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Abstract
Dysfunctions of genome caretaker genes contribute to genomic instability and tumor initiation. Becausemany

of the caretaker genes are also essential for cell viability, permanent loss of function of these genes would prohibit
further tumor progression. How essential caretaker genes contribute to tumorigenesis is not fully understood.
Here, we report a "hit-and-run" mode of action for an essential caretaker gene in tumorigenesis. Using a BRCA2-
interacting protein BCCIP as the platform, we found that a conditional BCCIP knockdown and concomitant p53
deletion caused rapid development of medulloblastomas, which bear a wide spectrum of alterations involving
the Sonic Hedgehog (Shh) pathway, consistent with a caretaker responsibility of BCCIP on genomic integrity.
Surprisingly, the progressed tumors have spontaneously lost the transgenic BCCIP knockdown cassette and
restored BCCIP expression. Thus, a transient downregulation of BCCIP, but not necessarily a permanent
mutation, is sufficient to initiate tumorigenesis. After the malignant transformation has been accomplished
and autonomous cancer growth has been established, BCCIP reverses its role from a tumor-initiation suppressor
to become a requisite for progression. This exemplifies a new type of tumor suppressor, which is distinct from the
classical tumor suppressors that are often permanently abrogated during tumorigenesis. It has major implica-
tions on howa nonmutagenic or transient regulation of essential caretaker gene contributes to tumorigenesis.We
further suggest that BCCIP represents a paradoxical class of modulators for tumorigenesis as a suppressor for
initiation but a requisite for progression (SIRP). Cancer Res; 73(23); 7122–33. �2013 AACR.

Introduction
Genomic instability is one of the enabling characters during

tumorigenesis (1). It can be caused by dysregulations in DNA
repair, compromised DNA replication fidelity, imprecise chro-
mosome segregation during mitosis, improper cell-cycle coor-
dination, and so on (2). A tumor-suppressor gene involved in
the maintenance of genomic integrity is often referred to as a
caretaker (3). Although defective caretakers may not immedi-
ately promote tumor growth, they cause stochastic genomic
alterations that increase the risk of inactivating gatekeeper
tumor suppressors and activations of growth-promoting onco-
genes. The loss of gatekeeper functions and activation of

progrowth oncogenes then causes oncogenic transformation
and imminent tumor growth and progression. Theoretically,
when the defects of caretakers have caused the activation of
autonomous progrowth pathways and malignant transforma-
tion, the caretaker deficiency may no longer be a requisite for
subsequent tumor progression. Thus, caretaker defects may
act in a "hit-and-run"manner to initiate tumorigenesis, and it is
possible that only a transient dysfunction may be sufficient to
trigger tumorigenesis. However, experimental evidence of such
prediction is rare.

Many of the DNA repair genes are not only critical for the
maintenance of genomic integrity but are also essential for cell
viability and proliferation because of their fundamental involve-
ment in DNA replication and mitosis. Therefore, a permanent
inactivation of these genes may prohibit tumor progression
despite its contribution to the initiation of tumorigenesis. There
has been a conundrum on how these viability-essential care-
taker genesmodulate tumorigenesis. In this study,we construct-
ed a conditional BCCIP knockdown transgenic mouse model.
In this model, the expression of BCCIP is downregulated by
shRNA but can be restored when a spontaneous deletion of the
knockdown cassette occurs due to growth pressure during
tumor progression. We found that BCCIP modulates tumori-
genesis in an unconventional way: it serves as a tumor suppres-
sor, but later is required for tumor progression.

BCCIP was originally identified as a BRCA2 and CDKN1A
(Cip1/waf1/p2 1) interacting protein (4). Knockdown of BCCIP
caused significant reduction of homologous recombination
(5, 6), spontaneous chromatid aberrations including single
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chromatid breaks and sister chromatid union (7), cytokinesis
failure (8), and cell-cycle dysregulation (9–15). In addition,
BCCIP is an essential gene, and persistent deficiency of BCCIP
leads to proliferation defects and mitosis failure (7, 8, 14).
Downregulation of BCCIP expression has been observed in
some human cancers (16–18), but significant BCCIPmutations
have not been reported in cancer tissues. In previous studies,
we found that BCCIP deficiency caused proliferation arrest
among neural progenitor cells, leading to severe neurogenesis
defects (14). In this study, we showed that these neurogenesis
defects can be rescued by a concomitant deletion of p53
gene. However, this leads to rapid formation of medulloblas-
toma with activation of the Sonic Hedgehog (Shh) signaling
pathway, confirming a caretaker tumor-suppressor responsi-
bility for BCCIP. Interestingly, reappearance of BCCIP protein
expression was found in final-stage medulloblastomas as a
result of spontaneous deletion of the BCCIP short hairpin RNA
(shRNA) expression transgene cassette. Our data suggest that
BCCIP deficiency works in a "hit-and-run" manner to promote
tumorigenesis. Thus, BCCIP has a paradoxical role in tumor-
igenesis—as a suppressor for the initiation and a requisite for
the tumor progressionwhen the oncogenic transformation has
been accomplished—revealing an unconventional class of
modulators for tumorigenesis.

Materials and Methods
Mouse strains
The names of moue lines and their corresponding

genotypes used in this study are listed in Table 1. The FVB-
LoxPshBCCIPþ/þ mice were generated at the transgenic mice

core facility of Rutgers Robert Wood Johnson Medical School
as described previously (7). The glial fibrillary acidic protein
(GFAP) promoter-driven Cre recombinase (GFAP-Cre) trans-
genicmice (FVB-Tg(GFAP-Cre)25Mes/J) were obtained from the
Jackson Laboratory (stock no. 004600). These mice were inter-
bred to obtain BCCIP-CON (LoxPshBCCIPþ/�;GFAP-Cre�/�)
and BCCIP-CKD (LoxPshBCCIPþ/�;GFAP-Creþ/�)mice. To gen-
erate BCCIP-CKD;p53LoxP/LoxP (LoxPshBCCIPþ/�; p53LoxP/LoxP;
GFAP-Creþ/�) mice, the p53-floxed transgenic mice (B6.129P2-
Trp53tm1Brn/J) were obtained from the Jackson Laboratory
(stock no. 008462) and then interbred with BCCIP-CKD
mice to generate BCCIP-CKD;Trp53LoxP/wt (LoxPshBCCIPþ/�;
p53LoxP/wt;GFAP-Creþ/�) mice, which were then intercrossed
with p53-floxed transgenic mice to generate the BCCIP-CKD;
p53LoxP/LoxP mice. During breeding, the GFAP-Cre transgene
was routinely carried by the male to avoid germ-line BCCIP
disruptiondue to low level ofCre expression in theovaries.Mice
used in the p53-deficient study resulted from backcrossing mix
FVB and B6.129P2. All routine mouse care and handling was
approved by and performed according to the guidelines of the
institutional animal care committee.

Western blot analysis
Western blots were performedwith procedures as described

previously (7). Primary antibodies used were mBCCIP (7), Cre
(1:2,000; 69050-3, Novagen), p53 (1:2,000; sc-6243, Santa Cruz
Biotechnology), PCNA (1:2,500; sc-53407; Santa Cruz Biotech-
nology), PTEN (1:1,000, #9559; Cell Signaling Technology),
and phospho-PTEN-Ser380 (1:1,000; #9551; Cell Signaling
Technology).

Table 1 Summary of the mouse genotypes, designation used in text, brain size, medulloblastoma
incidence, and onset times

Genotypes Designation in text Brain size

Incidence of
medulloblastoma/
total number of
mice

Onset (days) for
medulloblastoma

LoxPshBCCIP�/�; p53wt/wt;
GFAP-Creþ/�

BCCIP-CON;p53wt/wt Normal 0/32 N/A

LoxPshBCCIP�/�; p53LoxP/wt;
GFAP-Creþ/�

BCCIP-CON;p53LoxP/wt Normal 0/31 N/A

LoxPshBCCIP�/�; p53LoxP/LoxP;
GFAP-Creþ/�

BCCIP-CON;p53LoxP/LoxP Normal 0/45 N/A

LoxPshBCCIPþ/�; p53wt/wt;
GFAP-Creþ/�

BCCIP-CKD;p53wt/wt Microcephaly 0/35 N/A

LoxPshBCCIPþ/�; p53LoxP/wt;
GFAP-Creþ/�

BCCIP-CKD;p53LoxP/wt Reduced Microcephaly 0/29 N/A

LoxPshBCCIPþ/�; p53LoxP/LoxP;
GFAP-Creþ/�

BCCIP-CKD;p53LoxP/LoxP Normal 45/45 95 � 15

LoxPshBCCIPþ/�;GFAP-Cre�/�;
p53wt/wt

BCCIP-CON Normal (N/A) N/A

LoxPshBCCIPþ/�;GFAP-Creþ/�;
p53wt/wt

BCCIP-CKD(same as
BCCIP-CKD;p53wt/wt)

Microcephaly (N/A) N/A

GFAP-Creþ/� GFAP-Cre Normal (N/A) N/A
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Histologic and immunohistochemical analysis
Mice brains were fixed in 10% buffered formalin for 24 to 48

hours before paraffin embedding. All paraffin-embedded sec-
tions were cut at a thickness of 5 mm. These sections were
stained with hematoxylin and eosin (H&E) according to stan-
dard procedures. Immunohistochemical analyses of tissue
were performed by permeablizing with 0.1% Triton X-100 in
PBS for 10 minutes, quenching endogenous peroxides with 3%
hydrogen peroxide for 10minutes, followed by blocking, as well
as primary and secondary antibody incubation. Immunoreac-
tivity was visualized with 3,30-diaminobenzidine (DAB; D5637;
Sigma). Positive staining appears as brown nuclear staining,
whereas nuclei counterstained with hematoxylin appear as
blue in color. All cryosection immunofluorescence staining
was performed after antigen retrieval by boiling in 0.01 mol/L
citric acid buffer (pH 6.0). The following primary antibodies
were used: calbindin D-28K (1:500; C9848; Sigma), NeuN
(1:100; MAB377; Millipore), GFAP (1:400, ab360; Abcam), Ki67
(1:300, ab15580; Abcam), and synaptophysin (1:100, ab8049;
Abcam).

PCR genotyping and quantitative real-time reverse
transcriptase PCR analysis

The genotypes (see Table 1 for a list) were identified by
PCR of tail snip DNA prepared by using proteinase K
digestion and phenol–chloroform extraction. The primers
used to screen the genotypes are summarized in Supple-
mentary Table S1. Total RNA was extracted from mouse
tissues with the GeneElute Mammalian total RNA miniprep
kit (Sigma-RTN70). The complementary DNA was generated
with oligo(dT) primers using the Omniscript RT kit (QIA-
GEN-205111). Real-time PCR was performed in duplicate
with TaqMan PCR mixture (Applied Biosystems) in the 7000
ABI sequence detection system. The expression of genes was
normalized to the housekeeping gene GAPDH. All quantita-
tive PCR (qPCR) primers were part of the preprepared
Applied Biosystems TaqMan packages as summarized in
Supplementary Table S2.

cDNA sequencing of BCCIP, PTEN, and Ptch1
The cDNA was synthesized as described previously (7).

The paired primers used to amply the full-length coding
regions of BCCIP and PTEN are listed in Supplementary
Table S3. Six overlapping fragments were amplified to cover
the full-length coding region of mouse Ptch1 cDNA using the
primer sets listed in Supplementary Table S3, including
those previously used by others (19). In addition, these
primers were used to sequence the amplified PCR products.
For BCCIP and PTEN cDNA, two additional primers (shown
in the last two rows of Supplementary Table S3) were also
used for sequencing.

Results
Rescue of neurogenesis defects by concurrent p53
deletion in BCCIP conditional knockdown mice

On the chromosome, the BCCIP gene overlaps with its
neighboring genes (9). To avoid potential interference with
genes flanking BCCIP by conventional knockout approaches,

we constructed a conditional BCCIP knockdown transgenic
mouse line, designated LoxPshBCCIP (7). By crossing the
LoxPshBCCIPþ/þ mice with the GFAP-Cre transgenic mice,
we found that BCCIP knockdown caused proliferation
defects on embryonic neural progenitors (14). Because
BCCIP deficiency caused accumulation of DNA damage in
the proliferative progenitor cells and spontaneous p53 acti-
vation (7, 14), we asked whether the neurogenesis defects in
BCCIP-deficient mice can be rescued by concurrent p53
deletion. We crossed LoxPshBCCIP mice with the condi-
tional p53 knockout mice (hereafter designated p53LoxP/LoxP;
ref. 20), where exons 2 to 10 of the Trp53 gene are flanked by
LoxP sites and can be conditionally deleted by expression of
Cre-recombinase. After further crossing with GFAP-Cre mice
(21), we generated mice with six genotypes as detailed in
the Table 1.

As shown in Fig. 1, the GFAP-Cre–mediated p53 deletion
indeed rescued the microcephaly in the BCCIP-CKD mice
(Fig. 1A and B), and corrected the abnormal cerebral and
cerebellar structures observed in BCCIP-CKD mice (Fig. 1C).
In addition, p53 heterozygosity (BCCIP-CKD;p53LoxP/wt) par-
tially improved cerebellar development, and slightly cor-
rected the microcephaly (Fig. 1C). Although the BCCIP-CKD
mice displayed major motor coordination deficits (14), the
BCCIP-CKD;p53LoxP/LoxP (LoxPshBCCIPþ/�; p53LoxP/LoxP;
GFAP-Creþ/�), mice were able to successfully complete the
balance beam test. These observations suggest that p53 is
required for the previously reported neurogenesis defects in
BCCIP deficient mice, and concurrent p53 deletion rescues
the neurodevelopmental deficits.

Development of medulloblastoma in conditional BCCIP
knockdown mice with concurrent p53 deletion

Although the GFAP-Cre–mediated p53 deletion rescued the
neurogenesis defects of BCCIP-CKD mice, all of the BCCIP-
CKD;p53LoxP/LoxP (LoxPshBCCIPþ/�; p53LoxP/LoxP;GFAP-Creþ/�)
mice becamemoribund and were diagnosed with medulloblas-
toma within the cerebellumwith an average onset at 95 days of
age (Fig. 2A and B; Table 1). However, medulloblastomas were
not present in BCCIP-CKD; p53 wt/wt (LoxPshBCCIPþ/�; p53wt/wt;
GFAP-Creþ/�) or in the BCCIP-CON;p53LoxP/LoxP

(LoxPshBCCIP�/�; p53LoxP/LoxP;GFAP-Creþ/�) mice, when obs-
erved throughout their lifespan. Necropsy and histology studies
illustrated that the medulloblastoma foci are within the exter-
nal granular layer of the cerebellum (Fig. 2B). The tumor tissues
are immune-positive for synaptophysin, a marker for medul-
loblastomas (Fig. 2C). These medulloblastomas also showed
high proliferative indices by Ki67 staining (Fig. 2D). The typical
histologic characteristics are similar to what is observed in
human medulloblastomas. These findings show that medul-
loblastoma formation can be initiated in BCCIP deficientmice.
In contrast to BCCIP-CKD;p53LoxP/LoxP (LoxPshBCCIPþ/�;
p53LoxP/LoxP;GFAP-Creþ/�) mice, we did not observe medullo-
blastoma in BCCIP-CKD;p53LoxP/wt (LoxPshBCCIPþ/�;
p53LoxP/wt;GFAP-Creþ/�) mice (Fig. 2), indicating that complete
loss-of-function of p53 is required for medulloblastoma
formation in BCCIP-CKD mice (Table 1). Conditional p53
knockout alone did not induce medulloblastoma in the
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BCCIP-CON;p53LoxP/LoxP (LoxPshBCCIP�/�; p53LoxP/LoxP;
GFAP-Creþ/�) mice. This is consistent with a previous
report (22).
However at older ages, a few BCCIP-CON;p53LoxP/LoxP

(LoxPshBCCIP�/�; p53LoxP/LoxP;GFAP-Creþ/�) and BCCIP-
CON;p53LoxP/wt (LoxPshBCCIP�/�; p53wt/LoxP;GFAP-Creþ/�)
mice developed non-central nervous system (CNS) tumors
(including sarcomas, lipomas, and lymphnoid tumors),
and the knockdown of BCCIP accelerated non-CNS tumor
formation in p53 heterozygous mice, when comparing the
survival of BCCIP-CKD;p53LoxP/wt (LoxPshBCCIPþ/�; p53LoxP/wt;
GFAP-Creþ/�) with that of BCCIP- CON;p53LoxP/wt

(LoxPshBCCIP�/�; p53LoxP/wt;GFAP-Creþ/�; P ¼ 0.004, t-test).
The formation of non-CNS tumors may be due to basal levels
of GFAP promoter activity in tissues other than CNS (23, 24).
Together, findings shown in Fig. 2 strongly suggest that
BCCIP knockdown resulted in a high prevalence of medul-
loblastoma tumorigenesis, revealing a tumor-suppressing
role of BCCIP.

The medulloblastomas formed in BCCIP-deficient mice
have inactivation of the Ptch1 gatekeeper tumor
suppressor, and a wide range of alterations in the Shh
pathway

Tumor suppressors can be classified as gatekeepers or
caretakers (3), and they suppress tumorigenesis through dis-
tinct mechanisms. The gatekeeper tumor suppressors (such as
RB, PTCH1, and PTEN,) often restrict cell proliferation, and a
gatekeeper inactivation directly promotes tumor growth.
Alternatively, the caretaker tumor suppressors do not directly
control cell growth but maintain the genomic integrity. Care-
taker deficiency causes stochastic genomic alterations that
subsequently inactivate gatekeepers or activate oncogenes to
cause tumor growth. Because BCCIP has been implicated in the
maintenance of genomic integrity (5–8, 10), and BCCIP defi-
ciency alone does not promote cell proliferation of neuronal
progenitors in the external granule layer of the cerebellum (14),
we speculated that compromised BCCIP may have caused
secondary genetic alterations to inactivate certain gatekeeper

Figure 1. p53 deficiency rescues
microcephaly and neurologic
defects ofBCCIP-CKDmice. A, the
average size of the brains (at age
P21) from mice of six different
genotypes (see Table 1 for details
on genotypes). B, a set of
representative brains among the
BCCIP-CON and BCCIP-CKD
mice combined with wild-type p53
(p53wt/wt), heterozygous p53
deletion (p53loxP/wt), or
homozygous p53 deletion
(p53LoxP/LoxP). C, a set of
representative H&E staining
histology of cerebrum and
cerebellum at age P21. Neural
markers: NeuN, Calbindin (D-28K),
and GFAP.
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genes, thus enabling medulloblastoma tumorigenesis. The Shh
growth-signaling pathway is one of the major regulators of
granule neuron progenitor cells during neurodevelopment.
Shh signaling is normally suppressed by PTCH1, a gatekeeper
gene that is often inactivated in human sporadic and hered-
itary medulloblastomas (25–27). In addition, Shh-mutated
subtype tumors are thought to originate from the cerebellar
external granule layer and have a tendency to be located away
from the brainstem within the cerebellar hemispheres (28, 29).
Coincidentally, we noticed the medulloblastomas that devel-
oped in BCCIP-CKD;p53LoxP/LoxP mice were mostly located in
the external granular layer, away from the brainstem, and the
embryonic external granular layer was the most BCCIP-defi-
cient affected region as reported previously (14). Therefore, we
analyzed the Shh status among medulloblastomas formed in
BCCIP-CKD;p53LoxP/LoxP using nontumor cerebellar tissues
from age-matched control mice. A critical negative regulator
of the Shh pathway is the tumor-suppressor Ptch1, which
suppresses smoothened (Smo)-dependent activation of Gli1
transcriptional activity (30–33). When Ptch1 function is
impaired, the Shh pathway is activated to promote cell growth.
Using qPCR with primers covering the region of exons 17 and
18 of mouse Ptch1, we measured the expression of Ptch1 in the
tumors, and found a significant reduction of Ptch1 expression
in 16 of the 24 tested tumors (Fig. 4A). As expected, wewere not

able to amplify the full-length Ptch1 cDNA from the 16 cases.
Among eight cases with apparent normal level of Ptch1 mRNA
based on qPCR of exons 17 and 18, we were able to amplify the
approximately normal-sized Ptch1 cDNA from six samples.
Therefore, only six of the 24 cases have the expression of
approximate full-length coding mRNA of Ptch1, and the other
18 cases likely had genetic alterations that prohibited the
amplification of their cDNA. Furthermore, each of the
amplified Ptch1 cDNAs contained an inactivation mutation
(Table 2) that was verified in the genomic DNA of the same
tumor. In addition, it is striking that all mutations in the
amplified cDNA were either deletions or insertions of mul-
tiple base pairs that resulted in truncation of Ptch1. We did
not observe point mutations in these tumor samples (Table
2). These data suggest that Ptch1 is a critical target for
inactivation due to the genomic instability in the context of
medulloblastoma formation after BCCIP knockdown. Thus,
the majority of the tumors have lost Ptch1, and the remain-
ing cases have deletions/insertions with multiple bases.
These observations are consistent with a role of BCCIP in
DNA double-strand break repair, including homologous
recombination (5, 6).

In the Shh pathway, the critical downstream target of Ptch1
is Smo, which controls the expression of Gli1, Atoh1, N-Myc,
and D-cyclins. These downstream elements are known to be
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Figure 2. Medulloblastomas in conditional BCCIP knockdown and p53 knockout mice. The LoxPshBCCIP conditional BCCIP knockdown (BCCIP-CKD)
mice were crossed with conditional p53 knockout (p53LoxP/LoxP) mice and then with the GFAP-Cre mice that expressed the Cre recombinase during
embryogenesis. This resulted in mice with six different genotypes as shown in the inset of A and Table 1. These mice were observed for tumor formation for
more than 48 months. A, survival curve of the mice. Medulloblastomas were formed in 100% of the BCCIP-CKD;p53LoxP/LoxP mice with an average
onset of 95 days. None of the other mice developed medulloblastoma. Some of the BCCIP-CON;p53LoxP/LoxP mice were sacrificed due to growth of benign
lipomas at older ages (see the text for details). B, the grossmorphology ofmedulloblastoma formed in the BCCIP and p53-deficient BCCIP-CKD;p53LoxP/LoxP

mice andH&E staining of the representative tumors. The top left panels show themedulloblastoma (indicated by arrows) from twomouse brains. The top right
panel shows that the tumor foci are within the cerebellar external granule layer, with a typical histology of medulloblastoma. The bottom panels are H&E
staining images of the tissues at the magnifications as indicated. C and D, immunohistochemical staining of the tumor tissue for synaptophysin
(a medulloblastoma marker) and Ki67 (a proliferation marker).
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critical regulators of granule neuron progenitors (34–37),
which are the originators of medulloblastoma. Along with the
Ptch1mutations and loss of Ptch1 expression, we observed high
levels of Smo, Gli1, Atoh1, N-Myc, and D-cyclins in the medul-
loblastomas compared with controls (Fig. 3B; Supplementary

Table S4). Together, these data suggest that the initial BCCIP
knockdown had triggered the inactivation of the Ptch1 gate-
keeper tumor suppressor and caused widespread alterations,
leading to the activation of the Shh signaling pathway, which
is known to promote medulloblastoma formation.

Table 2. Altered sequence of Ptch1 cDNA in medulloblastomas

Tumor ID Ptch1 mutations Altered sequencesa

MB20 14nt duplication in exon 10 CTGGCTGGCGTCCTGTTGGTTGCGTCCTGTTGGTTGCGCTGTCAGTGG
MB36 14nt deletion in exon 16 CAGACTGGCA (GCCGAGACAAGCCC)ATCGACATTA
MB59 4nt deletion in exon 10 GTCCTGTTGG (TTGC) GCTGTCAGTG
MB73 14nt duplication in exon 10 CTGGCTGGCGTCCTGTTGGTTGCGTCCTGTTGGTTGCGCTGTCAGTGG
MB79 7nt deletion in exon 18 CCTACGAGAC (ACCTCAG)ACTTTGTGGA
MB89 Deletion: 3nt of exon 11,

Intron-11, and 123nt of
exon 12.

ATTCCATTTG (AGG-Intron 11-ACAGGACTGGGGAGTGCCTCAAGCGCACCGGAGCC-
AGCGTGGCCCTCACCTCCATCAGCAATGTCACCGCCTTCTTCATGGCCGCATTGA-
TCCCTATCCCTGCCCTGCGAGCGTTCTCCCTCC)AGGCTGCTGT

aParenthesized sequences are the deleted segments in tumor; underlined sequences are the duplicated segments.
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Figure 3. Dysregulation of the
Shh signaling pathway in
medulloblastomas. The qPCR
analyses were used to measure
the relative level of mRNA in
medulloblastoma tissues derived
fromBCCIP-CKD;p53LoxP/LoxPmice.
The mRNA levels of age-matched
control (3-month-old) cerebellums
were also measured. A, relative
level of Ptch1 mRNA in 24
medulloblastoma samples. Control
samples are (from left to right):
BCCIP-CON (LoxPshBCCIPþ/�;
p53wt/wt;GFAP-Cre�/�; first 2
control data points from the left, n ¼
2), BCCIP-CKD (LoxPshBCCIPþ/�;
p53wt/wt;GFAP-Creþ/�; control data
points 3 and 4 from the left, n ¼ 2),
GFAP-Cre (LoxPshBCCIP�/�;
p53wt/wt;GFAP-Creþ/�; n ¼ 2) and
BCCIP-CON;p53LoxP/LoxP

(LoxPshBCCIP�/�; p53LoxP/LoxP;
GFAP-Creþ/�; n ¼ 2). The mean and
SD of Ptch1 mRNA level were
calculated from control samples. On
the basis of the normal distribution,
the 95% confidence limit (P < 0.05)
was set at 1.96-fold of the SD, and
the 99% confidence limit (P < 0.01)
was set at 2.58-fold of the SD. The
95% and 99% confidence ranges
aremarked in the graph. A total of 16
cases displayed reduction of Ptch1
mRNA levels. B, the wide range of
mRNA upregulation of key
components of the Shh pathway
as indicated in the specific panels.
A total of 12 MB samples were
analyzed in Smo, Gli1, Atoch1,
N-Myc, and 16 MB samples were
analyzed in Ccnd1 and Ccnd2.
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PTEN status in medulloblastoma induced by BCCIP
deficiency

Because the gatekeeper PTEN has been implicated in brain
tumors includingmedulloblastoma (38; 39, 40), we investigated
whether there is a genetic changes on PTEN. However, we did
not find evidence of PTEN mRNA reduction, or mutations in
the PTEN coding-region cDNA. Western blot analysis revealed
relatively normal expression level of PTEN protein withinmost
of the tumor tissues (Fig. 4). Thus, PTEN inactivation seems to
be an unlikely cause of the tumors obtained from the BCCIP
conditional knockdownmice. However, we observed a reduced
PTEN Ser-380 phosphorylation compared with control tissues
(Fig. 4). Although it had been suggested that C-terminal
phosphorylation of PTEN may regulate its stability (41, 42),
we did not observe an altered PTEN protein levels in the tumor
tissues as shown in Fig. 4. The significance of the reduced PTEN
c-terminal phosphorylation in the tumor tissues remains to be
determined.

Restored BCCIP expression in medulloblastomas
In our mouse model, BCCIP expression was conditionally

knocked down by GFAP-mediated Cre expression during
embryogenesis, which differs from the classical knockout
approach. First, the knockout approach would completely
abolish the expression of wild-type BCCIP; the knockdown
approach is unlikely to do so, leaving a reduced BCCIP expres-
sion. Second, the knockout approach permanently deletes the
endogenous BCCIP allele and BCCIP expression cannot be
restored during the later stages of tumor progression. Con-
versely, the knockdown approach leaves the endogenous
BCCIP locus intact and there is a possibility to restore BCCIP
expression. To examine BCCIP expression in the tumor tissues,
we measured BCCIP protein levels in the medulloblastomas
and that of age-matched (3-month-old) control cerebellums
(BCCIP-CON, BCCIP-CKD, GFAP-Cre, and BCCIP-CON;

p53LoxP/LoxP mice). To our surprise, a restored expression of
BCCIP protein among all tumor samples was observed
(Fig. 5A). We further compared BCCIP levels of the tumor
regions (Cb-T) with the tumor-neighboring cerebellum region
(Cb-NT) that may contain both tumor and normal cells, and
the cortex nontumor (Cx) region from the same animal. Again,
the BCCIP expression detected in tumor tissues was signifi-
cantly higher than in nontumor tissues among all measured 24
samples (see Fig. 5B for three representative cases). As
expected, the downregulation of p53 expression was observed
in the tumor tissues (Fig. 5B), and all tumor tissues displayed
higher expression levels of PCNA, a proliferation marker (Fig.
5B). As expected, the normal tissue have detectable level of
p53 (Fig. 5B), due to the presence of GFAP-negative cells in the
normal tissues. A small and reduced level of p53 can be
detected in the tumor tissue (Fig. 5B, lanes 2, 5, and 8), and
is likely contributed bymixed normal cells in the tumor tissues.

We used qPCR measurements to confirm elevated levels of
BCCIP in medulloblastomas (Fig. 5C). These data confirmed
that BCCIP expression was restored in the tumor tissues.
Although the BCCIP-CKDmouse brains were reported to have
lower level of BCCIP expression during embryogenesis at
newborn age than non-knockdown mice (14), we noticed a
minimum reduction of protein level in the whole brain at the
age of 3 months (compare lane 2 of Fig. 5A with that of lane 1,
and control data points 3 and 4with the rest of the control data
points in Fig. 5C). This is due to the conditional nature of our
GFAP-Cre system that only targets the GFAP-positive cells for
BCCIP silencing. During embryogenesis and at the newborn
stage, GFAP is expressed in multipurpose progenitor cells, and
these cells constitute a major portion of brain tissue. Thus, a
clear BCCIP down regulation can be verified among embryo
E15.5 neurospheres and newborn (P1) brain tissues as reported
previously (14). However, at the time of medulloblastoma
development (3 months), GFAP is mainly expressed in astro-
cytes, which are no longer a major portion in the brain tissues.
When the 3-month-old brain tissue is used to measure BCCIP
level, it cannot reflect the BCCIP knockdown status in the
GFAP-positive cell population.

To identify the cause of the restored BCCIP expression in the
tumor tissues that originally possessed the BCCIP shRNA
expression cassette, we analyzed the status of the BCCIP
shRNA cassette among the genomic DNA from the tumor
tissues. Interestingly, we found that all of the analyzed tumor
samples had lost the transgenic BCCIP shRNA expression
cassette LoxPshBCCIP, whereas they maintained the deleted
p53 alleles and the GFAP-Cre cassette (see Fig. 5D for three
representative cases). Therefore, it seems that the tumors
have found a way to restore BCCIP expression by deleting
the BCCIP shRNA expression cassette, likely by growth pres-
sure of the tumor cells. No BCCIP mutation was identified
from the tumor tissues analyzed.

These surprising findings imply that the expression of BCCIP
is required for the continued growth or progression of medul-
loblastomas. The genomic instability generated by the initial
and transient BCCIP downregulation was sufficient to cause
oncogenic transformation due to a stochastic activation of
progrowth Shh signaling (Figs. 3 and 4). Furthermore, the

Figure 4. PTEN expression in in medulloblastomas. Western blots were
performed to measure the levels of PTEN and pPTEN-ser380 in the
medulloblastomas (lanes 4–9). As the controls, proteins were extracted
from the cerebellums of BCCIP-CON (LoxPshBCCIP�/�; p53wt/wt; GFAP-
Creþ/�), BCCIP-CKD (LoxPshBCCIPþ/�; p53wt/wt; GFAP-Creþ/�), BCCIP-
CON;p53LoxP/LoxP (LoxPshBCCIP�/�; p53LoxP/LoxP; GFAPCreþ/�)mice that
were 3 months old (lanes 1–3).
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proliferative tumor cells have even higher level of BCCIP RNA
and proteins than normal tissue, implying a role of BCCIP in
promoting tumor progression, which is consistent with the
essential function of BCCIP in cell growth.

Discussion
BCCIP represents a class of tumorigenesis modulators
that function as suppressor of initiation but a requisite
for progression
In this study, we have shown that conditional BCCIP

knockdown contributes to the development of medulloblas-
tomas. On the basis of the functions of BCCIP in DNA repair,
cell-cycle regulation, and mitosis (5–7, 10, 11), it is conceiv-
able that BCCIP functions as a caretaker tumor-suppressor
gene. Reduced BCCIP function is expected to cause genomic
instability that can inactivate gatekeeper tumor suppressors,
which is consistent with the observed alterations in the
gatekeeper pathways (i.e., Shh) and the high penetrance of
medulloblastomas in the BCCIP-CKD;p53LoxP/LoxP mice
(Table 1, Fig. 2). These data strongly suggest that BCCIP
has a tumor-suppression responsibility. However, it was
paradoxical that BCCIP expression was restored and
expressed at even higher levels in the fully developed tumors
(Fig. 5), which implies a possible tumor promoter role for
BCCIP. As a consolidated model, we propose that the initial
BCCIP deficiency (caused by BCCIP shRNA expression)
elicited stochastic genomic instability that eventually com-
promised the function of gatekeepers in the Shh pathway.
When the progrowth pathways were activated, they were
autonomous in supporting cell growth, which caused onco-
genic transformation of the neural progenitor cells. At this
stage, BCCIP deficiency is no longer needed to trigger
transformation and becomes an obstacle for the progression
of the transformed cells, due to BCCIP's functions for DNA
replication, DNA repair, and mitosis. In the context of tumor
progression, the sustained rapid proliferation favors those
cells with spontaneous deletion of the BCCIP knockdown
cassette. Thus, during tumor progression, when gatekeeper
functions of Ptch1 have been inactivated, BCCIP become
essential for a sustained growth of the tumor. This mode of
action underscores the paradoxical roles of BCCIP in tumor-
igenesis. We postulate that BCCIP represents a unique class
of modulators of tumorigenesis that are Suppressors of
Initiation but Requisite for Progression (SIRP).
We further suggest that BCCIP exhibits a typical mode of

action for essential caretaker genes in tumorigenesis. On one
hand, a transient or subtle downregulation of these genes is
sufficient to trigger genomic instability, leading to oncogenic
transformations from autonomous proproliferation signaling
networks. On the other hand, the sustained growth of trans-
formed cells demands the availability of the same genes due to
their essential roles in cell division and proliferation. Unlike the
classical tumor suppressors that are often found mutated in
the tumor tissue, the SIRP types of genes regulate tumorigen-
esis in anunconventionalway. It only takes a transient or subtle
dysfunction to trigger the oncogenic transformations, and their
deficiencies work in a "hit-and-run" manner to initiate tumor-

igenesis. Thus, inactivationmutations in the SIRPgenesmay be
rare in fully developed tumors, and a transient and epigenetic
downregulation of SIRP genes may be more prevalent in
conferring tumorigenesis. This scenario may help explaining
how some epigenetically regulated tumor suppressors play a
role in tumorigenesis. It further raises several critical questions
when considering the roles of DNA repair genes in tumorigen-
esis. First, do essential DNA repair genes typically function as
conventional tumor suppressors? Second, are there any other
DNA repair genes that possess SIRP roles in tumorigenesis?
Lastly, what environmental factors play a role in the transient
dysregulation of the SIRP genes to promote tumorigenesis?

Conditional knockdown as an ideal approach to identify
genes with paradoxical functions at different stages of
tumorigenesis

As a gene involved in genomic integrity, BCCIP is unlikely
to be the only gene with the paradoxical SIRP functions.
The conventional knockout approach is unlikely to reveal
the SIRP genes with multiple and, often, opposing roles at
different stages of tumorigenesis. As discussed in a previous
report (7), we initially opted to use the conditional knock-
down approach to minimize the possibility of interference
by BCCIP deletion on its overlapping genes. This approach
leaves the endogenous BCCIP locus intact. When BCCIP is
indeed critical for tumor progression, the growth pressure of
transformed cells would favor cells with a spontaneous
deletion of the BCCIP knockdown cassette. In addition, this
approach downregulates, but does not mutate or abolish
BCCIP and has advantages over the conventional knockout
approach as it can faithfully reproduce situations where
gene downregulation, but not mutation, contributes to
tumorigenesis. In contrast, a conventional knockout strategy
would permanently delete the gene(s) of interest. The
absence of essential functions of the gene(s) would prevent
tumor progression and, thus, development of advanced
tumors would be unlikely. We were fortunate to observe
such a unique SIRP role of BCCIP in tumorigenesis because
we opted to use a conditional knockdown approach.

Distinct features of the BCCIP knockdown
medulloblastomas mouse model

Although p53 deletion alone in the GFAP-Cre- or Nestin-
Cre–based conditional knockoutmice is not sufficient to cause
medulloblastoma inmanyDNA repair-deficientmousemodels
(this study and another; see ref. 22), p53 deficiency combined
with DSB repair defects (including NHEJ and HR) and DNA
damage signaling can induce medulloblastoma (43). It has
been shown that Nestin-Cre–mediated conditional knockout
of BRCA2 and NBS1 also caused medulloblastomas (44, 45). In
these mouse models, the Nestin promoter becomes active at
around embryonic day 11 (E11), primarily in the CNS and
peripheral nervous system during embryogenesis (46). In our
study, we crossed FVB-LoxPshBCCIPþ/þ mice with FVB-Tg
(GFAP-Cre) transgenic mice that express Cre recombinase
under the control of the human GFAP promoter. Although
only glial cells are immune-reactive for GFAP in adult brain,
embryonic GFAP-promoter activity is not restricted to glial
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Figure 5. BCCIP expression in the medulloblastoma formed from the BCCIP-knockdown mice. Proteins and DNA from tumor tissues (Cb-T), tumor-
bordering cerebellum (Cb-NT), and nontumor cortex (Cx) were subjected to Western blot and PCR genotype analyses. A, the BCCIP and Cre protein
levels. It reveals an upregulation of BCCIP in medulloblastoma tissues (lanes 5–9) compared with the cerebellums from BCCIP-CON (LoxPshBCCIPþ/�;
p53wt/wt;GFAP-Cre�/�; lane 1), BCCIP-CKD (LoxPshBCCIPþ/�; p53wt/wt;GFAP-Creþ/�; lane 2), GFAP-Cre (LoxPshBCCIP�/�; p53wt/wt;GFAP-Creþ/�;
lane 3), and BCCIP-CON;p53LoxP/LoxP (LoxPshBCCIP�/�; p53LoxP/LoxP;GFAP-Creþ/�; lane 4) mice. B, the BCCIP, p53, and PCNA protein expression
level in three representative mice, MB-20, 25, and 37. (Continued on the following page.)
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progenitor cells. Much like Nestin-Cre, GFAP-promoter is
active in multipotent stem cells, including neural progenitor
cells during embryogenesis with a peak activity at around
embryonic day 13.5 (E13.5) (21). However, there is a difference
between the two transgenic mouse strains. Nestin-Cre mice
express Cre recombinase in common neural progenitors most-
ly during embryogenesis, whereas hGFAP-Cre transgenic mice
express Cre recombinase in both embryonic common progen-
itor cells as well as in adult glial cells (21).
The conditional homozygous BRCA2 deletion in

Brca2Nestin-cre mice resulted in neural development defects
and medulloblastoma when p53 was also deleted (44). As a
BRCA2 interacting protein, BCCIP has been shown to play a
role in homologous recombination, cell-cycle regulation, and
chromosome stability (5, 6, 8). Although certain features such
as viable mice with no tumor formation in BCCIP or BRCA2
deficiency alone are similar, additional characteristics of the
BCCIP-CKD mice make it distinguishable from the BRCA2
knockout mice. First, homozygous p53 deletion almost
completely rescued microcephaly in BCCIP-CKD mice (Fig.
1), but it only partially rescued the microcephaly in BRCA2
knockout mice (44). Second, when both copies of the p53 gene
were deleted, all of the BCCIP-CKD mice developed medullo-
blastoma, but only 83%of the BRCA2 knockoutmice developed
tumors with a similar onset of approximately 3 months (44).
Lastly, none of the BCCIP-CKD mice with p53 heterozygosity
developed tumors; however, 72% of the BRCA2 conditional
knockout mice with p53 heterozygosity developed medullo-
blastoma with a concurrent loss of the second copy of the p53
in the tumor cells (44). This is a drop from 83% (p53 homo-
zygous) to 72% (p53 heterozygous) in BRCA2 knockout mice,
compared with 100% (p53 homozygous) to 0% (p53 heterozy-
gous) for BCCIP knockdown mice. It implies that BCCIP–
deficiency-induced medulloblastoma is more dependent on
complete loss of p53 function than BRCA2 knockout. However,
it was noted that the BRCA2 study used the constitutive p53-
deficient mice rather than a conditional p53 LoxP mice (44).
Nbs1 is another gene involved in DNAdamage response. The

Nbs1Nestin-Cre conditional knockout mice had severe neural
degeneration, ataxia, and microcephaly to a similar extent as
our BCCIP-CKD mice (45). In addition, p53 deletion remark-
ably rescued the microcephaly and neural degeneration phe-
notype of NBS1Nestin-Cre knockout mice as with BCCIP-CKD

mice. However, unlike in BCCIP-CKD mice, p53 deletion did
not promote tumor formation inNBS1Nestin-cremice (45). These
distinct features suggest that BCCIP's roles in neurodevelop-
ment and medulloblastoma formation may be independent of
NBS1 and BRCA2. However, it is possible that NBS1 may be
another essential gene with SIRP function, and irreversible
NBS1 deficiency (in the knockout mouse model) may have had
prevented the transformed progenitor cells from a sustained
progression into medulloblastomas.

Activation of the Shh pathway in medulloblastoma in
BCCIP-deficient mice

Medulloblastoma is themost common childhoodmalignant
brain tumor. This type of tumor originates from granular
neural progenitors in the cerebellum (47). On the basis of gene
expression profiling, different subtypes of humanmedulloblas-
tomas are characterized by alterations of multiple cell-growth
signaling pathways, including the Shh, Wnt, and the Notch
signaling (27, 48–50). More than 25% of sporadic human
medulloblastomas have mutations in key components of the
Shh signaling pathway, such as Ptch1 and Smo (33, 48). Inter-
estingly, all of the medulloblastomas developed in the BCCIP-
CKD; p53LoxP/LoxP mice had abnormalities in at least one, and
often multiple, component of the Shh pathway (Fig. 3; Sup-
plementary Table S4). A striking feature of Ptch1 mutations
from our BCCIP knockdown mice is that the majority of the
tumors have lost the Ptch1 gene (18/24), and the remaining
mutations (6/24) involve large deletions or duplication of
normal sequences in the Ptch1 gene but do not involve single
base-pair mutations. This feature indicate that BCCIP–defi-
ciency-induced Ptch1 mutations are likely due to DNA repair
mechanisms involved in large rearrangements of DNA frag-
ments, which is consistent with BCCIP's role in DNA double-
strand break repair and replication slippage.

PTEN status in medulloblastoma
Reduced PTEN expression was shown in human medullo-

blastomas (39). In addition, frequent loss of heterozygosity of
chromosome 10q, where PTEN is located (10q23.31), was
observed in human medulloblastomas (40). Although reduced
expression levels of PTEN were observed in a small fraction of
tumors (1 out 9 as shown in Fig. 4), we did not detectmutations
in the Pten ORF region (Fig. 4). Interestingly, we observed a

(Continued.) Lanes 2, 5, and 8 are themedulloblastoma tissues (Cb-T,); lanes 3, 6, and 9 are tissues from tumor-bordering regions of the cerebellums (Cb-NT);
and lanes 1, 4, and 7 are the tissues of cerebral cortex (Cx) of the same mice. Upregulation of BCCIP protein and downregulation of p53 levels were
detected in medulloblastoma tissues (Cb-T; lanes 2, 5, and 8). C, the relative mRNA levels of BCCIP in medulloblastoma using GAPDH as an internal
control. Control samples are age-matched (3-month-old) cerebellums of BCCIP-CON (LoxPshBCCIPþ/�; p53wt/wt;GFAP-Cre�/�; first two control data points
from the left, n ¼ 2), BCCIP-CKD (LoxPshBCCIPþ/�; p53wt/wt;GFAP-Creþ/�; control data points 3 and 4 from the left, n ¼ 2), GFAP-Cre (LoxPshBCCIP�/�;
p53wt/wt;GFAP-Creþ/�; n ¼ 2), and BCCIP-CON;p53LoxP/LoxP (LoxPshBCCIP�/�; p53LoxP/LoxP;GFAP-Creþ/�; n ¼ 2). Mean and SD of the BCCIP mRNA
level were calculated from control samples. On the basis of the normal distribution, the 95% confidence limit (P < 0.05) was set at 1.96-fold of the SD, and the
99% confidence limit (P < 0.01) was set at 2.58-fold of the SD. The 95% and 99% confidence ranges are marked in C. Sixteen medulloblastoma
samples showed reduction of BCCIPmRNA levels. D, loss of the BCCIP shRNA expression cassette in themedulloblastomas. Shown here are representative
PCR genotyping results for the DNA extracted from medulloblastoma tissues (MB-T), tails (MB-Tail), nontumor cortex (MB-Cx), and nontumor
cerebellums (MB-NT) from three mice. Panel 1 shows the detection of the split U6 promoter LoxPshBCCIP. Panel 2 detects the reconstituted U6-shBCCIP
cassette after Cre-mediated recombination. Panel 3 detects the floxed p53 allele (and thewild-type p53 allele, lower band). Panel 4 detects the p53 allele after
Cre-mediated LoxP recombination. Panel 5 shows the presence of GFAP-Cre transgenes in the tissues. GAPDH was used as a PCR control (panel 6). The
genotype structure and approximate primer locations for PCR genotype for panels 1–4 are shown on the right side of each panel. As shown here, all
medulloblastoma tissues (MB-T) lost the BCCIP shRNA expression cassette, although they all carry the GFAPCre cassette and recombined p53 allele.
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reduced PTEN phosphorylation at Ser380 in the tumor tissues
(Fig. 4). The significance of this observation remains to be
investigated.

In summary, our study showed that, due to BCCIP's roles in
the maintenance of genomic integrity, conditional BCCIP
deficiency synergizes with loss of p53 to promote medullo-
blastoma. This suggests a tumor-suppressor role for BCCIP.
However, BCCIP is also required for tumor progression. These
observations revealed a paradoxical class of modulators of
tumorigenesis that act as SIRPs.We further propose that only a
transient downregulation, but not necessarily a permanent
mutation, of a SIRP is sufficient to confer tumorigenesis. This
concept has major implications on how dynamic regulation of
essential caretaker genes, such as by epigenetic mechanisms of
regulation, can contribute to tumorigenesis.
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