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Abstract

Dysfunctions of genome caretaker genes contribute to genomic instability and tumor initiation.
Because many 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 a
platform, we found that a conditional BCCIP knockdown and concomitant p53 deletion caused
rapid development of medulloblastomas, which bear a wide spectrum of alternations 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 down-regulation of BCCIP,
but not necessarily a permanent mutation, is sufficient to initiate tumorigenesis. Once 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
implications on how a non-mutagenic 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).
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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
chromosome segregation during mitosis, improper cell cycle coordination, etc. (2). A tumor
suppressor gene involved in the maintenance of genomic integrity is often referred to as a
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caretaker (3). Although defective caretakers may not immediately promote tumor growth,
they cause stochastic genomic alterations that increase the risk of inactivating gatekeeper
tumor suppressors and activations of growth-promoting oncogenes. The loss of gatekeeper
functions and activation of pro-growth oncogenes then causes oncogenic transformation and
imminent tumor growth and progression. Theoretically, once the defects of caretakers have
caused the activation of autonomous pro-growth pathways and malignant transformation, 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 also essential for cell viability and proliferation because of their fundamental
involvement 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 caretaker genes
modulate tumorigenesis. In this study, we constructed a conditional BCCIP knockdown
transgenic mouse model. In this model, the expression of BCCIP is down-regulated 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
tumorigenesis in an un-conventional way: it serves as a tumor suppressor, but later is
required for tumor progression.

BCCIP was originally identified as a BRCA2 and CDKN1A (Cipl/wafl/p2 1) interacting
protein (4). Knockdown of BCCIP caused significant reduction of homologous
recombination (5, 6), spontaneous chromatid aberrations including single chromatid breaks
and sister chromatid union (7), cytokinesis failure (8), and cell cycle dysregulation (9-15).
BCCIP is also an essential gene, and persistent deficiency of BCCIP leads to proliferation
defects and mitosis failure (7, 8, 14). Down-regulation of BCCIP expression has been
observed in some human cancers (16-18), but significant BCCIP mutations 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 formations of
medulloblastoma with activation of the Sonic hedgehog (Shh) signaling pathway,
confirming a caretaker tumor suppressor responsibility for BCCIP. Interestingly,
reappearance of BCCIP protein expression was found in final stage medulloblastomas as a
result of spontaneous deletion of the BCCIP 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 tumorigenesis, as a suppressor for the initiation and a
requisite for the tumor progression once 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-LoxPshBCCIP*/* 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)
transgenic mice (FVB-Tg(GFAP-Cre)25Mes/J) were obtained from the Jackson Laboratory
(stock number: 004600 ). These mice were interbred to obtain BCCIP-CON
(LoxPshBCCIP*/~;GFAP-Cre™~) and BCCIP-CKD (LoxPshBCCIP*/~;GFAP-Cre*/)
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mice. To generate BCCIP-CKD;p53L0XxP/ILoXP (| oxPshBCCIP+/~; p53LoxP/LoxP- GEAP-
Cre*'™) mice, the p53-floxed transgenic mice (B6.129P2-Trp53M1BrM;J) were obtained from
the Jackson Laboratory (stock number: 008462 ) and then interbred with BCCIP-CKD mice
to generate BCCIP-CKD; Trp53L0xPWt (| oxPshBCCIP*/~; p53LoxPWt: GEAP-Cre*/~) mice,
which were then intercrossed with p53-floxed transgenic mice to generate the BCCIP-
CKD;p53L0xP/LoxP mice. During breeding, the GFAP-Cre transgene was routinely carried by
the male to avoid germ-line BCCIP disruption due to low level of Cre expression in the
ovaries. Mice used in 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 for the institutional animal care committee.

Western blotting analysis

Histological

Western blots were performed with procedures as described previously (7). Primary
antibodies used were mBCCIP (7) , Cre (1:2000, 69050-3, Novagen), p53 (1:2000, sc-6243,
Santa Cruz), PCNA (1:2500, sc-53407,Santa Cruz), PTEN (1:1000, #9559, cell signaling),
and phospho-PTEN-Ser380 (1:1000, #9551, cell signaling)

and immune-histochemical (IHC) analysis

Mice brains were fixed in 10% buffered formalin for 24-48 hours before paraffin
embedding. All paraffin-embedded sections were cut at 5 pm. These sections were stained
with hematoxylin and eosin (H&E) according to standard procedures. IHC analysis of tissue
were performed by permeablizing with 0.1% Triton X-100 in PBS for 10 mins, quenching
endogenous peroxides with 3% hydrogen peroxide for 10 mins, followed by blocking,
primary and secondary antibody incubation. Immunoreactivity was visualized with 3,3’-
diaminobenzidine (DAB) (D5637, Sigma). Positive staining appears as brown nuclear
staining, whereas nuclei counterstained with hematoxylin appear as blue color. All
cryosection immunofluorescence staining was performed after antigen retrieval by boiling in
0.01 M 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 RT-PCR (qPCR) 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 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 Omniscript RT kit
(QIAGEN-205111). Real-time PCR was performed in duplicate with TagMan PCR mixture
(Applied Biosystems) in the 7000 ABI sequence detection system. The expression of genes
was normalized to the housekeeping gene GAPDH. All gPCR primers were part of the pre-
made Applied Biosystems TagMan packages as summarized in Table S2.

cDNA sequencing of BCCIP, PTEN and Ptchl

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 Table S3. Six overlapping
fragments were amplified to cover the full-length coding region of mouse Ptchl cDNA
using the primer sets listed in Table S3, including those previously used by others (19).
These primers were also used to sequence the amplified PCR products. For BCCIP and
PTEN cDNA, two additional primers (shown in the last two rows of Table S3) were also
used for sequencing.
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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 LoxPshBCCIP*/* 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 activation (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 conditional p53 knockout mice, hereafter
designated p53-0XP/LOXP (20) where exons 2-10 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 6 genotypes as detailed in the Table 1.

As shown in Figure 1, the GFAP-Cre mediated p53 deletion indeed rescued the
microcephaly in the BCCIP-CKD mice (Figs. 1A and 1B), and corrected the abnormal
cerebral and cerebellar structures observed in BCCIP-CKD mice (Fig. 1C). In addition, p53
heterozygosity (BCCIP-CKD;p53-0xP/Why partially improved cerebellar development, and
slightly corrected the microcephaly (Fig. 1C). While the BCCIP-CKD mice displayed major
motor coordination deficits (14), the BCCIP-CKD;p53-0XP/LoXP (| oxPshBCCIP/~;
p53LoxP/ILOXP-GEAP-Cre*/~) 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 (BCCIP-CKD) mice
with concurrent p53 deletion

While the GFAP-Cre mediated p53 deletion rescued the neurogenesis defects of BCCIP-
CKD mice, 100% of the BCCIP-CKD;p53L-0XP/ILOXP (| oxPshBCCIP*/~;
p53LoxP/ILOXP-GEAP-Cre*/~) mice became moribund and were diagnosed with
medulloblastoma within the cerebellum with an average onset of 95 days of age (Fig. 2A
and 2B, Table 1). However, medulloblastomas were not present in BCCIP-CKD; p53 Wt/wt
(LoxPshBCCIP*/—; p53WMWt: GEAP-Cre*/™) or in the BCCIP-CON;p53L-0xP/LoxP
(LoxPshBCCIP~/~; p53LoxP/LoxP- GEAP-Cre*/~) mice, when observed throughout their
lifespan. Necropsy and histology studies illustrated that the medulloblastoma foci are within
the external granular layer of the cerebellum (Fig. 2B). The tumor tissues are immune-
positive for synaptophysin, a marker for medulloblastomas (Fig. 2C). These
medulloblastomas also showed high proliferative indices by Ki67 staining (Fig. 2D). The
typical histological characteristics are similar to what is observed in human
medulloblastomas. These findings show that medulloblastoma formation can be initiated in
BCCIP deficient mice. In contrast to BCCIP-CKD;p53L0XP/LoxP (| oxPshBCCIP*/~;
p53LoxP/LoxP-GEAP-Cre*/~) mice, we did not observe medulloblastoma in BCCIP-
CKD;p53L0%PWt (| oxPshBCCIP*+/~; p53LoxPWt-GFAP-Cre*/~) mice (Fig. 2), indicating
that p53 complete loss of function is required for medulloblastoma formation in BCCIP-
CKD mice (Table 1). Conditional p53 knockout alone did not induce medulloblastoma in
the BCCIP-CON;p53L0xP/ILoXP (| oxPshBCCIP~/~; p53LoxP/LoxP-GEAP-Cre*/~) mice. This
is consistent with previous report (22).
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However at older ages, a few BCCIP-CON;p53-0XP/LoxXP (| oxPshBCCIP™/~;
p53LoxP/ILOXP-GEAP-Cre*/~) and BCCIP-CON;p53L0XP/Wt (| oxPshBCCIP~/~;

p53WULOXP: GEAP-Cre*/~) 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;p53-0xP/Wt (| oxPshBCCIP*/~; p53L0xPWt-GEAP-Cre*/~) with that
of BCCIP- CON;p53L-0xPWt (| oxPshBCCIP~/~; p53LoxPMt: GEAP-Cre*/™) (p=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, Figure 2 strongly suggests that BCCIP
knockdown resulted in a high prevalence of medulloblastoma tumorigenesis, revealing a
tumor-suppressing role of BCCIP.

The medulloblastomas formed in BCCIP deficient mice have inactivation of the Ptchl
gatekeeper tumor suppressor, and a wide range of alternations in the sonic hedgehog
(Shh) pathway

Tumor suppressors can be classified as gatekeepers or caretakers (3), and they suppress
tumorigenesis through distinct mechanisms. The gatekeeper tumor suppressors (such as RB,
PTCHL1, PTEN, etc.) often restrict cell proliferation, and a gatekeeper inactivation directly
promotes tumor growth. On the other hand, the caretaker tumor suppressors do not directly
control cell growth but maintain the genomic integrity. Caretaker 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 deficiency 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 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 hereditary medulloblastomas (25-27).
In addition, Shh-mutated subtype tumors is thought to originate from the cerebellar external
granule layer and has the tendency to be located away from the brainstem within the
cerebellar hemispheres (28, 29). Coincidentally, we noticed the medulloblastomas that
developed in BCCIP-CKD;p53-0%P/LoxP mice were mostly located in the external granule
layer, away from the brainstem, and the embryonic external granule layer was the most
BCCIP deficient affected region as reported previously (14). Therefore, we analyzed the Shh
status among medulloblastomas formed in BCCIP-CKD;p53L0%xP/LoxP ysing non-tumor
cerebellar tissues from age-matched control mice. A critical negative regulator of the Shh
pathway is the tumor suppressor Ptchl, which suppresses smoothened (Smo) dependent
activation of Glil transcriptional activity (30-33). When Ptch1 function is impaired, the Shh
pathway is activated to promote cell growth. Using gPCR with primers covering the region
of exons 17-18 of mouse Ptchl, we measured the expression of Ptchl in the tumors, and
found a significant reduction of Ptchl expression in 16 of 24 tested tumors (Fig. 4A). As
expected, we were not able to amplify the full-length Ptchl cDNA from the 16 cases.
Among the 8 cases with apparent normal level of Ptchl mRNA based on qPCR of exons
17-18, we were able to amplify the approximately normal sized Ptchl cDNA from 6
samples. Therefore, only 6 out of the 24 cases have the expression of approximate full-
length coding mRNA of Ptchl, and the other 18 cases likely had genetic alternations that
prohibited the amplification of their cDNA. Furthermore, each of the amplified Ptchl
cDNAs contained an inactivation mutation (Table 2) that was verified in the genomic DNA
of the same tumor. It is also striking that all mutations in the amplified cDNA were either
deletions or insertions of multiple base pairs that resulted in truncation of Ptchl. We did not
observe point mutations in these tumor samples (Table 2). These data suggest that Ptchl is a
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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 remaining 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 Glil, Atohl, N-Myc and D-cyclins. These downstream elements are known to
be critical regulators of granule neuron progenitors (34-37), which are the origins of
medulloblastoma. Along with the Ptch1l mutations and loss of Ptch1 expression, we
observed high levels of Smo, Glil, Atohl, N-Myc, and D-cyclins in the medulloblastomas
compared with controls (Table S4, and Fig. 3B). Together, these data suggest that the initial
BCCIP knockdown had triggered the inactivation of the Ptchl gatekeeper tumor suppressor,
and caused widespread alterations leading to the activation of the Shh signaling pathway,
which is known to promote medulloblastoma formation.

PTEN status in medulloblastoma induced by BCCIP deficiency

Because the gatekeeper PTEN has been implicated in brain tumors including
medulloblastoma (38)(39, 40). We also investigated whether there is a genetic changes on
PTEN. However, we did not find evidence of PTEN mRNA reduction, nor mutations in
PTEN coding region cDNA. Western blot revealed relatively normal expression level of
PTEN protein within most of the tumor tissues (Fig. 4). Thus PTEN inactivation seems to be
an unlikely cause of the tumors obtained from the BCCIP conditional knockdown mice.
However, we observed a reduced PTEN Ser-380 phosphorylation compared to 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 Figure 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
expression. Second, the knockout approach permanently deletes the endogenous BCCIP
allele and BCCIP expression cannot be restored during the later stages of tumor progression.
Conversely, the knockdown approach leaves the endogenous BCCIP locus intact and there is
a possibility to restore BCCIP expression. To exam BCCIP expression in the tumor tissues,
we measured BCCIP protein levels in the medulloblastomas and of age-matched (3 month-
old) control cerebellums (BCCIP-CON, BCCIP-CKD, GFAP-Cre and BCCIP-
CON;p53L0xP/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 (Cbh-NT) that may contain
both tumor and normal cells, and the cortex non-tumor (Cx) region from the same animal.
Again, the BCCIP expression detected in tumor tissues was significantly higher than non-
tumor tissues among all measured 24 samples (see Fig. 5B for 3 representative cases). As
expected the down-regulation 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 (Figure 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) are likely contributed by
mixed normal cells in the tumor tissues.
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We used gPCR 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-CKD mouse 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 age of 3 months
(compare lane 2 of Figure 5A with that of lane 1, and control data points 3 and 4 with the
rest of the control data points in Figure 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 newborn, GFAP is expressed in multi-purpose 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 earlier (14). However, at the time of medulloblastoma development (3 months),
GFAP is mainly expressed in astrocytes, 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, while 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 a growth pressure of the tumor cells. No BCCIP mutation was identified
from the tumor tissues analyzed.

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

In this study, we have shown that conditional BCCIP knockdown contributes to the
development of medulloblastomas. Based on the functions of BCCIP in DNA repair, cell
cycle regulation, and mitosis (5-7, 10, 11), it is conceivable 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;p53L0XP/LoxP mice (Table 1, Fig. 2). These data
strongly suggest that BCCIP has a tumor suppressor 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
SshRNA expression) elicited stochastic genomic instability that eventually compromised the
function of gatekeepers in the Shh pathway. Once the pro-growth pathways were activated,
they are autonomous in supporting cell growth, which caused oncogenic transformation of
the neural progenitor cells. At this stage, BCCIP deficiency is no longer needed to trigger
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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 Ptchl have been inactivated, BCCIP become essential for a sustained growth of the
tumor. This mode of action underscores the paradoxical roles of BCCIP in tumorigenesis.
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 down regulation of these genes is
sufficient to trigger genomic instability, leading to oncogenic transformations from
autonomous pro-proliferation signaling networks. On the other hand, the sustained growth of
transformed 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 tumorigenesis in an
unconventional way. 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
tumorigenesis. Thus, inactivation mutations in the SIRP genes may be rare in fully
developed tumors, and a transient and epigenetic down-regulation 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 tumorigenesis.
First, do essential DNA repair genes typically function as conventional tumor suppressors?
Secondly, are there any other DNA repair genes 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 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 knockdown
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
down-regulates, but does not mutate or abolish BCCIP and has advantages over the
conventional knockout approach as it can faithfully reproduce situations where gene down-
regulation, but not mutation, contributes to tumorigenesis. On the contrary 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, 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 knockout
mice is not sufficient to cause medulloblastoma in many DNA repair deficient mouse
models (this study, and (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 NBSL1 also caused
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medulloblastomas (44, 45). In these mouse models, the Nestin promoter becomes active at
around embryonic day 11 (E11), primarily in the central and peripheral nervous system
during embryogenesis (46). In our study, we crossed FVB-LoxPshBCCIP*/* 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 progenitor cells. Much
like Nestin-Cre, GFAP-promoter is active in multi-potent 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 mostly during
embryogenesis, while hGFAP-Cre transgenic mice express Cre recombinase in both
embryonic common progenitor cells as well as in adult glial cells (21).

The conditional homozygous BRCA2 deletion in Brca2Nestincre 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). Secondly, when both copies of the p53 gene were deleted, 100% of the
BCCIP-CKD mice developed medulloblastoma, but only 83% of the BRCA2 knockout mice
developed tumors with a similar onset of about 3 months (44). Lastly, none of the BCCIP-
CKD mice with p53 heterozygosity developed tumors, yet 72% of the BRCA2 conditional
knockout mice with p53 heterozygosity developed medulloblastoma with a concurrent loss
of the second copy of the p53 in the tumor cells (44). This is a drop from 83% (p53
homozygous) to 72% (p53 heterozygous) in BRCA2 knockout mice, comparing to 100%
(p53 homozygous) to 0% (p53 heterozygous) 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 DNA damage 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 remarkably rescued the
microcephaly and neural degeneration phenotype of NBS1Nestin-Cre knockout mice as with
BCCIP-CKD mice. However, unlike in BCCIP-CKD mice, p53 deletion did not promote
tumor formation in NBS1Nestin-cre mice (45). These distinct features suggest that BCCIP's
roles in neurodevelopment 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 un-reversible 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 the most common childhood malignant brain tumor. This type of tumor
originates from granule neural progenitors in the cerebellum (47). Based on gene expression
profiling, different subtypes of human medulloblastomas 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). Interestingly,
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100% of the medulloblastomas developed in the BCCIP-CKD; p53-0%xP/LoxP mice had
abnormalities in at least one, and often multiple, components of the Shh pathway (Table S4,
Fig. 3). A striking feature of Ptch1l mutations from our BCCIP knockdown mice is that
majority of the tumor have lost the Ptchl gene (18/24), and the remaining mutations (6/24)
involve large deletions or duplication of normal sequences in the Ptchl gene but do not
involve single base pair mutations. This feature indicate that BCCIP deficiency induced
Ptchl mutations are likely due to DNA repair mechanisms involved in large re-
arrangements of DNA fragments, 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 medulloblastomas (39). In addition,
frequent loss of heterozygosity of chromosome 10q, where PTEN is located (10923.31) was
observed in human medulloblastomas (40). Although reduced expression levels of PTEN
was observed in a small fraction of tumors (1 out 9 as shown in Figure 4), and we did not
detect mutations in the Pten ORF region (Fig. 4). Interestingly, we observed a 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
medulloblastoma. 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 suppressors of initiation but are requisites for
progression (SIRP). We further propose that only a transient down-regulation, 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. p53 deficiency rescues microcephaly and neurological defects of BCCIP-CKD mice

Panel A shows the average size of the brains (at age P21) from mice of 6 different genotypes
(see Table 1 for details on genotypes). Panel B is a set of representative brains among the
BCCIP-CON and BCCIP-CKD mice combined with wild type p53 (p53"/"t), heterozygous
p53 deletion (p53'XPWty or homozygous p53 deletion (p53L0XP/LoxP) Panel C is a set of
representative H&E staining histology of cerebrum and cerebellum at age P21. Neural
markers: NeuN, Calbindin (D-28K), and GFAP.

[ FaP(200 | [ D-28 (200 | [ Neun (aox) | [ HaE (40x) | [ HaE (4ox) |

Cancer Res. Author manuscript; available in PMC 2014 December 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Huang et al.

Page 14

8
T

Survival (%)
2
T

&
T

8
T

(
——— BCCIP-CKD;p53+~ (n=35)
..... BCCIP-CON;pS3+*™ (n=32)

Fig. 2. Medulloblastomasin conditional BCCIP knockdown & p53 knockout mice

The LoxPshBCCIP conditional BCCIP knockdown (BCCIP-CKD) mice were crossed with
conditional p53 knockout (p53-0XP/LoXP) mice, and then with the GFAP-Cre mice that
expressed the Cre recombinase during embryogenesis. This resulted in mice with 6 different
genotypes as shown in the insert of panel A and Table 1. These mice were observed for
tumor formation for over 48 months. Panel A shows the survival curve of the mice.
Medulloblastomas were formed in 100% of the BCCIP-CKD;p53-0%P/LoxP mjce with an
average onset of 95 days. None of the other mice developed medulloblastoma. Some of the
BCCIP-CON;p53L0%P/LoxP mice were sacrificed due to growth of benign lipomas at older
ages (see text for details). Panel B shows the gross morphology of medulloblastoma formed
in the BCCIP & p53 deficient BCCIP-CKD;p53L0XP/LoXP mjce and H&E staining of the
representative tumors. The top left inserts show the medulloblastoma (indicated by arrows)
from two mouse brains. The top-right insert shows that the tumor foci are within the
cerebellar external granule layer with a typical histology of medulloblastoma. The bottom
inserts are H&E staining of the tissues at the magnifications as indicated.

Panels C and D are IHC staining of the tumor tissue for synaptophysin (a medulloblastoma
marker) and Ki67 (a proliferation marker).
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Fig. 3. Dysregulation of the sonic hedgehog (Shh) signaling pathway in medulloblastomas

The gPCR analyses were used to measure the relative level of mMRNA in medulloblastoma
tissues derived from BCCIP-CKD;p53-0XP/LOXP mice. The mRNA levels of age-matched
control (3-months old) cerebellums were also measured. Panel A shows the relative level of
Ptchl mRNA in 24 medulloblastoma samples. Control samples are (from left to right):
BCCIP-CON (LoxPshBCCIP*/~; p53Wt/wt: GEAP-Cre™/~)(first 2 control data points from
the left, n=2), BCCIP-CKD (LoxPshBCCIP*/~; p53WMt: GEAP-Cre*/~ )(control data points
3 and 4 from the left, n=2), GFAP-Cre (LoxPshBCCIP~/~; p53W!Wt: GFAP-Cre*/~) (n=2)
and BCCIP-CON;p53L0xP/ILoxP (| oxPShBCCIP~/—; p53LoXPILoxP-GEAPCre*/~ )(n=2). The
average of Ptch1 mRNA level and its standard deviation were calculated from control
samples. Based on the normal distribution, the 95% confidence limit (p<0.05) was set at
1.96 fold of the standard deviation, and the 99% confidence limit (p<0.01) was set at 2.58
fold of the standard deviation. The 95% and 99% confidence ranges are marked in the graph.
A total of 16 cases displayed reduction of Ptchl mRNA levels. Panel B shows the wide
range of mMRNA up-regulation of key components of the Shh pathway as indicated in the
specific panels. A total of 12 MB samples were analyzed in Smo, Glil, Atochl, N-Myc and
16 MB samples were analyzed in Ccndl1 and Ccnd2.
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Fig. 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™/~; p53WtWt: GFAP-Cre*/7), BCCIP-CKD
(LoxPshBCCIP*/~; p53WtWt: GEAP-Cre*/"), BCCIP-CON;p53-0XP/LOXP (| oxPshBCCIP™:
p53LoxP/ILOXP: GEAPCre*/~) mice of 3 month-old (Lanes1, 2 and 3).
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Fig. 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
non-tumor cortex (Cx) were subjected to Western blot and PCR genotype.

Panel A shows the BCCIP and Cre protein levels. It reveals an up-regulation of BCCIP in
medulloblastoma tissues (Lanes 5-9) compared to the cerebellums from BCCIP-CON
(LoxPshBCCIP*/—; p53WU/Wt: GFAP-Cre~'~) (Lane 1), BCCIP-CKD (LoxPshBCCIP*/—;
p53WIWL: GFAP-Cre*/~) (Lane 2), GFAP-Cre (LoxPshBCCIP~/—; p53W/Wt: GFAP-Cre*/™)
(Lane 3) and BCCIP-CON;p53L0xP/ILoXP (| oxPShBCCIP~/~; p53LoxPILoxP-GEAP-Cret/~)
(Lane 4) mice.

Panel B shows the BCCIP, p53, and PCNA protein expression level in three representative
mice, MB-20, 25, and 37. Lanes 2, 5 and 8 are the medulloblastoma 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 cerebrum tissues (Cx) of the same mice. Up-regulation of
BCCIP protein and down-regulation of p53 levels were detected in medulloblastoma tissues
(Cb-T, Lane 2, 5 and 8).

Panel C shows 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 (LoxPshBCCIP*/—; p53WUWt: GEAP-Cre~/~)(first 2 control data points from the left,
n=2), BCCIP-CKD (LoxPshBCCIP*/~; p53WWt: GFAP-Cre*/~ )(control data points 3 and 4
from the left, n=2), GFAP-Cre (LoxPshBCCIP™/~; p53W/Wt: GFAP-Cre*/~ ) (n=2) and
BCCIP-CON;p53LoxP/LoxP (| oxpshBCCIP~/~; p53LoxP/ILoxP: GEAP-Cre*/~ )(n=2). The
average of BCCIP mRNA level and its standard deviation were calculated from control
samples. Based on the normal distribution, the 95% confidence limit (p<0.05) was set at
1.96 fold of the standard deviation, and the 99% confidence limit (p<0.01) was set at 2.58
fold of the standard deviation. The 95% and 99% confidence ranges are marked in the panel.
16 medulloblastoma samples showed reduction of BCCIP mRNA levels.
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Panel D shows the loss of the BCCIP shRNA expression cassette in the medulloblastomas.
Shown are representative PCR genotyping results for the DNA extracted from
medulloblastoma tissues (MB-T), tails (MB-Tail), non-tumor cortex (MB-Cx), and non-
tumor cerebellums (MB-NT) from three mice. Panel 1 shows the detection of the split U6
promoter LoxPshBCCIP. The panel 2 detects the reconstituted U6-shBCCIP cassette after
Cre-mediated recombination. The panel 3 detects the floxed p53 allele (and the wild type
p53 allele, lower band). Panel 4 detects the p53 allele post 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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Table 1
summary of the mouse genotypes, designation used in text, brain size, medulloblastoma incidence, and onset
times.
Genotype(s) Designation in text Brain size Incidence of Onset
M edulloblastoma/ (days) for
total number of medullobl
mice astoma
LoxPshBCCIP~~; p53WWL GFAP-Cre*/~ BCCIP-CON;p53wt/wt Normal 0/32 N/A
LoxPshBCCIP~/~; p53LoxPiwt, GFAP-Cre*'~ | BCCIP-CON;p53LoxP/ut Normal 0/31 N/A
LoxPshBCCIP~/~; p53LoxPILoxP. GEAP-Cre*/~ | BCCIP-CON;p53-0xP/LoxP | Normal 0/45 N/A
LoxPshBCCIP*/~; p53WWL GFAP-Cre/~ BCCIP-CKD;p53wt/wt Microcephaly 0/35 N/A
LoxPshBCCIP*/~; p53LoxPWt: GEAP-Cre*/~ BCCIP-CKD;p53LoxPiwt Reduced Microcephaly | 0/29 N/A
LoxPshBCCIP*/~; p53LoxP/LoxP;, GEAP-Cre*/~ | BCCIP-CKD;p53-P/Lox | Normal 45/45 95+15
LoxPshBCCIP*~;GFAP-Cre™/—; p53wtiwt BCCIP-CON Normal (N/A) N/A
LoxPshBCCIP*—;GFAP-Cre*/~; p53wt/wt BCCIP-CKD (same as Microcephaly (N/A) N/A
BCCIP-CKD;p53Wt/w)
GFAP-Cre*/~ GFAP-Cre Normal (N/A) N/A
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Table 2

Altered Sequence of Ptchl cDNA in medulloblastomas

exon 11,
Intron-11, and
123nt of exon
12.

Tumor ID | Ptchl mutations | Altered sequences (parenthesized sequences are the deleted segmentsin tumor, underlined sequences ar e the duplicated segments)
MB20 14nt duplication CTGGCTGGCGTCCTGTTGGTTGCGTICCTGTTGGTTGCGCTGTCAGTGG
in exon 10
MB36 14nt deletion in CAGACTGGCA(GCCGAGACAAGCCC)ATCGACATTA
exon 16
MB59 4nt deletion in GTCCTGTTGG (TTGC) GCTGTCAGTG
exon 10
MB73 14nt duplication CTGGCTGGCGTCCTGTTGGTTGCGICCTGTTGGTTGCGCTGTCAGTGG
in exon 10
MB79 7nt deletion in CCTACGAGAC(ACCTCAG)ACTTTGTGGA
exon 18
MB89 Deletion: 3nt of ATTCCATTTG(AGG-Intron 11-ACAGGACTGGGGAGTGCCTCAAGCGCACCGGAGCCAGCGTGGCCCTCACCTCCATCAGCAATI
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