
NFBD1/MDC1 Regulates Cav1 and Cav2 Independently of DNA
Damage and p53

Kathleen A. Wilson1,2, Sierra A. Colavito1, Vincent Schulz1, Patricia Heffernan Wakefield1,
William Sessa3, David Tuck1, and David F. Stern1

1Department of Pathology, Yale University School of Medicine, New Haven, Connecticut
2Graduate Program in Genetics, Yale University School of Medicine, New Haven, Connecticut
3Department of Pharmacology, Yale University School of Medicine, New Haven, Connecticut

Abstract
NFBD1/MDC1 is involved in DNA damage checkpoint signaling and DNA repair. NFBD1 binds
to the chromatin component γH2AX at sites of DNA damage, causing amplification of ataxia
telangiectasia-mutated gene (ATM) pathway signaling and recruitment of DNA repair factors.
Residues 508–995 of NFBD1 possess transactivation activity, suggesting a possible role of
NFBD1 in transcription. Furthermore, NFBD1 influences p53-mediated transcription in response
to adriamycin. We sought to determine the role of NFBD1 in ionizing radiation (IR)–responsive
transcription and if NFBD1 influences transcription independently of p53.

Using microarray analysis, we identified genes altered upon NFBD1 knockdown. Surprisingly,
most NFBD1 regulated genes are regulated in both the absence and presence of IR, thus pointing
toward a novel function for NFBD1 outside of the DNA damage response. Furthermore, NFBD1
knockdown regulated genes mostly independent of p53 knockdown. These genes are involved in
pathways including focal adhesion signaling, carbohydrate metabolism, and insulin signaling.

We found that CAV1 and CAV2 mRNA and protein levels are reduced by both NFBD1
knockdown and knockout independently of IR and p53. NFBD1-depleted cells exhibit some
similar phenotypes to Cav1-depleted cells. Furthermore, like Cav1-depletion, NFBD1 shRNA
increases Erk phosphorylation. Thus, Cav1 could act as a mediator of the DNA-damage
independent effects of NFBD1 in mitogenic signaling.

Introduction
NFBD1 was discovered by a computational screen for genes encoding proteins with BRCA1
carboxy-terminal (BRCT) domains (1). NFBD1 is also known as MDC1 (mediator of DNA
damage checkpoint 1). NFBD1 is a DNA damage response factor that modulates the ataxia
telangiectasia-mutated gene (ATM)–Chk2 signaling pathway (2–6). Previous work indicates
that NFBD1 amplifies ATM signals by binding directly to γH2AX, thus recruiting active
ATM and other DNA damage response factors to sites of DNA damage. H2AX is a
chromatin component that is phosphorylated by ATM and other factors to form γH2AX (7).
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The interaction between NFBD1 and γH2AX is important for homologous recombination in
addition to checkpoint signaling (8).

Another mechanism by which NFBD1 influences checkpoint signaling is by binding to the
MRE11/Rad50/NBS1 (MRN) complex, thus allowing for sustained MRN complex
association with damaged chromatin (3, 5, 9–14). The MRN complex is essential for
activation of ATM following DNA damage (15–22). Furthermore, Mre11 possesses
nuclease activity that is important for DNA repair and genomic stability (23).

Although the best characterized function for NFBD1 is in DNA damage signaling, there is
also evidence that NFBD1 possesses transactivation activity. Residues 508–995 activate
transcription of a chloramphenicol acetyl transferase reporter in yeast and mammalian cells
(24). That region of NFBD1 has not been reported to contain additional motifs or functions.
Another study establishes a relationship between NFBD1 and p53. Treatment of A549 lung
carcinoma cells with adriamycin (ADR) and other DNA damaging agents reduces NFBD1
protein and mRNA at late time points (6–12 hours). The decrease in NFBD1 levels occurs
simultaneously with increased p53 phosphorylation on S15 and increased abundance of p53
targets. Forcing greater NFBD1 expression decreases p53 S15 phosphorylation and reduces
expression of p53 targets at late time points after ADR treatment. Luciferase reporter assays
using NFBD1 overexpression and knockdown show that NFBD1 expression levels are
inversely correlated with transcription from the promoters of p21, MDM2, and BAX, which
are p53-targets (25).

Although it is known that NFBD1 influences p53-mediated transcription in response to
ADR, much remains unknown about the role of NFBD1 in regulation of gene expression.
For example, it is unclear if NFBD1 regulates targets other than p21, MDM2, and BAX.
Furthermore, the role of NFBD1 in ionizing radiation (IR)–induced transcription has not
been examined. To elucidate those areas, we carried out microarray experiments to analyze
global transcription with single and combined NFBD1 and p53 knockdowns in U2OS cells
without and with irradiation. Surprisingly, the expression levels of most NFBD1-regulated
genes identified in this study are changed by NFBD1 depletion in both the presence and
absence of IR and p53. Two of the genes regulated by NFBD1 are Caveolin 1 (CAV1) and
Caveolin 2 (CAV2). NFBD1-depleted cells show similar phenotypes to Cav1-depleted cells,
including increased Erk phosphorylation, rounded cells with smaller focal adhesions, and
impaired wound healing.

Materials and Methods
Cell culture

U2OS human osteosarcoma cells [American Type Culture Collection (ATCC)] were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and L-glutamate. NFBD1+/+ and NFBD1−/−

mouse embryo fibroblasts (MEFs), a gift from Junjie Chen, MD Anderson Cancer Center
(7), were grown in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, 1%
sodium pyruvate, and 1% nonessential amino acids.

U2OS cells were transfected with a pcDNA3 vector (Invitrogen Corporation) containing the
cDNA encoding human hemagglutinin (HA)–tagged Cav1 or the empty vector (26). U2OS
cells stably expressing HA-Cav1 or the empty vector were obtained by selection with 500
μg/ml G418 for 5 days. Surviving cells were pooled and maintained in the presence of 200
μg/ml G418.
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Human foreskin fibroblasts (HFF) were obtained from the Yale Skin Disease Research
Center, and grown in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.

shRNA and retroviral infection
pSIREN-RetroQ (BD Biosciences) shRNA-expressing retroviral vectors were described
previously (27, 28). The shRNA sequences are as follows: NFBD1a: 5/-GCCAC-
TAGGAGAAAGACAAATCGAAATTTGTCTTTCTCC-TAGTGGC-3/, NFBD1b: 5/-
GCAGAAGCCAATCAG-CAAATTCAAGAGATTTGCTGATTGGCTTCTGC -3/(27),
P53: 5′-GGAAGACTCCAGTGGTAATCTCGAAA-GATTACCACTGGAGTCTTCC-3′
(28), and CAV1: 5/-GATCCAGGGCAACATCTACAAGCTTTCAAGAGA-
AGCTTGTAGATGTTGCCCTTTTTTTG-3/(adapted from (29)).

The negative control vector contains a scrambled sequence of a luciferase-directed shRNA
(BD Biosciences).

shRNA-expressing retroviruses were produced by cotransfection of the retroviral plasmids,
pVSV-G (Clontech) (encoding the G glycoprotein of the vesicular stomatitis virus), and
pCL-ECO (30) (encoding Gag and Pol) into 293T cells using FuGene6 (Roche Diagnostics
Corp.) per manufacturer’s protocol. Retrovirus was harvested in Opti-MEM (Invitrogen)
daily for five days, pooled, and concentrated with Centricon plus-20 columns (Millipore
Corporation). U2OS cells were infected at a multiplicity of infection of approximately 5.

RNA isolation and real-time PCR
RNA was isolated using the RNeasy kit (Qiagen) according to the manufacturer’s protocol
following the optional DNAse treatment steps. cDNA was synthesized from the RNA using
the iScript kit (Bio–Rad). Real-time PCR was carried out by mixing the cDNAs with
TaqMan universal PCR master mix and premixed FAM-labeled TaqMan probes (Applied
Biosystems). Samples were run on a Bio–Rad iCycler real-time PCR machine. Abundance
of a given mRNA in relation to a GAPDH loading control was calculated using the 2-ΔΔCT
method.

Illumina microarray analysis
Cells were infected with NFBD1 and/or p53 shRNA-expressing retroviruses. Two days
later, cells were irradiated with a Shepherd Mark I137 Cs irradiator with a dose of 5 Gy or
mock irradiated. Four hours later RNA was isolated and analyzed using Illumina Sentrix
HumanWG6_v3 Expression bead chips (Illumina, San Diego, CA). The chips contain
47,296 probes derived from the following databases: Curated RefSeq (19,730), Genome
Annotation RefSeq (6,368), Gnomon (9,576), and Unigene-163 (11,622).

Differential gene expression was determined using methods described in Ref. (31). Briefly,
the expression data were background corrected, variance stabilizing transformed, and
quantile normalized using the lumi software package for the R programming environment
(available from: http://www.ncbi.nlm.nih.gov/pubmed/18467348). Differential gene
expression between two treatment groups was analyzed using linear model methods from
the R limma package (32). Moderated t tests were used to compare the mean intensities
between different samples. Statistical significance was determined by calculating P values
based on the change in intensity of each probe across three biological replicates. To control
for false discovery rate, P values were adjusted for multiple testing using the method of
Benjamini and Hochberg (33).

For Gene Ontology analysis, lists of differentially regulated genes were compared to lists of
genes in known pathways or functional classes in the Gene Ontology database using the R
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GOstats package (available from: http://www.ncbi.nlm.nih.gov/pubmed/17098774).
Pathways overrepresented in the lists of differentially regulated genes were identified by
calculating the P-value of the number of genes in a pathway regulated by chance versus the
actual number of regulated genes in a given pathway.

Cell lysis and immunoblotting
Cells lysates were prepared with 2× Laemmli sample buffer. Immunoblots on
polyvinylidene fluoride (PVDF) membranes were blocked with 5% nonfat milk in PBST
(Dulbecco’s phosphate buffered saline with 0.1% Tween-20). The following antibodies were
incubated with membranes in 5% nonfat milk in PBST: NFBD1 (2), p53, HA, and GAPDH
(Santa Cruz), Cav1 and Cav2 (BD Biosciences), β-tubulin, phospho-p42/44 MAPK (Erk1/2)
T202/Y204, and p42/44, (Cell Signaling Technology). Membranes were then washed with
PBST and incubated with horseradish peroxidase-conjugated secondary antibodies in 5%
nonfat milk in PBST.

Immunofluorescence
Cells were plated on glass chamber slides coated with fibronectin (BD Biosciences) at a
final concentration of 5 μg/cm2. The next day, cells were washed with phosphate buffered
saline (PBS), fixed in 2% paraformaldehyde for 30 minutes, washed twice with PBS,
washed once with 25 mmol/L NH4Cl in PBS, quenched with 25 mmol/L NH4Cl in PBS for
10 minutes, washed with 0.1% triton-X-100 in PBS, then permeabilized in 0.1% triton-
X-100 in PBS for 10 minutes. Slides were then blocked in 5% goat serum in PBS for 45
minutes at room temperature and then incubated with primary antibodies toward vinculin
(Sigma–Aldrich), NFBD1 (2), and/or Cav1 (BD Biosciences) diluted in 2% goat serum in
PBS for 1 hour at room temperature. Slides were washed with PBS, incubated in alexa fluor
594 or alexa fluor 488-conjugated secondary antibodies (Invitrogen) diluted in 2% goat
serum/PBS for 1 hour at room temperature, and then washed in PBS. Where indicated, texas
red-conjugated phalloidin (Invitrogen) staining was carried out according to the
manufacturer’s protocol. Slides were mounted with Prolong Gold antifade reagent
(Invitrogen). Cells were visualized with a fluorescence microscope.

Scratch filling assay
Confluent cells were scratched with a pipette tip. Cells were then washed twice with DMEM
containing 0.1% FBS, then incubated in DMEM containing 0.1% FBS. At the indicated
time-points cells were visualized with a phase-contrast microscope and images were taken.
Razor blade crossmarks on the undersides of plates were used so that the same part of each
scratch could be analyzed at each time point.

Results
NFBD1 knockdown regulates gene expression in an IR-independent manner

To determine the role of NFBD1 in global gene expression, shRNA infection was employed
to deplete NFBD1. U2OS osteosarcoma cells, with wild type TP53, were used because
NFBD1 interacts with p53. In order to separate p53-dependent and p53-independent effects
of NFBD1 knockdown, p53 knockdowns were carried out singly and in combination with
NFBD1 knockdown. Both NFBD1 and TP53 were effectively suppressed at the mRNA level
(Fig. 1A, B) and protein level (Fig. 1C) by shRNA. For microarray analyses, cells infected
with NFBD1 and/or p53 shRNA-expressing retroviruses were mock-irradiated or irradiated
with 5 Gy. Four hours later, RNA was isolated for microarray analysis. Three independent
infections, irradiations, and RNA isolations were carried out.
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Table 1 lists selected genes for which mRNA levels were altered by NFBD1 knockdown in
irradiated cells. The selection was based on highest fold change and pathways that were of
interest. The entire list will be available in the Gene Expression Omnibus (GEO).
Interestingly, the vast majority of the genes regulated by NFBD1 knockdown in irradiated
cells were also regulated by NFBD1 shRNA in nonirradiated cells (Table 1). Most of the
genes that were regulated by NFBD1 shRNA only in the presence of IR showed a very small
fold change. Therefore, these results suggest a noncanonical role of NFBD1 in regulation of
gene expression in the absence of radiation. Genes regulated by NFBD1 knockdown fall into
functional categories including focal adhesion, Jak–STAT pathway, insulin signaling,
carbohydrate metabolism, and RNA splicing.

The list of NFBD1-regulated genes was compared with lists of genes grouped by pathways
and functions in the Gene Ontology database. A pathway is considered over-represented if
more genes in that pathway are in the list of interest (Table 2, “Count”) than would occur by
chance (“ExpCount”). Pathways overrepresented by NFBD1-regulated genes include
carbohydrate metabolism, cellular respiration, and RNA splicing.

Because the most established role of NFBD1 is modulation of the DNA damage response, it
is surprising that NFBD1-regulated genes do not fall into categories related to the DNA
damage response, and that NFBD1 seems to regulate gene expression in an IR-independent
manner. IR-regulated genes in the microarray analysis fall into categories, including
apoptosis, cell cycle, and DNA damage checkpoint (Supplementary Table S1). The
microarray data and real-time PCR analysis show that p21 mRNA levels were increased by
IR as expected (Table 1, Fig. 1D). Hence, IR-independence of the NFBD1 effect on gene
expression was not due to ineffective irradiation.

NFBD1 knockdown regulates gene expression in a p53-independent manner
The majority of identified NFBD1-regulated genes were not regulated by p53 shRNA (Table
1). Exceptions include BCL2L1 (involved in apoptosis and the Jak–STAT pathway), SKP1
(a core component of SCF family ubiquitin ligases involved in TGF-β signaling), and
SLC2A3 (involved in carbohydrate metabolism). Almost all of the genes that were regulated
by the single NFBD1 knockdown were also regulated by the NFBD1/p53 double
knockdown to a similar degree in the absence and presence of IR (Table 1). Therefore,
NFBD1 depletion regulates global gene expression mostly in a p53-independent manner.
Although NFBD1 knockdown increased TP21 transcription in the presence of ADR (25),
NFBD1 knockdown did not affect p21 levels in the presence or absence of IR (Fig. 1D).

The p53-independence of NFBD-driven gene expression changes is not due to the lack of
p53 signaling in U2OS cells. As expected, RNA levels of the p53 target TP21 were reduced
by p53 knockdown in the presence and absence of IR (Fig. 1D). The integrity of p53
signaling in U2OS cells is also illustrated by Gene Ontology analysis of genes regulated by
p53 knockdown. Pathways overrepresented in p53-regulated genes from this study include
apoptosis, caspase activation, DNA damage response, and cell cycle arrest (Supplementary
Table S2).

Confirmation of select microarray results by real-time PCR
A subset of NFBD1, p53, and IR-regulated genes were validated by real-time PCR analysis.
cDNA was synthesized from two mRNA samples (biological replicates) from each condition
used in the microarray study and quantitative real-time PCR was carried out (Table 3). With
the exception of PTEN and LAMA5, the genes identified to be regulated by NFBD1 shRNA
in the microarray study were shown to be regulated in the same direction in the real-time
PCR experiments (Table 3A). Furthermore, p53- and IR-regulated genes were verified by
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real-time PCR analysis (Table 3B, C). Overall, 89% of the genes that were tested were
regulated in the same direction in both microarray and real-time PCR experiments.

Effect of NFBD1 depletion on CAV1 and CAV2 mRNA and protein levels
CAV1 and CAV2 mRNAs were both reduced with NFBD1 depletion independent of
irradiation and/or p53 depletion. Real-time PCR analysis confirmed that result [Fig. 2A(i)
and 2A(ii)]. To ensure that the aforementioned result was not a unique off-target effect of a
specific shRNA sequence, U2OS cells were infected with a retrovirus expressing a different
NFBD1-directed sequence (NFBD1a) (Fig. 2Bi). Real-time PCR analysis indicated that
CAV1 and CAV2 mRNA levels are reduced by that shRNA as well [Fig. 2B(ii) and 2B(iii)].
Furthermore, NFBD1−/− mouse embryonic fibroblasts (MEFs) have greatly reduced CAV1
and CAV2 mRNA levels compared with NFBD1+/+ MEFs [Fig. 2C(i), 2C(ii), and 2C(iii)].
Thus, the observed relationship between NFBD1 and Cav1 occurs in cell types other than
U2OS and is not an artifact of shRNA-expressing retroviral infection.

Next, we sought to determine if NFBD1 depletion reduces Cav1 and Cav2 protein levels in
addition to mRNA levels. Lysates from irradiated and nonirradiated cells infected with
shRNA-expressing retroviruses directed toward NFBD1 and/or p53 were immunoblotted for
Cav1, Cav2, and the beta tubulin loading control (Fig. 3A). Consistent with the mRNA
results, NFBD1 knockdown reduced Cav1 and Cav2 protein levels in an IR-independent,
p53-independent manner. Cav1 and Cav2 protein levels were also reduced by a different
NFBD1-directed shRNA-expressing retrovirus (Fig. 3B). A similar response was seen in
HFF cells, where CAV1 and CAV2 mRNA and protein levels were reduced with NFBD1
knockdown (Supplementary Figure S1 and Fig. 3C). The reduction in Cav1 and Cav2 levels
was also seen in NFBD1−/− MEFs as compared with NFBD1+/+ MEFs (Fig. 3D).

Cav1 and Cav2 are structural components of caveolae, which are flask-shaped plasma
membrane invaginations involved in endocytosis and regulation of signaling molecules (34).
Antisense-mediated downregulation or knockout of Cav1 causes increased phosphorylation/
activation of Erk1/2 and Mek1/2 (35, 36). Other signaling molecules negatively regulated by
Cav1 include Akt, Gαs, c-Src, eNOS, H-Ras, and Neu (37–42). A region called the
“scaffolding domain” (residues 82–101) is thought to negatively regulate several signaling
molecules (39, 40). Specifically, a synthetic Cav1 peptide of residues 82–101 can inhibit the
kinase activity of purified Erk2 and Mek1 (43).

CAV1−/− mice have increased mammary tumorigenesis and lung metastasis driven by a
MMTV–PyMT (mouse mammary tumor virus-polyoma middle T antigen) trans-gene (44).
Conversely, enhanced expression of CAV1 through gene transfer into MCF-7 human breast
cancer cells reduces growth of these cells as mouse xenografts (45).

Effect of NFBD1 depletion on focal adhesions and actin cytoskeleton
Next, we sought to determine if NFBD1-depleted cells exhibit similar phenotypes to Cav1-
depleted cells. CAV1−/− MEFs have a nonpolarized round shape, cortical actin rings (as
opposed to bundled stress fibers) and smaller and more abundant focal adhesions (46).
NFBD1 shRNA efficiently suppressed expression of NFBD1 in U2OS cells growing on
fibronectin-coated glass coverslips (Fig. 4A). Like Cav1 depletion, NFBD1 depletion
reduced the size of focal adhesions marked with immunofluorescence for vinculin (Fig. 4A,
4B). Furthermore, similar to Cav1 depletion, NFBD1 depletion caused cells to adopt a
rounder morphology as visualized by phalloidin staining of the actin cytoskeleton (Fig. 4A,
4B). Because Cav1 depletion did not affect NFBD1 levels (Fig. 4C), the effect of Cav1 on
cellular morphology is not due to reduced NFBD1 levels. Consistent with NFBD1
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knockdown in U2OS cells, NFBD1−/− MEFs had rounder morphology and smaller focal
adhesions (Fig. 4D).

Effect of NFBD1 depletion on scratch filling
CAV1−/− MEFs have reduced migratory capability compared with CAV1+/+ MEFs as
measured by scratch assays (46). Because NFBD1 depletion caused a reduction in Cav1, we
sought to determine if NFBD1 depletion affects scratch filling. NFBD1 depletion in U2OS
cells does in fact delay scratch filling as measured by scratch assays similarly to Cav1
depletion (Fig. 5A). Furthermore, NFBD1−/− MEFs exhibit slower scratch filling than
NFBD1+/+ MEFs (Fig. 5B).

Effect of NFBD1 depletion on Erk phosphorylation
Because Cav1 depletion increases Erk phosphorylation (35–37), we examined Erk
phosphorylation in control and NFBD1-depleted cells. U2OS cells infected with either an
NFBD1 or Cav1-shRNA expressing retrovirus had higher Erk phosphorylation than cells
infected with a control shRNA-expressing retrovirus (Fig. 6), consistent with the decrease in
Cav1 levels (Fig. 3B). Total levels of Erk and GAPDH remain constant (Fig. 6).

Effect of restoring Cav1 levels on NFBD1 depletion–induced phenotypes
Given the reduction in Cav1 levels upon depletion of NFBD1, and the similar phenotypes
observed with NFBD1 depletion and Cav1 depletion, we sought to determine the effects of
restoring Cav1 levels on NFBD1 depletion in U2OS cells. U2OS cells were stably
transfected with either a control or an HA–Cav1 expression plasmid, and then infected with
either control or NFBD1a shRNA-expressing retrovirus. Transfection with the HA–Cav1
expression plasmid restored expression of Cav1 and Cav2 to near wild-type levels in
NFBD1-depleted cells (Fig. 7A). NFBD1 depletion in U2OS cells expressing the control
plasmid resulted in cells with a rounder morphology and smaller less abundant focal
adhesions than in cells expressing the HA–Cav1 plasmid (Fig. 7B). Furthermore, depletion
of NFBD1 in cells expressing the control plasmid resulted in delayed scratch filling,
whereas scratch filling was not delayed by NFBD1 depletion in cells expressing the HA–
Cav1 plasmid (Fig. 7C). Finally, pERK levels were not increased upon NFBD1 depletion in
cells expressing HA–Cav1 compared with cells expressing the control plasmid, whereas
baseline levels of total ERK were increased in these cells, regardless of NFBD1 depletion
(Fig. 7D).

Discussion
NFBD1 regulates the mRNA levels of several genes independently of IR and p53

In this study, we sought to identify novel NFBD1-regulated genes. NFBD1-regulated genes
identified by microarray analysis fell into the functional categories of focal adhesion, Jak–
STAT, insulin signaling, carbohydrate metabolism, RNA splicing, and translation (Table 1,
Table 2). Most of those genes were downregulated with NFBD1 shRNA treatment in an IR-
independent and p53-independent manner (Table 1). Therefore, those results point toward a
novel role for NFBD1 in altering levels of some mRNAs independently of DNA damage.

Previously, it was reported that residues 508–995 of NFBD1 possess transactivation activity
(24). Therefore, NFBD1 might directly regulate expression of various genes at the
transcriptional level. Alternatively, NFBD1 may operate indirectly by modulating
expression or activity of other transcription factors. For example, the related protein BRCA1
physically interacts with transcription factors, including STAT1, Myc, and estrogen receptor
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(47). Identifying novel NFBD1-interacting proteins might reveal interactions between
NFBD1 and transcription factors.

NFBD1 positively regulates Cav1 and Cav2 mRNA and protein levels
CAV1 and CAV2 are two genes for which mRNA and protein levels are reduced by NFBD1
depletion in an IR-and p53- independent manner (Figs. 2, and 3). The link between NFBD1
and Cav1 is of special interest because both proteins are expressed at reduced levels in some
cancer tissues in comparison to normal tissues (48). For example, Cav1 expression is lower
in lung cancer cell lines than in normal bronchial cell lines (49). CAV1 and CAV2 mRNA
and protein levels are also reduced in follicular thyroid tumors as compared with normal
thyroid tissue (50). A dominant negative CAV1 mutation (P132L) occurs in ~16 percent of
human breast cancers (51). Furthermore, overexpression of oncogenes v-ABL, polyoma
virus middle T antigen, H-RAS G12V, or NEUT in NIH 3T3 cells decreases Cav1 protein
levels (41, 52). Our results indicate that, like oncogene overexpression, depletion of the
transformation suppressor NFBD1 reduces Cav1 levels.

NFBD1 depletion evokes similar phenotypes to Cav1 depletion
To elucidate the biological significance of NFBD1 depletion, we sought to determine if
NFBD1 depletion yields similar phenotypes to those induced by Cav1 depletion. NFBD1
depletion caused cells to adopt a more rounded morphology and have smaller focal
adhesions, similar to CAV1−/− cells and cells expressing Cav1-directed shRNA (Fig. 4)
(46). Consistent with the focal adhesion defect, NFBD1 depletion by either shRNA or
knockout caused a scratch-filling defect (Fig. 5). U2OS cells depleted of Cav1 and CAV1−/−

MEFs also exhibit a scratch filling defect [Fig. 5 and (46)]. Furthermore, we found that, like
Cav1 depletion, NFBD1 depletion increases Erk phosphorylation [Fig. 6 and (35–37)].

Although ERKs are best-known for their roles in growth factor-regulated pathways, some
studies do suggest crosstalk with DNA damage response systems. For example, ATM has
been reported to influence Erk phosphorylation. Specifically, Erk phosphorylation is
increased in ATM−/− compared with ATM+/+ astrocytes (53, 54). As NFBD1 is a
component of the ATM pathway, our finding that NFBD1 increases Erk phosphorylation is
consonant with that result. BRCA1, a DNA damage response factor with partial sequence
homology to NFBD1 and some functional overlap, inhibits Erk activation induced by
estradiol (27, 55). Furthermore, BRCA1 depletion, like NFBD1 depletion, reduces Cav1
levels (56).

Restoration of Cav1 levels rescues effects of NFBD1 depletion
Forced expression of Cav1 rescued the effects of NFBD1 depletion. Specifically, cells
expressing the control plasmid were rounder, had smaller less abundant focal adhesions,
were delayed for scratch filling, and showed an increase in pERK levels upon NFBD1
depletion compared with cells expressing the HA–Cav1 plasmid (Fig. 7). These results
indicate that ectopic Cav1 expression can compensate for NFBD1 depletion. Thus, these
data suggest that the effects of NFBD1 depletion are mediated by the reduction in Cav1
levels seen with NFBD1 knockdown, at least with regards to the phenotypes analyzed here.

Overall, these studies reinforce a general model in which the DNA damage response system,
in addition to promoting DNA repair, negatively regulates general cellular transformation
processes in response to genotoxins and also endogenous DNA damage. Documented roles
for DNA damage response proteins in the absence of exogenous DNA damaging agents are
not abundant. An example is ADP ribosylation factor (ARF) and p53-dependent cell cycle
arrest and senescence induced by oncogenic Ras (57). Furthermore, overexpression of the
oncogene Mos in human fibroblasts is known to cause activation of the ATM pathway, as
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measured by phosphorylation of the downstream factors Chk2, H2AX, and p53 (58). Now
we find that, even without DNA damage, NFBD1 also collaterally reduces growth factor
pathway signaling.

NFBD1 expression, as measured by immunohistochemistry, is lower in some breast and
lung cancers compared with normal tissue (48). Determining if Cav1 and Cav2 levels
correlate with NFBD1 levels in those cancers would be important, as it may provide further
insight into the mechanism by which NFBD1 antagonizes carcinogenesis. It will be of
interest to determine if Erk phosphorylation is increased in NFBD1-deficient tumors. If Erk
is activated in tumors deficient in NFBD1, Erk, and Akt inhibitors might be effective in
treating those cancers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Knockdown efficiencies of NFBD1b and p53 in U2OS cells. U2OS cells were infected with
retroviruses expressing control, NFBD1b, or p53-targeted shRNAs. Two days later, cells
were irradiated and RNA was isolated four hours after irradiation. One aliquot was used for
the microarray experiment. cDNA was synthesized from the other aliquot of mRNA. Real-
time PCR was carried out using primers toward A, NFBD1; B, p53; or D, p21. Error bars
represent the standard error of the mean from six samples: three technical replicates from
two biological replicates. C, western blots were carried out on cell lysates using the
indicated antibodies.
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Figure 2.
Effect of NFBD1 depletion on CAV1 and CAV2 mRNA levels. A and B, U2OS cells were
infected with retroviruses expressing control, NFBD1b, p53, or NFBD1a-targeted shRNAs.
A, two days later, cells were irradiated and RNA was isolated four hours after irradiation. B,
one day later, cells were treated with 0.6 μg/ml puromycin to select for infected cells. Four
days later, RNA was isolated. A and B, cDNA was synthesized and real-time PCR was
carried out using primers toward [A(i) and B(ii)] CAV1, [A(ii) and B(iii)] CAV2, or (Bi)
NFBD. C, mRNA was isolated from NFBD1+/+ or NFBD1−/− MEFs. cDNA was synthesized
and real-time PCR was carried out using primers toward (i) mNFBD1, (ii) mCAV1, or (iii)
mCAV2. Error bars represent the standard error of the mean from A, six samples: three
technical replicates from two biological replicates, B and C, nine samples: three technical
replicates from three independent plates of cells for each condition.
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Figure 3.
Effect of NFBD1 depletion on Cav1 and Cav2 protein levels. A and B, U2OS cells or C,
HFF cells were infected with the indicated shRNAs. A–C, two days after infection, cells
were lysed. A, the NFBD1, p53, and beta–tubulin loading control blots are also shown in
Fig. 1C (four left-most lanes). D, NFBD1+/+ and NFBD1−/− MEFs were lysed. A–D, western
blots were carried out on lysates using the indicated antibodies.
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Figure 4.
Effect of NFBD1 depletion on focal adhesions and actin cytoskeleton. A–C, U2OS cells
were infected with control, Cav1, or NFBD1a shRNA-expressing retroviruses. A and B, two
days after infection, cells were plated on glass chamber slides coated with fibronectin. D,
NFBD1+/+ and NFBD1−/− MEFs were plated on fibronectin-coated glass chamber slides. A,
B, D, immunofluorescence was carried out using vinculin, NFBD1, or Cav1 antibodies.
Actin was stained with Texas Red–phalloidin. C, western blots were carried out on lysates
using the indicated antibodies.
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Figure 5.
Effect of NFBD1 depletion on scratch filling. A, U2OS cells were infected with control,
Cav1, or NFBD1a shRNA-expressing retroviruses. Cells were allowed to grow three days
after infection to reach confluency. B, NFBD1+/+ and NFBD1−/− MEFs were plated to reach
confluency. A and B, a scratch was made with a pipette tip. Cells were immediately washed
twice with DMEM with 0.1% FBS and then incubated in Dulbecco’s modified eagle
medium (DMEM) with 0.1% FBS for the indicated time points. The horizontal line
represents a scratch on the outside of the plate to ensure that the same part of the scratch was
examined at both time points. The percentage difference between the width of the scratch at
the 0-hour time point and the 24-hour or 48-hour time point is plotted. Error bars represent
the standard deviation among six samples, three different scratches from each of A, three or
B, two biological replicates.
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Figure 6.
Effect of NFBD1 depletion on Erk phosphorylation. U2OS cells were infected with the
indicated shRNA-expressing retroviruses. Three days after infection, cells were replated to a
lower density (30%–50% confluency) then lysed one day later. Western blots were carried
out on lysates using the indicated antibodies.
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Figure 7.
Effect of restoring Cav1 levels on NFBD1 depletion. U2OS cells were stably transfected
with control or an HA-Cav1 plasmid. These cells were infected with either control or
NFBD1a shRNA-expressing retroviruses. A and D, western blots were carried out on cell
lysates using the indicated antibodies. B, cells were plated onto fibronectin coated chamber
slides and immunofluorescent analysis was carried out using the indicated antibodies. Actin
was stained with Texas Red-phalloidin. Scale bars are 100 μm. C, scratch assays were
carried out as in Fig. 5 on the cells. (Top) Results are quantified, and error bars represent the
standard deviation of three biological replicates. Representative images 48 hours after the
scratches were made (bottom).
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Table 2

Gene Ontology pathways overrepresented in the list of NFBD1 shRNA-regulated genes

P ExpCount Count Term

0 1 6 Energy derivation by oxidation of organic compounds

0.001 0 3 Tricarboxylic acid cycle

0.001 0 3 Acetyl-CoA catabolic process

0.001 3 11 Carbohydrate metabolic process

0.001 2 9 Cellular carbohydrate metabolic process

0.001 0 3 Coenzyme catabolic process

0.001 0 3 Acetyl-CoA metabolic process

0.001 0 2 Visual learning

0.002 0 3 Cofactor catabolic process

0.002 0 3 Aerobic respiration

0.003 0 2 Visual behavior

0.003 0 3 Glycogen metabolic process

0.004 1 4 Response to light stimulus

0.004 0 3 Glucan metabolic process

0.004 0 3 Cellular respiration

0.004 2 6 Generation of precursor metabolites and energy

0.005 0 3 Energy reserve metabolic process

0.006 0 2 Vesicle organization and biogenesis

0.008 0 1 Positive regulation of T cell mediated cytotoxicity

0.008 0 1 Vasoconstriction of artery involved in baroreceptor response to lowering of systemic arterial blood pressure

0.008 0 1 Regulation of glycogen catabolic process

0.008 0 1 Succinyl-CoA pathway

0.008 0 1 Response to isoquinoline alkaloid

0.008 0 1 Positive regulation of mRNA 3/-end processing

0.008 0 1 Tyrosine phosphorylation of Stat4 protein

0.008 0 1 Regulation of tyrosine phosphorylation of Stat4 protein

0.008 0 1 Positive regulation of tyrosine phosphorylation of Stat4 protein

0.008 0 1 Response to morphine

0.008 0 1 Negative regulation of glycogen catabolic process

0.008 0 1 Positive regulation of glycogen catabolic process

0.008 0 1 Positive regulation of mRNA processing

0.008 0 2 Learning

0.008 0 2 Regulation of blood coagulation

0.009 2 6 RNA splicing

0.009 1 4 Response to radiation

0.009 0 2 Tricarboxylic acid cycle intermediate metabolic process

NOTE: The list of NFBD1 shRNA-regulated genes in the absence of IR was compared with lists of genes grouped by pathways in the Gene
Ontology database. The expected number of genes regulated by chance in each pathway was compared with the actual number of genes regulated
by NFBD1 shRNA. Overrepresented pathways are listed.
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