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Triple-negative breast cancer (TNBC) patients exhibit variable
responses to chemotherapy, suggesting an underlying molecu-
lar heterogeneity. In the current study, we analyzed publicly
available transcriptome data from 360 TNBC and 88 normal
breast tissues, which revealed activation of nucleosome and
cell cycle as the hallmarks of TNBC. Mechanistic network anal-
ysis identified activation of FOXM1 and ERBB2, and suppres-
sion of TP53 and NURP1 networks in TNBC. Employing
Iterative Clustering and Guide-gene Selection (ICGS), Uniform
Manifold Approximation and Projection (UMAP), and dimen-
sionality reduction analyses, we classified TNBC into sevenmo-
lecular subtypes, each exhibiting a unique molecular signature,
including immune infiltration (CD19, CD8, and macrophages)
andmesenchymal signature, which correlated with variable dis-
ease outcomes in a larger cohort (1,070) of BC.Mechanistically,
depletion of TTK, TPX2, UBE2C, CDCA7, MELK, NFE2L3,
DDX39A, and LRP8 led to substantial inhibition of colony
formation of TNBC models, which was further enhanced in
the presence of paclitaxel. Our data provide novel insights
into the molecular heterogeneity of TNBC and identified
TTK, TPX2, UBE2C, and LRP8 as main drivers of TNBC
tumorigenesis.

INTRODUCTION
Despite worldwide initiatives in research and the significant advances
made in the field, breast cancer (BC) remains the most common can-
cer, accounting for the highest number of cancer-related mortalities
in women worldwide. Triple-negative BC (TNBC) represents 15%
to 20% of invasive BCs and is characterized by the lack of expression
of estrogen receptors (ERs), progesterone receptors (PRs), and lack of
amplification of human epidermal growth factor receptor 2
(HER2).1–3 TNBC has been shown to particularly affect women
younger in age, and tumors tend to be larger in size with higher
metastasis, relapse frequencies, poorer prognosis, and relatively worse
outcomes in patients.4–6 With the lack of available known targets in
TNBC, patients generally do not benefit from endocrine therapy;
therefore, surgery, radiotherapy, and chemotherapy remain the pri-
mary mode of treatment. Identifying additional treatment options
for this subset of patients is essential; however, recent studies have
demonstrated that due to the complex heterogeneity of TNBC, it is
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unlikely that there will be a “one fits all” solution, as emerging evi-
dence shows that the term “TNBC” encompasses a wide range of
BC subsets. Therefore, expanding our understanding on their classi-
fication and differentiation between subsets is essential in providing
better-tailored therapies.

Studies on identifying invasive cell gene signatures in one TNBC cell
line (SUM149) could not be verified in other TNBC cell lines in the
same study due to the strong inter-tumor heterogeneity at the invasion
front of different subtypes. This uniqueness of each biological sample
presents challenges in biomarker discovery.7 In fact, studies by Kim
et al.,8 as well as our own previous studies, show a degree of intra-tu-
mor heterogeneity, with evidence for the pre-existence of subsets
accountable to neoadjuvant chemotherapy (NAC) resistance when
analyzing the transcriptomes of single cells within one patient. Hetero-
geneity even within cancer stem cells has been described byWu et al.,9

where deep single-cell RNA sequencing (RNA-seq) identified a high
level of heterogeneity in alternative splicing patterns between cell pop-
ulations that exhibited signs of stemness within the same cell line.
Another study categorizes TNBC into six subtypes based on gene
expression analysis, including two basal-like (BL1 and BL2), two
mesenchymal (M and MSL), one immunomodulatory (IM), and one
luminal androgen receptor (LAR) subtype based on distinct gene on-
tologies. Certain subtypes (LAR) were associated with decreased
relapse-free survival.10 These indications allow for better predictive
approaches for better personal care. Furthermore, heterogeneity in
TNBC has also been observed in the proteomic landscape,11 further
solidifying the existence of different subclasses within TNBC, empha-
sizing the need for a better understanding of the different classifica-
tions for a more efficient and tailored therapy plan for patients.

Our data analyzing the transcriptome from a total of 360 TNBC and
88 normal breast tissues showed a number of altered biological
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Figure 1. Transcriptional landscape in TNBC compared to adjacent normal tissue

(A) Hierarchical clustering of TNBC (n = 200) and adjacent normal tissue (n = 50) based on differentially expressed genes between the two groups. Each column represents

one sample, and each row represents a gene. Expression level of each gene (log2) in a single sample is depicted according to the color scale. (B) Principal-component

analysis (PCA) for the RNA transcriptome of TNBC (n = 200) and adjacent normal tissue (n = 50). (C) Volcano plot depicting the most differentially expressed genes in TNBC

versus normal tissue. (D) Marker finder analysis depicting the list of genes that are selectively expressed in TNBC versus normal breast tissue.
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processes in TNBC, as well as the activation of a number of mecha-
nistic networks (MNs) including FOXM1 and ERBB2, while TP53
and NURP1 networks were mostly suppressed. A number of selected
genes were validated for aberrant expression in our study group, and
targeted depletion of TPX2, UBE2C, CDCA7, MELK, NFE2L3, TTK,
DDX39A, and LRP8 using RNAi led to substantial inhibition of col-
ony formation in BT-549, MDA-MB-231, andHCC70 TNBCmodels,
which was further augmented in the presence of paclitaxel (PTX). Us-
ing a number of computational algorithms, we unfolded extensive
heterogeneity of TNBC at the transcriptome level. Subsets exhibiting
unique molecular signatures were identified, including signatures
with remarkable immune infiltration (CD19, CD8, andmacrophages)
and mesenchymal signature. Our data sheds light on the molecular
heterogeneity of TNBC, subsequently leading to the activation of spe-
cific MNs unique to each subset. This will aid in better understanding
602 Molecular Therapy: Methods & Clinical Development Vol. 20 March
the mechanisms deployed in different TNBC subtypes for better
biomarker discovery and more efficient methods of therapeutic
intervention.

RESULTS
Transcriptome analysis of TNBC compared to normal tissue

revealed enrichment in cell cycle and nucleosome assembly

cellular processes

Initially, we identified the transcriptional portrait from200TNBC sam-
ples and 50 controls. Using Benjamini-Hochberg false discovery rate
(FDR) multiple testing correction (p(corr) < 0.05) and 2.0 fold change
(FC), we identified 323 upregulated and 2,797 downregulated genes
that were differentially expressed between TNBC and normal tissue
(Table S1). Hierarchical clustering based on differentially expressed
genes revealed clear separation between the two groups (Figures 1A
2021



Figure 2. Downstream effector analysis of differentially expressed genes in TNBC and adjacent normal tissue

(A) Canonical pathway analysis depicting the most affected canonical pathways in TNBC and normal tissue. Z score correlates with the degree of enrichment. (B) Upstream

analysis revealed enrichment and suppression of a number of functional categories in TNBC compared to adjacent normal tissue. (C) Tree map (hierarchical heatmap)

depicting affected functional categories based on differentially expressed genes where the major boxes represent a category of diseases and functions. (D and E) Illustration

of cellular movement (D) and cell cycle (E) functional categories are illustrated.
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and 1B). Notably, enrichment in cellular processes related to cell cycle
andnucleosome assemblyweremoreprominent inTNBC tissue.A vol-
cano plot (scatterplot) that shows statistical significance (log p value; y
axis) versus magnitude of change (log FC; x axis) is depicted in Fig-
ure 1C.We subsequently employed themarker finder algorithm to pre-
dict markers that are associated with TNBC versus normal phenotype.
Our data revealed enrichment inGeneOntology (GO) terms associated
with nucleosome assembly, cell cycle regulation, and microtubule
among the top GO terms associated with TNBC (Figure 1D).
Molecular
Ingenuity Pathway Analysis (IPA) revealed multiple activated

MNs and functional categories in TNBCs

Canonical pathway analysis of the upregulated gene list in TNBC
compared to normal tissue revealed activation of multiple pathways,
including cell cycle regulation, mitotic role of polo like kinase,
HOTAIR regulatory pathways, as well as interferon signaling, while
processes related to regulation of the cell cycle by checkpoint kinase
and inhibition of metalloproteases were inhibited (Figure 2A). Up-
stream regulator analysis (URA) revealed activation of RABL6,
Therapy: Methods & Clinical Development Vol. 20 March 2021 603
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Figure 3. Iterative Clustering and Guide-gene

Selection (ICGS) analysis revealed heterogeneity in

TNBC

(A) Cell-type predictions and heatmap performed on

TNBC (n = 200) and adjacent normal tissue (n = 50). (B)

Uniform Manifold Approximation and Projection (UMAP)

dimensionality reduction analysis of TNBC and adjacent

normal tissue.
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ERBB2, FOXM1, TNF,NFKB, RARA, FOXO1, E2F3, TAL1, andMITF
and suppression of TP53,NUPR1,KDM53,CDKN1A,TRPS1, CTLA4,
SAFB, IL1RN, E2F6, and HCAR2 upstream networks in TNBC (Fig-
ure 2B). Concordantly, disease and function analysis on the upregulated
genes revealed the most significant enrichment in pathways related to
cell proliferation andmovement (Figure 2C). Illustration of the cellular
movement (Figure 2D) and cell cycle (Figure 2E) functional categories
based on IPA analysis are found in Figure 2.

Heterogeneity of TNBC revealed using UMAP and Iterative

Clustering and Guide-gene Selection 2 (ICGS2) algorithms

Clustering data presented in Figure 1 revealed variation in the tran-
scriptome of various TNBC samples, suggesting the existence of het-
erogeneity among TNBC patients based on whole-transcriptome
analysis. We subsequently subjected transcriptome data from 200
604 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
TNBC and 50 normal samples to the ICGS2 al-
gorithm and identified nine clusters with
distinct gene signatures (Figure 3A). The color
scale displays differential gene expression
(log2). The first cluster was mostly for normal
tissue (19 normal tissue [NT] and 1 TNBC),
which was enriched in vulva (p = 4.0 � 10�5),
breast (p = 0.0004), and naive B cell (p =
0.0005). The second cluster was purely for
normal tissue samples and was enriched in
gene signatures of omental adipose (p = 8.1 �
10�25), adipose tissue (p = 4.3 � 10�19), and
breast (p = 2.2 � 10�17). The third cluster was
purely TNBC and was enriched in signatures
of CD19 (p = 1.2 � 10�41), adrenal (p = 7.4 �
10�38), and tonsil (p = 1.6 � 10�37). Our data
revealed a fourth cluster as the main cluster con-
sisting of 52 TNBC samples. The gene signature
from this cluster was consistent with CD8+ (p =
3.8 � 10�19), bone marrow-pre-T (p = 3.4 �
10�13), and PBMC natural killer (NK) cell
(p = 7.2� 10�13). An additional cluster consist-
ing of 14 TNBC samples was identified with a
gene signature indicative of macrophages (p =
3.9 � 10�22), lung-perivascular interstitial mac-
rophages (p = 4.2 � 10�21), and lung-peribron-
chial interstitial macrophages (p = 1.4� 10�19).
The fifth cluster consisted of 41 TNBC samples
that resembled mesenchymal stem cells (p =
5.11 � 10�18), osteoblasts (p = 5.4 � 10�14), and bone marrow
stem cells (p = 4.0 � 10�12). The sixth cluster consisted of 45
TNBC samples and resembled CD4 Tcell-Th2-restimulated 48 hour
(p = 0.0006), PBMC T regs c16 (p = 0.001), and PBMC CD8 effector
T cells c18 (p = 0.009). The seventh cluster consisted of few TNBC
samples (8) with gene signature resembling colon (p = 0.001) and
prostate (p = 0.005). The last cluster consisted of 17 TNBC and 1
NT samples and had a signature resembling breast (p = 5.47 �
10�5), liver (p = 6.9 � 10�5), and lung-epithelial cluster-0 (p =
0.0001). Similar heterogeneity of TNBC was revealed using Uniform
Manifold Approximation and Projection (UMAP) analysis (Fig-
ure 3B). Genes enriched in each cluster are indicated in Table S2.

We subsequently analyzed the transcriptome from each cluster
compared to normal breast tissue using the upstream regulator and
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disease and functional analysis in IPA. Upregulated genes in each
cluster are listed in Table S3. This comparative analysis revealed large
similarities for clusters C3, C1, and C9 versus C8, C5, C6, and C2 (Fig-
ure 4A). The ERBB network was activated in all subtypes, but activity
was higher in C1, C8, and C5. Tumor necrosis factor (TNF) activation
was mostly seen in C3 and C1, while IFNG was predominantly acti-
vated in C3, C1, and C9. FOXM1 was activated in C8, C5, C6, and C1.
The C3, C1, and C9 clusters were associated with enhanced cellular
movement and migration (Figure 4B). Cell proliferation of tumor
cells was absent in C3 and C9 clusters but was activated in C1, C8,
C5, C6, and C2. Cell migration of leukocytes, chemotaxis, and inflam-
matory response was completely absent in C5 and C6 (Figure 4B).
The expression of selected genes from the upstream regulator analysis
in each cluster is shown in Figure 4c.
Prognostic value of the identified TNBC subtypes in BC

We subsequently subjected the upregulated gene signatures
(compared to NT) derived from each cluster to overall survival
(OS) and disease-free survival (DFS) analysis using the GEPIA2 data-
base employing 1,070 BC patients. Our data revealed C3, and to lesser
extent C9 and C1, to be associated with favorable OS and DFS (Fig-
ures 5A and 5B). C5, C8, and C6 were associated with unfavorable
OS and DFS, while C2 was associated with unfavorable OS and favor-
able DFS (Figures 5A and 5B). Taken together, our data suggest BC
subtypes associated with CD19, CD8, and macrophage signatures
are associated with favorable clinical outcome.
Functional characterization of selected genes on TNBC viability

and drug sensitivity

Eight genes were subsequently chosen for functional studies through
exploration of the gene dependency database12 and integration with
differentially expressed genes in TNBC in the current study. TPX2
and UBE2C were upregulated in all seven clusters; CDCA7 in C1
and C5; MELK in C1, C3, C5, C6, and C8; TTK in C1, C3, C5, C6,
and C8; and DDX39A and LRP8 in C1, C5, and C8; while NFE2L3
was upregulated in TNBC versus normal but not enriched in any
TNBC subsets. The expression of the aforementioned genes was sub-
sequently validated in a second cohort of 160 TNBC and 38 normal
tissue, revealing significant upregulation in the validation cohort,
which was concordant with discovery cohort data (Figure 6A).
High expression of the same gene panel was observed in a panel of
TNBC cell lines, suggesting their suitability as cell models to study
the functions of those genes (Figure 6B). To provide additional bio-
logical insight into the significance of the identified genes in TNBC,
we used a small interfering RNA (siRNA)-mediated silencing
approach to suppress the expression of the aforementioned genes in
the BT-549, MDA-MB-231, and HCC-70 TNBC models. siRNA-
mediated targeting of the aforementioned genes led to substantial
Figure 4. Upstream regulator and functional annotation enrichment in TNBC s

Upregulated genes from each TNBC subtype cluster were subjected to comparative ups

regulator (A) and functional categories (B) for each TNBC cluster are indicated. Color int

upstream regulator analysis in the indicated clusters. P values were calculated using A
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reduction in gene expression in the three TNBC models (Figure 6C).
Knockdown of TPX2 has the most deleterious effects on colony-
forming unit (CFU) potential of BT-549 TNBC model, followed by
TTK, LRP8, UBE2C, CDCA7,MELK, DDX39A, andNFE2L3, respec-
tively (Figures 6D and 6E). When combined with PTX, TPX2 has the
most deleterious effects, followed by CDCA7, DDX39A, TTK,
UBE2C, LRP8, NFE2L3, MELK, UBE2C, CDCA7, and MELK,
respectively. Similar results were also observed using the MDA-
MB-231 and HCC70 TNBC models (Figures 6F and 6G).
Knockdown of TPX2, TTK, and LRP8 affects TNBC cell cycle

progression and enhances PTX drug sensitivity

As shown above, knockdown of TPX2, UBE2C, TTK, and LRP8 genes
has significant inhibition of CFU of various TNBCmodels when com-
bined with PTX. In order to gain more insight on the effects of target-
ing of the aforementioned genes on cell cycle and drug sensitivity, we
conducted cell cycle analysis and acridine orange (AO)/ethidium bro-
mide (EtBr) staining on TNBC cells depleted of TPX2, UBE2C, TTK,
and LRP8 in the presence and absence of PTX. Representative data of
cell cycle alterations are presented in Figure 8. TPX2, TTK, and LRP8
depletion alone led to an increase of apoptotic events in MDA-MB-
231, which was further enhanced when combined with PTX (Fig-
ure 7A). UBE2C depletion has no significant effects on the cell cycle
compared to control in the MDA-MB-231 model. Additionally,
prominent reduction in G1 phase was observed in TTK-PTX and
LRP8-PTX, while similar reduction was also seen in TPX-depleted
cells in the presence or absence of PTX (Figures 7A and 7B). TPX2,
TTK, UBE2C, and LRP8 depletion in BT-549 and HCC70 models
as single agent or in combination with PTX induced cell death (Fig-
ures 7A and 7B).

We subsequently employed live dead AO/EtBr staining assay to
confirm the mode of cell death and morphological changes in
response to siRNA-mediated gene silencing. Concordant with cell cy-
cle analysis, the cellular growth was reduced in all four siRNAs-trans-
fected TNBC models (Figure 8). Cell shrinkage with less cytoplasm
and nuclear ratio was observed in the MDA-MB-231 model
endorsing the cell cycle findings. Overall, we observed a more pro-
found reduction in cell growth and induction of cell death in TPX2
and TTK-depleted cells, which was further enhanced in the presence
of PTX. Taken together, those data are concordant with CFU results
implicating the aforementioned genes in TNBC biology.
DISCUSSION
While TNBC is classically characterized based on the lack of hormone
receptor expression and HER2 (ERBB2) amplification, TNBC patients
oftentimes respond differently to neoadjuvant and adjuvant chemo-
therapy, implying an underlying heterogeneity within the disease.13
ubtypes

tream and functional annotation analysis using IPA. (A and B) Top affected upstream

ensity corresponds to activation Z score. (C) The expression of selected genes from

NOVA analysis.
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Figure 5. Prognostic value of gene signatures from

the indicated TNBC molecular subtypes

(A and B) Survival heatmap for each TNBC cluster for

overall survival (OS) and disease-free survival (DFS). Red

color indicated HR >1, while blue color indicates HR <1.

Squares with darker edges have the highest prognostic

values.
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In the current study, we employed multiple computational pipelines to
dissect the alteration in signaling networks and functional annotations
as well as tumor heterogeneity in TNBC based on RNA-seq analysis of
a large cohort of 360 TNBC and 88 normal tissues. Our comparative
analysis highlighted activation of nucleosome, cell cycle, and microtu-
bule functional categories as the hallmarks of TNBC. Employing
UMAP and ICGS2 algorithms, we identified seven subgroups of
TNBC based on the expression of unique genemarkers. Themain clus-
ter was indicative of CD8+ infiltration, while an additional two clusters
had mesenchymal phenotype or resembled Th2 and Treg CD4 cells.
Our data is in agreement with Jiang and colleagues,14 who classified
the same patient cohort into four subtypes (LAR, IM, BL immune-sup-
Molecular Therapy: Methods &
pressed, and mesenchymal-like), although our
data delineated TNBC heterogeneity into a total
of seven groups. Our clustering analysis is based
on transcriptome-derived gene signatures, delin-
eating TNBC heterogeneity into a total of seven
groups (four immune-enriched signatures
[CD19, adrenal, and tonsil; CD8+, bone marrow-
pre-T, and PBMC NK cell; macrophages, lung-
perivascular interstitial macrophages, and lung-
peribronchial interstitial macrophages; and
CD4Tcell-Th2, PBMC Tregs, and PBMC CD8
effector T cells]; mesenchymal signature enriched
in genes related to mesenchymal stem cells, osteo-
blasts, and bone marrow stem cells; signature
resembling colon and prostate; and cluster resem-
bling breast, liver, and lung-epithelial cluster-0),
while other studies sought to subtype TNBC using
alternative approaches. Lehmann et al., as
mentioned previously, categorizes TNBC into
subtypes according to BL, mesenchymal-like and
LAR subtypes, with the consideration of presence
of different gene mutations in each subtype, while
Burstein et al.10 identified and confirmed four
distinct TNBC subtypes based on a combination
of basal and immune subtypes, i.e., LAR, mesen-
chymal (MES), BL immunosuppressed (BLIS),
and BL immune-activated (BLIA).15 In other
studies, such as in Muranen et al.,16 BC subsets
were defined with regards to patient survival ac-
cording to the St. Gallen 2013 criteria and the
PAM50 gene expression signature, in addition to
the presence of tumor CHEK2 mutations. While
all methods of subtyping can overlap and are
interchangeable, and while each strategy provides valuable prognostic
significance in the treatment of TNBC patients, our approach revealed
more refined subtypes than has been described before and provide
deeper insight into enriched signaling pathways and functional cate-
gories for each subtype and their prognostic value for better develop-
ment of more efficient therapies. The prognostic value of the identified
signatures remains to be evaluated in independent TNBC cohorts.

The presence of immune infiltrating immune cells has been associated
with response of TNBC to neoadjuvant and adjuvant chemotherapy.
Denkert and colleagues17 previously showed the percentage of intra-
tumoral lymphocyte infiltration to be an independent prognostic
Clinical Development Vol. 20 March 2021 607
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factor for pathologic complete response to NAC in BC patients. Gar-
cía-Teijido and colleagues18 correlated immune infiltration with bet-
ter response of TNBC patients to NAC.

Despite clear heterogeneity between TNBC samples employed in the
current study, comparative analysis showed that our seven assigned
clusters exhibit a certain degree of activated networks among clusters,
notably the ERBB network, particularly activated in C1, C8, and C5.
This is in agreement with a recent study, which shows heterogeneous
ERBB activation in TNBC when analyzed at a single-cell level, other-
wise undetected when analyzing in bulk.19 This highlights the
sensitivity of bioinformatics pipelines employed in our current study,
allowing us to differentiate between distinct heterogeneous groups in
the TNBC population. Being able to identify TNF-rich clusters as we
see in C3 and C1 could be highly significant when considering clinical
treatment options. TNF-related apoptosis-inducing ligand (TRAIL)
receptor agonists have shown great promise with varying sensitivity
in some subtypes of TNBC. Continuous treatment with MEDI3039
(TRAIL receptor agonist) proved particularly effective in basal B
TNBC subtypes.20 This shows the importance of identifying unique
signatures in TNBC for better-tailored treatment options with
maximum effectiveness.

Multiple studies, including our own, have highlighted the role of
FOXM1 activation in TNBC and colorectal cancer (CRC).21–24

Overexpression of FOXM1 and ERBB2 lead to genomic instability
and uncontrolled cell division and malignancy, which are associ-
ated with poor prognosis and drug resistance in many cancers,
including BCs.25–29 In agreement with our data, Bollu et al.,30

describe the relationship between FOXM1 and MELK, also shown
to be upregulated in our patient cohort. Bollu et al.30 describe a
FOXM1-binding site within the MELK promoter region, which,
upon knockdown of FOXM1, reduced MELK expression in p53
mutant TNBC cells. This highlights the importance of network
analysis in deciphering how each of our aberrantly expressed genes
affects downstream effector molecules and contributes to heteroge-
neity in TNBC, ultimately important for administering the appro-
priate therapies.

To provide a better insight into how some aberrantly expressed genes
effect functionality, TPX2, UBE2C, CDCA7, MELK, NFE2L3, TTK,
DDX39A, and LRP8, exhibiting various degrees of enrichment in
each TNBC cluster, were targeted for siRNA-mediated depletion in
three TNBC cell lines. Our data revealed depletion of those genes to
Figure 6. Knockdown of selected genes reduces colony formation potential of

(A) The expression of TPX2,UBE2C,CDCA7,MELK,NFE2L3, TTK, DDX39A, and LRP8

data were subjected to pseudoallignment using kallisto followed by gene abundance

sponding p value indicated. (B) Expression of TPX2, UBE2C, CDCA7, MELK, NFE2L3

clopedia database. (C) qRT-PCR for the expression of TPX2,UBE2C,CDCA7,MELK,N

with targeting or scrambled siRNA. GAPDH was used as reference gene. Data are prese

day 7 post-knockdown of the indicated genes alone or in combination with paclitaxel (2

condition. (E–G) Quantitative analysis of the effect of gene silencing with and without pac

shown. Data is presented as mean ± SD, n = 3.

Molecular
inhibit CFU in all three TNBC models, suggesting a possible role
for those genes in TNBC biology. Concordant with mechanistic
data, elevated expression of TPX2, UBE2C, MELK, and TTK corre-
lated with worse OS, while elevated expression of TPX2, TTK, and
CDCA7 correlated with worse refractory-free survival in an indepen-
dent cohort of BC patients. Our data is in agreement with other re-
ports implicating knockdown of TPX2, TTK, UBE2C, and MELK
reduction in cellular migration, proliferation, and apoptosis and as
favorable prognostic markers in bladder,31 pancreatic,32,33 and
ovarian cancer cells.34

In conclusion, our data revealed molecular heterogeneity of TNBC
and unfolded numerous MNs in TNBC and provides novel insights
into TNBC biology and potential utilization of several targets as prog-
nostic biomarkers and targets for therapeutic interventions.

MATERIALS AND METHODS
Data source and bioinformatics analysis

The transcriptome data were retrieved from 360 TNBC and 88 normal
tissue from the Sequence Read Archive (SRA) database (https://www.
ncbi.nlm.nih.gov/sra/SRP157974) using the SRA toolkit v2.9.2 as pre-
viously described.35 Two hundred TNBC and 50 control samples were
used as the discovery cohort, while an additional 160 TNBC and 38
normal tissues from the same cohort were used as the validation
cohort. Paired-end RNA-seq FASTQ files were subsequently pseudo-
aligned to the human genome, and reads were counted using KAL-
LISTO 0.42.1. Abundance data were subsequently subjected to ICGS,
UMAP dimensionality reduction, principal-component analysis
(PCA), and hierarchical clustering, as described before.24,36,37 Em-
ployed algorithms combine multiple complementary subtype detec-
tion methods and hierarchical ordered partitioning and collapsing
hybrid (HOPACH, sparse non-negative matrix factorization, cluster
“fitness,” support vector machine) to resolve rare and common cell
states. ICGS2 identified cell clusters through a complex process of Pag-
eRank down-sampling, feature selection ICGS2, dimension reduction
and clustering (sparse NMF, SNMF), cluster refinement (Marker-
Finder algorithm), and finally cluster re-assignments using support
vector machine (SVM). The MarkerFinder algorithm was subse-
quently applied to identify rigorously defined cell clusters with unique
gene expression for downstream cell cluster assignment, which identi-
fied genes that are positively correlated with an idealized cluster-spe-
cific expression profile. Cell cluster assignment was finally achieved
from the marker genes identified for sufficiently fitting clusters, based
on the cells assigned to the specific SNMF.
TNBCs

was validated in a second cohort of 160 TNBC and 38 normal tissue. Transcriptome

estimation and log2 transformation. Data are presented as dot plot with the corre-

, TTK, DDX39A, and LRP8 in a number of TNBC cell lines based on cell line ency-

FE2L3, TTK, DDX39A, and LRP8 in BT-549, MDA-MB-231, and HCC70 transfected

nted as mean ± SD, n = 6. ***p < 0.005. (D) Representative CFU for BT-549 cells on

0 nM). Wells are representative of two independent experiments for each treatment

litaxel (20 nM) on the ability of BT-549 (E), MDA-MB-231 (F), and HCC70 (G) CFU is
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Figure 7. Cell cycle analysis of TNBC models in response to TPX2, UBE2C, TTK, and LRP8 depletion

(A) Histograms illustrate the changes in cell cycle of the indicated TNBC model post-knockdown of TPX2, UBE2C, TTK, or LRP8 as single agent or in combination with

paclitaxel (20 nM). (B) Quantification of cell cycle distribution from (A) (n = 3).
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Gene set enrichment analysis (GSEA) and modeling of gene

interaction

Differentially expressed genes from the RNA-seq analysis were im-
ported into the IPA software (Ingenuity Systems, USA) as we previ-
ously described.38 Functional regulatory networks and canonical
pathways were determined using URA, downstream effects analysis
(DEA), MNs, and casual network analysis (CNA) prediction algo-
rithms. IPA uses a precise database to paradigm functional regulatory
networks from a list of individual genes and determines a statistical
score, the Z score, for each network, according to the fit of the
network to the set of focus genes. The biological functions assigned
610 Molecular Therapy: Methods & Clinical Development Vol. 20 March
to each network are ranked according to the significance of that bio-
logical function to the network.39

Maintenance of cancer cell lines

Human TNBC (MDA-MB-231, BT-549 cell lines) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), while HCC-70 were
cultured in RPMI-1640. All culture media were supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (pen-
strep). all were purchased from Thermo Scientific (Rockford, IL,
USA). Cells were cultured as an adherent monolayer at 37�C under
5% CO2 in a humidified incubator.
2021



Figure 8. Dead-live staining of TNBC models in response to TPX2, UBE2C, TTK, and LRP8 depletion ± PTX

Representative fluorescence images for TNBC models post-siRNA-mediated knockdown of TPX2, UBE2C, TTK, and LRP8 alone or in combination with paclitaxel (20 nM).

Cells were stained on day 4 with acridine orange/ethidium bromide to detect live (green) and dead cells (red; necrotic).
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siRNA transfection in TNBC cells

To investigate the functional role of selected siRNAs in regulating
BC biology, TNBC MDA-MB-231, BT-549, and HCC-70 cells
(0.168 � 106 cells/mL) were transfected with the selected
siRNAs (TPX2, UBE2C, CDCA7, MELK, NFE2L3, TTK,
DDX39A, and LRP8) and negative control purchased from Am-
bion. Transfection was performed using a reverse transfection
protocol as previously described.38 In brief, siRNAs at a final con-
centration of 30 nM were diluted in 50 mL of Opti-MEM
(s11058-021; Gibco, Carlsbad, CA, USA), and 1.5 mL of Lipofect-
amine 2000 (cat. no. 52758; Invitrogen) was diluted in 50 mL Opti-
MEM. The diluted siRNAs and Lipofectamine 2000 were mixed
Molecular
and then incubated at ambient temperature for 20 min. One hun-
dred microliters of transfection mixture were added to the 24-well
tissue culture plate, and subsequently 300 mL of MDA-MB-231,
BT-549, and HCC-70 (0.168 � 106 cells/mL) in transfection me-
dium (Opti-MEM) were added to each well. Twenty hours later,
the transfection medium (complete DMEM without antibiotics)
was added into each well.

Colony-formation assay

The colony-forming ability of MDA-MB-231, BT-549, and HCC-70
cells transfected with TPX2, UBE2C, CDCA7, MELK, NFE2L3,
TTK, DDX39A, and LRP8 siRNAs or siRNA-negative control in
Therapy: Methods & Clinical Development Vol. 20 March 2021 611
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Table 1. SYBR green primer sequences used in current study

No. Names Forward sequences Reverse sequences

1 GAPDH 50-GGAGCGAGATCCCTCCAAAAT-30 50-GGCTGTTGTCATACTTCTCATGG-30

2 TPX2 50-AGAAGAGGTGCTCTGAAGGC-30 50-CCAGCTGAAAAGGTTCCTGAACTA-30

3 UBE2C 50-GTTCCTGTCTCTCTGCCAACG-30 50-GTCTGATTCAGGGAAGGCAGAA-30

4 CDCA7 50-GGCTTTTCAGAAAGTGAGGTGC-30 50-CCTACAGCCTTCCCGAACTG-30

5 MELK 50-TTCTTAGGAACGCCGTACCAG-30 50-AAGCCACCTGTCCCAATAGTT-30

6 NFE2L3 50-GCAGAGAAACCTGACTGGGA-30 50-CCATCACTGATACTGCCTGGA-30

7 TTK 50-CTTTTCATTTCCCCAGCGCA-30 50-CCCGAGTTATCTGTAGTATCAGCA-30

8 DDX39A 50-AGTTGGAAGTGTCTCTTAGCAGC-30 50-AGCTGTGGATGGAAACGTAGG-30

9 LRP8 50-AAGTGTGTACCTGCCTCGTG-30 50-CGTCACCACAGTCGTCGTC-30
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the absence or presence of PTX was determined using a clonogenic
assay as described before.40 In brief, TNBC cells were transfected in
a 24-well flat-bottom tissue culture plate, and 48 hr later, PTX was
added at 20 nM final concentration. On day 7, the plates were washed
and then stained with crystal violet and were subsequently scanned,
and the number of colonies were observed under inverted microscope
as we described before.40
Cell cycle analysis using flow cytometry

Cell cycle analyses were conducted on MDA-MB-231, BT-549, and
HCC-70 cells post post transfection with siRNA targeting TPX2,
UBE2C, TTK, and LRP8 as single agent or in combination with
PTX as described before.38 In brief, TNBC cells were transfected in
a 6-well flat-bottom tissue culture plate, and 48 hr later, PTX was
added at 20 nM final concentration. On day 4, floating cell population
was collected and pooled with adherent trypsinized cells, followed by
washing and fixing with 70% ethanol, and they were stored at 4� over-
night. Before staining, cells were washed with PBS twice and incu-
bated in RNase A (100 mg/mL) and propidium iodide (PI; 50 mg/
mL) staining solution and then subjected to cell cycle analysis using
BD LSRFortessa X-20 flow cytometer (BD Biosciences, CA, USA) at
the FL3 channel.
Detection of cell death using fluorescence microscopy

The AO/EtBr fluorescence staining method was used to assess
apoptosis/necrosis in post-knockdown genes or combination with
PTX of TNBC cells, as we described before.38 In brief, TNBC cells
were transfected in a 24-well flat-bottom tissue culture plate, and
48 hr later, PTX was added at 20 nM final concentration. On day 4,
TNBC cells were washed twice with PBS and subsequently stained
with dual fluorescent staining solution containing 100 mg/mL AO
and 100 mg/mL EtBr (AO/EtBr, Sigma Aldrich, St. Louis, MO,
USA) for 2 min; subsequently, the cells were observed and imaged un-
der an Olympus IX73 fluorescence microscope (Olympus, Tokyo,
Japan). The differential uptake of AO/EtBr allows the identification
of viable and non-viable cells. Principally, AO was used to visualize
the number of cells that had undergone apoptosis, while EtBr-positive
cells indicated necrotic cells.
612 Molecular Therapy: Methods & Clinical Development Vol. 20 March
Total RNA isolation, cDNA synthesis, and quantitative real-time

PCR

The mRNA expression of TPX2, UBE2C, CDCA7, MELK, NFE2L3,
TTK, DDX39A, and LRP8 in MDA-MB-231, BT-549 and HCC70
TNBC models transfected with targeting or scrambled control
siRNAs was determined using quantitative real-time PCR as
described before.41 In brief, TNBC cells were transfected in a 6-well
flat-bottom tissue culture plate. On day 4, total RNA was isolated
from transfected siRNAs and negative control cells using a total
RNA purification kit (Norgen Biotek, ON, Canada) according to
the manufacturer’s protocol. The concentrations and purity of ex-
tracted RNA was measured using NanoDrop 2000 (Thermo Fisher
Scientific, DE, USA). Subsequently, 1,000 ng of total RNA was reverse
transcribed using a high-capacity cDNA reverse transcript kit
(Applied Biosystems, Foster City, CA, USA). Gene expression was
quantified using PowerUP SYBR green master mix and a QuantStu-
dio 7 flex real-time PCR system (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s protocol. The relative FC in
mRNA expression was calculated using the 2�DDCt method,42

where the average of DCt values for the amplicon of interest were
normalized to that of an endogenous gene (GAPDH), compared
with control samples. The primer sequences used in this study are
listed in Table 1. The primers were designed using Primer3 (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/).
Statistical and survival analysis

Statistical analyses and graphing were performed using GraphPad
Prism 8.0 software (GraphPad, San Diego, CA, USA). The Benja-
mini-Hochberg FDR method was used for multiple testing correc-
tions. For IPA analyses, a Z score (�2.0 R Z R 2.0) was considered
significant. The log-rank test was used to compare the outcome be-
tween expression groups. Statistical analyses to compare specific
gene expression and graphing were performed using Graphpad Prism
6.0 software (Graphpad Software, San Diego, CA, USA).
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