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ABSTRACT
The E2F transcriptional activators E2F1, E2F2 and E2F3a regulate many important 

cellular processes, including DNA replication, apoptosis and centrosome duplication. 
Previously, we demonstrated that silencing E2F1 or E2F3 suppresses centrosome 
amplification (CA) and chromosome instability (CIN) in Her2+ breast cancer cells 
without markedly altering proliferation. However, it is unknown whether and how 
silencing a single E2F activator, E2F3, affects malignancy of human breast cancer 
cells. Thus, we injected HCC1954 Her2+ breast cancer cells silenced for E2F3 into 
mammary fat pads of immunodeficient mice and demonstrated that loss of E2F3 
retards tumor growth. Surprisingly, silencing of E2F3 led to significant reductions in 
mitotic indices relative to vector controls, while the percentage of cells undergoing 
S phase were not affected. Nek2 is a mitotic kinase commonly upregulated in breast 
cancers and a critical regulator of Cdk4- or E2F- mediated CA. In this report, we 
found that Nek2 overexpression rescued back the CA caused by silencing of shE2F3. 
However, the effects of Nek2 overexpression in affecting tumor growth rates of 
shE2F3 and shE2F3; GFP cells were inconclusive. Taken together, our results indicate 
that E2F3 silencing decreases mammary tumor growth by reducing percentage of 
cells undergoing mitosis.

INTRODUCTION

The E2F transcription factors are master regulators 
of multiple biological functions, such as DNA replication, 
DNA repair, apoptosis, and centrosome duplication 
[1–8]. Because of their versatility, E2Fs are frequently 
deregulated and altered in most human cancers 
through multiple molecular mechanisms. For example, 
overstimulation of the G1/S phase cyclin/Cdks complexes 
hyper phosphorylates and inactivates the Rb family of 
tumor suppressors [9, 10]. E2F’s are also overexpressed, 
exemplified by E2F3 up regulation in various cancers, 
including breast cancers [11–17]. Consistent with these 
observations, we showed that all three E2F activators, 
E2F1, E2F2 and E2F3a, are highly deregulated in Her2+ 
breast cancer cells [18] while Wu et al. demonstrated 
E2F3a up-regulation in primary mouse or human tumors 

with amplified Her2/ERBB2 [17]. In fact, deregulated 
expression of the E2Fs along with Cyclin A in breast 
cancers negatively influences disease free survival [19]. 
Recently, mouse models demonstrated that the E2F 
activators are required in mammary tumor initiation, 
since ablation of E2F1 and E2F3 suppressed Her2/Neu 
and Myc-induced mammary tumorigenesis [17, 20, 21]. 
However, it is unknown whether and how interfering 
with E2F function influences tumor progression of human 
breast cancer cells, particularly of Her2+ (Her2+ER−PR−) 
tumors, which is one of the two most aggressive and 
poorly prognostic breast cancer subtypes [22]. In this 
report, we used an orthotopic model of Her2+ breast cancer 
to address how manipulation of E2F3 levels influences 
mammary tumorigenesis.

Various mechanisms may explain how the E2F 
activators drive mammary tumorigenesis. The E2F 
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activators were initially distinguished from repressors 
based on their ability to induce S phase entry [23–25], 
therefore a likely mechanism for E2F mediated mammary 
tumorigenesis is deregulation of DNA replication [26, 27]. 
In particular, E2F3 is central to DNA replication, since 
either expression of E2F3a or E2F3b transcripts is 
sufficient to drive E2F target genes and maintain cell 
proliferation in the absence of the other two activators, 
E2F1 and E2F2 [5]. In addition, conditional knockdown 
of E2F3 in the mammary epithelium of ERBB2 transgenic 
mice resulted in significant decreases in percentages of 
proliferating cells, while ablation of E2F1 had no effect 
[17]. Although the regulation of S phase is a canonical 
function of the E2Fs activators, it is unclear if and how 
they regulate mitosis. By using expression microarrays, 
Ishida et al identified E2F-regulated genes in mouse 
embryo fibroblast (MEF) [8], including a plethora of 
genes that control DNA replication, and a smaller number 
of genes involved in mitosis, including Cdc2 and cyclin 
B1. Overexpression of mitotic genes was detected upon 
zinc-induced E2F3 overexpression in the Rat-1 rat 
non-tumorigenic fibroblasts [28]. More recent reports 
suggest that E2Fs control entry into G2/M by regulating 
levels of Aurora A [29], Emi and the polo kinases [30]. 
Our own work demonstrated that stable silencing of E2F3 
resulted in lower levels of the Nek2 mitotic kinase and 
delayed cytokinesis and that introduction of Nek2 reversed 
that delay, suggesting that Nek2 is an important regulator 
of cytokinesis downstream of E2F3 [18].

A second mechanism by which E2Fs may 
influence mammary tumorigenesis is through centrosome 
amplification (CA), a malignant phenotype where 
cells acquire supranumerary centrosomes to generate 
multipolar mitosis and aneuploidy, one of the landmarks of 
chromosome instability (CIN) [31–33]. CA is postulated 
to influence mammary cancer initiation and progression; 
for example, most breast adenocarcinomas display CA 
[34–36] and elevated percentages of CA are already 
present in pre-malignant mammary tumor lesions [35, 36], 
where it is in part driven by oncogenic K-RasG12D [37]. 
Although the role of CA and CIN as initiators of breast 
tumor formation remains to be tested experimentally, their 
presence in poor prognosis breast tumors, including Her2+ 
and Her2−ER−PR− (triple-negative), correlates with their 
aggressive behavior, marked by increased proliferation 
indexes, high nuclear grades, invasion, metastasis and 
poor survival [32, 35, 36, 38–42]. Our group demonstrated 
that silencing E2F1 or E2F3 suppressed CA/CIN in Her2+ 
breast cancer, while their overexpression in mammary 
epithelial cells triggered CA/CIN that respectively 
correlated with decreases or increases in Nek2 protein 
levels. We also found that Nek2 acts downstream of the 
Rb pathway, since Nek2 overexpression rescues back CA/
CIN in Her2+ breast cancer cells silenced for Cdk4 [43] or 
E2F3 [18]. A third major mechanism by which the E2Fs 
may influence mammary tumorigenesis is by signaling 

apoptosis. For example, E2F1 and E2F3 mediate apoptosis 
in the central nervous system of Rb-null embryos [44]. The 
role of E2F1 in inducing p53-dependent and independent 
apoptosis has been thoroughly reviewed [45].

To investigate the involvement of E2F3 in mammary 
tumor progression, we used stable silencing of E2F3 in 
a human Her2+ breast cancer cell line and an orthotopic 
xenograft mouse model. We chose the HCC1954 cell line 
based on the evidence of successful tumor formation in 
a xenograft mouse model [46] and because it is a highly 
malignant breast cancer cell line displaying CA/CIN, 
radiation and Herceptin resistance [47, 48]. We found 
mammary tumor progression was significantly decreased 
upon E2F3 silencing. Mechanistically, shE2F3 expression 
resulted in significant decreases in CA and mitosis. 
Surprisingly, although Nek2 overexpression in cells 
knocked down for E2F3 increased percentages of CA in 
tumors, its effects regarding tumor growth are inconclusive, 
since it did not significantly affect mammary tumor 
progression in shE2F3 cells, but led to bigger tumors at 
early time points relative to shE2F3 cells expressing GFP.

RESULTS

E2F3 knockdown decreases tumor growth

The goal of this series of experiments is to establish 
whether silencing E2F3 with or without the introduction 
of Nek2 modifies tumor progression of HCC1954 breast 
cancer cells in vivo. We analyzed three sets of mice. In the 
first set, mice were injected in the hind, left mammary gland 
#9 with HCC1954 cells stably expressing pLKO.1 empty 
vector and the right #4 gland with cells stably expressing 
shE2F3. The second set of mice were injected in the left 
mammary gland #9 with cells expressing shE2F3 and with 
cells expressing shE2F3; GFP-Nek2 in the right mammary 
gland #4. A third group was injected with shE2F3; GFP 
on the left mammary gland #9 and with shE2F3; GFP-
Nek2 on the right #4. Tumor masses were palpable one 
week after injection, and at that point we started measuring 
tumor growth 5–6 times/week for three weeks (Figure 
1A showed tumors at the time of sacrifice). As seen in 
Figure 1B and Table 1, tumors grew significantly slower 
in HCC1954 cells silenced for E2F3 compared to vector 
control (pLKO.1). Tumors were extirpated (Figure 1C) and 
tumor masses were weighed. Tumors expressing shE2F3 
were significantly lighter than pLKO.1 control, indicative 
of suppressed tumor burden (Figure 1D).

A controversial issue is whether the high CIN 
triggered by CA is oncogenic or tumor suppressive 
[49–51]. In a previous publication, we showed that 
HCC1954 cells stably silenced for E2F3 displayed 
lower percentages of CA and CIN relative to control 
and expression of GFP-Nek2 re-established high levels 
of CA in Her2+ cells expressing shE2F3 [18]. Next, 
we tested whether CA and CIN affect tumor growth, 
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Figure 1: E2F3 knockdown decreases tumor growth and burden of Her2+ HCC1954 cells. Tumor growth was monitored 
starting one week post injection 5–6 times/week and measured for 21 days. A. Pictures were taken from mice bearing tumor masses in 
mammary glands and numbers indicate mouse number. B. The tumor growth rate was plotted over time and compared between control 
pLKO.1 vs. shE2F3 (N = 8), shE2F3 vs. shE2F3; GFP-Nek2 and shE2F3;GFP vs. shE2F3; GFP-Nek2 for 21 days after detection of tumor 
masses. Tumor masses were extirpated. (Continued )
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Figure 1: (Continued) E2F3 knockdown decreases tumor growth and burden of Her2+ HCC1954 cells. C. and weighted.  
D. Western blots were performed to detect changes in protein level of E2F3 from tumor masses. (Continued ) 
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since HCC1954 cells display inactivating mutations in 
p53 [52] and can tolerate binucleation, an important 
intermediate to polyploidy [18, 43]. In addition, loss 
of p53 function allows maintenance of polyploid 
cells in some cell lines [53, 54]. Overexpression of 
Nek2 (full length of Nek2 cDNA was subcloned into 
pMONO-Hygro-GFP vector [18]), did not change the 
growth rates or average tumor mass of HCC1954/
shE2F3 cells (Figure 1B, 1C-D). However, in an 

independent experiment that tested whether there were 
differences in grown rates between shE2F3; GFP and 
shE2F3; GFP-Nek2, the overall tumor growth rate 
between shE2F3; GFP and shE2F3; GFP-Nek2 was 
statistically significant due to larger tumor volumes 
in the shE2F3; GFP-Nek2 mice between days 1 and 
10 and no differences were found at later time points 
(Figure 1B, Table 1). Similar to results from the first 
experiment comparing shE2F3 and shE2F3; GFP-Nek2, 

Figure 1: (Continued ) E2F3 knockdown decreases tumor growth and burden of Her2+ HCC1954 cells. E. or GFP , Nek2 
and GFP-Nek2 from cell lines F.
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no differences were found in tumor weight between 
shE2F3; GFP and shE2F3; GFP-Nek2 (Figure 1D).

Proteins were extracted from tumors and western 
blot analyses revealed that E2F3a and E2F3b remained 
significantly down regulated in most shE2F3 tumors 
relative to pLKO.1 controls (Figure 1E). Western blot 
detected GFP in shE2F3; GFP cell line, confirming the 
generation of GFP expressing shE2F3 cells (Figure 1F). 
Nek2 western blot was performed in HCC1954 cell lines 
from each group and expression of endogenous Nek2 was 
detected in all samples and the GFP-Nek2 fusion protein 
was detected only in cells expressing GFP-Nek2. Overall, 
these experiments demonstrated that silencing of E2F3 
suppresses tumor growth and tumor mass of HCC1954 
cells, while effects of GFP-Nek2 overexpression in 
HCC1954 cells silenced for E2F3 are inconclusive.

E2F3 knockdown restricts percentage of Her2+ 
breast tumor cells undergoing mitosis

To identify mechanisms responsible for the reduced 
tumor growth of cells silenced for E2F3, we first performed 
histopathology of tumor sections. Histopathologic 
examination of H&E stained slides showed all tumors to 
have a high grade, with no tubule formation, high nuclear 
grade and numerous, up to 52 mitoses/10 high power field 
–hpf- (Figure 2A, indicated by red arrows and Table 2). 
High nuclear grade was accompanied by anaplastic nuclei 
with irregular nuclear contour, and atypical, hyperchromatic 
or open chromatin patterns (green arrows). Tumors from 
the control group of pLKO.1 vs shE2F3 pairs showed 
measurable necrosis (circled area), extensive, eccentric or 
para-medially located, comedo-like measuring in average 
2.3 mm sq, with a median of 2.5 mm sq. The necrotic area 
represented on average 13.98% of the tumor area. The 
average mitosis rate was 28.4/10 hpf. In the shE2F3 group 
of pLKO.1 vs shE2F3 pairs, the necrosis was measurable, 
extensive, eccentric or para-medially located, comedo-like in 
half of mice. On average, the necrotic area measured 1.4 mm 
sq, with a median of 2 mm sq, on average 10.5% of all tumor 
area. Half of tumors showed rather small, less than 0.1 mm 
necrosis and single cell necrosis dispersed throughout the 

tumor. The average mitosis rate was 30/10 hpf. In the shE2F3 
group of shE2F3 vs shE2F;GFP-Nek2 pairs, two tumors 
(#7, 8) showed measurable necrosis (#7 with paramedical 
and comedo-like and #8 with central and comedo-like) 
para-medial in average 2.66 mm sq that represented average 
8.96% of tumor area of all 5 mice. The average mitosis rate 
was 38/10 hpf. In the shE2F3; GFP-Nek2 group, only one 
tumor (shE2F3; GFP-Nek2 #3) showed measurable necrosis, 
which was extensive para-medially located, comedo-like. It 
measured 4.0 mm sq and represented 20% of that tumor 
area, for average of 0.8% for that group. The average mitosis 
rate was 39.6/10 hpf. In summary, the tumors in the shE2F3; 
GFP-Nek2 group had the highest mitotic count relative to 
control or shE2F3 groups. All tumors in the pLKO.1 control 
group showed measurable, comedo-like necrosis, while only 
half of tumors in the shE2F3 group and only one tumor in 
the shE2F3; GFP-Nek2 group had this appearance. Even 
though there were differences in the averages of some 
phenotypes described in this paragraph, they were not 
statistically significant.

To define molecular mechanisms responsible for 
slower growth of shE2F3 tumors, we measured apoptosis, 
cell proliferation and mitotic index by immunofluorescence 
staining (IF) of sections probed with cleaved caspase-3, 
Ki67 and phospho histone 3, respectively (Figure 2B 
and 2C). E2F3 knockdown decreased the percentage of 
cells expressing phospho-histone 3 compared to control, 
suggestive of reduced number of mitotic cells in tumors. 
Because there were differences in tumor volumes at initial 
time points between shE2F3; GFP and shE2F3; GFP-
Nek2 and none between shE2F3 and shE2F3; GFP-Nek2 
(Figure 1), the immunofluorescence results comparing 
shE2F3 and shE2F3; GFP-Nek2 presented here have to 
be interpreted conservatively, since we did not perform 
such analysis comparing shE2F3; GFP and shE2F3; GFP-
Nek2. Nevertheless, phenotypes modified by GFP-Nek2 in 
shE2F3 cells were high CA, restored to levels even higher 
than those observed in controls and higher percentage 
of proliferating cells relative to shE2F3 cells. This later 
result strengthens our observations that Nek2 is a critical 
driver of CA/CIN downstream of E2F3 and represents the 
first in vivo evidence that Nek2 induces CA in tumors. 

Table 1: Estimated tumor growth rate by experiment groups
Group Mean (Std.Err) p-value*

pLKO.1 (n = 8) 0.114 (0.005) ref

shE2F3 (n = 8) 0.1 (0.005) 0.031 

shE2F3; GFP (n = 4) 0.091 (0.005) ref

shE2F3; GFP-Nek2 (n = 4) 0.057 (0.005) <0.001

shE2F3 (n = 5) 0.11 (0.004) ref

shE2F3;GFP-Nek2 (n = 5) 0.1 (0.004) 0.107

*Mixed effects model was implemented to estimate and compare the growth rate among three cell line groups using 
the SAS statistical package v9.3 with a significant level of 0.05.
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Figure 2: E2F3 knockdown restricts percentage of Her2+ breast tumor cells undergoing mitosis. A. Representative H&E 
slides showing frequent mitosis (red arrows), punctate necrosis (black circle), (iii) anaplastic and high grade nuclei (green arrows), (i, ii 
and iii from pLKO.1, iv from shE2F3;GFP-Nek2 mouse B. Immunofluorescence (IF) was performed on paraffin embedded tumor sections 
to detect apoptosis (cleaved caspase 3), cell proliferation (Ki67), mitosis (phospho histone 3) and centrosome amplification (pericentrin); 
magnification: cleaved caspase 3 (20X), Ki67, Phospho histone 3, pericentrin (63x). (Continued ) 
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Figure 2: (Continued ) E2F3 knockdown restricts percentage of Her2+ breast tumor cells undergoing mitosis.  
C. Quantification of IF (N = 5, *p ≤ 0.05). The percentage of cells was calculated electronically by measuring the percentage of cleaved 
caspase 3 cells from the ratio of Red/DAPI, and the ratio of Red/DAPI for Ki67. Positive stained cells were counted on the entire sections 
for phospho histone-3 and centrosome amplification by counting cells with ≥ 3 centrosomes using pericentrin. Protein lysates were prepared 
from tumor masses and 15 μg of protein was analyzed with Western blots. D. to detect changes of protein level in various cellular processes 
and their levels were quantified. (Continued ) 
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Overall, these data demonstrate that E2F3 knockdown 
impairs several important cellular processes, such as 
centrosome amplification and mitosis; and the reductions 
in percentages of cells undergoing mitosis correlates with 
impaired tumor growth. In contrast, increasing CA in 
shE2F3 cells by overexpressing GFP-Nek2 does not affect 
the number of cells undergoing mitosis or cell death, but 
affects proliferation in tumors.

To confirm these findings, proteins were 
extracted from tumors for western blot analysis 
(Figure 2D and Supplementary Figure S1). To determine 
if silencing E2F3 and overexpression of GFP-Nek2 in 
shE2F3 cells affected the expression of apoptotic markers 
[55], FAK, cleaved PARP, cleaved caspase-3 and Bax levels 
were investigated (Figure 2D and 2E), while only a subset 
of markers (cleaved PARP, cleaved caspase-3, phospho-
Histone H3 and γ-H2AX) was investigated in shE2F3; 
GFP and shE2F3; GFP-Nek2 (Supplementary Figure 
S1A). Cleaved caspase 3 and cleaved PARP levels were 
significantly decreased in shE2F3 compared to pLKO.1, 
and remained low in shE2F3; GFP and in shE2F3; GFP-
Nek2, indicative of a lower extent of apoptotic response 
in all groups silenced for E2F3. No differences between 

levels of several pro-survival proteins, including Bcl-2, 
Bcl-xL, and Mcl-1 were found between control and shE2F3 
or shE2F3 and shE2F3; GFP-Nek2. Proper temporal 
phosphorylation of histone 3 is required for chromosome 
condensation at mitosis and thus serves as a marker for 
mitotic cells [56]. Average levels of phospho-histone 3 
were decreased in shE2F3 relative to pLKO.1, but did not 
reach significant levels; likewise, no significant differences 
were found when comparing shE2F3 to shE2F3; GFP-Nek2 
or when comparing shE2F3; GFP to shE2F3; GFP-Nek2. 
Localization of histone H2AX phosphorylated at ser-139 
(γ-H2AX) at DNA breaks is an effective measure of DNA 
breaks triggered by DNA damaging agents, oncogenes, 
or apoptosis [57–60] and no statistical significance was 
observed among groups. E-cadherin levels, a marker of 
cell adhesion, were only significantly reduced in shE2F3 
tumors expressing GFP-Nek2.

Nek2 overexpression in shE2F3 cells enhances 
formation of invasive protrusions

To address if there are any changes in the size and 
structure of three dimensional organoids, we plated cells, 

Figure 2: (Continued ) E2F3 knockdown restricts percentage of Her2+ breast tumor cells undergoing mitosis.  E. as 
pLKO.1 vs. shE2F3 and shE2F3 vs. shE2F3; GFP-Nek2. N = 5 for Bcl2, Bcl-XL, Bax, Mcl1, FAK and E-Cadherin for pLKO.1 vs. shE2F3 
and shE2F3 vs. shE2F3; GFP-Nek2. N = 5 for cleaved Caspase-3, Cleaved PARP, phospho-histone H3 and Phospho-γ-H2AX for shE2F3 
vs. shE2F3; GFP-Nek2 and N = 8 for pLKO.1 vs. shE2F3 (*p ≤ 0.05)
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Table 2: Pathological Analysis on H&E stained Sections
Group Percentage 

necrosis/
tumor

Necrosis 
dimension 

(mm)

Surface, 
necrosis 
(mm sq)

Description of necrosis 1mits 2NC grade 3Tubules

pLKO.1_1 22 2 × 1.5 3
4Excentric, small foci 

and dispersed 38 3 3

pLKO.1_2 19 2 × 1.5 3 Excentric, 5comedo-like 20 3 3

pLKO.1_3 7.4 2 × 1 2 Excentric, comedo-like 22 3 3

pLKO.1_4 5.7 1 × 1 1 Paramedial, comedo-like 24 3 3

pLKO.1_5 15.8 2.5 × 1 2.5 Paramedial, comedo-
like, disperesd 38 3 3

Ave 13.98 2.3 28.4

SD 7.153 0.837 8.877

shE2F3_1 na Single cell 
necrosis Na Dispersed 38 3 3

shE2F3_2 8.08 2 × 1 2 Excentric, comedo-like, 
dispersed 24 3 3

shE2F3_3 Na Single cell 
necrosis Na Dispersed 30 3 3

shE2F3_4 23.8 2.5 × 1 2.5 Excentric, comedo, 
single cell necrosis 28 3 3

shE2F3_5 20.8 2.5 × 1 2.5 Excentric, comedo-like 30 3 3

Ave 10.536 1.4 30

SD 11.284 1.294 5.099

Group
Percentage 
necrosis/

tumor

Necrosis 
dimension (mm)

Surface, 
necrosis Description of necrosis 1mits 2NC grade 3Tubules

shE2F3_6 Na Single cell 
necrosis Na Dispersed 42 3 3

shE2F3_7 7.9 1.5 × 0.5, 0.75 
× 0.75 1.3 Paramedial, comedo-like 38 3 3

shE2F3_8 36.9 4 × 3 12 Central, comedo-like 28 3 3

shE2F3_9 Na Single cell 
necrosis na Dispersed 38 3 3

shE2F3_10 Na Single cell 
necrosis na Dispersed 44 3 3

Ave 8.96 2.66 38

SD 15.989 5.251 6.164

shE2F3;GFP-
Nek2_1 Na Single cell 

necrosis Na Dispersed 34 3 3

shE2F3;GFP-
Nek2_2 Na Single cell 

necrosis Na Dispersed 34 3 3

shE2F3;GFP-
Nek2_3 20.77 2 × 2 4 Central, Single cell 

necrosis 52 3 3

(Continued )
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including vector control (pLKO.1), shE2F3 and shE2F3; 
GFP-Nek2 in reduced matrigel for 12 days until they formed 
acini [61]. Again, data presented here have to be interpreted 
conservatively, since we did not perform 3D cultures or 
invasion assays comparing shE2F3; GFP and shE2F3; GFP-
Nek2. Visual examination suggested smaller acini in shE2F3 
cells compared to controls and larger acini in shE2F3 cells 
overexpressing Nek2 (Figure 3A). The acini were processed 
for IF (Figure 3B) and their actual volume was measured 
using the Imaris software. Even though the average volume 
of shE2F3 group was smaller than that of pLKO.1, the 
results were not statistically significant (Figure 3C, Table 3).

Recently, Godinho et al showed that invasive 
protrusions, a measure of cell invasion, were found 
in acinar structures derived from MCF10A cells 
overexpressing Plk4 that displayed CA and tetraploidy 
[62]. Thus, we addressed whether overexpression of Nek2 
also induced invasive protrusions. We were able to identify 
acini with protrusions only in shE2F3 cells overexpressing 
Nek2 (Figure 3A and 3B, arrows). Therefore, we scored 
out percentages of invasive protrusions and found that 
more than 50% of shE2F3 cells overexpressing GFP-
Nek2 displayed protrusions (Figure 3D). Based on the 
indication of invasiveness of shE2F3; GFP-Nek2 acini 
with protrusions, we next investigated if E2F3 knockdown 
or Nek2 overexpression in shE2F3 cells changed invasive 
ability in HCC1954 cells (Figure 3E). However, no 
statistical significant differences in the percentage invasive 
cells were found.

DISCUSSION

To investigate the role of E2Fs in mouse mammary 
tumor growth, MMTV-ErbB2 mice knocked out for E2F1, 
E2F2 or E2F3 (E2F3 was conditionally deleted) were 
generated [17]. Knockout of E2F1 or E2F3 significantly 
delayed tumor onsets. Mechanistically, conditional 

knockout of E2F3 in mammary epithelial cells diminished 
the average percentage of cells within ERBB2 tumors 
undergoing S phase, but this deletion had no impact on 
tumor growth rates. Another relevant study demonstrated 
that knockout of E2F1, E2F2 or E2F3 reduced tumor onset 
driven by MMTV-ErbB2, with E2F1 or E2F3 ablation 
having no effects on tumor growth rates and ablation of 
E2F1 accelerating tumor growth [21]. However, there are 
no existing models showing that E2F silencing can stall or 
retard tumor growth of human breast cancers. To that end, 
we employed an orthotopic model of breast cancers using 
the Her2+ER−PR− cell line HCC1954. This Her2+ model 
displays deregulated E2F1, E2F2 and E2F3 [18] and thus 
represents an environment in which lost E2F3 functions 
can be compensated by deregulated E2F1 and E2F2. 
Based on published literature thoroughly described in 
the introduction, we hypothesized that E2F3 knockdown 
reduced mammary tumor growth by modifying apoptosis, 
proliferation or mitosis. In this report, we demonstrate  
that stable silencing of a single E2F activator, E2F3, 
significantly reduces the growth rates and masses of 
highly malignant HCC1954 Her2+ tumors (Figure 1). Our 
previous study performed in cells cultured in monolayer 
showed that E2F3 knockdown suppressed CA/CIN, but did 
not affect DNA replication, entry into S phase or overall 
cycle progression in three Her2+ cells including HCC1954 
[18]. Consistent with those results, E2F3 knockdown did 
not decrease the percentage of proliferating tumor cells 
relative to cells expressing vector control. This represents 
a major difference relative to the mouse MMTV-ERBB2 
system, where knockout of E2F3 resulted in a 50% 
reduction of cells undergoing proliferation. Although 
shRNA resulted in an almost complete knockdown of 
E2F3 protein, differences between the mouse and human 
tumor systems may be due to the remaining E2F3 protein 
in cells expressing shE2F3 or differences in transcriptional 
targets between mouse and human mammary tumors.

Group Percentage 
necrosis/

tumor

Necrosis 
dimension 

(mm)

Surface, 
necrosis 
(mm sq)

Description of necrosis 1mits 2NC grade 3Tubules

shE2F3;GFP-
Nek2_4 Na Single cell 

necrosis Na Single cell nerosis 36 3 3

shE2F3;GFP-
Nek2_5 Na Single cell 

necrosis Na Not significant 42 3 3

Ave 4.154 0.8 39.6

SD 9.289 1.789 7.668

1=number of mitoses per 10 high power fields
2= nucleus grade (3 is the highest nuclear grade)
3=denote a grade of tumor that lost the ability to make tubules/glands (3 is the highest)
4Exc=excentric
5Comedo-like=denotes and are of expansive
*denotes multiple tumors, pLKO.1 (1~5) and shE2F3 (1~5) are pair and shE2F3 (6–10) and shE2F3;GFP-Nek2 (1~5) are pair.
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Western blots and IF of xenograft samples showed 
apoptosis in control, pLKO.1 cells (Figure 2). E2F3 
knockdown decreased the expression of markers of 
apoptosis (cleaved caspase-3 and cleaved PARP) and these 
decreased levels were maintained in all cell lines silenced 
for E2F3, including shE2F3; GFP, and shE2F3; GFP-Nek2. 

However, silencing E2F3 or overexpression of GFP-Nek2 
did not change levels of protein of several regulators of 
survival, including Mcl1, Bcl-2 and Bcl-XL, or apoptosis, 
including Bax. Because regulation of apoptosis involves 
protein expression and complex phosphorylation events, 
future experiments in our laboratory will address how 

Figure 3: Nek2 overexpression in shE2F3 cells enhances formation of invasive protrusions. A. Cells were grown in 3D 
matrigel culture for two weeks and acini were fixed in 4% paraformaldehyde and pictures of live acini were taken by Olympus IX51. 
B. Cells were processed for immuno fluorescence with the indicated markers to calculate. (Continued )
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Figure 3:  (Continued ) Nek2 overexpression in shE2F3 cells enhances formation of invasive protrusions. C. the volume 
of acini by using the Imaris software (log mean ± S.E.M) D. percentage of acini displaying protrusions was generated by manually scoring 
out cells detached from acini. (Continued )
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silencing of E2F3 suppresses apoptosis in Her2+ tumors. 
Overall, these data demonstrate that E2F3 knockdown 
decreases markers of apoptosis in HCC1954 tumors and 
that overexpression of GFP-Nek2 in shE2F3 cells does 
not modulate these percentages. While it can be argued 
that overexpression of GFP-Nek2 results in other types 
of cell death, live imaging performed in our laboratory in 
HCC1954 cells expressing shE2F3 or shE2F3; GFP-Nek2 
did not find differences in the percentage of dying cells in 
these two groups over a 48 hour period [18].

While functional assays have shown the canonical 
role of E2F activators in proliferation, the implication of 

these proteins in mitosis is predicted by gene expression 
studies [8]. However, mitotic defects upon ablation of 
E2F activators have not been thoroughly studied. We 
showed that stable silencing of E2F3 severely decreased 
the percentage of HCC1954 cells undergoing cytokinesis, 
while the fraction of cells entering mitosis was unaffected 
[18]. The most novel finding of the present work is 
that silencing of E2F3 severely restricts the fraction 
of Her2+ tumor cells undergoing mitosis that strongly 
correlates with suppressed tumor growth. We postulate 
that restriction of mitosis is the primary mechanism 
suppressing tumor growth, since silencing E2F3 did 

Figure 3: (Continued ) Nek2 overexpression in shE2F3 cells enhances formation of invasive protrusions.  E. The invasion 
assay was performed on cells by using BD Biocoat matrigel invasion chambers.

Table 3: Volume of acini among groups
Mean (Std. Err)(log) P-value*

pLKO.1 12.08 (0.18) reference

shE2F3 11.72 (0.22) 0.221 reference

shE2F3;GFP-Nek2 12.25 (0.18) 0.506 0.071

*Analysis of variance (ANOVA) was mainly used to estimate the mean and standard error of measurement in each cell line 
with a significant level of 0.05. The analysis was performed based on equal variance data assumption.
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not alter the percentage of tumor cells undergoing 
proliferation. Overall, our findings support the concept 
that targeting the mitotic machinery is an effective anti-
tumor strategy [63, 64].

A major controversy in cancer biology is whether 
aneuploidy, which can be generated by multiple 
mechanisms, including CA, is transforming or tumor 
suppressive. While CA correlates with the aggressive 
behavior of triple negative breast cancers [42] and with 
the ability of breast tumors to metastasize [36], others find 
that increased aneuploidy is tumor suppressive [50, 65, 
66]. We demonstrated that silencing Nek2 in several Her2+ 
cells reduce CA and CIN [43] and Nek2 overexpression 
rescues back CA in HCC1954 cells expressing shE2F3 
in cell culture [18]. Nek2 regulates various mitotic 
functions, including centrosome separation at G2 phase 
[67], as well as the spindle assembly checkpoint [68, 
69]. However, Nek2 kinase has other functions that may 
contribute to tumor growth, including phosphorylation 
of splicing factors that affect gene expression and cell 
cycle progression; in fact, knockdown of Nek2 or SRSF1 
induces expression of pro-apoptotic variants from SRSF1-
target genes and sensitizes cells to apoptosis [70]. Thus, 
we addressed whether rescuing back CA in tumors 
silenced for E2F3 influenced tumor growth. While GFP-
Nek2 overexpression in shE2F3 cells did not modify 
tumor growth, an independent set of injections showed 
significant differences between shE2F3-GFP and GFP-
Nek2, since GFP-Nek2 tumors were larger at early time 
points than shE2F3-GFP tumors (Figure 1). However, after 
day 10, there were no obvious differences in size between 
shE2F3; GFP and shE2F3; GFP-Nek2 and this is supported 
by observations that at the end of the experiment (day 21) 
tumor weights were similar. Western blots did not detect 
significant differences in levels of apoptosis effectors, 
mitotic or DNA damage markers between shE2F3 and 
shE2F3; GFP-Nek2 or between shE2F3; GFP and shE2F3; 
GFP-Nek2 (Figure 2 and Supplementary Figure S1). The 
only phenotypes affected by GFP-Nek2 expression in 
shE2F3 cells -detected by immunofluorescence of tumor 
sections- were increased CA and proliferation (Figure 
2C), lower levels of E-Cadherin detected by western 
blots (Figure 2D and 2E) and the induction of invasive 
protrusions (Figure 3), suggestive of increased detachment 
of cells from acinar structures, one of the initial steps in 
the invasion process. This result is consistent to a similar 
observation in MCF10A cells that overexpress Plk4 
mitotic kinase [62]. However, increased detachment 
triggered by GFP-Nek2 did not translate into increased 
invasion (Figure 3), suggesting that either HCC1954 cells 
have attained their maximal invasive potential, or that 
additional molecular alterations must cooperate with Nek2 
to trigger full-fledged invasion. Another interpretation is 
that cancer pathways are already deregulated in HCC1954 
cells and thus, further increases in CA and CIN do not 
affect fitness of these tumor cells. Nevertheless, additional 

models, including those overexpressing Nek2 in non-
transformed mammary epithelial cells are needed to 
address whether the acquisition of CA and CIN influences 
tumor initiation, or contributes to other cancer-associated 
phenotypes, including invasion and metastasis.

MATERIALS AND METHODS

Cell lines

HCC1954 cells were purchased from ATCC 
(Manassas, Virginia) and maintained in 10% FBS 
supplemented RPMI1640 (R8758, Sigma, St. Louis, 
MO) and 2 μg/mL puromycin (Sigma) was added to 
HCC1954 pLKO.1 and shE2F3 cells. Lentiviral particles 
carrying shRNA against E2F3 were purchased from Open 
Biosystems (clone ID: TRCN0000013807). Both 2 μg/mL 
puromycin and 50 μg/mL hygromycin (H0654, Sigma) 
were added to grow HCC1954 shE2F3;GFP-Nek2 cells 
[18]. shE2F3 cells overexpressing GFP were generated 
as follows: the GFP expressing vector, pMONO-Hygro-
GFP (Cat#pmonoh-GFP, InvivoGen, San Diego, CA) was 
transfected into shE2F3 cells and underwent hygromycin 
selection 48 hr after transfection. Pools of clones were 
harvested, GFP expression was confirmed and cells 
maintained in the same media as shE2F3;GFP-Nek2 cells.

Cell preparation for mammary fat pad injection 
and measurement of tumor mass growth

A protocol was adapted from previously 
published work [46]. Briefly, 2 × 106 cells were 
resuspended in 45 μL of RPMI1640 media (w/o 
FBS, w/o antibiotics) and 35 μL of Matrigel matrix 
(cat#354234, BD) was added to the cells and kept on 
ice until injection. Eight week old female athymic 
nude mice (Hsd:Athymic nude- Foxn1nu , Harlan, 
Indianapolis, IN) were injected in the right abdominal 
mammary glands (#9, from with pLKO.1 and in the 
hind, left mammary gland (#4) with shE2F3 cells 
(n = 8). For the second set (n = 5), mammary gland #9 
was injected with shE2F3 cells and mammary gland 
#4 with shE2F3; GFP-Nek2 cells. For the third set 
(n = 4), shE2F3; GFP cells were injected in mammary 
gland #9 and shE2F3;GFP-Nek2 on #4. Tumor masses 
were tangible 1 week after injections and were 
measured 5–6 times/week for three weeks. Then, all 
mice were sacrificed; tumors were extirpated and split 
for paraffin blocks and protein extraction.

Western blot analysis

Tumor mass was snap-frozen, pulverized, collected 
and resuspended in lysis buffer (50 mM HEPES, 250 mM 
KCl, 0.1 mM EDTA, 0.1 mM, 0.1% NP-40, 10% glycerol) 
as previously described [18]. Extracts were centrifuged 
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at 12,000 rpm for 30 min at 4°C and supernatants were 
collected for protein quantitation. A total of 15 μg of 
total protein was analyzed by SDS-PAGE and blotted 
onto PVDF membranes to detect Bcl-2 (2870, Cell 
signaling), Mcl1 (5453, Cell signaling), Bcl-XL (2764, 
Cell Signaling, Danvers, MA), Bax (sc-493, Santa Cruz 
Biotechnology), FAK (sc-557, Santa-Cruz Biotechnology), 
cleaved caspase-3 (9661, Cell Signaling), cleaved 
PARP (5625, Cell Signaling), E-cadherin (610181, BD 
Biosciences, San Jose, CA), phospho-histone 3 (9713, Cell 
Signaling), and phospho γ-H2AX (9718, Cell Signaling). 
β-actin (4970, Cell Signaling) was used as a loading 
control. HRP-conjugated anti-mouse (sc-2005, Santa 
Cruz Biotechnology) or anti-rabbit (sc-2004, Santa Cruz 
biotechnology) were used as secondary antibodies and 
signals were detected using a Lumigen TMA-6 reagent 
(GE healthcare, Pittsburgh, PA).

Invasion assay

The Invasion assay was performed according 
to the manufacturer’s protocol (cat#354480, BD 
Biosciences, Bedford, MA). Briefly, 24-well invasion 
chambers (BD Biocoat Matrigel) were brought to room 
temperature and rehydrated by adding culture media. 
Three × 104 cells/0.5 mL/insert were seeded in duplicates 
in either experimental or control inserts and 1 mL media 
was added to each well. Cells were incubated for 24 hours 
in a humidified, 5% CO2 37°C incubator. Membranes were 
stained by crystal violet and pictures were taken by Zeiss 
Axioplan 2 microscope. Percent of invasion was generated 
by dividing mean number of cells invading through 
matrigel insert to the mean number of cell migrating 
through control insert membrane.

Immunofluorescence

Paraffin blocks were made and cut in 5 μm sections 
for immunofluorescence analysis. Tumor sections were 
deparaffinized and antigen retrieval was performed by 
boiling sections for 3 min in pressurized cooker. Then, 
sections were blocked in 10% goat serum for 1–2 hours 
at room temperature, followed by primary antibodies 
(Ki67, VP-k452, vector laboratories, Burlingame, 
CA), E-cadherin (610181, BD Biosciences), cleaved 
caspase-3 (9661, Cell signaling), pericentrin (ab4448, 
Abcam, Cambridge, MA) and phospho histone 3 (9713, 
Cell signaling) overnight incubation at 4°C. Alexa Fluor 
568-conjugated goat anti-rabbit (A21428, Invitrogen) or 
Alexa Fluor 555-conjugated goat anti-mouse antibody 
(A21422, Invitrogen, Carlsbad, CA) was used as a 
secondary, followed by 4',6-diamidino-2-phenylindole(D
API) counter staining. Images were acquired using Zeiss 
Axioplan 2 upright microscope. CellProfiler program [71] 
(Broad Institute, Cambridge, MA) was used to quantify 
staining; for cleaved caspase-3 and E-cadherin, red/blue 

ratio was calculated for each image, and percentage of 
positive cells were counted for Ki67 cells. For phospho-
histone 3, positive cells were counted on the entire section 
and for pericentrin, ≥ 3 centrosomes/cell were counted 
from each image to generate CA percentages.

3D matrigel culture, measurement of acini 
volume and immunofluorescence of acini

The protocol was adapted from published work 
[61]. In brief, 8-well chamber slides (154534, Thermo 
Scientific, Waltham, MA) were coated with 60 μL of 
matrigel matrix (cat#354234, BD) and 2.5 × 103 cells 
were resuspended in 2% matrigel and seeded in each 
well. Cells were cultured for 14 days while media was 
replenished twice per week. Acini were fixed by 4% 
paraformaldehyde for 20 minutes at room temperature. 
Before proceeding to cleaved caspase-3, E-cadherin, and 
Ki67 immunofluorescent staining, bright field pictures 
were taken. After washing three times with 1X PBS, acini, 
then, were permeabilized with 0.5% Triton X-100 prepared 
in 1X PBS for 10 minutes at 4°C, and washed three times 
(10–15 min each) with 1X PBS Glycine (1X PBS with 100 
mM Glycine). Acini were blocked with 10% goat serum 
for 45–60 minutes at room temperature, followed by 
primary antibody incubation (cleaved caspase 3 and Ki67), 
diluted in 1% goat serum in 1X immunofluorescence 
buffer (IF) buffer overnight at 4°C. Acini were washed 
three times (20 min each) with IF buffer at room 
temperature, followed by secondary antibody (diluted 
in same buffer used in primary antibody incubation, 
either alexa Flour 555 goat anti-mouse (A-21422, Life 
technologies) for Ki67 and Alexa Fluor 488 donkey anti-
rabbit (R37118, Life Technologies) for cleaved caspase 
and incubated for 50 minutes at room temperature. Acini 
were washed with 1x IF buffer for 20 minutes and DAPI 
(1 μg/mL) was applied as a counterstain. After washing 
with 1X PBS for 5 minutes at room temperature, slides 
were mounted with Prolong-Gold antifade (P36930, 
Life technologies) and pictures were taken with Zeiss 
LSM510 META confocal with Z-stack and the volume of 
immunostained acini were measured using Imaris software 
(Bitplane INC., South Windsor, CT).

Statistical analysis

Unless otherwise stated, student t-test was applied to 
compare the differences between control and treated group 
and p value less than 0.05 was considered as significant. 
For tumor growth rates, the SAS statistical package v9.3 
(SAS Institute, Inc., Cary, North Carolina) was used for 
analyses with a significant level of 0.05. Mixed effects 
model was implemented to estimate and compare the 
growth rate among three cell line groups. The correlation 
among the repeated measurements in each mouse over time 
as well as the correlation among the measurements on each 
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side of mammary fat pad in the same mouse was accounted 
for as appropriate. The tumor volume was log transformed 
to meet the normality and equal variance assumption for 
the mixed effect model. Tumor weight was compared by 
both one-sided Wilcoxon Test, a nonparametric test, due 
to the small sample size. The significance level was set 
at 0.05. For the measurement of acini size, SAS was used 
for analyses with a significant level of 0.05. Analysis of 
variance (ANOVA) was mainly used to estimate the mean 
and standard error of measurement in each cell line. The 
data were first log transformed to meet the normality and 
equal variance data assumption for ANOVA.
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