccharide metabolism (Hurler’s syn-
drome) have very thick hair and a faster rate of hair
growth during childhood [3]. Immunohistochemical
studies with several proteoglycan-specific antibodies
demonstrated the accumulation of glycosaminogly-
can in the DP, particularly for chondroitin sulphate
proteoglycan [4].

Versican is a chondroitin sulphate proteoglycan
involved in matrix assembly and structure, and cell
adhesion [5]. It is abundant in the dermis during
human fetal skin development compared to adult
skin. A recent transgenic study using a versican pro-
moter implicated its expression in both mesenchymal
condensation and hair induction during hair cycling
[6]. Versican immunoreactivity is localized in the DP
of active hair follicles (anagen) in mice and rats, but
has not been elucidated in human species [7—9].
Here, we examined the onset of versican gene
expression, and the deposition of versican protein
durung human hair cycle to evaluate the implication
of versican in normal human hair growth.

2. Materials and methods
2.1. Tissues, cells, and antibodies

Human tissue specimens from balding (three males,
mean age 35 years) and non-balding (four males, two
female, mean age 36 years) scalp-skin were obtained
from plastic surgery with the informed consent of
donors. DP cells were isolated from scalp tissues by
micro-dissection, followed by in vitro cultivation.
Mouse monoclonal anti-versican antibody (clone 2-
B-1) purchased from Seikagaku Corp. (Tokyo, Japan)
wasappliedat 10 pg/mlforboth immunofluorescence
andimmunoperoxidase staining [ 10]. Chick polyclonal
anti-cytokeratin 15 (K15) (provided by Covance

Research Products Inc., Berkeley, CA) was used as a
marker of the bulge region at 100-fold dilution.

2.2, RT-PCR

DP cells were cultured in Dubecco’s modified minimal
essential medium (invitrogen, Carlsbad, CA) supple-
mented with 10% FBS. Total RNAs were extracted
from the cultured DP cells with ISOGEN solution
{Nippon Gene, Toyama, Japan), followed by the
synthesis of first-strand cDNAs using oligo(dT) primers
and Superscript |l (Invitorgen, Carlsbad, CA). cDNA
fragments of the human versican N-terminal-con-
served domain (position 502—1160 in GenBank acces-
sion number X15998) were amplified by RT-PCR using
total RNA from the human DP cells described above.
Specific cDNA fragments of four versican variants (VO0,
V1, V2, and V3 isoforms) were amplified by RT-PCR
using the primers listed in Table 1. All amplifications
were performed for 35 cycles using the following
conditions: 94 °C for 30s, 58 °C for 30s, and 72 °C
for 1 min with High Fidelity PCR System {Roche Diag-
nostics, Indianapolis, IN). For the synthesis of anti-
sense RNA probes, the recognition sequence of T7
polymerase was added to the anti-sense primers of
each variant, which were applied by RT-PCR,

2.3. In situ hybridisation

For in situ hybridization (ISH), scalp tissue pieces
were fixed in phosphate-buffered formalin (pH 7.2)
for more than 1 week, then embedded in paraffin
wax. Digoxigenin (DIG)-labeled anti-sense RNA
probes were prepared with an in vitro transcription
kit (Roche Diagnostics) using versican cDNA frag-
ments containing the recognition sequence of T7
polymerase amplified by RT-PCR. DIG-labeled ISH
was performed on 6 pm sections using the Ventana
Discovery HX system (Ventana Japan, Yokohama,
Japan) as described previously [11].

2.4, Immunofluorescence
For immunofluorescence staining, human scalp-skin

pieces were fixed with 4% paraformaldehyde at 4 °C
for 12—16 h, and then dehydrated and embedded in

Table 1 PCR primers for the amplification of versican isoforms

Primer Sequence Position® Isoform Primer pair Size (bp)
F1 gctgcaaaagagtgtgaaaa 5540855427 Ay F2 and R1 538

F2 tggtgaagaaacaaccagtg 65284—65303 V1 F1 and R1 501

F3 ctcatgttccteccactace 65331—-65350 \'/ F3 and R2 529

R1 agtggtaacgagatgcticc 8051880499 V3 F3 and R2 529

R2 tgggcaaagtatttgtagca 96685—96666

# GenBank accession number AC026696,
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paraffin wax. Tissue sections of 6 um were boiled
twice in 10 mM citrate-buffer (pH 6.0) for 5 min
using a microwave oven for antigen relevance. Ver-
sican immunoreactivity was visualized with Alexa
594-labeled anti-mouse 1gG antibody (Invitorgen).
Chick anti-human keratin 15 (K15) polyclonal anti-
bodies were used for double labeling with versican
immunofluorescence visualized by FITC-labeled
anti-mouse 1gG antibody (Nakaraitecqure, Tokyo,
Japan). K15 immunoreactivity was monitored with
Alexa 594-labeled anti-chick IgG antibody (Invitor-
gen). All sections were mounted with a vector shield
(Vector Labs, Burlingame, CA) containing 4',6-dia-
midino-2-phenylindole (DAPI).

2.5. Immunoperoxidase staining

For immunoperoxidase staining, tissue sections
were digested with proteinase K at 20 ug/ml for
30 min at room temperature (Nakaraitecque). The
anti-mouse staining kit (HISTFINE, Nichirei, Tokyo,
Japan) was used according to the manufacturer’s
instructions. Sections were developed with True
Blue (Kirkegaard and Perry Labs, Gaithersburg,
MD) followed by counterstaining with contrast red
(Kirkegaard and Perry Labs).

3. Results

3.1. Predominant expression of versican
transcripts in the DP of anagen hair follicles

Human cultured DP cells mainly expressed both VO
and V1 isoforms (Fig. 1) at RT-PCR level. To compare
the expression level of versican isoforms in human
hair follicles in vivo, we prepared 6 um adjacent
sections of human scalp-skin. Using ISH analysis on

A
Fig. 2

700

500

300

(bp) 1 2 3 4 5 6

Fig. 1 RT-PCR analysis of versican isoforms in cultured
DP cells. Total RNA of cultured DP cells was applied to RT-
PCR analysis using isoform-specific primer pairs (Table).
Lane 1, size marker (100 bp ladder); lane 2, VO; lane 3, V1,
lane 4, V2; lane 5, V3; lane 6, GAPDH.

the adjacent sections, we revealed that human ana-
gen hair follicles in vivo showed a predominant gene
expression of V2 and V3 isoforms (Fig. 2C and D) in
contrast toinvitro (see Fig. 1). The expression level of
the V1 isoform (Fig. 2B) was equal to or lower than V2
and V3. Messenger RNAs of the V0 isoform (Fig. 2A)
were not detectable, even in anagen hair follicles.
¢RNA probes for the N-terminal domain, shared
among four isoforms, which should detect all versican
isoforms, were applied to evaluate the versican gene
expression during human hair cycles. The highest
level of expression for versican mRNA was detected
in the DP cells of human hair follicles in the anagen
phase (Fig. 3A). Bulb matrix cells also expressed
significant versican mRNA in anagen hair follicles
(large arrows in Fig. 3A). Versican gene expression
in the DP cells was dramatically reduced in the cata-
gen phase, but was not completely lost (Fig. 3B). Cells
in the upper portion of DP were still positive for
versican mRNA expression (small arrows in Fig. 3B).
Versican transcripts were not detectable in the DP of
telogen hair follicles (Fig. 3C). We could not detect
versican transcripts in either the epidermis or the
dermis of adult scalp-skin tissues {data not shown}.

©

In situ hybridization analysis of versican isoforms in the DP cells of anagen hair follicles. Adjacent sections were

stained with the specific anti-sense RNA probe for each versican isoform. Blue staining indicated a positive signal for
versican transcripts. (A) Endogenous mRNA expression of VO isoform was not detected in the onion-shape DP at the
bottom of anagen hair follictes. Melanin granules were observed as dark-brown colors in the hair shaft above the DP. (B)
Expression level of V1 isoform was lower compared to V2 and V3 isoforms in the DP cells. (C) Signals of V2 isoform were
almost equal to V3 isoform in the DP cells (D) [scale bars, 50 um].



