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The breast and ovarian cancer susceptibility gene
BRCA1 encodes a tumor suppressor. BRCA1 protein,
which is involved in DNA damage response, has been
thought to be found primarily in cell nuclei. In the
present investigation, immunohistological studies of
BRCA1 protein in frozen breast cancer tissue and
MCF7 and HelLa cell lines revealed BRCA1 expression
in both nucleoli and nucleoplasmic foci. Immunoelec-
tron microscopic studies of estrogen-stimulated MCF7
cells demonstrated BRCA1 protein localization in the
granular components of the nucleolus. Moreover, im-
munofluorescence of BRCA1 and nucleolin double-
labeling showed colocalization in both nucleoli and
nucleoplasmic foci in breast tumor cells and asyn-
chronously growing MCF7 and HeLa cells. Multipa-
rameter analysis of BRCA1 and nucleolin in relation
to cell cycle position (DNA content) showed expres-
sion during G1—S and persistence of BRCA1 during
G2/M. After +y-irradiation of MCF7 cells, BRCA1 pro-
tein dispersed from nucleoli and nucleoplasmic foci
to other nucleoplasmic sites, which did not colocalize
with nucleolin. Small interfering RNA-mediated knock-
down of BRCA1 protein resulted in decreased immuno-
fluorescence staining, which was confirmed by Western
blotting. The observed colocalization of BRCA1l and
nucleolin raises new possibilities for the nucleoplasm-
nucleolus pathways of these proteins and their func-
tional significance. (4mJ Pathol 2010, 176:1203-1214; DOI:
10.2353/ajpath.2010.081063)

Breast cancer rates have been increasing in the United
States; by age 70, an American woman'’s life-time risk for
developing breast cancer is about 10%." Mutations in the
breast cancer tumor suppressor genes BRCA7? and
BRCA2® have been linked to both familial breast and
ovarian cancer. Development of tumors in carriers of one
mutant allele of either BRCAT or BRCA2 requires the
somatic loss of the wild-type allele, which is a widespread
occurrence in breast tumorigenesis.*

The majority of known cancer-causing BRCAT muta-
tions induce protein truncation, highlighting a require-
ment for the BRCA1 C-terminal domain repeats in medi-
ating BRCA1 tumor suppressor function. However,
somatic mutations in BRCAT have not been found in
sporadic breast cancer tumor tissue.® Instead it is thought
that BRCAT participates in the tumorigenesis of spo-
radic breast cancer through reduction in BRCA1 mRNA
and protein levels, as compared with normal tissue.®~'°
Functionally, BRCA1 participates in many signaling
pathways involved in transcription and checkpoint con-
trol, and is recruited for the formation of DNA repair
complexes, in association with proteins such as Mre11-
Nbs1-Rad50, and BRCA2."" Cell cycle studies have
shown that BRCA1 protein is found in nuclear foci
(dots) during S-phase, and after y-irradiation BRCA1
colocalizes with BRCA1-associated ring domain and
Rad51-containing foci.'?

Our immunohistological studies of frozen tissue sec-
tions from breast carcinomas and transmission electron
microscopic studies of estrogen-stimulated MCF7 cells
have shown nuclear, nucleolar, and cytoplasmic BRCA1
protein staining.” ' With transmission electron micros-
copy, we found the BRCA1 nuclear staining on the periph-
ery of dots, around nucleoli, and also in the cytoplasm in
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multivesicular bodies near the Golgi apparatus.'* Since the
BRCA1 protein localization was largely studied by photonic
or confocal microscopy, only few studies on its subcellular
localization observed by transmission electron microscopy
were published. However, confocal microscopy and immu-
nogold electron microscopy have demonstrated the colo-
calization of BRCA1 protein and B-tubulin in microtubules of
the mitotic spindle and in centrosomes.'® Coene et al,'®
using both confocal microscopy and transmission electron
microscopy with small interfering (si)RNA-mediated knock-
down of BRCA1, have found that it is localized in mitochon-
dria, as well as the nucleus. Ganesan et al,'” and Silver
et al,"® have found that BRCA1 protein shows overlapping
staining for XIST gene on the inactive X chromosome.

In the present study, we further demonstrate the local-
ization of BRCA1 in the granular components (GCs) of the
nucleolus by transmission electron microscopy, and co-
localization of BRCA1 protein and nucleolin in nucleol
and nuclear speckles by confocal microscopy. In addi-
tion, we show BRCA1 and nucleolin co-expression during
G1-S phases of the cell cycle by laser scanning cytom-
etry (LSC), relocalization of BRCA1 from nucleoli, and
nuclear speckles to irradiation-induced nuclear foci after
y-irradiation. These results were validated using siRNA-
mediated knockdown of nuclear and nucleolar BRCAT.

Materials and Methods

Patients and Tumor Tissue

This study was approved by the Institutional Review
Board of the Mount Sinai School of Medicine. We ran-
domly selected 18 breast tumors from patients submitted
to the surgical pathology division of the Department of
Pathology between 1996 and 2000 and snap froze them
in liquid nitrogen. The tumors were classified and graded
according to modified Bloom-Scarff-Richardson crite-
ria.’® Family history, histopathological diagnosis, age of
onset, lymph node status, and estrogen and progester-
one receptor status were recorded for each patient and
entered into a database. Once the clinical data were
collected, each patient and corresponding specimen
was assigned a number, to preserve confidentiality.

Immunohistology

The methodology for preparing the frozen sections has
been described previously.'® Briefly, tissue previously
snap frozen in liquid N, was mounted at about —8°C in ol
(an approximately eutectic mixture of aliphatic esters with
a freezing point of about —9°C), frozen at about —25°C,
and sectioned using a special adhesive tape to capture
the section. The sections were transferred to a —13°C
microscope slide coated with a UV-polymerizable adhe-
sive and treated with a flash of UV to polymerize the
adhesive and adhere the section (Instrumedics, St. Louis,
MQO). The slide-mounted, 6-um frozen sections were
melted at room temperature and air dried for 1 hour
before being dipped for 30 to 60 seconds in —20°C

methanol, and then dried for 5 minutes before being
used.

Cell Culture

For the immunofluorescence studies, MCF7 cells were
cultured in modified Eagle’s medium plus 8% calf serum
and 5 wpg/ml bovine insulin. HelLa cells were grown in
modified Eagle’s medium supplemented with 10% heat-
inactivated fetal calf serum, 50U/ml penicillin, 50 png/ml
streptomycin, and 2 mmol/L L-glutamine. For the irradia-
tion experiments, MCF7 cells were y-irradiated (4Gy) and
fixed for analysis 1 to 2 hours later.

For immunoperoxidase studies (electron microscopy),
the MCF7 human breast carcinoma cell line from the
Michigan Cancer Foundation (Detroit, MI) was main-
tained in Dulbecco’s modified Eagle’s medium (Gibco
BRL, Paisley, Scotland, UK), supplemented with 10%
fetal calf serum and 0.5% gentamicin. MCF7 cells, grown
on glass coverslips for photonic microscopy or plated in
16-mm wells (24-well dishes; Linbro, UK) for transmission
electron microscopy, were maintained for 2 days in phe-
nol red-free Dulbecco’s modified Eagle’'s medium with
5% charcoal-stripped fetal calf serum and 0.5% genta-
micin before treatment with 10 nmol/L E2 or the control
ethanol vehicle. In all experiments (before and during
treatment), medium was changed three times a week. E2
(17B-estradiol) had been provided by Roussel-Uclaf (Paris,
France). Stock solutions of steroids were prepared as 1000-
fold concentrates in absolute ethanol.

Antibodies

Mouse monoclonal BRCA1 antibodies®® MS110 r 1-304,
MS 13 r 1-304, AP 16 r 1313-1863, and SG 11 r-1846-
1863 (Oncogene Research Products, La Jolla, CA),
and K-18 antibody21 r-70-89 (Santa Cruz Technology,
CA), were prepared in a 1:20 dilution. Normal goat serum
was used to block nonspecific immunoglobulin binding
and the sections were incubated at 4°C overnight. As
controls, nonrelevant mouse monoclonal antibodies,
such as mouse plasmocytoma cell (MOPC) antibody?",
purchased from Letton Bionetics Inc., (Kensington, MD)
or rabbit polyclonal antibody were used. The specificity
of the K-18 antibody binding was checked by pre-ab-
sorption with the peptide'® (Santa Cruz Technology, CA)
and stained in parallel with a positive control. Nucleolin
mouse monoclonal antibody 7G22? (kind gift from S.
Pinol-Roma) was used in a 1:2 dilution.

Immunofluorescence

MCF7 or HelLa cells grown on chamber slides, were
washed three times in PBS, excess fluid was removed,
and the slides were immersed in liquid N, for 13 seconds,
followed by 20 minutes fixation in —20°C methanol. HelLa
cells were also fixed in a freshly prepared mixture of 4%
paraformaldehyde in PBS for 10 minutes, and permeabil-
ized with 0.02% Triton X100. The frozen section or cell
culture slides were immersed in PBS, and then incubated



in primary rabbit or mouse antibodies, or simultaneously
with both antibodies for colocalization, in a humidified
atmosphere at 4°C for 16 hours. Following three washes
in PBS, the slides were incubated with species-specific,
fluorescein isothiocyanate (FITC) or thromboxane A2 re-
ceptor (TXR)-conjugated secondary antibodies for 30
minutes, at a 1:100 dilution, washed extensively in PBS,
and mounted with Vectashield with or without 4,6-di-
amidino-2-phenylindole (DAPI) (Vector Labs, Burlin-
game, CA). Fluorescently stained cells or tissues were
observed using a Zeiss axiophot microscope equipped
with a X40 Plan-Neofluar objective, and a Leica TCS-SP
(UV) confocal laser scanning microscope.

LSC

For LSC, MCF7 cells were indirectly stained with poly-
clonal K-18 BRCA1 antibody and FITC-labeled goat anti-
rabbit (green), and the slides were re-suspended in 5
pg/ml propidium iodide (PI) (Molecular Probes, Carls-
bad, CA) to counterstain cellular DNA. For nucleolin
staining, MCF7 cells were indirectly stained with the
mouse monoclonal nucleolin antibody and FITC-labeled
goat anti-mouse antibody (green) and their DNA was
counterstained with Pl (red). LSC methodology (Com-
pucyte, Cambridge, MA) has been previously reported®?;
briefly, cellular fluorescence of Pl and FITC was excited
at 488 nm and emission of these fluorochromes was
measured using the standard long-pass (570 nm) or
bandpass (530 nm) filters, respectively. The triggering
threshold is depicted in red, whereas the total nuclear
fluorescence contour is set on green. At least 1500 cells
were measured per slide. The relocation feature of LSC
was used to identify individual cells and to reveal their
morphology.

Electron Microscopy

MCF?7 cells were fixed in a freshly prepared mixture of 4%
paraformaldehyde in PBS for 1 hour. They were then
permeabilized for 25 minutes with 0.02% Triton X100 in
0.05% Tween-PBS, blocked with 2.5% normal horse se-
rum from the Vectastain ABC kit (Vector Laboratories) in
0.02% Triton X100 in 0.05% Tween-PBS. They were in-
cubated for 60 minutes with BRCA1 monoclonal antibody
MS110 (Ab-1) (1/40) or with the control monoclonal anti-
body (MOPC21) at the same concentration. Cells were
then washed and incubated for 30 minutes with biotin-
conjugated horse antibody to mouse 1gG (Vectastain,
ABC kit). At the end of the secondary antibody incuba-
tion, and after quenching endogenous peroxidase activ-
ity in 0.1% hydrogen peroxide in PBS, cells were incu-
bated in streptavidin-biotin  peroxidase complex
(Vectastain, ABC kit). All incubations of cells with pri-
mary antibodies, secondary antibodies, and streptavi-
din-biotin peroxidase complex were performed with
0.02% Triton in 1% bovine gamma globulin-PBS. All
washes were done in 0.02% Triton X100 in 0.05% Tween-
PBS. For photonic microscopy, after washing in PBS, and
incubation in 3,3" diaminobenzidine (Sigma-Aldrich, St.

BRCA1 and Nucleolin in Mammary Carcinoma 1205
AJP March 2010, Vol. 176, No. 3

Louis, MO) solution, the cells were counterstained in
hematoxylin, dehydrated with alcohol and xylene, and
then mounted on slides using a permanent mounting
medium. Slides were observed and photographed using
a Leitz DMRB light microscope and a 3-CCD DXC-950P
color video camera connected to a microcomputer. For
transmission electron microscopy, the immunocytochem-
ical analysis was performed as described above with two
additional post-fixation steps, one with 1% glutaralde-
hyde in PBS (30 minutes) before incubation in 3,3" dia-
minobenzidine solution, and one with 1% Os04 in PBS
(30 minutes) after 3,3’ diaminobenzidine incubation. Cells
were then stained with 3% aqueous uranyl acetate, dehy-
drated, and embedded in EMbed 812. Ultrathin sections of
cells sectioned parallel to the growth substrate were ob-
served under a Hitachi 7110 electron microscope.

Immunostaining Quantification

BRCA1 staining intensity in 21 fields observed at xX20
magnifications was quantified with an image analyzer
(SAMBA TITN, Unilog, Grenoble, France) adapted to a
Leitz DMRB light microscope and a 3-CCD DXC-950P
color video camera connected to a microcomputer. The
percentage of BRCA1-stained nuclear and cellular (nu-
cleus plus cytoplasm) surface was determined. Staining
intensity value was the averaged of the integrated photonic
densities of stained surfaces measured in control or E2-
treated cells. The results were expressed by a quantitative
immunohistochemical score given in arbitrary units, taking
into account the number of stained cells and staining inten-
sity (quantitative immunohistochemical score = percentage
of stained surface X mean staining intensity X 10).

Statistical Analysis

Mann Whitney nonparametric test was used to compare
paired group of data.

Western Blotting

Gel electrophoresis of 180 ug of whole cell lysates ob-
tained from control (C) and E2 treated cells (E2) for 7
days was performed using 8% SDS-polyacrylamide gel
electrophoresis. Subcellular extraction of MCF7 cells was
performed by using the ProteoExtract Subcellular Pro-
teome Extraction Kit (Merck, Chimie SAS, Fontenay-
Sous-Bois, France) according to manufacturer’s instruc-
tions. Gel electrophoresis of 100 ug of whole cell lysates
or 24 pg of cytoplasmic extracts and 55 ug per lane of
nuclear fractions from control cells (treated for 7 days
with ethanol vehicle) was performed using 12% SDS-
polyacrylamide gel electrophoresis. In both experiments,
the proteins were blotted onto a polyvinylidene difluoride
membrane, blocked with 5% nonfat milk powder for 1
hour in 0.1% Tween 20 PBS, washed and probed over-
night at 4°C or 3 hours at room temperature with the
primary antibody MS110 (Ab-1) 1:50 or K-18 1:50 in 5%
not-fat dry milk. After washing, membranes were incu-
bated with sheep anti-mouse or goat anti-rabbit horse-
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radish peroxidase-labeled secondary antibody and pro-
tein bands were detected using the bioluminescence
technique and Hyperfilm enhanced chemiluminescence
development. a-tubulin (kind gift from Ned Lamb) and
c-jun (N) (Santa Cruz Technology) polyclonal antibodies
were used as loading or fraction purity controls for cyto-
plasmic and nuclear fractions, respectively.

Gel electrophoresis of 40 ug per lane of HelL.a whole
cell lysate from 1) empty vector transfected cells, 2)
si-green fluorescent protein (GFP) transfected cells, and
3) siHBRCA1 transfected cells was performed using 6%
SDS-polyacrylamide gel electrophoresis. The proteins
were blotted onto a nitrocellulose membrane, blocked for
1 hour in 5% milk powder/0.1% Triton X100/PBS at room
temperature, and incubated with the primary antibody
MS110 (Ab-1) 1:100 in 5% milk powder overnight at 4°C
on a rocking platform; washed, blocked, and then finally
detected with secondary antibody goat anti-mouse using
the bioluminescence technique and Hyperfilm ECL de-
velopment. We used a-tubulin (Cell Signaling Technol-
ogy, Beverly, MA) as a loading control.

Small Interfering RNA

For the siRNA experiments, two constructs were made
into pSUPER vectors.?* For silencing BRCA1, the pSU-
PER plasmid contained nucleotides 215 to 233 (genbank
#U14680) 5'-GGAACCTGTCTCCACAAAG-3'. The con-
trol pSUPER plasmid contains a nucleotide sequence
generated against GFP. As further controls, we used the
empty vector, or plasmid pcDNA3.1-GFP. For the stain-
ing experiments, HelLa cells were plated onto chamber
slides (3 X 105 cells per well). Twenty-four hours later,
the medium was exchanged to remove the antibiotics
and 1 ug of the selected construct was transfected per
well of the chamber slide, and left overnight. The cells in
the chamber slides were then fixed for immunostaining.
Similarly, for biochemical analysis, Hela cells were
plated on 100 mm culture dishes (106 cells) per dish, and
transfected with 5 ug of construct. After 24 hours, the
cells were rinsed in ice cold PBS, lyzed in radioimmuno-
precipitation assay buffer supplemented with protease
and phosphatase inhibitors.?®

Results

We have previously shown nuclear and nucleolar local-
ization of BRCA1 in frozen tissue sections of human infil-
trating mammary adenocarcinomas and MCF7 cells.'®'#
In the present study, we compared the immunoperoxi-
dase staining of four mouse monoclonal BRCA1 antibod-
ies, MS110, MS13, AP16, and SG11, and the rabbit poly-
clonal K-18 BRCA1 antibody in methanol-fixed frozen
tissue sections of a poorly differentiated mammary ade-
nocarcinoma from patient 1 (Figure 1, A—F). Although all
of the BRCA1 antibodies stained the nuclei of epithelial
cells of the tumor, the AP16 antibody stained many more
tumor cell nuclei intensely (Figure 1D), and the other
antibodies stained different numbers of tumor nuclei with
varying intensities.
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Figure 1. Comparison of mouse monoclonal BRCA1 antibodies: MS110,
MS13, SG11, and AP16, and the rabbit polyclonal K-18 antibody in frozen
tissue sections of a poorly differentiated adenocarcinoma from patient num-
ber 1. A: H&E-stained frozen section Original magnification X270. B: Se-
quential section of the same tumor stained with MS110 mouse monoclonal
BRCA1 antibody and anti-mouse IgG and avidin-biotin peroxidase detection
system. Scattered tumor cell nuclei show BRCA1 staining Original magnifi-
cation X540. C: Sequential section stained with MS13 antibody shows scat-
tered nuclear staining as well as some nonspecific staining of stromal mate-
rial. Original magnification X540. D: Sequential section stained with AP16
mouse monoclonal antibody shows focal nuclear staining. Original magnifi-
cation X540. E: Sequential section stained with SG11 antibody shows scat-
tered tumor cell nuclear staining and nonspecific stromal staining. Original
magnification X540. F: Sequential section stained with the rabbit polyclonal
K-18 antibody and anti-rabbit IgG and avidin-biotin peroxidase detection
system shows nuclear staining of tumor cells. Original magnification X540.

To obtain a more precise understanding of BRCA1
localization, we stained MCF7 cells treated with 10
nmol/L estradiol with the MS110 antibody (Figure 2A).
BRCA1 labeled dots localized by photonic microscopy
showed enhanced staining in nuclei, nucleoli, and the
cytoplasm of treated cells compared with the untreated
cells. BRCA1 staining was observed at the periphery of
nucleoli as indicated by arrows, among other stained
granules (Figure 2, A and B), while it is principally near
but external to the nucleoli in control cells (Figure 2, C
and D, arrows). Dark blue nucleoli (1 to 3) were clearly
visible in nuclei of control cells stained with the nonrel-
evant monoclonal antibody MOPC 21 and counterstained
with hematoxylin (Figure 2F). At a lower magnification, it
appeared that there were a few groups of nontreated
cells with labeled nuclei stained with MS110 antibody
(Figure 2E).

In control and E2 treated MCF7 cells, the percentage
of cells containing labeled nuclei versus total cells was
calculated in 21 fields observed at x20 magnification to
count about 2000 total cells. The mean of percentages
was significantly different (P < 0.0001) and evaluated as
16% in control cells and 74.7% (4.6-fold increase) in E2
treated cells. To measure BRCA1 concentration, a semi-
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Figure 2. Nucleolar BRCA1 protein localization in MCF7 cells. MCF7 cells were treated (A, B) or not (C—F) with 10 nmol/L of 17 B-estradiol for 7 days. MCF7
cells were cultured and prepared as described in Materials and Methods, and immunostained with BRCA1 monoclonal antibody MS110 (Ab-1). A and B: Labeled
nuclear dots for BRCA1 protein were observed in the nucleoplasm or in the periphery of the nucleoli (arrows), as it is better observed at higher magnification
(B). C—F: In nontreated cells, labeled dots were mainly observed in the nucleoplasm, near nucleoli (C, arrows), as shown at higher magnification (D). Only some
groups of few cells with labeled nuclei were observed at lower magnification (E) and no labeling was observed in cells incubated with the non relevant
monoclonal antibody MOPC 21 (F). G: BRCA1 staining intensity quantified with an image analyzer in nuclei alone or nuclei plus cytoplasm of the same cells
showed a significant increase in E2-treated cells’ nuclei (*2 < 0.002) or with nuclei plus cytoplasm of E2 treated cells (**P < 0.0001). H: BRCA1 protein detected
with MS110 antibody is significantly lower in whole cell lysates of control MCF7 cells compared with E2 treated cells. The histogram represents the BRCA1
concentration normalized with the reciprocal concentration of the a-tubulin (*2 < 0.0001). I: In whole cell lysates of control MCF7 cells, the same results were
observed with K-18 (C total a) and MS110 (C total b) primary antibodies. The presence of BRCA1 protein was observed also in cytoplasm and nuclear fractions
of control cells at similar concentrations after protein normalization with MS110 antibody. a-tubulin and c-jun expression was used as a control for cytoplasm and

nuclear fraction purity, respectively. Scale bars = 10 pm.

automatic quantification of nuclear and total (nuclear plus
cytoplasm) cell BRCA1 staining was realized in 21 fields
at X20 magnification with a Samba analyzer (Figure 2G).
The results were expressed by a quantitative immunohis-
tochemical score given in arbitrary units. Histograms of
mean values were represented and a similar 4.6-fold
increase in BRCA1 protein staining (P < 0.002) was
observed in E2-treated cell nuclei. No significant differ-
ence was observed between BRCA1 staining when nu-
clear alone or nuclear plus cytoplasmic surface of the
same control cells were analyzed, indicating that BRCA1
protein staining in the cytoplasm represented quite the
same quantity as in the nucleus. Otherwise, it was signif-
icantly decreased in E2 treated cells, confirming a higher
level of BRCA1 in nuclei.

We used Western blotting to show lower levels of
BRCAT1 protein in control cells, compared with treated
cells. There was a clearly visible 220-kDa BRCA1 protein
in whole cell lysates from E2 treated MCF7 cells (5.2-fold
increase) compared with the much less staining (just
visible) 220-kDa BRCA1 protein in whole cell lysates from
control MCF7 cells (Figure 2H). After normalization with
the reciprocal concentration of the control a-tubulin,
BRCA1 concentrations expressed in arbitrary units were
represented in the histogram. Western blotting of whole

cell lysates, and of cytoplasm, and nuclear fractions of
control cells was performed to determine the specific
localization of BRCA1 with MS110 antibody (Figure 2, I, C
total b, C cytoplasm, C nuclei). We used a-tubulin and
c-jun (N) polyclonal antibodies as purity controls of cyto-
plasm and nuclear fractions, respectively (Figure 21). The
quantification of BRCA1 protein in the two fractions, nor-
malized by the protein quantity, gave similar results (189
and 211) for the two compartments confirming the
SAMBA quantification data in control cells. To validate
both the BRCA1 antibodies, after dehybridization of the
same membrane, BRCA1 was also detected with K-18
antibody (Figure 2I, C total a) and gave the same results.

We resolved the localization of the nuclear granules
visualized by light microscopy, by preparing ultrathin
sections in epoxy-included MCF7 cells for analysis using
transmission electron microscopy (Figure 3). BRCA1 ap-
pears localized on the periphery of spherical nuclear dots
and labeling was observed around nucleoli, sometimes in
close contact with nucleolus fibers (Figure 3A) or GCs of
the periphery of nucleoli (Figure 3, C and D). There was
also labeling in the multivesicular bodies in the cyto-
plasm, but not the Golgi (Figure 3A)."* This confirmed the
presence of BRCA1 protein in the nucleus and nucleolus
since we observed here ultrathin sections of the cells. No
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Figure 3. Nucleolar localization of BRCA1 protein using transmission elec-
tron microscopy. MCF7 cells were immunostained with BRCA1 monoclonal
antibody MS110 (Ab-1) or non-relevant monoclonal antibody MOPC21.
A: Labeled nuclear dots for BRCA1 protein were observed around nucleoli,
sometimes in close contact with nucleolus fibers or within electron dense
granular components (GC) of the nucleolar periphery. BRCAl-labeled pro-
tein was also observed in the cytoplasm, near the nuclear membrane in
multivesicular bodies near the Golgi. The box plotted in A is represented at
a higher magnification in C and the nucleolus of another cell at a high
magnification in D. BRCA1 staining was detected in GCs of nucleoli sur-
rounding the fibrillar center (FC). B: No labeled dots were observed in nuclei
or nucleoli of cells incubated with the nonrelevant monoclonal antibody. N:
nucleus, n: nucleolus. Scale bar = 0.25 um.

labeled dots were observed in nuclei or nucleoli of cells
incubated with the nonrelevant monoclonal antibody
MOPC21 (Figure 3B).

We further analyzed the BRCA1 protein compartmen-
talization in frozen sections of a poorly differentiated
mammary adenocarcinoma from patient number 16 by
costaining with antibodies to BRCA1 and nucleolin (Fig-
ure 4, A—D). The rabbit polyclonal BRCA1 K-18 antibody
stains many tumor cell nuclei (green) (Figure 4A). The
mouse monoclonal nucleolin antibody stains nucleoli
(red) (Figure 4C). BRCA1 protein and nucleolin frequently
colocalize in tumor cell nuclei (yellow) (Figure 4D). Some
of the tumor cell nuclei showed clumped fragmented
BRCAT1 staining, which might represent apoptotic cells
(Figure 4, A and D).

We also studied BRCA1 protein and nucleolin staining
in asynchronously growing MCF7 cells. Cells exhibited
varying staining patterns with both antibodies (Figure 5).
With the BRCA1 antibody, the nuclear patterns included
nuclei with many small dot-like speckles, nuclei with
punctate bodies and speckles, and nuclei with round
centrally placed bodies (Figure 5A). On the same field,
the mouse monoclonal antibody to nucleolin-stained nu-
cleoli and many dot-like nuclear speckles (Figure 5B).
The colocalization of BRCA1 protein and nucleolin oc-
curred frequently in nucleoli (which are phase dense in
Figure 5D) and in some nuclear speckles (Figure 5C).

Figure 4. Colocalization of BRCA1 and nucleolin proteins in frozen tissue
sections from poorly differentiated mammary adenocarcinoma from patient
number 16. A: Rabbit polyclonal BRCA1 K-18 antibody stains many tumor cell
nuclei (green). B: DIC Nomarski image of the same field as A, C, and D.
C: Mouse monoclonal nucleolin antibody stains nucleoli (red). D: DIC image of
C, nuclei stained for BRCA1 (green) merge with nucleolin (red) to show colocaliza-
tion (yellow). There is also clumped BRCAL1 staining (green). Scale bar = 10 um.

The fact that BRCA1 and nucleolin staining does not
always coincide in nucleoli in asynchronous cells sug-
gests that their colocalization may be dependent on the
phase of the cycle of each cell. In addition, the absence

Figure 5. Colocalization of BRCA1 and nucleolin in an asynchronous culture
of MCF7 cells. A: The rabbit polyclonal K-18 BRCA1 antibody stains many cell
nuclei (green). B: Mouse monoclonal antibody to nucleolin stains nucleoli
and many dot-like speckles (red). C: DIC image of B. Nuclei stain for BRCA1
(green) merge with nucleolin (red) to show colocalization (yellow). The
merge occurs both in nucleoli (which are phase dense in D) and in some
nuclear speckles. Not all of the nucleoli show BRCA1 colocalization, which
provides an internal control for BRCA1 staining specificity. D: Nomarski
image of the same field as A—C. Scale bar = 20 wm.
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Figure 6. Detection of BRCA1 and nucleolin proteins during the cell cycle by
LSC. For BRCAL staining, MCF7 cells were indirectly stained with polyclonal
rabbit K-18 BRCA1 antibody and FITC-labeled goat anti-rabbit (green). For
nucleolin staining, the cells were indirectly stained with the mouse mono-
clonal nucleolin antibody and FITC-labeled goat anti-mouse antibody
(green). Their DNA was counterstained with PI (red), as described in Mate-
rials and Methods. The triggering threshold is depicted in red, whereas the
total nuclear fluorescence contour is set on green. The LSC software allows
counting of the number of fluorescent bodies (“spots”) present inside the
nucleus of each individual cell. The cells were categorized based on the
number of spots identified per cell and given a region number. The green #
of spots histogram summarizes the number of spots per cell in a given region
number. The DNA content histogram shows distribution of cells in the G1, S,
and G2/M phases of the cell cycle by region number. A: Fluorescence
microscopic examination of MCF7 cells revealed many cells expressed nu-
clear BRCAL1 protein and some cells were negative (only a red nuclear signal
corresponding to the PI counterstaining). Region 1 included 3.8% of cells
displaying only one spot; region 2 included 0.5% cells displaying 2 spots.
B: Cytometric determination of BRCA1 protein during the cell cycle. The DNA
content histogram shows cells in G1, S, and G2/M cell cycle phases. BRCA1
protein immunofluorescence peaked during G, —S phase and its expression was
not completely degraded during G2/M. C: Fluorescence microscopic detection
of nucleolin staining in MCF7 cells showed 29.9% of cells displaying only one
spot in region 1; 2.3% of cells with two spots in region 2. D: Cytometric
determination of nucleolin protein during the cell cycle. The DNA content
histogram shows G1, S, and G2/M cell cycle phases. The nucleolin expression
peak is found during the G, —S phase of the cell cycle.

of nucleolar BRCA1 staining in some cells (Figure 5D)
shows that we have an internal control for BRCA1
specificity.

To test this possibility, we studied their pattern of ex-
pression versus DNA content in MCF7 cells with LSC
(Figure 6). Fluorescence microscopic examination of the
BRCA1 stained cells revealed many cells expressing
nuclear BRCA1 and some negative cells (only a red
nuclear signal corresponding to the Pl counterstaining).
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Figure 7. Confocal microscopy of 7y-irradiated MCF7 cells immunostained
with BRCA1 and nucleolin antibodies. A: Rabbit polyclonal BRCA1 antibody,
K-18, stains multiple coarse granular foci (green) in many cell nuclei. There
are some cells, which show predominantly cytoplasmic staining. B: DIC
image of C. Nuclei that stain for BRCA1 (green) and nuclei that stain for
nucleolin (red) are predominantly not colocalized. C: Mouse monoclonal
antibody to nucleolin stains nucleoli (which are phase dense in D) and many
dot-like speckles (red). D: Nomarski image of the same field as in A—C. Scale
bar = 20 pwm.

Similarly, fluorescence microscopic detection of nucleo-
lin staining in MCF7 cells showed that many cells ex-
pressed nucleolin staining, but that some cells were neg-
ative (only PI staining). Using a cytometric program for
fluorescence in situ hybridization (Compucyte Corp.), we
were able to count the number of BRCA1 and nucleolin
“spots” present inside the nucleus of each individual cell
and measured the DNA content by Pl counterstaining.
The cells were categorized based on the number of spots
identified per cell and given a region number, ie, for
BRCA1 staining, region 1 included 3.8% of cells display-
ing only one spot; region 2 included 0.5% cells displaying
2 spots (Figure 6A). In Figure 6B, the DNA content shows
distribution of cells in the G1, S, and G2/M phases of the
cell cycle. Maximum BRCA1 protein expression, as
shown by peak BRCA1 immunofluorescence, was found
during G1 and S phases, and was not completely de-
graded during G2/M phase (Figure 6, A and B). We also
plotted nucleolin expression versus DNA content during
cell cycle progression. There were 29.9% of MCF7 cells
showing nucleolin staining of one spot in region 1; region
2 included 2.3% of cells with two spots (Figure 6C).
Maximum nucleolin expression in the nucleolus was
found in single and double nucleolar spots or bodies
during the G1 and S phases of the cell cycle (Figure 6D).

Next, we investigated whether DNA damage influ-
enced nucleolar localization. BRCA1 nucleolar localiza-
tion was changed by wy-irradiation of MCF7 cells (Figure
7, A—D) compared with MCF7 cells in the absence of
damage (Figure 5). One hour after y-irradiation, BRCA1
protein was distributed in coarse granular nuclear foci in
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Figure 8. BRCA1 protein localization in HeLa cells. A: HeLa cells stained with the mouse monoclonal MS110 antibody (green) show nuclear speckles that are
localized in the nucleoplasm on the periphery of nucleoli, although some are superimposed above nucleoli. B: HeLa cells stained with the rabbit polyclonal K-18
antibody (red) show nuclear speckles and nucleolar staining. C: DAPI staining of HeLa cells. D: Simultaneous MS110 and K-18 staining, counterstained with DAPI,
shows colocalization (yellow) in the nucleoplasm and nucleoli. Scale bar = 10 wm. E: The rabbit polyclonal K-18 BRCA1 antibody stains many cell nuclei (green),
as well as a BRCA1-staining centrosome. F: The mouse monoclonal antibody to nucleolin stains nucleoli (red). G: HeLa cells counterstained with DAPI. H: The
overlay of BRCA1, nucleolin, and DAPI shows the colocalization of BRCA1 (green), merging with nucleolin (red) to show colocalization (yellow) in nucleoli and
speckles in some HeLa cell nuclei In this asynchronous HeLa cell culture, however, not all of the nucleoli show BRCA1 colocalization with nucleolin; some nucleoli

remain lightly stained with nucleolin, although the centrosome shows BRCA1 staining. Scale bar = 10 wm.

many nuclei, without apparent nucleolar staining, al-
though some cells showed cytoplasmic staining (Figure
7A). In contrast, nucleolin staining remained in many
nucleoli (Figure 7C) and did not colocalize with BRCA1
protein after irradiation (Figure 7B).

To determine whether the colocalization with nucleolin
was also present in different cell types, we analyzed
BRCAT1 staining in asynchronously growing Hela cells
(Figure 8, A—H). In addition, to validate our results we
compared BRCA1 staining generated by the MS110 and
K-18 antibodies. With the BRCA1 monoclonal antibody
MS110, Hela cells showed nuclear speckles in the nu-
cleoplasm on the periphery of nucleoli, or within the
boundaries of nucleoli (Figure 8A). HelLa cells stained
with the K-18 BRCA1 rabbit polyclonal antibody show
punctate granular and nucleolar staining (Figure 8B).

Simultaneous MS110 and K-18 staining showed colocal-
ization in the nucleoplasm and the nucleoli (Figure 8D).
When we simultaneously stained Hela cells with BRCA1
and nucleolin antibodies, the localization of BRCA1 pro-
tein (green, Figure 8E) and nucleolin (red, Figure 8F)
occurred frequently in nucleoli (yellow, Figure 8H).

We obtained further validation of our results using
siRNA-mediated knockdown of BRCA1 (Figure 9). Simul-
taneous BRCA1 and nucleolin staining were used in the
siRNA experiments. Compared with the intense punctate
nuclear staining of Hel.a cells transfected with pcDNAS. 1
GFP (Figure 9A), or the pSUPER GFP plasmid (Figure
9B), cells transfected with the pSUPER HBRCA1 plasmid
show much diminished BRCA1 protein staining (Figure
9C). Colocalization of BRCA1 and nucleolin staining (yel-
low) was most pronounced in the control cells transfected

Empty +
GFP -+
BRCA1 - - -

E b

pSUPER

Figure 9. Confocal and biochemical analysis of siRNA-mediated knockdown of BRCA1 protein in HeLa cells. A: Cells transfected with plasmid pcDNA3.1 GFP
show punctate nuclear staining for BRCA1 protein (green), and for nucleolin (red), which is predominantly colocalized (yellow). Original magnification X630.
B: Cells transfected with the pSUPER GFP plasmid show punctate nuclear staining, in which BRCA1 (green) staining is sometimes, but not always colocalized with
nucleolin (yellow). Original magnification X630. C: BRCA1 protein staining was diminished in cells transfected with the pSUPER HBRCA1 plasmid; counterstained
with DAPI. Original magnification X630. D: The 220-kDa BRCA1 protein is significantly knocked down in whole cell lysates from HelLa cells transfected with
PSUPER HBRCA1 plasmid (lane 3); whereas the 220-kDa BRCA1 protein is clearly visible in control cells transfected with empty pSUPER plasmid (lane 1), or
PSUPER GFP plasmid (lane 2). The loading control a-tubulin, shows equivalent concentrations in the lysates, and is not diminished in the siRNA-HBRCA1-treated
cells.



with pcDNAS3.1GFP (Figure 9A), compared the pSUPER
GFP plasmid (Figure 9B), in which there was less overlap.
We normalized the panel by selecting images with the
same intensity settings.

We confirmed the knockdown of BRCA1 protein shown
by immunofluorescence by Western blotting (Figure 9D).
There is a clearly visible 220 kDa BRCA1 protein in cells
transfected with empty vector, or pPSUPER GFP plasmid,
and much less staining of the 220-kDa BRCA1 protein in
whole cell lysates from Hel a cells transfected with pSUPER
HBRCA1 plasmid. The loading control, a-tubulin, shows
equivalent concentrations in the lysates, and is not dimin-
ished in the siRNA-HBRCA1-treated cells.

Discussion

In the present study, we have extended our immunoper-
oxidase data that BRCA1 is localized in the nucleus
and nucleolus in breast carcinoma tissues, and MCF7
cells, ' to show that BRCA1 protein and nucleolin co-
localize in nucleoli and a subset of nuclear speckles. With
photon microscopy of immunoperoxidase-stained, estro-
gen-stimulated MCF7 cells, we observed enhanced
BRCA1 staining in the nucleus and the cytoplasm. We
further resolved BRCA1 protein localization with transmis-
sion electron microscopy; and found labeled nuclear
dots around nucleoli, sometimes in close contact with
nucleolus fibers, or within electron dense regions corre-
sponding to GCs of nucleoli, and in multivesicular bodies
in the cytoplasm, close to the Golgi apparatus.

We studied and compared staining using the mono-
clonal BRCA1 antibodies MS110, MS13, AP16, and
SG11, as well as the polyclonal rabbit K-18 antibody. In
addition, we tested —20°C methanol and paraformalde-
hyde fixation procedures. The AP16 antibody provided
the darkest staining. In a previous light and electron
microscopic study of estrogen-stimulated MCF7 cells'*
using an extensive array of BRCA1 antibodies, we have
shown a nuclear, nucleolar, and cytoplasmic BRCA1 lo-
calization. However, Coene et al'® and Hadjisavvas et
al®® found nuclear staining, but failed to observe nucle-
olar localization by light and electron microscopy. Since
we found varying numbers of tumor cell nuclear staining
with the different antibodies in sequential sections from
the same tumor, it is likely that the differences can be
ascribed to differences in accessibility of the BRCA1
epitopes rather than antibody specificity. The almost five-
fold increase in BRCA1 levels due to estrogen treatment
of MCF7 cells™ would explain the enhanced BRCAT
staining with the MS110 antibody on paraformaldehyde-
fixed, triton-permeabilized, estradiol-treated MCF7 cells.
We conclude that a combination of variables, including
differences in the antibodies, fixation, permeabilization,
cell origin, and hormonal treatment, may explain the dif-
ferences in our results from previous data. Nonetheless,
the verification of BRCA1 localization in nuclei and nucle-
oli by light and electron microscopy using different fixa-
tion protocols and antibodies argues strongly for the
specificity of the antibody staining.
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We addressed questions about the validation of the
rabbit polyclonal K-18 antibody by pre-absorption with
peptide, and showed colocalization of the MS110 and
K-18 antibodies in nuclei and nucleoli. In addition, Agli-
pay et al*” using the rabbit polyclonal K-18 antibody have
shown that a BRCA1-interacting protein, IF116, colocal-
izes with nucleolin; however, they did not show colocal-
ization of BRCA1 and nucleolin. De Petrocellis et al*’ also
used the K-18 antibody to show that the endogenous
cannabinoid, anandamide, inhibits human breast cancer
cell proliferation, and a change in BRCA1 protein, medi-
ated through the prolactin receptor. The overlap in stain-
ing between the MS110, AP16, and K-18 BRCA1 antibod-
ies in nuclei and nucleoli, in a series of experiments,
indicates specificity in BRCA1 protein localization.

In our present studies, we found that BRCA1 protein
colocalized with nucleolin in nucleoli and a subset of
speckles in asynchronously growing MCF7 cells. Using
LSC, we also demonstrated that BRCA1 is found in single
“spots” corresponding to nucleoli in G1 and S phases of
the cell cycle and that nucleolin is maximally expressed
in single “spots” in a greater percentage of MCF7 cells
during G1 and S phases. This partial synchronicity of
BRCA1 and nucleolin expression in nucleolar localization
and cell cycle progression suggests cell cycle-depen-
dent nucleolar BRCA1 protein shuttling.

To ascertain the changes in BRCA1 localization due to
DNA damage, we subjected MCF7 cells to +y-irradiation.
After 1 hour vy-irradiation of MCF7 cells, we found that
BRCAT1 is predominantly re-localized to coarse granular
foci, rather than to nucleoli and speckles. BRCA1, which
had colocalized with nucleolin in nucleoli and subsets of
speckles in the absence of damage was no longer colo-
calized after irradiation, although nucleolin appeared to
remain in nucleoli. Scully et al'®?° found that BRCA1
localizes to discrete nuclear foci (dots) during S phase in
human breast and ovarian cancer cells, but that S phase
nuclear foci underwent a major structural change in the
face of genotoxic insult, such as hydroxyurea or UV-
irradiation and appeared to disperse to foci or sites of
“abnormal” (nonduplex) DNA structure in S phase cells
associated with damaged replicating DNA.

It is important to clarify some confusion in terminology
between “nuclear granules” and “nuclear speckles.” In
our data on untreated MCF7 cells, we describe nuclei
in which BRCA1 and nucleolin colocalize in nucleoli and
in some but not all “nuclear speckles.” However, BRCA1
immunoperoxidase staining with the MS110 antibody
on MCF7 cells using light microscopy show numerous
“granules staining in the nucleus,” which may include tiny
nucleoli that form during telophase, and rapidly coales-
cence to one large nucleolus during G1 and S phases,®®
which would correspond to the electron microscopy re-
sults. Using immunofluorescence and immunoelectron
microscopy, Shiohama et al®® have described the nucle-
olar protein, DGCR8, which colocalizes with nucleolin in
the nucleolus, and in “nucleolin speckles” in the nucleo-
plasm. It is thus possible that the BRCA1-nucleolin com-
plexes, which we describe as “nuclear speckles” might
comprise a subset resembling the “nucleolin speckles,”
which are small RNA containing foci in the nucleoplasm,
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adjacent to “splicing speckles” and would require further
studies to analyze.

Monneron and Bernhard®° described these latter nu-
cleoplasmic bodies as interchromatin granule clusters,
which were associated with anti-Sm and anti-SC-35
antibodies.>"

In our studies of BRCA1 protein localization and
siRNA-mediated knockdown of BRCA1 protein in Hela
cells, we found diminished BRCA1 immunofluorescence
staining in nuclei and nucleoli in cells treated with the
siRNA against HBRCA1, but not in control transfections.
Western blotting confirmed these results; there is a
clearly visible 220-kDa BRCA1 protein in cells trans-
fected with empty plasmid, or pSUPER GFP plasmid, and
much less staining in whole cell lysates from Hela cells
transfected with pSUPER HBRCA1 plasmid. These data
provide further evidence for the specificity of BRCA1
protein immunostaining.

The functional significance of BRCA1 protein localiza-
tion in the nucleolus and nuclear speckles remains to be
fully elucidated; however, BRCA1 protein localization in
the nucleolus may suggest other possible roles. The
mammalian nucleolus can be morphologically divided
into several discrete regions-the fibrillar center, which
contains the ribosomal genes residues, the dense fibrillar
center where ribosomal (r)RNA processing and ribosome
assembly occurs, and the GCs, which contains preribo-
somes in the final stages of maturation before transloca-
tion to the cytoplasm.3233 Although our electron micros-
copy data showed that BRCA1 protein was localized in
the GCs, the precise role cannot be inferred because
many nucleolar proteins are involved in coordinating and
regulating cell-cycle control events and stress responses
and do not necessarily have functions in ribosome
biogenesis.3435

The finding that BRCA1 protein localizes in the nucle-
olus might also suggest other possible functions in mRNA
and rRNA biogenesis and repair of ribosomal genes.
Literature curation reveals that BRCA1 interacts with over
65 proteins with 30 of them being classified by Gene
Ontology Slim (http://www.informatics.jax.org/gotools/
MGI_GO_Slim_Chart.html) as involved in RNA metabo-
lism processes. This category is enriched 2.6-fold
when compared with the full set of genes in the ge-
nome (Monteiro, unpublished). Interestingly, 15 BRCA1-
interacting proteins were found to be components of the
nucleolus by proteomic analysis.®® Many of these (such
as SMARCA4, RBBB4, HDAC1, HDAC2, and DHX9) are
involved in regulation of MRNA transcription and chroma-
tin remodeling. Thus, it is likely that some functions per-
formed by BRCA1 in the nucleolus reflect its prominent
role in the regulation of transcription.3” Additionally, Guo
et al®® have shown that Flap endonuclease 1 (FEN 1), a
DNA repair protein involved in the resolution of stalled
replication and homologous recombination, is enriched in
nucleoli (among others such as WRN, BLM, XPG, and
Rad 52) and may be involved in the repair of ribosomal
genes.

Our immunohistochemical results show that BRCA1
colocalizes with nucleolin, and thus provide evidence for
its possible involvement in processes of ribosome bio-

genesis, regulation of transcription by RNA polymerase |,
modulation of chromatin conformation in the nucleolus,
and binding to nascent rRNA.?? The notion that BRCA1
may play a role in ribosomal biogenesis is supported by
evidence that BRCA1 has been shown to interact with
RNA pol I1°° via RPB2 and RPB10,*° which are also found
in RNA pol I*" although the presence of BRCA1 in RNA
pol | complexes has not been formally demonstrated.

Holzel et al*® have demonstrated that a BRCA1 C-
terminal domain within the mammalian Pes1 protein
(which also exist in the yeast Pes1 homologue Nop7p)*3
is quite unique for an rRNA processing factor. A signifi-
cant number of documented BRCA1 C-terminal domain
missense mutations tested in vitro lead to protein desta-
bilization and may be associated with disease.** A defect
in the nucleolar localization and the loss of function of the
BRCA1 protein in rRNA processing due to nonsense
mutations, which remove residues of the second BRCA1
C-terminal domain repeat, could also contribute to the
onset of breast cancer.

BRCA1 protein has also been shown to be involved in
regulation of p53-dependent gene expression, and to
interact with p53.#%4¢ Interestingly, p53 inhibits pol |-de-
pendent gene expression and rRNA synthesis.*”*8 An-
other human nucleolar protein, P14°FF activates p53-
dependant checkpoints by binding to Mdm2, a p53
antagonist.*>*° These reported interactions between
BRCA1, p53, Mdm2, and p14~% proteins and our data
on the interaction of BRCA1 and nucleolin give credence
to a possible BRCA1 function that, by inhibiting rRNA
synthesis, would reduce cell growth and proliferation,
consistent with its tumor suppressor properties Our data
on BRCA1 protein localization in the nucleolus would
make it further possible to visualize and evaluate inter-
connections and regulations in these different pathways.
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