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Abstract

E2F3 is a transcription factor that may initiate tumorigenesis if overexpressed. Previously,
we demonstrated that E2F3 mRNA is overexpressed in breast cancer and that E2F3 over-
expression results in centrosome amplification and unregulated mitosis, which can promote
aneuploidy and chromosome instability to initiate and sustain tumors. Further, we demon-
strated that E2F3 leads to overexpression of the mitotic regulator Shugoshin-1, which until
recently had unknown roles in cancer. This study aims to evaluate the roles of E2F3 and

Impact statement

The results described here will impact
TNBC patients, since there are no targeted
therapies against this deadly subtype of
breast tumors. Our results suggest that
kinases that are regulated by E2F3 or
impinge on SGO1 phosphorylation are
potential targets for future treatment of
TNBC.

Shugoshin-1 in breast cancer metastatic potential. Here we demonstrated that E2F3 and Shugoshin-1 silencing leads to reduced
cell invasion and migration in two mesenchymal triple-negative breast cancer (TNBC) cell lines (MDA-MB-231 and Hs578t).
Moreover, E2F3 and Shugoshin-1 modulate the expression of epithelial-to-mesenchymal transition-associated genes such as
Snail, E-Cadherin, and multiple matrix metalloproteinases. Furthermore, E2F3 depletion leads to reductions in tumor growth and
metastasis in NOD-scid Gamma mice. Results from this study suggest a key role for E2F3 and a novel role for Shugoshin-1 in
metastatic progression. These results can further help in the improvement of TNBC targeted therapies by interfering with path-
ways that intersect with the E2F3 and Shugoshin-1 signaling pathways.
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Introduction a possible target against TNBC. E2F3 belongs to the E2F

Breast cancer is the most common cancer diagnosed in
women worldwide.! Despite significant advancements and
new treatment options, breast cancer remains the leading
cause of cancer-related deaths in women." Especially deadly
are basal, triple-negative breast cancers (TNBC) to which
there are no effective biological therapies available because
they lack the estrogen, progesterone, and Her2 receptors.
Our laboratory focuses on the study of the E2F pathway as
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family of transcription factors, which are divided into three
major groups: activators (E2F1, E2F2, and E2F3a), canonical
repressors (E2F3b-E2F6), and atypical repressors (E2F7 and
E2F8) of gene transcription.” E2F activators promote gene
transcription and have been shown to act as oncogenes,
while the canonical and the atypical repressors halt gene tran-
scription and behave as tumor suppressors.” However, their
activity and function can be tissue and context-dependent.
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Our group and others have shown a role for E2Fs in
tumorigenesis and tumor maintenance.® For example, we
showed that E2F3 is overexpressed in breast cancer, and
maintains higher rates of centrosome amplification and
dysregulated mitosis, which promotes aneuploidy and
chromosome instability to initiate and sustain tumors.*”
Recent studies have shown a novel role for E2Fs in tumor
progression, including epithelial-to-mesenchymal transi-
tion (EMT) signaling, invasion, and metastasis.>®** EMT is
a process characterized by the loss of epithelial junctions
(adherence junctions, gap junction, tight junction, and des-
mosomes) and apical-basal polarity'®™'? that result in cyto-
skeleton reorganization and morphological changes. These
morphological changes are caused by changes in protein
expression like the loss of epithelial markers that maintain
cell adhesion (E-Cadherin, ZO-1, among others), upregula-
tion of mesenchymal markers that favor migration
(N-Cadherin, Vimentin, among others), and matrix metal-
loproteinases (MMPs) that enhance extracellular matrix
(ECM) degradation and enable cell invasion."**® Most of
these molecular changes are mainly orchestrated by EMT
transcription factor families such as SNAIL,Y” bHLH
(which include Twistl),18 ZEB,'%15 and many others.
Ultimately, EMT results in the acquisition of mesenchymal
features that allow cells to invade and migrate through the
ECM. EMT is a process that occurs naturally in embryolog-
ical development but is observed in pathological states
such as cancer and fibrosis.'"” Although EMT signaling
has been thoroughly studied, several knowledge gaps
remain, such as identifying key EMT drivers in cancer
and developing strategies to target these to stop the meta-
static process.

Our group has shown that E2F3 overexpression leads to
the upregulation of mitotic kinases such as TTK (also
known as Mpsl) and NEK2, as well as mitotic regulators
such as Shugoshin-1 (SGO1).>** Our laboratory and others
have shown that some mitotic kinases such as TTK and
Nek2 have a role in EMT and invasion in breast cancer
and other cancers.'®* SGO1 is a common target of these
kinases.?* However, the exact mechanism of how E2F3 and
SGO1 regulate EMT in TNBC remains poorly understood.
Hence, we investigated the effects of E2F3 and SGO1 deple-
tion in EMT, cell invasion, and cell migration in TNBC to
dissect the underlying mechanism behind this observation.
We hypothesized that E2F3 and SGO1 depletion will restore
the expression of epithelial genes (e.g. E-Cadherin) and
decrease the expression of mesenchymal genes (e.g.
Vimentin, Snail, among others), therefore, decreasing cell
invasion, migration, and metastasis. To test our hypothesis,
we silenced E2F3 and SGOL1 in TNBC cells and evaluated
their effects on EMT signaling and functional processes
such as cell-cell invasion and migration in vitro. Further,
we evaluated the effects of E2F3 depletion in an orthotopic
mouse model of breast cancer metastasis using Nod-scid
Gamma (NSG) mice. Our results showed that E2F3 and
SGO1 knockdown modulated EMT protein levels and pro-
tein localization, as well as decreased MMP2, MMP3, and
MMP9 mRNA levels. These EMT-associated changes led to
reduced cell invasion, migration, and metastasis. In sum-
mary, these results suggest a key role for E2F3 and a novel

role for SGO1 in breast cancer progression. This is the first
study that demonstrates a role for E2F3 and SGO1 as driv-
ers of EMT and cell invasion in TNBC.

Materials and methods

Bioinformatic analyses

Expression of E2F3 and SGO1 was evaluated in TCGA
PanCancer Atlas and METABRIC databases using
cBioPortal (http://www.cbioportal.org/). Survival out-
comes in breast cancer patients were investigated using
z-scores with a threshold set at 2 in KM plotter (https://
kmplot.com/analysis/).”> We used the Jetset feature to
choose the optimal genomic probes for E2F3 or SGOL.
Survival outcomes for relapse-free survival (RFS), overall
survival (OS), post-progression survival (PPS), and distant
metastasis-free  survival (DMFS) were evaluated.
Furthermore, E2F3 or SGO1 expression on invasive ductal
breast cancer was compared to normal breast tissue using
Oncomine (https://www.oncomine.org/resource/login.
html). Here, Curtis (METABRIC) and TCGA databases
were used. Finally, an in silico analysis for protein-protein
interaction networks was done to correlate E2F3, SGO1,
and selected EMT genes. For this analysis, we used
STRING (http:/ /www.string-db.org). We are reporting evi-
dence, confidence, and molecular action for these interac-
tions. The interpretation of those networks is as follows:
nodes: number of proteins in the network; edges: number
of interactions within the proteins; node degree: average
number of interactions within proteins; clustering coeffi-
cient: denotes the tendency of the network to form clusters
(the closer this value is to 1, the more likely it is to
form clusters); and protein-protein interaction enrichment
P-value: denotes the statistical significance. Proteins are
considered hubs when they overpass the average interac-
tions (n° interactions > node degree).

Cell culture

MCF10A (CRL-10317), MDA-MB-231 (HTB-26), and Hs578t
(HTB-126) cell lines were purchased from ATCC and cul-
tured as described in Lee et al.'"> MCF10A cells overexpress-
ing E2F3 (MCF10A E2F3) or control (MCF10A) were
developed in our laboratory using a pBABE-hygro back-
bone and were cultured following specifications described
in Lee et al."” MDA-MB-231 cells with shRNA E2F3 (Target
sequence: CCAACTCAGGACATAGCGATT, Clone ID:
TRCNO0000013807, Sigma-Aldrich) or shRNA Control
(SHCO002V, Sigma-Aldrich) were developed using pLKO.1
transduction lentiviral particles and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (30-2002, ATCC) with
10% fetal bovine serum (FBS) (30-2020, ATCC), 5% pen
strep (11074440001, Sigma-Aldrich), and 6 pg of puromycin
dihydrochloride (P9620-10ML, Sigma-Aldrich).

RNA interference

For MDA-MB-231 and Hsb578t transient transfections, we
seeded 150,000 cells/mL in a six-well plate and allowed
them to attach overnight. After 24h, when confluency
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was approximately 60-80%, cells were transfected using
50nM  ON-TARGET plus Human siRNAs from
Dharmacon for E2F3  (L-003261-00-0005), SGO1
(L-015475-00-0005), MMP3 (L-005968-00-0005), or Snail
(L-010847-01-0010). A  scrambled siRNA sequence
(Silencer negative control siRNA, AM4611, Invitrogen)
was used as control. The siRNA sequences were mixed
with jetPRIME Transfection Reagent (114-07, Polyplus) in
cell media according to manufacturer instructions. The cells
were incubated with the transfection complex for 48 h and
used for the experiments described below.

Western blotting

Cell protein lysates were prepared and Western blotting
was performed according to our published protocols (Lee
et al."”) The following primary antibodies were used: E2F3
(ab50917 from Abcam, sc-878 from Santa Cruz
Biotechnology, and E8651 from Sigma-Aldrich), SGO1
(ab58023 from Abcam and sc-393993 from Santa Cruz
Biotechnology), ZO-1 (8193 s, Cell Signaling), N-Cadherin
(610920, BD Transduction Laboratories), E-Cadherin (3195,
Cell Signaling), Vimentin (5741 s, Cell Signaling), Slug (9585,
Cell Signaling), Snail (3879s, Cell Signaling), and Twistl
(46702s, Cell Signaling). B-actin (sc-47778, Santa Cruz
Biotechnology) was used as a loading control. For secondary
antibodies, either goat anti-rabbit HRP (sc-2004, Santa Cruz
Biotechnology) or goat anti-mouse HRP (NXA931, GE
Healthcare) was used. Signals were detected by using a
Lumigen TMA-6 reagent (Lumigen Inc., Southfield, MI).

RNA isolation, RNA quantification, and quantitative
real-time PCR

Forty-eight hours post-transfection, total RNA from each
cell sample was extracted using the RNeasy Mini kit
(1002137, Qiagen) following the manufacturer’s instruc-
tions. The absorbance ratios at 260/280 nm of the isolated
RNA samples were measured using a NanoDrop 2000c
spectrophotometer (Thermo Fisher) and an aliquot of 1 pg
total RNA was subjected to a reverse transcriptase reaction
using the iScript cDNA Synthesis kit (1708891, BioRad) in
an 51000 Thermocycler (BioRad). A qPCR analysis was per-
formed using a Realplex Eppendorf machine. We used
the following RT?> qPCR primers from Qiagen: human
E2F3 (PPHO00917F-200), SGO1 (PPH10976A-200), SNAI1
(PPH02459B-200), MMP2 (PPH00151B-200), MMP3
(PPH00235F-200), MMP9 (PPH00152E-200), and GAPDH
(PPH72843A-200). Each primer was mixed with cDNA
and iQ SYBR Green Supermix (1708880, BioRad) and sub-
jected to 40 cycles using a Realplex2 (ThermoFisher). The
data reported here is the average of three independent
experiments. The fold change for each gene relative to the
control group was determined using the 2~ **“T method.

In vitro invasion and migration assays

Invasion and migration of MCF10A, MDA-MB-231, or
Hs578t cells were assayed using BioCoat Matrigel
Invasion Chambers (354480, Corning) and BioCoat
Control Cell Culture Inserts (354578, Corning) respectively,
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following established protocols in our laboratory.”” Images
were taken at a magnification of 200x and 400x. A total of
12 fields/groups (4 fields/treatment on each experiment)
were counted by light microscopy using the Nikon DS-Ri2
microscope. The mean of invading and migrating cells was
calculated from three independent experiments.

Immunofluorescence and image acquisition

MDA-MB-231 and Hs578t cells were plated at a density of
40,000 cells/well in 8-well slides (08-774-26, Fisher
Scientific), allowed to attach overnight, and processed as
described.” The cells were stained with primary antibody
(at a dilution of 1:100) against E-Cadherin (3195s, Cell
Signaling or 610181, BD Transduction Laboratories) and
Vimentin (5741s, Cell Signaling). Secondary antibody,
either Alexa Fluor 555-conjugated goat anti-rabbit
(A21428, Life Technologies) or Alexa Fluor 488-conjugated
goat anti-mouse (A11029, Life Technologies), was diluted
1:1000 in PBS and incubated for 1h at room temperature.
DAPI (1mg/mL) was applied as nuclear staining. Cells
were washed once with 1x PBS for 5 min. All fixed samples
were mounted in Fluorogel mounting medium. Images
were taken at a magnification of 600x using the Nikon
DS-Ri2 microscope.

Immunohistochemistry

Breast cancer tissue arrays (BC081120e) were purchased
from US Biomax and stained for E2F3 (ab50917, Abcam)
and SGOI1 (sc-393993, Santa Cruz Biotechnology) as previ-
ously described in King et al.*® Images were taken using the
microscope Nikon DS-Ri2 at a magnification of 200x and
400x. Then, .tiff images were imported into the Definiens
Tissue Studio v4.2 suite (Definiens Inc, Germany) for seg-
mentation and analysis. In Tissue Studio, Cell and Marker
Area segmentation algorithms were used to quantify the
amount and intensity (negative, low, moderate, or high)
of positive IHC staining. The data for each core were
exported into Microsoft Excel and H-Score was determined
using the data for low, moderate, and high-intensity stain-
ing. Cytoplasmic and nuclear staining was reported for
hormone receptor-positive tissues (n=71), hormone
receptor-negative tissues (1=29), or normal adjacent
tissue (1 = 10). These images were independently evaluated
by a certified pathologist (Dr. Angel Isidro, M.D.) at Ponce
Health Sciences University.

Cell counting kit-8 assay

Two thousands cells of MDA-MB-231 shRNA Control and
shRNA E2F3 were plated in 96-well plates in triplicates,
and cell proliferation was measured at 0, 24, 48, 72, and
96 h using the CCK-8 kit following the manufacturer’s pro-
tocol (CKO04-11, Dojindo Laboratories). Average adjusted
absorbance from three independent experiments was
reported for the analysis.

Animal model

The breast cancer xenograft experimental protocol involv-
ing live animals was approved by the Ponce Health
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Sciences University Institutional Animal Care and Use
Committee (IACUC) protocol number 1908000082. NSG
males and females (four weeks old) were obtained from
Jackson Laboratories, Inc. (005557). Mice were allowed
two weeks of adaptation under a sterile and pathogen-
controlled environment with food and distilled water ad
libitum before starting breeding. The animals were
housed five per cage under constant environmental condi-
tions with 12-h light-dark cycle and unrestricted access to
food (standard laboratory mice chow) and water through-
out the study. Pain and discomfort were minimized using
inhalation anesthesia for surgical procedures. Animals
were observed daily by staff, including veterinary supervi-
sion. The parameters to determine the study’s humane end-
point were determined based on the failure to groom, move
or feed, or when tumor volume reached 10% or more of
body weight. None of the mice were excluded from the
study.

Breast cancer xenograft model

MDA-MB-231 (shRNA Control or shRNA E2F3) cells in
their exponential growth phase were washed with 1x
PBS and harvested with Trypsin-EDTA 0.25%. A total of
2.5 x 10° viable cells suspended in 50 uL of sterile 1x PBS
were mixed with 100 L of Matrigel (354234, Corning).
Cells were injected into both flanks at the mammary fat
pad of 8-10weeks female NSG mice. The NSG mice
harbor two mutations.”** The first renders these mice B
and T cell-deficient. The second mutation is a complete null
allele of the IL2 receptor common gamma chain (IL2rgnull)
that prevents cytokine signaling through multiple recep-
tors, leading to a deficiency in functional NK cells. The
lack of immunity allowed us to use the orthotopic
method to the effects of E2F3 depletion in metastasis from
the mammary glands to distant sites. The control group
(n=10) received MDA-MB-231 cells previously infected
with non-target control transduction particles at a multi-
plicity of infection (MOI) of 10 (SHCO002V, Sigma). The
experimental group (n=10) received MDA-MB-231 cells
previously infected with MISSION shRNA transduction
particles that target E2F3 (TRCN0000013807 NM_001949
pLKO.1) (SHCLNYV, Sigma). All the animal procedures
were carried out under anesthesia using a mix of 2% iso-
flurane and oxygen delivered by mask. Mice were moni-
tored during recovery and daily after the surgery. Tumors
were measured and recorded 20 days post-injection. Both
length and width of the tumor were measured two times
per week by using a digital caliper. Tumor volume was
calculated using the formula: V= (L x W?)/2, where L rep-
resents the larger diameter and W represents the smaller
diameter. Eight weeks post-injection, animals were eutha-
nized by inhalation of CO,. Tumors, spleen, liver, kidneys,
lungs, heart, and brain were removed and either frozen in
liquid nitrogen or fixed in 10% formalin for further
analysis.

India ink

The trachea of the euthanized animal was exposed by
removing tissue and muscles. Two threads were placed

behind the trachea; the first one was firmly tied as high
as possible, while the lower thread was tied without tight-
ening the knot. Using a 1mL syringe, we performed an
intra-tracheal injection of 15% India ink between the two
knots until the lungs were completely stained with the solu-
tion. After cutting the trachea and removing the lungs from
the mouse, the lungs were placed in Fekete’s solution
(580mL 100% ethanol, 80mL formalin, 40mL glacial
acetic acid, and 200mL dH,O) overnight at 4°C. White
tumor nodules (metastatic foci) were counted visually
using a dissection microscope.

Tissue processing and H&E staining

The brain, liver, primary, and secondary tumor samples
were all fixed in 10% formalin buffer and embedded in
paraffin, as previously described.® Paraffin-embedded
tissue was sectioned at a thickness of 5 um. Standard hema-
toxylin and eosin (H&E, Thermo Fisher, Waltham, MA)
staining was performed on formalin-fixed and paraffin-
embedded tissue. Images were taken at a magnification of
40x, 200x, and 400x using the Nikon DS-Ri2 microscope.
A certified pathologist at Ponce Health Sciences University
(Dr. A. Isidro) examined the stained tissues to assess micro-
scopic and morphologic changes.

Statistical analysis

GraphPad Prism version 8.4.3 (686) was used to analyze the
data. Values are represented as mean +SEM for n=3
experiments for all in vitro experiments and n =10 mice
per group for in vivo experiments. The data were consid-
ered significant if the P-value was <0.05. Student f-test
(unpaired, two-tailed) was used to compare differences
between groups.

Results

E2F3 and SGO1 are overexpressed in breast cancer
and correlate with poor clinical outcomes and EMT
gene signatures

To analyze the relationship between E2F3 and SGO1 gene
expression and breast cancer patient survival, we used the
Kaplan-Meier plotter database.”> We queried our genes of
interest (E2F3 and SGO1) in the mRNA breast cancer data-
base that encompasses data from 4929 patients. This open
file database describes the association between E2F3 or
SGO1 and the different survival outcomes such as
relapse-free survival (RFS), overall survival (OS), distant
metastasis-free survival (DFMS), and post-progression sur-
vival (PPS). We used the Affymetrix 203693_s_at probe for
E2F3 and the Affymetrix 231938_at probe for SGO1. We
split the data by median and we did not restrict the analysis
by subtypes. We found that high E2F3 mRNA in breast
cancer patients correlates significantly with poor RFS, OS,
DEMS, and PPS (Supplementary Figure 1(a) to (d)).
Meanwhile, elevated SGO1 expression correlates with
poor OS, DMFS, and PPS (Supplementary Figure 2(a) to
(d)). Further, we compared the mRNA expression of E2F3
and SGO1 in invasive ductal breast cancer versus normal



breast tissue. For this, we used two databases available in
Oncomine:* Curtis (METABRIC) and TCGA. Using both
databases, we found that E2F3 or SGO1 expression was
significantly higher on invasive ductal breast cancer than
in normal breast (Supplementary Figure 3(a) to (d)).

We then explored if protein-protein interactions have
been reported or predicted between E2F3, SGO1, and spe-
cific EMT genes. For this, we performed an in silico assay
using STRING.? We explored correlations between E2F3,
SGO1, E2F1, E2F2, Rb, Hecl (also known as NDC80), Bubl,
B-Catenin (CTNNB1), E-Cadherin (CDH1), N-Cadherin
(CDH2), Vimentin (VIM), Zebl, Zeb2, Snail (SNAI1), Slug
(SNAI2), Twistl, ZO1 (also known as TJP1), Fibronectin
(FN1), Aurora A, Aurora B, and MMPs 2 (MMP2), 3
(MMP3), and 9 (MMP9). We reported evidence, confidence,
and molecular action for the queried proteins
(Supplementary Figure 4(a) to (c)). We did not find evi-
dence linking directly E2F3 with SGO1 or any of these
two with the selected EMT genes. However, there is a
link between E2F3 and SGO1 through Bubl or the
Auroras kinases (A or B). Likewise, E2F3 is linked indirect-
ly with EMT genes (specifically B-catenin and E-Cadherin)
through other E2Fs or Rb. This information was helpful for
target selection for the EMT analysis.

To identify if E2F3 or SGO1 overexpression is correlated
with a specific molecular subtype, we performed a bioin-
formatic analysis using the METABRIC database, which
encompasses 2509 patients and the PanCancer TCGA data-
base that encompasses 1084 patients, using the cBioPortal
web tool’! (Tables 1 and 2). We queried the data for E2F1,
E2F2, E2F3, and SGO1. We found that E2F3 is the most
overexpressed E2F activator in both datasets and is
highly overexpressed in TNBC/basal patients (42% in
METABRIC and 45% in TCGA). Similarly, SGO1 was
highly overexpressed in breast cancer, with a notably
high expression in TNBC/basal patients (30% in
METABRIC and 20% in TCGA).

To confirm this data, we investigated the expression
levels of E2F3 and SGOI1 in breast cancer tissue from
breast cancer patients with different subtypes (Figure 1(a)
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to (c)). Here, we can notice that nuclear SGO1 is significant-
ly overexpressed in breast cancer compared to normal adja-
cent tissue regardless of hormone receptor status. However,
no significant changes were noticed for nuclear E2F3. Taken
together, these data suggest that E2F3 and SGO1 could
serve as predictors of survival outcomes in breast cancer.
Furthermore, E2F3 and SGO1 may serve as predictors of
TNBC/basal subtypes and as a clinical target. These data
give validity to our premise that E2F3 and SGO1 may be
relevant in the progression of TNBC, perhaps by driving
early stages of metastasis, and thus, we investigated this
relationship experimentally.

E2F3 overexpression leads to SGO1 upregulation,
signals EMT, and promotes cell invasion and migration
in non-tumorigenic mammary epithelial cells

The data presented above show that E2F3 and SGO1 high
expression correlates with poor survival outcomes and
EMT signatures. Therefore, we investigated the molecular
mechanisms by which E2F3 may drive EMT. Previously, we
showed that ectopic expression of E2F3 in MCF10A mam-
mary epithelial cells results in the upregulation of SGO1,"
which was further confirmed in this study (Figure 2(a)).
However, the effects of E2F3 overexpression in EMT signal-
ing in breast cancer are unknown. Here we showed that
E2F3 overexpression led to changes in EMT protein expres-
sion (Figure 2(a)), such as the upregulation of the EMT
transcription factors Slug, Snail, and Twistl as well as an
increase in the mesenchymal markers N-Cadherin and
Vimentin. Moreover, ectopic expression of E2F3 resulted
in decreased levels of the epithelial markers E-Cadherin
and ZO-1. Further, E2F3 overexpression in the mammary
epithelial cell line MCF10A promotes cell invasion and
migration (Figure 2(b) to (d)). Taken together, these data
suggest that E2F3 expression is sufficient to induce SGO1
upregulation, EMT signaling, cell invasion, and migration.
The data suggest that SGOL1 is a critical mediator of these
abnormal phenotypes downstream of dysregulated E2F3
expression.

Table 1. Expression of the E2Fs activators and SGO1 in breast cancer (METABRIC).

Basals

Overall (%) (n =198) (%)

Her2+
(n =218) (%)

Luminal B
(n = 454) (%)

Luminal A
(n =673) (%)

E2F1 3 5 4.1 0.15 3.96
E2F2 2.8 20 4.6 0 0.66
E2F3 7 42 7.3 0.59 2.42
SGO1 1.5 30 5.96 0.15 6.3
Table 2. Expression of the E2Fs activators and SGO1 in breast cancer (TCGA).
Her2-ER-PR- Her2+ER-PR- Her2-ER+PR+ Her2+ER+PR+

Overall (%) (n = 55) (%)

(n = 23) (%) (n = 185) (%) (n =51) (%)

E2F1 8 29
E2F2 1.3
E2F3 10 45.5
SGO1 6 20

8.7 4.9 9.8
4.3 0 0
3.6 1.6 0
5.5 1.1 3.9




2062 Experimental Biology and Medicine Volume 246 October 2021

Hormone Receptor Negative Hormone Receptor Positive

Normal Adjacent Tissue

= 0.6—

[T

N

w

b T

@ 0.4—

c

2

£

<

g 0.2

o

£

2

=

© 0.0 T T T
o 5 S
> = =
= 3L ©2
e rs X3
Q (ORI [ONe))
(&) c O c o
KR oo oz
g £ £

£ 2
Subtypes

() .

~ 0.3 * I

8 '

@ 02-

2

2 014

]

£

o

g

o -0.1-

K=

(8]

-0.2 T T T
g S5 s
= 0% o>
= s XF
[0} o @ [O3Ne))
o c O c @
© on oz
T B E
< <} s}

T T
Subtypes

Figure 1. SGO1 is significantly overexpressed in breast cancer. E2F3 and SGO1 expression in breast cancer tissue (hormone receptor-positive, n =71 and hormone
receptor-negative, n=29) versus normal adjacent tissue (n=10) (a). Images were taken at a 200x (top panels) and 400x (bottom panels) magnification. Scale
bars =100 um for the 200x and 50 um for the 400 x magnified images. Nuclear E2F3 (b) or SGO1 (c) expression was reported. Error bars represent mean + SEM.
*P <0.05, **P < 0.01, and ***P < 0.001 were considered statistically significant. Student t-test (unpaired, two-tailed) was used to compare differences between groups.

(A color version of this figure is available in the online journal.)

E2F3 and SGO1 silencing modulates EMT in TNBC cells

Knowing that E2F3 overexpression is sufficient to change
protein levels of certain EMT targets in mammary epithelial
cells, we proceeded to investigate how E2F3 silencing
might affect levels of these EMT proteins in TNBC cells.
Therefore, we used RNA interference to silence E2F3 or
SGO1 using 4-siRNA pools against different regions of
their mRNAs in two TNBC cell lines that despite having
the same molecular subtypes were isolated from distinct
sites. MDA-MB-231 cells were isolated from the ascites
fluid of a TNBC patient (a metastatic site), while Hs578t
was isolated from the primary tumor of a TNBC patient.>
After silencing E2F3 or SGO1, we conducted Western blot

analyses. Our data show that E2F3 and SGO1 silencing
restores the expression of the epithelial markers E-
Cadherin and ZO-1 while decreasing the expression of
the EMT transcription factors Snail and Twistl in MDA-
MB-231 cells (Figure 3(a)). Some, but not all, of these find-
ings were corroborated in Hs578t cells (Figure 3(b)). For
example, we observed a decrease in Snail expression
upon E2F3 or SGO1 silencing, but only SGOI1 silencing
led to increased levels of E-Cadherin. However, unlike
MDA-MB-231 cells, Hs578t cells showed a decrease in
Vimentin expression upon silencing of SGO1. On the
other hand, immunofluorescence analysis indicates that
the silencing of E2F3 in MDA-MB-231 cells increased
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Figure 2. E2F3 overexpression leads to SGO1 overexpression, signals EMT, and promotes cell invasion and migration in non-tumorigenic MCF10A cells. Western blot
showing E2F3 characterization and EMT signaling after E2F3 was overexpressed (a). Representative images of MCF10A expressing vector control or MCF10A cells
expressing E2F3 that invaded or migrated in the Boyden chamber assay (b). Images were taken at a 200x magnification. Scale bars =100 pm. Three independent
experiments were conducted, and the average of the triplicates is shown for cell invasion (c) and migration (d). Error bars represent mean + SEM. *P< 0.05, **P < 0.01,
and ***P < 0.001 were considered statistically significant. Student t-test (unpaired, two-tailed) was used to compare differences between groups. (A color version of

this figure is available in the online journal.)

levels of E-cadherin and decreased levels of Vimentin
(Figure 3(c)). On the other hand, when SGO1 was silenced,
E-cadherin levels were restored, and Vimentin levels were
elevated (Figure 3(c)). There were also changes in cellular
morphological appearance since MDA-MB-231 cells appear
to be more round and epithelial-like after SGO1 silencing.
For Hs578t cells, we do not observe changes when E2F3 is
downregulated but, consistent with results from the
Western blots, we observed a slight increase in E-cadherin
expression when SGO1 is downregulated (Figure 3(d)).

E2F3 and SGO1 silencing reduces cell invasion and
migration in TNBC cells

We observed a significant reduction in cell invasion and cell
migration after E2F3 or SGO1 silencing in MDA-MB-231
(Figure 4(a) to (c)) and cell invasion and migration after
SGO1 silencing, but only a significant reduction in invasion
upon E2F3 silencing in Hs578t cells (Figure 4(d) to (f)).
Suppression of rates of cell invasion in MDA-MB-231

cells may be explained by the significant reductions in
MMP2 and MMP3 expression after silencing E2F3 or
SGO1 (Figure 4(g)). Figure 4(h) shows a significant reduc-
tion in MMP3 and MMP9 expression only when E2F3 is
silenced in Hs578t cells. Taken together with the data pre-
sented in Figure 3, these data confirm that E2F3 and SGO1
are important for EMT signaling, cell invasion, and cell
migration. Perhaps cell invasion is promoted by MMP
upregulation.

MMP3 and Snail silencing reduces cell invasion and
migration in TNBC cells

Both MMP3 and Snail have been shown to exert a role in
cell invasion and EMT, respectively. We silenced Snail
because its levels decreased in MDA-MB-231 and Hs578t
cells after E2F3 or SGO1 silencing (Figure 3). We silenced
MMP3 since its levels are modulated upon depletion of
E2F3 and SGO1 in MDA-MB-231 cells and by E2F3 in
Hsb578t cells (Figure 4). Snail is a transcription factor that
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negatively regulates cell adhesion molecules such as
E-Cadherin, while MMP3 as a metalloproteinase degrades
the ECM to promote cell invasion. Therefore, we confirmed
that these two EMT genes mediated cell invasion and

migration in TNBC cells MDA-MB-231 and Hs578t and
that they are important downstream effectors of E2F3
and SGO1 in mediating these abnormal phenotypes
(Figure 5(a) to (h)).
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Figure 4. E2F3 and SGO1 promote cell invasion and migration in TNBC cells. Representative images of MDA-MB-231 cells that invaded (top panel) or migrated
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statistically significant. Student t-test (unpaired, two-tailed) was used to compare differences between groups. (A color version of this figure is available in the
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_E2F3 depletion reduces cell invasion and migration and characterized (Figure 6(a)). We confirmed the effects of
in MDA-MB-231 cells E2F3 silencing in cell invasion and cell migration and
Because the siRNA experiments described above transient-  obtained similar results as those with siRNA silencing
ly suppressed E2F3, we inquired if reduced cell invasion  (Figure 6(b) to (d)). Moreover, stable depletion of E2F3
and migration were maintained with long-term inhibition  also resulted in significant reductions in MMP2 and
of E2F3. MDA-MB-231 shRNA E2F3 cells were developed = MMP3 mRNAs (Figure 6(e)). Further, we evaluated the
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Figure 6. Characterization of shRNA E2F3 and its effects on MMPs, cell invasion, and migration. Western blot characterization of shRNA E2F3-mediated knockdown
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average cell proliferation and viability for MDA-MB-231 cells treated with shRNA E2F3 compared to shRNA Control (f). Error bars represent mean + SEM. *P< 0.05,
**P <0.01, and ***P < 0.001 were considered statistically significant. Student t-test (unpaired, two-tailed) was used to compare differences between groups. (A color

version of this figure is available in the online journal.)

effects of E2F3 depletion in cell proliferation and observed a
moderate, but significant decrease in cell proliferation after
72h (Figure 6(f)).

E2F3 depletion reduces tumor growth and metastasis
in NSG mice

MDA-MB-231 cells (either shRNA Control or shRNA E2F3)
were injected in NSG mice to observe the effects of E2F3
depletion in TNBC metastasis. Here we showed that E2F3
depletion is retained in the primary tumor (Figure 7(a)).
A representative image of primary tumors is shown in
Figure 7(b). Images of most of the remaining primary
tumors recovered from both groups of mice are shown in

Supplementary Figure 5(a). Interestingly, we showed that
E2F3 depletion significantly reduces tumor growth rates
(Figure 7(c)), although the changes are moderate.
Moreover, secondary tumors were isolated from the axil-
lary lymph nodes. Even though secondary tumors retained
the E2F3 depletion (Figure 7(d)), no significant changes
were observed in the tumor volume of the metastatic
tumors harvested (Figure 7(e)). Interestingly, E2F3 deple-
tion reduced metastasis to the liver (Figure 8(a)). As
assessed by the pathologist, 6 out of 10 mice from the con-
trol group showed micrometastasis, while none of the mice
from the experimental group (shRNA E2F3) exhibited
micrometastasis. Moreover, E2F3 depletion reduced lung
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metastasis significantly (Figure 8(b) and (c)). We also eval-
uated the effects of E2F3 depletion in breast cancer metas-
tasis to the brain; however, we did not detect brain
metastasis in any of the groups (Supplementary Figure 5
(b)). Importantly, loss of E2F3 did not have a general effect
on the mice’s appearance or their body weight
(Supplementary Figure 5(c)). These results suggest an
important role for E2F3 in tumor growth as well as lung
and liver metastasis of TNBC.

Discussion

TNBC continues to be an especially deadly subtype due to a
lack of effective biological therapies. Also, they are prone to
become chemoresistant and radioresistant relative to lumi-
nal subtypes. Here we evaluated the effects of E2F3 and
SGO1 in EMT, cell invasion, cell migration as drivers of
metastasis of TNBC cells. Our findings suggest that E2F3

or SGO1 may serve as therapeutic targets in efforts to devel-
op novel therapies in TNBC. Alternatively, kinases that reg-
ulate SGO1 expression (like Aurora B, Bubl, Nek2, or
TTK)33 can be targeted with small molecule inhibitors,
and some of them are currently in clinical trials. This is
the first study that shows a role for SGO1 and E2F3 in
EMT and cell invasion in TNBC.

We found that high E2F3 or SGO1 expression correlates
significantly with poor survival outcomes, including RFS,
OS, DMFS, and PPS. We also showed that E2F3 and SGO1
expression is higher in invasive ductal breast cancer than
normal breast tissue. We further showed that SGO1 but not
E2F3 expression is higher in breast cancer relative to patient
tissue. This highlights an important distinction between
E2F3 and SGO1, since SGO1 may be an important predictor
for advanced breast tumors, including TNBC. The presence
of E2F3 in both tumors and adjacent tissue may be reflective
of E2F3b’s essential nature as a transcriptional repressor.
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No one so far has been able to design antibodies that dis-
tinguish the activator (E2F3a) from the repressor (E2F3Db),
since they only differ in six amino acids.*® Also, E2F3 is
important to the microenvironment since its deletion in
macrophages suppresses metastasis to the lungs.*
Despite this important distinction, we found that both
E2F3 and SGO1 signal some EMT genes and have an impor-
tant role in cell invasion and cell migration. Two genes that
were consistently affected by the E2F3 and SGO1 silencing
were Snail and MMP3. Snail is a transcription factor that
represses E-Cadherin." The loss of E-Cadherin is an impor-
tant hallmark of EMT that leads to loss of cellular adhe-
sions, cell polarity, and promotes invasion. EMT is a
precursor of metastasis, which ultimately is what affects
patient survival. MMP3 is another important protein
involved in cell invasion since it can degrade ECM compo-
nents such as fibronectin, laminin, gelatins of type I, I1I, IV,

and V; collagens III, IV, X, and IX, and cartilage proteogly-
cans, thus facilitating invasion.*® Furthermore, high expres-
sion of MMP3 in breast cancer brain metastasis has been
reported (along with MMP2 and MMP9).** Similarly,
MMPs have been shown to regulate the tumor microenvi-
ronment to facilitate cell invasion, intravasation, and met-
astatic niche formation. MMPs have been shown to aid in
cell growth, cell survival, angiogenesis, and inflammation.
This along with other effects on the tumor microenviron-
ment can be reviewed in Kessenbrock et al. > Furthermore,
we found that E2F3 depletion reduces tumor growth and
metastasis (in lungs and liver) in NSG mice, highlighting
the importance of E2F3 and its downstream targets in
TNBC.

Our study shows a promising link between E2F3, SGO1,
EMT, and metastasis in TNBC. One limitation that our
study had is that we did not evaluate the consequences of
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SGO1 depletion in metastasis in TNBC. SGO1 depletion
may reduce metastasis given the fact that SGO1 does reg-
ulate cell invasion and migration in vitro. Also, SGO1 may
reduce tumor growth (and thus metastasis) due to its role in
chromosome cohesion during mitosis by preventing pre-
mature dissociation of cohesin complex from centromeres
after prophase.”® However, the effects of SGO1 in metasta-
sis need to be validated in vivo. Potential avenues for future
studies may include showing if E2F3 regulates other kin-
ases that have been shown to regulate SGO1 (i.e., TTK,
Aurora B, or BUB1) and target these kinases in metastasis
in TNBC. Our group showed that two kinases that phos-
phorylate SGO1 (Nek2 and TTK) are under the direct con-
trol of E2F1, E2F2, and E2F3, and mediate EMT, cell
invasion, and migration so perhaps they can be targeted
to modulate E2F3 activity in TNBC breast cancer.
Targeting any of these kinases may be more feasible than
targeting E2F3 or SGO1. Already some inhibitors for
Aurora B are in clinical trial phases (this can be further
reviewed in Colon-Marrero et al.24) Also, some studies
have shown a role for some of these kinases in EMT and
metastasis in breast cancer. For example, Aurora B has been
shown to induce EMT via OCT4/AKT/GSK3p/Snaill sig-
naling.39 Moreover, Aurora B depletion has been shown to
reduce tumor growth and metastasis to the lung.*

In conclusion, our findings suggest that E2F3 and SGO1
play a novel role in TNBC by regulating EMT, cell invasion,
and cell migration, through Snail and MMP3. Further, our
findings suggest a key role for E2F3 in metastasis in TNBC.
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