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Abstract
The LIM-only protein, LMO4, is a transcriptional modulator overexpressed in breast cancer. It is
oncogenic in murine mammary epithelium and required for G2/M progression of ErbB2-
dependent cells as well as growth and invasion of other breast cancer cell types. However, the
mechanisms underlying the oncogenic activity of LMO4 remain unclear. Herein, we show that
LMO4 is expressed in all breast cancer subtypes examined and its expression level correlates with
the degree of proliferation of such tumors. In addition, we have determined that LMO4 silencing
induces G2/M arrest in cells from various breast cancer subtypes, suggesting LMO4 action in the
cell cycle is not restricted to a single breast cancer subtype. This arrest was accompanied by
increased cell death, amplification of centrosomes and formation of abnormal mitotic spindles.
Consistent with its ability to positively and negatively regulate the formation of active
transcription complexes, overexpression of LMO4 also resulted in an increase in centrosome
number. Centrosome amplification has been shown to prolong the G2/M phase of the cell cycle
and induce apoptosis, thus we conclude that supernumerary centrosomes mediate the G2/M arrest
and cell death in LMO4-deficient cells. Furthermore, the correlation of centrosome amplification
with genomic instability suggests that the impact of dysregulated LMO4 on the centrosome cycle
may promote LMO4-induced tumor formation.
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Introduction
LMO4 (LIM-only protein 4) is a transcriptional modulator that is overexpressed in several
epithelial cancers including prostate, pancreas and breast (1–3). In breast cancer, increased
LMO4 expression is observed in >50% of primary tumors (2). The functional significance of
this increase has been demonstrated in transgenic mice where LMO4 overexpression
induced mammary gland hyperplasia and tumors (4). Conversely, deletion of LMO4 or
expression of dominant negative LMO4 decreases proliferation and invasion of epithelial
cells in the mammary gland (5,6). These data implicate LMO4 in the pathogenesis of breast
cancer through its regulation of several cellular events including proliferation and invasion.
However, the specific molecular mechanisms by which LMO4 contributes to breast cancer
progression remain unknown.

LMO4 is comprised of tandem, non-DNA binding LIM domains that interact with multiple
proteins and thus acts as a bridging factor in multiprotein complexes (7,8). LMO4 regulates
transcription via several mechanisms. It can suppress transcription by recruiting co-
repressors such as MTA1 and CtIP to transcription factors (9,10). Alternatively, LMO4 can
promote transcription by recruiting activating factors or by decreasing recruitment of co-
repressors as described for the BMP7 gene (6,11). Lastly, LMO4 modulates the
stoichiometry and functional availability of components of various transcriptional
complexes, which results in an inverted U-shaped dose response curve for LMO4 on target
gene expression (12). Upregulation of LMO4 can repress gene transcription by squelching
or sequestering co-regulators and similar perturbations can be observed when the levels of
LMO4 are low relative to the overall pool of co-regulators and transcription factors. The
specific mechanism(s) employed by LMO4 to modulate transcription is thus context-
dependent and contingent upon available binding partners.

LMO4 regulates factors such as Cyclin E (13), p21 (11), p27 (14) and BRCA1 (10), which
are essential for cell cycle progression as well as the centrosome cycle (15–22). While these
LMO4 targets may contribute to an essential network that maintains the integrity of the
genome through regulation of DNA segregation, the role for LMO4 in this process has yet to
be elucidated. In addition, because abnormal centrosome replication is thought to contribute
to the aggressiveness of some tumors (23,24), determining whether LMO4 regulates the
centrosome cycle will be essential for understanding the mechanisms of carcinogenesis in
response to changes in LMO4 activity.

Several subtypes of breast cancer have been molecularly identified including luminal-like,
ErbB2-overexpressing and basal-like (25). These subtypes are characterized by distinct
clinical behaviors with ErbB2-overexpressing and basal-like cancers having a much poorer
prognosis compared to luminal-like tumors (25). The aim of this study focused on
determining the role of LMO4 in various breast cancer subtypes and elucidating the
mechanisms by which LMO4 contributes to tumor aggressiveness. Previous studies have
shown LMO4 expression is increased in invasive, poorly differentiated breast tumors and
that it regulates cell cycle progression in ErbB2-dependent breast cells (2,13). However, the
role that LMO4 has in regulating proliferation of other breast cancer subtypes and the
molecular mechanisms employed by LMO4 that contribute to poor prognosis remain
unknown. Herein, we explore the impact of aberrant LMO4 expression on the centrosome
and cell cycle in luminal-like and basal-like breast cancer cells.

Montañez-Wiscovich et al. Page 2

J Pathol. Author manuscript; available in PMC 2013 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Antibodies

The following antibodies were used: LMO4 (26), cleaved caspase-3 (#9691 Cell Signaling),
cleaved caspase-7 (#9491, Cell Signaling), Ki67 (M7240, DAKO), γ-tubulin (T6557,
Sigma), FITC-conjugated α-tubulin (F2168, Sigma), and s-actin (A1978, Sigma). Secondary
antibodies include: horseradish peroxidase-conjugated donkey anti-rat (712-035-153,
Jackson ImmunoResearch), goat anti-rabbit (sc-2054, Santa Cruz Biotechnology), goat anti-
mouse (sc-2005, Santa Cruz Biotechnology) as well as Alexa-Fluor 488 conjugated donkey
anti-rat (A21208, Invitrogen) and Alexa-Fluor 594 conjugated rabbit anti-mouse (A11062,
Invitrogen).

Immunostaining
De-identified, paraffin-embedded breast cancer tissue sections were obtained from
University Hospitals - Case Medical Center Department of Pathology with Case Cancer
Institutional Review Board approval (CASE 1108-CC504) and in accordance with the
ethical standards of the committee. Sections were immunostained for LMO4 as previously
described (4). Antigen retrieval was performed for 20 min in 10 mM sodium citrate utilizing
the Digital Decloaking Chamber (Biocare Medical). Slides were incubated overnight with
20 μg/mL LMO4 primary antibody. After incubation with biotinylated rabbit α-rat IgG
(DAKO) and peroxidase-conjugated Streptavidin (DAKO), bound antibody was detected
with DAB substrate (DAKO). Incubation with rat gamma-globulin (Jackson
ImmunoResearch) in place of α-rat LMO4 antibody at an equivalent concentration yielded
no staining.

Immunohistochemical Scoring
LMO4 immunostained tissue was scored based on two criteria. Intensity of nuclear staining
was scored on a scale of 0–3 with “0” indicating absence and “3” indicating abundance. In
addition, the percentage of cancerous cells stained positively for LMO4 was quantified. For
the final score, the signal intensity was multiplied by the percentage of positive cells (Score
= Percentage × Intensity). Two pathologists, blinded to the receptor status of each
carcinoma, independently evaluated each slide.

LMO4 immunofluorescence
For detection of Ki67 and LMO4, antigen retrieval was performed as described above.
Sections were incubated overnight with either α-human Ki67 (1:100 dilution) followed by
anti-mouse AlexaFluor-594 (1:800) or 20 μg/mL LMO4 antibody followed by anti-rat
AlexaFluor-488 (1:800). Slides were counterstained with DAPI. Five images of each
invasive carcinoma were captured at 40X magnification at equal exposure times.

For co-localization experiments, cells were fixed in 100% methanol and blocked with 1.5%
normal goat serum/1% Triton X-100/PBS. Cells were incubated with an anti-γ-tubulin
antibody for 8 hrs followed by anti-mouse AlexaFluor-594 (1:500) for 1 hr. LMO4 antibody
was then added for 8–10 hrs. Anti-rat AlexaFluor-488 (1:500) was used for detection of
LMO4, and DAPI was used as counterstain. At least 3 independent experiments were
performed in two different breast cancer cell lines. To analyze LMO4 and γ-tubulin
expression during the cell cycle, cells were synchronized with 1.5 μg/mL aphidicolin
(Sigma) for 14 hrs, washed and harvested after an additional 10–12 hrs. To control for
antibody cross-reactivity, γ-tubulin staining was examined in the presence of the secondary
antibody used to detect LMO4; however, no cross-reactivity was observed. In addition, the
immunohistochemistry protocol was repeated without addition of the LMO4 primary
antibody and no cross-reactivity was detected.
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Statistical Analyses
Unless otherwise stated, statistical analyses were performed using one or two-tailed
Student’s t-test with p-values less than 0.05 considered significant. The square of the
Pearson product moment correlation (R2) was used to determine the correlation coefficient.

Results
LMO4 mRNA is highly expressed in BRCA1 mutant and ER-negative breast cancers

While upregulation of LMO4 has been observed in breast cancer (4), the pattern of LMO4
expression across subtypes is unknown. We compared LMO4 mRNA expression across
subtypes using all available gene expression profiles with a minimum of 20 breast samples
being curated in Oncomine through 2008 (27). LMO4 expression is elevated in basal-like
breast cancers compared to non-basal tumors (Figure 1A) (28,29). LMO4 mRNA levels
were also elevated in tumors with mutations in the breast cancer susceptibility gene 1
[BRCA1] (Figure 1B), which also exhibits a basal-like molecular signature (30). In addition,
LMO4 expression is lower in estrogen receptor (ER) positive tumors compared to those
lacking ER in several independent studies (Figure 1C) (29,31–34). Stratification of tumors
based on their level of LMO4 mRNA within individual studies revealed that tumors with the
highest quartile of LMO4 expression are exclusively basal-like cancers, typically ER-
negative or enriched for BRCA1 mutations (Supplemental Table 1).

LMO4 expression is elevated in tumors with high mitotic indices
To determine if LMO4 protein levels are differentially expressed in breast cancer subtypes,
48 breast cancers encompassing ER-positive (ER+/ErbB2−), ErbB2/HER2-positive (ER−/
ErbB2+) and triple negative tumors, were evaluated for LMO4 expression by
immunohistochemistry (IHC). The triple-negative phenotype was used as surrogate for
basal-like subtype because both tumor types lack expression of ER, progesterone receptor
(PR) and ErbB2 (35). Tumors were scored according to the intensity and quantity of tumor
cells with nuclear LMO4 staining. While the majority of tumors displayed nuclear LMO4
expression (96%), several tumors also had distinct cytoplasmic LMO4 staining
(Supplemental Figure S1) suggesting LMO4 may shuttle between the nucleus and the
cytoplasm. Analysis of the different tumor subtypes showed diffuse LMO4 positive cells in
most ER+ and ErbB2+ tumors (Figure 2A). Conversely, the majority of cells in triple
negative tumors (~70%) had robust nuclear LMO4 expression, with a 1.5-fold average
increase in LMO4 staining relative to all other subtypes combined (Figure 2A). This pattern
is consistent with that of LMO4 mRNA expression (Figure 1), indicating that both LMO4
mRNA and protein are elevated in triple negative breast cancers compared to other subtypes.

Although triple-negative or basal-like cancers have the highest LMO4 levels, some ER+/
ErbB2− and ER−/ErbB2+ tumors showed areas of strong LMO4 positivity. Considering
LMO4 expression has been previously associated with proliferating epithelial cells during
development (26) and is necessary for proliferation of ErbB2-dependent breast cancer cells
(13), we hypothesized that LMO4 expression may be indicative of the rate of tumor
proliferation rather than a specific measure of basal features of a tumor. We further proposed
that the increase in LMO4 expression observed in basal-like cancers is reflective of their
inherently elevated mitotic index (36). To test these hypotheses, a second cohort of tumors
from each of the previously examined subtypes (ER+/ErbB2−; ER−/ErbB2+ and triple
negative) was immunostained for LMO4 and the proliferation marker Ki67. In each tumor,
LMO4 was present with varying degrees of intensity (Figure 2B). Comparison of LMO4 and
Ki67 across the breast cancer subtypes revealed that the percent of cells with intense LMO4
staining correlated linearly with the percent of cells positive for Ki67 regardless of subtype.
Tumors with low proliferation rate, such as ER+/ErbB2− tumors, had the lowest percent of
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cells with intense LMO4 staining (Figure 2B, R2=0.76), while LMO4 levels were highest in
tumors with high mitotic indices (Figure 2B).

LMO4 regulates G2/M progression in luminal and basal-like breast cancer cells
LMO4 regulates G2/M progression in ErbB2-positive breast cancer cells (13) as well as G1/
S transition in a luminal breast cancer cell line (4). To determine whether LMO4 globally
regulates cell cycle progression in breast cancer cells, we analyzed the cell cycle in a panel
of cell lines after transient knock-down of LMO4 with a previously validated siRNA (13).
Attenuating LMO4 led to a 28–32% increase in cells in G2/M in cell lines previously
defined as luminal-like (MCF-7 and T47D) or basal-like (MDA-MB-468 and BT-549) (37)
(Figure 3). The accumulation of cells in G2/M was accompanied by decreased rates of cell
growth (Figure 3) and, in some cases, increased apoptotic cell death (Supplemental Figure
S2).

Alterations in LMO4 levels induce centrosome amplification
The consistent phenotypic impact of LMO4 silencing in distinct cell lines led us to postulate
that the role of LMO4 in cell cycle progression may involve a common mechanism among
all breast cancer subtypes. LMO4 controls expression or activity of cell cycle genes,
including p21, p27 and BRCA1 (10,11,14), all of which regulate the DNA and the
centrosome cycles (21,22,38), hence we hypothesized that LMO4 may control centrosome
replication. To assess the impact of LMO4 silencing on centrosome number, the cell lines
that were used in our analysis of cell cycle progression (with the exception of the multi-
nucleated BT-549 cells) were transfected with control siRNA (NS) or LMO4-siRNA
(LMO4-KD) and immunostained for the centrosome protein γ-tubulin. This analysis
revealed that LMO4 knock-down leads to a 60–80% increase in cells with more than 2
centrosomes compared to non-silenced controls (Figure 4A–C). Of note, overexpression of
LMO4 in the luminal breast cancer cell line T47D also caused a 60% increase in cells with
abnormal centrosome numbers (Figure 4D and Supplemental Figure S3).

Altered LMO4 levels induce abnormal mitotic spindles
Supernumerary centrosomes often lead to formation of abnormal mitotic spindles and
subsequent missegregation of chromosomes (24,39). To examine whether the aberrant
centrosome number that occurs in cells with altered LMO4 levels correlates with an increase
in the number of abnormal mitotic figures, breast cancer cells with silenced (LMO4-KD) or
overexpressed LMO4 (LMO4-OE) were immunostained with an antibody to the mitotic
spindle protein, α-tubulin, and co-stained with DAPI. LMO4 silencing leads to a 30–40%
increase in the formation of abnormal mitotic spindles in MCF-7 (Figure 5A) and T47D
cells (Figure 5B). Overexpression of LMO4 in T47D cells also results in a ~30% increase in
abnormal mitotic figures (Figure 5C). Specifically, cells with altered LMO4 levels have
increased incidence of multipolar spindles as well as asymmetrical, disorganized spindle
fibers (Figure 5, α-tubulin stain). Aberrant LMO4 expression was also associated with an
increase in the number of cells with unequal distribution of chromosomes (Figure 5, DAPI
stain). Recapitulating the observations in Figure 4, either up- or down-regulation of LMO4
resulted in the same phenotype.

LMO4 localizes to the centrosome
Many regulators of the cell cycle, such as BRCA1 (40), co-localize or traffic to the
centrosome, suggesting centrosomes act as a “command center for cellular control” (41).
LMO4 regulates proteins that co-localize to the centrosome (15,42), hence we determined if
LMO4 also localizes to centrosomes by co-immunostaining with an antibody to γ-tubulin.
Several control experiments were performed to confirm an absence of cross-reactivity
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between the antibodies used in this analysis (data not shown, see Materials and Methods).
LMO4 staining occurred primarily in the cytoplasm with some expression in the nucleus
(Figure 6 and Supplemental Figure S4). This is consistent with other studies demonstrating
that LMO4 can bind cell surface receptors and localize to the cytoplasm (43,44). We also
observed LMO4 localization in centrosomal structures containing γ-tubulin in both basal-
like (MDA-MB-468, Figure 6) and luminal-like (T47D, Supplemental Figure S4) cells. The
co-localization of LMO4 and γ-tubulin was independent of cell cycle progression as co-
staining was observed in interphase and mitotic cells (Figure 6 and Supplemental Figure
S4).

Discussion
Although mRNA array data suggests that LMO4 is a marker of aggressive breast cancers,
the results presented herein reveal that LMO4 is present in all breast tumor subtypes with the
highest expression in tumors with elevated mitotic indices, such as basal-like or triple
negative tumors (Figures 1–2). This suggests that LMO4 is a novel indicator of a tumor’s
mitotic index and that the overexpression of LMO4 observed in basal-like or ER-negative
tumors is likely due to their inherently high proliferation rate (36). Our studies also revealed
that LMO4 regulates G2/M progression in several breast cancer cell lines regardless of
subtype (Figure 3). Furthermore, the accumulation of cells in G2/M was associated with
decreased cell growth (Supplemental Figure S2), suggesting that loss of LMO4 induces a
cell cycle arrest or delay in both luminal and basal-like breast cancer cells. While breast
cancer subtypes are postulated to undergo distinct initiation events that drive their
oncogenesis (45,46), these upstream pathways likely converge to promote growth. We
propose that LMO4 is a common downstream effector that integrates signals from multiple
oncogenes. This is supported by the interaction of LMO4 with proteins involved in the
genesis of luminal and basal-like breast cancers such as ER (9) and BRCA1 (10),
respectively and further strengthened by PI3K-mediated regulation of LMO4 expression
(13), a commonly activated protein in breast cancers (47–49).

Our studies revealed that LMO4 regulates centrosome replication and mitotic spindle
integrity, uncovering a novel mechanism by which LMO4 contributes to the aggressiveness
of breast tumor cells. LMO4 co-localized with the centrosome protein γ-tubulin (Figure 6)
suggesting that LMO4 may regulate the centrosome cycle, in part, by interacting with
centrosomal proteins. Supporting this possibility, other LIM-containing proteins regulate the
centrosome cycle and bind centrosomal proteins, suggesting the LIM domain may serve as a
general centrosome binding domain involved in the regulation of centrosome replication.
LIM Kinases 1/2 bind γ-tubulin (50) and Ajuba interacts with Aurora Kinase A, a regulator
of the spindle checkpoint and the centrosome cycle (51). Alternatively, LMO4 may regulate
centrosome replication by altering expression of genes involved in the centrosome cycle (i.e.
Cyclin E, p21 and/or p27).

Considering that overexpression of LMO4 induces centrosome amplification, it is not
surprising that cells with elevated endogenous LMO4, such as basal-like cells (Figure 2)
have an intrinsically higher degree of genomic instability and centrosome amplification
compared with other subtypes (52). Additionally, centrosome re-duplication is associated
with a prolonged G2/M phase (39), hence the G2/M arrest observed upon loss of LMO4
(Figure 3) may be induced by the abnormal centrosome count in these cells. Similarly,
because most progeny derived from abnormal mitoses undergo apoptosis (39), the increase
in abnormal mitotic figures may underlie the elevated apoptosis observed in some cell lines
after LMO4 silencing (Supplemental Figure S2). However, the increase in cell death (2–3-
fold increase, Supplemental Figure S2) was higher than that of the number of cells
containing abnormal mitotic figures (1.3-to 1.4-fold) (Figure 5). This suggests that cell death
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is occurring prior to fixation and scoring for abnormal mitotic spindles or that additional cell
death pathways may be activated in response to altered LMO4 levels.

Induction or repression of LMO4 resulted in the same abnormalities in centrosomes and
mitotic spindles (Figures 4–5). Similarly, loss of LMO4 led to increased apoptosis
(Supplemental Figure S2) while a previous report found that LMO4 overexpression in
MCF-7 cells also increases apoptosis (6). Together, these data support a biphasic dose-
response curve for LMO4 wherein LMO4 is required not only for the formation of
functional protein complexes but may also act in a dominant-negative manner to inhibit
complex formation when overexpressed. Because either elevated or diminished levels of
LMO4 result in the same outcomes, changes in LMO4 expression may result in
perturbations in the stoichiometry of protein complexes involved in centrosome replication.
This dose-response pattern has been described previously for LMO4-mediated regulation of
SMAD signaling (12) and may be a function of LMO4’s ability to act as a bridging factor in
multimeric complexes.

In summary, LMO4 expression is a marker of breast cancers with high mitotic indices,
indicating that altering LMO4 expression may contribute to the aggressiveness of tumors.
LMO4 can localize to the centrosome, regulate centrosome number and mitotic spindle
integrity, and control G2/M progression. Hence, elevated LMO4 expression is not only a
marker of the proliferative rate of tumors but likely also modulates their degree of genomic
instability.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
LMO4 mRNA is highly expressed in BRCA1 mutant and ER-negative breast cancers.
Expression of LMO4 mRNA was assessed in cohorts of breast cancers using publicly
available gene expression profiles. Graphs depict the mean LMO4 mRNA levels ± standard
deviation. (A) Comparison of LMO4 mRNA levels in two independent studies showed a
1.5-fold and 2.4-fold increase in LMO4 in basal-like cancers compared to non-basal-like
tumors in the Richardson (n=38) (29) and Farmer (n=43) (28) studies, respectively. (B)
LMO4 mRNA was also evaluated in sporadic breast cancers (n=97) and tumors associated
with BRCA1 mutations (n=18). When compared to sporadic cancers, LMO4 mRNA was
increased 3.9-fold in tumors with BRCA1 mutations (30). (C) LMO4 expression was
assessed in ER-positive (ER+) and ER-negative (ER−) breast cancers in several independent
studies: van de Vijver (n=295), GSE2109 IGC/expO (n=232), Minn (n=99), Wang (n=286),
Richardson (n=39) and Chin (n=118) (29,31–34). LMO4 was consistently upregulated 1.4-
to 1.6-fold in ER- tumors when compared to ER+ cancers. * p<0.05.
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Figure 2.
LMO4 expression is elevated in tumors with high mitotic indices. (A, left panel) A cohort of
triple negative (n=18), ErbB2-positive (ER−/ErbB2+ n=14) and ER-positive (ER+/ErbB2−
n=16) breast tumors were evaluated for LMO4 protein expression by
immunohistochemistry. Two tumors of each subtype are shown with arrows identifying
LMO4 positive cells. In triple negative tumors, nearly all tumor cells were positive for
LMO4. Scale bar = 100 μm. (right panel) The intensity (on a scale of 0–3, with 3 being the
highest) and extent (percent of LMO4 positive tumor cells) of LMO4 nuclear stain was
assessed. The final tumor score was the product of intensity and percentage of positive cells,
resulting in a scale that ranged from 0 to 30. Bars are the mean histopathological score for
each set of tumors and error bars depict the group’s standard deviation. * p<0.05. (B, left
panel) Tumors of each subtype (ER+/ErbB2 n=4; ErbB2+/ER− n=4 and triple negative n=5)
were stained for LMO4 (green) and the proliferation marker Ki67 (red). (right panel) Scatter
plot analysis of the percent of tumor cells with Ki67 and intense LMO4 staining. Subtypes
are represented by different symbols. Correlation coefficient, R2=0.76.
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Figure 3.
LMO4 regulates G2/M progression in luminal and basal-like breast cancer cells. (left panels)
LMO4 expression was transiently silenced in two luminal-like (MCF-7, T47D, Panels A and
B, respectively) and two basal-like (MDA-MB-468, BT-549; Panels C and D, respectively)
cell lines using a previously validated siRNA (13). A representative western blot is shown
for each cell line demonstrating LMO4 silencing in cells transfected with LMO4-specific
siRNA (LMO4-KD) compared to cells transfected with a non-silencing siRNA control (NS).
β-actin was used as loading control. (middle panels) Seventy-two hours after siRNA
transfection with control (NS) or LMO4-directed siRNA (LMO4-KD), cells were harvested
and stained with propidium iodide to analyze DNA content by FACS. The proportion of
cells at each of the phases of the cell cycle (subG1, G1, S and G2/M) is depicted in the bar
graph ± standard deviation. (right panels) Cells were transfected with siRNA and harvested
every 24 hrs thereafter for 6 days. The growth of LMO4 knock-down cells was then
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compared to control cells (NS) by directly counting the number of viable cells at each time.
* p<0.05 compared to NS transfected cells.
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Figure 4.
Alterations in LMO4 levels induce centrosome amplification. (A–D) LMO4 was silenced in
the luminal-like MCF7 (A) and T47D (B) as well as basal-like MDA-MB-468 (C) breast
cancer cells via an LMO4 targeted siRNA. LMO4 was also overexpressed in T47D cells
using retroviral infection. (D) After manipulation of LMO4 levels, cells were
immunostained with an antibody to the centrosomal protein γ-tubulin. The number of
centrosomes/cell was then counted and compared between cells with altered LMO4 levels
[either loss of LMO4 (LMO4-KD), A–C, or LMO4 overexpression (LMO4-OE), D], and
control cells [cells transfected with either non-silencing (NS) siRNA or empty expression
vector (vector)]. Representative images from a total of 3 independent experiments/cell line
are provided for each cell type with arrows pointing to centrosomes. Normal cells have
either 1 or 2 centrosomes/cell. Bars represent the relative centrosome amplification ±
standard deviation compared to the control cells in three independent experiments.
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Figure 5.
Altered LMO4 levels induce abnormal mitotic spindles. (A–C) MCF-7 (A) and T47D (B)
cells were transfected with either control siRNA (NS) or LMO4-specific siRNA (LMO4-
KD), and synchronized using aphidicolin. T47D cells overexpressing LMO4 (LMO4-OE) or
an empty vector control (vector) were also synchronized (C). After removal of aphidicolin,
cells were immunostained with an antibody to α-tubulin and counterstained with DAPI for
visualization of the mitotic spindle and DNA, respectively. The spindles were blindly scored
for their symmetry and organization. Equal segregation of DNA was considered and percent
of cells with abnormal spindles was normalized to that of control (either NS or empty vector
transfected) cells. The average relative number of abnormal mitotic figures is shown with
error bars depicting standard deviations. Three independent experiments were performed for
each cell line.
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Figure 6.
LMO4 localizes to the centrosome. MDA-MB-468 cells were synchronized with aphidicolin
and immunostained for both LMO4 and the centrosome protein γ-tubulin. DAPI was use to
stain DNA. Cells undergoing mitosis as well as cells in interphase were analyzed for co-
localization of LMO4 and γ-tubulin. Images of individual stains are shown in black and
white, with overlapping staining shown in yellow.
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