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Abstract
We have previously shown that there is a deficiency in the structural protein, nonerythroid α
spectrin (αIISp), in cells from patients with Fanconi anemia (FA). These studies indicate that this
deficiency is due to reduced stability of αIISp and correlates with decreased repair of DNA
interstrand cross-links and chromosomal instability in FA cells. An important factor in the stability
of αIISp is its susceptibility to cleavage by the protease, μ-calpain. We hypothesized that increased
μ-calpain cleavage of αIISp in FA cells leads to increased breakdown of αIISp and that knocking-
down expression of μ-calpain in FA cells should restore levels of αIISp and correct a number of
the phenotypic defects observed. The results showed that there is increased μ-calpain activity in
FA-A, FA-C, FA-D2, FA-F and FA-G cells which could account for the deficiency in αIISp in
these FA cells. Protein interaction studies indicated that FANCA and FANCG bind directly to μ-
calpain. We hypothesize that this binding may lead to inhibition of μ-calpain activity in normal
cells. Knocking-down μ-calpain by siRNA in FA-A cells restored levels of αIISp to normal and
reversed a number of the cellular deficiencies in these cells. It corrected the DNA repair defect and
the chromosomal instability observed after exposure to a DNA interstrand cross-linking agent.
These studies indicated that FA proteins may play an important role in maintaining stability of
αIISp in the cell by regulating its cleavage by μ-calpain. Thus by reducing breakdown of αIISp in
FA cells, it may be possible to reverse a number of the cellular deficiencies observed in this
disorder.

Fanconi anemia (FA)1 is a genetic disorder characterized by bone marrow failure, diverse
congenital abnormalities, genomic instability and a marked predisposition to development of
cancer (1–4). Two cellular hallmarks of the disorder are chromosomal instability and
hypersensitivity to DNA interstrand cross-linking agents (1,2,4,5). This hypersensitivity
correlates with a defect in ability to repair DNA interstrand cross-links produced by these
agents (2,4–9). We have shown that the structural protein, nonerythroid α spectrin (αIISp), is
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present in normal human cell nuclei and that it plays an important role in the repair of DNA
interstrand cross-links. It preferentially binds to DNA containing an interstrand cross-link
(10); it co-localizes with the crosslink repair protein, XPF, and the Fanconi anemia protein,
FANCA, in cross-link induced nuclear foci (11); it co-immunoprecipitates with XPF
(11,12); and antibodies against it inhibit incisions produced by XPF at the site of a DNA
interstrand cross-link (10). αIISp also plays an important role in chromosomal stability. This
has been demonstrated by our recent studies which show that siRNA mediated silencing of
αIISp gene expression in normal human cells results in chromosomal instability as
evidenced by increased interchromatid exchanges, fusions/radials and breaks (13). Depletion
of αIISp in normal human cells also leads to decreased survival of these cells and decreased
formation of damage-induced nuclear foci after DNA interstrand cross-link damage (13).
These studies further demonstrate the importance of αIISp in repair of DNA interstrand
cross-links.

We have shown that there is a deficiency in αIISp in cells from FA patients and that this
deficiency correlates with decreased levels of repair of DNA interstrand cross-links,
measured as diminished unscheduled DNA synthesis (UDS) and decreased production of
incisions at sites of DNA interstrand cross-links; it also correlates with decreased formation
of damage-induced nuclear foci (7,9,11). We have shown that in FA cells decreased levels
of αIISp are not due to reduced expression of this protein and have proposed that they are
due to its reduced stability (14). Since transfection of cells from at least three FA
complementation groups, FA-A, FA-C and FA-G, with the corresponding FA cDNAs
restored levels of αIISp to normal, these studies further suggest that FA proteins play a role
in maintaining αIISp stability in the cell (15). Based on these studies, we have proposed a
model for the role of αIISp in repair of DNA interstrand cross-links and its role in the repair
defect in FA (10,11,16,17). In this model, in normal human cells, FA proteins are involved
in regulation of αIISp stability. After cells are damaged, αIISp binds to DNA at the sites of
damage and acts as a scaffold to aid in the recruitment of repair proteins, such as XPF/
ERCC1, to these sites, thus enhancing the efficiency of the repair process. In FA cells,
deficiencies in FA proteins lead to decreased stability of αIISp and thus to reduced levels of
αIISp. This in turn leads to reduced binding of αIISp to damaged DNA and decreased
recruitment of repair proteins to the sites of DNA damage, which in turn leads to decreased
DNA repair in these cells. αIISp could be particularly important in some of the initial steps
of the cross-link repair process which involve incision and unhooking of the cross-link via
XPF/ERCC1 (17). This unhooking step is critical in the FA pathway (18). This could be
followed by subsequent steps involving localization of monoubiquinitated FANCD2 and
additional FA proteins to chromatin, translesion DNA synthesis, nucleotide excision repair
(NER) to excise the monoadduct, and homologous recombination and repair (8,17,19–22)

αIISp is an essential protein in cells and complete depletion leads to cell death (13,23–25).
However, we have shown using siRNA that αIISp can be knocked down in normal cells to
levels found in FA cells (35–38% of normal) and the cells survive (13). These cells display
many of the deficiencies characteristic of FA cells such as chromosomal instability,
decreased cell survival after crosslink damage, and decreased repair of DNA interstrand
cross-links (13). These studies thus suggest that normal maintenance of αIISp is very
important. Stability of αIISp in cells is dependent upon a number of factors. Among these is
the susceptibility of αIISp to cleavage by the protease, μ-calpain. μ-Calpain cleaves αIISp
into distinct cleavage products and this process plays an important role in the regulation of
essential cellular functions mediated by αIISp (26–31). It is possible that in FA cells there is
increased calpain cleavage of αIISp which leads to increased breakdown of αIISp in these
cells. If so, then determining whether decreasing μ-calpain activity in FA cells can lead to
restoration of levels of αIISp in these cells would be of importance.
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The present studies were therefore carried out to determine whether there is increased
activity and/or levels of μ-calpain in FA cells that could account for the deficiency in αIISp
in these cells and, if so, whether knocking down μ-calpain in FA cells could restore levels of
αIISp and correct some of the deficiencies in these cells. The results showed that in the FA
cell lines tested, FA-A, FA-C, FA-D2, FA-F and FA-G, activity, but not levels, of calpain
was increased approximately three fold compared to normal. This correlated with an
increase in the μ-calpain breakdown product of αIISp observed in FA-A and FA-G cells.
Studies on the interaction of several FA proteins with μ-calpain showed that FANCA and
FANCG bind directly to μ-calpain. We postulate that this binding may lead to inhibition of
μ-calpain activity. This view is strengthened by the observation that in corrected FA-A and
FA-G cells, which express the FANCA and FANCG proteins, respectively, μ-calpain
activity is decreased to normal levels. Knocking down μ-calpain by siRNA in one of the FA
cell lines examined, FA-A, restored levels of αIISp to those found in normal cells and
reversed a number of the cellular deficiencies examined in these cells. After the transfected
cells were damaged with a DNA interstrand cross-linking agent, cellular survival was
enhanced, damage induced αIISp and XPF nuclear foci were observed, and chromosomal
stability was increased. These studies thus indicate that enhanced breakdown of αIISp in FA
cells may be important in production of a number of the cellular deficiencies observed in
this disorder and that by reducing this breakdown it is possible to reverse a number of these
deficiencies, which could be of potential therapeutic importance.

EXPERIMENTAL PROCEEDURES
Cell culture and protein extraction

Normal human lymphoblastoid cells (GM3299) were obtained from the Coriell Institute for
Medical Research (Camden, NJ) and HeLa S3 cells were obtained from American Type
Culture Collection (ATCC) (Manassas, VA). Several FA lymphoblastoid cell lines were
examined: FA complementation group A (FA-A) cells (HSC 72) (a gift from Dr. Manuel
Buchwald, Hospital for Sick Children, Toronto, Canada); corrected FA-A cells (HSC 72
cells stably transduced with a retroviral vector expressing the FANCA cDNA) (32); FA
complementation group C (FA-C) cells (HSC 536) (a gift from Dr. Manuel Buchwald);
corrected FA-C cells (HSC 536 cells stably transduced with a retroviral vector expressing
the FANCC cDNA) (9); FA complementation group D2 (FA-D2) cells (PD 20) (a gift from
Dr. Alan d’Andrea, Harvard Medical School, Boston, MA); FA complementation group F
cells (GM 16757) (Coriell Institute for Medical Research, Camden, NJ); FA
complementation group G (FA-G) cells (EUFA143) (a gift from Dr. Hans Joenje, Free
University Amsterdam, The Netherlands); corrected FA-G cells (EUFA143 cells stably
transduced with a retroviral vector expressing the FANCG cDNA) (9). Lymphoblastoid cells
were grown in RPMI 1640 medium (Hyclone, Thermo Scientific, Waltham, MA) and HeLa
cells were grown in F12K medium (Sigma-Aldrich, St. Louis, MO) as previously described
(13).

Chromatin-associated protein extracts and nuclear extracts were prepared as previously
described (13,15). Whole cell lysates were obtained by resuspending cells in an Extraction
Buffer (Biovision Inc., Mountain View, CA) following the manufacturer’s protocol.

Calpain activity assay
Calpain activity was determined using a calpain activity assay kit (Biovision) according to
the manufacturer’s protocol. Briefly, chromatin-associated protein extracts from FA-A, FA-
C, FA-D2, FA-F, FA-G, corrected FA-A, corrected FA-C, corrected FA-G and normal cells
(10 μg) were mixed with a fluorogenic calpain substrate and incubated for 1 hour in a 96
well plate at 37°C in the dark. The fluorescence intensity at 400 nm excitation and 505 nm
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emission wavelengths was measured using a Perkin Elmer Victor3 V plate reader (Perkin
Elmer, Waltham, MA).

Immunoblot analysis
For analysis of levels of μ-calpain in normal, FA, and corrected FA cells, chromatin-
associated protein extracts were subjected to SDS-PAGE and western blot analysis was
carried out as previously described (10,15). Levels of μ-calpain αIISp breakdown product
were determined by western blot analysis of chromatin-associated extracts from normal, FA-
A and FA-G cells. For analysis of levels of μ-calpain and αIISp in μ-calpain siRNA and
nontarget siRNA transfected cells, whole cell lysates were prepared and processed as above.
Immunoblots were probed with anti-μ-calpain (Santa Cruz Biotechnology, Santa Cruz, CA),
anti α-spectrin (mAb 1622, Chemicon, Temecula, CA), anti μ-calpain αIISp breakdown
product against a sequence at the carboxyl end of the amino-terminal fragment generated by
μ-calpain cleavage of αII spectrin (28) (gift from Dr. Jon Morrow, Yale University School
of Medicine), anti-tubulin (Santa Cruz Biotechnology), or anti-topoisomerase (Calbiochem,
Gibbstown, NJ). Immunoblots were developed using Pierce Ultra chemiluminescent
substrate (Pierce, Thermo Scientific, Rockford, IL) and then exposed to X-ray film (10,15).
Images were scanned using a Hewlett-Packard ScanJet 4c/T scanner and analyzed with
ImageQuant (Molecular Dynamics, Sunnyvale, CA).

siRNA analysis
siRNA against the μ-calpain nucleotides (GUGAAGGAGUUGCGGACAA)was purchased
from Dharmacon (Lafayette, CO) and a control non-target siRNA was from Qiagen
(Valencia, CA). FA-A and normal cells were transfected with μ-calpain siRNA or non-target
siRNA using Lipofectamine 2000 Transfection Reagent (Invitrogen Inc., Carlsbad, CA) as
previously described (13). Cell survival was assessed using trypan blue exclusion (13). Cells
were harvested at 24, 48 and 72 hoursafter transfection and whole cell protein lysates
prepared.

Treatment of cells with mitomycin C and cell survival analysis
FA-A cells transfected with either μ-calpain siRNA (200 pM, 240 pM or 300 pM) or
nontarget siRNA and normal cells transfected with 300 pM μ-calpain siRNA or non-target
siRNA were treated with mitomycin C (MMC) (Sigma-Aldrich, Corp) (30 – 400 nM) 24
hours after transfection. Cell survival was assessed at 16, 24 and 48 hours after MMC
treatment using trypan blue exclusion.

Chromosome analysis
FA-A cells, transfected with either μ-calpain or non-target siRNA, and normal cells,
transfected with non-target siRNA, were incubated for 48 hours at 37 °C, 5 % CO2. 24 hours
after siRNA transfection, a group of these cells was treated with MMC (30–100 nM) and
incubated for another 24 hours. Colcemid (Sigma–Aldrich Corp.) (0.1 μg per ml) was then
added to both groups of cells and incubation continued for 2 hours. The cells were harvested
and subjected to chromosome analysis as previously described (13). At least 100 metaphases
from either μ-calpain or non-target siRNA transfected cells were scored for chromosomal
abnormalities. Metaphases were viewed using a Leitz DMRB microscope (Leica,
Bannockburn, IL) equipped with a DEI-750 analog camera (Optronics, Goleta, CA). Images
were obtained using Image Pro-Plus 6.0 software (Media Cybernetics, Bethesda, MD).

Coimmunoprecipitation of proteins
For examination of coimmunoprecipitation of FA proteins with μ-calpain, nuclear extracts
from normal cells were prepared and FA proteins (FANCA, FANCC, FANCF or FANCG)
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coimmunoprecipitated with anti-μ-calpain or mouse IgG. For this anti-μ-calpain or mouse
IgG (Sigma-Aldrich Corp.) was bound to protein G-coated agarose beads (Sigma-Aldrich
Corp.) and the binding reactions and IPs were carried out as previously described (10,15).
The IPs were subjected to SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted as previously described (10,15). The primary antibodies used were anti-
FANCA, anti-FANCC, anti-FANCF, and anti-FANCG (Bethyl Laboratories, Montgomery,
TX).

Indirect immunofluorescence
FA-A and normal cells, transfected with either μ-calpain (300 pM) or non-target siRNA,
were treated with 400 nM MMC 24 hours after transfection. The cells were harvested 16
hours post damage and examined for nuclear localization of aIISp and XPF foci using
indirect immunofluorescence as previously described (11,13). Primary antibodies used were
anti-α-spectrin (mAb 1622, Chemicon), or anti-XPF (Santa Cruz Biotech). Secondary
antibodies were Alexafluor 488 goat anti-mouse IgG conjugate or Alexafluor 594 rabbit
anti-goat IgG conjugate (Molecular Probes, Invitrogen, Carlsbad, CA). Stained cells were
viewed with a Leitz DMRB microscope at 40x and images were captured using a DEI-750
analog camera. Images were imported into a computerized imaging system using Image Pro-
Plus 6.0 software and Adobe Photoshop CS and the number of nuclear foci quantitated. 300
cells were counted for each group of cells.

Yeast Two-Hybrid Analysis
Escherichia coli strain DH5α (Invitrogen) was used in the construction and propagation of
all plasmid constructs. E. coli were grown in Luria broth at 37 °C. Plasmids were maintained
in DH5α under the selection of ampicillin. Saccharomyces cerevisiae strain EGY48
(Origene Technologies, Rockville, MD) was grown in liquid YPD (Q-Biogene, MP
Biomedicals, Solon, OH) or YPD agar plates at 30 °C.

Expression constructs were made in vectors supplied by the DupLexA yeast two-hybrid
system (OriGene Technologies). LexA DNA-binding domain (BD) constructs were made in
the pEG202 vector, and the B42 transcriptional activation domain (AD) constructs were
made in the pJG4-5 vector as previously described (16). Vectors containing FANCA,
FANCC, FANCG cDNAs were constructed as previously described (16). μ-Calpain cDNA
(GeneBank accession number NM_005186) was amplified by PCR frompCMV-XL5
(OriGene Technologies) using Accuprime Pfx DNA polymerase supermix (Invitrogen), and
restriction sites were added to the 5′ and 3′ ends of the cDNAs. Primers designed for PCR
amplification of the FA and αIISp cDNAs have been previously described (16). Primers for
PCR amplification of μ-calpain were flanked by EcoR1 and Xho1 restriction sites (forward
primer 5′-GCGCGAATTCATGTCGGAGGAGATC-3′, reverse primer 5′-
GCGCCTCGAGTCATGCAAACATGGT-3′).

The DupLEX-A yeast two-hybrid system (OriGene Technologies) was used for yeast two-
hybrid analysis as previously described (16). All of the cDNAs were subcloned into the
pEG202 (BD) and pJG4-5 (AD) vectors. Transformation of the yeast strains with these
vectors and reporter vectors was as previously described (16). After transformation, six
yeast colonies were randomly selected and inoculated in rows onto YNB (glucose-His-Trp-
ura) X-gal plates and the colonies grown for 2–5 days. Positive interactions between the AD
and BD fusion proteins were documented by the presence of blue colonies, which indicated
that the reporter gene, β-galactosidase, had been activated. Each experiment was repeated
eight to nine times.
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RESULTS
Calpain activity in FA cells is greater than in corrected FA cells or normal cells

Studies were carried out to determine whether there were differences in the levels of calpain
activity in FA cells compared to those found in normal cells. Chromatin-associated protein
extracts from FA-A, -C, -D2, -F, -G and normal cells were analyzed for calpain activity,
which was determined by measuring cleavage of a fluorogenic substrate and was
represented as relative fluorescence units (RFU). The results showed that calpain activity
was increased 2.5 fold in FA-A, FA-D2, and FA-F cells as compared to normal cells and 3.5
fold in FA-C and FA-G cells compared to normal cells (Figure 1). These increases in calpain
activity in FA cells were statistically significant(p <0.0001).

Calpain activity in corrected FA cells was also examined. The results showed that levels of
calpain activity in corrected FA-A, FA-C and FA-G cells were similar to those found in
normal cells. No statistical difference was observed between the levels found in corrected
FA cells compared to those observed in normal cells (p ≥ 0.6) (Figure 1). We have
previously shown that in these corrected FA cells levels of the FANCA, FANCC and
FANCG proteins return to normal, respectively (15,32). Thus when levels of these FA
proteins were restored to normal, calpain activity returned to levels similar to those found in
normal cells. This suggests that the increase in μ-calpain activity found in FA cells could be
due to their deficiency in FA proteins which may play a role in modulating μ-calpain
activity.

Protein levels of μ-calpain in FA cells are the same as in corrected FA cells and normal
cells

Protein levels of μ-calpain in FA cells were also examined and compared to those found in
normal cells and corrected FA cells. For these studies, chromatin-associated protein extracts
from FA, corrected FA and normal human lymphoblastoid cells were subjected to western
blot analysis. The results showed that there were similar levels of μ-calpain in FA-A, FA-C,
FA-D2, FA-F and FA-G cells compared to normal cells (Figure S1A and S1C). No
significant differences in μ-calpain levels were observed between the FA cells and normal
cells (p ≥ 0.7) (Figure S1C). Similarly, no significant differences were observed in levels of
μ-calpain in corrected FA-A, FA-C or FA-G cells compared to normal cells (p ≥ 0.5)
(Figure S1B and S1C).

Increased μ-calpain αIISp breakdown product in FA cells
Since μ-calpain activity was shown to be increased in FA cells (Figure 1), studies were
undertaken to determine whether there was an increase in μ-calpain cleavage of αIISp in FA
cells. Chromatin-associated protein extracts from normal, FA-A and FA-G cells were
examined for the presence of the μ-calpain induced αIISp breakdown product. Western blot
analysis, using an antibody which specifically recognized the μ-calpain αIISp breakdown
product, showed that in HeLa cells there were only very low levels of the 150 kDa αIISp
breakdown product produced by μ-calpain (Figure 2A). Similar results were observed in
normal lymphoblastoid cells. However, in both FA-A and FA-G cells there were greatly
enhanced levels of this 150 kDa breakdown product, which correlated with reduced levels of
full length αIISp in these cells compared to normal cells (Figure 2B). These results indicate
that in cells from at least two of the FA complementation groups, FA-A and FA-G, there is
increased breakdown of αIISp by μ-calpain. This correlates with the increase in μ-calpain
activity in these cells (Figure 1).

Zhang et al. Page 6

Biochemistry. Author manuscript; available in PMC 2011 July 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FA proteins coimmunoprecipitate with μ-calpain
If FA proteins are involved in inhibition of μ-calpain activity in normal cells, it is possible
that they do so by interacting with this protein. Coimmunoprecipitation studies were
therefore carried out in order to ascertain whether FA proteins interact with μ-calpain,. The
results showed that FANCA, FANCC, FANCF and FANCG co-immunoprecipitated with μ-
calpain in nuclear extracts from normal human lymphoblastoid cells (GM3299) (Figure 3).
This indicates that these FA proteins interact either directly or indirectly with μ-calpain.
These immunoprecipitations were repeated 8–10 times with similar results.

Direct interaction between FA proteins and μ-calpain
To determine whether the FA proteins directly interacted with μ-calpain, yeast two-hybrid
analysis was carried out. Three FA proteins were examined, FANCA, FANCC and FANCG.
Direct interaction was detected between FANCA and μ-calpain and between FANCG and μ-
calpain as evidenced by the development of blue color in the colonies, which indicted
activation of the β-galactosidase reporter (Figure 4A). Direct interaction was not detected
between FANCC and μ-calpain as seen by the presence of white colonies, which indicated
the reporter gene had not been activated (Figure 4A). The results shown are from a single
experiment in which six randomly chosen colonies were examined. Each of these binding
experiments was repeated eight to nine times with similar results (Figure 4B).

Knocking down μ-calpain in FA-A cells by siRNA restores levels of αIISp to those found in
normal cells

Studies were undertaken to determine whether knocking down expression of μ-calpain in
cells from one of the FA complementation groups, FA-A, could increase the levels of αIISp
in these cells. The results showed that transient transfection of FA-A cells withμ-calpain
siRNA led to an increase in levels of αIISp. This increase was dependent upon the
concentration of μ-calpain siRNA transfected: as the amount increased, the levels of μ-
calpain observed decreased and the levels of αIISp increased (Figure 5A, lanes 1–4; Figure
5B). Immunoblot analysis showed that 24 hours after transfection with 300 pmol of μ-
calpain siRNA levels of μ-calpain were slightly decreased (Figure S2). However, by 48
hours after transfection with 300 pmol of μ-calpain siRNA, levels of μ-calpain were reduced
to 44% (Figure 5A, lane 3; Figure 5B; Figure S2, lane 5) of those found in FA-A cells
transfected with non-target (Nt) siRNA (Figure 5A, lane 4; Figure 5B; Figure S2, lane 2) or
in Nt siRNA transfected normal cells (Figure 5A, lane 5; Figure 5B; Figure S2, lane 11).
This decrease in μ-calpain levels in μ-calpain siRNA transfected FA-A cells was significant
compared to levels found in Nt siRNA transfected FA-A and normal cells (p < 0.0001). This
decrease in μ-calpain levels was associated with an increase in αIISp levels. After
transfection of FA-A cells with 300 pmole of μ-calpain siRNA, levels of αIISp had
significantly increased by 48 hours (Figure 5A, lane 3; Figure 5B; Figure S2, lane 5)
compared to the levels of αIISp found in Nt siRNA transfected FA-A cells (p > 0.001)
(Figure 5A, lane 4; Figure 5B; Figure S2, lane 2). These levels of αIISp were similar to
those found in Nt siRNA transfected normal cells; no significant difference was observed (p
≥ 0.5) (Figure 5A, lane 5; Figure 5B; Figure S2, lane 11). Thus by knocking down μ-calpain
in FA-A cells, it was possible to restore levels of αIISp to those found in normal cells. By 72
hours after μ-calpain siRNA transfection, levels of μ-calpain in FA-A cells had started to
increase again and this was accompanied by a decrease in the levels of αIISp (Figure S2).

Knocking down levels of μ-calpain in FA-A cells by siRNA did not lead to an increase in
the levels of FANCA (Figure S2). It also did not lead to any change in FA-A cells in levels
of FANCC, which were lower than in normal cells (Figure S2), as has been shown by other
investigators (4, 33).
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Cell survival of these FA-A cells at 24 hours, 48 hours and 72 hours after transfection with
300 pmol μ-calpain siRNA or non-target siRNA was 96% (data not shown). Thus reducing
μ-calpain in FA-A cells to levels which allowed restoration of αIISp to levels found in
normal cells had little effect on the viability of these cells.

siRNA knockdown of μ-calpain in FA-A cells leads to increased cell viabilityl and nuclear
foci formation after damage with a DNA interstrand cross-linking agent

Whether knockdown of μ-calpain by siRNA in FA-A cells could enhance viability of these
cells after damage with a DNA interstrand crosslinking agent, MMC, was examined. Non-
target siRNA transfected FA-A cells showed a dramatic decrease in cell viability 48 hours
after treatment with MMC (400 nM). Cell viability was 36%of that of MMC treated normal
cells transfected with nontartet siRNA (Figure 6). Transfection of FA-A cells with μ-calpain
siRNA increased the resistance of these cells to MMC. 48 hours after treatment with MMC
(400 nM) viability of FA-A cells transfected with 300 pM of μ-calpain siRNA was increased
to 85% of that of MMC treated normal cells transfected with Nt siRNA or μ-calpain siRNA
(Figure 6).

Whether knockdown of μ-calpain had an influence on the ability of FA-A cells to form
damage-induced nuclear foci was also examined. Immunofluorescence studies showed that
in undamaged normal cells, after transfection with nontarget siRNA or μ-calpain siRNA (40
hours post transfection), αIISp and the cross-link repair protein XPF were present in the
nucleus in a diffuse pattern (Figure 7A). However, in the nontarget siRNA transfected and
μ-calpain siRNA transfected normal cells, 16 hours after treatment with 400 nM MMC (40
hours post transfection) both αIISp and XPF were localized in nuclear foci (Figure 7A).
These results are similar to those we have previously obtained in normal cells in which we
have shown that 15 hours after damage with another DNA interstrand cross-linking agent, 8-
methoxypsoralen (8-MOP) plus UVA light, both αIISp and XPF nuclear foci are observed
(11). In contrast, in undamaged, non-target transfected FA-A cells, 40 hours after
transfection, the nuclear staining pattern of αIISp was diffuse and markedly less intense than
in undamaged normal cells (Figure 7A). This is consistent with reduced levels of αIISp in
these cells (15). Examination of XPF in the undamaged, non-target transfected FA-A cell
nuclei showed that there was a diffuse pattern of XPF staining, which was similar to that
seen in normal cells (Figure 7A). This correlates with our previous studies which have
shown that there are similar levels of XPF in FA-A and normal cells (11). Only a few XPF
foci were observed in the nuclei of non-target siRNA transfected FA-A cells 16 hours after
treatment with MMC (400 nM) (40 hours post transfection) (Figure 7A), which is similar to
our previous findings (11).

When FA-A cells were transfected with 300 pM μ-calpain siRNA, adiffuse αIISp staining
pattern was observed in the undamaged cells 40 hours post transfection, which was similar
to that observed in undamaged normal cells (Figure 7A). This correlates with our results
which showed that there were increased levels of αIISp in μ-calpain siRNA transfected FA-
A cells. 16 hours after treatment of μ-calpain siRNA transfected FA-A with MMC (400 nM)
(40 hours post transfection), both αIISp and XPF localized to damage-induced nuclear foci
(Figure 7A). Quantitation of these results showed that the percentage of nuclei in the μ-
calpain siRNA transfected FA-A cells showing multiple foci (>10 foci) after MMC
treatment was similar to that observed in the nontarget siRNA transfected or μ-calpain
siRNA transfected normal cells after MMC treatment (Figure 7B). No significant difference
was observed in the percentage of nuclei showing multiple foci in μ-calpain siRNA
transfected FA-A cells compared to normal cells transfected with either Nt siRNA or μ-
calpain siRNA (p ≥ 0.5). Thus restoring levels of αIISp in FA-A cells leads to ability of
these cells to form damage-induced αIISp and XPF foci just as occurs in normal cells.
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Knockdown of μ-calpain in FA-A cells by siRNA restores chromosomal stability
Studies were carried out to determine whether restoring levels of αIISp in FA-A cells could
increase the chromosomal stability in these cells. After transfection of FA-A cells with non-
target siRNA and subsequent treatment with MMC (30 nM) for 24 hours (a total of 48 hours
post transfection), metaphase spreads were examined for chromosomal aberrations. In the
100 metaphases counted, the number of FA-A cells treated with MMC (either not
transfected or transfected with non-target siRNA), which showed chromosomal aberrations,
was 3 fold greater than in the MMC treated normal cells (Table S1). In the FA-A cells
transfected with non-target siRNA, there was a significant increase in the production of
interchromatid exchanges, fusions/radials and breaks per metaphase, compared to
production of these aberrations in normal cells treated with MMC and transfected with non-
target siRNA (p < 0.001) (Figure 8A). This is similar to the number of these aberrations
observed in Nt siRNA transfected FA-A cells after MMC treatment (Figure 8A and B)
Quantitation of these chromosomal aberrations showed that in the 100 metaphases counted,
the average number of interchromatid exchanges, fusions/radials and breaks per metaphase
in MMC treated FA-A cells or non-target siRNA transfected FA-A cells was approximately
4 fold greater than those observed in damaged normal cells (Figure 8B). This increase in
chromosomal aberrations after DNA interstrand cross-link damage in FA-A cells is similar
to results reported by other laboratories (34–36).

After transfection of FA-A cells with μ-calpainsiRNA (300 pM) and subsequent treatment
with MMC (30 nM) (as above), there was a significant decrease in the average number of
these chromosomal aberrations per metaphase compared to the number of these aberrations
in MMC treated Nt siRNA transfected FA-A cells (p < 0.001) (Figure 8A) and in the total
number of cells showing these aberrations (Table S1). Quantitation of these results showed
the average number of chromosomal aberrations per metaphase (i.e. interchromatid
exchanges, fusions/radials, and breaks) was reduced to levels similar to those foundin
normal cells after MMC treatment and the differences were not significant (p ≥ 0.5) (Figure
8B). Analysis of these types of chromosomal aberrations showed that in the μ-calpain
siRNA transfected FA-A cells, there were decreases in each of these types of aberrations:
interchromatid exchanges, fusions/radials and breaks (Table S1). These studies indicate that
increasing levels of αIISp in FA-A cells, by knocking down μ-calpain, restoreschromosomal
stability after DNA interstrand crosslink damage.

DISCUSSION
Two hallmarks of FA are chromosome instability and a defect in repair of DNA interstrand
cross-links (1,2,4,5). We have shown that the structural protein, αIISp, plays an important
role in both of these processes (10–13). We have additionally demonstrated that there are
decreased levels of αIISp in FA cells, which our studies indicate are due to increased
breakdown of this protein rather than to decreased expression (14). The diminished levels of
αIISp in FA cells correlate with increased sensitivity to DNA interstrand cross-linking
agents and decreased DNA repair (6,9). We therefore now endeavored to determine whether,
by decreasing breakdown of αIISp in FA cells, the DNA repair defect can be corrected and
chromosome stability enhanced.

Breakdown of αIISp in human cells can occur by proteolytic cleavage by μ-calpain
(26,28,31). αIISp, which is composed of 21 triple-helical repeats, contains a μ-calpain
cleavage site in repeat 11 (Figure 9) (26,28,37–39). Activation of μ-calpain leads to cleavage
of αIISp at this site and to the production of specific cleavage products (26,28,31). The aim
of the present study was to determine whether there is an increase in μ-calpain activity and/
or levels in FA cells which may account for the increased breakdown of αIISp in these cells,
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and, if so, whether knocking down expression of this protein in FA cells can restore αIISp
levels to normal and reverse many of the cellular phenotypic deficiencies observed.

The present results show that in the five FA complementation groups tested, FA-A, FA-C,
FA-D2, FA-F and FA-G, there is a 2.5 to 3.5 fold increase in μ-calpain activity, but not in
expression of this protein, compared to its activity in normal cells. In FA-A and FA-G cells,
this increase in activity correlates with an increase in the μ-calpain 150 kDa αIISp
breakdown product. It is thus possible that in FA cells reduced levels of αIISp are due to its
increased cleavage by μ-calpain. Our previous studies have indicated that FA proteins play a
role in maintaining αIISp stability in the cell. We have shown that in corrected FA-A, FA-C,
and FA-G cells, which express the appropriate FA protein, levels of αIISp are restored to
those found in normal cells (15). The present studies provide evidence that FA proteins aid
in maintaining αIISp stability via regulation of the activity of μ-calpain. In corrected FA-A,
FA-C, and FA-G cells, the activity of μ-calpain is reduced to that found in normal cells. This
suggests that the FANCA, FANCC and FANCG proteins play a role in inhibiting μ-calpain
activity. We postulate that they may do this by binding to μ-calpain. In support of this view,
the present studies showed that FANCA and FANCG bound directly to μ-calpain. It is thus
possible to speculate that binding of FANCA and FANCG to μ-calpain has an inhibitory
effect on μ-calpain activity and that this is one way in which these FA proteins play a role in
regulating stability of αIISp in cells and reducing its breakdown. Since FANCC did not bind
directly to μ-calpain, even though it co-immunoprecipitated with it, this would indicate that
its interaction with μ-calpain and its effect on μ-calpain activity is indirect.

If, as these studies indicate, increased activity of μ-calpain in FA cells leads to increased
breakdown of αIISp, then knocking down μ-calpain should lead to enhanced levels of αIISp.
This was found to be the case. Knocking down μ-calpain by siRNA in FA-A cells led to
restoration of levels of αIISp to normal. Of particular importance was the finding that
reduction in expression of μ-calpain by siRNA lead to correction of a number of the cellular
deficiencies present in FA-A cells. Cell survival in μ-calpain siRNA transfected FA-A cells
treated with MMC was increased from 36% to 85% of levels found in normal cells. The
defect in ability of FA-A cells to form damage-induced nuclear foci in response to MMC
was also corrected. μ-Calpain siRNA transfected FA-A cells showed increased αIISp foci,
which correlated with increased levels of αIISp in these cells. XPF nuclear foci were also
observed in transfected FA-A cells treated with MMC, just as they were in normal cells. We
have previously shown that αIISp and XPF foci colocalize in nuclei of normal cells after
they are treated with a DNA interstrand cross-linking agent (11). These foci are presumed to
represent localization of proteins to sites of DNA damage. Their presence correlates with
increased levels of UDS or DNA repair synthesis in normal cells after damage with a DNA
interstrand cross-linking agent (9). These foci were absent in MMC damaged non-target
siRNA transfected FA-A cells, similar to our previous finding of lack of formation of XPF
foci in FA-A cells treated with 8-MOP plus UVA light (11). In addition, we have previously
shown that knockdown of αIISp by siRNA in normal human cells leads to loss of formation
of XPF foci after damage with MMC (13). These studies collectively demonstrate that αIISp
is critical for the localization of XPF into nuclear foci after cells are damaged with a DNA
interstrand cross-linking agent and further support our model that αIISp acts as a scaffold in
the nucleus where it is involved in recruitment of repair proteins, such as XPF, to sites of
damage (10,11,17).

We have previously shown that αIISp is also critical for chromosomal stability (13).
Knockdown of αIISp in normal cells leads to formation of chromosomal aberrations similar
to those found in FA cells (13). In FA cells chromosome instability is particularly evident
after damage with a DNA interstrand cross-linking agent. We therefore hypothesized that by
restoring levels of αIISp in FA cells, it should be possible to enhance chromosome stability
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in these cells. The present results verified this hypothesis. When μ-calpain was knocked
down by siRNA to levels that lead to restoration of αIISp to normal levels, the total number
of chromosomal aberrations (i.e., interchromatid exchanges, fusions/radials and breaks)
observed after cells were treated with MMC were reduced to levels that were similar to
those found in normal cells. The present studies, which show that restoring levels of αIISp in
FA-A cells to normal levels leads to correction of the chromosomal aberrations in these
cells, combined with our previous work, which showed that knocking down αIISp in normal
cells leads to increased chromosomal aberrations (13), demonstrate that αIISp plays an
important role in maintenance of chromosome stability. These studies thus show that
maintaining αIISp stability is critical for a number of cellular processes which include not
only maintenance of chromosome stability but also cell survival and DNA repair after
exposure to a DNA interstrand cross-linking agent.

Stability of αIISp in cells is dependent upon its proteolytic cleavage by μ-calpain. μ-Calpain
has been shown to cleave αIISp at Tyr1176 in repeat 11 and this cleavage is controlled by
phophorylation of this reside by c-Src, a kinase that binds to a flanking scr-homology 3
(SH3) domain in the 10th repeat of αIISp (Figure 9) (26,27,40). SH3 domains are modular
domains that are important in mediating protein-protein interactions and formation of
protein networks (41–45). When Tyr1176 is phosphorylated, αIISp becomes resistant to μ-
calpain cleavage (30,40). It has also been shown that Tyr1176 can be dephosphorylated by
low-molecular-weight phosphotyrosine phosphatase (LMW-PTP) when the latter binds to
the SH3 domain of αIISp (30). This in turn leads to cleavage of αIISp by μ-calpain (30).
Based on our present and previous studies as well as these cited findings from other
investigators, we have developed a model for maintance of αIISp stability in normal human
cells and the increased breakdown of αIISp in FA cells (Figure 9). In this model, a FA
protein (e.g., FANCG or FANCA) binds to αIISp via the SH3 domain of αIISp. We have
evidence that both FANCG (16) and FANCA (in preparation) bind directly to the SH3
domain of αIISp via motifs in these proteins which have specificity for SH3 domains. In
addition, six other FA proteins (FANCD1, FANCD2, FANCI, FANCL, FANCM, and
FANCN) contain similar SH3 domain binding motifs and could also potentially bind to
αIISp via them (16). We propose that in normal cells an equilibrium exists between specific
FA proteins, LMW-PTP and c-Src for binding to the SH3 domain of αIISp (Figure 9). When
a FA protein (e.g., FANCG or FANCA) binds to the SH3 domain of αIISp, this prevents
binding of LMW-PTP to this domain, thus inhibiting dephosphorylation of Tyr1176 and
preventing cleavage of αIISp by μ-calpain at this site. In addition, FA proteins, including
specifically FANCG and FANCA, also directly bind to μ-calpain and in this way may
inhibit its ability to cleave αIISp. Thus one or more FA proteins could play an important role
in maintaining normal levels of full length αIISp in the cell in one or more ways. An FA
protein could bind to the SH3 domain of αIISp inhibiting the ability of μ-calpain to cleave
αIISp and/or it could bind directly to μ-calpain, inhibiting its activity and ability to cleave
αIISp. These FA proteins (e.g., FANCG or FANCA) could also be associated with the FA
core complex or a subcomplex of FA core proteins and this interaction could be important
for the binding of FA proteins to αIISp and μ-calpain. In FA cells, for example FA-G and
FA-A cells, where there is a deficiency in FANCG and FANCA, respectively, there is a
deficiency in binding of these proteins to the SH3 domain of αIISp and LMW-PTP can bind
without interference. LMW-PTP dephosphorylates Tyr1176, which then allows μ-calpain to
cleave αIISp at its μ-calpain cleavage site, leading to increased breakdown of αIISp and
decreased levels of the full length protein in these cells. FANCG and FANCA would also
not be present to bind to μ-calpain and inhibit its activity, which could lead to increased
breakdown of αIISp. It is possible that other FA proteins may be similarly involved in this
process, either directly or indirectly. Calpain cleavage of αIISp can also be enhanced by
binding of calmodulin to αIISp at its site adjacent to the calpain cleavage site (27,46). It is
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possible that one or more of the FA proteins may regulate αIISp stability by modulating
calmodulin binding to αIISp. This will be examined in future studies.

The question then arises as to whether if a number of the FA proteins could be involved in
αIISp stability, why in a particular FA cell line, lack of one FA protein cannot be
compensated by the presence of another one. There are a number of possible explanations.
One is that FANCG or FANCA, for example, are associated with the FA core complex or a
subcomplex of FA core proteins and this entire group of proteins is required to maintain
αIISp stabiltiy in normal cells. This is suggested by data which show that FANCC
coimmunoprecipitates with αIISp (12) and μ-calpain, as we show here, but does not directly
interact with either of these proteins (16 and present results); thus, the effect of FANCC on
αIISp stability would likely be mediated by other FA core complex proteins. Loss of or
defects in one of these proteins would consequently affect the stability of αIISp. It is thus
possible that more than one FA protein is needed to maintain αIISp stability in the cell.
Extending this model, one may further speculate that different FA proteins directly binding
to αIISp or μ-calpain could mediate different effects. For example, binding of a FA protein
complex via FANCG may be different than its binding via FANCA. These possibilities will
be explored in further studies.

Thus, by knocking down μ-calpain in FA-A cells and thereby restoring αIISp levels to
normal, it is possible to correct a number of the phenotypic defects observed in FA cells.
These include decreasing sensitivity to DNA interstrand cross-linking agents, increasing
DNA repair as observed by the presence of damage-induced nuclear foci, and enhancing
chromosome stability. FA proteins may play an important role in maintaining stability of
αIISp in the cell by regulating its cleavage by μ-calpain. Thus, increased breakdown of
αIISp in FA cells, due to loss of functional FA proteins needed to maintain its stability, may
be a critical factor in both the increased chromosome instability and defective DNA repair
observed. Reversing this breakdown by knocking down μ-calpain, as demonstrated in the
present study, may have therapeutic relevance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Calpain activity in FA cells is greater than in corrected FA cells or normal cells. Calpain
activity was measured in chromatin-associated protein extracts from FA-A, FA-C, FA-D2,
FA-F and FA-G cells and from corrected FA-A (FA-A+), FA-C (FA-C+), and FA-G (FAG
+) and compared with this activity from normal cells. Activity was determined by measuring
cleavage of a fluorogenic substrate and expressed as relative fluorescence units (RFU).
Vertical lines represent ± s.e.m. for 5–8 experiments (p <0.0001).
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FIGURE 2.
Increased μ-calpain breakdown product of αIISp in FA cells. Chromatin-associated extracts
from (A) HeLa cells and (B) FA-A and FA-G cells were examined for presence of the μ-
calpain breakdown product of αIISp (BDP) using western blot analysis. Blots were probed
with anti-α spectrin or an antibody specific for the 150 kDa N-terminal μ-calpain cleavage
product of αIISp.
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FIGURE 3.
FA proteins coimmunoprecipitated with μ-calpain. FA proteins that coimmunoprecipitated
with μ-calpain from normal human lymphoblastoid (GM3299) cell nuclear extracts were
examined by western blot analysis. FA proteins were immunoprecipitated with anti-μ-
calpain or mouse IgG1. Immunoblots were probed with anti-FANCA, anti-FANCC, anti-
FANCF, anti-FANCG and anti-μ-calpain. The IgG1 heavy chain (*) was used as a loading
control. Molecular weight markers are indicated to the right.

Zhang et al. Page 17

Biochemistry. Author manuscript; available in PMC 2011 July 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
FANCA and FANCG, but not FANCC bind directly to μ-calpain. Yeast two-hybrid analysis
of the interaction of FANCA, FANCC and FANCG to μ-calpain was examined. (A) LexA-
FANCA or LexA-FANCC fusion proteins were co-expressed in yeast with either an empty
vector (−) or the B42 construct containing μ-calpain; B42-FANCG fusion protein was
coexpressed in yeast with an empty vector or a LexA-μ-calpain construct. Six randomly
selected colonies from each of these yeast transformations were replica plated in a row to
plates containing X-gal to test for activity for the reporter gene, β-galactosidase. Positive
interaction between fusion proteins is seen by the presence of blue colonies, which indicates
that the reporter gene has been activated. White colonies indicate no positive protein
interactions. (B) Summary of the results of yeast two-hybrid analysis of the interaction of
FANCA, FANCC and FANCG with μ-calpain: (+) good binding; (−) no binding.
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FIGURE 5.
Knocking down μ-calpain in FA-A cells by siRNA restores levels of αIISp to those found in
normal cells. (A) FA-A cells were transiently transfected with 200, 240 or 300 pM μ-calpain
siRNA or nontarget (Nt) siRNA. 48 hours after transfection, levels of μ-calpain and αIISp in
the FA-A and normal cells were examined by western blot analysis. Immunoblots were
probed with anti-μ-calpain and anti-αIISp. Tubulin (*) was used as a loading control. (B)
Immunoblots were scanned and levels of μ-calpain and αIISp quantitated. Vertical lines
represent ± s.e.m. for 5–8 experiments.
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FIGURE 6.
siRNA knockdown of μ-calpain in FA-A cells leads to increased cell viability after damage
with MMC. FA-A cells were transfected with 200, 240 or 300 pM μ-calpain siRNA or
nontarget (Nt) siRNA. Normal cells were transfected with Nt siRNA or 300 pM μ-calpain
siRNA. Cells were treated with MMC (400 nM) 24 hr after transfection and cell viability
was examined 0 hr, 16 hr, 24 hr, and 48 hr after MMC treatment. Vertical lines represent ±
s.e.m. for 5–8 experiments.
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FIGURE 7.
siRNA knockdown of μ-calpain in FA-A cells leads to formation of αIISp and XPF nuclear
foci after damage with MMC. (A) FA-A cells were transfected with non-target siRNA (−) or
300 pM μ-calpain siRNA (+). Normal cells were transfected with Nt siRNA (−) or 300 pM
μ-calpain siRNA (+). 24 hr after transfection, cells were either undamaged or treated with
MMC (400 nM). Formation of αIISp and XPF nuclear foci was examined 16 hr after MMC
treatment using indirect immunoflourescence and staining with anti-αIISp or anti-XPF. (B)
The percentage of the nuclei showing multiple αIISp and XPF nuclear foci (> 10 foci) in
normal and FA-A cells after transfection with non-target (Nt) siRNA or μ-calpain siRNA
and MMC treatment was quantitated. 300 cells were counted in each group for each
experiment. Vertical lines represent ± s.e.m. for 5 experiments.
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FIGURE 8.
Knockdown of μ-calpain in FA-A cells by siRNA restores chromosomal stability. (A)
Normal and FA-A cells were transfected with non-target (Nt) siRNA and FA-A cells
transfected with μ-calpain siRNA (300 pM) and subsequently treated (24 hours post
transfection) with MMC (30 nM) for 24 hours. Metaphase spreads were prepared and
examined for chromosomal aberrations (interchromatid exchanges, fusions/radials and
breaks). Arrows indicate these aberrations. Several of the chromosome aberrations indicated
with arrows are magnified below each metaphase spread: a. chromatid breaks, b.
interchromatid exchange, c. fusion/radial, b. interchromatid exchange. (B) One hundred
metaphase spreads were scored for interchromatid exchanges, fusions/radials and breaks and
the average number of these aberrations per metaphase was quantitated. Vertical lines
represent ± s.e.m.
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FIGURE 9.
Proposed model for involvement of FA proteins in cleavage of αIISp by μ-calpain. FANCG
is used as an example in this figure; other FA proteins, such as FANCA, may be substituted
into this figure. A portion of αIISp is shown containing repeats 9–11. A. [1] In normal cells
an equilibrium exists between LMW-PTP, FANCG and c-Src for binding to the SH3 domain
of αIISp. [2] When c-Src binds to the SH3 domain of αIISp it phosphorylates Tyr1176

(Y1176) and prevents cleavage of αIISp by μ-calpain. It also prevents binding of LMW-PTP
to the SH3 domain of αIISp. [3] When FANCG binds to the SH3 domain, this prevents the
binding of LMW-PTP to this site and the dephosphorylation of Tyr1176. This inhibits the
ability of μ-calpain to cleave αIISp at this site, thus preventing the cleavage of αIISp.
FANCG (or another FA protein) may also separately bind to calpain and inhibit its ability to
cleave αIISp as shown. Both FA proteins may be FANCG, as shown, or one or the other, or
both, may be FANCA or another FA protein. These proteins may also be bound to the FA
core complex or to a sub-complex of the FA core proteins. B. [1] In FA cells (FA-G cells are
used here as an example), there is absence of the FANCG protein and thus there is no
binding of FANCG to the SH3 domain of αIISp. [2] Binding of c-Src to the SH3 domain of
αIISp leads to phosphorylation Tyr1176 (Y1176) and prevents cleavage of αIISp by μ-
calpain. It also prevents binding of LMW-PTP to the SH3 domain of αIISp. [3] In the
absence of FANCG, LMW-PTP can bind to the SH3 domain of αIISp and dephosphorylate
Tyr1176, allowing μ-calpain to cleave αIISp at its cleavage site. There is also no FANCG, or
associated FA core complex or subcomplex, to bind separately to μ-calpain and inhibit its
ability to cleave αIISp. This results in μ-calpain breakdown of αIISp in FA-G cells. Similar
events may occur in different FA complementation groups (e.g. FA-A).
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