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The epidermal growth factor receptor (EGFR) system is a key regulator of epithelial development and homeostasis. Its functions
in the sebaceous gland (SG), however, remain poorly characterized. In this study, using a transgenic mouse line with tissue-spe-
cific and inducible expression of the EGFR ligand epigen, we showed that increased activation of the EGFR in skin keratinocytes
results in enlarged SGs and increased sebum production. The phenotype can be reverted by interrupting transgene expression
and is EGFR dependent, as gland size and sebum levels return to normal values after crossing to the EGFR-impaired mouse line
Wa5. Intriguingly, however, the SG enlargement appears only if EGFR activation occurs before birth. Importantly, the enlarged
sebaceous glands are associated with an increased expression of the transcription factor MYC and of the transmembrane pro-
teins LRIG1, an established negative-feedback regulator of the EGFR/ERBB tyrosine kinase receptors and a stem cell marker.
Our findings identify EGFR signaling as a major pathway determining SG activity and suggest a functional relationship between
the EGFR/ERBB system and MYC/LRIG1 in the commitment of stem cells toward specific progenitor cell types, with implica-
tions for our understanding of their role in tissue development, homeostasis, and disease.

The mammalian skin serves as a barrier to avoid water loss and
to protect against physical, chemical, and biological environ-

mental hazards. As for other tissues with high epithelial cell turn-
over, the skin depends on stem cells (SCs) to maintain its integrity
throughout life and to regenerate upon injury. In fact, multiple SC
populations contribute with various degrees of overlap to the ho-
meostasis and repair of the different compartments of the skin, the
interfollicular epidermis (IFE) and appendages such as hair folli-
cles (HFs), sebaceous glands (SGs), and sweat glands (1–5).

While the exact details are still under study (6), the renewal of
the IFE during homeostasis follows a rather simple pattern in that
SCs in the basal layer generate daughter cells that, while initially
mitotically active, soon undergo a terminal differentiation pro-
gram as they exit the cell cycle, migrate upwards, and progressively
contribute to all epidermal layers (7). In contrast to the continu-
ous nature of epidermal renewal, the HF undergoes repeated cy-
cles of growth (anagen), involution (catagen), and relative rest
(telogen) (8–10). Follicular growth during anagen depends on the
activation of SCs located in the bulge, a permanent part of the HF
located below the SG where the arrector pili muscle inserts into the
outer root sheath (11). The identification of keratin 15 (12, 13)
and CD34 (14) as suitable markers of murine bulge cells allowed
lineage tracing and transplantation experiments, revealing that
these cells have the potential to contribute to the IFE, HF, and SG
lineages (15, 16). Genetic lineage tracing studies also demon-
strated that bulge SCs do not contribute to IFE homeostasis but
can be mobilized to regenerate this compartment following injury
(17–19).

During the last decade, a considerable number of SC popula-
tions have been identified at different positions of the piloseba-
ceous unit in addition to the bulge. In the lower bulge region,
extending to the hair germ, a group of LGR5-positive cells actively

proliferate at the beginning of anagen and can contribute to all
regions of the HF (20). A number of distinct SC populations have
also been localized in the isthmus, the region immediately below
the SG, and in the junctional zone, which represents the area
around the opening of the SG into the hair canal. These SC pop-
ulations can be identified by the expression of LGR6 (21), MTS24/
PLET1 (22, 23), LRIG1 (24), and BLIMP1 (25).

Studies based on lineage tracing or marker localization re-
vealed that the SG, an epidermal appendage that produces sebum
via holocrine secretion (26, 27), can be formed by committed cells
derived from different SC populations, including BLIMP1� cells
(25), LGR5� cells (20), LGR6� cells (21), and LRIG1� cells (24,
28). However, formation of SGs by bulge-derived cells has also
been reported (15, 16, 18, 29). Thus, the SC type fueling SG turn-
over remains disputed.

Recently, we reported greatly enlarged SGs in transgenic mice
with ubiquitous expression of epigen (EPGN) (30). EPGN is a
ligand of the epidermal growth factor receptor (EGFR) with sev-
eral unique features, such as persistent and potent biological ac-
tions in spite of low receptor binding affinity (31, 32). While his-
tological analyses carried out with EPGN-expressing transgenic
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founders revealed increased sebocyte proliferation as the underly-
ing cause for the increased gland size in these mice, the widespread
expression of the transgene, which resulted in infertility, pre-
cluded detailed mechanistic analysis. In this study, we generated a
transgenic mouse line with skin-specific, inducible expression of
EPGN and employed it to study the functions of this EGFR ligand
in the skin, with particular attention to its role in the SG and its
influence on various epithelial SC populations.

MATERIALS AND METHODS
Animals. Mice were maintained under specific-pathogen-free conditions
and had access to water and standard rodent diet (V1534; Ssniff, Soest,
Germany) ad libitum. All experiments were approved by the Committee
on Animal Health and Care of the local governmental body of the state of
Upper Bavaria (Regierung von Oberbayern), Germany, and were per-
formed in strict compliance with the European Communities Council
Directive (86/609/EEC) recommendations for the care and use of labora-
tory animals.

EgfrWa5/� mice (Wa5) expressing an antimorphic Egfr allele (33) were
donated by the Medical Research Council (Oxfordshire, United King-
dom). For generating K14-EPGN mice, we first cloned human EPGN
cDNA (kindly provided by Yosef Yarden, The Weizmann Institute of
Science, Israel), into the pTRE-Tight vector (Clontech). After excision of
the relevant sequences with XhoI, the construct was employed to generate
two independent pTRE-Tight-EPGN transgenic mouse lines by pronu-
clear microinjection (FVB/N background). These mice were mated to a
K14-rtTA mouse line (34) to generate doubly transgenic animals (K14-
EPGN). Addition of doxycycline (Dox, 3 mg/ml, and 50 mg/ml of sucrose;
Sigma, Deisenhofen, Germany) to the drinking water of pregnant females
resulted in skin-specific expression of epigen as increased coat greasiness
in the doubly transgenic offspring of both lines. Therefore, we chose one
line (L1) for carrying out all further studies. Epidermal sebum levels were
measured with a Sebumeter (SM810; Courage and Khazaka, Cologne,
Germany). For the evaluation of hair types, shafts were plucked from the
backs of K14-EPGN and control mice and examined on microscope slides
(100 hairs per animal, 3 mice per genotype).

RNA expression analysis. Back skin samples were homogenized in
TRIzol (Invitrogen, Karlsruhe, Germany) for RNA isolation, and 1 �g of
RNA was reverse transcribed in a final volume of 40 �l using RevertAid
reverse transcriptase (Thermo Scientific, Schwerte, Germany) according
to the manufacturer’s instructions. For qualitative mRNA expression of
human EPGN, reverse transcription-PCR (RT-PCR) using reagents from
Qiagen (Hilden, Germany) was performed. The final reaction volume was
20 �l, and cycle conditions were 94°C for 5 min followed by 35 cycles of
94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. The primers employed
were human EPGN forward primer 5=-TTTGGGAGTTCCAATATCAG
C-3= and reverse primer 5=-TGTGATTGGAGGTGTTACAGTCA-3= and
Gapdh forward primer 5=-TCATCAACGGGAAGCCCATCAC-3= and re-
verse primer 5=-AGACTCCACGACATACTCAGCACCG-3=.

Quantitative mRNA expression analysis was performed by real-time
quantitative RT-PCR (qRT-PCR) using the LightCycler 480 system and
the LightCycler 480 Probes Master (Roche, Mannheim, Germany). The
final primer concentration was 0.5 �M, and the probe concentration was
0.2 �M. The final reaction volume was 10 �l, and cycle conditions were
95°C for 5 min followed by 45 cycles of 95°C for 10 s, 60°C for 15 s, and
72°C for 1 s. Quantitative values are obtained from the threshold cycle
(CT) number, at which the increase in the signal associated with the ex-
ponential growth of PCR products begins to be detected. Transcript copy
numbers were normalized to Actb mRNA copies. Results are expressed as
fold differences in target gene expression relative to that of Actb tran-
scripts. The �CT value of the sample was determined by subtracting the
average CT value of the target gene from the average CT value of the Actb
gene. Probes were labeled with the reporter dye 6-carboxyfluorescein
(FAM) at the 5= end and the quencher dye 6-carboxytetramethylrhod-
amine (TAMRA) at the 3= end. For each primer pair, we performed no-

template control and no-RT control assays, which produced negligible
signals with CT values that were usually greater than 40. Experiments were
performed in duplicates for each sample. Sequences of primers (Thermo
Fisher Scientific, Dreieich, Germany) and probes (Roche) for the evalu-
ated transcripts are shown in Table S1 in the supplemental material.

Histology, immunohistochemistry, immunofluorescence, and mor-
phometric analysis. After euthanasia, skin samples were fixed in 4% para-
formaldehyde (PFA; Sigma-Aldrich, Germany) or 95% ethanol with 1%
acetic acid, dehydrated, and embedded in paraffin or directly snap-frozen
in OCT medium and stored at �80°C. Hematoxylin and eosin (H&E)-
stained sections were employed for histological analysis. For the detection
of proliferating cells, immunohistochemical staining of Ki67 was per-
formed. Briefly, sections were boiled for antigen retrieval in 10 mM so-
dium citrate buffer (pH 6.0), and the endogenous peroxidase was blocked
with 3% H2O2 for 15 min. Slides were blocked with 5% rabbit serum and
incubated overnight at 4°C with a rat anti-Ki67 antibody (Dako, Den-
mark) diluted 1/200. After being washed in Tris-buffered saline solution
(TBS), the slides were incubated for 1 h with a secondary biotin-conju-
gated rabbit anti-rat antibody (Dako) diluted 1/200 and then for 30 min
with streptavidin-biotin complex. 3,3=-Diaminobenzidine (KEN-EN-
TEC, Denmark) was used as the chromogen.

Epidermal differentiation was investigated by immunofluorescence
analysis. Briefly, acetic ethanol-fixed sections were blocked with 3% bo-
vine serum albumin (BSA) in phosphate-buffered saline (PBS)–1%
Tween (PBST) and incubated overnight at 4°C with rabbit anti-keratin 6
(1:1,000), anti-keratin 10 (1:500), anti-keratin 14 (1:50,000), or antilori-
crin antibody (1:250) (Covance, Berkeley, CA) in blocking solution.
Afterwards, slides were washed with PBST and incubated with goat
anti-rabbit Cy3 antibody (1:250) (Jackson ImmunoResearch, West
Grove, PA) and Hoechst (1:1,000) (Sigma-Aldrich, Steinheim, Ger-
many) in blocking solution for 2 h at room temperature. After being
washed with PBS, the sections were mounted with Mowiol plus 10%
1,4-diazabicyclo[2.2.2]octane (DABCO) (Sigma-Aldrich).

Nile red staining was performed on 8-�m cryosections. Sections
were fixed for 10 min in 4% PFA and washed twice for 5 min each in
TBS. Slides were incubated with Nile red solution (1:100) (AdipoRed;
Lonza, USA) for 10 min and thereafter washed twice for 5 min each in
TBS. For LRIG1 staining, cryosections were incubated for 2 h at room
temperature with the primary antibody (goat anti-LRIG1, no. AF3688;
R&D Systems, Wiesbaden-Nordenstadt, Germany), washed, and incu-
bated with an appropriate secondary antibody labeled with Alexa
Fluor 488 (Dianova, Hamburg, Germany). All sections were mounted
with Vectashield (Biozol, Eching, Germany) with 4=,6-diamidino-2-
phenylindole (DAPI) and stored at 4°C.

For the quantitative evaluation of HF numbers, SG area and prolifer-
ation index, two different sections from the back skin of 8-week-old con-
trol and K14-EPGN transgenic males (n � 4/genotype) were stained with
H&E. Pictures covering a length of 3.25 mm of epidermis were taken with
a �200 magnification lens using a Leica DFC425C digital camera (Leica
Microsystems, Wetzlar, Germany) for each section, resulting in a total
length of 6.5 mm of back skin per animal to be measured. The number of
HFs was recorded and the area of all visible SGs was recorded with LAS
software version 3.8.0 (Leica Microsystems) and employed to calculate the
mean gland area. Epidermal thickness was investigated on the same sec-
tions on 10 constantly distributed measuring points per picture, resulting
in a total of 150 measuring points per animal. For determining the prolif-
eration rate, the total number of cells and the number of proliferating cells
per sebaceous gland were determined on the same samples after staining
for Ki67. To analyze the epidermal proliferation rate, the total number of
epidermal nuclei and the total number of Ki67 positive nuclei were deter-
mined.

Electron microscopy. For electron microscopy, tail skin was im-
mersed in 2.5% glutaraldehyde in Soerensen’s phosphate buffer (pH 7.4)
for 1 h. Soerensen’s phosphate buffer was subsequently used to rinse the
fixed tail skin. Samples with a length of 2 mm were cut and postfixed in 2%
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OsO4 for 2 h. Repeated Soerensen’s phosphate buffer rinses and a graded
alcohol series were carried out before the segments were embedded in
epoxy resin. For electron microscopy, ultrathin sections (80 nm) were
contrasted with uranyl acetate and lead citrate. Specimens were assessed
via Zeiss-EM10 (Zeiss, Munich, Germany).

Histomorphometric analyses of hair follicle morphogenesis and
hair follicle cycling. Quantitative histomorphometry was performed us-
ing morphological criteria to determine the different HF morphogenesis
stages on postnatal days 0.5 (P0.5) and 8.5 (35) and the different HF cycle
phases on postnatal day 18.5 (36). The hair morphogenesis and hair cycle
score were calculated accordingly. The number of HFs in each specific
morphogenesis stage or specific hair cycle phase was multiplied by the
corresponding factor. The results of each sum were totaled and divided by
the total number of HFs counted. This allows one to identify even subtle
abnormalities in the dynamics of HF morphogenesis and cycling between
test and control mice that might otherwise have escaped notice.

Whole-mount preparations and immunofluorescence. The harvest,
processing, and immunofluorescence staining of epidermal whole
mounts were done essentially as described previously (28). Primary anti-
bodies for detecting the following proteins were used: LRIG1, goat, di-
luted 1:100 (R&D Systems); SOX9, rabbit, diluted 1:2,000, a kind gift of
M. Wegner (37); and SCD1, rat, diluted 1:200 (Santa Cruz). 5-Ethynyl-
2=-deoxyuridine (EdU) staining was carried out according to the instruc-
tions of the manufacturer (Invitrogen). Analyses of immunofluorescent
signals were performed by confocal microscopy (Olympus IX81).

Statistical analysis. Quantitative RT-PCR values were related to the
mean value of the control group and compared by Mann-Whitney U tests
(Prism; GraphPad Software, San Diego, CA), and data are presented as
box plots with medians. The remaining data were analyzed with Student’s
t test and are presented as means � standard deviations (SD) unless oth-
erwise indicated. A P value of 	0.05 was considered statistically signifi-
cant.

RESULTS
Skin-specific epigen expression from midgestation causes seba-
ceous gland enlargement. Using the TET-ON system, we created
a mouse line in which the expression of EPGN is restricted to the
skin, can be induced at different time points, and can be reversibly
interrupted. For this purpose, we employed pronuclear microin-
jection to generate transgenic mice in which the human EPGN
cDNA is located downstream of the TET-responsive promoter
TRE-Tight (data not shown) and crossed these mice with K14-
rtTA transgenic mice (34). Offspring carrying both transgenes
were designated K14-EPGN (Tg) mice, while littermates carrying
none or only one transgene were termed control mice (Co). We
then tested whether transgene expression could be induced by
doxycycline (Dox) in adult K14-EPGN mice. As shown in Fig. 1A,
adding Dox to the drinking water readily resulted in the detection
of transgene-derived EPGN transcripts in the back and tail skin of
K14-EPGN mice already 24 h thereafter, while no EPGN tran-
scripts could be detected in any organ of K14-EPGN mice not
receiving Dox.

Having shown the functionality and specificity of our trans-
genic system, we first asked whether treating pregnant females
with Dox to induce EPGN expression from embryonic day 11.5
(E11.5), long before epidermal stratification and HF morphogen-
esis take place, would promote SG enlargement as in mice with
ubiquitous and constitutive expression of the ligand (30). K14-
EPGN mice born from such females appeared indistinguishable
from their control littermates during their first week of postnatal
life but were easily recognized thereafter due to their greasy hair
coat (Fig. 1B). Histological examination of H&E-stained (Fig. 1C)
and Nile red-stained (Fig. 1D) skin sections of 8-week-old K14-

EPGN mice constantly kept under Dox treatment from E11.5 re-
vealed the presence of lipid-loaded, enlarged SGs. Transmission
electron microscopy analysis confirmed the presence of signifi-
cantly enlarged lipid droplets in the cytoplasm of the sebocytes
(Fig. 1E).

Quantitative morphometry (38) showed that SGs in K14-
EPGN mice were nearly 7 times larger than control glands (Fig.
1F). Quantification also revealed a significant increase in the num-
ber of cells per gland and in the number of proliferating cells per
gland (Fig. 1F). Quantitative RT-PCR revealed a significant in-
crease in transcripts encoding the sebocyte differentiation protein
markers PLIN2, PPARG, SCD1, and MC5R (Fig. 1G). Reflecting
the enlarged gland size of K14-EPGN mice, significantly increased
lipid amounts were detected in the skin of 8-week-old K14-EPGN
mice with a Sebumeter (Fig. 1H).

In addition to the SG, we also detected increased thickness and
proliferation of the epidermis (Fig. 1I). Surprisingly, quantitative
histomorphometry also identified an increase in the number of
HFs per epidermis length unit in K14-EPGN mice compared to
that in control animals (Fig. 1J). In contrast to the increase in HF
density in adult animals, the HF morphogenesis (see Fig. S1A in
the supplemental material) and the HF cycle induction (see Fig.
S1B) were comparable between groups, and the same was true for
the morphology and the relative abundance of different hair types
plucked from the back skin (see Fig. S1C and D). As shown pre-
viously for transgenic mice with ubiquitous expression of EPGN
(30), evaluation of the expression pattern of proteins specific for
the differentiation program of the epidermal basal layer (keratin
14), suprabasal layer (keratin 10), cornified layer (loricrin), or an
HF-specific marker (keratin 6) revealed no changes in the epider-
mal differentiation program of K14-EPGN transgenic mice (see
Fig. S1E).

We conclude that epidermis and HF-specific expression of EPGN
from middle gestation results in hyperplastic SGs, augmented sebum
secretion, and increases in epidermal thickness and in the number of
HF, therefore recapitulating the changes observed previously in mice
with ubiquitous expression of the transgene.

Epigen-induced sebaceous gland enlargement is EGFR de-
pendent. While EPGN has been described as an EGFR-specific
ligand (32), it remains unknown to what extent its actions are
mediated by EGFR/ERBB heterodimers. To evaluate whether the
SG phenotype is EGFR dependent, we crossed K14-EPGN mice
with EgfrWa5 mice (Wa5), a line in which a mutation in the ty-
rosine kinase domain of the EGFR results in a dominant negative
receptor (33). Addition of Dox to the drinking water from E11.5
resulted in a drastic increase in sebum levels of K14-EPGN mice at
4 to 5 weeks of postnatal life, reaching values close to 100 �g/cm2

at 8 weeks of age (Fig. 2A). In contrast, the sebum levels in control,
Wa5, or K14-EPGN � Wa5 mice remained low (	5 �g/cm2)
during the whole period (Fig. 2A). Examination of H&E-stained
skin sections (Fig. 2B) and quantitative morphometry (Fig. 2C)
showed that SGs of K14-EPGN � Wa5 mice at 8 weeks of age were
significantly smaller than those of K14-EPGN mice. These data
indicate that the EGFR is required for the SG phenotype of K14-
EPGN mice.

In fact, it has been previously shown that only 
10% EGFR
activity is still present in Wa5 mice (33). Also, since a marked
enlargement of SGs has also been reported for mice overexpress-
ing the related tyrosine kinase receptor ERBB2 (39), the residual
SG enlargement observed in K14-EPGN mice may be the result of
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EGFR/ERBB2 heterodimer activation by EPGN. Furthermore, the
increase in epidermal thickness was completely rescued in Wa5
mice (Fig. 2D), additionally supporting our conclusion that epi-
gen effects are mediated by the EGFR.

Sebaceous gland hyperplasia in K14-EPGN mice is depen-
dent on continuous epigen supply. To evaluate whether the SG
hyperplasia is dependent on continuous EPGN availability, we
induced EPGN expression from E11.5 as described above and
monitored skin sebum levels for several months. Sebum levels of
K14-EPGN mice became significantly higher than that of control
littermates from the third postnatal week and increased steadily,
reaching values similar to those observed previously at 8 weeks of
age (Fig. 3A). Removal of Dox from the drinking water after the
8th week of age caused a rapid decline in sebum levels, which
reached values close to that of control mice after only 2 weeks (Fig.
3A). Notably, repeated administration of Dox or Dox withdrawal

from the drinking water of these mice caused the sebum levels to
rise or decline again, respectively (Fig. 3A). The changes in sebum
levels during these cycles fully corresponded to changes in the SG
size, as shown by quantitative evaluation of H&E-stained skin
sections (Fig. 3B).

Sebaceous gland hyperplasia requires epigen activity before
epidermal stratification. We next asked whether induction of
EPGN expression at later stages of embryonic development or
during postnatal life would result in an SG enlargement compa-
rable to the one described above (from E11.5). When Dox treat-
ment was initiated 2 days later (E13.5), K14-EPGN mice showed
after birth an increase in skin sebum (Fig. 4A) and a greasy coat
appearance (Fig. 4E) similar to those observed for mice receiving
Dox from E11.5. However, postponing Dox administration to
later stages such as E17.5, when epidermal stratification has
taken place and the HFs are developing, resulted in signifi-

FIG 1 K14-EPGN transgenic mice show a Dox-inducible, reversible enlargement of the sebaceous gland. (A) RT-PCR shows Dox-dependent expression
of transgene-derived EPGN in the back (bS) and tail (tS) skin of K14-EPGN mice. Gapdh amplification confirmed cDNA in all samples. L, liver; S, spleen;
I, intestine; K, kidney; Lu, lung; H: heart. (B) Normal hair coat in control (Co) and oily hairs in K14-EPGN (Tg) mice. (C) H&E-stained back skin sections
demonstrate enlarged sebaceous glands (arrows) in K14-EPGN (Tg) compared to control (Co) mice. (D) Nile red staining of tail skin sections confirmed
increased lipid amounts in sebaceous glands (arrows) of K14-EPGN (Tg) compared to control (Co) mice. e, epidermis; a, dermal adipose tissue. (E)
Electron micrographs demonstrate enlarged lipid droplets in the cytoplasm of sebocytes from K14-EPGN mice. n, cell nucleus. (F) Morphometric analysis
of sebaceous glands showing significant increases in the mean gland area, in the number of cells/gland, and in the number of Ki67-positive nuclei/gland.
Fifty individual glands were evaluated for every animal; 4 mice were used for each genotype. ***, P 	 0.001. (G) qRT-PCR of skin mRNAs tested for the
indicated sebocyte markers (n � 5 for each genotype). *, P 	 0.05; **, P 	 0.01. (H) Increased sebum levels in the skin of K14-EPGN (Tg) compared to
control (Co) mice as evaluated by a Sebumeter (n � 4 mice/genotype). ***, P 	 0.001. (I) Morphometric analysis of epidermal thickness and epidermal
proliferation (n � 5 for each genotype). *, P 	 0.05; **, P 	 0.01. (J) Quantitative analysis of the HF number per mm of epidermis (n � 4 for each
genotype). **, P 	 0.01. Scale bars in panels C and D represent 100 �m.
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cantly lower sebum levels and milder coat phenotypes (Fig. 4B
and E). When Dox administration was given at birth, the effects
on sebum levels and coat appearance were even weaker (Fig. 4C
and E). Notably, administration of Dox to adult K14-EPGN
mice resulted in no changes in sebum levels or skin phenotype
at all (Fig. 4D and E).

This intriguing observation suggests that increased epigen ac-
tivity is required at an early stage of skin development in order to
induce SG enlargement to its full extent, raising the question of
how epigen impacts on defined subpopulations of SCs in the pi-
losebaceous unit, particularly on epithelial progenitor cells that
give rise to sebocytes. The maintenance of SGs in adult skin has
been attributed to a variety of SC populations (Fig. 5A). On the
one hand, cells derived from the HF bulge region have been re-
ported to renew the SG following injury or during skin homeosta-
sis (15, 16, 18, 29). On the other hand, the SG may be replenished
by progenitor cells located at the periphery of the gland (25, 40) or
in the isthmus/junctional zone (21–24). Therefore, we next as-
sessed changes in the expression of known epithelial HF SC mark-

ers in the skin of K14-EPGN to evaluate whether tissue-specific
SCs contribute to the observed phenotype.

SG enlargement in K14-EPGN mice is associated with an ex-
panded LRIG1� cell pool. Since the effect of transgene-derived
epigen takes place around the time the epidermis stratifies and HF
morphogenesis initiates, we treated pregnant females with Dox
from an earlier time point (E11.5) and initially evaluated the ex-
pression of selected, well-established bulge SC markers in the back
skin of the offspring at different time points (E14.5, E16.5, and P0)
by qRT-PCR. As shown in Fig. 5B, we detected increased tran-
script levels of Sox9 (41, 42) at all stages and of Lhx2 (43, 44) at
E14.5 and E16.5 in K14-EPGN mice, while the expression of
Tcf3/4 (34, 45), Nfatc1 (46), and Lgr5 (20) remained unchanged.
The primary function of LHX2 is to maintain adult HF SCs in an
undifferentiated state (44), and it was recently shown that condi-
tional ablation of LHX2 induces sebaceous differentiation in the
bulge (47). Thus, it is unlikely that the increased Lhx2 levels in
embryonic skin are responsible for SG hyperplasia in K14-EPGN
mice. Most probably, the increased levels of Lhx2 transcripts are a

FIG 2 Introduction of the hypomorphic Egfr allele W5 largely rescues the sebaceous gland phenotype of K14-EPGN mice. (A) Evaluation of back skin sebum
levels from early postnatal life to 8 weeks of age with a Sebumeter (n � 5 males/genotype). Error bars indicate SEMs. *, P 	 0.05; **, P 	 0.01. (B) Representative
H&E-stained skin sections of 8-week-old mice of the indicated genotypes. Scale bars represent 100 �m. (C and D) Quantitative evaluation of sebaceous gland area
(C) and epidermal thickness (D) in mice of the indicated genotypes at 8 weeks of age (n � 5 males/genotype). Different lowercase letters indicate statistically
significant differences between groups (Student’s t test). Data in panels C and D are means � SD.
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consequence of the increased HF density in the back skin of K14-
EPGN mice, and the same may be true for the increased Sox9
transcripts. SOX9 is probably the earliest epidermal SC marker,
and its expression is restricted to the bulge region in adult skin
(41). SOX9 is essential for the morphogenesis of both HF and SG,

and its expression can be induced by EGFR signaling (48), making
this transcription factor an interesting candidate as a mediator of
EPGN actions on the SG. However, epidermal whole mounts of
tail skin from P0 or P3 K14-EPGN mice treated with Dox from
E11.5 showed no visible changes in the number or distribution of

FIG 3 Continuous supply of transgene-derived epigen is necessary for the sebaceous gland phenotype of K14-EPGN mice. (A) Sebum levels of K14-EPGN (Tg)
and control (Co) mice were evaluated weekly for 22 weeks with a Sebumeter (n � 3 to 6 mice for each genotype). All animals received Dox from E11.5 until
postnatal week 8, when Dox was removed from the drinking water for 4 weeks, reintroduced for 4 weeks, removed once more for 4 weeks, and finally added for
the last 2 weeks. Differences between genotypes were statistically significant (P 	 0.05) at all time points except for weeks 1 to 2, 10 to 12, and 18 to 20. (B)
Morphometric analysis of sebaceous gland area at the indicated time points endorses the sebum measurements (n � 3 mice for each genotype). *, P 	 0.05; ***,
P 	 0.001.

FIG 4 The sebaceous gland phenotype depends on transgene expression before or around the time of epidermal stratification and hair follicle morphogenesis.
(A) Exposing K14-EPGN to Dox from E13.5 results in robust increases in postnatal sebum levels, similarly to the exposition from E11.5. Differences between
genotypes were statistically significant (P 	 0.05) from postnatal week 3 (n � 6 control and 4 transgenic mice). (B) Exposing K14-EPGN to Dox from E17.5
results in considerably weaker increases in postnatal sebum level. Differences between genotypes were statistically significant (P 	 0.05) from postnatal week 6
(n � 5 control and 5 transgenic mice). (C) Postponing the exposition of K14-EPGN to Dox to the day of birth results in even further decreases in postnatal sebum
level. Differences between genotypes were statistically significant (P 	 0.05) from postnatal week 5 (n � 10 control and 6 transgenic mice). (D) When Dox was
administered to adult mice (from the 8th week of age), no increases in sebum levels could be observed in K14-EPGN mice (n � 4 mice/genotype). (E) Hair coat
appearance of 8-week-old control (Co) and K14-EPGN (Tg) receiving Dox from the indicated time points. The rightmost photograph shows a 17-week-old
animal. Error bars in panels A to D indicate SEMs. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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SOX9-positive cells (see Fig. S2A in the supplemental material).
Interestingly, SOX9 was the only SC marker of the pilosebaceous
unit with increased expression in the skin of adult mice receiving
Dox (even though they do not show any histological skin altera-
tion) (see Fig. S2B), suggesting that while SOX9 expression may be
activated by epigen-induced EGFR signaling, its increased levels
have little or no consequence for SG growth. Also, no increased
levels of the adult bulge SC marker CD34 (14, 49) were detected in
the skin of perinatal or adult K14-EPGN mice (data not shown).
Thus, our expression analysis data suggest that the bulge precur-
sors do not play a central role in the SG enlargement observed in
K14-EPGN mice.

Next, we evaluated known markers of putative sebocyte pre-
cursors located in the isthmus or junctional zone of the outer root
sheath. Interestingly, these analyses revealed increased levels of
Lrig1 (24) transcripts at P0 and of Lgr6 (21) transcripts at E16.5,
while Blimp1 (25) levels remained unchanged (Fig. 5C). Although
LGR6� cells can contribute to all epithelial skin compartments,
little is known about its regulation, besides the fact that LGR6�

cells appear to reside in a Wnt-independent niche in adult skin
(21). Although we cannot exclude an involvement of LGR6 in the
SG phenotype, its increased expression may simply reflect the
higher HF density in K14-EPGN skin.

In contrast, LRIG1, a transmembrane protein first identified
as a keratinocyte SC marker by single-cell expression profiling
(50), seems to be a particularly promising candidate for a num-
ber of reasons. First, using colocalization of markers, some of
us (D. Frances and C. Niemann) recently showed that sebo-
cytes emerge from the LRIG1� SC compartment during mu-
rine SG morphogenesis (28). Second, LRIG1 marks HF SCs
that are located in close vicinity to the SG, and lineage tracing
has revealed a contribution of LRIG1� cells to the SG and the
infundibulum during homeostasis (24, 51). Third, LRIG1 tran-

script and protein expression is readily upregulated upon
EGFR activation, which is followed by physical association
with the EGFR/ERBBs and enhanced receptor ubiquitylation
and degradation (52, 53).

Immunofluorescence on whole mounts of tail skin from P0
and P3 K14-EPGN mice receiving Dox from E11.5 demonstrated
an expanded pool of LRIG1-positive cells in the upper third of the
forming HF (Fig. 6A). To evaluate whether an expanded pool of
LRIG1� cell is maintained in the skin of adult K14-EPGN mice, we
measured its expression by qRT-PCR. As shown in Fig. 6B, Lrig1
transcript levels were significantly increased in the skin of 8-week-
old K14-EPGN mice receiving Dox from E11.5 compared to those
in control mice. Also, immunofluorescence on histological sec-
tions of tail skin (Fig. 6C) revealed that while LRIG1 staining was
restricted to a small, discrete group of cells at the opening of the SG
in control mice, a considerable larger number of cells around the
opening and within the SGs of K14-EPGN mice stained for
LRIG1. Furthermore, when Dox was removed from the drinking
water of 4-week-old K14-EPGN mice receiving Dox from E11.5,
LRIG1 immunoreactivity in K14-EPGN HFs returned to levels
comparable to those in control mice; on the other hand, renewed
Dox administration for 4 weeks again caused an enlargement of
the LRIG1� pool in the HF of these mice (Fig. 6D), perfectly
matching the changes in SG size and sebum output elicited by
Dox administration or withdrawal. Thus, our findings indicate
that increased EPGN levels expand the LRIG1� SC population
and that the increase in LRIG1 levels may contribute to the
enlarged SGs.

The EGFR target gene Myc is a positive regulator of LRIG1
expression, both in cultured sebocytes and in mouse skin (24, 50).
This is of particular interest given that Myc is a key regulator of
epidermal SC commitment to proliferate and differentiate (54).
Furthermore, overexpression of MYC in the skin of transgenic

FIG 5 Expression of selected skin stem cell marker transcripts in the back skin of K14-EPGN and control mice. (A) Schematic representation of the stem cell
markers evaluated in this study and their locations in the resting (telogen) hair follicle. (B) Transcript levels of the indicated hair follicle bulge stem cell markers
in the back skin at E14.5, E16.5, and P0 as evaluated by qRT-PCR (n � 5 samples for each genotype). *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. (C) Transcript levels
of the indicated hair follicle isthmus/infundibulum stem cell markers in the back skin at E14.5, E16.5, and P0 as evaluated by qRT-PCR (n � 5 samples for each
genotype). *, P 	 0.05.
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mice results in SG enlargement (55, 56). In addition, increased
Myc expression was previously detected in the skin of Dsk5 mice,
a mutant line expressing a constitutively active EGFR that also
exhibits enlarged SGs (57). To evaluate a possible involvement of
Myc in the SG phenotype of K14-EPGN mice, we therefore mea-
sured its expression by qRT-PCR. As shown in Fig. 6E, signifi-
cantly increased Myc expression was seen in K14-EPGN back skin
of mice receiving Dox from E11.5 at E14.5, E16.5, and P0. Also,
similarly to Lrig1, the expression of Myc in the skin of 8-week-old
K14-EPGN mice receiving Dox from E11.5 was significantly in-
creased compared to that of control mice (Fig. 6E).

DISCUSSION

It has long been known that the transmembrane protein LRIG1
negatively regulates EGFR/ERBB signaling by mediating ubiq-
uitination and degradation of activated receptors (52, 53).
More recently, LRIG1 was also identified as a marker for adult
SCs in organs such as the skin (24, 50, 51) and intestine (58,
59). While a role for LRIG1 in maintaining intestinal SC qui-
escence by calibrating ERBB signaling was recently suggested
(58, 59), such a functional relationship has not been shown for
skin SCs so far.

In this study, using a transgenic mouse line with tissue-specific
and inducible expression of the EGFR ligand epigen, we showed
that activation of the EGFR by its ligand epigen during early epi-
dermal development causes hyperplasia of the SGs and, to a minor
extent, hyperplasia of the IFE and increased HF density. The in-
creased HF density represents an intriguing finding that deserves
further investigation, but it was not the focus of this study. The SG
enlargement, which is EGFR dependent and can be reversed by
withdrawal of epigen, is associated with an expanded pool of
LRIG1� cells located in the junctional zone, the region around the
SG opening. Since such a regulation of SG size and output by Dox
administration to K14-EPGN mice was not achieved when the
treatment is initiated postnatally, the early excess of epigen seems
to influence the HF LRIG1� cells by an unknown mechanism,
rendering them susceptible for later increases in EPGN/EGFR sig-
naling.

We also detected parallel increased Myc expression in the skin
of transgenic mice, suggesting that once established, the LRIG1�

pool can offer a large number of proliferating, MYC� progenitor
cells that contribute to the expanded SG and IFE lineages under
EGFR-dependent mitogenic stimuli. These results shed light on

FIG 6 Expression and localization of LRIG1 and Myc in the skin of K14-EPGN (Tg) and control (Co) mice. (A) Immunofluorescence for LRIG1, EdU,
and DAPI on epidermal whole-mount preparations showing enlargement of the LRIG1-positive compartment in K14-EPGN (Tg) compared to control
(Co) mice at postnatal days 0 and 3. (B) Lrig1 transcript levels in the back skin of Tg and Co mice at postnatal day 60. (C) Immunofluorescence for LRIG1
and DAPI on histological sections of tail skin showing enlargement of the LRIG1-positive compartment (arrows) in Tg mice at postnatal day 60. (D)
Immunofluorescence for LRIG1 and bromodeoxyuridine (BrdU) on epidermal whole-mount preparations in mice of the indicated genotypes and
receiving Dox from E11.5 at 8 weeks of age (4 weeks without Dox before death) or 12 weeks of age (4 weeks Dox anew). (E) Myc transcript levels in the
back skin of Tg and Co mice at the indicated embryonic or postnatal stages. For panels B and E, 5 samples were used for each genotype. *, P 	 0.05; ***,
P 	 0.001. Scale bars represent 50 �m.
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the relationship between EGFR/ERBBs and LRIG1 and support a
model in which the commitment of SCs toward specific progeni-
tor cells is regulated by the reciprocal interaction of these proteins.
Considering the actions of LRIG1 as an SC marker, tumor sup-
pressor, and ERBB negative regulator (60), our findings also have
implications for skin neoplastic diseases.
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