c-Myc expression in human anagen hair follicles
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ABSTRACT

The hair follicle represents a very attractive organ system for studying the
precise balance between cell proliferation, growth, differentiation, and death
of cells, because it periodically and regularly regenerates, retaining its
morphogenetic signals throughout its life. One of the most intriguing
oncogenes which is able to induce both cell growth and apoptosis,
depending upon the environmental conditions, is c-myc. The aim of the
present study was to investigate its presence and localization in human hair
follicles by immunohistochemistry and immunofluorescence. Our
observations demonstrated the consistent presence of two clusters of c-
Myc-expressing cells in anagen follicles, located in two annular regions of
the inner root sheath, at the border between cells characterized by putative
trichohyalin granules and cells which are keratinized. The lower group
belongs to Henle's layer, while the upper group belongs to Huxley's layer. c-
Myc oncoprotein seems to favour apoptosis/differentiation and may be a
marker for terminal differentiation of trichocytes, at least in the inner root
sheath. Our findings agree with the interpretation that the complex
morphology of the hair follicle reflects its complex function; the extrusion of a
highly organized multicellular structure, the hair shaft, driven by another
highly organized multicellular structure, the inner root sheath.



The development and homeostasis of multicellular organisms and their
tissues and organs requires a precise balance between cell proliferation,
growth, differentiation and death. The skin and its adnexa provide a
particularly interesting model for studying these phenomena, as this tissue
undergoes continuous renewal and remodelling throughout life. The hair
follicle is the only organ system which periodically and regularly regenerates
throughout mammalian adulthood, i.e. it is an organ that retains its
morphogenetic signals throughout its life. Some authors have demonstrated
a key role of apoptosis in normal and pathological skin, even though in some
instances the exact nature of this phenomenon appears controversial.'# In
fact, while some authors do not consider the terminal differentiation of
keratinocytes as an apoptotic phenomenon, others interpret this
differentiation as a specialized form of apoptosis.

Numerous studies have demonstrated that cell growth, proliferation and
apoptosis may be closely linked and modulated by sets of oncogenes, which
can either induce cells to initiate apoptosis, or alternatively block apoptosis
and stimulate proliferation. % Furthermore, oncogenes exist which are able to
induce both cell growth and apoptosis, depending upon environmental
conditions. * One of the most intriguing examples of such a multipotential
gene is c-myc. > The protein encoded for by this gene is able to promote
either cell growth, in the presence of growth/survival factors, ° or

programmed cell death in the absence of the same factors. °

Few studies have been carried out to identify the presence of c-Myc in skin
components; the presence of c-Myc expression has been reported in vivo
and in vitro in normal and pathological epidermal keratinocytes. '>'* Seiberg
etal. "° studied the expression of different regulating genes in total skin
extracts of mice and suggested variations in the transcription levels of c-myc
in relation to the hair follicle cycle. However, a specific localization of c-Myc
to the hair follicle was not demonstrated and in a recent comprehensive list
of molecules implicated in the control of follicle morphogenesis, hair cycling
and differentiation, there is no reference to c-Myc. 16

The aim of our study was to evaluate, by means of immunocytochemical
and immunofluorescence methods, the localization of c-Myc in human
normal scalp and particularly in the hair follicle, because this is the only
structure in the human body which demonstrates throughout its life cell
proliferation, growth, differentiation and apoptosis.



Materials and methods

Hair follicle samples were obtained from the scalps of 14 male individuals
undergoing microislet (one to two hair follicles each) homograft operations.
All patients gave informed consent. We observed 60 hair follicles from the
occipital region of the scalp. Surgical samples were immersed in
polyethylene-glycol, frozen with liquid nitrogen and preserved at —80 °C, for
a maximum of 30 days before use. The microislets were longitudinally
sectioned with a cryostat and the sections, 10—20 um thick, were evaluated
by immunohistochemistry and immunofluorescence for the presence of c-
Myc oncoprotein. Some sections were fixed either with methanol/acetone or
paraformaldehyde before the reaction. We used a monoclonal c-Myc
antibody cl. 9E10 against human P67 protein (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, U.S.A.). The antibody was tested by Western blotting
as a specificity control. 5-bromodeoxyuridine (BrdU) incorporation was used
to identify S-phase cells and the terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labelling (TUNEL) technique to
identify apoptotic cells. Sections were observed with a Zeiss Axioplan
fluorescence microscope with fluorescein isothiocyanate (FITC) and 5-(4,6-
dichlorotriazinyl)-aminofluorescein (DTAF), tetramethyl rhodamine
isothiocyanate and Texas Red filters.

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis and
immunoblotting

Hair follicles were isolated from fragments of human scalp maintained for
1 h in William E medium (Sigma, St Louis, MO, U.S.A.). After incubation in a
balanced salt solution (pH 7-2), containing 20 mmol L™ ethylenediamine
tetraacetic acid, for 2 h at 37 °C while stirring every 15 min, the follicles were
gently pulled out from the epidermis with small tweezers and, after washing
in phosphate-buffered saline (PBS), they were frozen in liquid nitrogen.
Thirty follicles were denatured in 300 mL of sample buffer ' at 100 °C for
15 min. Protein samples were loaded on to 10% acrylamide gels and run
overnight at 50V (constant voltage). Sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS—PAGE) samples were transferred
on to nitrocellulose sheets at 125 mA for 15 h for Western blotting. '® c-Myc
gene products were localized by means of the anti-c-Myc antibody 1 : 400 in
Tris-buffered saline—bovine serum albumin, for 1 h at 20 °C. An alkaline
phosphatase-conjugated antimouse IgG (Sigma) 1 : 5000 was used as the
secondary antibody. As a control the first antibody was omitted.

Immunocytochemistry
The sections were treated with H,O, 0:3% in PBS, incubated with rabbit
serum 1:10 (Dako A/S, Glostrup, Denmark) for 20 min at room
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temperature, then with anti-c-Myc primary antibody 1 : 50 for 1 h at 37 °C.
After incubation with rabbit antimouse IgG antibody 1 : 25 (Dako A/S) for 1 h
at 37 °C, the sections were incubated with mouse peroxidase antiperoxidase
(PAP) 1:50 (Dako A/S) for 90 min at 37 °C, developed with
diaminobenzidine (Sigma), washed, air dried and mounted with Entellan
(Merck, Darmstadt, Germany). Controls consisted of reactions with the
chromogen substrate (diaminobenzidine) alone, omitting the primary
antibody, omitting the secondary antibody and omitting the PAP complex.

Immunofluorescence

Longitudinal scalp sections were incubated with goat serum 1:10 (Dako
A/S), then with anti-c-Myc primary antibody 1 : 50 for 1 h at 37 °C in a humid
chamber. After washing, they were incubated with secondary goat
antimouse antibody 1 : 150 for 1 h at 37 °C labelled with FITC or Texas Red
(Jackson Immunoresearch Laboratories Inc., West Grove, PA, U.S.A.). The
sections were mounted with Vectashield antifading medium (Vector
Laboratories Inc., Burlingame, CA, U.S.A.). As a control, the primary
antibody was omitted.

5-bromodeoxyuridine (BrdU) incorporation and BrdU/c-Myc double
fluorescence

The technique described by Gratzner was adapted for use with our
samples. The microislets were immediately incubated with BrdU
400 pmol L™ in William E Medium (Sigma) and fetal calf serum (Sigma) 10%
at 37 °C for 3 h. They were then frozen with liquid nitrogen and sectioned
with a cryostat at 10—15 pm thickness. The DNA was denatured with
2 mol L™' HCI for 30 min at room temperature, and then the acidity was
neutralized with Na,B,O; 0-1 molL™' for 5—-10 min. The sections were
incubated with primary monoclonal anti-BrdU antibody (Becton Dickinson
ltalia SpA, Milano, Italy) 1 : 100 at room temperature for 45 min, then with a
secondary donkey antimouse Texas Red-conjugated antibody (Jackson
Immunoresearch Laboratories) 1 : 100 in a humid chamber at 37 °C for 1 h.
After washing, they were incubated with primary mouse antihuman c-Myc
antibody 1:50 for 1 h at 37 °C, washed and incubated with secondary
donkey antimouse DTAF-conjugated antibody (Jackson Immunoresearch
Laboratories) 1:50 for 1 h at 37 °C. The sections were mounted with
Vectashield antifading medium (Vector Laboratories Inc.).

19

Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labelling

The TUNEL method, as described by Gavrieli et al. 20 was performed on
sections previously processed for c-Myc immunofluorescence. Briefly,
terminal deoxyribonucleotidyl-transferase (Boehringer Mannheim,
Mannheim, Germany) was used to insert FITC-conjugated nucleotides

4



(Boehringer Mannheim) at the 3' ends of the DNA fragments. After washing,
the sections were mounted with Vectashield antifading medium (Vector
Laboratories Inc.). As the negative control we omitted the terminal
transferase enzyme from the nucleotide mixture.

Results

In our samples, c-Myc oncoprotein had a predominantly cytoplasmic
distribution while nuclei were only occasionally labelled ( Figs 1-3) .
Postfixation of cryostat sections either with methanol/acetone or
paraformaldehyde did not affect the distribution of the immunoreactivity.
Control experiments were negative. The results of the present study refer to
anagen follicles (steps IV-VI). The inner root sheath (IRS) of the hair follicle
was the only skin structure where c-Myc reactivity could be observed. The
other components of the hair follicle, epidermis, skin adnexa and dermal
cells showed no labelling.

Figure 1. Double fluorescence image of a
hair follicle at the level of the lower ring. c-
Myc-positive cells have red cytoplasm
while terminal deoxynucleotidyl
transferase-mediated deoxyuridine
triphosphate nick end labelling (TUNEL)-
positive cells have yellow/green nuclei.
TUNEL-positive cells are numerous at the
same level as the LR cells but only a few
(arrows) show double Ilabelling. Bar:
25 pm.
[Normal View ]

Figure 2. Double fluorescence image of a
hair follicle at the level of the c-myc
positive upper ring: c-Myc-positive cells
have red cytoplasm (Texas Red) while
terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick
end labelling (TUNEL)-positive cells have

yellow/green nuclei
(dichlorotriazinylfluorescein) . Some
upper ring cells show double labelling.
Bar: 25 pm.

[Normal View ]



Figure 3. Immunofluorescence image of

the c-Myc positive upper ring in a

longitudinal section of a hair follicle

tangential to the Huxley's layer. c-Myc-

positive cells are numerous and show

clear cytoplasmic labelling. Arrows:

unlabelled nuclei. Bar: 25 pm.

[Normal View ]

When analysed by SDS-PAGE, follicles showed a reproducible pattern of
protein bands ranging from 20 to 200 kDa. Five major components were
detectable in the region of 40-70 kDa ( Fig. 4, lanes A and B). c-Myc
immunoblotting of the same samples revealed a positive band
corresponding to p67 protein ( Fig. 4, lanes C and D), confirming that in the
follicle total protein extracts, the monoclonal antibody against c-Myc labelled
only p67 protein. As a second faint band was observable, we cannot
exclude the possibility that the antibody cross-reacts with both the
phosphorylated and unphosphorylated forms of the protein that comigrate
with the main components in the 60-70 kDa zone. Controls omitting the
primary antibody were negative. In the IRS, c-Myc immunoreactivity was
clearly visible in Huxley's and Henle's layers and was constantly located in
two annular regions. The distance between the two rings varied according to
the length of the hair follicle.

Figure 4. Sodium dodecyl sulphate-

polyacrylamide gel electrophoresis and

immunoblotting of proteins extracted from

hair follicles. Lanes A and B: 7 and 15 pL

of loaded sample. Lanes C and D:

immunoblot of the samples run in lanes A

and B, labelled with anti-c-Myc

monoclonal antibody. Arrowhead

indicates positive bands of about 67 kDa.

Lane S: molecular weights standard.

[Normal View ]

The first group of labelled cells (LR = lower ring) was located at the neck of
the follicle (i.e. where it contracts to become cylindrical; Fig. 5) . The LR has
a height of two to five cells which are elongated. They clearly belong to
Henle's layer of the IRS ( Fig. 6) . Below the LR, Henle's layer cells contain
granules (probably trichohyalin granules) and clusters of filaments, while
above the LR the cells are without granules and appear homogeneously
keratinized. Some c-Myc-positive cells were also labelled by the TUNEL
reaction, indicating that their DNA was fragmented ( Fig. 1). The second
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group of labelled cells (UR = upper ring) was located in the isthmus, at the
level of the keratogenic zone of the upper third of the lower follicle ( Figs 7
and 8). c-Myc expression extended to a height of seven to ten cells ( Figs 3
and 7), which appeared flattened. They belong to Huxley's layer and mark a
border between cells characterized by granules (probably trichohyalin
granules) and those without granules ( Fig. 8). UR cells seem to be free
from granules, and some of them are labelled by the TUNEL method (
Fig. 2). The localization of the UR frequently corresponds to the point where
the hair shaft separates from the IRS. Labelled cells often showed filaments
resembling the keratin filaments observable with conventional light
microscopy, but never had tricohyalin-like granules.

Figure 5. Inner portion of the hair follicle
under phase contrast (a) and visualized by
immunofluorescence with anti-c-Myc
antibody (b). c-Myc labelled cells (b) form
a ring (lower ring cells at the neck of the
bulb: asterisk in a), height two to five
cells, which has been cut tangential to
Henle's layer. Bars: 50 pm.
[Normal View ]

Figure 6. c-Myc immunostaining of the
lower ring cells of a longitudinally
sectioned follicle (haematoxylin/eosin
counterstain) . The dark labelled cells
clearly belong to Henle's layer (HE) and
separate the deeper cells with stained
cytoplasmic filaments from the upper
ones without any such staining. The cells
of Huxley's (HU) layer are evident, with
their trichohyalin granules. ORS: outer
root sheath; HS: hair shaft. Bar: 25 pm.
[Normal View ]

Figure 7. Immunofluorescence image of
two longitudinally sectioned hair follicles.
c-Myc labelling identifies two annular
clusters of cells at the level of the neck of
the bulb (lower ring = LR) and of the upper
third of the follicle (upper ring = UR). The
image has been printed so that the follicle



silhouette is faintly visible. Sg: sweat
glands; bar 100 pm.
[Normal View ]

Figure 8. Double exposure of an
immunofluorescence and phase contrast
image at the level of the c-Myc-positive
upper ring (UR). The section is tangential
to Huxley's layer (HU) so that the UR
seems to comprise a low number of c-
Myc-positive cells. The image clearly
shows that the UR (stained red) forms a
border between the deeper cells of
Huxley's layer, rich with putative
trichohyalin granules (TR) and the upper
keratinized cells (KE). HE: Henle's layer;
ORS: outer root sheath. Bar: 25 pm.
[Normal View ]
c-Myc labelled cells were not actively proliferating, as incorporation of the
thymidine analogue BrdU in their DNA was never observed ( Fig. 9) . On the
other hand, in the same samples, actively proliferating cells were located in
the matrix and in the outer root sheath (ORS), in the basal layer of
sebaceous glands, in the basal layer and the first level of the spinous layer
of epidermis and infundibulum. The IRS cells never incorporated BrdU.

Figure 9. Double fluorescence image for
the proliferation marker 5-
bromodeoxyuridine (BrdU) (red) and for c-
Myc (green). The BrdU-positive cells (S-
phase), with red nuclei, are only localized
in the matrix (M) and in the outer root
sheath, while neither lower ring (LR) nor
upper ring (UR) cells are BrdU positive.
Bar: 100 pm.
[Normal View ]

Discussion

In the present study, c-Myc immunoreactivity could be observed only in a
specific region of the hair follicle, the IRS. The lack of c-Myc in the
epidermis, where it could have been expected according to previous studies,
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might be attributed to methodological reasons. In fact, in most of the
previous studies the presence of c-myc activation was evaluated through its
MRNA, either by extractive methods or in situ hybridization, which might not
correspond to a level of protein expression detectable by
immunohistochemistry. '

c-Myc is a nuclear protein which is generally associated with the nuclear
matrix; 2 however, in our samples c-Myc immunoreactivity appeared
mostly confined to the cytoplasm even though, occasionally, positive nuclei
could be observed. Cytoplasmic localization of c-Myc has been attributed by
some authors to the methods used for tissue fixation and processing.***
There are no indications that this could be the case in our study because
fixation either with methanol-acetone or paraformaldehyde did not change
the pattern of the immunoreactivity. On the other hand, in vivo and in vitro
intracellular translocation of c-Myc as well as that of other proto-oncogenes
appears to be correlated to the switch from the proliferative to the
differentiating pathway. #°*° In this context, the shift of c-Myc from the
nucleus to the cytoplasm could be interpreted as the sign of the end of its
action of transactivation on genes involved in cell proliferation. Our finding of
a predominantly cytoplasmic distribution of c-Myc in a highly organized
differentiating layer of the hair follicle in two constant and specific regions, is
in line with this hypothesis.

The absence of detectable c-Myc expression in other hair follicle structures
undergoing terminal differentiation seems to suggest the presence of layer-
specific mechanisms of differentiation possibly involving different factors. In
the IRS, the differentiation takes place in Henle's and Huxley's layers at
different levels. IRS cells do not show any proliferative activity, indicating
that they are simply pushed forward by the actively proliferating matrix, and
proceecé}hrough terminal differentiation along the direction of growth of the
follicle.

One of the landmarks of the terminal differentiation of the IRS keratinocytes
is the disappearance of trichohyalin granules and the formation of a hard
shell. *> The localization of c-Myc immunoreactivity, found in the present
study, seems to coincide with the regions where putative trichohyalin
granules are no longer visible.

This observation, together with the different localization of the lower and
upper c-Myc-positive rings in accordance with the respective differentiation
levels in Henle's and Huxley's layers and the observation of TUNEL
positivity in c-Myc labelled cells, which is consistent with nuclear
fragmentation observed after trichohyalin granules disappearance, *°
strongly suggest that c-Myc is involved in the terminal differentiation
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processes of the hair follicle, namely of the IRS.

c-Myc oncoprotein could exert a pro-apoptotic/differentiation influence, in
agreement with the data of Dotto etal " in terminally differentiating
keratinocytes. The presence of TUNEL positive elements, possibly
undergoing apoptosis, during the anagen phase is also in agreement with
the recent study by Lindner etal. ® and Soma et al. *® reporting that, in
mouse and humans, clusters of apoptotic cells appear during the anagen
phase, i.e. before follicle regression. In our opinion, c-Myc could be a useful
marker for recognition of the last steps of the terminal differentiation of
trichocytes, at least in the IRS.
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