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Abstract
Tuberous sclerosis complex (TSC) is a pediatric disorder of dysregulated growth and differentiation caused by loss of function
mutations in either the TSC1 or TSC2 genes, which regulate mTOR kinase activity. To study aberrations of early development
in TSC, we generated induced pluripotent stem cells using dermal fibroblasts obtained from patients with TSC. During
validation, we found that stem cells generated from TSC patients had a very high rate of integration of the reprogramming
plasmid containing a shRNA against TP53. We also found that loss of one allele of TSC2 in human fibroblasts is sufficient to
increase p53 levels and impair stem cell reprogramming. Increased p53 was also observed in TSC2 heterozygous and
homozygous mutant human stem cells, suggesting that the interactions between TSC2 and p53 are consistent across cell
types and gene dosage. These results support important contributions of TSC2 heterozygous and homozygous mutant cells to
the pathogenesis of TSC and the important role of p53 during reprogramming.

Introduction
Tuberous sclerosis complex (TSC, OMIM #613254) is a genetic
disorder of pediatric onset characterized by benign tumor
growths (hamartomas) in multiple organ systems including the
brain, kidney, heart, skin, and lungs (1). The most debilitating
symptoms in TSC are a consequence of brain involvement, in-
cluding a high rate of epilepsy, autism spectrum disorder, and
learning disabilities (1). TSC is caused by a loss of function mu-
tation in either the TSC1 or TSC2 genes, which encode the pro-
teins hamartin and tuberin, respectively (2,3). These proteins
bind together and also associate with TBC1D7 to negatively reg-
ulate mTOR (mammalian/mechanistic target of rapamycin) ki-
nase complex 1 (mTORC1). Genetic loss of TSC1 or TSC2 leads to
elevated and constitutively active mTORC1 signaling that im-
pacts multiple processes including cell growth and protein
translation. The discovery that hamartin/tuberin regulates
mTORC1 kinase activity led to the use of mTORC1 inhibitors for

treatment of various aspects of TSC. Although mTORC1 inhibi-
tors effectively impact some aspects of the disease (e.g. sube-
pendymal giant cell astrocytomas [SEGA], angiomyolipomas
[AML], and lymphangioleiomyomatosis [LAM]), reversal of
growth is usually static and is restricted to the treatment period,
pointing to the need for a better understanding of mechanisms
controlling cell growth and differentiation (4–8).

Hamartomas in TSC are generally thought to arise from a
‘second-hit’ somatic mutation in the other allele of TSC1 or
TSC2, resulting in unhindered growth but leaving the surround-
ing heterozygous tissue functionally normal. While this model
is supported by existing data in kidney and lung, molecular
analyses of cortical hamartomas in the brain (‘tubers’)
demonstrate few if any cells with loss of heterozygosity (9–12).
Furthermore, imaging and pathologic data indicate abnormali-
ties also exist in non-hamartomatous regions including
decreased gray matter volume, abnormal white matter tracts,
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focal dyslamination, and dysplastic neurons (13–17). Recent
studies using human embryonic and induced pluripotent stem
cells also provide support for a haploinsufficient phenotype
(18,19). These results indicate an important role for heterozy-
gous mutations of the TSC1 and TSC2 genes during human
development.

Developmental brain abnormalities have been detected in
TSC patients as early as 20 weeks of gestation suggesting an im-
portant role for hamartin and tuberin in early prenatal develop-
ment (20–23). To better understand the impact of TSC2 loss on
development, we generated induced pluripotent stem cells (iPSCs)
using human dermal fibroblasts obtained from TSC patients and
control volunteers. We reprogrammed primary fibroblasts using
established episomal methods employing three plasmids express-
ing OCT4, KLF4, SOX2, L-MYC, LIN28, and a shRNA knockdown tar-
geted to TP53 (24). Knocking down p53 enhances reprogramming
efficiency and survival; however, the mTOR pathway is also
known to interact with p53. p53 inhibits mTORC1 signaling, nota-
bly upregulating TSC2, but the role of mTORC1 in the regulation of
p53 is less clear (25–30). Existing studies using cells with loss of
TSC1 or TSC2, including TSC patient AML samples, found mTORC1
activation of p53 with increased apoptosis or senescence (31–36).
As most studies were done in the context of homozygous loss of
TSC1 or TSC2, it is unclear how heterozygous loss of TSC2 in pa-
tient fibroblasts might affect p53 and stem cell reprogramming.
We now show that loss of one copy of TSC2 is sufficient to increase
p53 levels and inhibit reprogramming to iPSCs. These results indi-
cate critical interactions between hamartin/tuberin, mTOR, and
p53 to regulate stem cell reprogramming, cell maintenance, and
cell death.

Results
TSC patient fibroblasts harbor heterozygous mutations
leading to nonsense mediated decay of TSC2

To develop a human in vitro model of TSC, we derived primary
dermal fibroblast cultures from multiple patients with TSC. The
diagnosis of TSC was based on clinical presentation, genetic
testing, and imaging studies (Table 1). Fibroblasts were isolated
from patients’ normal-appearing skin or from TSC associated
skin lesions Shagreen patches or hypopigmented macules, (also
known as ‘ash leaf spots’). The original attempt was to acquire
fibroblasts with either heterozygous or homozygous genetic
mutations in TSC1 or TSC2 reasoning that normal appearing
skin had a germline mutation whereas TSC associated skin le-
sions also had a second somatic mutation. These Tuberous
Sclerosis Patient (TSP) cells were later sequenced using highly
redundant exome sequencing to identify pathogenic mutations
in either TSC1 or TSC2. For all TSP lines, we identified only het-
erozygous mutations of either TSC1 or TSC2 regardless of
whether the fibroblasts were obtained from normal appearing
skin or skin lesions (data not shown). Thirty-three percent of
the tested lines contained no identifiable mutation in TSC1 or

TSC2, broadly consistent with clinical testing for patients with
TSC (37). As mutations in TSC2 are more common than TSC1
and patients with mutations in TSC2 tend to have more severe
disease (38–41), we selected three well characterized patient
lines with nonsense mutations in TSC2 (denoted as TSP20,
TSP23, TSP31) (Table 1). As premature stop codon mutations
usually lead to nonsense mediated decay of RNA transcripts, we
sequenced mRNA from these patient lines. Only the wild-type
mRNA was detectable by sequencing in TSP20, TSP23, and
TSP31 fibroblast lines (Fig. 1A). Consistent with these sequenc-
ing results, mRNA levels of TSC2 and expression of tuberin pro-
tein in TSC2 heterozygous mutant fibroblast lines were both
reduced by approximately one-half compared with control fi-
broblasts (Fig. 1B and C, P¼ 0.039 and P¼ 0.016). As tuberin is an
important negative regulator of mTORC1 we next measured
phospho-S6, a downstream target of mTORC1. We did not ob-
serve increased mTORC1 activity in fibroblasts with or without
nutrient starvation (data not shown).

Selective retention of reprogramming plasmid with
shRNA against TP53

We next reprogrammed control (obtained from healthy unre-
lated volunteers) and TSP fibroblast lines to iPSCs by transfect-
ing episomal plasmids expressing the reprogramming genes
OCT4, KLF4, SOX2, L-MYC, LIN28, as well as a shRNA knockdown
targeted to TP53 (24). All TSP and control iPSC lines were vali-
dated as pluripotent both by expression of established stem cell
markers and the ability to differentiate to all three germ layers
(Supplementary Material, Fig. S1). The reprogramming plasmids
used are expected to remain episomal in the cytoplasm and
then be lost from emerging iPSCs through the repeated cell divi-
sion and passaging required for iPSC generation. As the original
publication from the Yamanaka laboratory reported occasional
genomic integration of the reprogramming plasmids (24), all
iPSC lines were checked for plasmid integration using a PCR as-
say. Although control lines showed the expected low rate of in-
tegration (20%) (24,42), TSP lines showed a marked increase in
the incidence of integration of one or more of the plasmids
(80%, Fig. 2A, P¼ 0.023). To determine whether this was consis-
tent across multiple rounds of reprogramming, we also included
several additional iPSC lines from controls and patients with
TSC that were not as fully characterized (Supplementary
Material, Table S3). The high rate of plasmid retention was an
unexpected finding that has not been observed while reprog-
ramming any of the other genetic disorders modeled with iPSCs
in our laboratory or those of collaborators (>100 independent
iPSC lines made to date, data not shown). In TSP lines, this could
be explained by an increased tendency to integrate any exoge-
nous DNA or may reflect a requirement for sustained expres-
sion from one or more of the plasmid-encoded genes to drive
cellular proliferation and survival during the stress of reprog-
ramming. To distinguish these possibilities, we designed PCR

Table 1. TSC patient clinical history, biopsy information, and genotyping

Patient Gene DNA
(NG_005895.1)

Protein
(NP_000539.2)

Exon Age of
Epilepsy Onset

Autism Intellec
Disability

Age at
dermal biopsy

Biopsy skin
lesion

TSP20 TSC2 g.11900T>A p.Cys203Ter 6/41 6 months Y Y 6 years Hypopigmented macule
TSP23 TSC2 g.34854C>T p.Arg1032Ter 26/41 6 months Y Y 2 years Hypopigmented macule
TSP31 TSC2 g.40172C>T p.Gln1419Ter 33/41 2 months Y Y 12 years Shagreen patch
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primer sequences to unambiguously identify each plasmid used
for reprogramming. In the control-integrated lines, one of the
two integrated control lines integrated only the OCT4/shTP53
plasmid and the other had integrated more than one plasmid.
In contrast, all of the TSP iPSC lines integrated only a single
plasmid, the one that expresses both OCT4 and the shRNA di-
rected against TP53 (Fig. 2B). Studies from our group and others
supporting a complex interaction between tuberin, mTOR, and
p53 led us to hypothesize that p53 signaling would be altered in
cells from patients with TSC (31–36). To determine whether the
incorporated shRNA to TP53 was expressed and functioning, we
measured p53 protein levels in non-integrated control, inte-
grated control, non-integrated TSP and integrated TSP iPSC
lines. For the integrated TSP lines, p53 protein levels trended
down but non-significantly reduced to 65% of control non-
integrated iPSC levels (Fig. 2C, P¼ 0.259). Furthermore, inte-
grated iPSCs displayed increased proliferation and survival
following single-cell suspension, which is consistent with de-
creased p53 levels (data not shown). Given a recent report show-
ing that human stem cells acquire mutations in p53 in culture,
we further sequenced 16 identified ‘hot spots’ in our original fi-
broblasts as well as several iPSC lines. We did not identify any
mutations in p53 that might explain the increased rate of inte-
gration in the TSC patient lines (43).

Increased levels of p53 in TSC2 heterozygous mutant
fibroblasts

In normally growing ‘unstressed’ cells, p53 is a transcription factor
that is rapidly ubiquitinated by MDM2 and degraded. However, fol-
lowing DNA stress, p53 is stabilized in the nucleus where it regu-
lates gene transcription. We examined p53 levels and found
expression in both TSP and control fibroblasts were barely detect-
able by immunoblotting and immunofluorescence. We tested
whether p53 activity was increased in TSP fibroblasts after DNA
damage. Control and heterozygous TSC patient fibroblasts were
exposed to UV light, and 24 h later nuclear p53 was measured by
immunofluorescence. The mean fluorescent intensity of p53 was
significantly higher in TSC2 heterozygous mutant fibroblasts com-
pared with controls (Fig. 3A, P¼ 0.012). To test whether the in-
crease in p53 was due to increased mTORC1 activity, we treated
fibroblasts with the mTORC1 inhibitor rapamycin beginning 24 h
before and continuing 24 h after UV challenge. Rapamycin treat-
ment at concentrations near the IC50 (0.2 nM) decreased nuclear
p53 levels in both control and TSP cells (Fig. 3A, P¼ 0.008). With
rapamycin treatment, the p53 signal decreased in both wildtype
and TSP cells, and in TSP cells was reduced to the level of
untreated control cells (Fig. 3A). This pattern is consistent with an
interaction between TSC2, mTORC1 and p53.

Figure 1. Heterozygous nonsense mutations in TSC2 result in reduced tuberin mRNA levels and protein. (A) Sequencing confirms single nucleotide changes causes pre-

mature stop codons in TSC2þ/� fibroblasts. DNA sequencing reveals wild type and mutant allele but only wild-type allele was detected in mRNA. (B) TSC1 and TSC2

mRNA quantified by qPCR in control and TSC patient (TSP) fibroblasts (n¼3 average of four experimental replicates; P¼0.039, t-test). (C) Tuberin and hamartin protein

quantified by immunoblot (n¼3; P¼ 0.016, t-test).
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To determine the impact of TSC2 heterozygous mutations on
the response to DNA damage, p53 levels in control and TSP fi-
broblasts were measured at 0, 8, 16, and 24 h following UV chal-
lenge. p53 levels rapidly increased with TSP fibroblasts
upregulating p53 significantly more relative to controls (Fig. 3B,
P¼ 0.035). Tuberin protein levels were also significantly in-
creased in response to UV challenge, consistent with previous
studies (Fig. 3B, P< 0.0001, time) (28,29). However, the relative
response was similar in both control and TSP fibroblasts, sug-
gesting the wild-type copy of TSC2 is appropriately upregulated
in TSC2 heterozygous mutant fibroblasts following UV exposure.
To further assess p53 activity and function, we measured p21, a
cyclin-dependent kinase inhibitor whose levels are regulated by

p53. Levels of p21 increased post-UV challenge and TSP lines
displayed increased p21 relative to controls (Fig. 3B, P¼ 0.01).
mTORC1 signaling, as measured by phospho-S6 levels, showed
a small initial increase at 8 h before normalizing to pre-
challenge levels; however, no difference between control and
TSP lines was observed (Fig. 3B). The activity of mTORC2, as
measured by pAktSer473, decreased following UV challenge but
there was, again, no difference between control and TSP fibro-
blasts for genotype but there was for time (Fig. 3B, P¼ 0.836 and
P¼ 0.001).

Impaired reprogramming and cell death in TSC2
heterozygous mutant cells

p53 has been reported to be increased during cellular reprog-
ramming, likely via the DNA damage pathway, and knocking
down p53 enhances reprogramming efficiency (24,44–47). We
hypothesized that the increased p53 levels seen in TSC2 hetero-
zygous mutant fibroblasts would impair reprogramming effi-
ciency. To test this, we embarked on further rounds of
reprogramming using two control and three TSP fibroblast lines
with either the same three programming plasmids used previ-
ously or by using the same genes except omitting the shRNA
cassette directed against TP53. Three weeks following plasmid
reprogramming, we stained the resulting iPSC colonies for
alkaline phosphatase (AP) as a marker of pluripotency and
quantified the number of positive AP colonies (Fig. 4A).
Reprogramming efficiency was significantly reduced in TSC2
heterozygous mutant fibroblasts compared with controls
reprogrammed with shTP53 (Fig. 4A, P¼ 0.015). We found
reprogramming efficiency correlated inversely with the ex-
pected p53 levels: the number of APþ colonies was highest in
control fibroblasts reprogrammed with the shTP53 and lowest
in TSC2 heterozygous mutant fibroblasts reprogrammed with-
out the shTP53 plasmid. As AP is an early marker of pluripo-
tency, we also picked and expanded several iPSC colonies from
each experiment and stained them for the more mature stem
cell marker TRA-1-60. We found TRA-1-60 positive colonies
from all control and TSP lines reprogrammed with or without
shTP53 (data not shown). Given the known role for p53 in regu-
lating apoptosis, we next hypothesized that increased p53 in
our TSP fibroblasts would lead to an increased rate of apoptosis
during reprogramming. We first measured apoptosis in fibro-
blasts by Annexin V staining 24 h after UV challenge. We found
a significant increase in the percentage of Annexin V positive
apoptotic cells in TSP fibroblast lines (Fig. 4B, P< 0.05). To deter-
mine whether mTORC1 signaling contributes to this finding, we
next treated fibroblasts with rapamycin for a total of 48 h, start-
ing 24 h before UV challenge and 24 h after. There was a signifi-
cant interaction between rapamycin treatment and genotype
(Fig. 4C, P¼ 0.012). Rapamycin had divergent effects on apopto-
sis in control and TSP fibroblasts. While rapamycin significantly
increased apoptosis in control fibroblasts, there was a trend to-
wards decreased apoptosis in TSP fibroblasts (Fig. 4C, P< 0.05).

Possible mechanisms of increased levels of p53 in TSC2
heterozygous mutant cells

We next sought to determine the molecular mechanism of in-
creased p53 protein in TSC2 heterozygous mutant fibroblasts.
We first measured TP53 mRNA levels and found no increase in
TP53 mRNA at baseline or following challenge with UV light
(Fig. 5A and B). We instead observed decreased TP53 mRNA in

Figure 2. Increased integration of reprogramming plasmids in TSP iPSC lines.

(A) PCR for continued presence of the reprogramming plasmids at passage�10.

Multiple iPSC clones generated from five individual patients and five individual

controls were analysed. Plasmid bands were detectable in eight of ten TSC2 het-

erozygous mutant clones analysed and two of ten control clones from control

volunteers (P¼0.023, Fisher‘s exact test). (B) PCR to distinguish between the

three reprogramming plasmids (C) Protein levels of p53 were measured by im-

munoblot in non-integrated or integrated control and TSP iPSC lines (average of

2–3 experimental replicates; P¼0.259, t-test). See also Supplementary Material,

Figure S2.
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Figure 3. TSC patient fibroblasts display increased p53 in response to UV light. (A) Three control and two TSC patient fibroblast lines were challenged with UV light and

then immunostained for p53. Cells were treated with 0.2 nM rapamycin for 24 h before through 24 h after UV challenge. Mean fluorescent intensity of p53 was quanti-

fied in nuclei defined by Hoechst staining. Nuclear p53 was analysed by two-way ANOVA in UV-treated cells (n¼2-3; interaction P¼ 0.532, genotype P¼0.012, rapamy-

cin treatment P¼0.008; Bonferroni post-test control UV vs TSP UV P<0.01). (B) Fibroblast lines were exposed to UV light and protein isolated at 0, 8 16, and 24 h

post-exposure was analysed by immunoblot. (n¼3, average of 3–4 experimental replicates; two-way ANOVA). See also Supplementary Material, Figure S3.
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TSP cells following challenge with UV light (Fig. 5B, P¼ 0.025). As
alternative splicing results in multiple TP53 isoforms (48), we
designed primers for both the 3’ end (Fig. 5A and B) and the
5’ end (Supplementary Material, Fig. S4) of the full-length tran-
script and found similar results. We next used the protease in-
hibitor MG132 to inhibit degradation of p53 in order to isolate
the contribution of translation to increased p53 protein levels.

Control and TSP fibroblasts were treated with MG132 for 6 h
with or without UV light challenge. There was, again, no differ-
ence in p53 protein levels between patient and control fibro-
blasts after 6 h of MG132, with or without UV light challenge
(Fig. 5C). Degradation of p53 protein is tightly regulated by
ubiquitination by MDM2, which is activated by phosphorylation
at serine residue 166. There were no differences seen in

Figure 4. Impaired reprogramming and increased apoptosis in TSC patient fibroblasts. (A) Control (CA, CC) and patient (T20, T31, T23) fibroblasts were reprogrammed

with the three plasmids including either the Oct4 plasmid containing shRNA to TP53 or the Oct4 plasmid alone. Pluripotent colonies were stained for alkaline phospha-

tase. Alkaline phosphatase positive colonies were counted using gray scale images in ImageJ (n¼2 controls and 3 patients, average of 1–2 wells per individual;

P¼0.015, t-test). (B) Fibroblast lines were challenged with UV light and apoptosis measured by Annexin V staining by flow cytometry. Annexin V versus propidium io-

dide is plotted for untreated and UV challenged fibroblasts; control (blue) and TSP (green) samples have been combined for display purposes. (n¼3 controls and 2 TSP,

average of 2 experimental replicates; interaction P¼0.048, genotype P¼0.189, UV treatment P¼0.007; Bonferroni post-test control UV vs TSP UV P<0.05).

(C) Fibroblasts were treated with 0.2 nM rapamycin or DMSO for a total of 48 h, starting 24 h before UV challenge and ending 24 h after. Apoptosis was measured by

Annexin V staining by flow cytometry. (n¼3, average of 2 experimental replicates; interaction P¼0.012, genotype P¼0.678, rapamycin treatment P¼ 0.032; Bonferroni

post-test Control Vehicle vs Rapa P<0.05).
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pMDM2Ser166 levels and it was appropriately upregulated in re-
sponse to increased p53 levels in both controls and TSP lines
(Fig. 3B). We next tested the stability of p53 protein by treating
cells with the translation inhibitor cycloheximide. Fibroblasts
were challenged with UV light 24 h prior to treatment with cy-
cloheximide and protein samples were taken before and after
1 h of cycloheximide treatment. There was no difference in the
relative protein remaining following treatment supporting a
similar degradation rate of p53 protein in control and TSP fibro-
blasts (Fig. 5D).

p53 is increased in TSC2 heterozygous and homozygous
mutant iPSCs

To confirm the interaction between tuberin and p53 was not
limited to one cell type, we also measured p53 levels in addi-
tional TSC2 heterozygous iPSC lines generated using non-
integrating Sendai viruses. Consistent with our results in
heterozygous fibroblasts, mTORC1 activity was not elevated in
TSC2 heterozygous TSP iPSCs with or without nutrient starva-
tion (data not shown). Following 1 h of treatment with the DNA
damaging agent neocarzinostatin, p53 was significantly ele-
vated in TSC2 heterozygous mutant cells (Fig. 6A, P¼ 0.04). To
further analyse the interaction between tuberin and p53, we
also generated TSC2 homozygous mutant human iPSCs using
CRISPR-Cas9 technology (49). At baseline, p53 is significantly el-
evated in TSC2 homozygous mutant iPSCs compared with iso-
genic control lines (Fig. 6B, P¼ 0.03). TSC2 homozygous mutant
lines at baseline have unchanged phospho-S6, phospho-4EBP1,
and phospho-AktSer473 levels (Fig. 6B). However, as iPSCs are

maintained in mTeSR media that is nutrient-rich, these condi-
tions likely do not reflect cell responses to changing stresses
and metabolic demands. To address this point, we nutrient
starved cells for 2.5 h in DMEM without glucose or serum.
Wildtype cells decreased mTORC1 signaling appropriately, re-
flecting a switch in cellular metabolism from anabolic to cata-
bolic. In contrast, TSC2 homozygous cells appeared unable to
inhibit mTORC1 signaling with pS6 levels remaining high
(Fig. 6C, P¼ 0.0002) However, when cells were starved in media
without amino acids (HBSS), which signal to mTORC1 through
Rag GTPases rather than tuberin/hamartin (50), both wildtype
and TSC2 homozygous mutant cells appropriately inhibited
mTORC1 signaling (Fig. 6C). We again measured p53 stability
but found no difference between isogenic controls and TSC2
homozygous iPSC lines (data not shown). Treatment with the
protease inhibitor MG132 to isolate the contribution of tran-
scription and translation to the p53 phenotype also did not re-
veal a difference between isogenic controls and TSC2
homozygous iPSC lines (data not shown). Treatment of the
iPSCs with the DNA damaging agent neocarzinostatin for 1–2 h,
increased p53 levels in both control and mutant lines.
Homozygous mutant TSC2 homozygous iPSCs also displayed in-
creased p53 levels relative to control lines (data not shown).

Discussion
Our initial intent was to generate heterozygous and homozy-
gous TSC2 mutant iPSCs from TSC patient fibroblasts to study
the impact of gene dosage on somatic cell reprogramming and
subsequent differentiation to various lineages impacted in TSC.

Figure 5. Stability, mRNA and translation of p53 in TSC2þ/� fibroblasts. (A) mRNA levels of TP53 in fibroblasts were measured by qPCR at baseline using primers di-

rected to the 3’ end of the gene. Samples were normalized to ACTIN and PGK1. (n¼3, 4 technical replicates; P¼ 0.334, t-test) (B) Fibroblasts were challenged with UV

light. Levels of TP53 mRNA were measured 24 h later by qPCR using primers directed to the 3’ end (n¼ 3, 4 technical replicates; P¼0.023, t-test) (C) Fibroblasts were

treated with the proteasome inhibitor MG132 for 6 h with or without UV challenge. p53 protein levels were analysed by immunoblot. (D) Fibroblasts were challenged

with UV light and 15 h later treated with the translation inhibitor cycloheximide (100 lM) for 2 h. P53 protein levels were analysed by immunoblot. See also

Supplementary Material, Figure S4.
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This approach was designed to study the current favored ‘two
hit’ model of TSC where the initial genetic event is a germline
mutation in either TSC1 or TSC2 followed by a second somatic
mutation in the other allele of TSC1 or TSC2. This model predicts
that normal appearing tissues in patients with TSC to be hetero-
zygous whereas any TSC associated focal abnormalities includ-
ing skin lesions to be due to homozygous mutations. Despite
deep sequencing of multiple primary lines, we were unable to
find any homozygous mutant fibroblasts; all lines studied had
only heterozygous mutations of TSC2 and tuberin was clearly
present albeit reduced. Consistent with genotyping results, no
difference in mTORC1 signaling was observed in patient

fibroblast cells. This suggests that homozygous fibroblasts do
not survive during the transition to fibroblast culture or do not
contribute significantly to hypopigmented macules or Shagreen
patches. A recent publication reported that focal areas of hypo-
pigmentation in patients with TSC result from loss of heterozy-
gosity in melanocytes rather than fibroblasts (51).

Unexpectedly, by reprogramming TSC2 patient derived
fibroblasts to make iPSCs, we also found strong evidence for an
important role for p53. This supports a model of TSC2 haploin-
sufficiency contributing to cell dysfunction and clinical mani-
festations. Previous reports support a connection between loss
of TSC1 or TSC2 and increased p53, but the nature of this inter-
action remains unclear. Potential mechanisms include S6 ki-
nase mediated phosphorylation and inhibition of MDM2,
decreased Akt mediated phosphorylation and activation of
MDM2, increased translation of MDM2-inhibitor ARF, or in-
creased p53 translation or transcription (32,36,52–54). The
mTOR/p53 pathways may act together within a negative feed-
back loop where increased mTORC1 leads to increased p53 and
sensitivity to DNA damage in proliferating cells. Completing
this potential feedback loop, increased p53 activity in response
to DNA damage or other cellular stress may inhibit mTORC1 to
decrease the potential for excessive proliferation. Fibroblasts in-
crease tuberin levels in response to DNA damaging agents; how-
ever, in the presence of a heterozygous mutation in TSC2, p53
levels increased above the usual response seen in control cells,
suggesting that this critical feedback loop is disrupted.
This may then contribute to one paradox seen in TSC, that de-
spite having mutations in the mTORC1 pathway, cancer is very
rarely seen.

The mTORC1 inhibitor, rapamycin, inhibited p53 accumula-
tion following DNA damage, supporting an interaction between
these two pathways. However, no difference in mTORC1 signal-
ing was observed in heterozygous fibroblasts; such differences
may be below the level of current detection, require environ-
mental/nutrient stresses or mTORC1-independent mecha-
nisms may further contribute to heterozygous phenotypes.
Interestingly, rapamycin had a diverging effect on apoptosis in
control and TSP fibroblasts. There was a trend towards enhanc-
ing apoptosis in control fibroblasts and inhibiting apoptosis in
TSP fibroblasts. Although loss of TSC2 or TSC1 sensitizes cells to
cell death (31–34,36), the effect of rapamycin on apoptosis and
p53 is more complicated and appears to be cell type specific [re-
viewed in (55)]. Our results suggest that rapamycin sensitizes
cells to apoptosis in wildtype fibroblasts but in the setting of
heterozygous loss of TSC2, which have increased p53 and apo-
ptosis, the dominant effect of rapamycin is to correct the phe-
notype and inhibit apoptosis.

Tuberin and p53 may intersect in multiple ways; however,
we did not find a significant increase in p53 stability, phospho-
MDM2 protein, p53 transcription/translation, or TP53 mRNA lev-
els in TSC2 heterozygous mutant cells. Some of these changes
may simply be below the sensitivity of current methods of de-
tection. As treatment with MG132 induces other stress path-
ways and TSC2 homozygous mutant cells in general appear to
be more sensitive to ER stress via proteasome inhibition (56), it
is possible that these other functions are obscuring any differ-
ence in p53 transcription or translation between controls and
TSC patient cells. In the future, translation can be measured
more directly using polysome profiling or radioactive labeling of
proteins. Interestingly, we observed a decrease in TP53 mRNA
levels in TSC2 heterozygous mutant fibroblasts following UV

Figure 6. Increased p53 in heterozygous and homozygous TSC2 mutant stem

cells. (A) Non-integrated iPSC lines generated from TSC2 heterozygous patient fi-

broblast lines treated with the DNA damaging agent neocarzinostatin for 1 h

show increased p53 relative to controls. (n¼6, 1–3 experimental repeats per

sample; P¼ 0.04 t-test) (B) Protein levels of p53 and mTORC1/mTORC2-related

proteins were measured at baseline in homozygous knockout and control

stem cells (n¼14, 2 clones with 7 experimental repeats; P¼0.03 t-test).

(C) Homozygous TSC2�/� and isogenic control stem cells were nutrient starved

for 2.5 h in DMEM without glucose or HBSS media. Protein levels of pS6 were ele-

vated in TSC2�/� iPSCs following nutrient starvation. (n¼4, 2 clones with 2 ex-

perimental repeats; P¼0.0002 t-test) See also Supplementary Material, Figure S5.
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exposure. There is conflicting evidence for p53 autoregulating
its own transcription either positively or negatively (57–60).
Our observation of inversely correlated patterns of TP53 mRNA
and protein levels with heterozygous loss of TSC2 is most con-
sistent with negative autoregulation.

While a circuitous route was required to finally generate
them, we now report the first generation of isogenic iPSCs with
homozygous knock-out of the TSC2 gene. Using CRISPR-Cas to
generate isogenic lines, we were able to confirm that loss of
tuberin leads to increased p53, both at baseline and in response
to DNA damage. Further, we used a non-integrating Sendai viral
method to reprogram heterozygous TSP fibroblasts to iPSCs.
Using heterozygous TSP Sendai-generated iPSCs, we were also
able to confirm that the increased p53 seen in patient fibroblasts
in response to DNA damage also applied to the pluripotent stem
cell state.

Relative levels of p53 during reprogramming tightly correlate
with reprogramming efficiency; knocking down or knocking out
p53 enhances formation of pluripotent colonies while activating
p53 with the pharmacological agent Nutlin inhibits reprogram-
ming (44,45). However, permanent loss of p53 enhances reprog-
ramming at the expense of later genomic instability (46).
The addition of shRNA to TP53 to the episomal plasmids at-
tempts to circumvent this issue by transiently knocking down
p53 only during reprogramming. Then, with the expected loss
of episomal plasmids during cell division, p53 levels are re-
stored to normal levels following the reprogramming process.
Reprogramming efficiency we found correlated inversely with
the theoretical levels of p53 in our fibroblasts, which was con-
sistent with previous publications demonstrating increased
reprogramming efficiency with knock-down or mutation of p53.
However, the shRNA against p53 was not sufficient to com-
pletely rescue the TSC reprogramming phenotype. The transi-
tion of fibroblasts from partially reprogrammed cell to stable
stem cell is regulated by a complicated network of changes and
there likely are p53-independent alterations in the reprogram-
ming process resulting from the heterozygous loss of TSC2.
Future studies will dissect the contribution of TSC2 to each stage
of reprogramming and stem cell maintenance. One previous
study observed a tendency of integrated iPSC lines to integrate
the OCT4/shTP53 plasmid preferentially, presumably due to a
growth advantage conferred by continued inhibition of p53 (42).
We hypothesize that a similar mechanism is occurring in het-
erozygous cells but at a higher rate due to increased p53 in TSC
patient derived cells allowing continual p53 knockdown during
the reprogramming process.

Finally, our results suggest that loss of one copy of TSC2 is
sufficient to alter the cellular response to DNA damage and
stress during reprogramming. The increased apoptosis in TSP
derived lines then may further explain why cancer is quite rare
in TSC and why any malignant transformation is usually associ-
ated with p53 deletion (34,61). We further speculate that the in-
creased rate of apoptosis may also clarify why neural cells with
second hits are either very rare or undetectable in the cortical
lesions, (tubers) of patients with TSC. p53 also affects neural
stem cell differentiation and self-renewal (62–66) and we further
hypothesize that even small disruptions in p53 pathways, like
those seen in our heterozygous cells, could alter neural develop-
ment. Future studies will address regulation of cell death and
neural development by gene dosage and non-cell-autonomous
effects using control, heterozygous and now homozygous mu-
tant TSC2 stem cell lines.

Materials and Methods
Cell culture and stem cell reprogramming

Fibroblasts were isolated from control volunteers (male, age
24 years, CA; female, age 18 years, CC; male, age 25 years, CX) or
TSC patients (ages 2–12 years, female Table 1) from normal-
appearing skin and TSC associated skin lesions (Shagreen
patches or hypopigmented macules). Fibroblasts were cultured
in DMEM with 10% FBS, 1% non-essential amino acids, and 1%
pen-strep.

Fibroblasts were reprogrammed by transfection of cells us-
ing the Neon system (Invitrogen) with plasmids expressing
KLF4, SOX2, OCT4, L-MYC and LIN28 with or without shRNA to
TP53 (Addgene #27076, 27077, 27078, 27080) according to previ-
ously published protocols (24). Cells were switched to TeSR-E7
media (StemCell Technologies) 48 h post-transfection. Three
weeks post-transfection, some cultures were stained for alka-
line phosphatase expression following fixation with 2% parafor-
maldehyde (Millipore SCR004). Pluripotent colonies positive for
alkaline phosphatase were quantified in ImageJ (ver1.50e) by
analysing grayscale images, setting a threshold for positive
staining, and counting the number of colonies with area�2 pix-
els (67). Concurrently colonies from parallel plates were picked
and transferred to Matrigel treated plates and grown in mTeSR1
media (Corning; StemCell Technologies).

Sendai reprogramming was performed using the CytoTune
iPS 2.0 Sendai Kit (ThermoFisher) in feeder-free conditions ac-
cording to manufacturer‘s instructions. Nascent stem cells were
passed to Matrigel and grown in mTeSR after one week.

Protein stability and translation

For p53 stability and translation analyses, cells were treated
with 100 lM cycloheximide (Sigma 7698) or 1 lM MG132
(Millipore 474790). Appropriate doses were determined by in-
cell Western assay to measure the dose at which puromycin in-
corporation into the nascent transcript was inhibited or p53
was stabilized.

Sequencing

Mutation screening of TSC fibroblast samples was performed
using highly redundant exome sequencing in candidate genes.
Genomic DNA was isolated and sheared, then exon-containing
DNA captured using SureSelect XT (Agilent). Next generation se-
quencing was done on an Illumina HiSeq2000 (Solexa) through
the Vanderbilt Genome Sciences Resource. Variants were sub-
mitted to the TSC2 Leiden Open Variant Database (http://www.
LOVD.nl/TSC2). Confirmatory sequencing was performed on
DNA or RNA isolated from fibroblast cultures using QuickExtract
Buffer (epicentre) or Qiagen RNeasy or Invitrogen PureLink RNA
kits. RNA was converted to cDNA using random hexamers
and ThermoScientific Superscript First-Strand Synthesis Kit.
Genomic or mRNA sequences were amplified using primers
listed in Supplementary Material, Table S1. PCR amplicons were
isolated using QiaQuick PCR Purification Kit.

Quantitative PCR

RNA was isolated from fibroblast cultures as above and con-
verted to cDNA. Quantitative PCR was performed using Life
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technologies SYBR Green Master Mix and run on a QuantStudio
real-time qPCR machine through the Vanderbilt VANTAGE
Core. Samples were run in duplicate or quadruplicate technical
replicates and normalized to levels of ACTIN and PGK1.

Stem cell validation

Integration was assessed in cell lines after�10 passages post-
reprogramming using primers for the WPRE and EBNA seg-
ments of the Yamanaka reprogramming plasmids (24). Primers
immediately flanking the shp53 segment were used to distin-
guish between the three plasmids; presence or absence of the
shp53 plasmid was determined based on the size of the ampli-
fied fragment.

Pluripotency was assessed by the ability to differentiate to all
three germline lineages using the hPSC Taqman Scorecard
(ThermoFisher A15870). iPSCs were differentiated as embryoid bod-
ies for one week in DMEM/F12 glutamax with 20% knockout se-
rum replacement, non-essential amino acids and 55lM
b-mercaptoethanol. RNA was then isolated and converted to cDNA
using the High-capacity Reverse Transcription Kit (ThermoFisher
4374966). Samples were analysed by qPCR on the Applied
Biosystems 7900HT through the Vanderbilt VANTAGE Core.

Karyotype analysis was performed using standard tech-
niques (Genetics Associates, Inc. Nashville, TN).

Immunoblotting

Protein was isolated by lysing and scraping cells in RIPA buffer
plus protease inhibitor cocktails 2 and 3 and phosphatase inhib-
itor cocktail (Sigma P5726, P0044, P8340). Samples were rotated
for 30 min at 4 �C, sonicated and then run on 4–12% NuPAGE
BisTris gels in MOPS buffer. Gels were transferred to PVDF mem-
brane at 95 V for 90 min using the Bio-Rad Mini Trans-Blot Cell.
Membranes were incubated overnight in primary antibody di-
luted in 5% BSA. Membranes were then incubated for 1 h at
room temperature in secondary antibody and imaged on an
Odyssey Li-Cor machine. Samples were normalized to actin or
total protein levels using Li-Cor REVERT stain.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 20 min at room
temperature, followed by 3�5 min PBS washes. For intracellular
antibodies, cells were then permeabilized with 0.1% Triton in
PBS for 20 min at room temperature and blocked in 0.1% Triton
plus 5% normal goat serum for 1 h at room temperature. For ex-
tracellular antibodies, cells were blocked in 5% normal goat se-
rum for 1 h at room temperature. Cells were then incubated in
primary antibody rocking overnight at 4 �C. Following 5�10 min
PBS washes, cells were incubated with secondary antibody for
3 h at room temperature.

Nuclear p53 was measured by immunofluorescence followed
by analysis of images with ImageJ (67). A nuclear mask was gen-
erated using Hoechst staining and mean fluorescent intensity of
p53 was measured using the outlines.

DNA damage

Primary fibroblasts were passed to 6 well plates at 100, 000 cells
per well or 96 well plates at 5000 cells per well. Plates were then
exposed to �24 J/m2 (30 s of UV light G51T8 bulb 4.9 Watts with
wavelength 254 nm at a distance of approximately 0.706

meters). Analyses were conducted 24 h later unless otherwise
noted.iPSC lines were treated with 50 ng/ml of neocarzinostatin
for 1–2 h. Optimal neocarzinostatin doses were determined us-
ing a dose-response curve measured by in-cell Western assay
for p53 response.

Flow cytometry

Single cell suspensions of fibroblasts were obtained by trypsi-
nizing adherent cells and collecting supernatant, followed by fil-
tration through a 40 lm filter. Cells were then counted, stained
with 5 ll Annexin V (AF488, ThermoScientific A1320) and 0.5 ll
of 1 mg/ml propidium iodide (Sigma P4864) per 105 cells and im-
mediately analysed by flow cytometry. Cells were gated to ex-
clude debris and doublets.

CRISPR

Doxycycline-inducible Cas9 iPSCs were generated and donated
by the Conklin lab (49). Cells were treated with 2 lM doxycycline
for 24 h prior to lipofection with Alt-R crRNA: trRNA complexes
(IDTDNA). Guide sequences were designed using the online
Zhang Lab CRISPR Design Tool (68). Guide RNA mixed with lipo-
fectamine (1.5 ll 3 lM crRNA: trRNA, 0.3 ll lipofectamine 3000,
48.2 ll Opti-MEM) was added to a 96 well plate coated in
Matrigel. Doxycycline-treated cells were isolated with Accutase
and 40, 000 cells were then added to each well. Two days later
cells were expanded to a 6 well plate for subsequent colony
picking or DNA isolation for T7 endonuclease analysis.

Statistics

All statistical analyses were conducted using GraphPad PRISM.
Individual patient fibroblast lines or iPSC clones are treated as
independent n. All other experimental or technical replicates
are considered not independent and are averaged to obtain the
final value for each patient clone/line. Four isogenic clones (two
TSC2þ/þ, two TSC2�/�) were generated using CRISPR-Cas9. For
experiments involving isogenic lines, both experimental and
clone replicates are considered independent repeats and are
shown in the data.

Supplementary Material
Supplementary Material is available at HMG online.
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