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The proliferation of keratinocytes in the hair follicle
varies from slowly cycling, intermittently proliferat-
ing stem cells in the bulge to rapidly proliferating,
transient cells in the bulb. To better understand the
biological differences between these two compart-
ments, we sought to identify differentially expressed
genes using cDNA macroarray analysis. Cyclin D1 was
one of 13 genes increased in the bulge compared to
the bulb, and its differential expression was corrob-
orated by quantitative real-time polymerase chain re-
action (PCR) on the original samples. Using immuno-
histochemical staining, laser-capture microdissection
(LCM) and quantitative real-time PCR, we localized
cyclin D1 to the suprabasal cells of the telogen bulge
and anagen outer root sheath (ORS). Surprisingly,
cyclin D1, D2, and D3 were not detectable by immu-
nohistochemistry in the rapidly proliferating hair-
producing cells of the anagen bulb (matrix cells),
while these cells were strongly positive for Ki-67 and
retinoblastoma protein. In contrast, pilomatricoma, a
tumor thought to be derived from matrix cells, was
positive for cyclin D1, D2, and D3. Our results suggest
that cyclin D1 may mediate the proliferation of stem
cells in the bulge to more differentiated transient am-
plifying cells in the suprabasal ORS. In contrast, non-
cyclin D1-proteins appear to control cell division of
the highly proliferative bulb matrix cells. This non-
cyclin D1-mediated proliferation may provide a pro-
tective mechanism against tumorigenesis, which is
overridden in pilomatricomas. Our data also demon-
strate that the combination of DNA macroarray, LCM
and quantitative real-time PCR is a powerful approach
for the study of gene expression in defined cell pop-
ulations with limited starting material. (Am J Pathol
2003, 163:969-978)

Hair grows in a regulated cyclical process consisting of
three distinct phases: anagen, catagen, and telogen. In
human scalp follicles, anagen, the growing phase, lasts
several years; catagen, the involution phase, lasts ap-

proximately 1 to 3 weeks, and telogen, the resting phase,
lasts for approximately 3 months. The cellular mecha-
nisms involved in the maintenance of the phases and the
transitions between them are poorly understood. The lack
of progress in this area reflects the complicated structure
and physiology of the hair follicle. In addition, human hair
follicles grow in an asynchronous fashion; the majority
(~90%) of hair follicles are in the anagen phase and less
than 10% of follicles are in telogen, thus making it difficult
to study the hair follicle cycle in humans. However, un-
derstanding what controls the proliferation of the follicle
could have wide-ranging implications for carcinogenesis
and hair disorders.

One important aspect of the transition from the telogen
phase to the anagen phase is the mechanism which
promotes stem cell proliferation. The stem cells of the
bulge region are normally quiescent throughout catagen,
telogen and most of the anagen phase but proliferate
briefly at anagen onset. In contrast, the anagen matrix
cells, which are considered “transient amplifying” (TA)
cells, proliferate constantly during anagen. In fact, these
cells display one of the highest proliferative rates of any
mammalian tissue, with a growth fraction of almost 100%,
even outranking most malignant tumors. As in many other
highly proliferative tissues, such as bone marrow and
gastrointestinal epithelium, this may represent a risk for
mutagenesis. But malignant tumors derived from matrix
keratinocytes are exceedingly rare; although benign tu-
mors, such as pilomatricomas, occasionally arise from
hair matrix cells.

In mammalian cells, proliferation is under the control of
factors that regulate the transitions between different cell-
cycle stages at two main checkpoints. The better-char-
acterized checkpoint is at the G1-S transition, which ini-
tiates DNA replication in S phase. The other checkpoint is
at the G2-M transition, which controls mitosis and cell
division. The cyclins are a family of key cell-cycle regu-
lators that function by association with and activation of
cyclin-dependent kinases (CDKs) at specific points in the
cell cycle to phosphorylate various proteins that are im-
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portant during cell cycle progression. A key substrate for
G1 cyclins/CDK complexes is the retinoblastoma tumor
suppressor protein (RB). The phosphorylation of RB then
releases E2F, which is important in the initiation of DNA
replication and in the G1-S phase transition. The levels of
cyclins are regulated at the level of transcription as well
as by targeted degradation via the ubiquitin pathway.

B-catenin plays an intricate role in Wnt signaling.
B-catenin regulates gene expression by direct interaction
with Lef-1, providing a molecular mechanism for the
transmission of signals, from cell-adhesion components
or Wnt protein to the nucleus. Lef1/B-catenin has been
identified as a key regulator in hair follicle differentiation
and development. The cyclin D1 gene is a direct target
for transactivation by the p-catenin/LEF-1 pathway
through a LEF-1 binding site in the cyclin D1 promoter
and therefore a direct downstream molecule in the
B-catenin pathway.

To better characterize the transition from quiescent
stem cells to proliferative daughter TA cells, we used
DNA macroarrays to compare gene expression in the
bulge cells to the bulb matrix cells. We identified cyclin
D1 as one of the genes up-regulated in the telogen bulge
compared to the anagen bulb. Localization of cyclin D1
expression in the hair follicle using laser-capture micro-
dissection (LCM), real-time polymerase chain reaction
(PCR) and immunohistochemical staining suggests that
it may play a role in conversion of stem cells to tran-
sient amplifying cells, but not in the maintenance of
the continual hair follicle proliferation required for hair
production.

Materials and Methods

Tissue Preparation

Adult human scalp skin (obtained from the Cooperative
Human Tissue Network) was fixed in PBS-buffered 10%
formalin; unfixed tissue samples were embedded in tis-
sue-Tek OCT compound (Miles, Naperville, IL), snap-
frozen in liquid nitrogen, and stored at —80°C until used
for frozen sectioning.

Dissection of Anagen Bulb and Telogen Bulge

Hair follicles were isolated from dispase-treated (Sigma,
St. Louis, MO) fresh skin as previously described. The
anagen bulb and telogen bulge were isolated using a
dissecting microscope (Figure 1). The tissue was rapidly
frozen on dry ice and stored at —80°C. Total RNA from
telogen bulge and anagen bulb was extracted using the
guanidine isothiocyanate method.

Macroarrays

The Atlas Human cDNA Expression Array | (Clontech,
Palo Alto, CA) was used in the experiments. This array
has been spotted in duplicate with 10 ng of PCR-ampli-
fied cDNA fragments which are 200- to 500-bp long and
represent 588 genes. Several plasmid and bacterio-

Telogen

Figure 1. Images of entire epithelial component of telogen (A) and anagen
(B) hair follicles released from human scalp tissue at the basement mem-
brane by incubation with the enzyme dispase (X20).

phage DNAs are included as negative controls to confirm
hybridization specificity, along with ten housekeeping
genes for normalizing mRNA abundance. We first re-
verse-transcribed 2 ug of total RNA from each sample
using the reagents provided and [a-**P]dCTP. These
radioactively labeled cDNA probes were then hybridized
overnight to the membranes following the manufacturer’s
instructions. After washing three times with 2X SSC, 1%
SDS at 68°C for 30 minutes, then washing twice with 0.1X
SSC, 0.5% SDS at 68°C for 30 minutes, the hybridization
pattern was analyzed by autoradiography. To ensure
accurate comparisons, signals were obtained exposing
the array to a phosphoimager (Bio-Rad, Hercules, CA).
Duplicate blots were used to compare the expression
patterns of telogen and anagen RNA populations.

The phosphoimager blot was analyzed using IPLab
Spectrum software. Individual spots were measured by
densitometry. The average densitometry signals of the
duplicate spots, minus background, were calculated.
The signals were then normalized against an average of
the signals from the control housekeeping genes ubig-
uitin and 23-kd highly basic protein. The ratio of expres-
sion between telogen and anagen signals was then cal-
culated (Table 1).

Quantitative Real-Time PCR

Due to the limited quantity of total RNA (1.5 ug from
telogen follicle and 2.6 png from anagen follicle) that was
available for further studies, we adopted a quantitative
real-time PCR approach to verify the DNA array results.
We used TagMan probes and the Applied Biosystems
Prism 7700 Sequencing Detection System (Applied Bio-
systems, Foster City, CA) in our experiments. The cyclin
D1, GAPDH, and ribosomal 18s TagMan probe and
primer mix, as well as the TagMan Universal PCR Master
Mix, were purchased from Applied Biosystems. The cy-
clin D1 probe was labeled at the 5" end with a reporter
fluorochrome (6-carboxyfluorescein [6-FAM]), and at the
3’ end with a quencher fluorochrome (6-carboxy-tetra-
methyl-rhodamine [TAMRA]). The 5’ end of the GAPDH
or ribosomal 18s probes were labeled with VIC (ABI). The



Table 1. Genes Differentially Expressed in the Telogen
Bulge versus Anagen Bulb

Ratio (telogen/

Gene name GenBank # anagen)
Chaperonin (HSP60) M34664 3.1
CLK-1 29222 2.9
c-myc V00568 8.1
Cyclin D1 X59798 5.4
DAD-1 D15057 1.5
Ezrin (cytovillin 2) X51521 4.6
Gs-a subunit M14631 4.3
MLK-3 L.32976 2.7
MRP-8 X06234 22.2
NET-1 U02081 6.1
NF-E1 M76541 13.7
RhoA 25080 37
TR3 orphan receptor L13740 5.2
Ubiquitin® M26880 0.9
23 kd highly basic X56932 1

protein*

*Housekeeping genes.
The approximate ratios of the signals after normalization to
housekeeping genes are listed in the third column.

cyclin D1 and GAPDH primers and probes were de-
signed to span one intron so that genomic DNA would not
amplify. Other important controls were reactions without
reverse transcriptase and reactions without template,
which test for contamination of RNA by genomic DNA,
and for contamination of the reagents, respectively.
These controls were included in the same runs as the
experimental reactions.

The PCR conditions were 50°C for 2 minutes and 94°C
for 10 minutes, repeated for 40 cycles. After 40 cycles,
data were processed using the software accompanying
the Applied Biosystems Prism 7700 Sequencing Detec-
tion System. The linearity of the fluorescence response
for each sample at each cycle and at baseline was
checked for each tube to generate an accurate threshold
cycle (C,). The C, is determined by identifying the cycle
number at which the reporter dye emission intensities
rises above background noise.

Total RNA extracted from human prostate tissue with
serial 1/10 dilutions was run in duplicate to generate the
concentration curves for cyclin D1 and the housekeeping
genes GAPDH and ribosomal 18s. Cyclin D1, GAPDH
and/or ribosomal 18s samples were run in triplicate and
concentrations of each were determined comparing the
C, to the concentration curves. The amount of cyclin D1
was normalized to the amount of housekeeping gene in
the each sample.

Immunohistochemistry

Six-micron thick paraffin sections were cut and stained
with hematoxylin and eosin (H&E). Consecutive sections
were immunostained with mouse monoclonal antibodies
against cyclin D1, D3, retinoblastoma protein, Ki-67 (all
from DAKO, Carpinteria, CA), and cyclin D2 (Research
Diagnostics Inc., Flanders, NJ). Tissue sections were
boiled in 1X Tris buffer (pH 8.1) for 20 minutes, washed
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and incubated with cyclin D1 antibody at room tempera-
ture for 2 hours; for cyclin D2 and D3, incubation was for
20 minutes at 4°C overnight. Tissue sections were boiled
in Target Retrieval Solution (DAKO) for 20 minutes, and
incubated with Ki67 or pRB antibody at ROOM TEMPER-
ATURE for 2 hours. The standard avidin-biotin peroxi-
dase (ABC) complex method was used to visualize the
antigen antibody complex.

LCM and Gene Expression Analysis

To compare the differential gene expression among dif-
ferent compartments within the hair follicle, we performed
LCM of basal and suprabasal cells of the ORS using the
Arcturus PixCell Il and CapSure Transfer film carrier (Arc-
turus Engineering, Inc., Mountain View, CA). Briefly, fro-
zen tissue was embedded in OCT compound (Tissue-
Tek) and snap-frozen in liquid nitrogen. The blocks were
wrapped in foil and kept at —80°C until sectioning.
Eight-um sections were placed onto plain uncoated
glass slides. Routine H&E staining was performed and
after xylene dehydration, the slides were allowed to air
dry for 20 minutes. Sections were inspected to ensure no
tissue folds or errant hair shafts were present on the
surface of the section. Basal layer and suprabasal layer
ORS cells were captured on CapSure LCM caps (caps)
by LCM using a 7.5-mm laser beam at 50 to 100 mV.
Multiple captures (2 to 3) from similar areas of different
follicles were performed using one cap. Cells on the caps
were lysed and total RNA was extracted using a Cells-
to-cDNA Kit from Ambion (Austin, TX) following the man-
ufacturer’s instructions with slight modifications. Briefly,
the cell lysis buffer was pre-warmed to over 75°C. Cell
lysis buffer was added to cover the cap, and then vigor-
ously vortexed, followed by incubation for 5 minutes at
75°C. The tube was cooled and 1 ul of DNase | for every
50 ul of Cell Lysis Buffer was added. We then incubated
the sample at 37°C for 30 minutes and 75°C for 5 minutes
to inactivate the DNase |. A portion of the cell lysate was
used as template for the first-strand cDNA synthesis in a
reverse transcription (RT) reaction with random primers.
A control reaction without reverse transcriptase, to dem-
onstrate that the template for the PCR product was cDNA
and not genomic DNA, was always used. RT was per-
formed by heating the mixture of 10 ul cell lysate (RNA),
4 pl ANTP mix, and 2 ul first-strand random decamers for
3 minutes at 70°C, placing the reaction on ice for 1
minute, centrifuging the tube briefly and then placing it on
ice. The remaining RT reagents were added, centrifuged
briefly and then placed at 42°C for 1 hour. This cDNA was
subsequently used for quantitative real-time PCR.

Data Analysis

The correlation coefficients of the concentration curves
were calculated using Excel (Microsoft).
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Figure 2. Quantitative real-time PCR demonstrates increased expression of cyclin D1 in telogen follicle. A: Concentration curve of GAPDH. B: Concentration curve
of cyclin D1. C: Comparison of cyclin D1 gene expression in telogen bulge and anagen bulb.

Results

Differential Expression of Cyclin D1 in the
Telogen Bulge by cDNA Macroarray

We identified a total of 36 genes on the cDNA macroarray
after hybridization with probe from telogen follicle bulge
RNA, and 68 genes on the duplicate macroarray blot
using probe generated from anagen bulb RNA. Cyclin D1
was one of 13 genes differentially expressed in the stem-
cell-rich telogen follicle and not in the anagen bulb (Table
1). The housekeeping genes ubiquitin, glyceraldehyde
3-phosphate dehydrogenase (GAPDH), 23kDa highly ba-
sic protein and ribosomal protein S9 were present along
the bottom of the blot and allowed for proper alignment.
All negative control spots for phage and plasmid DNA
were negative (data not shown).

Differential CyclinD1 Gene Expression in
Telogen Bulge Cells was Confirmed by
Quantitative Real-Time PCR

Quantitative real-time PCR using TagMan probes is a
sensitive and precise technique for quantitating mRNA
levels. High specificity is conferred by the requirement of
three oligonucleotides to anneal to the DNA before any
data are collected. The precision is a function of the C,,
which is calculated during the exponential phase of the
PCR reaction. In this study, the concentration curves
were constructed by serial dilution (1:10) of total RNA
from prostate tissue, which was assayed for cyclin D1
and GAPDH expression (Figure 2). Duplicate samples
yielded nearly identical results (Figure 2) with coefficient
of determination (R?) of the concentration curves greater
than 0.99. These standard curves were used later to
quantify the amount of cyclin D1 in each sample.

To quantify expression levels of cyclin D1, we per-
formed quantitative real-time PCR on RNA extracted from
anagen bulb and telogen bulge cells, respectively. The
amount of cyclin D1 mRNA in the tissue was normalized
to the amount of GAPDH in the same sample. Similar to
the macroarray results, cyclin D1 was more than threefold

increased in the mRNA from the telogen bulge (Figure 2);
therefore, two different methods (DNA blot and quantita-
tive real-time PCR) confirmed the up-regulation of cyclin
D1 in telogen bulge cells.

Cyclin D1 Protein Localized to the Suprabasal
Cells of the Bulge ORS of Both Telogen and
Anagen Hair Follicles

The finding of elevated cyclin D1 gene expression in the
telogen bulge compared to the anagen bulb was surpris-
ing, since bulge cells are quiescent and bulb cells are
highly proliferative. To study this further, we immuno-
stained follicles at different stages of the hair follicle cycle
to localize the cyclin D1 protein. In telogen follicles, im-
munohistochemical detection of cyclin D1 showed dis-
tinct nuclear staining in the suprabasal layers of the ORS
(Figure 3A). In anagen follicles, cyclin D1-positive cells
were mostly confined to the suprabasal layers of the ORS
as well (Figure 3C). Rare staining of the basal cells was
also observed, which is similar to the staining pattern of
Kie7 (Figure 3, B and D). In the hair bulb, only rare
isolated cells were positive for cyclin D1 at the periphery.
The matrix cells around the lower half of the dermal
papilla, which is the most proliferative area in the hair
follicle, were negative for cyclin D1 (Figure 4B). In hair
follicles at anagen onset, cyclin D1-positive cells were
present in the suprabasal layer of the residual telogen
follicle, but the cells in the newly developing anagen
matrix were negative for cyclin D1 (Figure 4G). The ana-
gen matrix and telogen bulge cells were also negative for
cyclin D2 and D3 by immunohistochemistry (data not
shown). Rare cyclin D2-positive cells were located in the
suprabasal layer of the ORS and cyclin D3 immunostain-
ing was negative in hair follicles. Reactive lymph nodes
were used as positive controls and appropriate staining
was observed for cyclins D1, D2, and D3.

To confirm the proliferative status of bulb matrix cells,
we performed immunohistochemical staining for Ki67, a
marker of cell proliferation. Serial sections of human
scalp stained for cyclin D1 were also stained for Ki67.
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Figure 3. Immunohistochemical detection of cyclin D1 and Ki67 in telogen bulge (A and B) and anagen ORS (C and D). A: Cyclin D1-positive cells are located
in the suprabasal layer of the telogen bulge (arrow, X100). B: Majority of Ki67-positive cells are located in the suprabasal layer of the telogen bulge (arrowhead,
X100). Cyclin D1-positive (arrow, C) and Ki67-positive cells (arrowheads, D) are located in the suprabasal layer of the anagen ORS (X630).

The results were similar to prior studies and showed that
matrix cells surrounding the dermal papilla stained in-
tensely with Ki67 (Figure 4H). Since expression of cyclin
D1 is regulated by the RB protein, we also performed
immunohistochemistry for RB protein, which showed that
matrix cells and bulge cells were positive for RB protein
(Figure 41).

Gene Expression in Anagen ORS by
Microdissection and Real-Time PCR

Immunohistochemical staining for cyclin D1 revealed that
there was a distinct difference of cyclin D1 protein ex-
pression between the suprabasal and basal layers of the
ORS. This observation prompted us to study cyclin D1
gene expression in these two regions using quantitative

real-time PCR and LCM. We collected microdissected
tissue from the suprabasal and basal layers of the ana-
gen ORS in multiple follicles (Figure 5). The relative con-
centration of cyclin D1 was measured in the two popula-
tions by quantitative real-time PCR (Figure 6).

Serial 1:10 dilutions of total RNA from prostate tissue
were used to construct concentration curves for cyclin D1
and ribosomal 18s. In preliminary studies, (data not
shown), microdissected tissues from basal and supra-
basal layers of ORS after a single capture (approximately
50 to 200 cells) were analyzed for cyclin D1 concentra-
tion. The results showed that although the variance be-
tween duplicates was very small, the concentration of
cyclin D1 varied considerably from different ORS areas,
indicating that cells with a similar morphological appear-
ance may have different gene expression levels. There-
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Figure 4. Immunohistochemical detection of cyclin D1, Ki67, and RB in the anagen hair bulb. A: H&E-stained tissue section of anagen hair bulb (DP, dermal
papilla; M, matrix; X200). Higher magnification view of boxed area is shown in D. B: Immunohistochemical staining for cyclin D1 in anagen bulb (X400). The
anagen bulb is rich in pigment-laden melanocytes. No true nuclear staining is present. The boxed area is shown in E. C: Negative control of consecutive section
of anagen bulb shown in B. The pigment-laden melanocytes are easily identified (X400). The boxed area is shown in F. Arrows in D, E, and F point to
pigment-laden cells. G: At anagen onset, the suprabasal cells of the telogen bulge are positive for cyclin D1 (arrowheads). However, the newly formed anagen
bulb is negative for cyclin D1 (arrow, X200). H: Ki67 staining shows that cells around the dermal papilla are strongly positive and proliferating (X200). E:
Immunostaining for Rb shows that the matrix cells retain expression of Rb (X200). Immunohistochemical sections are counterstained with hematoxylin.

fore, multiple captures (2 to 3) of cells from the ORS of
different hair follicles were performed and tissues from 4
to 5 captures were pooled to obtain an overall estimation
of cyclin D1 expression. The results showed that cyclin
D1 mRNA was up-regulated approximately twofold in the
suprabasal layer compared to the basal layer (Figure 6).
This is in line with the results of the immunohistochemical
staining.

Pilomatricoma Cells Express Cyclins D1, D2,
and D3

Pilomatricomas are thought to originate from bulb matrix
cells because of their morphological appearance. To
determine whether cyclin Ds play a role in proliferation of
these tumors, we immunostained tissue sections from five
of these tumors (Figure 7). We found that cyclin D1, D2,
and D3 all were expressed in the basaloid cells within
pilomatricomas.

Discussion

DNA array technology allows for expression analysis of
multiple genes on the same blot or array. Presumably, the
combination of genes that are expressed is a major de-
terminant of cellular phenotype and function, and
changes in gene expression patterns reflect alterations in
both cell morphology and function. DNA arrays are pow-
erful tools but verification of positive clones can be time-
consuming and difficult, especially if only small amounts
of starting material are available. To address this re-
straint, we used quantitative real-time PCR. The combi-
nation of DNA blot and quantitative real-time PCR allowed
us to successfully identify and confirm that cyclin D1 was
differentially expressed within different subpopulations of
the follicle.

Advances in gene sequencing and amplification tech-
niques now allow researchers to quantitatively measure
single-digit gene copy number. However, the efficacy of
these sophisticated methods depends on the purity of the
cell populations being analyzed. Simply homogenizing
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Figure 5. Laser-capture microdissection for isolation of hair follicle basal cells (A to C) and suprabasal cells (D to F). A and D: Overview of the tissue section
before the dissection (X40 and X200). B and E: Overview of the tissue section after the microdissection (X200). C and F: Microdissected tissue on the transfer

film carrier (X200). The sections were stained with H&E.

biopsy sample material results in a mixture of cell popu-
lations, which may bias results. LCM provides a means
for obtaining DNA, RNA, and protein from specific cells
within heterogeneous cell populations from tissue biop-
sies and cytological smears. Using LCM, we were able to
separately microdissect out basal and suprabasal cells
of the ORS and, with quantitative real-time PCR, measure
the relative cyclin D1 gene expression in cells from a
single hair follicle. The relative gene expression in these
samples varied, indicating that differences in cyclin D1
expression between basal and suprabasal cells could be
greater in one particular area within a follicle, as was
indicted by the immunostaining results. Variable cyclin
D1 levels among different follicles could also be a func-
tion of their different stages within the hair follicle cycle.
Uneven distribution of antigen is common in normal and
especially in tumor tissues. Therefore, in our case, we
sampled the basal and suprabasal areas of several folli-

cles by performing multiple captures and then pooled
these samples. The results showed that cyclin D1 mRNA
was increased overall in the suprabasal layer compared
to the basal layer, and this was in line with the immuno-
histochemical staining. These results suggest that cyclin
D1-mediated proliferation predominantly occurs in the
immediate progeny of the stem-cell-rich bulge cells, in-
dicating that cyclin D1 may be important for cells to exit
the stem cell compartment.

Epithelial stem cells in the hair follicle bulge rarely
proliferate, but their progeny are thought to generate the
lower hair follicle, including the rapidly proliferating bulb
matrix cells, the suprabasal cells of the ORS, and in times
of wounding, the overlying epidermis as well. The lef1/g-
catenin complex is thought to regulate key cell-fate de-
cisions that control whether bulge cells become hair fol-
licle or epidermal cells. The absence of B-catenin
signaling favors formation of epidermis rather than hair

35
40 3
c c Suprabasal
25 t 30 t Fold 2
Increase
[Cyclin D1],| Basal
y = -478%x + 13.28 y = -3.569x + 22.99
RZ = 0.997 R2 = 0.9918
15 20 0
105 103 101 105 103 101
la [ribosomal18s] (ug) B [CyclinD1] (mg) c

Figure 6. Differential expression of cyclin D1 mRNA in ORS. A: Concentration curve of ribosomal 18s. B: Concentration curve of cyclin D1. C: Concentration of
cyclin D1 in basal and suprabasal cells relative to concentration in basal layer cells.
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Figure 7. Pilomatricomas express cyclins D1, D2, and D3. A: H&E stain of pilomatricoma. Arrow indicates shadow cells; arrowhead indicates basoloid cells
(X200), Tumor cells are focally positive for cyclin D1 (B), cyclin D2 (C), and cyclin D3 (D) (arrows, X200).

follicle.®” The lef1/B-catenin complex can bind to the
cyclin D1 promoter and activate cyclin D1 gene expres-
sion and cell proliferation; however, the expression pat-
tern and function of cyclin D1 during human hair follicle
growth has not been studied previously. The expression
patterns of cyclin D1 that we observed suggest that
cyclin D1 is important for proliferation of the suprabasal
hair follicle ORS cells, but may not play a role in bulb
matrix cell proliferation. This is in line with evidence that
indicates strong lef1/B-catenin activity in differentiated
cells of the hair follicle rather than in the proliferating
matrix cells.

Three D-type cyclins are expressed in the G1 phase of
the cell cycle, and depending on cell lineage, various
combinations of D-type cyclins are induced by mitogens
in the middle of G1. Cyclin D1 is believed to drive cell-
cycle progression by associating with its catalytic part-
ners CDK4 and CDK6 and guiding these kinases to RB.
Besides promoting growth, cyclin D1 also acts as an
oncogene. Overexpression of D-type cyclins or CDK4
and inactivation of CDK4 inhibitors are common in human
tumors. Dysregulation of cyclin D1 synthesis allows cell-
cycle progression in the absence of growth factors and
may contribute to the initiation of oncogenesis. For exam-
ple, overexpression of cyclin D1 has been reported in
various human malignant tumors, including 27% of
esophageal cancers. In breast cancers, the cyclin D1
gene is amplified in 23% of cases, and also in 58% of
hepatocellular carcinomas. Cyclin D1 gene over-expres-
sion is associated with mantle-cell lymphoma and various

other tumors. Cyclin D2 overexpression is associated
with gastric carcinoma cells and seems to play a role in
tumor progression. Cyclin D3 is the least studied and a
few reports suggest that cyclin D3 also plays a role in
tumorigenesis. However, overexpression of cyclin D1,
D2, or D3 in the epidermis of transgenic mice causes
epidermal hyperplasia but not skin tumor formation, sug-
gesting that cyclin D activation alone is not sufficient to
induce tumorigenesis.

Cyclin D1 knockout mice show normal development of
most mouse tissues, such as kidney, salivary glands and
seminal vesicles, which normally have readily detectable
cyclin D1 transcript levels. Hepatocytes from these mice
still have proliferative responses to mitogenic stimuli and
have increased expression of cyclin E. Lack of cyclin D1
expression does result in significant reduction in mouse
skin and mammary tumor development. However, com-
plete elimination of tumor development was not observed
in these models, suggesting that other cyclin/cdk com-
plexes may compensate for the loss of function of cyclin
D, and play an important role in growth and tumorigene-
sis. Cyclin D1 knockout mice appear to also have normal
hair production.

Our results, together with the knockout studies, sug-
gest that the normal proliferation of hair matrix cells is not
mediated through cyclin D1 and interestingly, despite the
high proliferation-rate of these cells, malignant tumors
arising from hair matrix are exceedingly rare. On the other
hand, we found that pilomatricoma, a benign tumor aris-
ing from the hair matrix, expresses cyclin D1, D2, and D3.



In this respect, pilomatricomas may be analogous to
mantle-cell lymphomas, which express cylinD1, but
which arise from lymph node mantle cells that normally
do not normally express cyclin D1. Together, these re-
sults suggest that non-cyclin D1-mediated proliferation
might offer protection against tumorigenesis in highly
proliferative tissues.

In conclusion, we have shown that the combination of
DNA array, LCM and quantitative real-time PCR is a
powerful combination of research tools for studying gene
expression within different cell populations of the same
tissue. In addition, the complex anatomical structure and
physiology of the human hair follicle is reflected in the
highly regulated distribution of gene expression. Cyclin
D1 likely is one of many genes which show such an
intricate pattern of expression, and the analysis of addi-
tional genes should help unravel the mysteries of hair
growth and cutaneous carcinogenesis.
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