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NUSAP1 influences the DNA damage response
by controlling BRCA1 protein levels
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NUSAP1 has been reported to function in mitotic spindle assembly, chromosome segregation, and regulation of cyto-
kinesis. In this study, we find that NUSAP1 has hitherto unknown functions in the key BRCA1-regulated pathways of double
strand DNA break repair and centrosome duplication. Both these pathways are important for maintenance of genomic
stability, and any defects in these pathways can cause tumorigenesis. Depletion of NUSAP1 from cells led to the suppres-
sion of double strand DNA break repair via the homologous recombination and single-strand annealing pathways. The
presence of NUSAP1 was also found to be important for the control of centrosome numbers. We have found evidence
that NUSAP1 plays a role in these processes through regulation of BRCA1 protein levels, and BRCA1 overexpression from a
plasmid mitigates the defective phenotypes seen upon NUSAP1 depletion. We found that after NUSAP1 depletion there
is a decrease in BRCAT1 recruitment to ionizing radiation-induced foci. Results from this study reveal a novel association
between BRCA1 and NUSAP1 and suggests a mechanism whereby NUSAP1 is involved in carcinogenesis.

Introduction

The breast cancer-associated gene 1 (BRCAI) is a well-doc-
umented breast and ovarian cancer specific tumor suppressor."?
It is indispensable for of a number of important biological func-
tions including maintenance of genomic stability, transcription,
and cell cycle checkpoint activation.*® The BRCA1-BARDI1
heterodimer co-localizes with y-H2AX at DNA damage foci,
recruiting other repair factors including RADS51 to the site of
double strand breaks (DSBs).”® In this manner, BRCAI regu-
lates a number of different repair processes, namely homologous
recombination (HR), non-homologous end joining (NHE]), and
single strand annealing (SSA), and deficiency of BRCA1 severely
impairs these processes.”!? The DNA damage response (DDR) is
activated to repair DSBs by triggering cell cycle arrest, and mark-
ing cells for DNA repair by one of these processes.'*'

The nucleolar spindle-associated protein 1 (NUSAP1) isa gene
encoding a 55 kD protein that is highly expressed in proliferating
cells and interacts with microtubules.”® Depletion of NUSAPI
caused faulty mitotic spindles, aberrant chromosome segrega-
tion, and defective cytokinesis. Overexpression of NUSAP1
caused microtubule bundling and cell cycle arrest at the G,/M
checkpoint.’® In response to DNA damage, NUSAP1 is phos-
phorylated by ATM/ATR kinases inducing a mitotic arrest,'®
and NUSAP1 has been shown to be degraded in response to UV

damage.”

*Correspondence to: Jeffrey D Parvin; Email: Jeffrey.Parvin@osumc.edu

Numerous studies link elevated expression NUSAP1 to sev-
eral cancers, including prostate, melanoma, glioblastoma, and
hepatocellular carcinoma.”®?* AML patients have higher lev-
els of NUSAP1 antibodies in their serum.?> NUSAP1 has been
associated with increased disease aggression in meningiomas,
poor prognosis and higher risk in breast cancers, and increased
resistance to chemotherapy in pancreatic ductal adenocarci-
noma patients.”** NUSAPI has also been identified as poten-
tial marker for breast ductal carcinoma in situ, and a cause of
resistance.’® Conversely, decreased NUSAP1 levels were seen in
childhood ALL patients,® and the chromosomal locus associated
with NUSAP1 is often deleted in cancers.”

Mutations of the highly penetrant BRCAI and BRCA2 and of
other genes, including 7P53, PTEN, and CHK2, are responsible

3233 we model that a substantial

for ~30% of familial breast cancer;
fraction of the missing ~70% of familial breast cancer is due to
genes and gene combinations functioning in the same pathways
as BRCA1/2. As a means to find candidates for the BRCA1/2
pathway proteins, we use gene co-expression networks.*

Based on initial computational analysis, we have identi-
fied NUSAPI expression to be strongly correlated with BRCAI
expression in breast cancer microarrays. In this study, we have a
performed a biological validation of this finding. We found that
NUSAP1 depletion impaired key functions that are also regulated
by BRCALI, including homologous recombination and centro-
some regulation. In addition, when BRCA1 was overexpressed, it
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rescued the defective phenotypes seen upon NUSAP1 depletion.
This indicated that NUSAP1 and BRCA1 are implicated in the
same pathways of DNA repair and centrosome duplication. Upon

further investigation, we found that NUSAP1 controls BRCALI
protein abundance.

Results

We performed a computational analysis of publicly avail-
able breast cancer microarray data sets to identify genes that
are co-regulated with the reference genes BRCAI, BRCA2, and
BARDI,*7¢ and also a novel two-step query-based bicluster-
ing approach, called correlated patterns biclusters (CPB).%”%*
This analysis finds genes with changes in mRNA abundance
that match the reference genes in the many microarray samples.
This approach allows one to utilize publicly available microarray
results in order to find candidates for proteins that functionally
interact with the reference genes/proteins. NUSAPI was one of
the top-ranked genes that were co-expressed with these three ref-
erence genes across multiple data sets and multiple analytic meth-
ods (data not shown). NUSAP1 was also found to be in a cell
cycle and DNA repair network identified in a separate study.®
The three reference genes/proteins are known to play a role in
DSB repair and in the regulation of the centrosome duplication
cycle. It was our hypothesis that NUSAP1 would be important in
these processes as well. Therefore, the role of NUSAPI in these
processes was evaluated using the following tissue culture-based
assays: homology-directed repair (HDR), DNA break repair by
single strand annealing, and centrosome duplication.

NUSAP1 is required for full homologous recombination
activity

The HDR strategy is based on a recombination substrate that
has been previously described.” The HeLa-DR cell line contains
a single copy of this recombination substrate stably integrated
in the genome, which encodes two inactive GFP alleles. One
of these alleles contains a specific 18 base pair I-Scel restriction
endonuclease site. When these cells are transfected with a vector
expressing the I-Scel enzyme, it generates a double strand break
at the specific site. If in a given cell homologous recombination
repairs the DSB, using homologous sequences in the second
defective allele, then the recombination event converts the GFP
gene to be active. The number of green fluorescent cells resulting
from successful homologous recombination is measured using
flow cytometry.

We tested the role of NUSAP1 in homologous recombination
by RNAi-mediated depletion in the HeLa-DR cell line. We found
that NUSAP1 depletion using any of three different siRNAs sig-
nificantly decreased homologous recombination levels relative
to the control (Fig. 1A). NUSAPI siRNA-2 and siRNA-4 had
the strongest effect, reducing homologous recombination levels
2-fold. As all three siRNAs tested decreased homologous recom-
bination, this effect was not due to off-target effects. All three
NUSAPI-specific siRNAs efficiently depleted NUSAPL pro-
tein by immunoblot analysis (Fig. 1B). We prepared a NUSAP1
expression plasmid that is resistant to one of the siRNAs, and co-
transfection of this plasmid with the NUSAPI-specific siRNA
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restored to nearly full extent the homologous recombination
activity (Fig. 1C). The level of expression of the rescue protein
was low, seen as the slowest migrating band in the immunob-
lot (Fig. 1D, lane 4), and perhaps this low level of re-expres-
sion was responsible for the incomplete rescue of homologous
recombination.

We tested whether the effect of NUSAP1 depletion on homol-
ogous repair was secondary to a cell cycle defect. We depleted
NUSAP]I, using two different siRNAs, in the HeLa-DR cell line,
following the same protocol, and timeline as the HDR assay.
Cells were harvested at 24, 48, and 72 h post second transfec-
tion, for measuring cell cycle progression using flow cytometry.
Treatment with neither NUSAPI siRNA produced any signifi-
cant changes in the cell cycle progression (Fig. S1).

NUSAPI is required for DSB repair by single strand
annealing

We tested the effect of NUSAP1 depletion on the process of
DSB repair by single strand annealing (SSA) using another stable,
recombinant HeLa cell line containing integrated in its genome a
recombination substrate specific for the SSA pathway." 4> This
cell line contains a GFP reporter system that is analogous to that
of the HeLa-DR cell line, except significant resection is needed
to expose sections of homology that can anneal to bridge the
gap, resulting in a 2.7 kb deletion that converts the cell to GFP-
positive. Upon depletion of NUSAPI in the SSA cell line, we
found that transfection of siRNAs specific for NUSAP1 inhib-
ited the single strand annealing process by 30-50% (Fig. 1C).
The magnitude of the deficit in DNA repair activity in NUSAPI-
depleted cells was never as great as observed in BRCA1-depleted
cells, but the decrease was statistically significant.

NUSAP1 depletion leads to formation of supernumerary
centrosomes

As it is known that depletion of BRCAI in mammary tumor
cell lines causes centrosome amplification,”* we investigated
whether NUSAP1 depletion would similarly result in centrosome
amplification. NUSAPI siRNA was co-transfected along with a
plasmid expressing GFP-tagged centrin, into Hs578T breast
cancer cells. GFP-centrin localized to the centrioles, which was
visualized by fluorescence microscopy. In control siRNA treated
cells, 4.5% of the cells had supernumerary centrosomes, whereas
NUSAPI depletion resulted in 16% of cells with supernumerary
centrosomes (Fig. 2; Fig. S2). A similar phenotype with centro-
some amplification in 16% of cells was observed after BRCALI
depletion, consistent with prior observations.® Transfection of
two other siRNAs targeting NUSAP1 similarly resulted in cells
with multiple centrosomes (data not shown), indicating that this
phenotype was not an off-target effect of the siRNA. Depletion of
NUSAPI protein by these siRNAs was confirmed in the Hs578T
cell line by immunoblot analysis (Fig. S3).

NUSAP1 was expressed during S/G, phases of the cell cycle

Studies have shown that NUSAP1 and BRCA1 are expressed
at similar stages in the cell cycle. NUSAP1 levels increase as cells
progress through S phase, peaking around the G,/M transition,
and promptly decreasing in G,."” BRCA1 levels increase through
S phase, peaking at late S/early G, in the cell cycle.** We sought
to directly compare NUSAP1 with BRCAL cell cycle dependent
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Figure 1. NUSAP1 is required for high levels of DSB repair by homologous recombination. (A) HeLa-DR cells, which contain integrated in the genome a
recombination substrate for assaying HDR, were transfected with the indicated siRNAs, and then 2 d later transfected with the same siRNA plus a plas-
mid for the expression of the I-Scel endonuclease. Results were obtained in triplicate and normalized relative to the control (Con) siRNA with SEM. BRCA1
(BR) and NUSAP1 (NUS) siRNAs are indicated. A two-tailed Student t test was done for the NUSAP1 siRNAs compared with the control siRNA; P values for
comparisons to the control siRNA were: 0.004195 for BRCAT; 0.0003138 for NUS-si2; 0.002255 for NUS-si3; and 0.002923 for NUS-si4. (B) Whole cell lysates
were prepared from the leftover cells after assaying for HDR activity and analyzed by immunoblotting for antibody specific for NUSAP1 (top) and GAPDH
as loading control (bottom). (C) HDR assay was done for HeLa-DR cells that were not transfected with I-Scel expressing plasmid (lane 1) or transfected
with the following siRNAs and plasmids along with the I-Scel expressing plasmid: control siRNA and empty plasmid vector (lane 2); NUS-si2 and empty
plasmid vector (lane 3); and NUS-si2 plus a plasmid encoding NUSAP1 with a conservative point mutation that renders the mRNA resistant to the siRNA
(Res, lane 4). A two-tailed Student t test was done for NUSAP1 siRNA vs. control siRNA (lane 3 vs. lane 2; P =0.02289) and NUS-si2 plus rescue transfection
vs. NUS-si2 plus vector only (lane 4 vs. lane 3; P = 0.023224). (D) Samples from (C) were analyzed by immunoblotting with antibody specific to NUSAP1
(top) and RNA helicase A (RHA, bottom) as loading control. (E) HeLa-SA cells, which contain integrated in the genome a substrate that specifically
measures recombination via the SSA pathway, were transfected with the indicated siRNAs. Results, in triplicate, were normalized to the control siRNA.
A two-tailed Student t test was done comparing to the control siRNA; P values were: 0.006797 for BRCA1; 0.01224 for NUS-si2; and 0.02585 for NUS-si3.
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Figure 2. Depletion of NUSAP1 from Hs578T breast cancer cells results
in supernumerary centrosomes. Hs578T cells were transfected with
the indicated siRNA and a plasmid that expressed GFP-centrin2.#
Centrosomes were counted in over 100 cells in each sample. Results, in
triplicate, were normalized to the control siRNA.
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Figure 3. NUSAP1 protein expression occurs in S/G, phases of the cell
cycle. Hela cells were double-thymidine blocked in early S phase and
released for the indicated times (lanes 1-4) or thymidine-nocodazole
blocked in mitosis and released for the indicated times (lanes 5-8).
Immunoblots measure the indicated protein abundance for BRCA1,
NUSAP1, cyclin A, and cyclin B1 with matched loading controls, as
indicated.

expression in the same samples. We synchronized HeLa cells at
early S phase using a double thymidine block strategy. Similarly,
we synchronized another set of cells in early mitosis using a thy-
midine—nocodazole sequential block. The former set of cells was
released at the following different time-points: double thymi-
dine block without release (0 h; early S phase); 3 h post-release
(mid-S phase); 6 h post-release (late S phase/early G,); and 9 h
post-release (G, phase). The second set of cells was released at
the following time-points: nocodazole block without release
(0 h, mitosis); 3 h post-release (early G, phase); 6 h post-release
(G, phase); and 9 h post-release (late G, phase). Cell lysates were
examined by immunoblotting for NUSAP1 and BRCA1 and
compared with cyclin A and cyclin Bl (Fig. 3). BRCA1 protein
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was abundant in extracts starting in early S phase and decreased
to low levels after mitosis. Relative to BRCA1, NUSAPI was
slightly shifted in its expression, with protein abundant from late
S through about 3 h into G,. Thus, BRCA1 and NUSAPI were
both abundant in cells during G,.

BRCA1 overexpression suppresses defects caused by
NUSAP1 depletion in homologous recombination and centro-
some duplication

NUSAP! depletion disrupted the processes of homologous
recombination and centrosome duplication. Since BRCAI is
important for both these processes, we tested whether BRCALI
depletion or overexpression could affect the phenotype of
NUSAP! depletion. When depleting BRCA1 together with
NUSAPI, the phenotype of the HDR assay or centrosome
assay was the same as when only BRCA1 was depleted (data
not shown). By contrast, overexpression of BRCALI in the same
cells transfected with the NUSAP1-specific siRNA resulted in a
partial reversal of the effects of NUSAP1 depletion. NUSAPI
depletion with add-back of empty vector decreased homologous
recombination levels 2-fold (Fig. 4A), consistent with results
in Figure 1. NUSAPI depletion along with co-transfection of
a plasmid expressing BRCA1 restored homologous recombina-
tion levels to 85% of full activity. Though NUSAP1 stabilized
BRCALI, we did not detect co-immunopurification of NUSAP1
and BRCAI (data not shown); thus, we could not infer a direct
interaction between these two factors.

We also performed concurrent NUSAPI1 depletion and
BRCAL overexpression in the centrosome assay. Hs578T cells
were co-transfected with NUSAP1 siRNA, plasmid for express-
ing BRCAI, and plasmid encoding GFP-centrin. Forty-eight
hours post-transfection, cells were fixed and viewed by immu-
nofluorescence. While NUSAP1 depletion with empty vector
resulted in the formation of supernumerary centrosomes in 26%
of cells (Fig. 4B), NUSAP1 depletion in conjunction with trans-
fection of the BRCA1 expression plasmid resulted in a reduced
percentage of cells with centrosome amplification to 10%, as
compared with the control of 5% in this experiment.

Based on the previous result, we tested whether NUSAPI deple-
tion affected BRCAI mRNA levels, either directly or indirectly.
We performed a quantitative real-time PCR analysis of RNA
from transfected cells. HeLa cells were depleted of NUSAP1, and
48 h post-transfection total RNA was harvested from the cells
and reverse transcribed into DNA. Real-time PCR of the resul-
tant cDNAs were conducted using probes targeting the coding
sequences of BRCAI and NUSAPI and normalized to the tran-
script levels of RPSI4. It was found that BRCA1 and NUSAPI
depletions resulted in downregulation of the respective mRNAs,
but siRNA specific to NUSAP1 did not affecc BRCAI mRNA
levels, nor did BRCA1 siRNA affect NUSAPI mRNA levels
(Fig. 5A). Thus, NUSAP1 siRNA specifically targets NUSAPI
mRNA and has no effect on BRCAI mRNA abundance.

We tested whether depletion of NUSAP1 affected BRCA1 pro-
tein levels in synchronized cells. Cells were synchronized in early
S phase, using a double thymidine block and harvested at mul-
tiple time-points after thymidine release. Protein extracts were
analyzed by immunoblotting. The different time-points—0, 3,
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Figure 4. Expression of BRCA1 from a plasmid suppresses effects of
NUSAP1 depletion. (A) HeLa-DR cells were transfected with the indi-
cated siRNAs and a plasmid for the expression of BRCA1 (lanes 2 and 4).
Results were obtained in triplicate and normalized relative to the control
siRNA. A two-tailed Student t test compared the effects of NUSAP1 si-2
to the control siRNA (lane 3 vs. lane 1; P = 0.001603) and the effect of
rescue with BRCAT-expressing plasmid (lane 4 vs. lane 3; P = 0.04048).
(B) Hs578T cells were transfected with the indicated siRNAs and plas-
mids, along with an expression plasmid for GFP-centrin2, and the per-
centage of cells with supernumerary centrosomes is indicated. Results
were obtained in triplicate plus SEM. A two-tailed Student t test com-
pared the effects of NUSAP1 si-2 to the control siRNA (lane 3 vs. lane 1;
P = 0.04099) and the effect of rescue with BRCAT-expressing plasmid
(lane 4 vs. lane 3; P =0.04859).

6, and 9 h post thymidine release—correspond to early S phase,
mid S phase, late S phase, and G, phase respectively. NUSAP1
depletion resulted in a decrease of BRCALI protein levels at all the
time-points (Fig. 5B). It was surprising that even during early
S phase NUSAP1 depletion affected BRCAL1 protein levels (lanes
1-3) since NUSAPI1 is more abundant at later stages of the cell
cycle (Fig. 3). Evidently, even the low concentration of NUSAP1
present in early S phase affects BRCA1 protein abundance.
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Figure 5. Depletion of NUSAP1 affects BRCA1 protein but not mRNA
levels. (A) Two days following transfection of Hela cells with the indi-
cated siRNA, RNA was isolated and quantified by gPCR. Results, in tripli-
cate, from BRCA1-specific primers are indicated in gray, and results from
NUSAP1-specific primers are indicated in black. Results were normalized
to the cells transfected with the control siRNA and presented with the
standard error of the mean. (B) Cells were transfected with control (C;
lanes 1, 4, 7, 10), NUSAP1 (N; lanes 2, 5, 8, 11), and BRCAT1 (B; lanes 3, 6, 9,
12) specific siRNAs. Following double thymidine block and release for
the indicated times, cell lysates were prepared and analyzed with the
indicated immunoblots. RHA and GAPDH were loading controls. (C) Cells
were transfected with control siRNA (C; lanes 1, 3) or NUSAP1 siRNA2 (N;
lanes 2, 4) and subjected to a double thymidine block as in panel B. Two
hours after thymidine release, 20 .um MG132 was included in media for
another 4 h (lanes 3, 4); DMSO vehicle was included in media at the same
time in lanes 1 and 2.

Since BRCALI is degraded by the proteasome,” we tested
whether the NUSAP1-dependent stabilization of BRCA1 in late
S phase also involved the proteasome. Following two siRNA
transfections, cells were double blocked in thymidine and released
for 6 h. The last 4 h of the release were in the presence of the pro-
teasome inhibitor MG132 or the solvent control. As was observed
in Figure 5B, depletion of NUSAP1 caused a decrease in BRCA1
protein content during late S phase (Fig. 5C, lanes 1 and 2). In
the presence of MG132, BRCA1 protein was at increased concen-
tration in the cell; interestingly NUSAP1 levels were markedly
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higher as well (Fig. 5C, lane 3). Depletion of NUSAP1 reduced
the level of NUSAPI, but it had no effect on the BRCAL lev-
els (Fig. 5C, lane 4). We thus interpret that NUSAP1 protects
BRCALI from proteasome-mediated degradation.

NUSAP1 depletion affects recruitment of BRCAI to DNA
damage foci

Our results so far are consistent with NUSAP1 impacting
the homologous recombination process via controlling BRCA1
protein levels. We tested whether recruitment of BRCALI to
foci induced upon DNA damage’” would also be affected by
NUSAPI depletion. Cells were irradiated and then stained for
BRCALI at 0 h or 6 h post-irradiation. Without irradiation, both
control and NUSAP1 depleted cells had some discrete BRCA1
S-phase foci®* plus diffusely nuclear BRCA1 content (Fig. 6A,
top). However, 6 h post-irradiation, most of the control cells
had irradiation-induced foci (IRIF) containing BRCALI, but few
NUSAPI depleted cells had detectable BRCAL1 foci (Fig. 6A,
bottom). There were cells with BRCA1-containing foci detected,
but they were pale with low levels of BRCAL. We repeated the
same experiment with NUSAP1 depletion, but with additional
transfection of a vector expressing BRCA1, and this add-back
restored the BRCA1 IRIF (data not shown).

We then analyzed other proteins in IRIF subsequent to
NUSAP1L depletion. There was no difference in the levels of
v-H2AX IRIF between the control and NUSAP1 depleted cells
(Fig. 6C). Western blot analysis also showed that y-H2AX pro-
tein levels were not affected by NUSAP1 depletion upon irradia-
tion (Fig. 6D). The phosphorylation of H2AX is an early sensor
protein at the site of the double strand break upon DNA damage.”!
BRCAL is downstream of y-H2AX in the DNA damage response
pathway,” and is required for assembly of RAD51 at IRIF, follow-
ing DNA damage.”> We thus tested whether RAD51 binding to
IRIF was affected by NUSAP1 depletion. Depletion of NUSAP1
diminished, but did not eliminate, RAD51 recruitment to the
IRIF (Fig. 6E). While there was no change in the percentage of
cells expressing RADS51 foci, the intensity of the RADS5! foci was
decreased when compared with those of the control cells. In a sim-
ilar manner, we tested 53BP1 levels at IRIF upon NUSAP1 deple-
tion. We observed that NUSAP1 depletion caused no reduction in
53BP1 recruitment to double strand breaks and were perhaps even
more prominent than in control cells (Fig. 6G). Western analysis
did not show any changes in 53BP1 protein levels in NUSAP1
depleted cells vs. control cells (Fig. 6H). This result suggested that
NUSAP1 depletion affected the pathway regulated by BRCAL,
but had no impact on the pathway regulated by 53BP1.

Discussion

In this study, we have identified NUSAPI as a potential
modifier of BRCAI function and found that, similar to BRCA1,
NUSAP1 regulates the DNA repair by homologous recombination
and control of centrosome number. NUSAP1 was first flagged for
follow-up via gene coexpression analysis with BRCA1, BRCA2, and
BARDI from multiple publicly available breast cancer microarray
data sets and using multiple computational methods. In another
study, we found that NUSAPI is a component of a 412 gene/
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protein network that regulates the cell cycle and DNA repair.®
In this study, we found: (1) like BRCAI, NUSAPI is required for
high level of DSB repair by homologous recombination and by the
minor pathway of repair by single-strand annealing; (2) NUSAPI
regulates centrosome number per cell; (3) surprisingly, we found
that overexpression of BRCA1 suppressed the defect due to deple-
tion of NUSAPI in both DNA repair and in centrosome control;
(4) NUSAP1 protected BRCA1 protein from proteasome-medi-
ated degradation during S phase of the cell cycle; (5) the expression
of NUSAPI affected localization of BRCAL to DNA repair focis
and (6) the requirement for NUSAPI affected the binding of the
downstream repair factor RAD51 to DNA repair foci.

Our results suggest that NUSAPI functions via regulating
BRCAL protein levels from early S phase through G, phase. Since
the evidence suggests that the NUSAP1 effect on homologous
recombination is indirect via regulating BRCA1 levels, this would
be consistent with NUSAP1 depletion having a lesser impact on
homologous recombination compared with the BRCAL1 depletion.
Future work is aimed at understanding the mechanism by which
the NUSAP1 protein affects the BRCALI protein concentration.
Further work will determine whether NUSAP1 has activities inde-
pendent of BRCAL1 stabilization in the DNA damage response.

This study is the first to link NUSAP1 with homologous
recombination. Other studies have shown that NUSAPI1 is
phosphorylated by ATM/ATR kinases, and also gets degraded
in response to UV damage.”"” NUSAP1 has been found to be
involved in mitotic spindle assembly, and chromosome segrega-
tion.” These previously observed functions of NUSAPI are con-
sistent with our new observations that it has a role in homologous
recombination and control of centrosome duplication.

Future studies on NUSAP1 will be focused on whether it is a
genetic modifier of BRCA1 activity or whether it is itself a breast
cancer associated gene. Among the large scale sequencing efforts
of tumor samples in The Cancer Genome Atlas (TCGA), the
NUSAPI gene is altered in 1-4% of the cases. Since our focus
has been on BRCA1 and breast cancer, we note that a small per-
centage of breast tumors (<1% each) had homozygous deletions,
amplifications, or missense mutations.”® Other tumor types had a
greater percentage of genetic abnormalities of the NUSAPI gene.
About 3% each of cervical carcinoma, lung adenoma, and ovar-
ian serous carcinoma had evidence of homozygous deletions of
the NUSAP1 gene.*> Though a small percentage of the overall
cancers, deletion of NUSAPI can contribute to the phenotype
of these cancers. According to the results of the current study,
deletion of NUSAPI would decrease BRCA1 protein levels. Since
BRCALI has been implicated in ovarian cancer, it is reasonable
that NUSAP1 control of BRCAL protein levels could contrib-
ute to ovarian tumorigenesis. A similar mechanism for NUSAP1
might apply to other cancer types, such as cervical carcinoma and
lung adenoma, which have deletions of the gene.

Materials and Methods
Cell culture and reagents

The HeLa-DR, SA-GFP, and Hs578T cell lines have been
described previously.*** The siRNA sequences for BRCAI and
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Figure 6A-D (For E-H, see page 540). NUSAP1 depletion affects BRCA1 and RAD51 localization to DNA damage induced foci. (A) HelLa cells were
transfected with control or NUSAP1 specific siRNAs and stained for DNA content (left) or BRCA1 content (right) before (top) or after (bottom) 10 Gy of
ionizing radiation. (B) The number of cells with detectable BRCAT IRIF from (A) is indicated, normalized relative to the control siRNA plus the SEM (C) Cells
transfected as in panel A were stained for y-H2AX, as indicated. (D) Cell lysates were prepared from the transfected cells in (C) and immunoblots were
probed with antibody specific to y-H2AX, and GAPDH is the loading control.

NUSAPI are listed in Table S1. Antibodies for BRCAL (sc- JBW301) and BRCAI (OP-92) from EMD-Millipore. The anti-
642), RAD51 (H-92), and 53BP1 (H-300) were procured body for NUSAPI was prepared by immunizing rabbits with full-
from Santa Cruz Biotechnology, and y-H2AX (ser 139, length NUSAPI protein purified from bacterial; immunization
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Figure 6E-H (For A-D, see page 539). NUSAP1 depletion affects BRCA1 and RAD51 localization to DNA damage induced foci. (E) Cells transfected as
in (A) were stained for RAD51, as indicated. (F) Cell lysates were prepared from the transfected cells in (C) and immunoblots were probed with antibody
specific to RAD51, and tubulin is the loading control. (G) Cells transfected as in (A) were stained for 53BP1, as indicated. (H) Cell lysates were prepared
from the transfected cells in (C) and immunoblots were probed with antibody specific to 53BP151, and RHA is the loading control.

of rabbits and harvesting of sera was performed by Cocalico
Biologicals. Secondary antibodies Alexa Fluor 488 and Alexa
Fluor 568 were purchased from Invitrogen.

Transfection

On day 1, we seed cells (-2 x 10° in a 10-cm? well) such
that they are 50% confluent on day 2. On day 2, 60 pmoles
of siRNA with 0.8 pg plasmid were transected into the cells
using 0.5 pL lipofectamine (Invitrogen). On day 4, 100 pmoles
of siRNA with 3 g of plasmid were transfected in using 2.5 pL

540 Cancer Biology & Therapy

lipofectamine (Invitrogen). Optimem was used as the dilution
medium, and transfection medium was always changed 6 h post
transfection.

Western analysis

Cell lysates were harvested using a lysis buffer containing the
following: 50 mM TRIS, 300 mM NaCl, 0.5% NP40, 1 mM
EDTA, 5% glycerol. Alternately, lysates were also prepared
using a SDS lysis buffer containing the following: 50 mM TRIS
pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, and
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0.25% bromophenol blue dye to color. Cell lysates were centri-
fuged at 15000 rpm for 20 min, and supernatants were collected.
Protein concentration of the supernatant was analyzed using Bio-
Rad Bradford reagent. Fifty micrograms protein lysates were ana-
lyzed by SDS-PAGE and transferred to polyvinylidene fluoride
membranes and immunoblotted using standard methods.

Homology-directed repair assay

The homologous recombination using the HeLa-DR cell
line was done as previously described.“*¢ GFP-positive cells,
indicative of recombination events, were scored by flow cytom-
etry using a BD Biosciences FACS Calibur instrument located
at the Ohio State Comprehensive Cancer Center (OSUCCC)
Analytical Flow Cytometry core laboratory.

Single strand annealing assay

The SA-GFP recombinant cell line was created using stable
integration of an hprt-SA-GFP vector*! into HeLa cells. On day
1, SA-GFP cells were plated at a cell density of 4 x 10 cells in
a 2 cm? well. On day 2, the first transfection was performed on
cells that were 50% confluent, using 60 pmol of siRNA and
1.5 nL of Oligofectamine in Optimem. The cells were trans-
ferred to 10 cm? dishes on day 3. On day 4, transfection was
performed using 100 pmol of siRNA, 2.5 nL of Lipofectamine,
and 3 pg of pCBASCel plasmid. We analyzed the cells for green
fluorescence by FACS analysis.

Centrosome duplication assay

This assay was performed in Hs578T cells using an estab-
lished technique.”® NUSAP1 siRNA and a pJLS148-GFP-centrin
vector® were simultaneously transfected using Lipofectamine
2000. 48 h post-transfection, cells were washed with phosphate
buffered saline (PBS), fixed with methanol (at -20 °C), washed
with PBS again, and then treated with DAPI (4,6-diamidino-
2-phenylindole). Over 100 cells per experiment were analyzed in
three replicate experiments, using a Zeiss Axiovert 200 M immu-
nofluorescence microscope, for the number of centrioles per cell,
which are labeled by the GFP-centrin vector.

RNA extraction and reverse transcription

HeLa cells were depleted of BRCAL and NUSAPI using
RNAIi as described above. Forty-eight hours post-transfection,
total RNA was extracted and purified from the cells using

Trizol reagent (Invitrogen). RNA samples were quantified using
Nanodrop ND-1000 Spectrophotometer, and 1 pg/sample of
RNA template was reverse transcribed using the iScript cDNA
Synthesis kit (Bio-Rad).

Quantitative real-time PCR (Q-PCR) analysis

The primers used are listed in Table S2. RPSI4 was used as
the endogenous control and samples treated with control siRNA
acted as the reference. SYBR Green was used as the fluores-
cent dye using the iQ SYBR Green Supermix kit (Bio-Rad) in
the Applied Biosystems StepOne Plus Real-Time PCR System.
Samples were run in duplicate and standard deviation was calcu-
lated. Results were calculated using the 2-24 formula.

Immunocytochemistry

Cells were washed with PBS and fixed with 4% paraformal-
dehyde in PBS. Next, cells were permeabilized using 0.25%
Triton-X-100 in PBS, and blocked in buffer containing 1% goat
serum. Cells were then probed using specific primary antibodies,
followed by Alexa Fluor secondary antibodies in buffer contain-
ing 0.1% BSA and 6% Triton X-100. Lastly, cells were stained
with DAPI, and then treated with Prolong Gold anti-fade reagent
(Invitrogen). Cells were viewed using the Zeiss Axiovert 200 M
microscope.

Statistical analyses

Comparison of treatments with the controls was done utiliz-
ing a pairwise Student ¢ test. Figures were labeled with *P < 0.05,
**P < 0.01, and ***P < 0.001.
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