Supplementary Information

Telomeres remain stable and capped in cells from i-TERT mice.
Telomere uncapping can occur as telomeres progressively shorten and the shortest telomeres can no longer support the protected structure at the chromosome end 1,2.  Long telomeres are also subject to uncapping, in the context of overexpression of some telomere binding proteins and telomerase components.  Enforced expression of either Est1A3 or a dominant-negative form of TRF24 leads to rapid telomere uncapping when expressed in cell culture.  In contrast, TERT expression in cells results in telomere synthesis and immortalization5.  Nonetheless, we wished to rule out an unanticipated effect of TERT on telomere stability.  The hallmark of telomere uncapping is chromosomal end-to-end fusion4,6,7.  To determine how conditional TERT activation affects telomere function, we derived mouse embryo fibroblasts (MEFs) and splenocytes from i-TERT mice and non-transgenic controls.  TERT mRNA was induced in a doxycycline-dependent manner in both MEFs and splenocyte cultures (Fig. S1a).  Analysis of metaphase preparations from MEFs and splenocytes showed no end-to-end fusions with TERT induction, indicating that telomeres remain stable and capped in these cell types (Fig. S1b, c). 

First generation telomerase knockout mice are viable and show intact tissue homeostasis7.  With subsequent generations of intercrossing these mice, progressive telomere shortening leads to telomere uncapping and high rates of apoptosis in proliferative tissues by generations 4-6 (G4-G6)8-12.  To determine if TERT induction caused unanticipated telomere uncapping in the epithelium of the hair follicle, we compared rates of apoptosis in anagen follicles from i-TERT mice and non-transgenic littermates.  The frequency of apoptotic nuclei in both i-TERT mice and non-transgenic littermates was less than 0.6 per follicle, which indicates that TERT induction does not lead to apoptosis in anagen follicle epithelium (Fig S1d). Mitotic figures are abundant in anagen follicles because of the high rates of cell division in the matrix cell population.  Fused chromosomes result in anaphase bridges during mitosis as dicentric chromosomes are pulled to opposite spindle poles4,6,13.   In contrast to late generation telomerase knockout mice, anaphase bridges were seen neither in TERT-induced anagen follicles nor in non-transgenic anagen follicles (Fig S1e).  Therefore, telomeres remain stable and capped in cells and tissues from i-TERT mice, as measured by cytogenetics, rates of apoptosis and absence of anaphase bridge formation.  These data prove that TERT’s effects on hair follicle stem cells do not occur through unanticipated uncapping of telomeres.

TERT does not lead to alterations in signaling or differentiation of the anagen hair follicle

The signals that govern anagen initiation also frequently control hair follicle proliferation and differentiation14,15.  These signals are regulated spatially and temporally to control direction, timing, and differentiation of the anagen hair follicle.  We asked if TERT induction could alter the expression of known signaling molecules, including Shh, Lef1, Fgf5 and Bmp416.  By in situ hybridization, the expression pattern of these signals were similar in TERT-induced anagen hair follicles and in non-transgenic anagen hair follicles (Fig S2a, b, c, d).  We then asked if differentiation was altered in TERT-induced anagen follicles.  The pattern of expression of Keratin-14 was identical in TERT-induced anagen follicles and non-transgenic anagen hair follicles, indicating normal differentiation of the outer root sheath (Fig S2h).  Similarly, expression patterns for Keratin-6 (inner layer of the outer root sheath), AE-13 (hair keratins), and AE-15 (outer root sheath) were identical in both TERT-induced anagen and normal non-transgenic anagen follicles (Fig S2e, f, g).  Finally, cell proliferation in TERT-induced anagen follicles was assessed using the Ki-67 marker that identifies cells in active phases of the cell cycle (Fig S2i).  Despite the broad expression of transgenic TERT mRNA in the epithelium of the follicle, active proliferation was restricted to the progenitor cell population in the bulb region.  We also looked for changes in the structure of the hair follicle. Alkaline phosphatase staining indicated normal pattern and structure of the dermal papilla (Fig S2j) and morphometric analysis showed normal thickness of outer root sheath (Fig S2k).  These data show that TERT does not alter signaling or differentiation of the hair follicle.
TERT does not lead to alterations in the differentiation or structure of the epidermal layers

Because in situ analyses revealed transgenic TERT expression in the epidermis of the skin, we asked if TERT induction altered differentiation or thickness of epidermal layers of the skin.  We assessed the differentiation of the stratum basalis by Keratin-14, the differentiation of the suprabasal keratinocytes by Keratin-1, and terminal differentiation in the stratum corneum by Loricrin (Fig S3). We found no changes in the differentiation or thickness of these layers with these markers. Therefore, TERT does not alter differentiation in the epidermis.

Investigation of genes in the epidermal growth factor pathway.

           Recent findings suggest that epiregulin and epidermal growth factor receptor were each upregulated in TERT-transduced human fibroblasts and mammary epithelial cells respectively 17,18. We therefore investigated whether changes in transcription of epidermal growth factor genes could contribute to TERT’s ability to induce an anagen (Fig S4).  We isolated RNA from the skin of non-transgenic mice and i-TERT mice administered doxycycline for 10 days, from early passage non-transgenic and i-TERT mouse embryonic fibroblasts treated with doxycycline for 2-7 days, and from non-transgenic and i-TERT keratinocytes treated with  doxycycline for 7 days.  After reverse transcription, we performed SYBR green-based quantitative PCR using primers specific for epidermal growth factor (EGF), epiregulin (EREG), transforming growth factor alpha (TGF), epidermal growth factor receptor (ERB1), and epidermal growth factor receptor 2 (ERB2).  Standard curves were generated using serial 10 fold dilutions of  cDNA from J1 mouse embryonic stem cells.  The expression level of each gene was then normalized to its corresponding GAPDH level and then displayed relative to the Tg(-doxy) control.  No significant increase in transcription was identified in any of these genes in i-TERT skin, keratinocytes, or mouse embryonic fibroblasts.  These data indicate that transcriptional changes in the epidermal growth factor family are unlikely to be contributing to the phenotype seen in the i-TERT mice. 
To investigate the post-translational activation state of the EGFR/RAS/MAPK pathway, we performed immunohistochemistry for activated ERK (Fig S5).  Using a positive control in which activated K-RAS led to hyperproliferation of the epidermis, we readily detected a highly specific nuclear signal for phospho-ERK, not present in normal epidermis.  In contrast, in i-TERT(+doxy) skin sections analyzed in parallel, we found no increase in phospho-ERK staining in epidermis or the hair follicle bulge region (arrow).  Similar results were seen for immunohistochemistry against phospho-MEK (data not shown). These data further suggest that TERT’s ability to induce hair follicles to enter anagen is unlikely mediated by the activation of the epidermal growth factor pathway. 
TERT induces anagen in hair follicles from tail epithelium


To study effects of TERT on label retaining cells in the hair follicle, we prepared wholemounts from mouse tail epidermis because it enabled us to assess changes in a large number of hair follicles.  We first confirmed that i-TERT(+doxy) led to increased TERT expression in the tail epithelium by RT-PCR (Fig S6a).  We then prepared wholemounts and visualized hair follicles with an antibody against Keratin-14. Follicles in i-TERT mice were consistently in anagen (asterisks), whereas the vast majority of hair follicles in non-transgenic tail epithelium were in telogen.  Because hair follicle cycling in the tail is less synchronized than hair follicle cycling in the skin, occasional hair follicles were in anagen even in non-transgenic tail epithelium (asterisks) (Fig S6b). These data show that the effects of TERT in tail epithelium closely mirror those in dorsal skin, enabling us to utilize the tail wholemounts for label retaining studies. 

Supplementary Materials and Methods

Cytogenetics

Spleens were obtained from 8 week old i-TERT mice on doxycycline, i-TERT mice off doxycycline, and non-transgenic mice.  Isolated spleens were then disaggregated using two glass slides to release single cells.  Red blood cells were lysed by osmotic shock and single-cell suspensions were prepared.  Lymphocytes were cultured at 37oC in RPMI medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin streptomycin, 0.15 µM  beta-mercaptoethanol.  and 10 µg/ml LPS (Sigma).  Each splenocyte preparation was divided into two separate cultures, with one treated with 2µg/ml doxycycline for 72 hours to induce TERT expression.  TERT expression was confirmed by Northern analysis.  


Mouse embryonic fibroblasts (MEFS) were prepared from i-TERT and non-transgenic day 13.5 embryos.  MEFS were treated with and without doxycycline and cultured at 37oC in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin.

For cytogenetics analysis, cells were incubated for 3 hours with colcemid (Gibco) (0.10 µg/ml), followed by hypotonic treatment with 75 mM KCl for 15 min, and fixed in methanol/acetic acid, 3:1.  The cell suspensions were dropped onto slides and air-dried.  Slides were then mounted with Vectashield mounting media plus DAPI (Vector Laboratories) and chromosomes were observed using a fluorescent microscope.

TUNEL and anaphase bridge analysis


TUNEL analysis was performed on 5µm paraffin sections (Apoptag, Chemicon).  Slides were deparaffinized,  treated with proteinase K, quenched in 3% hydrogen peroxide, and then incubated with terminal deoxynucleotidyl transferase to label apoptotic DNA with UTP-digoxigenin.  Finally, sections were incubated with HRP-conjugated anti-digoxigenin antibody and visualized by chromogenic detection and hematoxylin counterstain.  
Immunofluorescence

All assays were performed on 5m paraffin sections. Antigen retrieval was accomplished using the Vector Unmasking reagent (Vector Laboratories).  Mouse monoclonal primary antibodies were detected using a biotinylated anti-mouse IgG antibody (MOM, Vector Laboratories) followed by streptavidin-Cy3 (Jackson ImmunoResearch).  Polyclonal primary antibodies were blocked with 10% normal goat serum diluted in TBS-T. Sections were incubated in primary antibody overnight at 4oC and detected with either a FITC-conjugated anti-rabbit secondary antibody (Vector Laboratories) or a peroxidase-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch) and developed with DAB (Dako). Primary antibodies used were mouse anti-AE13, anti-AE15 (T. Sun), mouse anti-Ki-67 (Pharmingen), rabbit anti-K14 (Covance), rabbit anti-K1 (Covance), rabbit anti-Loricrin (Covance), rabbit anti-K6 (Covance), and phospho-ERK1/2 (Cell Signaling).

Dermal papilla staining

10um frozen skin sections were stained using NBT/BCIP (Roche) to detect endogenous alkaline phosphatase activity in the dermal papilla.
SYBR Green-Based Quantitative Real-Time RT-PCR

RNA isolated from skin, mouse embryonic fibroblasts, or keratinocytes were reverse-transcribed using Superscript II (Invitrogen) as per manufacturer’s protocol. Each cDNA sample was then analyzed by quantitative PCR using the iCycler thermocycler machine (BioRad). PCR was performed in a reaction volume of 20µl with 0.6µM of each primer and 100ng cDNA with  QuantiTect SYBR mix (Qiagen) according to the manufacturer’s instructions. Standard curves were generated using serial 10 fold dilutions of  cDNA from J1 mouse embryonic stem cells.  Amplification was performed using 40 cycles of denaturation (94°C), annealing (55°C), and extension (72°C).  The expression level of each gene was then normalized to its corresponding GAPDH level and then displayed relative to the i-TERT(-doxy) control.  To confirm amplification specificity, the PCR products from each primer pair were subjected to a melt curve analysis. PCR primers used are listed in Table S4.
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Supplementary Figure Legends

Figure S1 Telomeres remain stable and capped in i-TERT mice. a, Northern blot analysis showing induction of TERT in i-TERT MEFs treated with doxycycline for 72 hours (left) or splenocytes treated with doxycycline for 48 hours (right) as compared with controls. b, Representative metaphases from i-TERT +doxy cultures (MEFs, top and splenocytes, bottom) c, Average number of chromosomes, and number of fusions per metaphase found in non-transgenic, i-TERT(-doxy), and i-TERT(+doxy) samples.
 d, Apoptosis in skin sections from i-TERT(+doxy) mice at d50(anagen), WT d50 (telogen) and WT d28 (anagen).  Bar graph depicts the average number of TUNEL positive cells per hair follicle.  Error bars indicate standard deviation.  e, Representative anaphase bridges in hair follicles.  
Figure S2.  Intact differentiation and development in TERT-induced hair follicles.  In each panel, TERT-induced anagen (day 50), denoted Tg(+doxy), is compared to non-transgenic anagen (day 28) and age-matched non-transgenic mice in telogen (day 50), 60x.  a-d, RNA in situ hybridization for (a) Shh,  (b) Lef1, (c) Fgf5 (d) BMP4.  e-i, Immunofluorescence for (e) Keratin-6, (f) AE13,  (g) AE15, (h) Keratin-14, and (i) Ki-67.  j, alkaline phosphatase detection. k, H&E section, arrow indicates outer root sheath.
Figure S3. Intact differentiation of the epidermis in i-TERT(+doxy) skin.  Immunohistochemistry for (a) Keratin-1, (b) Loricrin, and (c) Keratin-14 in i-TERT(+doxy) skin and WT skin.
Figure S4.  TERT does not cause a significant change in EGF and EGFR family gene expression as assessed by quantitative real time PCR in mouse embryonic fibroblasts, skin, and primary keratinocytes.  Quantitative PCR analysis was performed in triplicate on at least two mice in each genotype.  The mRNA level in each sample was then normalized to its corresponding GAPDH level and then expressed relative to i-TERT(-doxy) control samples.  Quantitative PCR with primers specific for  a, EGFR b, ERB2 c, epiregulin d, TGF and e, EGF was performed on cDNA isolated from WT and i-TERT(+doxy) d50 skin, mouse embryonic fibroblasts untreated (-) and treated (+) with 2g/ml doxycycline for 1 week, and primary keratinocytes untreated (-) and treated (+) with 200ηg/ml doxycycline for 1 week. p value based on two-tailed t-test. Error bars indicate standard error. 
Figure S5.  TERT does not lead to activation of ERK, a downstream target of the EGFR pathway.  Immunohistochemistry for phospho-ERK in skin from K-ras transgenic mice, i-TERT(+doxy) d50 mice, and non-transgenic mice in anagen. 
Figure S6.  TERT induces anagen in hair follicles in mouse tail epithelium.

a, RT-PCR for TERT expression in tail epidermis isolated from i-TERT(+doxy) and WT mice.  GAPDH serves as a loading control. b, tail wholemounts stained with a Keratin-14 antibody (*=anagen hair follicles).
Table S1.  Number of mice biopsied in anagen or telogen at day 50 in each genotype. All mice were administered doxycycline starting at day 21.  Statistics was performed using chi square analysis.

Table S2. Three mice were administered doxycycline at day 40, when hair follicles were in telogen.  Serial biopsies were taken at time intervals after doxycycline administration.  Statistics was carried out by chi square analysis.

Table S3.  Number of mice that were analyzed in TERC-/-, TERC+/-, or TERC+/+ backgrounds.  Mice were administered doxycycline starting day 40 and biopsied at day 55.  Each biopsy was categorized as anagen or telogen based on histology. Statistics was performed using chi square analysis against controls.
Table S4.  Primer sequences used for SYBR green real-time RT-PCR experiments.  All reactions were run at an annealing temperature of 55°C.  Amplification specificity of the primers was confirmed using melt curve analysis.
