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ABSTRACT

We previously found that BRCA1-BRCA2-containing complex subunit 3 (BRCC3)
was highly expressed in tumorigenic rat glioma cells. However, the functional role of
BRCC3 in human glioma cells remains to be characterized. This study indicated that the
upregulation of BRCC3 expression was induced in two human malignant glioblastoma
U251 and A172 cell lines following exposure to the alkylating agent, temozolomide
(TMZ). Homologous recombination (HR)-dependent DNA repair-associated genes
(i.e. BRCA1, BRCA2, RAD51 and FANCD2) were also increased in U251 and A172 cells
after treatment with TMZ. BRCC3 gene knockdown through lentivirus-mediated gene
knockdown approach not only significantly reduced the clonogenic and migratory
abilities of U251 and A172 cells, but also enhanced their sensitization to TMZ. The
increase in phosphorylated H2AX foci (YH2AX) formation, an indicator of DNA damage,
persisted in TMZ-treated glioma cells with stable knockdown BRCC3 expression,
suggesting that BRCC3 gene deficiency is associated with DNA repair impairment. In
summary, we demonstrate that by inducing DNA repair, BRCC3 renders glioma cells
resistant to TMZ. The findings point to BRCC3 as a potential target for treatment of
alkylating drug-resistant glioma.

TMZ is an alkylating agent and converted by non-
enzymatic reaction in the systemic circulation at the
physiological pH to the reactive compound, 3-methyl-
(triazen-1-yl)-imidazole-4-carboxamide (MTIC). This
agent induces the methylation of the O° position on guanine
which is mispaired with thymine to form O*MeG-T
mismatch in double strand DNA, leading to cell death by

INTRODUCTION

Astrocytoma WHO grade IV, also named
glioblastoma multiforme (GBM) is the most common and
aggressive form of brain tumors [1-4]. Current treatments
for gliomas include radical surgical resection, standard
radiation therapy, and/or chemotherapy. Clinical reports

have indicated that temozolomide (TMZ) chemotherapy
in combination with radiotherapy is able to increase the
survival period for GBM patients [5-7]. TMZ therapy
alone is also a promising therapeutic for elderly patients
with GBMs due to its survival benefit with low toxicity.
Therefore, TMZ is used as the current first-line therapeutic
agent for gliomas [8, 9]. Nevertheless, the median survival
of GBM patients remains less than 2 years, with few
surviving more than 5 years [6]. To gain more effective
therapeutics, the molecular strategy to promote the action
of anti-glioma drugs needs to be developed.

blocking DNA replication. It is well-known that TMZ-
resistance could be mediated by the action of O°-methyl
guanine methyltransferase (MGMT) which repairs
TMZ-induced DNA lesions via removal of O°-methyl
group [10]. The components involved in mismatch repair
(MMR) such as MLH1 and PMS2 are also involved in
TMZ resistance in glioblastoma [11]. Additionally, the three
essential molecules for HR-dependent DNA repair pathway
in mammalian cells, BRCA1, BRCA2, and RADS5I1,
have been reported to contribute to cellular resistance to
alkylating agents [12—15].
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BRCC3 (previously known as BRCC36) is one of
the deubiquitinating enzymes (DUB) in humans and is
encoded in the BRCC3 gene located at the Xq28 locus.
It is classified as a member of the JAMM/MPN" family
of zinc metalloproteases that specifically cleaves Lys63-
linked polyubiquitin chains [16-19]. BRCC3 is known
to serve as a component of the BRCA complex involved
in TRF2-dependent telomere protection, which maintains
genomic stability under physiological condition [20]. The
BRCA complex contains multi-proteins, such as BRCAI,
BRCA2, BARDI, RADS51 and RAP80, which regulate
diverse processes important for the cellular response to
DNA damage [19, 21, 22]. This complex specifically
recognizes ‘Lys63’-linked ubiquitinated histone H2A and
phosphorylated H2AX (YH2AX) at DNA lesions sites and
facilitates the recruitment of other DNA repair proteins to
DNA damaged sites for DNA repair [21-23]. The BRCA
complex forms and accumulates at DNA damage sites
in response to DNA damage induced by radiation and/or
alkylating agents [13, 24-26]. The study has demonstrated
that BRCC3 depletion prevents the formation of BRCA1
nuclear foci, and subsequently impairs the DNA repair
pathway in response to DNA damage by ionizing radiation
in breast cancer cells, suggesting that BRCC3 is referred
as a potential therapeutic target for breast cancer [27].
Nevertheless, the role of BRCC3 in glioma cells remains
elusive.

In this study, we investigated the biological function
of BRCC3 in two human malignant glioma (MG) cell
lines, U251 and A172 cells that expressed a high level
of BRCC3 mRNA and exhibited resistance to TMZ. In
addition, treatment with TMZ induced the upregulation
of HR-dependent DNA repair genes in U251 and A172
cells, as well as the activation of DNA repair process. To
gain insights into the functional role of BRCC3 in glioma
cells, we examined glioma cell growth by inhibition of
BRCC3 expression in U251 and A172 cells. Our findings
provide the important evidence showing that targeting
BRCC3 expression can impair DNA repair in U251 and
A172 cells and increases sensitization of the glioma cells
to the alkylating drugs.

RESULTS

BRCC3 expression in human glioma tissues
and human glioma cell lines

Through our previous study in genome-wide cDNA
expression profiling on tumorigenic C6 glioma cells
[28], we found that tumorigenic C6 glioma cells showed
abundant amount of BRCC3 (Supporting information
Table 1). To determine the functional role of BRCC3
in glioma cells, we first examined the expression of
BRCC3 in human glioma tissues. We used the glioma
tissue arrays containing tumor sections from human
patients with different glioma grades. The results from

immunohistochemistry indicated that tumor cells in
grade I-I1I astrocytoma and grade IV GBM displayed a
strong BRCC3 immunoreactivity (Fig. 1B-E, arrows),
whereas BRCC3 staining was weak in normal brain
tissues (Fig. 1A, arrows). Through the analysis of one-
way ANOVA, we found that BRCC3 immunoreactivity
score (IRS) was significantly correlated to various grades
of glioma (F = 6.0647, p = 0.00295). Moreover, the IRS of
BRCC3 in grade IV GBM tissues was higher than normal
cortical tissues (Fig. 1F), indicating that the high level of
BRCC3 expression is associated with tumor cell growth
during glioma progression.

We then performed in vitro study using the three
malignant glioblastoma cell lines including U87, U251
and A172 cells. When compared to U87 cells, U251 and
A172 cells were more resistant to alkylating agent TMZ
(Supporting information Fig. 1A). U251 and A172 cells
were also less susceptible to another alkylating agent,
BCNU (Supporting information Fig. 1B). Given the fact
that BRCC3 is a component of BRCA complex involved
in HR-dependent DNA repair for DNA damage [27, 29],
BRCC3 mRNA expression in these three glioma cell
lines was examined. The results from QPCR analysis
showed that U251 and A172 cells expressed higher level
of BRCC3 mRNA than U87 cells (Fig. 2A). Exposure
to TMZ for 48 h resulted in the upregulation of BRCC3
mRNA expression in U251 and A172 cells (Fig. 2B). Yet,
treatment with TMZ caused only a slight upregulation of
BRCC3 mRNA expression in U87 cells (Fig. 2B). We
also noticed that an increase in BRCC3 mRNA expression
was detected in U251 and A172 cells after exposure to
BCNU (Supporting information Fig. 1C). Through the
examination of the subcellular localization of BRCC3
in U87, U251 and A172 cells, BRCC3 was found in
the nucleus of U251 and A172 cells after exposure to
TMZ for 48 h (Fig. 2D-E, arrows). BRCC3 was rarely
detected in the nucleus of TMZ-treated U87 cells (Fig. 2C,
arrows). However, in the absence of TMZ, BRCC3 was
predominantly located in the cytoplasm (Fig. 2C-E,
arrowheads). The results suggest that BRCC3 is involved
in the cellular resistance to alkylating drug-induced
cytotoxicity.

DNA repair-associated gene expression is
upregulated in U251 and A172 cells after
treatment with TMZ

We were next to examining expression of genes
that involved in HR-dependent DNA repair, i.e. BRCALI,
BRCA2, RADS51, and FANCD2 [13, 15, 30-32]. As shown
in Fig. 3A, the expression of BRCA1, BRCA2, RADS51 and
FANCD2 was remarkably increased in U251 and A172 cells
at 48 h after treatment with TMZ. Although the expression
of BRCAL1 in U87 cells was increased in response to TMZ
exposure, the change in the expression of the other three
DNA repair genes in U87 cells was insignificant. Given

www.impactjournals.com/oncotarget

10902

Oncotarget



2157
o]
[&]
()]
‘%‘10'
R
o
| 5 ST1f=]
Q L]
>
=
'.E 0 - I L L 1
©
£ | | I | B AV
(@)
c

Figure 1: Imnmunohistochemistry staining for BRCC3 in human brain tumor tissues. Human brain tissue slide used for this
study contained 24 cases of patients with different grades of gliomas in duplicates. The tissue slide was subjected to immunohistochemistry
staining using anti-BRCC3 antibody (Abcam). The representative images show BRCC3 immunoreactivity in normal human cortical
tissue (A) grade I astrocytoma (B) grade II astrocytoma (C) grade III anaplastic astrocytoma (D) grade IV glioblastoma multiforme (E).
Experiments were repeated using anti-BRCC3 antibody from ProSci with similar observations. The staining was photographed under
microscope with four images taken from each case. BRCC3 immunoreactivity of normal brain tissue and different grades of glioma were
evaluated using ImagelJ software (F). Cells with BRCC3 immunostaining were selected through threshold setting of ImageJ software. The
data are referred as immunoreactivity score (IRS) representing the average intensity of BRCC3-positive cells normalized over the intensity
of background. **p < 0.01, versus normal tissue. Scale bar in A-E, 100 pm.

the fact that treatment with TMZ promoted the formation
of YH2AX foci to provoke the activation of the DNA
repair process [33], immunofluorescence was conducted
to examine the levels of YH2AX foci in these three cell
lines following TMZ. As shown in Fig. 3B, YH2AX foci
formation was increased time-dependently in the three cell
lines after exposure to TMZ (6, 12, 24 and 48 h). Yet, the
intensity of YH2AX foci in A172 cells declined at 72 h after
TMZ treatment, whereas the levels of yYH2AX foci in U251
cells were also reduced at 96 h post TMZ exposure. The
more effective DNA repair occurs in A172 and U251 than
U87 cells, suggesting that an increase of DNA repair genes

together with BRCC3 in A172 and U251 cells could foster
those cells against TMZ-induced cytotoxicity.

Inhibition of BRCC3 attenuates glioma
cell growth

Based on the findings as indicated above that U251
and A172 cells expressed a higher level of BRCC3 than
TMZ-sensitive U87 cells, BRCC3 gene knockdown in
U251 and A172 cell lines was conducted using lentivirus-
mediated shRNA targeting BRCC3 (lenti-sh-hBRCC3).
As shown in Fig. 5A, U251 and A172 cells were still
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Figure 2: Increase of BRCC3 mRNA expression in resistant glioma cells after TMZ exposure. (A) Total RNA isolated
from U87, U251 and A172 cells was subjected to QPCR analysis for the measurement of BRCC3 mRNA expression. The levels of BRCC3
mRNA expression in U251 and A172 cells were normalized to U87 cells. (B) After treatment with TMZ (200 uM) or vehicle for 48 h in
DMEM containing 1% FBS, BRCC3 mRNA expression in U87, U251 and A172 cells was analyzed by QPCR. The levels of BRCC3 mRNA
expression in the TMZ-treated groups were normalized to their relative control groups (vehicle). (C-E) Immunofluorescence using anti-
BRCC3 antibody (Abcam; green) combined with DAPI nuclear counterstaining (blue) was conducted to examine subcellular localization of
BRCC3inU87(C) U251 (D) and A172 cells (E) at 48 h after TMZ treatment. Experiments were repeated three times with similar observations
obtained. Data shown in A and B are means + SEM of at least three independent experiments. *p < 0.05, **p < 0.01, versus U87 (A);
**p <0.01, versus relative vehicle group (B). Scale bar in C-E, 100 um.

viable after infection with lenti-ctrl, lenti-sh-hBRCC3-1
(BRCC3-KD1), or lenti-sh-hBRCC3-2 (BRCC3-KD2).
The morphological examination showed that the inhibition
of BRCC3 expression induced the elongation of these
glioma cell processes (Fig. 4A, arrows). Through QPCR
(Fig. 4B) and western blot analysis (Fig. 4C), we found
that BRCC3-KD1 and BRCC3-KD2 suppressed the
production of BRCC3 mRNA and protein production
efficiently in U251 and A172 cells.

Further results indicated that the ablation of
BRCC3 gene expression effectively reduced the growth
rate of U251 and A172 cells (Fig. 5A), and suppressed
their clonogenic ability (Fig. 5B). The cell scratch assay
indicated that BRCC3 gene knockdown caused a decline
in the migration of U251 and A172 cells (Fig. 6A). The
cell invasion of the two cell lines was also diminished
by the inhibition of BRCC3 expression (Fig.6B). These
results further confirm that BRCC3 is essential for the
regulation of glioma cell growth, migration, and invasion.

Downregulation of BRCC3 increases their
sensitization to TMZ

BRCC3 depletion has been reported to enhance
the cytotoxic effect of ionizing radiation on breast cancer

cells [27]. Accordingly, we examined if the depletion of
BRCC3 promotes TMZ-induced cytotoxicity in U251
and A172 cells. Our data showed that BRCC3 gene
knockdown reduced the cell viability of TMZ-treated
U251 and A172 cells when compared to the relative
TMZ-treated mock cells (Fig. 7A). Moreover, the colony
formation of U251 and A172 cells with BRCC3-KD1
and BRCC3-KD2 was decreased in the presence of TMZ
compared to TMZ-treated mock (Fig. 7B). Moreover,
BRCC3 gene knockdown promoted the cell death of
U251 and A172 cells in response to BCNU (Supporting
information Fig. 1D). These observations demonstrate that
the downregulation of BRCC3 expression increases the
sensitization of U251 and A172 cells to alkylating drug-
mediated cytotoxicity.

In addition, the deficiency of BRCC3 gene
expression reduced the levels of DNA repair-associated
genes (i.e. BRCA1, BRCA2, RADS51 and FANCD?2) in
TMZ-treated U251 and A172 cells, when compared to
those detected in TMZ-treated mock cells (Fig. 8A). In
contrast, the intensity of YH2AX foci in U251 and A172
cells with BRCC3 inhibition remained at higher levels
in the presence of TMZ for 48 — 96 h, when compared
to TMZ-treated mock cells (Fig. 8B). Moreover, the
formation of YH2AX foci expression persisted higher at
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Figure 3: Increase of DNA repair genes and YH2AX foci in glioma cells following TMZ exposure. (A) Total RNA was
isolated from U87, U251 and A172 cells at 48 h after TMZ treatment (200 pM) or vehicle in the medium containing 1% FBS, and then
subjected to QPCR analysis for the measurement of DNA repair gene expression indicated as above. Data are means + SEM of three
independent experiments. (B) Representative micrographs show yH2AX foci formation in U87, U251 and A172 cells treated by TMZ.
The cells were fixed and stained for YH2AX (red) at different time points post exposure to TMZ and DAPI (blue) was used for nucleus
counterstaining (left-handed panel). YH2AX foci intensity with indicated time points was quantified by using ImageJ software. Each time
point represents the mean of YH2AX foci intensity per cell from five independent fields in each culture (right-handed panel). Experiments
were repeated twice and mean + SEM were shown. *p < 0.05, versus relative vehicle group (A); *p< 0.05, **p< 0.01, versus U87 (B).
Scale bar in B, 50 pm.
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Figure 4: Lentivirus-mediated shRNA targeting BRCC3 in U251 and A172 cells. U251 and A172 cells were infected with
lenti-ctrl (mock) or lenti-hBRCC3-shRNA 265 (BRCC3-KD1) and lenti-sh-hBRCC3_731 (BRCC3-KD2). The stable infectants were
selected in the presence of puromycin as described in Materials and Methods. (A) The phase-contrast photographs show the morphological
change of U251 and A172 cells with BRCC3-KD1 or BRCC3-KD2 toward bipolar or multipolar enlongated cell shapes (arrows). (B)
BRCC3 mRNA levels were examined in U251 and A172 cells with BRCC3-KD1 and BRCC3-KD2 using gel-based RT-PCR (upper
panel) and QPCR (lower panel). (C) Total proteins were isolated from U251 and A172 cells with BRCC3-KD1 and BRCC-KD2, and then
subjected to western blot analysis for the measurement of BRCC3 protein levels. The level of GAPDH was used as a loading control. Data

shown are means + SEM of three independent experiments. **p < 0.01, versus mock (B). Scale bar in A, 200 pm.

a later time point of TMZ treatment (120 h) in U251 and
A172 cells with BRCC3 gene knockdown than mock cells.
The findings reveal that inefficient DNA repair process is
resulted from the downregulation of BRCC3 in U251 and
A172 cells.

DISCUSSION

Abnormal expression of BRCC3 has been
observed in several breast cancer cell lines and invasive
ductal carcinomas [19]. Clinic data have reported that
GBM patients with aberrant amplification of BRCC3
gene copies display a trend of low Kaplan-Meier
survival probability (National Cancer Institute. 2005.
REMBRANDT home page. http://rembrandt.nci.nih.
gov. Accessed 2014, February 10). Here, we provide the

evidence that the level of BRCC3 expression is much
higher in GBM tumor cells compared to normal human
brain tissues, and grade I-II astrocytoma. In addition,
we show that two glioma cell lines, which derived from
patients with grade IV malignant glioma and GBM,
U251 and A172 cells, had abundant expression of
BRCC3 mRNA.

We show here that U251 and A172 cells are
considerably more resistant to TMZ than U87 cells,
which is consistent with the findings from others [34, 35].
Similar to the previous observations [35], we notice
that three glioma cells exhibited undetectable MGMT
mRNA expression in the absence or presence of TMZ
(Unpublished observations of Chai et. al.). Yet, U251 and
A172 cells display a higher level of BRCC3 expression.
Moreover, the expression of BRCC3 in the two glioma cell
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Figure 5: Reduction of cell growth and colony formation ability in U251 and A172 cells by BRCC3 knockdown. The
stable transfectants (mock, BRCC3-KD1 and BRCC3-KD2) of U251 and A172 cells were seeded at a density of 5x10° cells per well and
subjected to MTT proliferation assay (A) and colony formation assay (B) as described in Materials and Methods. Data are means + SEM
of three independent experiments. *p < 0.05, **p < 0.01, versus mock (A and B). Scale bar in B, 5 mm.

lines is upregulated in response to TMZ or BCNU. These
observations demonstrate that upregulation of BRCC3
expression is the general response of resistant glioma cells
to alkylating agents.

Here, we address that BRCC3 exists evidently in the
nuclei of U251 and A172 cells after exposure to TMZ, but
lesser in U87 cells. Although an increase in the formation
of YH2AX foci is induced in the three glioma cell lines
after exposure to TMZ, faster decline in the formation of
YH2AX foci is observed in U251 and A172 cells rather
than U87 cells. This reveals that the activation of DNA
repair in U251 and A172 cells is effective. Given the fact
that BRCC3 (BRCC36) is essential for the protection of
breast cancer cells from ionizing radiation-induced DNA
damage [27], a high level of BRCC3 could protect U251
and A172 cells from TMZ-induced cytotoxicity. The
proapoptotic effector Bak and antiapoptotic BCL-2 family
member Mcl-1 have been reported to participate in TMZ-
induced apoptosis of U251 cells [36]. The action of Mcl-
1/Bak axis on TMZ-induced cell death of BRCC3-KD
glioma cells is not yet known. In addition, it is possible
that BRCC3 effect could combine with other factors

associated with TMZ resistance in glioblastoma, such as
EFEMPI (Fibulin-3), an extracellular matrix protein [37].

BRCA-triggered DNA repair pathway contains
multiple proteins including BRCA1, BRCA2, BARDI,
BRCC3 (BRCC36), BRCC45, and RADS1 [19, 27, 38].
Our study presents that BRCA1, BRCA2 and RADS]1 are
increased in the two glioma cell lines following treatment
with TMZ. BRCC3 has been reported to interact with
BRCALI directly to trigger BRCA-associated DNA repair
pathway [27]. In addition, BRCA1, BRCA2 and RADS51
are required for HR-dependent DNA repair pathway in
TMZ-resistant glioma [12—14]. Thus, an increase in the
expression of BRCC3 together with these DNA repair-
associated genes following TMZ promotes effective
HR-directed DNA repair, which in turn contributes to
cellular resistance of U251 and A172 cells to TMZ-induced
cytotoxicity. U87 cells, however, may execute insufficient
DNA repair mechanism, since only BRCA1 mRNA
expression is increased in TMZ-treated U87 cells.

The defect of the FA repair pathway was originally
identified in a rare genetic disease, Fanconi Anemia (FA),
with several abnormal features including chromosomal
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Figure 6: Decrease of cell migration and invasion in U251 and A172 cells by BRCC3 knockdown. (A) The stable
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insert filters for cell invasion. After 6 h, the cells that migrated to the bottom side of the filter were stained (purple color) and counted. Data
shown are means + SEM of at least three independent experiments (A and B). *p < 0.05, **p < 0.01, versus mock (A and B). Scale bar in
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instability and hypersensitivity to DNA cross-linking agents
such as mitomycin C [39—41]. FANCD?2, a critical FA
protein, interacts with BRCA1, BRCA2 and RADS1 at the
site of DNA damage to facilitate DNA repair [39, 40, 42].
Previous findings have shown that downregulation of
FANCD?2 expression by siRNA-mediated approach in U87
and T98MG cells can increase cellular sensitivity to glioma
chemotherapeutic agents, TMZ and BCNU, demonstrating
that FA repair pathway is involved in glioma resistance to
DNA alkylating agents [43]. Our results indicate that
exposure to TMZ causes a profound expression of
FA/BRCA DNA repair genes in U251 and A172 cells when
compared to U87 cells. Since U251 and A172 cells express
a higher level of BRCC3 than U87 cells either with or
without TMZ treatment, it suggests that FA cooperated with
BRCA-DNA repair pathways could be highly activated in
U251 and A172 cells.

A growing body of evidence indicates that the
inhibition of DNA repair gene expression in cancer cells
in combination with radiation and/or anti-tumor drugs is

a positive therapeutic strategy [19, 25, 29, 44, 45]. For
instance, targeting RADS51-dependent repair together
with ionizing radiation and TMZ has been reported to
be an effective therapeutic strategy for glioma [12].
Interruption of BRCA1 and BRCA2 expression or their
function is also found to enhance radiosensitivity and the
chemotherapeutic effectiveness of tumor cells [19, 26,
45-47]. Moreover, the knockdown of BRCC3 (BRCC36)
in cooperation with ionizing radiation can increase breast
tumor cells undergoing apoptosis [27]. Here, to elucidate
the functional role of BRCC3 in DNA repair pathway
induced by TMZ, we have generated the glioma cell lines
with stable BRCC3 gene knockdown. The inhibition of
BRCC3 gene expression significantly reduces the cell
viability and clonogenicity of U251 and A172 cells by
TMZ treatment, indicating that BRCC3 can be treated
as the target in order to enhance the sensitivity of glioma
cells to TMZ. Moreover, BRCC3 is a direct regulator of
BRCAI1 activation induced by ionizing radiation [27].
This molecule is required for the recruitment of BRCA1
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(A and B). Scale bar in A, 200 pm; B, 5 mm.

and other DNA repair proteins to DNA damage sites [44].
The expression level of genes associated with DNA repair
in TMZ-treated U251 and A172 cells with BRCC3 gene
knockdown is much lower than that detected in TMZ-
treated mock cells. In addition, higher levels of YH2AX
foci in U251 and A172 cells with inhibition of BRCC3
gene expression persist at a later time point following
TMZ exposure when compared to that observed in
TMZ-treated mock cells. Thus, the inhibition of BRCC3

expression may impair DNA repair mechanism in U251
and A172 cells, which can promotes sensitization of the
two glioma cell lines to TMZ. Given that the formation
of YH2AX foci is correlated to cell senescence [48], we
have also examined if the inhibition of BRCC3 gene
expression could lead to glioma cell senescence. Through
immunostaining of senescence associated 3-galactosidase
(B-Gal), rare B-Gal® cells were observed in mock or
BRCC3-KD U251 and A172 cultures (data not shown).
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Figure 8: Downregulation of BRCC3 expression alleviates DNA repair ability in U251 and A172 cells. Total RNA was
isolated from U251 and A172 cells with stable BRCC3 knockdown (BRCC3-KD1 and BRCC3-KD2) at 48 h after treatment with TMZ
(200 uM) or vehicle in the medium containing 1% FBS, and then subjected to QPCR analysis for the measurement of the expression of
DNA repair genes indicated as above (A) Data are means £SEM of three independent experiments. (B) Representative micrographs for
yH2AX foci formation induced by TMZ (200 uM) in the medium containing 1% FBS in U251 and A172 cells with BRCC3 inhibition
(left-handed panel). The cells were fixed and stained for YH2AX (red) at different time points post TMZ treatment, and DAPI (blue) was
used for nucleus counterstaining. Quantification of YH2AX foci intensity with indicated time points (right-handed panel). Each time point
represents the mean of YH2AX foci intensity per cell from five independent fields in each culture. Downregulation of BRCC3 disrupts the
DNA repair of TMZ-induced toxicity. Experiments were repeated twice and mean = SEM was shown. *p < 0.05, versus relative vehicle
group; “p < 0.05, versus mock with TMZ treatment (A), *p < 0.05, **p < 0.01, versus mock (B). Scale bar in B, 50 um.
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We also noticed that the inhibition of BRCC3 sensitizes
U251 and A172 cells to BCNU-induced cell toxicity. This
supports our view that BRCC3 upregulation is common
response to protect glioma cells against alkylating agent-
induced DNA damage.

Previous report has demonstrated that abrogation of
BRCC3 (BRCC36) using small interfering RNAs targeting
BRCC36 causes no significant effect on the cell apoptosis
of human breast cancer cell lines, suggesting that the
downregulation of BRCC3 expression is not lethal [27].
In contrast, we show here that the lentivirus-mediated
knockdown of BRCC3 can induce the morphological
change in U251 and A172 cells. Moreover, the depletion
of BRCC3 gene expression decreases the cell growth
and clonogenic ability of U251 and A172 cells. The
cell migration and invasion of U251 and A172 cells are
also impaired by BRCC3 knockdown. However, similar
levels of YH2AX foci formation are observed in mock
and BRCC3-KD glioma cells in the absence of TMZ,
indicating no serious DNA damage in BRCC3-KD cells
without TMZ. Moreover, we found no significant change
in the expression of genes associated DNA repair in mock
and BRCC3-KD glioma cells without TMZ treatment
(data no shown). These observations reveal that BRCC3
is involved in glioma cell growth even if no alkylating
agent-induced DNA damage. Besides of involving in
DNA repair, BRCC3 is one of the four-member DUBs
to form BRISC (Brec36-containing isopeptide complex)
in the cytosol, which selectively cleaves Lys63-linked
polyubiquitin [49, 50]. Recently, BRCC3 in the cytosol
has been reported to promote the inflammasome activation
by deubiquitinating NLRP3 in LPS-primed macrophages
[51]. Notably, BRCC3 is predominantly observed in the
cytoplasm of glioma cells without TMZ treatment. Thus,
it remains to be further dissected if the DUB activity of
cytosolic BRCC3 manipulates glioma cell growth in the
absence of alkylating agents.

In summary, BRCC3 is involved in the regulation of
cell growth and TMZ resistance in glioma cells. Given the
findings that HR-DNA repair proteins (BRCA1, BRCA2
and RADS1) are significantly increased in TMZ-resistant
glioma cells, an abundance expression of BRCC3 in
glioma cells seems likely to foster HR-dependent DNA
repair processes. Thus, effectively inhibiting BRCC3
expression in order to cause an insufficiency of homology-
directed repair in glioma cells is a potential therapeutic
strategy for sensitizing glioma tumor cells to the alkylating
anti-tumor drugs.

MATERIALS AND METHODS

Materials

Culture petri dishes were obtained from BD
Biosciences. Dulbecco’s modified Eagle’s medium
(DMEM) with high glucose, antibiotics (penicillin/

streptomycin), and puromycin were purchased from
Invitrogen (Carlsbad, CA, USA). Fetal bovine serum
(FBS) was obtained from HyClone Laboratories
(Logan, UT, USA). 8.0-um pore size transwell inserts
were purchased from SPL Life Sciences (Korea). Poly-
D-lysine (PDL), Temozolomide (TMZ), BCNU (1,3-Bis
(2-chloroethyl)-1-nitrosourea,Carmustine), chromogen,
3,3'diaminobenzidine  tetrahydrochloride (DAB),
4',6-diamidino-2-phenylindole (DAPI), DMSO, MTT,
proteinase K, and proteinase inhibitors were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Vectastain
ABC kit, FITC-avidin and Cy3-avidin were purchased
from Vector Laboratories (Burlingame, CA, USA).
Antibodies used for the study are listed as follow:
anti-BRCC3 (Abcam, Cambridge, MA, USA; ProSci
Incorporated, Poway, CA, USA) and anti-glyceraldehyde
3-phosphate  dehydrogenase (GAPDH; Millipore,
Billerica, MA, USA), anti-yH2AX (Millipore), horseradish
peroxidase (HRP)-conjugated or biotinylated secondary
antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA).

Cell Culture

Human malignant glioma U87 cell line was obtained
from American Type Culture Collection (Rockville,
Maryland, USA). U251 and A172 cells were provided
from Dr. Pei-Jung Lu (Institute of Clinical Medicine,
National Cheng Kung University). The human glioma
cell lines were grown in DMEM containing antibiotics
and 10% FBS.

Lentivirus-mediated shRNA targeting BRCC3

The shRNA lentiviral particles against human
BRCC3 expression in human MG cell lines were
designed by Biosettia Inc (San Diego, CA, USA). The
lentivirus vector constructs used in this study included
pLV-mU6-[sh-scramble] EF1la-GFP-puromycin (lenti-
sh-ctrl), pLV-mU6-[sh-hBRCC3] EF1a-GFP-puromycin
(lenti-sh-hBRCC3 265 and lenti-sh-BRCC3_731). Gene
transduction and preparation of transfectants were performed
as described previously [52]. Briefly, U251 and A172
cells at a density of 3x10° cells per dish were seeded
onto 60-mm dishes for 24 h. The cultures were infected
by 300 ul of lentiviral particles (lenti-sh-ctrl and lenti-
sh-hBRCC3) in 3 ml of DMEM containing 10% FBS, and
then incubated for 24 h in 5% of CO, at 37°C. The medium
was then replaced by DMEM containing 10% FBS for
24 h. The cultures were subsequently treated using 3 pg/ml
puromycin in the presence of 10% FBS in DMEM for 48 h
to generate stable transfectants. Cultures transduced with
lenti-sh-ctrl were used as the control group (mock). The
mock cells and the cells infected by lenti-sh-hBRCC3 265
(BRCC3-KD1) and lenti-sh-BRCC3 731 (BRCC3-KD2)
were subjected to QPCR and western blot analysis to
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determine the efficiency of lentivirus-mediated shRNA
against BRCC3 gene expression.

MTT cell proliferation assay

Cell growth was determined using the MTT
colorimetric assay. Cells were seeded at a density of
5x10° - 3x10* per well onto 96- or 24-well plates supplied
with DMEM containing 10% FBS. The cultures were
treated with 200 uM of TMZ or 100 uM of BCNU in
DMEM containing 1% FBS for the distinct time periods.
0.2% DMSO was used as vehicle. After that, MTT
solution (5 mg/ml) was added to each well for 4 h, and
the purple formazan crystals were dissolved in DMSO
solution. Absorbance was measured at 595 nm using an
ELISA-plated reader.

Cell scratch assay

A monolayer scratch assay was performed as
previously described [52]. After mechanically scratch
with a pipette tip, cells were rinsed with PBS and grown in
DMEM without serum for various time periods. The cell
motility was analyzed by measurement of wound closure
area using Image] software (Wayne Rasband, NIMH,
Bethesda, MD; http://rsbweb.nih.gov).

In vitro transwell cell invasion assay

24-well format 8.0-um pore size transwell inserts
were used to analyze the cell invasion. Cells were
seeded at the density of 2x10* cells per well onto PDL-
coated transwell inserts which were placed in the culture
wells with DMEM containing 10% FBS in the lower
compartment of each well. After 6 h, the inserts were
removed from the culture wells and then fixed in 4%
paraformaldehyde for 10 min. The inserts were stained
with 0.05% crystal violet in ddH,O for 10 min and the
upper surface of the insert was gently cleansed with cotton
swabs. The cells that migrated through the filter membrane
toward the other side of the inserts were counted using
ImageJ software. The results are represented as the

Table 1: Primers used for QPCR analysis

percentage of migrated cells over the total seeded cells
per culture.

Colony formation assay

Colony formation assay was performed by replating
cells at a density of 200 cells per well onto a 6-well culture
plate in DMEM containing 10% FBS. After 14 days, the
cells were fixed with 4% paraformaldehyde for 10 min
and then stained by using 0.05% crystal violet in ddH,O
for 15 min. Alternatively, for examination of clonogenic
ability of glioma cells with TMZ treatment, a density of
1000 cells per well were seeded onto a 6-well culture plate
and 200 uM of TMZ or vehicle in DMEM containing 10%
FBS was added to the cultures at 3 day after seeding. The
cultures were continuously maintained for another 7 days
and subjected to the colony formation assay. Colonies
produced by each cell-group were counted and measured
using Imagel software.

Quantitative real-time polymerase chain reaction

Quantitative-PCR (QPCR) Light Cycler Fast
Start DNA Master SYBR Green used in this study was
purchased from Roche Diagnostics (USA). Total RNA
isolation, PCR, and data normalization were performed as
described previously [52, 53], with minor modifications.
PCR reactants were also analyzed on 1% agarose gels to
verify primer specificity. The specific primer sequences
for the genes were designed using NCBI software Primer-
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The
oligonucleotides were synthesized in MWG Biotech AG
(Table 1).

Western blot analysis

Total proteins were extracted from the cells using
PBS containing 1% NP40, 1% Triton-X 100, 0.1% SDS,
1 mM PMSF and iced proteinase inhibitor cocktail. After
centrifugation at 10000 rpm for 10 min, the supernatant
was collected and protein concentration was determined
using a Bio-Rad DC protein assay kit (Bio-Rad

Species Gene Forward primer (5’ - 3") Reverse primer (5'- 3")

Human BRCC3 CGTTTGTCTCAACCACGCTC TTGTATCATCGTTCAACTCCCC
Human BRCA1 AGCAGAATGGTCAACTGATGAATA ACTGCTGCTTATAGGTTCAGCTTT
Human BRCA2 AATTAGCATGTGAGACCATTGAGA GATTTGTGTAACAAGTTGCAGGAC
Human FANCD2 ATCTGCTATGATGATGAATGCTGT AGAGCTGCTTTCTTATCACCAAGT
Human RADS1 CAGTGATGTCCTGGATAATGTAGC TTACCACTGCTACACCAAACTCAT
Human GAPDH TTGGTATCGTGGAAGGACTCA TGTCATCATATTTGGCAGGTTT
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Laboratories, Hercules, CA, USA). 100 pg of the protein
in SDS-PAGE loading buffer was heated in boiling water
for 5 min, and loaded onto 10% polyacrylamide gel. After
electrophoretic transfer to nitrocellulose membranes, the
membranes were then immunoblotted with anti-BRCC3
(1:1000) and anti-GAPDH (1:2000) at 4°C overnight. An
appropriate HRP-conjugated secondary antibody was then
added for 1 h at room temperature. The targeted proteins
were detected by chemiluminescence using the ECL-Plus
detection system (PerkinElmer Life Sciences, Waltham,
MA, USA).

Immunofluorescence

Cells were grown on coverslips at a density of
2x10* cells per well. After treatment with TMZ (200
uM) or vehicle (0.2% DMSO) for distinct time periods
in DMEM containing 1% FBS, cells were fixed in 4%
paraformaldehyde for 10 min at room temperature and
incubated in PBS containing 0.01% Triton X-100 for
20 min. The cultures were reacted with anti-BRCC3
antibody (1:100) or anti-yH2AX (1:500) in PBS containing
5% horse serum at 4°C overnight. The cells were then
incubated with biotinylated secondary antibody (1:200) for
1 h at room temperature, followed by FITC-avidin (1:200)
or Cy3-avidin (1:800) for 45 min at room temperature.
The nuclear counterstaining was performed using DAPI.
The immunostained cells were then photographed under a
fluorescence microscope (Nikon E800) with a color digital
camera.

Quantification of YH2AX foci

To measure the formation of YH2AX in glioma
cells, the images were randomly captured under a 40x
objective from five fields per culture with a cooling
CCD system. The total YH2AX intensity of each cell
was determined using ImagelJ software. The results were
presented as mean of YH2AX foci per cell by measuring
total fluorescence intensity of YH2AX foci over total cells
from five independent fields in each culture.

Immunohistochemistry

Human brain tumor tissue slide (Pantomics Inc.,
Richmond, CA, USA) was first heated at 60°C for 30
min before deparaffinization using xylene. The slide was
rehydrated in in various concentrations of ethanol solutions
(100%, 95% and 70%) and distilled water. After peroxidase
inactivation using 0.03% H,0O,, the slide was incubated
with proteinase K (10 pg/ml), followed by incubation of
anti-BRCC3 antibody (1:100) at 4°C overnight. After the
incubation of biotinylated secondary antibody (1:200) for
1 h at room temperature, the immunostaining for BRCC3
was viewed using Vectastain ABC kit (1:200) and DAB.
The slide was dehydrated in ethanol solutions (60%, 70%,
95% and 100%) and xylene before mounting.

Statistical analysis

Data were analyzed for statistical significance by
the 2-tailed unpaired Student’s t test using Sigma-Plot 10
(SYSTAT Software Inc., San Jose, CA). The results are
represented as means = SEM. The differences between the
compared groups are considered statistically significant
at p <0.05.

ACKNOWLEDGEMENTS

The authors wish to thank Dr. Yu-Peng Liu for his
help in culture technique, as well as Dr. Chun-Chun Li and
Dr. Wen-Tai Chiu for helpful discussion. The work was
supported by the National Science Council, Taiwan (NSC
99-2628-B-006-030-MY3 and NSC 102-2811-B-006-017)
and the Ministry of Education, Taiwan under the NCKU
Aim for the Top University Project Promoting Academic
Excellence & Developing World Class Research Centers.

Conflict of interest statement

None declared.

REFERENCES

1. Robins HI, Peterson CG, Mehta MP. Combined modality
treatment for central nervous system malignancies. Semin
Oncol. 2003; 30:11-22.

Watters JJ, Schartner JM, Badie B. Microglia function in
brain tumors. J Neurosci Res. 2005; 81:447-455.

3. Lam-Himlin D, Espey MG, Perry G, Smith MA, Castellani RJ.
Malignant glioma progression and nitric oxide. Neurochem
Int. 2006; 49:764-768.

Stiles CD, Rowitch DH. Glioma stem cells: a midterm
exam. Neuron. 2008; 58:832-846.

5. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,

Taphoorn MJ, Belanger K, Brandes AA, Marosi C,

Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, Gorlia T,

Allgeier A, Lacombe D, et al. Radiotherapy plus concomi-

tant and adjuvant temozolomide for glioblastoma. The New

England journal of medicine. 2005; 352:987-996.

Stupp R, Hegi ME, Mason WP, van den Bent MJ,

Taphoorn MJ, Janzer RC, Ludwin SK, Allgeier A, Fisher B,

Belanger K, Hau P, Brandes AA, Gijtenbeek J, Marosi C,

Vecht CJ, Mokhtari K, et al. Effects of radiotherapy with

concomitant and adjuvant temozolomide versus radiothera-

py alone on survival in glioblastoma in a randomised phase

III study: 5-year analysis of the EORTC-NCIC trial. The

lancet oncology. 2009; 10:459—466.

7. Kast RE, Boockvar JA, Bruning A, Cappello F, Chang WW,
Cvek B, Dou QP, Duenas-Gonzalez A, Efferth T, Focosi D,
Ghaffari SH, Karpel-Massler G, Ketola K, Khoshnevisan A,
Keizman D, Magne N, et al. A conceptually new
treatment approach for relapsed glioblastoma: coordinated

www.impactjournals.com/oncotarget

10913

Oncotarget



11.

12.

14.

15.

17.

18.

undermining of survival paths with nine repurposed drugs
(CUSPY) by the International Initiative for Accelerated
Improvement of Glioblastoma Care. Oncotarget. 2013;
4:502-530.

Hau P, Koch D, Hundsberger T, Marg E, Bauer B,
Rudolph R, Rauch M, Brenner A, Rieckmann P, Schuth J,
Jauch T, Koch H, Bogdahn U. Safety and feasibility of
long-term temozolomide treatment in patients with high-
grade glioma. Neurology. 2007; 68:688—690.

Beier D, Schulz JB, Beier CP. Chemoresistance of glioblas-
toma cancer stem cells—much more complex than expected.
Molecular cancer. 2011; 10:128.

Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N,
Weller M, Kros JM, Hainfellner JA, Mason W, Mariani L,
Bromberg JE, Hau P, Mirimanoff RO, Cairncross JG,
Janzer RC, Stupp R. MGMT gene silencing and benefit
from temozolomide in glioblastoma. The New England
journal of medicine. 2005; 352:997-1003.

Shinsato Y, Furukawa T, Yunoue S, Yonezawa H,
Minami K, Nishizawa Y, lkeda R, Kawahara K,
Yamamoto M, Hirano H, Tokimura H, Arita K. Reduction
of MLH1 and PMS2 confers temozolomide resistance and
is associated with recurrence of glioblastoma. Oncotarget.
2013; 4:2261-2270.

Short SC, Giampieri S, Worku M, Alcaide-German
M, Sioftanos G, Bourne S, Lio KI, Shaked-Rabi M,
Martindale C. Rad51 inhibition is an effective means of
targeting DNA repair in glioma models and CD133+ tumor-
derived cells. Neuro Oncol. 2011; 13:487-499.

Quiros S, Roos WP, Kaina B. Rad51 and BRCA2--New
molecular targets for sensitizing glioma cells to alkylating
anticancer drugs. PLoS One. 2011; 6:¢27183.

Zhang N, Wu X, Yang L, Xiao F, Zhang H, Zhou A,
Huang Z, Huang S. FoxM1 inhibition sensitizes resistant
glioblastoma cells to temozolomide by downregulating the
expression of DNA-repair gene Rad51. Clin Cancer Res.
2012; 18:5961-5971.

Kondo N, Takahashi A, Ono K, Ohnishi T. DNA damage
induced by alkylating agents and repair pathways. J Nucleic
Acids. 2010; 2010:543531.

Feng L, Wang J, Chen J. The
deubiquitinating enzyme BRCC36 is regulated by two

Lys63-specific

scaffold proteins localizing in different subcellular
compartments. J Biol Chem. 2010; 285:30982-30988.
Ambroggio XI, Rees DC, Deshaies RJ. JAMM: a
metalloprotease-like zinc site in the proteasome and
signalosome. PLoS Biol. 2004; 2:E2.

Verma R, Aravind L, Oania R, McDonald WH, Yates
JR, 3rd, Koonin EV, Deshaies RJ. Role of Rpnll
metalloprotease in deubiquitination and degradation by the
268 proteasome. Science. 2002; 298:611-615.

Dong Y, Hakimi MA, Chen X, Kumaraswamy E,
Cooch NS, Godwin AK, Shiekhattar R. Regulation of
BRCC, a holoenzyme complex containing BRCA1 and

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

BRCAZ2, by a signalosome-like subunit and its role in DNA
repair. Mol Cell. 2003; 12:1087-1099.

Okamoto K, Bartocci C, Ouzounov I, Diedrich JK,
Yates JR, 3rd, Denchi EL. A two-step mechanism for
TRF2-mediated chromosome-end protection. Nature. 2013;
494:502-505.

Harper JW, Elledge SJ. The DNA damage response: ten
years after. Mol Cell. 2007; 28:739-745.

Hu X, Kim JA, Castillo A, Huang M, Liu J, Wang B.
NBAI1/MERIT40 and BRE interaction is required for
the integrity of two distinct deubiquitinating enzyme
BRCC36-containing complexes. J Biol Chem. 2011; 286:
11734-11745.

Sims JJ, Cohen RE. Linkage-specific avidity defines the
lysine 63-linked polyubiquitin-binding preference of rap80.
Mol Cell. 2009; 33:775-783.

Sobhian B, Shao G, Lilli DR, Culhane AC, Moreau LA,
Xia B, Livingston DM, Greenberg RA. RAP80 targets
BRCAL to specific ubiquitin structures at DNA damage
sites. Science. 2007; 316:1198-1202.

Wang B, Matsuoka S, Ballif BA, Zhang D, Smogorzewska
A, Gygi SP, Elledge SJ. Abraxas and RAP80 form a
BRCAI1 protein complex required for the DNA damage
response. Science. 2007; 316:1194—-1198.

Kennedy RD, Quinn JE, Mullan PB, Johnston PG,
Harkin DP. The role of BRCA1 in the cellular response to
chemotherapy. J Natl Cancer Inst. 2004; 96:1659-1668.
Chen X, Arciero CA, Wang C, Broccoli D, Godwin AK.
BRCC36 is essential for ionizing radiation-induced BRCA1
phosphorylation and nuclear foci formation. Cancer Res.
2006; 66:5039-5046.

Fang KM, Yang CS, Lin TC, Chan TC, Tzeng SF. Induced
interleukin-33 expression enhances the tumorigenic activity
of rat glioma cells. Neuro Oncol. 2014; 16:552-566.

Shao G, Lilli DR, Patterson-Fortin J, Coleman KA,
Morrissey DE, Greenberg RA. The Rap80-BRCC36
de-ubiquitinating enzyme complex antagonizes RNF8-Ubc
13-dependent ubiquitination events at DNA double strand
breaks. Proc Natl Acad Sci U S A. 2009; 106:3166-3171.

Davies AA, Masson JY, Mcllwraith MJ, Stasiak AZ,
Stasiak A, Venkitaraman AR, West SC. Role of BRCA2
in control of the RADS51 recombination and DNA repair
protein. Mol Cell. 2001; 7:273-282.

Yamamoto K, Ishiai M, Matsushita N, Arakawa H,
Lamerdin JE, Buerstedde JM, Tanimoto M, Harada M,
Thompson LH, Takata M. Fanconi anemia FANCG protein
in mitigating radiation- and enzyme-induced DNA double-
strand breaks by homologous recombination in vertebrate
cells. Mol Cell Biol. 2003; 23:5421-5430.

Roos WP, Nikolova T, Quiros S, Naumann SC, Kiedron O,
Zdzienicka MZ, Kaina B. Brca2/Xrcc2 dependent
HR, but not NHEJ, is required for protection against
O(6)-methylguanine triggered apoptosis, DSBs and

WWw

.impactjournals.com/oncotarget

10914

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

chromosomal aberrations by a process leading to SCEs.
DNA Repair (Amst). 2009; 8:72—-86.

Trivedi RN, Almeida KH, Fornsaglio JL, Schamus S,
Sobol RW. The role of base excision repair in the sensitivity
and resistance to temozolomide-mediated cell death. Cancer
Res. 2005; 65:6394-6400.

Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y,
Kondo S. Role of autophagy in temozolomide-induced
cytotoxicity for malignant glioma cells. Cell Death Differ.
2004; 11:448-457.

Hermisson M, Klumpp A, Wick W, Wischhusen J, Nagel G,
Roos W, Kaina B, Weller M. O6-methylguanine DNA
methyltransferase and p53 status predict temozolomide
sensitivity in human malignant glioma cells. J Neurochem.
2006; 96:766-776.

Gratas C, Sery Q, Rabe M, Oliver L, Vallette FM. Bak and
Mcl-1 are essential for Temozolomide induced cell death in
human glioma. Oncotarget. 2014; 5:2428-2435.

Hiddingh L, Tannous BA, Teng J, Tops B, Jeuken J,
Hulleman E, Boots-Sprenger SH, Vandertop WP, Noske
DP, Kaspers GJ, Wesseling P, Wurdinger T. EFEMP1
induces gamma-secretase/Notch-mediated temozolomide
resistance in glioblastoma. Oncotarget. 2014; 5:363-374.
Rebbeck TR, Mitra N, Domchek SM, Wan F, Friebel TM,
Tran TV, Singer CF, Tea MK, Blum JL, Tung N, Olopade OI,
Weitzel JN, Lynch HT, Snyder CL, Garber JE,
Antoniou AC, et al. Modification of BRCA1-Associated
Breast and Ovarian Cancer Risk by BRCAI-Interacting
Genes. Cancer Res. 2011; 71:5792-5805.

Kennedy RD, D’Andrea AD. The Fanconi Anemia/BRCA
pathway: new faces in the crowd. Genes Dev. 2005;
19:2925-2940.

Taniguchi T, D’Andrea AD. Molecular pathogenesis
of Fanconi anemia: recent progress. Blood. 2006; 107:
4223-4233.

Joenje H, Patel KJ. The emerging genetic and molecular
basis of Fanconi anaemia. Nat Rev Genet. 2001; 2:446-457.

Garcia-Higuera I, Taniguchi T, Ganesan S, Meyn MS,
Timmers C, Hejna J, Grompe M, D’ Andrea AD. Interaction
of the Fanconi anemia proteins and BRCA1 in a common
pathway. Mol Cell. 2001; 7:249-262.

Chen CC, Taniguchi T, D’ Andrea A. The Fanconi anemia
(FA) pathway confers glioma resistance to DNA alkylating
agents. ] Mol Med (Berl). 2007; 85:497-509.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang B, Elledge SJ. Ubc13/Rnf8 ubiquitin ligases control
formation of the Rap80/Abraxas/Brcal/Brce36
complex in response to DNA damage. Proc Natl Acad Sci
U S A. 2007; 104:20759-20763.

Feng L, Huang J, Chen J. MERIT40 facilitates BRCA1
localization and DNA damage repair. Genes Dev. 2009;
23:719-728.

Tan DS, Rothermundt C, Thomas K, Bancroft E, Eeles R,
Shanley S, Ardern-Jones A, Norman A, Kaye SB,
Gore ME. “BRCAness” syndrome in ovarian cancer: a case-

foci

control study describing the clinical features and outcome
of patients with epithelial ovarian cancer associated with
BRCAT1 and BRCA2 mutations. J Clin Oncol. 2008; 26:
5530-5536.

Chen X, Arciero CA, Godwin AK. BRCA-associated
complexes: new targets to overcome breast cancer
radiation resistance. Expert Rev Anticancer Ther. 2006; 6:
187-196.

Pospelova TV, Demidenko ZN, Bukreeva EI, Pospelov VA,
Gudkov AV, Blagosklonny MV. Pseudo-DNA damage
response in senescent cells. Cell cycle. 2009; 8:
4112-4118.

Cooper EM, Cutcliffe C, Kristiansen TZ, Pandey A,
Pickart CM, Cohen RE. K63-specific deubiquitination by
two JAMM/MPN+ complexes: BRISC-associated Brce36
and proteasomal Poh1. EMBO J. 2009; 28:621-631.

Cooper EM, Boeke JD, Cohen RE. Specificity of the
BRISC deubiquitinating enzyme is not due to selective
binding to Lys63-linked polyubiquitin. J Biol Chem. 2010;
285:10344-10352.

Py BF, Kim MS, Vakifahmetoglu-Norberg H, Yuan J.
Deubiquitination of NLRP3 by BRCC3 critically regulates
inflammasome activity. Mol Cell. 2013; 49:331-338.

Fang KM, Lin TC, Chan TC, Ma SZ, Tzou BC, Chang WR,
Liu JJ, Chiou SH, Yang CS, Tzeng SF. Enhanced cell
growth and tumorigenicity of rat glioma cells by stable
expression of human CD133 through multiple molecular
actions. Glia. 2013; 61:1402—-1417.

Liu YP, Yang CS, Tzeng SF. Inhibitory regulation of
glutamate aspartate transporter (GLAST) expression in
astrocytes by cadmium-induced calcium influx. Journal of
neurochemistry. 2008; 105:137-150.

www.impactjournals.com/oncotarget

10915

Oncotarget



