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Background: p53 activates transcription of downstream target genes that contribute to tumor suppression.
Results: The expression of PTCH53, a structural and functional homolog of PTCH1, is highly responsive to p53 in diverse cells
and tissues.
Conclusion: p53 can suppress canonical Hedgehog signaling via induction of PTCH53.
Significance: PTCH53 is a new mediator by which p53 can suppress oncogenic Hedgehog signals.

The p53-mediated responses to DNA damage and the Hedge-
hog (Hh) signaling pathway are each recurrently dysregulated in
many types of human cancer. Here we describe PTCH53, a p53
target gene that is homologous to the tumor suppressor gene
PTCH1 and can function as a repressor of Hh pathway activa-
tion. PTCH53 (previously designated PTCHD4) was highly
responsive to p53 in vitro and was among a small number of
genes that were consistently expressed at reduced levels in
diverse TP53 mutant cell lines and human tumors. Increased
expression of PTCH53 inhibited canonical Hh signaling by the G
protein-coupled receptor SMO. PTCH53 thus delineates a
novel, inducible pathway by which p53 can repress tumorigenic
Hh signals.

The tumor suppressor p53 can activate numerous target
genes in response to DNA damage. The human genome con-
tains at least 500 experimentally identified p53 binding sites
(1–3), and �100 genes have been rigorously demonstrated to
be directly transactivated by p53 (4). p53 mediates cell cycle
arrest and apoptosis by inducing the expression of prototypical
target genes, such as CDKN1A (also known as P21 (5)) and BAX
(6). More recent studies have expanded the repertoire of p53
target genes and have accordingly implicated p53 in diverse
processes, such as senescence, autophagy, oxidative metabo-
lism, angiogenesis, invasion, and stem cell maintenance (7).

The composition of the p53-induced transcriptome varies
considerably in different experimental systems. In cultured
cells, the relative expression of p53 target genes is highly cell
line- and cell type-dependent. These different expression pat-
terns result in distinct cellular phenotypes (4, 8). Notably, many

p53 target genes that were identified and extensively character-
ized in vitro do not appear to be differentially expressed in TP53
wild type and TP53 mutant human tumors (8, 9).

In this report, we describe the identification and initial func-
tional characterization of PTCH53, a p53 target gene that can
inhibit signaling by the canonical Hh3 pathway. PTCH53 is a
homolog of the tumor suppressor PTCH1, the prototypical
repressor of Hh signaling by the human G protein-coupled
receptor SMO. We demonstrate that PTCH53 was highly
responsive to wild type p53 in large and diverse panels of cul-
tured human cells and expressed at significantly decreased lev-
els in TP53 mutant human tumors. Like PTCH1, PTCH53
could suppress Hh signals via inhibition of SMO, suggesting a
heretofore unrecognized link between these two important
tumor suppressor pathways.

EXPERIMENTAL PROCEDURES

Cell Lines—HCT116, RKO, SW48, and DLD-1 colorectal
cancer cells and their isogenic derivatives (10) were cultured in
McCoy’s 5A medium supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin. The immortalized
human retinal epithelial cell line hTERT-RPE1 was cultured in
DMEM/F-12 medium supplemented with 10% FBS and peni-
cillin/streptomycin. Ccd-18Co and IMR-90 (ATCC) human
fibroblast cells were cultured in DMEM supplemented with
10% FBS and penicillin/streptomycin. DAOY medulloblastoma
cells were cultured in minimum essential medium with 10%
FBS and penicillin/streptomycin. C3H10T1/2 mouse fibro-
blasts (ATCC) and SMO�/� mouse embryonic fibroblasts (a
gift from Dr. James Kim) were grown in DMEM with 10% FBS
penicillin/streptomycin.

Rapid Amplification of cDNA Ends (RACE) and Protein
Alignment—RACE in the 5� orientation was performed with the
FirstChoice RLM-RACE kit (Ambion), using the gene-specific
outer primer 5�-GAGGCCGAAGGTGATTGTC-3� and the
gene-specific inner primer 5�- CCTCCACCAGATCCAG-
CTC-3�. The full sequence of PTCH53 with the newly ident-
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ified exons 1 and 2 has been deposited in GenBankTM (acc-
ession no. KJ534581). The alignment of the predicted PTCH53
protein and PTCH1 was performed with the Basic Alignment
Search Tool (BLASTP, version 2.2.30�), which identified
amino acid similarities and identities as well as gaps within re-
gions of homology.

p53 Activation and Chromatin Immunoprecipitation—Nut-
lin-3 (also known as nutlin-3a; Enzo Life Sciences) was dis-
solved in DMSO to a concentration of 10 mM. Cells were treated
with a final concentration of 10 �M. For activation of p53 by
radiation, cells were exposed to a 137Cs �-ray source at a dose
rate of 100 centigrays/min. For chromatin immunoprecipita-
tion experiments, cells were harvested 24 h after treatment and
processed with the EZ-ChIP kit (Millipore) according to the
manufacturer’s instructions. Anti-p53 antibody (monoclonal
DO1) was purchased from Santa Cruz Biotechnology, Inc.
Primers used for amplification of the p53 binding site BS1 in
PTCH53 were as follows: forward, 5�-AAAACAAGGAGAG-
GATGTTCTTTG-3�; reverse, 5�-TTCTCTGCTACTTCTCT-
GCCATA-3�. The PTCH53 BS2 site was probed with 5�-CAC-
CGAGATGAAGGGCTAGA-3� (forward) and 5�-ACCTCCA-
TGCGCTCCTACTA-3� (reverse). CDKN1A p53 binding site
primers were 5�-CACCTTTCACCATTCCCCTA-3� (forward)
and 5�-GCAGCCCAAGGACAAAATAG-3� (reverse).

Quantitative Real-time PCR—RNA was extracted and puri-
fied with TRIzol (Life Technologies) and treated with DNase I
(Thermo Scientific). First strand cDNA synthesis was per-
formed with the Maxima First Strand cDNA synthesis kit
(Thermo Scientific). Each sample was analyzed in triplicate by
quantitative RT-PCR with oligonucleotide primers using Max-
ima SYBR Green/Rox Master Mix (Thermo Scientific) and an
ABI PRISM 7900HT sequence detection system (Applied Bio-
systems). Relative gene expression was calculated using the
2���Ct method using GAPDH for normalization. Ct values
greater than 35 were considered not detectable. The following
primer pairs were used: PTCH53, 5�-AAGCCAGCTC-
TATTCGGACTTAC-3� (forward) and 5�-ACTTGACCCGC-
TGATCTTTG-3� (reverse); CDKN1A, 5�-ACAGCAGAGGA-
AGACCATGTG-3� (forward) and 5�-GGGCTTCCTCTTGG-
AGAAGAT-3� (reverse); PTCH1, 5�-CCACAGAAGCGCTC-
CTACA-3� (forward) and 5�-CTGTAATTTCGCCCCT-
TCC-3� (reverse); PTCH2, 5�-GGAATGATTGAGCGGATG-
ATTGA-3� (forward) and 5�-CCACCTGTGCCTTGTCT-
AGC-3� (reverse); PTCHD1, 5�-AGCACCGTCTCTACTCG-
GAC-3� (forward) and 5�-GAACCTGGATCTTGGTGACAG-3�
(reverse); PTCHD2, 5�-GCTGGGCTCCTACTCCTACT-3�
(forward) and 5�-GGGGTGCTCCAAACAGGAT-3� (reverse);
PTCHD3, 5�-ACCTAGAGGAGCATTACACCC-3� (forward)
and 5�-GAAGCGGTAGGAGTCGTTGG-3� (reverse); NPC1,
5�-GTCTCCGAGTACACTCCCATC-3� (forward) and 5�-
CGCAGTAATGAAGACCAGCGA-3� (reverse); GLI1, 5�-CCA-
CGGGGAGCGGAAGGAG-3� (forward) and 5�-ACTGGCATT-
GCTGAAGGCTTTACTG-3� (reverse).

Luciferase Assays—The putative PTCH53 binding sites BS1
and BS2 were amplified and cloned upstream of the luciferase
reporter in pBV-Luc (Addgene plasmid 16539). DLD-1 cells
growing on 12-well plates were co-transfected with firefly
luciferase reporter plasmids, the pGL4.74 Renilla luciferase

reporter construct (Promega), and pCMV-p53 (wild type; Add-
gene 16434) or pCMV-p53 R175H (Addgene 16436). Lysates
were collected 24 h after transfection with Lipofectamine 2000
(Life Technologies). For the assessment of the effects of
Patched proteins on SMO activity, C3H10T1/2 cells or Smo�/�

mouse embryo fibroblasts were transfected with 200 ng Gli-
luciferase reporter plasmid, 200 ng of pGL4.74, 150 ng of SMO
expression plasmid, and varying mass ratios of PTCH1,
PTCHD1, or PTCH53 expression plasmids. Transfected cells
were split into three wells 8 h after transfection. After 24 h,
medium was replaced with DMEM containing reduced serum
(0.5% FBS). Lysates were collected 72 h after transfection. Fire-
fly luciferase and Renilla luciferase activity was determined
using the Dual-Luciferase reporter assay system (Promega)
with the Victor3 plate reader (PerkinElmer Life Sciences). Fire-
fly luciferase readings were normalized to Renilla luciferase to
correct for transfection efficiency. All experiments were per-
formed in triplicate with at least three independent
experiments.

Cell Line and Tumor Database Analysis—TP53 mutations in
diverse cell lines were extracted from the database maintained
by the Sanger Cell Lines Project (11) and the Cancer Cell Line
Encyclopedia maintained by the Broad Institute (12); gene
expression data were also extracted from the Cancer Cell Line
Encyclopedia. Mutation and gene expression data from tumors
assembled in the Cancer Genome Atlas were extracted via
cBioPortal (13). The relative expression of each queried gene in
TP53 wild type and TP53 mutant sample sets is indicated by a
z-score, a dimensionless value that represents the number of
S.D. values by which expression differs from the mean of all
measured transcripts in each reference population.

Statistical Analyses—Student’s two-tailed t tests were used to
assess significance: *, p � 0.05; **, p � 0.02; ***, p � 0.005. Error
bars indicate S.E.

Lentiviruses, Gene Induction, and Knockdown—A full-length
PTCH53 cDNA was cloned into the expression vector
pcDNA3.1 (Invitrogen) and subcloned into the lentivector
pLVX-mCherry (Clontech) and the doxycycline-inducible len-
tivector pINDUCER20 (14). For inducible knockdown of
PTCH53, an shRNA cassette encoded by the sense sequence 5�-
CGAGCCGTGCTGGAAATGA-3� was cloned into the lenti-
vector pINDUCER10 (14). Lentiviruses were generated by co-
transfecting shRNA- or cDNA-expressing lentiviral vectors
with packaging plasmids pMD2.G (Addgene plasmid 12259)
and pSPAX2 (Addgene plasmid 12260) into 293T cells using
Fugene HD (Promega). Viral supernatants were harvested 48 h
after transfection and filtered through 0.45-�m filters
(Corning, Inc.). For cell lines stably harboring inducible
pINDUCER elements (14), expression was induced by 1 �g/ml
doxycycline.

Hedgehog Pathway Activity Analysis—For generation of
conditioned media, 293T cells were transfected with pcDNA3-
SHH-N, with Fugene HD (Promega). Control conditioned
media from mock-transfected 293T cells or ShhN-conditioned
media were collected 48 h after transfection and filtered
through 0.45 �m filters. Cells were incubated for 24 h in
medium with reduced serum (0.25% FBS). Conditioned media
were added at a 1:5–1:20 dilution. Where indicated, purmor-
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phamine (Sigma-Aldrich) was added to a final concentration of
10 �M.

RESULTS

A Homolog of PTCH1 Is Commonly Down-regulated in TP53
Mutant Colorectal Cancer Cells—To identify novel, high con-
fidence p53 target genes, we evaluated transcripts that were
differentially expressed in isogenic colorectal cancer cell lines
harboring mutant or wild type TP53. The wild type TP53 alleles
in HCT116, RKO, and SW48 had previously been knocked out
by recombinant adeno-associated virus-mediated gene target-
ing; the TP53 mutation harbored by DLD-1 cells had been
reverted to wild type by a knock-in approach (10). A total of 21
genes were up-regulated at least 2-fold by ionizing radiation in
a p53-dependent manner in each of these four isogenic cell
pairs (10). One commonly p53-regulated probe was found to
map to the uncharacterized gene C6ORF138. Transcripts from
this locus encode a hypothetical protein with transmembrane
domains that are associated with members of the Patched fam-
ily. C6ORF138 had therefore been assigned the alternative des-

ignation PTCHD4. In light of the homology of this previously
uncharacterized gene to members of the human Patched family
and its possible regulation by p53, we hereafter refer to this gene
as PTCH53.

The Patched proteins are characterized by 12-transmem-
brane domains and feature a sterol-sensing motif and a second
region that encompasses five additional transmembrane
domains near the C terminus. This structural arrangement,
first observed in the Patched protein encoded by Drosophila, is
evolutionarily conserved (15). In humans, the prototypical
Patched protein is encoded by PTCH1, a tumor suppressor that
functions as the primary negative regulator of Hedgehog signal-
ing. The predicted protein encoded by PTCH53 conformed to
the general structure of the Patched proteins (Fig. 1A) and was
found to share significant homology with PTCH1 in the two
conserved regions (Fig. 1B). Alignment of the two protein
sequences revealed a 219-amino acid block of homology
around the sterol-sensing domain of PTCH1. In this region,
45% of the amino acids were in similar functional groups, and
25% were identical, with five gaps (2%). A 154-amino acid

FIGURE 1. A human Patched gene is expressed in cells that harbor wild type TP53. A, predicted topology of the transmembrane domains of the PTCH53-
encoded protein, as predicted by a hidden Markov model (35), assuming an interior C terminus. B, alignment of the predicted PTCH53 protein (843 amino acid
residues) and PTCH1 (1447 amino acid residues). The two characteristic regions of homology shared by Patched proteins are shaded in orange. Black bars,
transmembrane domains. SSD, sterol-sensing domain. The amino acid similarity within each region is indicated as a percentage; the percentage of identical
amino acids is shown in parentheses. C, HCT116 and RKO cells were treated for 24 h with DMSO or 10 �M nutlin-3. The expression of human Patched genes,
shown in the order of their positions on a phylogenetic tree, was quantified by qPCR. Relative gene induction by nutlin-3 is normalized to expression after
DMSO treatment (*, p � 0.05). n � 3 independent experiments. n.d., not detected. Error bars, S.E.
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region of homology spanning the C-terminal transmembrane
domain cluster was 46% similar and 23% identical, with 14 gaps
(9%). Among the human Patched orthologs, only PTCH53 was
induced in a p53-dependent manner by nutlin-3 (Fig. 1C), a
drug that stabilizes and activates p53 by inhibiting the HDM2
ubiquitin ligase.

The Transcription of PTCH53 Is Directly Controlled by p53—
To rigorously confirm the role of p53 in the transcriptional
regulation of PTCH53, we first measured gene expression by
quantitative reverse transcription PCR (qPCR) in HCT116,
RKO, and SW48 cells and in their respective TP53-knock-out
derivatives. In this panel of colorectal cancer cells, PTCH53
transcripts were more abundant in TP53�/� cells compared
with isogenic TP53�/� cells. Incubation with nutlin-3 caused a
TP53 genotype-dependent increase in PTCH53 expression in
each cell pair (Fig. 2A). The �10-fold induction of PTCH53 in
TP53 wild type cells was comparable in magnitude to the exten-
sively studied p53 target gene CDKN1A (alternatively known as
p21) in all three cell pairs. PTCH53 expression was similarly
induced in a TP53-dependent manner when these cells were
exposed to �-irradiation, a potent stimulus of p53 activation
(Fig. 2B).

The abundance of PTCH53 transcripts was low in DLD-1
cells, which harbor a TP53 S241F mutation and express no wild
type p53 (Fig. 2C). A derivative of DLD-1 in which this endog-
enous mutation had been repaired (10) exhibited up-regulation
of both PTCH53 and CDKN1A (Fig. 2C). PTCH53 was similarly
responsive to nutlin-3 in non-cancer cells, including diploid
human fibroblasts derived from colon (Ccd-18Co) and lung
(IMR90) (Fig. 2D). The kinetics of PTCH53 induction after
treatment with nutlin-3 (Fig. 2E) and the magnitude of PTCH53
induction in response to increasing doses of ionizing radiation
(Fig. 2F) were comparable with those of CDKN1A in HCT116
cells that harbor intact, wild type TP53 alleles.

Direct p53 target genes are regulated through binding of the
p53 tetramer to bipartite 20-bp sites conforming to the half-site
consensus sequence RRRCWWGYYY (16). We used the
p53MH algorithm (17) to identify potential p53 binding sites in
the vicinity of the PTCH53 locus. The nearest 20/20 match was
located 42 kb upstream of the 5� exon of PTCHD4, as annotated
in GenBankTM (Fig. 3A). We employed the rapid amplification
of cDNA ends (RACE) method to determine whether addi-
tional upstream exons were located nearer to this putative
binding site. Amplified cDNA products were sequenced and
aligned to the human genome with the UCSC Human Genome
Browser (18). Two upstream exons were identified that were
not included in the annotated PTCHD4 gene (Fig. 3A). RNAseq
data from the Encyclopedia of DNA Elements (ENCODE) pro-
ject (19) indicated that the PTCH53 exon adjacent to the puta-
tive p53 binding site was actively transcribed (Fig. 3B). Further-
more, ENCODE data from this region exhibited DNase I
hypersensitivity and expression of the chromatin marks
H3K4Me3, H3K27Ac, and H3K4Me1, a pattern of epigenetic
modifications that is consistent with an active promoter
enhancer region (19) (Fig. 3B).

The putative start of transcription was positioned 22 bp
downstream of the identified p53 binding site (Fig. 3A). When
cloned into a luciferase reporter construct, this site (BS1) con-

ferred responsiveness to wild type p53 but not to the cancer-
associated R175H mutant (Fig. 3C). In contrast, a second puta-
tive binding site (BS2) located between exons 2 and 3 that
matched the p53 consensus at 14 of 20 positions (Fig. 3A) was
not p53-responsive (Fig. 3C). A direct, inducible interaction
between p53 and the BS1 site was detected by chromatin immu-
noprecipitation. Binding of p53 to this site could be detected in
untreated cells and was increased following treatment with nut-
lin-3 or ionizing radiation (IR; Fig. 3D). The inducible interac-
tion between p53 and the PTCH53 element was similar to the
interaction between p53 and the binding site previously identi-
fied in the CDKN1A locus (5). In contrast, no interaction was
detected at the degenerate BS2 site (Fig. 3D). These results sug-
gest that PTCH53 is a direct transcriptional target of p53.

PTCH53 Expression Is Associated with TP53 Status in Diverse
Tumor Types—We next asked whether PTCH53 expression
was related to TP53 status in larger panels of cell lines and
tumors. Global gene expression data and TP53 genotype status
were available for 1036 cell lines characterized in the Cancer
Cell Line Encyclopedia (12). In this extensive data set, PTCH53
was expressed at significantly lower levels in cell lines harboring
TP53 mutations, as was the prototypic p53 target gene
CDKN1A (Fig. 4A). The dependence of PTCH53 expression on
functional p53 was most apparent and highly statistically sig-
nificant in cell lines derived from tumors in the central nervous
system and skin (Fig. 4B) and could be observed in other tissues
as well.

TP53 is the most frequently mutated gene in 12 types of can-
cer extensively profiled in the Cancer Genome Atlas. Of more
than 3000 annotated tumors, 42% harbor a TP53 mutation (20).
Comprehensive mutational and expression data were available
for melanomas, glioblastomas, colorectal cancers, and breast
cancers. In each of these four tumor types, PTCH53 and
CDKN1A were both expressed at relatively high levels in
tumors that retained wild type TP53 (Fig. 4C). Such a clear
TP53 genotype-dependent pattern of expression in multiple
cancer types was not observed for many other genes that have
been demonstrated to be responsive to p53 in vitro (Fig. 5)
Among the 80 previously identified and experimentally vali-
dated p53 targets that we queried in this fashion, only six genes,
PTCH53, CDKN1A, DDB2, CCNG1, RP27L, and FDXR, were
differentially expressed at a high degree of significance (p �
0.01) in TP53 wild type and TP53 mutant tumors in all four
tumor types (Fig. 5 and Table 1). Forty-eight genes were more
highly expressed (p � 0.01) in TP53 wild type tumors from at
least one of the four types of cancer; 11 genes were differentially
expressed in one or more tumor types at lower levels of signif-
icance (p � 0.05). Of the 80 genes queried, 21 were not differ-
entially expressed in any of the four tumor types (p � 0.05)
(Table 1).

PTCH53 Inhibits Canonical Hedgehog Signaling—PTCH1
potently represses human Hh signaling by counteracting the
activity of the seven-transmembrane G protein-coupled recep-
tor SMO. In this canonical Hh pathway, the binding of a Hh
ligand by PTCH1 relieves the repression of SMO and results in
the downstream activation of the GLI family of transcription
factors (21). Hh signaling is repressed in most adult tissues, but
mutations in PTCH1, SMO, or the downstream mediator
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encoded by SUFU cause constitutive, ligand-independent acti-
vation of Hh signaling in cancers (22). Driver mutations in these
genes are typically found in basal cell carcinomas and Shh sub-
type medulloblastomas and have been detected in other cancers
at much lower frequency (23). Most cancers with evidence of
activated Hh signaling do not harbor a mutation in any of the
genes known to populate the canonical Hh pathway.

We tested whether PTCH53 could function as a negative reg-
ulator of canonical Hh signaling. The effect of PTCH53 expres-
sion was first examined in the medulloblastoma cell line DAOY,
which exhibits the transcriptional signature of the Shh subtype
(24). Unlike the vast majority of cancer-derived cell lines main-
tained in culture (25), DAOY cells retain the ability to up-reg-
ulate Hh signaling in response to ligand or drugs that can acti-

FIGURE 2. Expression of PTCH53 is dependent on TP53 genotype. A, a panel of isogenic colorectal cancer cell pairs (genotype TP53�/� or TP53�/�) were
treated with 10 �M nutlin-3 for 24 h, as indicated. PTCH53 and CDKN1A transcripts were assessed by qPCR. n � 3 independent experiments. B, expression of
PTCH53 and CDKN1A was assessed 24 h after cells were exposed to ionizing radiation (IR; 12 grays). C, PTCH53 and CDKN1A transcripts were assessed by qPCR
in DLD-1 cells (genotype TP53 S241F/SIL) and in an isogenic derivative with restored wild type p53 function (TP53 �/SIL). n 	 4 independent experiments. D,
expression of PTCH53 and CDKN1A in fibroblast cell lines Ccd-18Co and IMR-90, before and after treatment with 10 �M nutlin-3 for 24 h, as indicated. n 	 2
independent experiments. HCT116 (TP53�/�) cells were treated with 10 �M nutlin-3 and harvested at the indicated times (E) or treated with the indicated doses
of ionizing radiation and harvested after 24 h (F). Induction of transcription at PTCH53 and CDKN1A was measured by qPCR. n 	 2 independent experiments.
n.d., not detected. Error bars, S.E.
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vate SMO activity (26). Lentiviral delivery of a PTCH53
transgene to DAOY cells caused down-regulated basal expres-
sion of the Hh target genes GLI1, PTCH1, and PTCH2 and
attenuated the responses of these genes to processed ligand
(ShhN) and the SMO agonist purmorphamine (Fig. 6A).

We next used a luciferase reporter oriented downstream of
eight Gli binding sites (Gli-luc) to measure the cumulative
effects of SMO on transcriptional activity by the GLI proteins
(27). Transfection of a SMO expression plasmid into Smo�/�

mouse embryonic fibroblasts activated the co-transfected Gli-
luc reporter, as expected (Fig. 6B). The activation of the Gli-luc
reporter by exogenous SMO could be inhibited by co-transfec-
tion with a PTCH53 expression plasmid; the extent of inhibi-
tion was related to the amount of plasmid transfected. Similar
results were obtained in the Shh-responsive murine cell line
C3H10T1/2 (Fig. 6C), which is routinely employed for func-
tional analysis of the canonical Hh pathway. Expression of
PTCH53, PTCHD1, and PTCH1 each inhibited basal (unstimu-

FIGURE 3. p53 directly regulates the PTCH53 promoter. A, genomic structure of PTCH53. Exons 1 and 2 were newly identified by 5�-RACE. A putative p53
binding site (BS1) was located 22 bp upstream of the first exon. A second partial site (BS2) located between exons 2 and 3 was a 14/20 match with the consensus
sequence. B, regions of active transcription, as assessed by RNA-Seq on nine cell lines, and DNase sensitivity and activating histone marks from seven cell lines
(19) were overlaid onto the upstream exons of PTCH53 and the previously identified PTCHD4 exons. The newly identified exon 1 is within the region circled in
red. C, putative p53 binding sites BS1 and BS2 were cloned upstream of a luciferase reporter plasmid. These plasmids or the empty vector (Con) were
co-transfected with plasmids that express wild type TP53 or the R175H mutant into TP53 mutant DLD-1 cells. Renilla luciferase activity was used to normalize
transfection efficiency. n 	 3 independent experiments. D, TP53�/� and TP53�/� HCT116 cells were untreated (�) or treated with 10 �M nutlin-3 (N) or 12-gray
ionizing radiation (IR) and harvested 24 h later. Chromatin immunoprecipitation (IP) was performed using control mouse IgG or anti-p53 mouse monoclonal
antibody. The BS1 and BS2 sites in PTCH53 and the p53 binding site in the CDKN1A promoter were amplified by PCR from input DNA and from immunopre-
cipitated DNA templates. Error bars, S.E.
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lated) Hh signaling and also inhibited reporter activity stimu-
lated by expression of exogenous SMO (Fig. 6C). Among these
homologous genes, PTCH1 was the most potent inhibitor of
Gli-luciferase activation; inhibition was apparent even when
PTCH1 plasmid was delivered at a low mass ratio (Fig. 6, B and
C). These results suggest that PTCH53 can act as a suppressor
of canonical Hh signaling by antagonizing the effects of SMO,
to an extent that was similar to the evolutionarily related
PTCHD1. In the absence of acute stimulation of the p53-
PTCH53 pathway, no correlation between the expression of
GLI1 and PTCH53 was observed in diverse cell lines or tumor
samples (data not shown).

To begin to evaluate an upstream role for p53 in the regula-
tion of Hh signaling, we tested whether nutlin-3 treatment
could cause the suppression of Hh activity in human cells with
wild type TP53. Stimulation of p53-mediated transcription
by nutlin-3 caused increased expression of PTCH53 and
CDKN1A, as expected, and decreased expression of the canon-
ical Hh target genes GLI1, PTCH1, and PTCH2 in normal
human colon fibroblast cells with basally active Hh signaling
and cells in which Hh activity was stimulated by ShhN ligand
(Fig. 7A). The immortalized retinal epithelial cell line hTERT-
RPE1 also retains an intact Hh signaling pathway, as evidenced
by the increased expression of GLI1 in response to ShhN ligand
(Fig. 7B). We transduced these non-cancer cells with a doxycy-
cline-inducible PTCH53 expression system based on the
pINDUCER lentivirus (14). Induction of PTCH53 expression

caused down-regulation of GLI1 expression, both in the
absence and presence of Shh ligand (Fig. 7C). GLI1 expression
was similarly down-regulated in this TP53 wild type cell line
following nutlin-3 treatment (Fig. 7D).

In isogenic cell pairs, a significant down-regulation of GLI1
in response to nutlin-3 was only observed in cells that retained
wild type TP53 alleles (Fig. 7E), confirming that the repression
of Hh signaling in response to nutlin-3 was mediated by p53. To
determine whether this function required the up-regulation of
PTCH53, we derived TP53 wild type, Hh-responsive cell lines
that expressed an inducible shRNA. The induction of the best
PTCH53-targeted shRNA in untreated hTERT-RPE1 and
CCD18-Co cells reduced PTCH53 expression to about 40% of
the basal level (Fig. 7, F and G). In cells treated with nutlin-3,
PTCH53 could be knocked down to the basal level that was
observed in untreated cells. The knockdown of PTCH53 to
these intermediate levels had no significant effect on GLI1
expression in either cell line (Fig. 7, F and G). These results
suggest that, in these experimental systems, PTCH53 was not
required for the efficient repression of canonical Hh activity by
stabilized p53.

DISCUSSION

A large number of genes can be activated by p53, and an even
larger number of p53 binding sites are located throughout the
human genome. This multitude of targets has made it challeng-
ing to fully understand how mutations in TP53 promote tumor-

FIGURE 4. Gene expression and TP53 status in cancer cell lines and tumors. A, relative expression of PTCH53 and CDKN1A RNAs in TP53 wild type (n 	 459)
and TP53 mutant (n 	 577) cell lines comprehensively characterized in the Cancer Cell Line Encyclopedia (12). ***, p � 0.0001. B, differential expression of
PTCH53 in TP53 wild type and mutant cell lines derived from skin (p 	 1.4 
 10�4), central nervous system (CNS; p 	 9.2 
 10�4), gastrointestinal (GI; p 	 1.2 

10�3), ovarian (p 	 1.2 
 10�3), breast (p 	 1.3 
 10�2), and soft tissue tumors (p 	 4.8 
 10�2). C, relative expression of PTCH53 and CDKN1A RNAs in TP53 wild
type or TP53 mutant human tumors from the Cancer Genome Atlas. ***, p � 0.0001; *, p � 0.01. Error bars, S.E.
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igenesis in diverse tissues. A recent analysis of large panels of
molecularly characterized tumors has suggested that relatively
few genes are consistently expressed at higher levels in tumors

that retain wild type TP53 (8). Our analysis confirms that the
genes most commonly and most robustly regulated by p53 pre-
dominantly function in pathways that regulate the cell cycle,

FIGURE 5. Expression of p53 target genes in TP53 wild type and TP53 mutant tumors. Expression values of 80 p53 target genes (Table 1) were examined
in colorectal cancers, gliomas, breast cancers, and melanomas annotated in the Cancer Genome Atlas (20). The median gene expression value (z-score) for each
target gene in TP53 wild type (blue bars) and TP53 mutant (red bars) tumor samples is shown. Genes are ranked in order of p value.
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facilitate DNA repair, and mediate cell death. Many other genes
appear to be induced by p53 at lower levels and in a cell type- or
tissue-specific fashion. Possibly, such genes have more special-
ized functions. It is also possible that some of the p53-respon-
sive genes that are important for tumor suppression may not
require high levels of induction. Such genes would be inher-
ently difficult to identify by the data mining approaches
employed here.

In this study, we show that a previously uncharacterized
homolog of PTCH1 is one of a small number of human genes

whose expression is most strongly associated with TP53 geno-
type. This widespread, p53-dependent pattern of expression
suggests that PTCH53 might play a fundamental role in tumor
suppression. Although PTCH1 is a well characterized tumor
suppressor gene, the functions of the human PTCH1 homologs
and their potential roles in cancer have remained obscure.

What is the physiological role of PTCH53? Our data demon-
strate that PTCH53 is highly responsive to p53 and is therefore
a component of the DNA damage response. Unique among the
human Patched genes, PTCH53 apparently functions as a

TABLE 1
p53 target genes queried in TCGA data sets (n � 80)

Differential expression
in four cancersa

4/4 CCNG1 CDKN1A DDB2 FDXR PTCH53 RPS27L
3/4 BAX BBC3 GDF15 IER5 MDM2 SPATA18 ZMAT3
2/4 FAS GADD45A PLK2 PPM1D RRM2B SESN1 TLR3

TNFRSF10B TP53INP TP53TG1 UNC5B WDR63 XPC
1/4 BTG2 C12ORF5 CCNG2 DGKA DRAM1 EGFR GLS2

GPR56 HGF ITGAM NTPCR PIDD PLK3 PMAIP1
PRKAA2 PRODH PTEN RB1 SCO2 SESN2 SNX5
STEAP3 TP53I3

0/4 ATF3 BDKRB2 CD82 COL4A1 CTSD CX3CL1 DKK1
EIF2AK2 GML GPC3 GTSE1 IGFBP3 MET MMP2
MYBL1 P2RX6 PCBP4 PCNA PTP4A3 RPRM RRAD
S100A2 SERPPINB5 SERPINE1 SFN SHISA5 STAU1 TAP1
TGFA TSC2 YBX3

a Decreased expression in TP53 mutant tumors from TCGA colorectal cancer, breast cancer, glioma, and melanoma data sets, p � 0.01.

FIGURE 6. Inhibition of canonical Hh signaling by PTCH53. A, DAOY medulloblastoma cells were infected with a PTCH53 expression lentivirus or empty vector
and subsequently treated with control conditioned medium (Con), Shh-conditioned medium (SHH), or the SMO agonist purmorphamine (PURMO; 10 �M) for
24 h. Expression of the Hh target genes GLI1, PTCH1, and PTCH2 was assessed by qPCR. n 	 4 independent experiments. B, Smo�/� mouse embryonic fibroblasts
were co-transfected with a SMO expression plasmid, a Gli-luciferase reporter, and plasmids that direct the expression of PTCH53, PTCH1, or PTCHD1 at the
indicated mass ratios (SMO/PTCH). Luciferase activity was assessed 72 h after transfection. Renilla luciferase activity was used to normalize transfection
efficiency. n � 3 replicates. C, C3H10T1/2 cells were co-transfected with the Gli-luc reporter and plasmids that direct the expression of PTCH53, PTCH1, or
PTCHD1 (300 ng of plasmid DNA/transfection) and SMO (60 ng of plasmid DNA/transfection), as indicated. Luciferase levels were measured 24 h after
transfection. n 	 6 independent experiments. Error bars, S.E.
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FIGURE 7. Repression of canonical Hh signals by p53. A, Ccd-18Co cells were treated with DMSO or 10 �M nutlin-3 for 24 h in control conditioned medium
(Con) or SHH-conditioned medium (SHH). Expression of PTCH53, CDKN1A, GLI1, PTCH1, and PTCH2 was assessed by qPCR. n 	 3 independent experiments. B,
hTERT-RPE1 cells were incubated in SHH-conditioned medium or control medium (Con) for 72 h and then treated with DMSO or 0.2 �M vismodegib (Vis) for 48 h.
DMSO or Nutlin-3 was then added for an additional 24 h. GLI1 expression was measured by qPCR. n 	 3 independent experiments. C, hTERT-RPE1 cells with
doxycycline-inducible PTCH53 were stimulated with Shh ligand for 24 h and then treated with or without doxycycline for 48 h to induce PTCH53 expression.
GLI1 expression was assessed by qPCR. n 	 6 independent experiments. D, hTERT-RPE1 cells were stimulated with Shh ligand for 24 h and were then treated
with DMSO or 10 mM nutlin-3 for 24 h. PTCH53 and GLI1 expression was measured by qPCR. n 	 3 independent experiments. E, isogenic HCT116, RKO, and SW48
colorectal cancer cells (genotype TP53�/� or TP53�/�) were treated with 10 �M nutlin-3 for 24 h. GLI1 transcripts were quantified by qPCR, and the results are
expressed as the -fold change in treated versus untreated cells. n 	 3 replicates. F, hTERT-RPE1 cells stably expressing an inducible PTCH53 targeting shRNA
were treated with doxycycline for 96 h. DMSO or nutlin-3 (10 �M) was added for the final 24 h of shRNA induction, as indicated. PTCH53 and GLI1 transcript levels
were determined by qPCR. n � 3 replicates/sample. G, CCD18-Co cells were treated as in F. n � 3 replicates/sample. Error bars, S.E.
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highly inducible suppressor of Hh signaling. Our analysis
showed that the induction of PTCH53 alone could suppress the
activation of GLI-mediated transcription by SMO (Fig. 6, A–C).
However, in the cultured cells used in this study, PTCH53 did
not appear to be necessary for the suppression of this pathway
by activated p53 (Fig. 7, F and G). One explanation is that there
are multiple parallel pathways by which p53 can suppress GLI-
mediated transcription. p53 has been implicated in the regula-
tion of GLI1 localization and phosphorylation (28), but the
mechanisms that underlie these effects remain poorly defined.
Recently, a direct suppressive effect of p53 on Hh signaling has
been attributed to the up-regulation of the acetyltransferase
p300/CBP-associated factor, an E3 ubiquitin ligase that specif-
ically promotes the degradation of GLI1 protein (29). In con-
trast, the p53-regulated phosphatase WIP1 has been reported
to increase the ability of GLI1 to activate transcription (30).
These recent studies suggest that the effects of p53 on canonical
Hh signaling are complex and may involve multiple mediators.
A requirement for PTCH53 in the control of canonical Hh sig-
naling might be highly dependent on the specific context in
which p53 is activated.

Like PTCH2 and PTCHD1 (31, 32), PTCH53 appears to be a
less efficient suppressor of SMO-mediated GLI1 activation
than PTCH1 (Fig. 4C). It is possible that PTCH53, PTCH2, and
PTCHD1 play auxiliary roles in Hh pathway repression that are
specific to distinct physiologic states. In addition to its role
in the canonical regulation of GLI-mediated transcription,
PTCH1 has been shown to be involved in GLI-independent
pathways (21). Similarly, p53 and PTCH53 might be involved in
a non-canonical pathway that remains to be characterized.

An emerging question is whether inactivating TP53 muta-
tions could account for the active Hh signaling observed in the
many cancers that harbor no other mutations in the Hh path-
way. Loss of functional p53 and evidence of Hh pathway acti-
vation often coincide in many cancers. It is interesting that in
medulloblastoma, a type of brain tumor that typically harbors a
very small number (zero to two) of driver mutations (33), TP53
mutations are most often found in the molecular subtype
defined by active Hh signaling and appear to occur exclusively
in tumors that lack PTCH1 mutations (34). New genetic models
will be needed to definitively determine whether TP53 has a
role in maintaining the Hh pathway in its normal inactive state
in differentiated tissues of the adult.
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