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Abstract
Chronic lymphocytic leukemia deletion gene 7 (Clld7) is a candidate tumor suppressor on
chromosome 13q14. Clld7 encodes an evolutionarily conserved protein that contains an RCC1
domain plus broad complex, tramtrack, bric-a-brac (BTB) and POZ domains. In this study, we
investigated the biological functions of Clld7 protein in inducible osteosarcoma cell lines. Clld7
induction inhibited cell growth, decreased cell viability, and increased gamma-H2AX staining
under conditions of caspase inhibition, indicating activation of the DNA damage/repair pathway.
Real-time PCR analysis in tumor cells and normal human epithelial cells revealed Clld7 target
genes that regulate DNA repair responses. Furthermore, depletion of Clld7 in normal human
epithelial cells conferred resistance to apoptosis triggered by DNA damage. Taken together, the
biological actions of Clld7 are consistent with those of a tumor suppressor.
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Introduction
Chromosome 13q14 deletions frequently occur in several human malignancies, including B-
cell chronic lymphocytic leukemia (1,2), non-Hodgkin’s lymphoma (3,4), acute
lymphoblastic leukemia (5), lung cancer (6,7), prostate cancer (8,9), head and neck cancer
(10), and esophageal cancer (11,12), suggesting the presence of one or more tumor
suppressor gene(s) in this region. The chronic lymphocytic leukemia deletion gene 7 (Clld7)
(also called RCBTB1, CLLL7, E4.5 (13), and GLP (14)) is a candidate tumor suppressor
that maps to chromosome 13q14 (15). The CLLD7 gene encodes a 531-amino-acid protein
that contains two functional domains: a regulator of chromosome condensation (RCC1)
domain at the N-terminus and a broad complex, tramtrack, and bric-a-brac (BTB) domain at
the C-terminus. The prototype RCC1 protein functions as a guanine nucleotide exchange
factor for the Ras-related nuclear protein (Ran) GTPase (16). The C-terminal BTB domain
mediates protein-protein interactions, and serves as an adaptor for cullin 3 based ubiquitin
ligases (17–19).

Despite the fact that Clld7 is a candidate tumor suppressor, there is limited information on
the biological activities of this protein. The sole functional study with Clld7 to date is a
report linking Clld7 overexpression to cellular hypertrophy in cultured rat vascular smooth
muscle and renal proximal tubule cells (14).
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In this study, we report that Clld7 expression is decreased in colon cancer, cervical cancer,
and lymphoma cell lines. Clld7 overexpression in U2OS human osteosarcoma cells reduced
colony formation and significantly decreased cell viability. Moreover, upon expression of
Clld7, the DNA damage/repair pathway was activated as evidenced by increased γ-H2AX
staining and increased transcription of DNA damage related genes such as GADD34,
GADD45A, and GADD153. In addition, depletion of Clld7 in primary human epithelial
cells caused a marked decrease in apoptosis in response to treatment with the chemotherapy
agent cisplatin. These findings suggest that Clld7 may regulate DNA damage/repair
pathways and are consistent with a potential role of Clld7 as a tumor suppressor.

Materials and Methods
Cell lines and plasmids

Human osteosarcoma U2OS, cervical carcinoma CaSki, SiHa, HeLa, C33A, colon cancer
Caco-2, Colo205, HCT116, and RKO cells and human leukemia and lymphoma K562,
GP-10, Jurkat, and U937 lines were obtained from ATCC cells cultured as recommended.
The human Burkitt’s lymphoma cell lines, BJAB and BL41, were provided by Dr. Elliot
Kieff (Brigham and Women’s Hospital, Boston, MA) and cultured in RPMI 1640 medium
(Invitrogen), 10% calf serum, penicillin (50 units/ml), and streptomycin (50 μg/ml). U2OS
tet on cells (Becton Dickinson) were cultured in DMEM, 10% tetracycline free fetal bovine
serum (Invitrogen) and 200 μg/ml G418. Clld7 expressing cell lines were established by
transfecting U2OS tet on cells with pTRE2hygro (Becton Dickinson) or pTRE2hygro
containing C terminally hemagglutinin (HA)-tagged Clld7. After 14 days of selection with
hygromycin, individual colonies were picked and expanded. To induce the expression of
Clld7, cells were treated with 2 μg/ml doxycycline (Dox) for 3 days unless indicated
otherwise.

Primary human foreskin and cervical keratinocytes were prepared as described (20,21) and
cultured in Keratinocyte Serum Free Medium (K-SFM, Invitrogen) containing human
epidermal growth factor 1–53 (EGF 1–53), bovine pituitary extract (BPE), penicillin (100 U/
ml), streptomycin (100 μg/ml), gentamicin (10 μg/ml), and amphotericin B (0.5 μg/ml).

Colony formation assay
U2OS cells were seeded into six-well plates at a density of 8×104 cells/well. Cells were
transfected using Fugene 6 (Roche) with 1μg Clld7-pcDNA 3.1 plasmid, which contains C-
terminally HA-tagged Clld7 cDNA. Transfection of pcDNA 3.1(Invitrogen) was used as a
control. Twenty-four hours after transfection, cells were selected with 600 μg/ml G418. At
10 days post selection, surviving cells were stained with sulforhodamine B (Sigma), and
quantified in a plate reader (22).

Real-time PCR
Total RNA from cells was extracted using the RNeasy Mini Kit (Qiagen). Genomic DNA
was eliminated by on-column digestion during RNA extraction using RNase-Free DNase Set
(Qiagen). Clld7 expression in was quantified by real-time PCR using the QuantiTect SYBR
Green kit (Qiagen) using an ABI Prism 7300 instrument (Applied Biosystems); RNA from
normal colon epithelial cells (Invitrogen) and human peripheral blood lymphocytes
(Invitrogen) were used as controls. Each sample was tested in triplicate. The average cycle
number at threshold [Ct] was normalized against GAPDH. The expression level of Clld7
was calculated based on the 2−ΔΔCt method. Water was used as a negative control. PCR
primers are summarized in Table S1.
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The human DNA damage RT2 Profiler PCR Array and RT2 Real-Time SYBR Green/ROX
PCR Mix were purchased from SA Biosciences (Frederick, MD). PCR array analysis was
performed and analyzed according to the manufacturer’s instructions
(http://www.sabiosciences.com/pcr/arrayanalysis.php).

Fluorescence-activated cell sorting (FACS)
For cell cycle analysis, U2OS tet on lines transfected with either empty vector or expressing
Clld7 (H661) were seeded into a six-well plate at the density of 5 × 104 cells/well. Cells
were harvested after induction with 2 μg/ml Dox for three days, washed with phosphate
buffered saline (PBS) and fixed in 75% ethanol. DNA was stained with propidium iodide
(50 μg/ml) and analyzed with a FACSCalibur system using CellQuest software (Becton
Dickinson).

For quantification of γ-H2AX activation in H661 cells, cells were treated with 2 μg/ml Dox
for two days, fixed and processed using the γ-H2AX phosphorylation assay kit for flow
cytometry (Millipore, #17-344, Billerica, MA). Fixed Cells were incubated with either FITC
labeled γ-H2AX antibody or mouse IgG as control at 4°C overnight followed by propidium
iodide staining and analyzed using a FACSCalibur instrument (Becton Dickinson). Data
were analyzed using FlowJo software (Tree Star, San Carlos, CA).

Cell proliferation analysis
AlamarBlue (Biosource) was used to assess cell viability/proliferation. H661 cells and
control cells were seeded into a 96-well plate at a density of 2,000 cells/well. AlamarBlue
was added to the culture medium for 10 hours and the fluorescence signal of the dye was
captured in a Wallac VICTOR3 1420 plate reader (Perkin Elmer) and analyzed using the
Wallac 1420 program.

To determine the effect of caspase inhibitors on cell viability, H661 and control cells were
seeded into a 96-well plate at a density of 2,000 cells/well. Twelve hours after induction
with 2μg/ml Dox, pan-caspase inhibitors QVD-Oph (20 μM) or z-VAD (50 μM) were added
to cells for 48 hours before AlamarBlue staining or Western blot analysis. To test whether
Clld7 induced growth inhibition is p53-dependent, H661 cells were transfected with either
p53 siRNA (Thermo Fisher Scientific, L-003329-00-0005) or non-targeting siRNA control
(Thermo Fisher Scientific, D-001810-10-05) using Lipofectamine 2000 (Invitrogen). At 16
hours after transfection, cells were seeded into 96-well plates at a density of 5,000 cells/well.
Cells were induced for 2 days or 3 days before AlamarBlue assays.

Immunological Methods
Immunofluorescence experiments were performed as previously described (23). Theγ-
H2AX antibody (Millipore, #05-636) and an Alexa Fluor 488 labeled secondary antibody
(Invitrogen, #A11001) was used for γ-H2AX detection. Images were taken with a laser
scanning Zeiss Axioskop PCM2000 confocal fluorescence microscope. Cells with >5γ-
H2AX foci were counted as positive. Phase contrast pictures were taken using a Zeiss
AxioCam Mrm inverted microscope and processed with AxionVision Rel 4.4 software. For
Western blotting, cells were lysed in 0.5% Nonidet P-40 (NP40), 150 mM NaCl, 50 mM
Tris-HCl (pH 7.5), and protease inhibitor cocktail (Roche) and cleared by centrifugation at
4°C at 16,000 g for 5 min. Protein concentrations were determined by the Bradford method
(Bio-Rad). 150 μg aliquots were analyzed by SDS-PAGE and transferred to PVDF
membranes (Immobilon-P, Millipore). Membranes were blocked for one hour in 5% nonfat
dry milk in TNET buffer (200 mM Tris-HCl, 1 M NaCl, 50 mM EDTA, 0.1% Tween 20, pH
7.5) and probed with primary antibodies for one hour. Antibodies used were α-actin
(Chemicon, #MAB1501), α-tubulin (Cell Signalling, #2144), HA (Santa Cruz, #sc-805),
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CDK7 (Cell Signaling, #2916),γ-H2AX (Millipore, #05-636), GADD45A (Santa Cruz,
#sc-797), p53 (Millipore, #CBL404) and Phospho-Ser15-p53 (Cell Signaling, #9286).
Secondary antibodies were horseradish peroxidase-linked anti-mouse or anti-rabbit IgG (GE
Healthcare). Detection was done with enhanced chemiluminescence (Perkin Elmer Life
Sciences, Inc.) followed by digital acquisition and quantification on a Kodak 4000R Image
Station (Kodak) using Kodak Imaging Software (version 4.0).

See supplemental materials and methods for immunoprecipitation.

RNAi transfection
Human foreskin keratinocytes were transfected with 200 pmol of Clld7 specific siRNAs, or
a control siRNA duplex (Thermo Fisher Scientific) using the Human Keratinocyte
Nucleofector Kit (Lonza Company).

For the apoptosis resistance experiment, siRNA transfected HFKs were seeded on
coverslips. Three days after transfection, cells were treated with 10 μg/ml cisplatin (Sigma)
for 23 hours. After treatment, cells were fixed and nuclei were stained as described above.
At least 1,000 cells for each condition were counted and cells showing nuclear
fragmentation were defined as apoptotic cells.

Statistics
Student unpaired t test or two-way ANOVA analysis was used.

Results
Clld7 copy number is reduced and expression is decreased in human tumor cell lines

Deletions in the region of chromosome 13q14, where Clld7 is localized, have been detected
in various lymphoid neoplasms (5) as well as in solid human tumors (6,8). To confirm and
extend these observations, we performed online data mining to evaluate Clld7 copy numbers
in different tumor cell lines provided by the Wellcome Trust Cancer Genome Project
(http://www.sanger.ac.uk). Consistent with a previous study we found no evidence for
amplification or point mutation of Clld7 among the 776 human tumor cell lines in the
database. Homozygous deletions of Clld7, however, were detected in two tumor cell lines,
the SF126 astrocytoma cell line and the acute myeloid leukemia derived KMOE-2 cell line.
Evidence for loss of heterozygosity (LOH) of the Clld7 gene was detected in 316 tumor cell
lines, representing 29 tumor types. For example, 4 out of 12 cervical cancer samples show
evidence for LOH within the Clld7 gene locus. LOH of Clld7 is almost as frequent as that of
a well-established tumor suppressor, Rb1, in this collection of cell lines (Table S2).

Furthermore, we evaluated Clld7 expression in 14 tumor cell lines by quantitative real-time
reverse transcription (QRT) PCR. RNAs from corresponding normal cells were used as
controls. Three out of four cervical cancer cell lines expressed Clld7 at ~50% lower levels
than normal human cervical keratinocytes (Figure 1). Moreover, three colon cancer cell lines
showed >50% decreased expression of Clld7 as compared to normal colon epithelial cells.
In lymphoma and leukemia cell lines, expression of Clld7 was reduced in five out of six cell
lines examined. Hence, Clld7 expression is reduced in a variety of human tumor cell lines.

Clld7 has growth inhibitory activity in osteosarcoma cells
We next aimed to test the effect of ectopic Clld7 expression in cells with reduced
endogenous Clld7 expression. The human osteosarcoma cell line U2OS, which expresses
relatively low levels of Clld7, was chosen as a model (Figure S1A). U2OS cells were
transfected with either a pcDNA3 based expression vector for C-terminally HA-tagged
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Clld7 or pcDNA 3 vector as a control followed by G418 selection. While we obtained
numerous drug resistant colonies of control vector transfected U2OS cells, only very few,
small colonies were obtained when cells were transfected with the Clld7 expression vector
(Figure 2A, left panel). Quantification of live cells revealed that Clld7 expression caused a
statistically significant inhibition of cell growth (100 ±0.067% for control versus
23.4±0.24% in Clld7 expressing cells; p<0.001, Figure 2A, right panel). To further
investigate this growth suppressive activity of Clld7, we generated clonal U2OS cell lines
with tetracycline-inducible expression of C-terminally HA-tagged Clld7 (HA-Clld7). Single-
cell clones were selected and expanded. Clone H661, which shows robust induction of HA-
Clld7 upon doxycycline treatment was chosen for further experiments. Consistent with our
ectopic expression experiments, doxycyclin mediated induction of Clld7 (Figure 2B), caused
growth suppression in U2OS cells (Figure 2C). To quantitate Clld7 mediated growth
suppression we used AlamarBlue, a dye that probes mitochondrial fitness. These
experiments showed that there was an ~40% percent decrease of cell proliferation/viability
within 3 days of doxycycline treatment (Figure 2D). Similar growth inhibitory effects of
Clld7 expression were observed with various inducible expression levels of Clld7 (Figure
S1B) and in three additional clones (data not shown). To determine whether the growth
inhibitory effect induced by Clld7 expression is p53 dependent, we depleted p53 by
transfecting H661 cells with a pool of p53 specific siRNAs or a non-targeting control
siRNA. Western blot analysis documented efficient p53 knockdown (Figure 2D, lower right
panel) in H661 cells. Induction of Clld7 expression in p53 depleted H661 cell caused a
decrease in cell proliferation/viability similar to control siRNA transfected cells (Figure 2D
lower left panel). This indicates that Clld7 inhibits cell proliferation/viability through p53-
independent pathway.

Decreased cell viability as a consequence of Clld7 expression is partially due to apoptosis
We next determined the effect of Clld7 expression on the cell cycle profile of U2OS cells.
Flow cytometric analyses revealed a significant increase of cells with sub-G1 DNA content
from 1% to 32% at 72 hours of Clld7 expression, representing increased DNA fragmentation
upon Clld7 expression (Figure 3A; lower panels, 3B). In addition, the percentages of cells in
G0/G1 and G2/M dropped from 48% to 30% and 28% to 18%, respectively. In contrast,
doxycyline treated control cells showed no increase in the percentage of cells with sub-G1
DNA content and minimal changes in their G0/G1 and G2/M populations (57% to 54% and
22% to 23%, respectively) (Figure 3A; upper panels, 3B).

To determine whether the observed increase in the sub G1 population upon doxycyline
treatment represents caspase-dependent apoptosis, we treated cells with the pan-caspase
inhibitors, QVD-Oph or z-VAD. As expected, caspase inhibition partially abrogated the
decrease in cell density upon Clld7 expression (Figure 3C). Quantification by AlamarBlue
staining showed that QVD-Oph and z-VAD significantly increased H661 cell survival cells
from 26±1.1% to 64%±7.13 and 45±3.34% (p<0.001), respectively (Figure 3D).

Clld7 activates the DNA damage/repair pathway
To investigate the molecular mechanism that may cause apoptosis in response to Clld7
expression, we first evaluated whether the DNA damage/repair pathway may be activated
due to expression of Clld7. We performed immunofluorescence staining for serine 139
phosphorylation of histone H2AX (γ-H2AX), a marker for DNA double-strand breaks. We
observedγ-H2AX foci in H661 cells but not in control cells upon Dox treatment (Figure 4A,
left panel). The incidence of γ-H2AX foci (>5 foci/cell) was significantly higher in Dox
treated H661 cells than in untreated H661 cells (15.3±8% compared to 1.4±1.3%, p<0.05,
Figure 4A, middle panel), and γ-H2AX foci co-localized with phosphorylated Chk2 (Figure
S2). Increased expression of γ-H2AX in Dox treated H661 cells was confirmed by
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immunoblot experiments (Figure 4A, right panel). Quantification by FACS showed thatγ-
H2AX positive cells increased from 2.4% to 12.5% after Clld7 induction by Dox in H661
cells. Theγ-H2AX positive cells are distributed throughout the different phases of cell cycle
and are not specifically increased in apoptotic cells with sub G1 content (Figure 4B).

To ensure that γ-H2AX foci did not result from nucleosomal DNA fragmentation during
apoptosis, we treated H661 cells with the pan-caspase inhibitor QVD. These experiments
revealed that both the number of γ-H2AX foci per cell and the size of γ-H2AX foci in H661
cells upon Clld7 induction by Dox were not dramatically altered upon QVD treatment
(Figure 4C), whereas QVD efficiently inhibited nucleosomal DNA fragmentation (Figure
4D).

In combination these data indicate that γ-H2AX focus formation upon inducible expression
of Clld7 likely represent a primary effect of Clld7 expression and is not caused by DNA
fragmentation during apoptosis.

To determine whether Clld7 may play a role in the DNA damage/repair pathway, we
performed a pathway-focused qRT-PCR array analysis (SA Biosciences) in H661 cells with
and without Dox treatment. Using 2.5-fold modulation of gene expression as a cutoff, we
found that 17 of 84 genes were up-regulated (Figure 5A) and four genes were down-
regulated upon Clld7 expression (Figure S2A, B). 13 of the 17 up-regulated genes have
well-established roles in DNA replication, recombination, and repair pathways, which are
vital to maintain genome integrity (24). To validate these results, we performed qRT-PCR
experiments. BTG2 showed a 2.5-fold increase, ERCC2, CCNH, CDK7, GADD34, and
GADD135 displayed 4-fold increases and GADD45A showed an ~15-fold increase in
expression in H661 cells after Clld7 induction (Figure 5B). Increased expression of
GADD45A in H661 upon Dox treatment was also confirmed by Western blotting (Figure
5C). These results suggest that Clld7 activates the DNA damage/repair pathway at least in
part through transcriptional up-regulation of DNA damage/repair pathway genes.

Clld7 depletion in primary human epithelial cells confers resistance to apoptosis in
response to DNA damaging chemotherapy agents

Given that overexpression of Clld7 decreased cell viability and increased formation of γ-
H2AX foci in a human tumor cell line, we set out to determine whether Clld7 may play a
similar role in normal human epithelial cells. We depleted expression of Clld7 in primary
human foreskin keratinocytes (HFKs) by siRNA. Transfection of scrambled siRNA was
used as a control. Clld7 mRNA was reduced by ~70% as assessed qRT-PCR (Figure 6A).
Next we assessed whether Clld7 depletion in HKFs affects expression of DNA damage/
repair pathway genes. QRT- PCR analysis revealed an ~50% decrease in GADD34 and
GADD45 expression in HFKs transfected with Clld7 specific siRNAs as compared to
control siRNA transfected HFKs (Figure 6A). These experiments suggest that Clld7 is
involved in controlling expression of DNA damage/repair pathway genes in normal human
epithelial cells.

To analyze the effect of Clld7 depletion on apoptosis induced by DNA damage in primary
human epithelial cells, we treated HFKs transfected with Clld7 specific siRNAs or control
siRNA with the DNA damaging chemotherapy agent cisplatin at 3 days post-siRNA
transfection. The apoptotic rate of HFKs treated with cisplatin dropped from 63±11% in
control siRNA transfected HFKs to 35±8.6% in HFKs transfected with Clld7 siRNA
(p<0.05, Figure 6B). Representative pictures of apoptotic cell nuclei stained with Hoechst
33258 are shown in Figure 6C. Similar results were obtained with three independent HFK
populations.
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To determine whether Clld7 downregulation in HFKs may inhibit p53 activation, we
assessed p53 activation in response to cisplatin treatment in HFKs with siRNA mediated
Clld7 depletion. These experiments revealed that Clld7 depletion did not compromise p53
Ser15 phosphorylation or p53 stabilization in HFKs (Figure 6D). Hence Clld7 may not
directly control the capacity of primary cells to sense DNA damage and activate p53.

Discussion
Chromosome 13q14 deletions are frequently detected in a variety of human tumors
suggesting the presence of tumor suppressors in this region. Several genes cloned from
13q14 including ARL11 (25), RGC32 (26), and RFP2 (27,28) have been reported to inhibit
tumor growth. Here we investigated whether Clld7 may also be a 13q14 tumor suppressor
candidate. By mining publically available data database, we found that at least one copy of
Clld7 is lost in ~50% (319/776) of tumor cell lines that have been examined (Table S2). Our
analysis of this data set, however, does not provide evidence for Clld7 point mutations in
these cell lines. By qRT PCR, expression of Clld7 was shown to be low in multiple tumor
cell lines (Figure 1). Since analysis of CpG islands on chromosome 13q14.3 revealed no
evidence for significant methylation in B-CLL patients (29), promoter methylation may not
significantly contribute to the reduced expression of tumor suppressors in the vicinity of
13q14.

To determine whether Clld7 may be a growth suppressor, we expressed the protein in the
U2OS human osteosarcoma line that has relatively low endogenous Clld7 expression. We
found that cell growth and survival were greatly inhibited (Figure 2C, D,) and that this
inhibition was independent of p53 tumor suppressor activity (Figure 2D). Similar results
were also obtained with clones with lower level Clld7 expression of (data not shown)
suggesting that the observed growth inhibitory effects were not due to high-level Clld7
expression.

We noted an increased incidence of nuclear foci of γ-H2AX upon Clld7 expression (Figure
4A). Nuclear γ-H2AX foci decorate double strand DNA breaks and thus serve as a marker
for activation of the DNA damage/repair pathway (30). Activation of the DNA damage/
repair pathway was detected in precancerous lesions by two independent groups in lung
cancer (31) as well as bladder tumor specimens (32). It is purported that the activation of the
DNA damage/repair pathway functions as a cell intrinsic tumor suppressor pathway in early
potentially precancerous lesions (33). Since caspase inhibition inhibits cell death but does
not affect the incidence of γ-H2AX nuclear foci (Figure 4C), the appearance of these foci
does not represent a consequence of nucleosomal DNA fragmentation during apoptosis
(Figure 4D). Therefore, we hypothesize that Clld7 may exert its tumor suppressive activity
by regulating DNA damage responses, which, in turn, may lead to growth inhibition and/or
apoptosis. To molecularly characterize the DNA damage response triggered by Clld7
expression, we investigated mRNA expression of genes that have been implicated in DNA
damage/repair. These experiments showed that 17 of 84 genes were transcriptionally up-
regulated by Clld7, including GADD45A, GADD153, and GADD34 (Figure 5A and B). To
rule out that the observed activation of the DNA damage pathway represents a consequence
of high-level Clld7 expression, we also performed loss-of-function experiments where we
depleted Clld7 in primary human epithelial cells. These experiments revealed that Clld7
depletion caused decreased expression of GADD45A and GADD34 (Figure 6A).

Given these results we investigated whether, through targeting the DNA/damage repair
pathway, Clld7 may alter cell susceptibility to DNA damaging chemotherapy agents.
Indeed, Clld7 depletion in primary human keratinocytes confers resistance to cisplatin and
dampens the apoptotic response through a p53 independent pathway (Figure 6B, C, D). This
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finding is consistent with a previous report that GADD45A depletion inhibited apoptosis
upon genotoxic insults (34). Similarly, GADD34 depletion also inhibited apoptosis by
cisplatin in human mesothelioma cell lines (35). Hence we hypothesize that Clld7 depletion
bestows resistance to apoptotic stress through down-regulating GADD45A and GADD34
expression in primary cells. Given that, presumably due to allelic loss, Clld7 is expressed at
low levels in many tumor cell lines, our results suggest that the Clld7 expression level may
be predictor of the sensitivity of tumor cells to chemotherapy.

The molecular basis of transcriptional regulation of DNA damage response genes by Clld7
is unknown. The BTB domain may bind to DNA and reprogram gene transcription as most
other conserved BTB proteins (36,37). However, consistent with a previous report (14), we
found no evidence for nuclear localization of Clld7 (data not shown). Nevertheless, we
observed that ectopic expression of a Clld7 fragment that consists of the BTB domain more
potently suppressed U2OS cell proliferation than the isolated RCC1 domain of Clld7 (data
not shown), suggesting that the BTB domain may play an important role in the growth
suppressive activity of Clld7. As reported previously, BTB proteins function as substrate
specific adaptors for Cullin 3 ubiquitin ligase complexes (17,18,38). Consistent with this
notion and in agreement with a recent publication (39), co-immunoprecipitation experiments
showed that Clld 7 can associate with cullin 3 (supplemental Figure 4). The identification of
substrate(s) of the Clld7-Cul3 complex may provide insights into the mechanism by which
Clld7 regulates DNA damage/repair processes.

In summary, we provide data that are consistent with a role of Clld7 as a 13q14 tumor
suppressor: first, the expression level of Clld7 in several cancer cell lines was significantly
reduced; second, Clld7 overexpression decreased cell viability through activating the DNA
damage/repair pathway; third, depletion of Clld7 in human primary keratinocytes decreased
DNA damage/repair gene expression and conferred resistance to the apoptosis-inducing
drug cisplatin.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Real-time PCR analysis of Clld7 expression in tumor lines. Clld7 expression in each tumor
cell line (black bars) is indicated by its ratio to that of the corresponding normal tissues
(white bars). GAPDH was used as the reference.
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Figure 2.
Suppression of cell proliferation by Clld7 in U2OS cells. A. Overexpression of Clld7
decreases colony formation in U2OS cells. After 10 days of G418 selection, live cells were
stained with sulforhodamine B (SRB). In the left panel, wells in the upper row are cells
transfected with vector; wells in the lower row are cells transfected with Clld7. Right panel
is a bar graph depicting the percentage of live cells in the experiment shown in the left
panel. Results represent averages and standard deviations from triplicate wells. B. Inducible
expression of Clld7 in H661, a clonal U2OS tet on line expressing C-terminal HA epitope
tagged Clld7, as assessed by Western blotting. α-actin was used as a loading control. C.
Decreased H661 cell density after 3 days of Clld7 expression by doxycycline (Dox)
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treatment (2 μg/ml). Treatments with and without Dox are indicated by + and −. D. Cell
viability of H661 and U2OS tet on-vector cells as assessed by AlamarBlue staining. Upper
panel: H661 cells were treated with Dox for the indicated times. Lower Panel: H661 cells
were transfected with p53 specific siRNA or a non-targeting control siRNA followed by
Dox treatment for the indicated times. Efficiency of p53 depletion and Clld7 expression
were confirmed by Western blot (right panel). α-tubulin was used as loading control.
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Figure 3.
Clld7 overexpression decreases cell viability through induction of apoptosis. A. Cell cycle
profile determined by FACS in H661 cells. Representative data from three independent
experiments are shown. Percentage of sub-G1 phase is graphed in B. C. Pan-caspase
inhibitor QVD (20 μM) abrogates Dox mediated Clld7 expression in H661 cells. D. Cell
viability in C is determined by AlamarBlue staining. Caspase inhibitors z-VAD (50 μM) and
QVD (20 μM) were added at 12 hours after Dox treatment for 48 hours. Cell viability in
H661 cells without Dox and caspase inhibitor treatment is defined as 100%.
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Figure 4.
Clld7 induced γ-H2AX foci in U2OS cells. A. Left panel: representative
immunofluorescence images showing accumulation of γ-H2AX foci (green) upon inducible
expression of Clld7 (H661+). Empty vector transfected cells are shown as a control (Vec−
and Vec+). Inserted pictures are zoomed-in images. Middle panel: quantification of γ-H2AX
positive cells (>5 foci/cell) in H661+/− and Vec+/−. ~300 cells were counted for each
group. Averages and standard deviations are from three independent experiments. Right
panel: Western blot analysis of γ-H2AX in H661+/− and Vec+/− cells. B. Live cells stained
with γ-H2AX are quantified in H661 upon Dox mediated Clld7 induction by FACS. H661
cells +/− Dox treatment were stained with FITC labeled γ-H2AX antibodies or FITC labeled
mouse IgG as a control. Cells were co-stained with Propidium iodide to determine DNA
content. C. Immunofluorescence images of γ-H2AX foci (green) (left panel) and
quantification of γ-H2AX staining (middle panel) in H661 cells with or without Dox and
caspase inhibitor QVD (20 μM) treatment. Approximately 300 cells were counted for each
group. Averages and standard deviation are from three independent experiments. Right
panel, Western blot analysis of γ-H2AX and inducible expression of HA-Clld7 in H661 cells
with and without QVD treatment. D. Flow cytometry analysis of cells used in C after cells
were stained with Propidium iodide.
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Figure 5.
Overexpression of Clld7 deregulates expression of genes in the DNA damage/repair
pathway. A. PCR-array analysis documents 17 genes with increased expression upon
inducible expression of Clld7 in H661 cells. B. Real-time PCR documents increased
expression of 7 genes in H661+ cells as compared to H661- cells. Vector transfected cells
were used as control. C. Increased GADD45A protein expression upon Dox-induced
expression of Clld7 in H661 cells as assessed by Western blot. α–tubulin was used as a
loading control.
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Figure 6.
Depletion of Clld7 in primary human keratinocytes increases resistance to cisplatin-induced
apoptosis. A. Decreased expression of GADD45A and GADD34 after Clld7 depletion.
Human primary foreskin keratinocytes (HFKs) were transfected with a Clld7 specific siRNA
pool, an individual Clld7 specific siRNA, or control siRNA. Five days after transfection,
RNA was extracted for real-time PCR detection. B. HFKs transfected with a Clld7 specific
siRNA pool or a control siRNA were treated with the chemotherapy agent cisplatin (10μg/
ml) for 23 hours and stained with Hochest33258. A minimum 1,000 cells were counted
blindly in each group from three independent populations of HFKs. C. Representative
images of HFKs from B. D. HFKs are transfected with non-targeting control and Clld7
siRNA followed by cisplatin treatment (10 μg/ml) for 23 hours. Cell lysates were analyzed
by western blot for the expression of Serine 15-phosphorylated p53 and total p53. α–actin
was used as a loading control.
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