Stockholm and Metadata cohorts and selected several
thousand DEGs in each cohort. 1381 genes were common
for these three data sets (t-test FDR corrected Q-value
< 0.01, Supplementary file 1: Table S9A), suggesting a
reproducibility of these DEGs across the patient cohorts.
Noteworthy, this DEG set was highly-enriched with
201 breast tumor aggressiveness grading (TAG) signature
genes(Suppl. data in [27]) (118 out of the 201 TAG genes;
hypergeometric test, p = 44.3E-82, Table S9A), which
are mostly involved in the cell cycle, mitosis and cell
proliferation [27]. TAG is the microarray-based molecular

analogue of the histologic grading classifier of BC,
separating the histologic grade 2 (G2) BCs in the histologic
grade 1-like (G1-like) and histologic grade 3-like (G3-
like) tumor genetic sub-classes. This classifier proposes
two major genetically-defined classes of BC defined as
low-aggressive (G1+G1-like) and high-aggressive (G3-
like+G3) tumor classes with significant difference in
clinical outcomes. We also found that the SAGS-stratified
LR and HR BC subgroups are significantly correlated with
the patient subgroups obtained by the TAG signature [27].

The 71% (978/1381) of DEGs were up-regulated in

Figure 5: Kaplan-Meier survival prediction analysis in BC patients using SAGS. Survival differences between LR and HR
subgroups of BC patients after applying the full SAGS in each BC patient group. X axis: DFS, years; Y axis: survival probability. A. and B.
The Uppsala and Stockholm cohorts, respectively; C. and D. Cross-cohort validation in the Metadata and Singapore cohorts, respectively;
E. and F. qRT-PCR reproducibility of the expression microarray-derived SAGS. Forty-two BC patients from the OriGene cohort were
stratified using only nine SAGPs from the SAGS and the U133-Plus microarray platform for gene expression detection E.; the same 42 BC
patients from the OriGene cohort were stratified using the same nine SAGPs (eighteen genes) and utilising the strand-specific qRT-PCR F..
The red circles and the black circles indicate the survival curve locations of patients whose tumor tissue sections (hematoxylin-eosin, 20x)
are shown in (G - J); tissue sections shown in G. and I. (HR subgroups) belong to patients with G3 tumors; tumor tissue sections shown in
H. and J. (LR subgroups) also belong to patients with G3 tumors (Supplementary Table S12).
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the HR patient subgroup. Using DAVID bioinformatics
software[40], we identified many biologically distinct gene
subsets, associated with cancer and its aggressiveness.
These gene subsets included the genes enriched under
the terms “Proteasome” (p = 5.5Ee-17), “Cell cycle” (p
= 3.3e-14), “DNA replication” (p = 2.1e-10) (KEGG
PATHWAY), “DNA repair” (p = 1.09E-08) (GOTERM _
BP FAT), “Spliceosome” (8.5e-05), “Pyrimidine
metabolism” (p = 1.8E-03), “t-RNA biosynthesis”
(p = 7.7E-03) (KEGG_PATHWAY). 188 genes out
of the analyzed 978 genes may encode the proteins
containing experimentally defined mutagenesis sites (p
= 2.4E-13, “mutagenesis site”, UP_SEQ FEATURE)
(Supplementary file 1: Table S9B). Importantly, among
the 403 DEGs significantly down-regulated in the HR
subgroups, the gene terms associated with cell locomotion,
cell adhesion and cell migration were highly enriched
(Supplementary file 1: Table S9B).

Further analyses of 27 proteasome genes identified
under the DAVID term “hsa03050: Proteasome”
revealed that they are evenly representing both the
20S core particle and the 19S regulatory particle of the
proteasome (Figure 6B). The 26 genes, listed under the
term “hsa03040: Spliceosome” (KEGG_ PATHWAY,

hsa03050:Proteasome |GG

hsa04110:Cellcycle |GGG
hsa03030:DNAreplication | N NN

hsa03040:Spliceosome [N

hsa03430:Mismatch repair |

hsa00240:Pyrimidine

metabolism |
hsa00970:AminoacyltRNA ]
biosynthesis

hsa00230:Purine metabolism [l
0 5 10 15

Table S9B), predominantly belong to the U2-, U4/U6-
snRNPs, including one gene of the PRP/9 complex
(Figure 6B). The Ul-, U2-snRNPs, the PRP19 complex
and the U4/U5/U6 tri-snRNPs predominantly participate
in the same specific stage of the spliceosome cycle, termed
the precatalytic spliceosome, or complex B. This stage
of the spliceosome cycle is followed by the assembly of
the catalytic spliceosome, or active complex C, in which
the chemical steps of splicing occur. The U4/U6 snRNP
is absent in complex C [41]. Interestingly, a literature
analysis of the spliceosomal DEGs suggests their potential
as highly promising anti-spliceosome drug targets
(Supplementary file 2: Methods and Analyses).

Thus, our meta-analysis using the 73-SAGPs
and the SAGS identified specific, HR prognostic BC
patient subgroups, whose tumors displayed distinct GO
characteristics. The profile of DEGs down-regulated in the
HR subgroups displayed enrichment in FA/GO terms for
cell locomotion, cell adhesion and cell migration.

The profile of DEGs over-expressed in the relatively
HR subgroups was significantly enriched for genes
involved in the cell cycle, DNA damage, DNA repair
and certain deregulated genes of the proteasome and
spliceosome.

hsa03050:Proteasome hsa03040:Spliceosome
Gene Proteasome particle |Gene Type of snRNP*
SHFM1 |[19S, Regulatory NCBP1 ND
PSMD1 |19S, Regulatory NHP2L1 |U4/U6.U5
PSMD2 |19S, Regulatory PPIL1 PRP19
PSMD4 (195, Regulatory LSM7 U4/uUe6
PSMD7 (195, Regulatory SNRPD1 (U2
PSMD14 (198, Regulatory SNRPD2 |U2
PSMD12 (195, Regulatory SF3B5 U2
PSMD11 |19S, Regulatory SF3B3 U2

PSMC3 |19S, Regulatory HNRNPA3 |[ND
PSMC2 |19S, Regulatory HNRNPK |[ND
PSMC1 |19S, Regulatory RBMS8A ND
PSME3 195, Regulatory USP39 ND
PSME4 |19S, Regulatory LsSM4 u4/ue
PSMA7 |20S, Core LSM3 U4/uUe6
PSMB5 |20S, Core SNRPA1 (U2

PSMB4 |20S, Core SF3B14 U2

PSMB7 |20S, Core EFTUD2 us

PSMB6 |[20S, Core PRPF18 Complex C
PSMB1 |[20S, Core EIF4A3 ND
PSMB2 |[20S, Core SNRPB U2

PSMA2 |20S, Core SNRPA U2

PSMA1 |20S, Core SNRPC U2
PSMA6 |20S, Core SNRNP27 |U4/U6.U5
PSMAS |20S, Core PUF60 U2

PSMA4 |20S, Core SNRPG U2

PSMA3 |20S, Core RBM17 U2-related
POMP Preproteasome

Figure 6: A. Biological pathways (KEGG) characterising genes over-expressed in the HR subgroups identified by the SAGS. X-axis:
-log10 Bonferroni corrected p-value (DAVID software). B. Compositions of proteasomal and spliceosomal genes identified by Gene
Ontology analysis. *: snRNP type was determined according to[41]. ND - not determined.
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GABPA provides a mechanistic link between the
73-SAGPs and certain cell cycle, proteasomal and
spliceosomal genes

Next, we studied whether the 73-SAGPs, the
proteasomal and spliceosomal genes could be driven by
any of the regulatory factors in BC cells. We analyzed
the proximal promoters (-450/+50 bp) for the enrichment
of transcription factor binding motifs (TFBMs) using
the Jaspar database from PSCAN software [42] in the
gene sets listed below. As negative controls, we used
3 gene sets: 1) the set of 102 genes involved in PNGs
(Supplementary file 3: Figures S3 and S4, Supplementary
file 1:Table S3C), i.c., the pairs of co-localized and
robustly correlated genes in the same BC subgroups as
the 73-SAGPs but without SA overlaps; ii) the set of
146 NGNs (Table S3A) and iii) 150 top differentially
expressed, down-regulated genes in HR subgroups after
the SAGS stratification (DEDR genes set) (Supplementary
file 1: Table S9C, Methods and Analyses). The “KEGG
genes” set (148 genes) included differentially expressed,
significantly upregulated genes (Q-value < 0.01) in HR
subgroups classified by the SAGS in the three studied
cohorts and enriched under the DAVID category, “KEGG _
PATHWAY” (Supplementary file 1: Table S9C).

The gene enrichment analysis revealed the strongest
significant enrichments of TFBMs for ETS-domain TFs
(GABPA, ELK1 and ELK4: Bonferroni corrected p =
1.4E-14, p = 9.2E-13 and 6.4E-11, respectively) in the
promoters of the 73-SAGPs. Less prominent enrichment
of TFBMs for GABPA and ELK4 was observed in
the NGNs set (p = 9.5E-06 and p = 2.4E-04), and no
enrichment was observed in the PNG set. The motifs for
GABPA were also overrepresented in the KEGG genes set
(» < 0.001), but not in the DEDR gene set. In contrast,
ERa, which is involved in BC cells proliferation and the
cell cycle in MCF-7 cells via the cyclin D1-CDK4/Rb/
E2F1 pathway [43], showed no TFBMs enrichment in the
proximal promoters of the studied gene sets.

Because the TFBM for GABPA (Figure 8A) showed
the strongest enrichment in the 73-SAGPs, we further
tested whether GABPA can preferentially bind to the
proximal promoters (-450/+50 bp) in the 73-SAGPs and
other gene sets. We observed the enrichment of GABPA
ChIP-seq binding regions (CBRs) in the MCF-7 BC
cell line for promoters of the same gene sets (compared
to PNGs and NGNs, Fisher’s exact test, Figure 8B).
Significant enrichment of GABPA CBRs in 73-SAGPs
was observed regardless of potential sharing bidirectional
promoters in divergent SAGPs (“73-SAGPs_unique” vs.
“73-SAGPs_all”). This fact suggested certain regulatory
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Figure 7: Possible mechanistic models for co-regulation of gene partners in 73-SAGPs. A. bidirectional transcription via the
same TF can lead to positive correlations between gene partners in divergent SAGPs; B. transcriptional coordination of gene partners in

convergent SAGPs via the same TF.
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advantages of GABPA binding to proximal promoters of
73-SAGPs compared with the co-localised and correlated
pairs of genes without SA overlaps.

Similarly, significant enrichment of GABPA CBRs
in the promoters of the KEGG genes (including certain
cell cycle, spliceosomal and proteasomal genes) was
detected; however, this was not true for ERo CBRs
(Figure 8C). Additionally, dramatically lower frequencies
of GABPA CBRs in the DEDR genes supported a
regulatory role of this TF in the 73-SAGPs and in the

KEGG genes set (Figure 8B). Fourteen individual genes
and five distinct SAGPs from the SAGS have overlaps of
GABPA CBRs with their proximal promoters in MCF-7
cells (Supplementary file 1: Table S13).

Knockdown experiments of GABPA in MCF-7 BC
cells in eleven randomly selected convergent 73-SAGPs
(twenty two genes) with GABPA CBRs in their proximal
promoters (Supplementary file 1: Table S13) revealed
down-regulation of both gene partners in 9 cases. We
also observed downregulation in 5 out of 6 spliceosomal
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Figure 8: GABPA CBRs in the vicinity of proximal promoters of 73-SAGPs and other gene sets. A. TFBM for GABPA
identified using PSCAN software[42]. B. and C. Frequencies of CBRs for GABPA and ERo in MCF-7 cells overlapping with proximal
promoters in various gene sets; X-axis: various gene sets, Y-axis: the frequency of the number of CBRs. Differences in the frequencies of
the occurrence of CBRs overlapping the proximal promoters were assessed using Fisher’s exact test. “73-SAGPs_unique”: the frequency
of only unique overlaps of proximal promoters with CBRs; “73-SAGPs_all”: for divergent 73-SAGPs within the set, the occurrence of
the same unique overlapping CBRs in bidirectional promoters was multiplied by 2 because the TF GABPA can regulate gene expression
in the opposite directions[53]; “73-SAGPs_conv”: the subset of convergent 73-SAGPs. “DEG_KEGG upreg.”: differentially expressed,
significantly up-regulated genes (Q-value < 0.01) in the HR subgroups of the three studied cohorts classified by the SAGS; only the
genes enriched under the category “KEGG PATHWAY”(DAVID, Bonferroni p-value < 0.05) were analysed; “DEG_top downreg.”: the
top differentially expressed and significantly down-regulated genes (DEDR gene set) (Q-value < 0.01) in the HR subgroups of the three
studied cohorts classified by the SAGS. D. CBRs for Pol2 and GABPA are co-localised in the proximal promoters of both gene partners
in the convergent SAGP DIS3/BORA (MCF-7 cells). We used metadata tracks for Pol2 and GABPA from the UCSC Genomic Browser
(hg19 assembly)[87]. GABPA TFBMs located within GABPA CBRs were identified using the TF ChIP-seq track from ENCODE with
Factorbook motifs (Release 4, February 2014). All peaks highlighted in red indicate the enriched regions of high read density in the ChIP-
seq experiment relative to total input chromatin control reads according to the ENCODE project.
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and in 3 out of 6 proteasomal genes with GABPA CBR/
proximal promoter overlaps (Supplementary file 3: Figure
S10). This result confirmed that GABPA can be a direct
transcriptional co-regulator of its predicted gene-effectors.

DISCUSSION

This study represents one of a few studies [11-14,
25] aimed at the systematic investigation of the expression
patterns of SAGPs in the context of cancer heterogeneity
and pathological pathways for better understanding their
impact in tumorigenesis and tumor progression, and for
optimized pharmaceutical strategies development.

We started with the correlation analysis of SAGPs
within the class of histologic G3 breast tumors, because
these tumors are highly aggressive and commonly develop
drug resistance and a spread of distant metastases. Within
the G3 tumor class, the basal-like tumors comprise
the most challenging subgroup with respect to post-
surgery therapy. To test whether SAGPs can be used as
discriminative biomarkers of G3 basal-like tumors, we
combined correlation and DEG analyses and identified
SAGPs discriminating the G3 basal-like tumors from the
rest of G3 tumors, which we termed “non-basal-like”.
From 21 subtype-specific SAGPs positively correlated in
the G3 basal-like BC subgroup, we selected 3 concordantly
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upregulated SAGPs. The gene pairs AB/1/PDSS1, DIS3/
BORA and WDR77/ATP5F1 and their products could
be considered as promising up-regulated discriminative
biomarkers of G3 basal-like tumors, although further
experimental and clinical validation will be needed.

Next, we investigated whether the SAGPs with
positively correlated gene partners within G3 breast
tumors (73-SAGPs) are associated with tumor initiation
and/or aggressiveness. Further analyses revealed that the
73-SAGPs displayed significantly different correlation
profiles in BC samples compared to normal breast tissue
samples (Figure 2), indicating that they are relevant to
tumor initiation and malignancy. An overall systematic
positive shift of the correlation coefficient values
calculated between the gene partners in the 73-SAGPs
was observed in more aggressive tumors (G3) compared
to less aggressive tumors (G1). These findings suggest
the relevance of 73-SAGPs to tumor aggressiveness
and the disease clinical outcome. Several previous
studies suggested that the expression patterns of SAGPs
demonstrate cancer type- and subtype-specific expression
patterns and might be important for further clinical and
pharmaceutical implementations [5, 11-14, 20, 21].

Survival analysis and pathologically relevant gene
signatures are useful for the characterization of deregulated
oncogenic pathways and identification of potential drug
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Figure 9: Pathological “core” gene set of GABPA gene network in BC. Stacked pairs of genes indicate 73-SAGP gene partners
which either share common GABPA CBR in their bidirectional promoter (divergent pairs) or have overlapping GABPA CBRs with proximal

promoters of both gene partners (convergent pairs) .
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targets. Because the identified 73 BC-relevant SAGPs
could be involved in tumor initiation and aggressiveness,
we studied their association with BC patient survival and
applied feature selection methods based on the data-driven
grouping prognosis strategy [29, 34, 37].

We also developed a novel 2-D RDDg prognostic
method adapted for the refined survival analysis of
correlated gene pairs (including the 73-SAGPs). Our
screening workflow combining the 1-D DDg, 2-D
DDg, 2-D RDDg and WVG procedures [29] (see
Methods, Supplementary file 3:Figure S5) resulted in
the identification of the pathologically relevant SAGS.
Twelve of the twenty-four genes comprising the SAGS
(and used for construction of our SAGS) are reportedly
associated with various cancers. Seven genes (BORA,
DIS3, POLR2C, FAM175A4, EME1, RNF139 and SHMTI)
are considered potential biomarkers and/or potential
targets for radiotherapy and chemotherapy, as well as
cancer susceptibility, cancer progression and metastasis-
related genes (Supplementary file 2:Table S7). SAGS was
applied and tested using large cancer microarray datasets
that encompassed eight independent BC cohorts (1161
tumors in total). SAGS significantly and reproducibly
stratified all breast tumors into LR and HR subgroups.

Next, our DEG and FA/GO comparative
analyses between LR and HR subgroups derived by
SAGS, revealed several crucial tumorigenic processes
and molecular functions associated with 73-SAGPs

Traditional chemotherapy

Cell cycle, DNA replication genes
(e.g., DIS3, BORA, AURKA, SKP2,
CDK4, FEN1, RFC2, RFC4)

Anti-proteasomal therapy:
e.g., bortezomib, b-AP15

Proteasomal genes:
(e.g.,PSMA1,PSMB5,PSMC3, PSMD?7)

Anti-spliceosomal therapy,
e.g., spliceostatin A,
meayamycin, E71007

Spliceosomal genes:
(e.g., LSM3,LSM4, SF3B3, SNRPD2, SF3B5)

Meta-analysis of
BC-relevant SAGPs

expression that might be useful for future discovery of
novel prognostic biomarkers and therapeutic targets. In
particular, proteasome- and precatalytic spliceosome-
specific genes were enriched in the HR subgroups of
the studied BC cohorts. Several reports indicate that
antisense transcription and alternative splicing are
tightly and mechanistically coordinated processes [2,
22]. Alternatively, PRP19 complex, a key element
of precatalytic spliceosome [41], is also known as
an important regulator of proteasome degradation
[44]. Therefore, here we found functional links of SA
transcription with splicing and proteasome degradation
which might reflect the important inter-pathway
connections regulating the BC progression.

Although predominantly positive correlation profiles
of SA transcripts/gene pairs in cancers were previously
reported [5, 22], the exact molecular mechanisms
underlying this phenomenon remain unclear. Abnormal
positive correlations among many genes in cancers
could be due to their co-localization within the same
DNA amplicons and equivalent DNA CNV changes
[31]. Additionally, the specific molecular mechanisms
coordinating the expression of SA transcripts described
in the literature include i) the use of shared regulatory
regions for common TFs [45]; ii) chromatin activation in
SA overlapping regions, such as antisense-RNA-mediated
DNA demethylation [46]; iii) stabilization of a sense
transcript by its antisense transcript [7, 8]; iv) selective

GABPA gene network

In-depth studies of BC-relevant
SAGPs in BC context

(e.g., DIS3/BORA, AIMP2/EIF2AKT1,
EME1/LRRC59, SHMT1/SMCRS8)
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Figure 10: Meta-analysis of BC-relevant SAGPs and potential applications.
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