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Hamartomas are composed of cells native to an organ but abnormal in number, arrangement 
or maturity. In the tuberous sclerosis complex (TsC), hamartomas develop in multiple organs 
because of mutations in TSC1 or TSC2. Here we show that TsC2-null fibroblast-like cells grown 
from human TsC skin hamartomas induced normal human keratinocytes to form hair follicles and 
stimulated hamartomatous changes. Follicles were complete with sebaceous glands, hair shafts 
and inner and outer root sheaths. TsC2-null cells surrounding the hair bulb expressed markers 
of the dermal sheath and dermal papilla. Tumour xenografts recapitulated characteristics of 
TsC skin hamartomas with increased mammalian target of the rapamycin complex 1 (mToRC1) 
activity, angiogenesis, mononuclear phagocytes and epidermal proliferation. Treatment with an 
mToRC1 inhibitor normalized these parameters and reduced the number of tumour cells. These 
studies indicate that TsC2-null cells are the inciting cells for TsC skin hamartomas, and suggest 
that studies on hamartomas will provide insights into tissue morphogenesis and regeneration. 
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Hamartomas are benign tumours that contain components 
normally found in an organ, but in faulty mixture, organiza
tion or maturity1. Attempts to determine the basis for this 

disordered architecture have been hampered by a difficulty in iden
tifying and propagating the inciting cell type(s). Insights into the 
molecular defects contributing to the formation of some hamarto
mas have been realized by studying hamartoma syndromes such as 
the tuberous sclerosis complex (TSC)2.

Patients with TSC develop hamartomas in the brain, kidneys, 
heart, lungs and skin3. Skin hamartomas include facial angiofibro
mas, fibrous plaques (termed forehead fibrous plaques if in typical 
location) and periungual fibromas. These tumours contain fibro
blastlike cells, fibrous tissue and vessels as observed in normal 
skin, but in abnormal arrangement and increased amounts4–6. Hair  
follicles in both angiofibromas and fibrous plaques appear variably 
enlarged, elongated or increased in number, whereas periungual 
fibromas have a thickened epidermis but no hair follicles4–6. The 
significance of these follicular changes has been mostly ignored for 
over 50 years7; the viewpoint that hair follicles are passively involved 
in tumour connective tissue5 has dominated over the suggestion 
that angiofibromas and forehead plaques represent hamartomatous 
abnormalities of hair follicles4,8.

Hair follicle morphogenesis involves a complicated multistep 
interaction between the fetal mesenchyme and epithelium9. Hair 
follicle formation can also be induced experimentally in post
natal mice and rats by combining epithelial cells with hair fol
licle dermal cells, specifically dermal papilla or dermal sheath 
cells10,11. Dermal cells from mice or rats are also able to induce 
human foreskin keratinocytes to form hair folliclelike struc
tures12, but formation of human hair follicles by combining  
cultured postnatal human dermal and epidermal cells has not 
been achieved13.

TSC is caused by mutations of a tumour suppressor gene, 
either TSC1 or TSC2. The proteins encoded by these genes, TSC1 
(hamartin) and TSC2 (tuberin), function as a complex to regu
late the mammalian target of the rapamycin (mTOR) signalling  
pathway14. Tumour cells typically sustain a ‘secondhit’ mutation 
that inactivates the corresponding wildtype allele, and loss of  
function of the TSC1–TSC2 complex activates signalling through 
mTOR complex 1 (mTORC1)15–17. These observations prompted  
clinical studies using mTOR inhibitors, such as rapamycin 
(sirolimus), to treat TSC tumours. A decrease in size of renal angio
myolipomas, subependymal giant cell astrocytomas, lymphangio
leiomyomatosis and skin tumours18–25 has been demonstrated. 
Rapamycin is likely to arrest cell growth and decrease cell size  
in vivo. It may also eliminate tumour cells and inhibit angiogenesis 
or function by some other mechanism, and this information is 
needed to develop new treatment strategies to completely eradicate 
tumours.

To elucidate mechanisms of hamartoma formation and study 
drug action in vivo, there was a need for a xenograft model of TSC 
skin tumours. The groundwork for this model was our earlier obser
vation that fibroblastlike cells grown from most TSC skin hamar
tomas showed allelic deletion of TSC2, but no evidence of such  
twohit cells was detected in tumour epidermis26. In the current 
study, TSC2null fibroblastlike cells were incorporated into collagen 
and overlaid with normal neonatal foreskin keratinocytes, and these 
composites were grafted onto immunodeficient mice treated with  
or without rapamycin. This novel xenograft model replicated  
hamartomatous features of TSC skin tumours. Rapamycin 
decreased the numbers of TSC2null cells and markedly inhibited 
angiogenesis. Remarkably, TSC2null cells from some TSC skin 
tumours also induced hair follicle neogenesis. These studies indi
cate that TSC2null cells induce the morphological changes of  
TSC skin hamartomas.

Results
TSC skin tumours contain TSC2-null cells. Fibroblastlike 
cells, fibrous tissue and vessels were more abundant in TSC skin 
tumours than in normal skin (Fig. 1a). Fibroblastlike cells grown 
from tissue explants were screened for the loss of TSC2 expression 
using western blotting to obtain samples that were pure or highly 
enriched for TSC2null cells. Samples used in our xenografts 
were those in which TSC2 expression was undetectable or barely 
detectable, and mTORC1 was constitutively active, as indicated by 
hyperphosphorylation of ribosomal protein S6 under conditions of 
serum starvation (Fig. 1b).
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Figure 1 | Hair follicle formation in grafts containing TSC2-null cells. 
(a) Haematoxylin and eosin (H&E)-stained sections of a TsC patient’s 
normal-appearing skin (nL), fibrous forehead plaque (FP), angiofibroma 
(AF) and periungual fibroma (PF). scale bar: 320 µm. (b) Levels of TsC2, 
phosphorylated ribosomal protein s6 (ps6), s6 and β-actin as assessed 
by western blotting in serum-starved fibroblast-like cells isolated from nL, 
AF, FP and PF from different patients (P1–4). (c) Absence of hair follicles 
in dermal–epidermal composites grafted onto mice when made with TsC 
normal fibroblasts and human neonatal keratinocytes. scale bar: 320 µm. 
(d) Formation of hair follicles in dermal–epidermal composites grafted 
onto mice when composed of TsC2-null cells from a TsC fibrous forehead 
plaque and human neonatal keratinocytes. scale bar: 320 µm.
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TSC2-null cells induce hair follicles. To test the hypothesis that 
TSC2null cells are sufficient to induce morphological abnormali
ties of TSC skin hamartomas, we grafted TSC skin tumour cells 
orthotopically onto immunodeficient mice (Supplementary Fig. S1).  
For grafting, we adapted an extensively used system of in vitro- 
constructed dermal–epidermal composites, which form stratified 
epithelia but not hair follicles27. Our model used normal human 
neonatal foreskin keratinocytes with accompanying melanocytes, 
growing on a collagen matrix embedded with TSC2null fibroblast
like cells or with fibroblasts from normalappearing skin of the 
same patient (hereafter called TSC normal fibroblasts). In mice, 
killed 17 weeks after grafting, grafts containing TSC normal fibro
blasts formed skin without hair follicles (Fig. 1c). In contrast, grafts 
containing TSC2null cells from some TSC skin tumours formed 
hair follicles (Fig. 1d). Hair follicles were observed using TSC2null 
cells from three out of five patients, with follicles forming in 9 out 
of 18 grafts from these samples (Table 1). These results suggested 
that TSC skin tumour cells induced follicular neogenesis in foreskin 
keratinocytes.

Hair follicles in the grafts were appropriately spaced and ana
tomically complete. A hair shaft, sebaceous glands, concentric lay
ers of inner and outer root sheaths surrounded by a dermal sheath 
and hair bulb with dermal papilla, hair matrix and cortex were all 
present (Fig. 2a–d). Hair follicles in all phases of the hair cycle were 
observed. As in facial skin, more follicles were in catagen (regress
ing) and telogen (resting) than in anagen (growing; Fig. 1d). Hair 
shafts emerged from the skin surface but were not visible grossly, 
perhaps reflecting the origin of TSC2null cells from regions of the 
face where hair is not visible.

Xenograft hair follicles are human and fully developed. The 
hair shafts lacked the regularly spaced air pockets of murine hair, 
consistent with human origin. To establish the species of origin of 
the follicles, we performed immunohistochemistry with antibody 
reactive with human but not mouse COXIV28. Immunoreactivity  
was observed in the follicles, epithelium and dermis of xenografts 
(Fig. 2e,f). Similar results were obtained using a panhuman HLA 
class I monoclonal antibody (Supplementary Fig. S2a), with interfol
licular epidermis staining more intensely than follicular epithelium, 
as expected in normal human skin29. To distinguish between human 
foreskin keratinocytes and TSC2null cells from female patients, we 
performed fluorescence in situ hybridization using a probe for the 
human Ychromosome. The probe hybridized to nuclei in the epi
dermis and the follicular epithelium but not to the nuclei of dermal 
cells (Fig. 2g,h; Supplementary Fig. S2b). These results show that 
foreskin keratinocytes were induced to differentiate into several  
cellular components that compose normal hair follicles, confirming 
de novo hair follicle induction.

To confirm further the normality of induced hair follicles, we 
used immunohistochemistry to identify markers of specific com
partments of fully developed human hair follicles. Cells in the 
region of the dermal papilla and lower dermal sheath showed nor
mal reactivity30,31 with specific antibodies to human nestin (Fig. 2i,j) 
and human versican (Fig. 2k), and displayed alkaline phosphatase 
activity (Fig. 2l). Immunoreactivity for Ki67 was concentrated in 
the region of the hair matrix (Fig. 2m), typical of active anagen 
phase proliferation with robust hair shaft formation. Keratin 15, a 
marker of hair follicle stem cells located in the bulge region32, was 
localized in the basal layer of the outer root sheath (Fig. 2n,o), as 
observed in human angiofibromas8. Immunoreactivity for keratin 
75, a marker of the companion layer, was present in a single layer of 
cells between the inner and outer root sheaths (Fig. 2p), as observed 
in normal human hair33. Thus, by both morphological and immu
nohistochemical criteria34, fully developed human hair was present 
in xenografted skin.

Mutations in TSC2 identify tumour cells in xenografts. To  
demonstrate the presence of TSC2null cells in the dermal papilla/ 
lower dermal sheath regions of induced follicles, we investigated the 
genetic identity of these cells. Sequencing of TSC2null cells from a 
fibrous forehead plaque revealed a nonsense mutation in the TSC2 
gene, 1074G>A in exon 10, which converted UGG encoding tryp
tophan to the stop codon UGA (Fig. 3a). These cells also showed 
loss of heterozygosity at three microsatellite markers flanking the 
TSC2 gene (Fig. 3b), rendering the cells homo or hemizygous for 
the point mutation in exon 10. The point mutation introduced a 
new restriction site for BsmA1 cleavage of PCRamplified tumour 
DNA. Patient normal fibroblasts did not contain the mutation, 
which was present in additional skin tumour cells from this patient 
(Fig. 3c). These results are consistent with mosaicism for the point 
mutation in this patient with sporadic TSC. Sections of xenografts 
were microdissected (Fig. 3d) for restriction enzyme analysis that 
revealed mutant DNA in cells from the region of the dermal papilla/
lower dermal sheath, but not in follicular epithelium (Fig. 3c). The 
presence of TSC2null cells in this region suggests that TSC tumour 
fibroblastlike cells are oligopotent progenitor cells that can exhibit 
features of dermal fibroblasts or dermal papilla/dermal sheath cells.

Certain grafts did not form follicles; therefore, we examined 
whether there was selective loss of mutant cells in these grafts. 
Sequencing identified two point mutations in TSC2 in periungual 
fibroma cells from patient 2. One mutation, 4830G>A, was present 
in both patient’s normal fibroblasts and tumour cells and therefore 
represents the germline mutation (Fig. 3e,f). The second mutation, 
1058_1059delTC, was identified only in the tumour and there
fore represents the somatic mutation (Fig. 3g,h). Analysis of DNA 
extracted from laser microdissected dermis of grafts confirmed the 

Table 1 | Follicle formation in tumour grafts using cells from different patients.

Patient Tumour Germline  
mutation

Somatic  
mutation

Location Graft duration 
(weeks)

Grafts with hair follicles/ 
total HLA-positive grafts

1 Fibrous plaque nD nD Left forehead 17 0/4
1 Angiofibroma nD nD Left alar groove 17 0/4
2 Periungual fibroma 4830G>A 1058_1059delTC Right 4th toe 17 0/3
3 Fibrous plaque nD nD Right supraclavicular 17 1/5
4 Fibrous plaque 1074G>A* LoH† Central forehead 8 3/5
4 Fibrous plaque 1074G>A* LoH† Central forehead 17 2/3
5 Angiofibroma nD nD Right alar groove 17 3/5

nD, not determined.
All TsC patients were female, ages 20–51 years. Data are not shown for normal grafts, containing fibroblasts from patient normal-appearing skin (n=54) obtained from the postauricular area of each 
patient, which did not form hair follicles.
*mosaic.
†LoH, loss of heterozygosity 16p13.3.
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presence of the somatic mutation in tumour but not normal grafts 
(Fig. 3h). These results indicate that failure to form follicles by these 
periungual fibroma cells is not due to absence of TSC2null cells.

Angiofibroma cells express certain dermal papilla genes. To gain 
insights into the capacity of TSC2null cells from TSC skin tumours 
to induce hair follicles, we compared gene expression data from 

GEO data set GDS3281, comprising TSC angiofibroma cells and 
TSC normal fibroblasts in paired samples from four patients26, with 
homologous genes upregulated in mouse dermal papilla cells35,36. Of 
the 468 mouse dermal papilla genes, levels of 115 human homo
logues in cultured TSC angiofibroma cells were twofold or more 
compared with those in TSC normal fibroblasts, including eight 
genes significantly increased (P < 0.05; Supplementary Table S1).

Activated mTORC1 and altered composition of TSC skin 
tumours. To determine the extent to which our xenograft model 
recapitulated TSC skin hamartomas, we characterized the histologi
cal (Supplementary Fig. S3a,b) and immunohistochemical changes 
in fibrous plaques as a baseline for comparison. Fibroblastlike 
cells from TSC fibrous plaques, such as angiofibromas and ungual 
fibromas26,37, show greater immunoreactivity for phosphorylated 
ribosomal protein S6 (pS6) than do TSC normal fibroblasts (Supple
mentary Fig. S3c,d), consistent with elevated mTORC1 activity in 
TSC2null cells. The epidermis of TSC skin tumours also exhibits 
greater immunoreactivity for pS6 (Supplementary Fig. S3c,d), as 
well as greater proliferation (Supplementary Fig. S3e,f), than does 
normal skin. This may be caused by paracrine factors released by 
the TSC2null cells26. These changes in hamartoma fibroblastlike 
cells and epidermal cells are accompanied by marked increases 
in two additional cellular constituents, CD68positive mononu
clear phagocytes and CD31positive blood vessels (Supplementary  
Fig. S3g,h and i,j, respectively). It is possible that TSC fibroblastlike 
cells induce angiogenesis directly through the release of angiogenic 
factors or indirectly by recruiting proangiogenic mononuclear 
phagocytes37.

Rapamycin reverses changes induced by TSC2-null cells. We 
used our xenograft model to determine whether TSC2null cells 
were able to induce cytological and biochemical alterations, as  
well as to test the effects of rapamycin, an mTORC1 inhibitor. Our 
in vitro studies showed that rapamycin blocked mTORC1 activation 
in TSC2null cells (Fig. 4a) and decreased in vitro viability of TSC2
null cells to a greater extent than of TSC normal fibroblasts (Fig. 4b). 
To study the effects of rapamycin in vivo, we administered rapamy
cin (2 mg kg − 1), or an equal volume of vehicle, by intraperitoneal 
injection on alternate days for 12 weeks, beginning 5 weeks after 
grafting, to nude mice grafted with composites containing either 
TSC2null cells from a fibrous plaque or TSC normal fibroblasts. 
Mice were killed 24 h after the last injection for analysis of grafts by 
immunohistochemistry (Fig. 4c). There were no gross differences 
in size or appearance between tumour and normal grafts in mice 
with or without rapamycin treatment. Tumour grafts contained 
numbers of COXIVpositive cells in the dermis similar to those in 
normal grafts (Fig. 4d), but greater numbers of dermal cells immu
noreactive for pS6 (Fig. 4e). The epidermis of tumour grafts had 
greater intensity of staining for pS6 (Fig. 4f) and greater numbers 
of Ki67positive cells (Fig. 4g) than that of normal grafts. These 
findings strengthen our conclusion that the presence of TSC2null 
cells resulted in greater proliferation and mTORC1 activation of the 
overlying epidermis (consistent with human tumours), as tumour 
grafts and normal grafts were generated using the same neonatal 
foreskin keratinocytes. Tumour grafts contained greater numbers 
of mononuclear phagocytes (Fig. 4h) and higher vessel density, 
larger vessel size and total vessel area (Fig. 4i–k) than normal grafts. 
Qualitatively similar changes were observed comparing TSC2null 
cells from the other patient fibrous plaques, angiofibromas and per
iungual fibroma with control grafts constructed from TSC normal 
fibroblasts. These results show that TSC2null cells are sufficient to 
induce hamartomatous features of TSC skin tumours.

Rapamycin decreased human dermal cell number in tumour 
xenografts but had no significant effects on cell number in normal 
xenografts (Fig. 4c,d and Supplementary Fig. S4a,b). TSC2null cells 

Figure 2 | Characterization of hair follicles in grafts containing  
TSC2-null cells. Representative stained sections of grafts obtained  
17 weeks after grafting dermal–epidermal composites. (a) Hair follicles 
with sebaceous gland. (b) Longitudinal section of hair follicle with hair 
shaft. (c) oblique section of hair follicle sebaceous glands and outer  
root sheath, inner root sheath and hair shaft. (d) Hair bulb with dermal 
papilla, lower dermal sheath, matrix and inner and outer root sheaths.  
(e) Epithelial cells and scattered dermal cells reactive with human-specific 
CoX-IV antibody. (f) Hair follicle and dermal sheath cells reactive to 
CoX-IV antibody. (g) signals for a human Y-chromosome probe (red) 
mark foreskin-derived keratinocytes observed in the epidermis and hair 
follicles but not in dermal cells; DAPI (blue) nuclear stain. (h) signals for 
Y-chromosome probe in follicular epithelium but not in the surrounding 
dermal sheath. (i) Human-specific nestin antibody reactive with cells in 
the dermal papilla and lower dermal sheath region. (j) nestin antibody 
reactive with cells in the dermal papilla and hair bulb dermal sheath. (k) 
Human-specific versican antibodies reactive with mesenchymal cells of the 
dermal papilla and lower dermal sheath region of hair follicles. (l) Alkaline 
phosphatase activity localized in dermal papilla and lower sheath region 
of hair follicles. (m) Reactivity with antibodies against Ki-67, scattered in 
the basal layer of the epidermis and dense in the hair follicle matrix. (n) 
Keratin 15 immunoreactivity below follicular infundibulum. (o) Keratin 15 
immunoreactivity in the basal layer of the outer root sheath. (p) Keratin 
75 immunoreactivity in the hair follicle companion layer. Results shown 
are from patient 4; similar patterns of staining were observed in at least 
four tumour xenografts from patient 4 and in two tumour xenografts from 
patient 5. scale bars in a, b, e, g are 130 µm; for i, k, l, m, n, o, p are 65 µm; 
for c, d, f, j are 35 µm; and for h is 20 µm.
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persisted despite in vivo penetration of rapamycin, as shown by loss 
of pS6 immunoreactivity in dermal and epidermal cells (Fig. 4e,f). 
Rapamycin treatment decreased the number of Ki67positive epi
dermal cells, mononuclear phagocytes and vessel density, size and 
total area in tumour grafts (Fig. 4g–k). Rapamycin did not influence 
the percentage of grafts with hair follicles, hair follicle density or 
hair follicle diameter (Table 2).

Discussion
Our results indicate that TSC2null fibroblastlike cells are the incit
ing cells for TSC skin hamartomas. When these cells are grafted onto 
mice as composites overlaid with normal newborn keratinocytes, 
the grafted skin manifests features of TSC skin tumours. TSC2null 
cells directly or indirectly regulate multiple cell types, stimulat
ing angiogenesis, recruiting mononuclear phagocytes, increasing 
epidermal proliferation and inducing follicular neogenesis. The 
capacity of TSC2null cells to induce normal keratinocytes to form 
follicular epithelium suggests that TSC hamartomas reflect ongoing 
attempts at fetal tissue morphogenesis, whereby tumour cells con
tinue to convey inductive signals to other cells forming the tissue, as 
postulated by Sylvan Moolten in 1942 (ref. 38).

TSC2null cells from certain samples appeared to have a greater 
capacity for inducing hair follicles than did others. Sources of vari
ability include patient age (samples from patients under the age 
of 32 years induced follicles, whereas those from patients over 37 
years did not) and tumour type (cells from a periungual fibroma, a 
tumour type that does not contain hair follicles, did not induce fol
licles). Cell passage number is also expected to influence results as 
hair follicle induction in mouse dermal cells decreased with repeated 
passage of dermal cells39 or keratinocytes12. We grafted early pas
sage cells, but it is notable that tumour cells that induced follicles 
were combined with passage 3 keratinocytes and those that failed to 
induce hair follicles were combined with passage 4–5 keratinocytes. 

Other potentially confounding factors are differences in mutations 
or developmental timing of secondhit mutations. Additional stud
ies are required to determine the relative importance of these vari
ables on follicleinducing capacity.

TSC2null cells overexpress certain genes that are characteristic 
of dermal papilla cells; hence, follicleinducing tumour cells may 
share origins with hair follicle dermal cells. Some genes characte
ristically expressed by follicleinducing cells, such as nestin, versican 
and alkaline phosphatase, were not overexpressed by TSC2null cells 
in vitro, but were clearly ‘turned on’ in vivo in the follicular microen
vironment. Differences in gene expression patterns between TSC2
null cells and murine dermal papilla cells might reflect differences 
between species or alterations in gene expression related to loss of 
TSC2 function. Further studies are necessary to determine the rela
tionship between loss of TSC2 function and the capacity of these 
cells to induce hair follicles, although studies of other cell lineages in 
mice suggest that loss of Tsc1/Tsc2 function alters differentiation of 
multipotent progenitor cells. The loss of Tsc2 in radial glia increases 
a progenitor pool and decreases the number of neurons40, whereas 
deletion of Tsc1 in hematopoietic stem cells increases granulocyte
monocyte progenitors and decreases megakaryocyteerythrocyte 
progenitors41. Loss of TSC2 function in skin tumour cells may skew 
the differentiation of dermal cells towards follicleinducing cells 
and/or promote the preservation of follicleinducing capability  
in vitro.

Rapamycin decreased numbers of TSC2null cells and mono
nuclear phagocytes, as well as angiogenesis and epidermal prolif
eration. These results suggest that the decreased redness and size 
of TSC skin lesions observed in patients receiving systemic21 or 
topical24 rapamycin may result from both antitumour cell effects 
and antiangiogenic effects. The antiangiogenic effects of rapamy
cin may be due to direct inhibition of vascular endothelium and/or 
indirect effects, such as diminished release of angiogenic factors by 
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Figure 3 | Genetic analysis of TSC2-null fibroblast-like cells. upper panels a–d show results using samples from patient 4, and lower panels e–h show 
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in exon 10 of the TSC2 gene. (b) Analysis of microsatellite nucleotide-repeat polymorphisms flanking TSC2 at 16p13.3. Alleles are marked with arrowheads 
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Figure 4 | Effects of rapamycin on TSC2-null cells in vitro and in a xenograft mouse model. (a) Western blot of serum-starved cells treated with or 
without rapamycin (2 nm) for 24 h. Levels of phosphorylated s6K1 (ps6K1), total s6K1, ps6, total s6 and β-actin were assessed in TsC fibroblasts 
(normal) and in cells from a forehead plaque (tumour). similar results were obtained using cells from a periungual fibroma. (b) Inhibition of cell viability 
measured using mTT assay in TsC normal fibroblasts (white bars) and TsC2-null cells from a fibrous forehead plaque (black bars) treated with or 
without rapamycin for 3 days. Results are mean ± s.d. of values from four experiments. *P < 0.01. similar results were obtained using TsC2-null cells 
from a periungual fibroma. Panels c–k display the in vivo effects of rapamycin in mice with composite grafts containing TsC2-null cells or TsC normal 
fibroblasts from patient 4. (c) Immunohistochemistry for human CoX-IV, ps6, Ki-67 (proliferation), F4/80 (phagocytes) and CD31 (vessels) in four 
experimental groups: nV, TsC normal fibroblasts with vehicle treatment; nR, TsC normal fibroblasts with rapamycin treatment; TV, TsC2-null cells 
with vehicle treatment; TR, TsC2-null cells with rapamycin treatment. scale bar: 35 µm. staining was quantified as shown in d–k. White and black bars 
indicate means ± s.e. for vehicle- and rapamycin-treated animals, respectively. (d) Density of dermal cells reactive with human-specific CoX-IV. (e) 
Density of dermal cells reactive with ps6. (f) Intensity of staining for ps6 in the epidermis. (g) numbers of non-follicular epidermal cells reactive with 
Ki-67 relative to epidermal length. (h) Density of dermal cells reactive with F4/80. (i) Density of CD-31 positive vessels. (j) Average cross-sectional 
area of CD-31 positive vessels. (k) The ratio of vessel area to dermal area within grafts. numbers of mice were 13 for nV, 14 for nR, 12 for TV and 15 for 
TR. *P < 0.05; **P < 0.01; ***P < 0.001.

Table 2 | Hair follicle formation in tumour grafts in mice treated with or without rapamycin.

Sample Treatment Grafts with hair follicles/ 
total HLA-positive grafts

Follicular density 
(follicles/mm)

Follicular area/ 
dermal area (%)

Hair follicle  
diameter (mm)

Pt 4 FP Rapamycin 7/15 2.35 ± 0.09 9.3 ± 0.3 99.8 ± 6.0
Vehicle 7/12 2.16 ± 0.36 11.7 ± 2.5 116 ± 14

Follicular density, follicular area/dermal area, and hair follicle diameter are mean ± s.e. only for those grafts with follicles. Pt 4 FP=patient 4 fibrous plaque.
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TSC2null cells or recruitment of proangiogenic mononuclear cells. 
Rapamycin did not significantly affect hair follicle number or den
sity. The lack of effect on hair follicle parameters may indicate that 
induction of follicles is mTORC1 independent, or that rapamycin 
was ineffective after follicular neogenesis had commenced.

TSC2null cells from angiofibromas and fibrous plaques are tools 
for exploring follicular morphogenesis and regeneration. The fact 
that TSC skin tumours usually arise postnatally suggests the possi
bility of creating or amplifying the numbers of follicleinducing cells 
via agents or stimuli affecting the TSC1/TSC2/mTORC1 pathway 
and/or signalling pathways involved in the genesis of other follicular 
hamartomas. Just as studies of cancers have revealed mechanisms 
of cellular growth and proliferation, studies of hamartomas should 
provide insights into tissue organization and maturation.

Methods
Tumour samples and cell culture. Patients were diagnosed with TSC according  
to clinical criteria42 and enrolled in NHLBI Institutional Review Board–approved 
protocol 00H0051. Written informed consent was obtained from all patients. Skin 
samples from TSC patients were bisected in order to use one portion for histology 
and the other for cell culture. To isolate fibroblastlike cells, the skin biopsy samples 
from TSC patients were cut into small pieces and placed in DMEM with 10% fetal 
bovine serum (FBS) in culture dishes. The medium was changed twice weekly 
until the fibroblasts migrated out to cover the dishes. Cells were collected for serial 
passage and cryopreservation43. Keratinocytes were isolated from foreskins of uni
dentified normal neonates (provided by Dr Jonathan Vogel, NCI) and grown using 
standard methods44. Briefly, tissues were treated overnight with Dispase (Becton 
Dickinson Labware) at 4 °C. Epidermal sheets were separated from dermal sheets 
and digested with 0.05% Trypsin 0.53 mM EDTA (Invitrogen) at 37 °C for 20 min. 
Cells were collected and placed on tissue culture dishes in keratinocyte serumfree 
media (Invitrogen) supplemented with bovine pituitary extract and recombinant 
epidermal growth factor.

Cell treatment and protein measurement. Cells from TSC patients were seeded 
into 60mm dishes at 5×105 cells in DMEM with 10% FBS and treated with or  
without 2 nM rapamycin (EMD Biosciences) in serumfree DMEM for 24 h. Cells 
were lysed in protein extraction buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 1% 
Nonidet P40, 20 mM NaF, 2.5 mM Na2P4O7, 1 mM βglycerophosphate, 1 mM  
benzamidine, 10 mM pnitrophenyl phosphate, 1 mM phenylmethylsulphonyl  
fluoride) for quantification of TSC2 and pS6 by western blot as described26,37. 
Briefly, total proteins were separated in 10% (wt/vol) polyacrylamide gels and 
transferred to 0.45µm Invitrolon PVDF membranes (Invitrogen) before immuno
blotting with antiTSC2 (C20, Santa Cruz), antiphosphoS6 ribosomal protein 
(Ser235/236), antiS6 ribosomal protein antibodies (Cell Signaling), or βactin  
(SigmaAldrich), horseradish peroxidaseconjugated secondary antibodies  
(GE Healthcare) and a SuperSignal West Pico chemiluminescence detection kit (Pierce).

Cell viability assay. Cells from TSC patients were seeded in 96well plates 
(2,000 cells per well) with 10% FBS/DMEM and treated with rapamycin (0, 0.2, 2, 
20 nM) for 3 days. Cell viability was assessed using a MTT kit (CellTiter 96  
NonRadioactive Cell Proliferation Assay, Promega).

Creation of composites. Threedimensional in vitro composites were prepared for 
grafting using established methods45, modified as described. Briefly, TSC2null cells 
or TSC normal fibroblasts (passages 3–5) were mixed with 1 mg ml − 1 of rat tail col
lagen type 1 (BD Biosciences) in 10% FBS/DMEM and added to sixwell Transwell 
plates (Corning Incorporated) at 0.5×106 cells per well. The dermal constructs were 
grown in 10% FBS/DMEM for 3 days before addition of 106 foreskin keratinocytes 
on top. The dermal–epidermal composites were incubated for 2 days submerged in 
DMEM and Ham’s F12 (3:1) (GIBCO/Invitrogen) containing 0.1% FBS, after which 
the composites were brought to the air–liquid interface and grown for another 2 
days in DMEM and Ham’s F12 (1:1) containing 1% FBS.

Mouse grafting. Female 6 to 8weekold Cr:NIH(S)nu/nu mice (FCRDC, Fred
erick, MD) were anaesthetized using inhalant anaesthesia with isoflurane (2–4%). 
The grafting area on the mouse back was washed with povidine and 70% ethanol 
and excised using scissors. Composites were placed on the graft bed, covered with 
sterile petrolatum gauze and secured with bandages. The bandages were changed at 
2 weeks and removed after 4 weeks.

Animal treatment. Mice grafted with composites were treated with rapamycin 
(2 mg kg − 1) or vehicle (0.9% NaCl, 5% polyethylene glycol and 5% Tween80) every 
other day by intraperitoneal injection, as used in other mouse models46,47. Mice 
were treated for 12 weeks starting 5 weeks after grafting. All mouse experiments 
were conducted in accordance with relevant guidelines and regulations following 
protocol approval by the USUHS Institutional Animal Care and Use Committee.

Immunohistochemistry and quantification. Paraffin sections were deparaffin
ized and boiled in 10 mM sodium citrate buffer (pH 6.0) for 20 min. Frozen sections 
were fixed in acetone at  − 20 °C for 10 min. All sections were stained for cellular 
markers using specific antibodies and the Vectastain ABCAP kit or the Elite ABC 
kit with Vector Red or DAB substrate, respectively (Vector Laboratories). Numbers of 
positive cells, staining intensities and areas were quantified using an Olympus BX40 
microscope (Olympus) and Openlab 4.0 software (Improvision). Paraffin sections 
were stained for COXIV (1:500, 3E11, Cell Signaling), Nestin (1:30,000, 10C2, 
Millipore), Versican (1:1,000, V0/V1 Neo, Thermo scientific), keratin 15 (1:5,000, 
PCK153P, Covance), keratin 75 (1:1,000, K6hf, Progen Biotechnik GmbH), pS6 
(1:200, #2211, Cell Signaling), CD68 (1:50, KP1, DakoCytomation) and mouse CD31 
(1:30, ab28364, Abcam). Frozen sections were stained with HLAABC (1:20, W6/32, 
Serotec), Ki67 (1:250, SP6, Thermo Scientific) and F4/80 (1:1,000, Cl:A31, Abcam).

In situ alkaline phosphatase activity assay. Frozen sections were fixed in 
acetone for 10 min and incubated with preequilibration buffer (100 mM NaCl, 
50 mM MgCl2, 100 mM TrisHCl, pH 9.5, 0.1% Tween20) for 15 min at room 
temperature. BM Purple AP substrate (Roche) was applied for 2 h. The reaction was 
stopped with 20 mM EDTA in PBS.

Laser microdissection and DNA isolation. Cryosections were placed on Leica 
slides (Leica Microsystems) for membranebased laser microdissection. Cells from 
dermal sheath/dermal papilla, follicular epithelium, dermis and interfollicular epi
dermis were microdissected using the LEICA AS LMD laser dissection microscope 
(Leica). DNA was isolated using the PicoPure DNA Isolation kit (Molecular Devices).

TSC2 sequence analysis. DNA isolated from TSC2null fibroblastlike cells was 
sequenced for TSC2 mutations by Athena Diagnostics. A part of exon 10 of TSC2 
was amplified using AmpliTaq gold DNA polymerase (Applied Biosystems) and 
PCR primers 5′TGGTGTCCTATGAGATCGTCC3′ and 5′AAGGAGCCGT 
TCGATGTT3′ (for 1074G>A) or 5′AAGCAGCTCTGACCCTGTGT3′ and  
5′CACTGCGAATCACCAGAGAA3′ (for 1058_1059delTC). The PCR product 
was purified using the QIAquick Gel Extraction kit (QIAGEN) and sequenced  
using the 3130xl Genetic Analyzer (Applied Biosystems). To confirm DNA  
mutations using restricted enzyme digestion, PCR products were amplified using 
primers of 5′TGGTGTCCTATGAGATCGTCC3′ and 5′AAGGAGCCGTTCG 
ATGATGTT3′. The products were digested with BsmA1 or SacI for detecting 
1074G>A or 1058_1059delTC, respectively, and separated by electrophoresis in 10% 
Novex TBE (TrisBorateEDTA) polyacrylamide gels (Invitrogen). Part of exon 36 
was amplified and sequenced using primers of 5′CAATGAGCATGGCTCCTACA3′ 
and 5′GGCACCTCCTGATTACTCCA3′. The mutation of 4830G>A in exon 36 was 
confirmed by PCR amplification using primers of 5′TCATCGAGCTGAA 
GGACTGC3′ and 5′AGGCCGTACCTTGCATGAT3′, followed by restricted 
enzyme digestion with BslI and electrophoresis in 10% TBE gels.

Loss of heterozygosity analysis. Genomic DNA was isolated from TSC  
patient cells using DNeasy Blood & Tissue kit (QIAGEN) and amplified by PCR 
with primers flanking microsatellite loci D16S291, D16S521 and D16S663 on  
chromosome 16p13 (ref. 48). One primer of each pair was fluorescently labelled 
with 6FAM during synthesis (Invitrogen). PCR products were denatured in 
formamide containing GeneScan500 (Rox) size standards and separated on the 
Genetic Analyzer 3100 (PE Biosystems) capillary electrophoresis system.

Y-chromosome fluorescence in situ hybridization. The presence of malederived 
human cells in xenografts was analysed using the Vysis CEP Y (DYZ1)  
SpectrumOrange probe (Abbot Laboratories) according to the manufacturer’s  
protocol. Briefly, 8µm cryosections were airdried for 20 min before incubating  
in 2× SSC at 37 °C for 20 min. Following sequential dehydration in ethanol,  
sections were treated with 10 mM HCl plus 0.006% pepsin at 37 °C for 5 min  
and washed twice in PBS before dehydrating and airdrying. Sections were  
denatured in 70% formamide, 2× SSC at 73 °C for 5 min and dehydrated before 
hybridizing overnight with probe mixture (7 µl of CEP hybridization buffer, 2 µl  
of water and 1 µl of probe) at 42 °C. The sample was washed twice at 68 °C with  
2× SSC, 0.1% NP40 and counterstained by applying 10 µl of DAPI (Vector  
Laboratories) on each target area.

Gene array analysis. Gene array data deposited in the Gene Expression Omnibus 
(GEO) database26, www.ncbi.nlm.nih.gov/geo (GEO accession GSE9715 and GEO 
data set GDS3281), were analysed for levels of genes in TSC angiofibroma cells 
that were twofold or more than those in TSC normal fibroblasts. Affymetrix gene 
probes that were assigned an ‘absent’ call in all samples were excluded from the 
list, and significance was defined as P < 0.05 using a twotailed ttest. Genes over
expressed by TSC angiofibroma cells were intersected with the human homologues 
of dermal papilla genes listed in Supplementary Table S6 in Rendl et al.35 and  
Supplementary Table S1 in Driskell et al.36

Statistical analysis. Means and standard errors (s.e.) of data were analysed by 
twoway analysis of variance with interaction between two factors. One factor 
is the treatment group (vehicle and rapamycin) and the other is the cell source 
(normal and tumour). If significant, a Tukey–Kramer multiple pairwise compari
son procedure was used for assessing the difference of one group from others. 
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Significance was defined as P < 0.05, and all statistical tests were twosided.  
PC SAS version 9.2 software was used for statistical analysis. 
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