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ABSTRACT: Telomere shortening is associated with cellular senescence and aging. Dyskeratosis congenita
(DC) is a premature aging syndrome caused by mutations in genes for telomerase components or telomere
proteins. DC patients have very short telomeres and exhibit aging-associated pathologies including
epidermal abnormalities and bone marrow failure. Here, we show that DC skin fibroblasts are defective in
their ability to support the clonogenic growth of epidermal keratinocytes. Conditioned media transfer
experiments demonstrated that this defect was largely due to lack of a factor or factors secreted from the
DC fibroblasts. Compared to early passage normal fibroblasts, DC fibroblasts express significantly lower
transcript levels of several genes that code for secreted proteins, including Insulin-like Growth Factor 1
(IGF1) and Hepatocyte Growth Factor (HGF). Aged normal fibroblasts with short telomeres also had
reduced levels of IGF1 and HGF, similar to early passage DC fibroblasts. Knockdown of IGF1 or HGF in
normal fibroblasts caused a reduction in the capacity of conditioned media from these fibroblasts to
support keratinocyte clonogenic growth. Surprisingly, reconstitution of telomerase in DC fibroblasts did
not significantly increase transcript levels of IGF1 or HGF or substantially increase the ability of the
fibroblasts to support keratinocyte growth, indicating that the gene expression defect is not readily
reversible. Our results suggest that telomere shortening in dermal fibroblasts leads to reduction in
expression of genes such as IGF1 and HGF and that this may cause a defect in supporting normal
epidermal proliferation.
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The aging of skin is a complex process involving
interplay between different cell types that comprise the
dermis and epidermis that is further regulated by
hormonal factors (1). The shortening of telomeres has
been demonstrated to play an important role in aging,
skin maintenance, and other phenotypes associated with
aging (2). In vertebrates, telomeres consist of thousands
of copies of the TTAGGG repeat plus associated
proteins in what is referred to as the shelterin complex
(3). The shelterin complex protects the telomere end and

prevents the cellular machinery from recognizing the
telomere as a double-strand break (4). Telomeres
shorten during cell proliferation due to the end-
replication problem, which occurs because DNA
polymerase cannot completely replicate new 5° ends (5).
Accelerated telomere shortening can also occur through
DNA damage including that caused by reactive oxygen
species (ROS) (6). When telomeres shorten, the
shelterin complex is disrupted and the telomeres become
dysfunctional, leading to cellular senescence or genetic
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instability (4). Telomeres can be maintained by the
enzyme telomerase which adds telomere repeats back to
the chromosome end (7, 8). Telomerase is active in
germline cells and in greater than 90% of cancers (9, 10).
It is also active, but at lower levels, in some somatic cells
such as lymphocytes and the basal cells of the epidermis
(11-14). Telomerase activity might provide some
measure of telomere maintenance in these normal cells,
though telomere shortening is still a natural consequence
of the aging process (13, 15, 16).

Studies in mice have provided insight into how
telomere shortening is involved in aging. Most inbred
strains of mice have extremely long telomeres.
Knockout of telomerase genes in these mice leads to
telomere shortening and, after 3 to 5 generations, defects
in highly proliferative tissues such as bone marrow and
skin (e.g. early hair loss, alopecia, defects in wound
healing) (17, 18). Mice that have been engineered to
overexpress TERT (the reverse transcriptase component
of telomerase) in their skin have improved wound
healing and a thickened epidermis (19, 20). However,
they are more susceptible to skin cancer (19).
Transgenic expression of TERT also causes increased
epidermal stem cell mobilization and hair follicle
stimulation (21, 22). Knockout of proteins that are found
in the telomere shelterin complex also leads to epidermal
abnormalities, including skin degeneration and impaired
hair follicle morphogenesis (23-25). Thus, telomerase
and telomeres appear to be important for maintenance of
skin function in mice.

The contribution of the dermal component of skin to
the function and proliferation of epidermal cells is now
being more fully appreciated. Dermal fibroblasts secrete
a wide variety of factors that can influence the growth,
inflammatory, and wound healing response of
keratinocytes (26). In addition, the dermal extracellular
matrix (ECM) is essential for skin structure, function,
and homeostasis. The aging of fibroblasts significantly
affects their phenotype, mostly resulting from global
changes in gene expression (27). These changes affect
normal epidermal cell proliferation. In addition to
effects on normal physiology, numerous studies have
indicated that aged fibroblasts secrete factors that
promote the growth of transformed epithelial cells and
that this may lead to the development of cancer (28-31).

The premature aging syndrome dyskeratosis
congenita (DC) is caused by mutations in genes that code
for telomerase components or telomere binding proteins
(32). Along with a high risk for bone marrow failure and
cancer, DC patients also suffer from numerous epidermal
abnormalities including dyskeratotic nails, early hair
graying and loss, dyspigmented and reticulated skin,
poor wound healing, and skin atrophy. We have shown

previously that DC T lymphocytes, hematopoietic stem
cells, skin fibroblasts, and skin keratinocytes are
defective in proliferation (33-37). DC cells provide a
relevant human model for studying how telomere
shortening affects the function of different tissues. In the
current study, we wanted to determine how telomere
shortening in dermal fibroblasts affected the growth of
epidermal keratinocytes. We found that DC fibroblasts
are deficient in a secreted factor or factors that support
the clonogenic growth of keratinocytes. Both DC
fibroblasts and aged normal fibroblasts exhibited
reduction in expression of the genes that code for IGF1
and HGF. Knockdown of these genes in normal
fibroblasts also resulted in a reduced ability of the cells
to support clonogenic growth of keratinocytes. We
propose a link between telomere shortening and
defective expression of secreted factors that contribute to
epidermal growth and function.

MATERIALS AND METHODS

Cell culture

Human skin keratinocytes (HSK) and fibroblasts (HSF)
were isolated as previously described from skin punch
biopsies (36-38). DC-HSF-1 (DC-1) and DC-HSF-4
(DC-4) were isolated from third and second generation
adults, respectively, both with an autosomal dominant
form of DC caused by a large 3’-deletion of one copy of
TERC (36, 37). Normal skin fibroblasts (N-1 and N-2)
were isolated from normal individuals. The studies were
approved by the University of lowa Institutional Review
Board for human studies and conformed to protocols
outlined by the Declaration of Helsinki. Donors gave
their written, informed consent for collection of tissue.
Fibroblasts were cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco by Life Technologies, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin and streptomycin.
Fibroblasts were split 1:8 when less than 90% confluent.
Early passage was considered to between passages 3 and
7, whereas late passage was considered to be greater than
20. Keratinocytes were cultured in Keratinocyte serum-
free media (KSFM; Gibco) supplemented with bovine
pituitary extract (BPE), epidermal growth factor (EGF),
and 1% penicillin and streptomycin. Normal HSK were
considered early passage between 2 and 4. HaCaT cells
were kindly provided by Jackie Bickenbach who
obtained them as early passage cultures from Petra
Boukamp (39). Later passage transformed HaCaT cells
were obtained from Sheila Stewart (40). TERT and
TERT/TR transduced DC and normal fibroblasts have
been described previously (36).
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Fibroblasts from dyskeratosis congenita (DC) skin are defective in supporting colony growth of epidermal

keratinocytes. (A) Age- and sex-matched primary skin fibroblasts isolated from normal donors (N-2 vs. DC-1 and N-1 vs. DC-4)
were grown in co-culture with normal skin keratinocytes, as described in the Materials and Methods. After 8 days in culture, cells
were stained with Rhodanile blue to differentially stain keratinocyte colonies. Colonies were counted and averaged. (B) HaCaT
cells were grown in co-culture with N-2 or DC-1 fibroblasts as described in the Materials and Methods and cultured and counted as
above. (C) Increasing numbers of DC-1 (2e5=2 X 10°, 5¢5=5 X 10°, or le6=1 X 10°) cells were plated in co-culture with HaCaT
cells and compared to separate cultures of N-2 (2e5=2 X 10°) cells plated with HaCaT cells. For all experiments, error bars shown
represent the SEM from at least 3 replicates per condition. Asterisks represent statistical significance (1, p<0.05; 2, p<0.01; 3,

p<0.005) as calculated by Student’s t-test.

Co-culture of human skin keratinocytes with epidermal
fibroblasts to assess colony forming efficiency (CFE)

Clonogenic assays, also referred to as colony forming
efficiency (CFE) assays, were performed using co-
cultures of keratinocytes with fibroblasts. Fibroblasts
and Kkeratinocytes were trypsinized using 0.05%
Trypsin/EDTA.  After the cells were rounded and
detached, the trypsin was inhibited with 2% FBS in PBS.
The cells were counted using a hemocytometer and
resuspended in KSFM at appropriate concentrations (see
below). The desired fibroblast-keratinocyte combinations
were mixed in a conical tube and plated in 60 mm dishes
(in at least triplicate, per condition) in 4 mls KSFM with
supplements and penicillin/streptomycin using the
following cell numbers per dish: primary fibroblasts (N
or DC), 2x10%; primary keratinocytes, 1x104; HaCaT,
500 cells per dish. Lower numbers of HaCaT cells were
used because they had much higher CFE as compared to
normal primary keratinocytes. For the experiment to test
the effects for more DC fibroblasts on keratinocyte
growth (shown in figure 1C), the same number of
HaCaT cells were used (i.e. 500) but with increasing
numbers (2 X 10°, 5 X 10°, and 1 X 10% of DC
fibroblasts. Co-cultures of fibroblasts and keratinocytes
were maintained at 37°C, 5% CO, for 7-9 days, with
fresh KSFM media (with EGF, BPE, and
penicillin/streptomycin) changes every other day. After
7-9 days of co-culture, dishes were washed with 1X
PBS, and then fixed in 4% Paraformaldehyde for 10
minutes at room temperature. To differentiate between
fibroblasts and keratinocyte colonies, the cells were then
stained with 1% Rhodanile blue (in water) (Sigma-

Aldrich, St. Louis, MO, USA) for 25 minutes at room
temperature as described (41). Dishes were de-stained
briefly in a basin of water, until colonies of keratinocytes
were bright pink or purple and surrounding fibroblasts
were gray. Dishes were dried overnight at room
temperature, and colonies of approximately 25 or more
keratinocytes were counted visually.

Conditioned media transfer in keratinocyte cultures

For the CFE experiments to assess the effects of
conditioned media on keratinocyte growth, co-cultures of
normal or DC fibroblasts with 500 HaCaT cells were
plated as described above. Additional plates of DC and
normal fibroblasts were plated at the same time in KSFM
with supplements (to maintain similar culture
conditions). Daily transfers of conditioned media from
the DC or normal fibroblast only plates to the co-culture
plates were performed. Co-culture plates that did not get
conditioned media received fresh media daily. In the
CFE experiments where there was no co-culture,
conditioned media alone (i.e. with no cells) was
transferred daily from DC or normal fibroblast cultures
to dishes that had been seeded with 500 HaCaT cells.
After 10 days, the HaCaT dishes were stained with
Methylene Blue to identify colonies of keratinocytes.

siRNA transfection of cells

Normal early passage fibroblasts were transfected with
siRNA to knockdown expression of factors found to be
important to their support of keratinocyte colony growth.
100 nM or 200 nM concentrations of the following
siRNAs were transfected using Lipofectamine 2000
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(Invitrogen) for 72 or 96 hours. 100 nM concentrations
of negative control (scrambled) siRNAs from Qiagen
and Invitrogen were also used. @ HGF siRNA#I:
AAGCCUUGCAAGUGAAUGGAAGUCC, siRNA#2:
CCGCUGGGAGUACUGUGCAAUUAAA (Invitrogen
Stealth™ siRNA).

IGF-1 siRNA: Qiagen #s102664060 (Hs IGF1 5
FlexiTube siRNA) (Qiagen)

Conditioned media from transfected fibroblasts was
collected at 72, 96, and 120 hours and frozen at -20°C.
CFE assays using conditioned media were performed as
described above with new conditioned media added
daily.

Quantitative PCR

g-RT-PCR: Collection of cells for RNA was performed
when the cells were 80-90% confluent. Collection of
RNA from siRNA transfection experiments was
performed at 72 and 96 hours post transfection. Briefly,
total RNA was extracted from cells using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions and purified with RNeasy
Mini Columns (Qiagen). RNA was reverse transcribed
using a Retroscript kit (Ambion, Austin, TX, USA) with
random decamers as recommended by the manufacturer.
Quantitative PCR was performed in triplicate using the
ABI PRISM 7900 Sequence Detection System with

standard cycling in SYBR-Green PCR Master Mix
(Applied Biosystems) with the following primers at 50
uM each: Hepatocyte growth factor (HGF), Forward:
5’-CAAATGTCAGCCCTGGAGTT-3’, Reverse: 5°- TC

GATAACTCTCCCCATTGC-3>  (42); Insulin-like
growth factor-1 (IGF-1), Forward: 5’-GCCAAG
TCAGCTCGCTCTGT-3’, Reverse: 5’-TTTCCTTCT

CTGAGACTTCGTGTTC-3" (43); keratinocyte growth
factor (KGF), Forward: 5’-AGTTGGAATTGTGGCAA
TCA-3', Reverse: 5-CCGTTGTGTGTCCATTTAGC-3'
(44); interleukin-6 (IL-6), Forward: 5’- ATGAACTCCT
TCTCCACAAGC-3', Reverse: 5’-CTACATTTGCCGA
AGAGCCC-3' (44); stem cell factor (SCF), Forward: 5°-
CCAAAAGACTACATGATAACCCTCAA-3’,

Reverse: 5’-CATCTCGCTTATCCAACAATGACT-3’
(45); osteopontin (OPN), Forward: 5’-CCTGATGC
TACAGACGAGGAC-3’, Reverse: 5’-CTGACTATC
AATCACATCGGAAT-3’ (46); glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), Forward: 5°-
AAGGTCATCCATGACAACTTTG-3’, Reverse: 5’-GT
AGAGGCAGGGATGATGTTCT-3 (37). Expression
levels were normalized to GAPDH.

Statistical Analysis
For growth studies and q-RT-PCR analyses, Student t-
test was performed on 3 replicates.
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Figure 2. Conditioned media from normal fibroblasts rescues the ability of DC fibroblasts to support epidermal clonogenic
growth. Error bars represent the SEM of the average of at least 3 dishes of cells per condition. Asterisks represent statistical significance
(1, p<0.05; 2, p<0.01; 3, p<0.005) as calculated by Student t-test. (A) N-2 or DC-1 cells were co-cultured with HaCaT cells. To some of
these plates, media was also transferred daily from either N-2 or DC-1 cultures alone, creating co-cultures of N-2 cells and HaCaT cells
with DC-1 conditioned media, or DC-1 cells and HaCaT cells with N-2 conditioned media. (B) Conditioned media alone from cultures of
N-2 or DC-1 cells was added daily to cultures of HaCaT cells and colonies were counted. (C) Cells per colony in the conditioned media
experiments were quantified. Asterisks represent statistical significance as described in Figure 1.
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Figure 3. DC and late passage fibroblasts exhibit aberrant expression of genes that code for secreted cytokines.
Quantitative RT-PCR was done on samples from normal and DC fibroblasts to examine the transcript levels of
candidate genes as described in Materials and Methods. Expression levels were normalized to GAPDH. Error bars
represent the SEM of the average of triplicate wells. (A) Transcript levels of selected genes in early passage normal
and DC fibroblasts. (B) Transcript levels in late passage (LP) normal fibroblasts compared to early passage (EP)
normal fibroblasts and early passage DC fibroblasts. Asterisks represent statistical significance as described in Figure
1. (C) Comparison of colony forming efficiency of keratinocytes grown with EP normal and DC fibroblasts and LP
normal fibroblasts.
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RESULTS

Dyskeratosis congenita fibroblasts are deficient in
supporting clonogenic growth of keratinocytes in co-
culture

Previous studies demonstrated that DC fibroblasts have
extremely short telomeres and that they only proliferate
for approximately half the lifespan of normal fibroblasts
(36). To begin to address whether the DC fibroblasts are
functionally defective, we developed an assay to
determine how co-culture with fibroblasts affects the
clonogenic growth, also referred to as colony forming
efficiency (CFE), of keratinocytes. In this assay, a large
number of fibroblasts (2 X 10° in a 60 mm dish) are
plated with a low number of keratinocytes, and
keratinocyte colonies are counted after 8-10 days. The
growth of the fibroblasts is kept in “check” in our assay
by using keratinocyte serum free media (KSFM), which
allows growth of keratinocyte colonies but only minimal
growth of fibroblasts. Rhodanile-Blue was used to
differentially stain keratinocytes as described (41). We
first performed co-cultures using normal primary human
skin keratinocytes (N-HSK-1) at early passage. These
primary keratinocytes had low CFE, in general.
However, CFE was significantly lower when the N-
HSK-1 cells were grown with DC fibroblasts as
compared to growth with normal fibroblasts (age- and
sex-matched pairs, N-2 vs. DC-1 and N-1 vs. DC-4)
(Figure 1A). Because the primary keratinocytes had
such low CFE, we decided to perform further assays
using the spontaneously immortalized keratinocyte cell
line HaCaT, which are known to have higher CFE (39).
We also focused our studies on DC-1 and N-2 fibroblasts
(both from 21-year old females). HaCaT cells had much
higher CFE compared to primary keratinocytes when
grown with normal (N-2) fibroblasts but, as with primary
keratinocytes, colony numbers were greatly reduced
when co-cultured with DC-1 fibroblasts (Figure 1B). To
address whether the lower number of colonies in co-
culture with DC fibroblasts simply had to do with cell
density, we performed an experiment with increasing
numbers of DC fibroblasts (Figures 1C). Increasing the
number of DC fibroblasts slightly increased keratinocyte
colony number but it was still much less than that seen in
co-cultures with normal fibroblasts. Overall, our results
indicate that the DC fibroblasts are defective in their
ability to support the growth of keratinocytes.

DC Fibroblasts are Deficient in Secretion of a Factor
or Factors that Supports Keratinocyte Growth

The defect in the ability of the DC cells to support
keratinocyte growth could be due to several possibilities
including 1) deficiency in secretion of a factor or factors
important for keratinocyte proliferation, 2) secretion of a

factor or factors by DC cells that inhibits keratinocyte
proliferation, or 3) defective cell-cell interactions. To
address these possibilities, we performed conditioned
media transfer experiments. First, keratinocytes were
plated in co-cultures with DC or normal fibroblasts as
above. The media was changed on a daily basis with
conditioned media from DC or normal fibroblast
cultures. The results clearly demonstrated that the DC
fibroblasts do not secrete an inhibitor of keratinocyte
proliferation since DC fibroblast media did not inhibit
keratinocyte growth (Figure 2A). Normal fibroblast
conditioned media, however, significantly increased
keratinocyte growth when in co-culture with DC
fibroblasts. In order to assess the contribution of cell-
cell contact in our assay, we grew HaCaT cells without
fibroblasts but with and without fibroblast conditioned
media. Our results indicated that conditioned media
from DC fibroblasts was defective in supporting
keratinocyte clonogenic growth (Figure 2B and 2C).
This difference was especially apparent in number of
cells per colony (Figure 2C). These findings indicate
that DC fibroblasts are defective in secreting a factor (or
factors) important for keratinocyte clonogenic growth.

DC Fibroblasts Exhibit Aberrant Expression of Genes
that Code for Secreted Cytokines

Various studies have demonstrated that aged fibroblasts
either downregulate or upregulate genes that code for
secreted proteins. We therefore examined the transcript
levels of a panel of these genes in DC and normal
fibroblasts. We found that DC fibroblasts express
similar amounts of the housekeeping gene GAPDH but
significantly lower amounts of HGF and IGF-1,
significantly higher amounts of osteopontin, slightly
lower amounts of KGF (Keratinocyte Growth Factor),
and slightly higher amounts of IL-6 (Interleukin 6) and
SCF (Stem Cell Factor) (Figure 3A). Differences were
noted in expression of a subset of these genes as
compared to late passage, near senescent normal
fibroblasts (Figure 3B). For example, both DC and late
passage normal fibroblasts had much lower expression of
IGF1 and HGF and higher expression of osteopontin.
However, in contrast to DC fibroblasts, late passage
normal fibroblasts had much lower levels of IL-6. In
support of a role for fibroblast-expressed IGF1 and HGF
in maintaining keratinocyte growth, we found that the
late passage fibroblasts were also unable to support
epidermal clonogenic growth (Figure 3C).

Knockdown of IGF1 or HGF in normal fibroblasts
leads to a defect in their ability to support keratinocyte
growth.

To further assess the role of fibroblast-derived IGF1 and
HGF in keratinocyte growth, we knocked down these
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genes in normal fibroblasts by siRNA transfection
strategies. For both genes, we were able to achieve
approximately 75% downregulation using gene specific
siRNAs (Figures 4A and 4B). Conditioned media from
these fibroblasts were collected starting at days 3 to 5
and used in growth experiments with HaCaT cells.
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Knockdown of IGF1 or HGF in fibroblasts led to
significantly less keratinocyte clonogenic growth (Figure
4C and 4D), supporting the idea that less IGF1 and HGF
in DC and aged fibroblasts may contribute to their ability
to support keratinocyte growth.
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Telomerase reconstitution in DC fibroblasts does not
fully correct ability to support keratinocyte growth

Our previous studies demonstrated that transduction of
TERT, either alone or with the RNA component TR,
allowed maintenance or elongation of telomeres and
rescued the ability of DC fibroblasts to proliferate (36).
Unexpectedly, we did not observe a significant rescue of
the ability of the telomerase reconstituted DC fibroblasts
to support keratinocyte clonogenic growth (Figure 4E).
Accordingly, we also did not see large increases in IGF1
or HGF in the telomerase reconstituted cells (Figure 4F).
These results suggest that certain defects in DC
fibroblasts are not readily reversed by telomerase
reconstitution alone.
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Figure 5. HaCaT cells from different sources exhibit
differential growth in co-culture. HaCaT cells used to generate
results shown in figures 1 to 4 were obtained from an early
passage source (39) whereas HaCaT-CBL (Click Beetle
Luciferase) were obtained from Dr. Stewart’s laboratory where
they are used to study transformative effects of tumor
microenvironment on epithelial cells (48). The different HaCaT
cells were plated at 500 cells per 60 mm dish with fibroblasts
(DC-1 or N-2). Error bars represent standard error of results from
triplicate plates.

DISCUSSION

The aging of skin is a well-documented phenomenon
that can lead to significant problems in the elderly. The
mechanisms by which human skin ages are not
completely clear but are likely due to a variety of factors.
One factor that has been speculated to be involved in the
aging of skin is telomere shortening (2, 47, 48). Mouse
models of telomere dysfunction and the observation that
DC patients suffer from epidermal abnormalities and
prematurely aged skin support this hypothesis. Our

previous studies indicated that telomere shortening in
human keratinocytes leads to defective proliferation and
a decreased ability to close in vitro scratch wounds (37).
These results suggested that telomere shortening in
keratinocytes could be involved in epidermal
abnormalities associated with DC. Another possibility,
and the one we have addressed here, is that telomere
shortening and premature aging in dermal support cells
leads to a defect in their ability to support normal
epidermal proliferation and repair. Certainly, these two
mechanisms are not mutually exclusive and both could
be involved in causing the observed phenotypes.

Our results suggest that aged dermal fibroblasts have
altered expression of genes that code for secreted
proteins that are important for regulation of normal
keratinocyte growth. Two genes that were found to be
significantly downregulated in DC fibroblasts and in
aged normal fibroblasts were IGF1 and HGF. Both of
these genes have been implicated previously as being
important for normal skin keratinocyte proliferation and
growth. For example, IGF1 was found to be
downregulated in senescent fibroblasts and this led to an
inappropriate UVB response in keratinocytes (49). HGF
is known to be involved in normal keratinocyte response
to apoptotic agents and has been shown to stimulate
keratinocyte migration and proliferation during wound
healing (42, 50, 51). While our depletion experiment
pointed to the possibility that reduction of each factor on
its own has an effect on growth, we did not perform add-
back experiments and have not ruled out the possibility
that downregulation of other factors in DC fibroblasts
may be important for the observed phenotype. One
could speculate that telomere shortening and induction of
a senescent phenotype leads to a global change in
expression of a large number of genes. Other studies
have indicated that the alterations in expression of genes
during senescence are due to global epigenetic
alterations that change the pattern of methylation and
heterochromatin in cells (28). Interestingly, we were
unable to reverse these effects by reconstitution of
telomerase (and telomeres) alone in DC cells. This was
a somewhat surprising finding given that our previous
studies demonstrated that telomerase activation in DC
cells leads to amelioration of their proliferation defect
(36, 37) and a decrease in elevated reactive oxygen
species levels (52). Our results indicate that some of the
changes that occur during the aging of fibroblasts may
not be telomere dependent and are not reversible by
simply activating telomerase. = Such findings have
implications for proposed therapies for aging that rely on
telomerase activation as a means to rejuvenate tissue, as
telomerase activation alone may not be sufficient to
reverse the aging phenotype.
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Several studies have demonstrated that aged
fibroblasts can increase expression of certain genes that
code for secreted proteins such as osteopontin that
stimulate proliferation of transformed epithelial cells
(53). This phenomenon has been referred to as the
"tumor microenvironment" and is believed to be
important for carcinogenesis (29, 30, 40). One study
demonstrated that senescent fibroblasts have higher
expression of and secrete more osteopontin, and that this
stimulates the growth of pre-malignant cells (40). It is
interesting to note that we also found an increase in
osteopontin expression in DC cells and aged normal
fibroblasts, thus validating published findings. However,
we did not observe improved clonogenic growth of
normal or immortal keratinocytes, including HaCaT
cells. A possible reason for this apparent discrepancy is
that normal and transformed keratinocytes respond
differently to factors secreted by fibroblasts, and that the
HaCaT cells that we used in our assays had a more
normal phenotype than those utilized by others. Indeed,
our HaCaT cells were obtained from a relatively early
passage stock (39) and HaCaT cells are well-known to
evolve and become more highly transformed in culture
(54). To address this possibility, similar co-culture
experiments with DC or aged fibroblasts carried out with
transformed HaCaT cells obtained from another source
(40) demonstrated an increase in clonogenic growth of
the HaCaT cells (Figure 5). Thus, it is possible that
aging of fibroblasts may cause a decrease in their ability
to support the growth of normal keratinocytes but may
cause an increase in their ability to support more
transformed, pre-malignant keratinocytes. This
observation, if validated by further studies, would fit
well with the hypothesis that aging is associated with a
decrease in normal skin function and an increase in
epidermal cancers.

While the present studies have focused on skin cells,
the phenomenon that we have observed could be
applicable to many other tissue types and could be
important for organismal aging as a whole. Since cell
aging can lead to defective production of cytokines and
other growth regulatory factors, it would be expected
that telomere shortening in one cell type can have
profound effects on other cell types and tissues.
Telomere shortening in mice has been shown to lead to
defects in support cells of the bone marrow niche that
give rise to the proper development of the hematopoietic
system (55). Lower IGFI1 levels in serum have been
implicated as being important for many processes and
have been associated with diseases that are related to
aging, including diabetes (56). Short telomeres are
associated with lower serum IGF1 (57, 58) and with
diabetes (59, 60). It is possible that telomere length and
concomitant senescence in certain cell types may be

important initiating events that lead to lower levels of
IGF1 and other growth factors that are needed for
maintaining normal tissue regeneration, function, and
wound repair. Interestingly, mice that have been
engineered to exogenously express TERT in their skin
have an increased lifespan and higher serum levels of
IGF1 (20). The mechanism for this increased level of
IGF1 in TERT transgenic mice is unknown, but the fact
that the transgene is expressed through a keratin specific
promoter suggests that the IGF1 may be originating from
changes in skin associated with exogenous TERT
expression.

In summary, our results have uncovered a potential
means by which telomere shortening might lead to the
aging of skin, and possibly other tissues. Further studies
are needed to explore the mechanism by which telomere
shortening leads to altered gene expression, how this
changes the secretory profile of cells, and how to safely
reverse this process.
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