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Background: The multi-exon CSPP1 gene, encoding for centrosome and microtubule-associated proteins involved in ciliogenesis
and cell division, is a candidate oncogene in luminal breast cancer but expression of CSPP1 proteins remained unexplored.

Methods: CSPPT gene and protein expression was examined in normal mammary tissue, human breast cancer cell lines, and
primary breast cancer biopsies from two patient cohorts. Cell type and epitope-dependent subcellular-specific CSPP1 staining
pattern in normal mammary gland epithelium and cancer biopsies were correlated to molecular and clinical parameters.

Results: A novel, nuclear localised CSPP1 isoform was exclusively detected in luminal epithelial cells, whereas cytoplasmic CSPP-L
was generally expressed in normal mammary epithelium. Luminal cell-related nuclear CSPP1 expression was preserved in type-
matched cell lines and carcinomas, and correlated to gene copy number and mRNA expression. In contrast, basal-like carcinomas
displayed generally lower CSPPT mRNA expression. Yet, a subgroup of basal-like breast carcinomas depicted nuclear CSPP1
expression, displayed luminal traits, and differed from nuclear CSPP1 devoid counterparts in expression of eight genes. Eight-
gene signature defined groups of basal-like tumours from an independent cohort showed significant differences in survival.

Conclusions: Differential expression of a nuclear CSPP1 isoform identified biologically and clinically distinct subgroups of
basal-like breast carcinoma.

Breast cancer is the most frequent cancer in women today,
accounting for ~23% of all new diagnosed female cancers and for
~14% cancer-related deaths among women (2008, IARC). Breast
cancer is a heterogeneous disease reflected by the existence of
different subtypes and clinical behaviour. Common treatment
modalities consist mainly of surgery, radiation therapy, che-
motherapy, hormone therapy, and HER2-targeted treatment. To

date, choice of treatment modalities mainly depend on histological
evaluation, lymph node assessment, and a few molecular markers
(oestrogen receptor, progesterone receptor, KI67, and HER2
(ERBB2)). A decade ago, large-scale gene expression-based
molecular classification of breast cancer identified subgroups
where the most prominent types (luminal and basal-like subtypes)
had similarities with normal mammary epithelia cell types
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(reviewed in Cheang et al, 2008). This ‘intrinsic’ classification has
later been modified by using a set of 50 genes (PAM50) (Parker
et al, 2009), and a set of markers for immunohistochemistry (IHC)
is considered to be sufficient as surrogate diagnostic biomarkers to
distinguish the five defined subgroups: basal-like, HER2-enriched,
luminal A, luminal B, and normal-like (Callagy et al, 2003; Blows
et al, 2010). Patients with luminal A and luminal B breast cancer
generally have better prognosis than patients diagnosed with basal-
like carcinoma, although a subset of luminal tumours exhibit a
possibility for dormant disease and late recurrences with
metastases. Overexpression or amplification of HER2 identifies a
patient group with particularly poor disease-specific survival (Chin
et al, 2006), but this has improved after the introduction of HER2-
targeted therapy. Despite these advances, the need for better
prognostic and predictive markers persists, as heterogeneity in
patient outcome exists within subgroups. Several large-scale
genomic approaches have been employed to gain further insight
into the aetiology of breast cancer and to identify clinical outcome
predicting factors within subtypes (Reis-Filho and Pusztai, 2011).

Numerical and structural aberrations of centrosomes are
frequent in breast cancer and are correlated to tumour aggressive-
ness and metastatic lesions (D’Assoro et al, 2002; Salisbury et al,
2004; Pujana et al, 2007; Guo et al, 2007). BRCAI mutations and
constitutive oestrogen receptor signalling are promoting factors of
centrosome aberrations (Li et al, 2004; Kais and Parvin, 2008). The
centrosome functions as an organisation center of the microtubule
cytoskeleton and hub for several signalling pathways (Nigg and
Raff, 2009). These include in particular proliferation and planar-
cell-polarity affecting pathways that are integrated through the
centrosome-templated primary cilium (PDGFRo, Wnt-, and
Hedgehog (Hh)-signalling). Primary cilia are important for
(murine) mammary gland morphogenesis, which is characterised
by extensive expansion, branching, and differentiation of the
mammary epithelia cells (Visvader, 2009; McDermott et al, 2010).
Primary cilia are displayed on myo- and luminal epithelia cells
while undergoing branching morphogenesis, but are lost from
luminal epithelia cells when branching is completed. Importantly,
cilia dysfunction conferred decreased Hh signalling impaired duct
extension and branching in a murine model (McDermott et al,
2010). Centrosome dysfunction may, thus, sustain cancer devel-
opment and progression by aberrant spindle assembly and mis-
segregation of chromosomes as well as deregulation of important
signalling pathways. Indeed, cilia-dependent Wnt and Hh signal-
ling have been associated with human basal-like carcinomas
(Kasper et al, 2009), and specific chromosome segregation/cell
division defects may be related to ploidy differences in specific
breast cancer subtypes (Van Loo et al, 2010).

In the present study, we investigated the expression and
localisation of centrosome/spindle pole-associated protein 1 iso-
forms (CSPP1). CSPPI was originally identified as a proto-
oncogene in human B-cell lymphoma (Patzke et al, 2005). In a
cohort of breast adenocarcinomas, CSPPI was identified as a
candidate oncogene in luminal type breast cancer on the basis of
gene dosage correlated overexpression (Adelaide et al, 2007). The
CSPPI locus is a large, multi-exon locus encompassing 13 420 kb
on chromosome 8q13.2 (Supplementary Figure S1). Multiple splice
isoforms are predicted to be expressed, of which to date, two splice
isoforms of CSPP1 (CSPP and CSPP-L) have been characterised.
These function in cell cycle control, cilia formation, cytoskeleton
organisation, and cell division (Patzke et al, 2005; Patzke et al,
2006; Asiedu et al, 2009; Patzke et al, 2010). Overexpression of
CSPP1 proteins in different epithelia cell lines conferred aneu-
ploidy by aberrant spindle formation, whereas CSPP1 depletion
promoted cytokinesis failure and loss of primary cilia formation.
To investigate the potential role of CSPPI in mammary gland
malignancies, we studied CSPPI gene and protein expression in the
human mammary gland, breast cancer cell lines, and patient

cohorts with primary operable breast cancer. We report that an
epithelial cell type-dependent CSPP1 protein expression pattern
found in the normal mammary gland resulted in identification of
subgroups of basal-like breast carcinomas with different outcomes
and different molecular properties that may be exploited for
pharmaceutical intervention.

MATERIALS AND METHODS

Cell lines, cell culture, and transfection. Breast cancer cell lines
used in this study (MCF7, ZR-75-1, BT-474, UACC-812, HCC1937,
HCC38, MDA-MB-231, MCF10A), are of the authenticated ATCC
ICBP-43 Breast Cancer Panel and were cultivated according to
ATCC’s subculturing procedures (#30-4500 K, ATCC, Manassas, VA,
USA). Human embryonic kidney 293T (Hek293T) cells were
maintained in DMEM including 10% fetal calf serum and antibiotics
(Life Technologies, Carlsbad, CA, USA). For transfection, cells were
grown in 10-cm plates (Becton and Dickinson, San Jose, CA, USA)
and transfected in Optimem (Life Technologies) with 5 ug plasmid
DNA using Lipofectamine2000 (Life Technologies) following the
manufacturer’s instructions. Knockdown of CSPP1 mRNA expression
was performed using shRNA and GFP co-expressing plasmids. For
analysis, 72h post transfection cells were trypsinised and sorted for
GFP expression on a FACS Diva instrument (Becton and Dickinson).

Immunofluorescence  staining and  Imaging. Immuno-
fluorescence microscopy of cells grown on coverslips and general
staining procedures were as described earlier (Patzke et al, 2010).
Paraffin-embedded tissue sections were treated with 3 x 100%
xylene, followed by a double 100% ethanol wash, a 70% ethanol
wash, a 50% ethanol wash, and a double water wash. Slides were
incubated 30 min in pre-heated 95 °C target retrieval solution (10 mm
Tris, 1 mm EDTA; pH9), followed by incubations for 20 min at r.t.
and 5min in running water. Fluorescence images were acquired
using appropriate optical filters on an Axiolmager Z1 ApoTome
microscope system (Carl Zeiss, Jena, Germany) equipped with a
% 100 or a x 63 lens (both PlanApo N.A.1.4) and an AxioCam
MRm camera. To display the entire cell volume, images are presented
as maximal projections of z-stacks using Axiovision 4.8.2 (Carl Zeiss).

Antibodies and plasmids. Antibodies used in this study were as
follows: anti-CSPP-L (Proteintech Europe, Manchester, United
Kingdom; used for IF at 1:1000), anti-CSPP/CSPP-L (described in
(Patzke et al, 2010); IF 1:200), anti-cytokeratin-8 (AbCam,
Cambridge, UK; IF 1:500), anti-smooth muscle actin (Abcam; IF
1:100), anti-Cyclin A (Santa Cruz Biotechnology, Santa Crux, CA,
USA; IF 1:1000), anti-p-Tubulin (Sigma, St Louis, MO, USA;
IF 1:500), and anti-Pericentrin (Abcam; IF 1:400). Secondary
fluorochrome  conjugated antibodies (Donkey anti-rabbit
DyLight488; Donkey anti-mouse DyLight549; IF 1:1000) were
purchased from Jackson Immuno Research (West Grove, PA,
USA). shRNA and GFP co-expression plasmids used for CSPPI
knockdown were obtained from SA Biosciences (part of Qiagen
N.V., Venlo, Netherlands): set KH18087G with the following target
sequences: shRNA_01: 5'-gcacgaattcagcaggagtat-3/, sSIRNA_02: 5'-t
ccttcagttgacagceatcat-3/,  shRNA_03:  5'-ggtgccaaagttgacttagat-3/,
shRNA_04: 5'-ggaggtgaagatcgagaactt-3’, and shRNA_control: 5'-g
gaatctcattcgatgcatac-3’. Tagged CSPP and CSPP-L full-length and
truncation protein expression plasmids pCSPPmyc (derived from
AJ583433) and pCSPP-Lmyc (derived from AM156947),
pCSPP(498-876-eGFP) were described earlier (Patzke et al, 2006).

Immunoblotting. Preparation of cell lysates and immunoblotting
was performed as previously described (Patzke et al, 2010).

Patients and tumour specimens. Tissue microarrays suitable for
IHC analysis were composed from a series of early stage breast
cancer patients (‘Oslo0/ULL’). The clinical-patholigical details of
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this series is previously published (Langerod et al, 2007). Formalin-
fixed and paraffin-embedded tissue were available from 170 out of
212 patients. Three representative 0.6-mm cores were selected from
each tumour and composed together in recipient paraffin blocks.
Both CSPP1-specific antibodies detect CSPP1 proteins in formalin-
fixed, paraffin-embedded tissue sections (Patzke et al, 2010).
Epitopes were retrieved in Tris/EDTA high pH (10 mm Tris Base,
1 mM EDTA) and antibody staining (anti-CSPP/CSPP-L (1:2000;
0.5 ,ugml_1 fc.) and anti-CSPP-L (1:1000; 1.5ug ml™! fc))
visualised using Envision 4 peroxidase system (Dako, Denmark
A/S, Glostrup, DK). Slides were scanned and archived using TMA-
ImageAnalyzer (beta-release; to be available through Room4
Group Ltd. (Crowborough, UK). Localisation and intensity of
CSPP1 staining were scored in a semi quantitative manner by two
observers (HGR, BR). Cores with discrepant scores were
collectively studied by microscopy to obtain consensus. For
patients with discrepant results between the three cores, the core
with highest score was selected as representative. Cores with <50
tumour cells were treated as non determinable, leaving a total of
135 cases with informative staining.

Gene expression data and DNA copy number data was available
for 80 patients in the Oslo0/ULL series and for 115 patients from a
second, early stage breast cancer cohort (Oslol/MicMa) (Langerod
et al, 2007; Naume et al, 2007; Russnes et al, 2010; Enerly et al,
2011). Gene expression data was available for further 1974
clinically annotated patients with PAM50-based subtype definition
and integrative cluster group assignment (METABRIC, (Curtis
et al, 2012)).

Gene annotation mapping. Expression data were annotated using
Entrez gene identities. For Oslo0/ULL samples, annotations for
Stanford 43k cDNA array were retrieved from SMD SOURCE
(http://smd.stanford.edu/cgi-bin/source/sourceSearch; ~ UniGene
Build.222). For Oslol/MicMa and METABRIC samples, Agilent
and Illumina-HT12_v3 probes were mapped to Entrez or Ensembl
gene IDs, respectively, using BioMart through R library biomaRt
(Ensembl release 54/NCBI36 (hgl8) human assembly). CSPPI
probes were mapped to each of the individual copy number
datasets and expression sets through genomic region and Entrez
gene ID, respectively. If multiple probes were mapped to CSPPI,
expression values of these were averaged for each sample.

PAM50 classification. Molecular subtype classification was car-
ried out using PAM50 for each of the Oslo cohorts (Parker et al,
2009). Gene median centring was performed on the expression set,
where the median of the expression values for a specific gene across
all samples was subtracted from that gene. Subtype assignment was
based on the nearest of the five centroids (distances calculated
using Spearman rank correlation to the centroids) where the
assigned subtype on a sample corresponded to the centroid with
the nearest correlation. No threshold was set on the correlation
when performing subtyping.

Correlation analysis. The Cis-correlation between CSPPI expres-
sion and DNA copy number variation was quantified by Pearson
correlation and was also explored by a univariate linear regression
model with expression values as variable and copy number
variation as response. Two-tail ¢-test was carried out to compare
the CSPPI mRNA expression between any pair of protein levels.
statistical analysis of microarray (SAM) analysis was based on
response type of ‘two class unpaired’ and 10 000 permutations.

Survival analysis. Endpoint for the survival analysis was breast
cancer-specific death measured from the date of surgery to death of
the disease or otherwise censored at the time of the last follow-up
visit or noncancer-related death. Kaplan-Meier survival curves
for time to breast cancer-specific death were constructed in
SPSS (PASW statistics 18), and P-values determined with the
log-rank test.

Hierarchical clustering. Hierarchical clustering was performed
using Cluster 3.0 software (Eisen et al, 1998). Data were centred to
median expression of each gene across the normalised expression
dataset, clustered using correlation (uncentered) similarity matrix
and the average linkage algorithm, and visualised using TreeView
(Eisen lab, University of California at Berkeley, CA, USA).
Robustness of cluster group formation was tested by alternative
clustering using centroid and complete linkage algorithms (data
not shown).

RESULTS

Distinct epithelial expression pattern of CSPP1 proteins in the
human mammary gland. Expression of different CSPP1 proteins
in the breast epithelium was initially studied using antibodies
directed to the common C-terminal domain of CSPP and CSPP-L
(a-CSPP/CSPP-L; monoclonal) or to the CSPP-L-specific N-term-
inal domain (a-CSPP-L; polyclonal; see Supplementary Figure S1).
Both antibodies prominently stained epithelial cells in human
mastectomy tissue sections (Figure 1 and Supplementary Figure
S2). The a-CSPP-L antibody showed exclusively cytoplasmic
staining of mammary epithelial cells and endothelial cells of blood
vessels, whereas an additional, nuclear expression of CSPP1
proteins was detected solely by the a-CSPP/CSPP-L antibody
(Figure 1A). This nuclear expression was apparent in luminal
oriented epithelial cells of well-formed ducts, but absent in the
myoepithelial cell layer. In less organised ductal structures of
terminal duct-lobular units, nuclear CSPP1 expression was found
variable, frequently increasing in intensity in centrally positioned
cells. The most intense nuclear CSPP1 staining was seen in the
luminal cells in lactating glands, suggesting a cell type-dependent
nuclear expression of CSPP1 in the epithelium of the mammary
gland. We, therefore, co-investigated the nuclear expression of
CSPP1 and cytokeratin-8 (Taylor-Papadimitriou et al, 1989), or
smooth muscle actin (Deugnier et al, 1995) respectively, by
immunofluorescence staining of normal breast epithelium. Cyto-
keratin-8-positive, luminal epithelial cells showed nuclear and
cytoplasmic CSPP1 expression (Figure 1B). Smooth muscle actin-
positive, myoepithelial cells showed only cytoplasmic CSPP1
expression supporting the notion of CSPP1 being differentially
expressed in lineage-specific epithelial cells (Figure 1C).

Differential expression and localisation of CSPP1 proteins in
human breast cancer cell lines. We next investigated CSPP1
expression in breast cancer cell lines of different subtypes to
validate the previously unnoticed nuclear expression. Both
antibodies stained CSPP1 proteins at centrosomes (including
supernumary centrioles), the kinetochore fibres and the cytokinetic
bridge in all tested cell lines (Figure 2A-C). In concordance with
staining pattern observed in other epithelial cell lines (hTERT-
RPE1; HeLa), both antibodies differed in staining intensity and
affinity at the centrosome (Patzke et al, 2010). In agreement with
the staining pattern in mammary tissue, nuclear expression of
CSPP1 proteins was detected exclusively with the a-CSPP/CSPP-L
antibody in luminal type cell lines (MCF7, ZR-75-1, BT-474,
UACC-812). Nuclear staining with this antibody was largely
diminished or absent in basal-like breast cancer cell lines
(HCC1937, MDA-MB-231)(Figure 2A). In contrast, a more
prominent CSPP-L staining was found in the two basal-like cell
lines than in the four luminal cell lines. In MDA-MB-231 cells and
in the non-tumourigenic breast epithelial cell line, MCF10A
primary cilia were observed, differing in frequency and length
(8.3 1.4%, 4.0 £ 0.5 um MCF10A; 1.7 £ 0.3%, 2.0 £ 0.5 um MDA-
MB-231). CSPP-L decorated the basal body and the cilia axoneme
in both cell lines (Figure 2D). No cilia were observed in luminal cell
lines. These data are in agreement with the study of human breast
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Figure 1. Expression of CSPP1 proteins in normal mammary epithelia. (A) Immunohistochemical staining of CSPP1 proteins with a monoclonal
antibody against the common C-terminal domain of CSPP and CSPP-L (a-CSPP/CSPP-L) in normal mammary gland tissue showing general CSPP1
expression in epithelia cells with prominent selective nuclear staining in luminal epithelial cells. (B,C) Immunofluorescence co-staining of CSPP1
proteins (red) and Cytokeratin-8 (green, B) or smooth muscle actin (green, C), respectively, showing co-staining of nuclear CSPP1-positive cells with

the luminal lineage Cytokeratin-8.

cancer cell lines by Yuan et al, 2010. In correlation with
immunofluorescence staining, basal-like cell lines showed higher
CSPP-L protein expression than luminal cell lines in immunoblots
of total cell lysates and displayed higher frequency of centrosome
amplification (Supplementary Figure S3).

Validation and characterisation of nuclear CSPP1 protein
expression. The a-CSPP/CSPP-L antibody was raised against the
common C-terminal 291 amino acids of CSPP and CSPP-L and
centrosome staining by this antibody is sensitive to CSPP1
targeting siRNAs (Patzke et al, 2010). Nuclear staining could have
been caused by cross-specificity to a lineage-specific, non-CSPP1
protein. Therefore, ZR-75-1 cells were transfected individually with
plasmids co-expressing turbo-EGFP and either a scrambled control
or different CSPPI-specific shRNAs (Figure 3A). CSPPI targeting
shRNAs 2 and 4 but not the scrambled control shRNA significantly
decreased a-CSPP/CSPP-L nuclear staining in ZR-75-1 transfec-
tants. Knockdown efficacy and specificity of these shRNAs was
assessed further by immunoblotting for CSPP-L on GFP-positive
Hek293T cell transfectants 72 h post transfection, as only a-CSPP-
L detects endogenous levels of CSPP1 protein in total cell lysates
and Hek293T cells show high endogenous CSPP-L expression
(Patzke et al, 2010). Endogenous expression of CSPP-L was
strongly reduced by shRNAs 2 and 4 relative to the expression of
y-tubulin compared with scrambled control shRNA (Figure 3B).
Still, nuclear CSPP1 protein detection could reflect a post-
translational regulation of earlier described isoforms, CSPP or
CSPP-L, or originate from a yet undefined CSPP1 splice isoform
comprising their common C-terminal domain. Therefore, luminal
type ZR-75-1 cells were transfected with expression plasmids of
C-terminally Myc-tagged CSPP or CSPP-L proteins (pCSPPmyc
and pCSPP-Lmyc). Nuclear Myc epitope staining would be
expected if these isoforms or a proteolytically derived C-terminal
fragment underlie cell type-specific nuclear translocation. Neither

of them showed nuclear staining. Similar to results obtained in
other epithelial cell lines, both isoforms colocalised with Pericen-
trin at centrosomes and decorated microtubules (Figure 3C).
Having excluded CSPP and CSPP-L from being the nuclear
antigen, ZR-75-1 and HCC1937 cells were transfected with an
expression plasmid for the common C-terminal 379 amino acids of
CSPP and CSPP-L C-terminally fused to eGFP (pCSPP498-876-
eGFP) (Patzke et al, 2006). This construct lacks the domains that
are required for association with microtubules. Translation of this
mRNA (e.g. human ¢cDNA AK026143) is driven by an alternative
start codon. This ectopically expressed protein showed
nuclear localisation in luminal ZR-75-1 and basal-like HCC1937
transfectants (Figure 3D). Finally, to test for a putative cell cycle
phase-dependent regulation of the endogenous nuclear CSPP1
protein, we stained for co-expression of cyclin A in ZR-75-1 cells.
Nuclear CSPP1 was detected in all interphase stages based on
Cyclin A expression pattern (G- (cyclin A negative), S- (increasing
nuclear cyclin A levels) and G, phase (cytoplasmic cyclin A);
Figure 3E).

CSPP1 in primary operable breast carcinomas. CSPP1 protein
expression in 135 patients with primary operable breast cancer
(Oslo0/ULL) was determined by IHC on tissue microarrays.
CSPP1 expression varied both within and between tumour
samples (Figure 4 and Supplementary Table 1). Tumours were
grouped into four categories based on percentage of nuclear-
positive tumour cells (0=0-2%; 1=2-50%, 2=50-75%, and
3= >75%). Cytoplasmic staining of tumour cells was scored only
by intensity. Only 10 cases stained negative in the nucleus,
whereof four also stained negative in the cytoplasm. Cases with
more abundant nuclear stain (>50%) had a large variation
from negative to strong staining of the cytoplasm. No
correlations between cytoplasmic expression and clinical relevant
parameters were identified (data not shown). The distribution of
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Figure 2. Differential expression and localisation of CSPP1 proteins in human breast cancer cell lines. (A) Low-magnification images of
immunofluorescence stained luminal type (ZR-75-1, MCF7, UACC-812, BT-474) and basal-like (HCC1937, MDA-MB-231) breast cancer cell lines
with the common CSPP and CSPP-L C-terminus directed antibody (a-CSPP/CSPP-L) and a CSPP-L-specific antibody (a-CSPP-L) shows nuclear
a-CSPP/CSPP-L staining in luminal type cancer cell lines. Individual channels (a-CSPP-L, green; a-CSPP/CSPP-L, red; DNA, blue) and a colour
merged image are shown for each cell line. Images were acquired at identical imaging settings and are presented at identical contrast scales.
(B) High-magnification imaging shows centrosomal co-localisation of a-CSPP/CSPP-L staining (red) and a-Pericentrin (centrosome, green) and
(C) co-staining of a-CSPP/CSPP-L (red) and a-CSPP-L (green) at the mitotic spindle (ZR-75-1), centrosomes and cytokinetic bridge microtubules
(HCC1937). (D) a-CSPP-L (green) staining is also detected at primary cilia (a-glutamylated tubulin, red) in MCF10A and MDA-MB-231, which differs

in ciliation frequency and cilia morphology.

clinical-pathological parameters in the different IHC groups
showed very little variation except for histological type where
infiltrative lobular carcinomas always had >50% CSPP1 stained
nuclei (Figure 4A-G & Supplementary Table 2).

Gene copy number and expression data were available for 80
patients. For 52 of these, IHC data were scored, allowing further
exploration of CSPP1 expression and regulation. The correlation
between gene expression of three probes representing CSPP1
(Supplementary Figure S1) and protein expression was PAMS50
subtype dependent (Figure 4H). The protein-negative group
showed low relative levels of CSPP1 mRNA and almost exclusively
comprised basal-like carcinomas. Nuclear CSPP1-positive carci-
nomas were sub-dividable into two major trajectories: increasing
CSPP1 mRNA expression correlated well with increasing nuclear
CSPP1 staining in luminal carcinomas, whereas on the contrary
nuclear-positive basal-like carcinomas showed no corresponding
increase in mRNA expression. In fact, the group of cases with
>75% of nuclear CSPPl-positive cancer cells depicted a
prominent variation in mRNA levels (Figure 4H). Consequently,
two populations of basal-like tumours with similar, low CSPPI
mRNA expression were distinguishable on the basis of differential
nuclear CSPP1 staining (4/14 basal-like carcinomas without and
7/14 basal-like carcinomas with >75% nuclear CSPP1 expressing

cancer cells), indicating that differentially regulated nuclear CSPP1
protein expression could define subsets of basal-like breast cancer
(see next section). To increase the number of cases for further
analysis we looked at the relative gene expression levels of CSPPI1
with regard to subtypes (80 patients) and found the same trend;
basal-like cases had a very low level of CSPPI mRNA, whereas
luminal cases (and luminal B in particular) showed the highest
levels (Figure 4I). This was validated in a second, independent
cohort of 115 low-stage breast cancer patients (Oslol/MicMa
(Naume et al, 2007), Supplementary Figure S4). In addition, array
CGH copy number data for CSPP1-specific probes were available
for both cohorts. Amplification/gain of the CSPPI locus was most
frequent in luminal type tumours and correlated well with mRNA
expression in this subtype in both cohorts (Supplementary Figure
S4), which is in concordance with previously published data
(Adelaide et al, 2007).

Gene expression analysis in nuclear CSPP1-positive vs -negative
basal-like tumours. Absence or presence of nuclear CSPP1
protein expression identified two subgroups of basal-like tumours
(Figure 4H). Global gene expression data were available for 7
nuclear CSPP1-positive and 4 nuclear CSPP1-negative basal-like
carcinomas, and additional 11 basal-like carcinomas of

330

www.bjcancer.com|DOI:10.1038/bjc.2014.297


http://www.bjcancer.com

Nuclear CSPP1 expression in breast cancer

BRITISH JOURNAL OF CANCER

A ZR-75-1

) | PCSPP1shRNA2
a-CSPP/CSPP-L oGP

Merge

30-70% 70-100%

0-30%

ercentage cell;

. 0-30% kd efficiency 80

(70-100% nucl. CSPP1 intensity) 2 70

60

= 30-70% kd efficiency 50
(30-70% nucl. CSPP1 intensity) 40 )

30

O 70-100% kd efficiency & 20

(0-30% nucl. CSPP1 intensity) 10 .
0

Ctrl shRNA2 shRNA4

Hek293T

W] B CSPP-L
[Sse s s s we®| |B y-tubulin

a-CSPP/CSPP-L

c ZR-75-1
a-myc a-PCNT1 Merge
o
>
S
o
o
%)
O
Q.
o
>
S
=
o
o
%)
O
Q.

PCSPP,ge 576-€GFP  a-CSPP/CSPPL DNA

ZR-75-1

a-cyclin A DNA

Figure 3. Characterisation of nuclear CSPP1 protein expression. (A) Transient transfection of endogenous nuclear CSPP1 expressing ZR-75-1 cells
with selected shRNA and eGFP co-expressing plasmids proof nuclear CSPP1 staining specificity of the a-CSPP/CSPP-L antibody (red). Bar diagram
shows quantification of nuclear CSPP1 staining intensity in control and CSPP1 targeting shRNA transfectants co-expressing eGFP (error bars depict
s.e.m from three independent experiments (300 eGFP-positive cells/experiment). (B) a-CSPP-L immunoblotting of total cell lysates from Hek293T
cells transiently transfected with plasmids expressing distinct CSPPT mRNA targeting shRNAs or a control shRNA. Co-expression of eGFP allowed
flowcytometric sorting of transfectants and identifies CSPP1 targeting shRNAs with highest knockdown efficacy compared with control protein -
tubulin. (C) Ectopically expressed Myc-tag fusion proteins of CSPP or CSPP-L do not localise to the nucleus of ZR-75-1 cells, but show centrosomal
and cytoskeletal staining (a-myc, red; a-Pericentrin, green). (D) The ectopically expressed eGFP-taged common C-terminal domain of CSPP/CSPP-
L (CSPP9g_g74-eGFP, green) shows nuclear localisation in ZR-75-1 and HCC1937 cells and comprises the a-CSPP/CSPP-L target moiety. (E) Nuclear
CSPP1 protein expression (a-CSPP/CSPP-L, red) is detected throughout interphase in ZR-75-1 cells, as evaluated by co-staining of cyclin A (green;
devoid in G4 phase, increasing nuclear expression in S-phase and high nuclear and cytoplasmic expression in G, phase). DNA is counterstained in
all immunofluoresence experiments by Hoechst 33258 and depicted in blue.

undetermined CSPP1 protein status. Consecutive filtration for gene
expression variance and SAMexperiments (SAM; q<10 %)
showed that nuclear CSPP1-positive basal-like biopsies were
distinguished from nuclear CSPP1-negative counterparts by higher
expression of two genes (PAMRI, GRP) and lower expression of
six genes (PDCDIO, UBD, ATPIF1, SLBP, CHDI1, ADAM]I?)
(Figure 5A and Supplementary Figure S5A). Hierarchical clustering
analysis of all 22 basal-like tumours by expression data of these
eight genes (the eight-gene signature) defined two main groups
(Figure 5B and Supplementary Figure S5B). As expected, the
nuclear CSPP1-negative cases and highly nuclear CSPP1-positive
cases used for SAM analysis clustered group wise into separate
arms. Expression of PAMRI, GRP, and UBD showed the most
distinct difference between these groups. Nuclear CSPP1-positive
tumours showed high levels of PAMRI and GRP, and low levels of
UBD. Nuclear CSPP1-negative tumours depicted the inverse
pattern. Clustering of 26 basal-like tumours of the independent
Oslol/MicMa cohort by the eight-gene signature resulted in a
similar separation (Supplementary Figure S5C). None of the
identified eight genes were among the 50 subtype-classifying
PAMS50 genes, but in both cohorts, the nuclear CSPP1-positive
basal-like cluster group consistently showed elevated PAMS50
correlation coefficients towards luminal A centroids than the

nuclear CSPP1-negative cluster group (P<0.05) (Figure 5C and
Supplementary Figure S5B and C).

The low number of basal-like carcinomas present in the Oslo0/Ull
and Oslol/MicMa cohorts limited statistical analysis of potential
clinical-pathological differences between the identified basal-like
subgroups. Recently, integrative copy number and gene expression
analysis of samples from almost 2000 breast cancer patients was
reported, whereof 329 were of basal-like subtype (METABRIC
(Curtis et al, 2012)). Expression of the eight signature genes and
CSPPI revealed no differences between discovery and validation
METABRIC cohorts (997 and 995 patients, respectively;
Supplementary Figures S6-7, Supplementary Table 3). As in Oslo0/
Ull and Oslo1/MicMa, CSPP1 expression was highest in luminal B
type breast cancers and lowest in basal-like breast cancers
(Figure 6A). Discovery and validation cohorts were combined for
further analysis. Notably, PAM50 subtype-wise cluster analysis of
mean expression levels of the eight-gene signature genes revealed
high expression of GRP and PAMRI as characteristics of luminal A
and normal-like breast cancers, respectively. Conversely, high
expression of UBD and ADAMI7 characterised basal-like and
HER2-enriched breast cancers (Figure 6B).

Also hierarchical clustering analysis of the 329 basal-like cancers
revealed the earlier defined PAMRI1™8", GRP"#" UBD'" (‘nuclear
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Figure 4. Immunohistochemical staining of Oslo0/Ull primary operable breast cancer cohort tissue microarray with a-CSPP/CSPP-L and
correlation of nuclear CSPP1 protein and CSPPT mRNA expression in breast cancer subtypes. (A-F) Examples of observed staining pattern in
tissue array samples were as follows: nuclear and cytoplasm negative (A), nuclear negative and cytoplasm positive (B), 2-50% fraction of nuclear
CSPP1-positive breast cancer cells (C), 50-75% fraction of nuclear CSPP1-positive breast cancer cells (D) >75% fraction of nuclear CSPP1-positive
breast cancer cells (E, F). Nuclear staining intensity is consistently high in biopsies displaying >75% fraction of nuclear-positive cancer cells.
(G) Summary table of nuclear CSPP1 staining in respect to tumour histology. Cancer biopsies of lobular growth histology do correlate with nuclear
CSPP1 expression (P-value Fisher's exact test). (H) Colour coded Whisker hair plot of mean CSPPT mRNA expression for 52 cases with
immunohistochemistry and gene expression data, (I) Whisker hair plot of mean CSPPT mRNA expression levels in PAMS50 breast cancer subtypes
(n=280). Statistically significant (P<0.05) mean gene expression differences are indicated with star symbols (see also Supplementary Figure S3).

CSPP1 positive’; designated as Basal_3) and PAMR1"Y, GRP"",
UBD"&" (‘nuclear CSPP1 negative’, Basal_1) subgroups, but apart
from these a third cluster group characterised by PAMRI™",
GRP'*¥, UBD"" expression was evident (designated as Basal_2).
Subsequent hierarchical clustering analysis of average gene
expression values in these three basal-like subgroups with
carcinomas of other subtypes showed close relatedness of the
Basal_3 (‘nuclear CSPP1 positive’) group with luminal A and
normal-like breast cancers (Figure 7B), whereas Basal_1 and to a
lower degree Basal_2 groups related to the HER2-enriched subtype.
Importantly, all three basal-like subgroups showed comparable
expression of clinically relevant receptor genes (EGFR, ERBB2, PgR
and ESR), CSPP1 and the GRP receptor gene (GRPR). Also
Integrated cluster groups (IntClust) (Curtis et al, 2012) were
similarly distributed, though a slight over-representation of
IntClust10 in the Basal_1 and IntClust5 in the Basal_3 subgroup
was noted.

Clinical properties of gene expression defined basal-like
subgroups. Breast cancer-specific survival was similar in the
biologically defined basal-like subgroups though a statistically
significant minor shorter time to breast cancer-specific death was
observed for patients of the Basal 2 subgroup when analysis was
limited to the genetically defined basal-like carcinomas of the
IntClust10 group (P=0.04; Figure 8A). This IntClust group is
dominated by basal-like breast cancers and comprises almost two
third of all basal-like cancers in METABRIC (Curtis et al, 2012).

For patients with lymph node involvement at time of diagnosis,
the time to breast cancer-specific death differed significantly

between the three basal-like subgroups (Figure 8B). This was in
contrast to patients with lymph node-negative disease where no
significant difference was observed. The decreased survival
probability of the Basal 2 subgroup could, however, not be
attributed to skewness in distribution of invasive carcinomas across
subgroups. In fact, the importance of lymph node involvement on
survival probability varied between basal-like subgroups: highly
dependent on the lymph node status in the Basal_3 and Basal 2
subgroups but not the Basal 1 subgroup, which showed best
prognosis among the lymph node-positive basal-like carcinomas
(P<0.03). Interestingly, the shortest overall time to breast
cancer-specific death was observed in lymph node-positive patients
of the basal-like subgroup with luminal features, which also
showed the highest hazard ratio for lymph node involvement
(Figure 8B and C).

DISCUSSION

Previous studies have shown correlated genomic gain and over-
expression of CSPPI in human luminal type breast cancer and
indicated oestrogen inducible expression of CSPPI in human
tumour xenografts in mice (Creighton et al, 2006; Harvell et al,
2006; Adelaide et al, 2007). Collectively, these studies suggested a
functional importance of CSPP1 proteins in the human mammary
gland and a possible involvement in the development and/or
progression of human breast cancer. The study presented here is
the first to address the expression of CSPP1 proteins (isoforms) in
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Figure 5. Differential gene expression in nuclear CSPP1-postive and-negative basal-like breast carcinomas. (A) Workflow and tabular t-statistics
results of differentially expressed genes in nuclear CSPP1-positive (n=7) and nuclear CSPP1-negative (n=4) basal-like breast cancer biopsies
determined by significance analysis of microarray experiments (SAM). Eight differentially expressed genes are identified at highest statistical
significance. (B) Hierarchical cluster analysis of all basal-like breast carcinomas in the OsloO/Ull cohort on the basis of the identified differentially
expressed genes. Scoring results are indicated for cases with immunohistochemical CSPP1 staining (see also Figure 4H). Cases used for SAM are
indicated with # symbol. (C) Box plots of PAM50 breast cancer subtype centroid correlation coefficients of ‘nuclear CSPP1 negative’ and ‘nuclear
CSPP1 positive’ cluster group biopsies towards. P-values indicate statistically significant differences in median correlation coefficients (t-test or ()

Mann-Whitney).

normal mammary tissue and biopsies of primary operable breast
cancer at the cellular level.

We identified differential expression of a yet uncharacterised
nuclear CSPP1 isoform in myoepithelial and luminal epithelial
cells of the mammary gland and this pattern appeared preserved in
breast cancer cell lines. Importantly, the unexpected luminal cell-
related nuclear CSPP1 expression detected with the monoclonal

a-CSPP/CSPP-L antibody was proven CSPPI-specific. Nuclear
CSPP1 protein expression is likely to be driven by alternative
splicing and/or alternative promoter activity and is not a
consequence of post-translational modification or cell type-specific
subcellular localisation of the earlier characterised isoforms CSPP
and CSPP-L. The mRNA and protein sequence for this isoform
remains at present obscure. Multiple mRNA splice isoforms have
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Figure 6. Expression of CSPP1 and the eight identified signature genes in METABRIC. (A) Whisker hair box plots of mean CSPPT mRNA
expression in PAM50 breast cancer subtypes of the METABRIC discovery (n=996) and validation cohort (n = 984), Statistically significant (P<0.05)
pair-wise gene expression differences are indicated by ** symbols. (B) Hierarchical clustering of PAM50 breast cancer subtypes and their mean
gene expression levels of the eight identified signature genes. Discovery and Validation cohorts showed highly similar gene expression profiles for
all investigated genes and were, therefore, combined (Supplementary Figures S6 and S7, Supplementary Table 3).

been reported to be expressed from the CSPPI locus (17 predicted
protein encoding CSPPI splice isoforms) and are likely to underlie
tissue or cell type-specific regulation (Thierry-Mieg and Thierry-
Mieg, 2006). Shared mRNA and probe sequences did unfortunately
not allow a definite discrimination of CSPPI isoforms in our
tumour gene expression data or public cell line gene expression
data (Supplementary Figure S1). Target sequences of shRNAs used
in this study, however, indicate that the encoding mRNA encloses
common sequence parts with CSPP and CSPP-L transcripts
upstream of the C-terminal domain encoding region. GATA3
and FOXAL, two transcription factors regulating luminal epithelial
development and highly expressed in luminal type carcinomas
(Cancer Genome Atlas Network, 2012; Kouros—Mehr et al, 2008)
bind to the CSPPI promoter region (T47D cells; GSM803514 and
GSM803409) and may regulate CSPP1 expression in the mammary
gland in addition to oestrogen (Supplementary Figure S8)
(Creighton et al, 2006; Harvell et al, 2006). GATA3 and FOXA1
activity may thus account for enhanced CSPP1 mRNA expression
in luminal type tumours in addition to gene-dose-dependent
effects (Supplementary Figure S4 and (Adelaide et al, 2007)).
Epithelial cell type-dependent nuclear CSPP1 protein expression
is, however, unlikely to be regulated by mRNA dosage alone, as
some basal tumours showed nuclear staining in spite of low CSPP1I
mRNA expression levels. The underlying regulatory mechanism
may involve epigenetic mechanisms controlling mammary gland
development that remain preserved during malignant transforma-
tion (Stingl and Caldas, 2007; Rijnkels et al, 2010). Given the
lineage-correlated staining pattern of normal breast epithelia
nuclear CSPPI-positive and-negative tumours of the basal-like

type may have originated from different progenitors and/or
retained a distinct differentiation potential. Heterogeneity in
immunohistochemical and histopathological features of basal-like
breast cancers are evident. Frequent co-expression of luminal type
cytokeratins CK8/18 and CK19 may indicate that some have more
luminal features than others (for a recent review: Lavasani and
Moinfar, 2012). Further, expression of normal breast myoepithelial
markers, such as smooth muscle actin, was only seen at low
frequency in a study of basal-like invasive breast cancers (Livasy
et al, 2006). Individual carcinomas of the PAM50 basal-like group
may thus have originated from transformation events that
occurred in epithelial cells of different developmental stages
(reviewed in Prat and Perou, 2011). This, as well as the lineage-
dependent CSPP1 expression pattern in the mammary gland,
supports the idea that nuclear CSPP1-positive basal-like carcino-
mas have luminal traits. Indeed, nuclear CSPP1-positive basal-like
carcinomas were not only found to be reminiscent of luminal
epithelial cells and luminal type breast cancer with respect to
nuclear CSPP1 expression alone. The ‘nuclear CSPP1 positive’-
surrogate eight-gene signature (Basal_3, GRP'"¢" PAMR1™&"
UBD ") was delineated from only a limited number of nuclear
CSPP1-positive and-negative basal-like cases available for com-
parative transcriptome analysis, but consistently correlated with
increasing PAM50 correlation coefficients towards luminal A
centroide in the Oslol/MicMa validation cohort and closely
matched the mean gene expression pattern of the eight-gene
signature of luminal A carcinomas in the METABRIC hallmark
cohort. Finally, luminal A type breast cancers characteristically
display pattern reminiscent of normal (luminal) tissue morphology
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Figure 7. Identification of a third basal-like subgroup by hierarchical cluster analysis of basal-like carcinomas in METABRIC. (A) Hierarchical
cluster analysis of all PAM50 basal-like breast carcinomas in the Metabric cohort (n=329) on the basis of the identified eight-gene signature
subdivides basal-like breast cancers into three main clusters (Basal_1-3), whereof Basal_3 is reminiscent of the 'nuclear CSPP1 positive’ basal-like
subgroup. Integrated cluster annotations are indicated and Basal_1-3 subgroup distribution is shown as table. (B) Hierarchical cluster analysis of
identified basal-like subgroups and other PAM50 subgroukps on the basis of mean gene expression values of the identified eight genes. Mean
gene expression values for subtype relevant receptor genes and Kié7 are indicated below. Mean gene expression values of individual subgroups

are listed as table.

(Peppercorn et al, 2008; Parker et al, 2009). Similarly, the nuclear
CSPP1-positive basal-like breast cancers of the Oslo0/Ull cohort
showed more organised morphological features of normal breast
epithelia including more differentiated cells, lower histological
grade, and lobular histology.

In contrast to this, nuclear CSPP1-negative basal-like carcino-
mas of the Oslo0/Ull cohort showed lower degree of differentiation
and more pleomorphic nuclei. Notably, ‘CSPP1 nuclear negative’-
surrogate gene signature basal-like carcinomas had two subclusters,
Basal_1 and Basal 2, mainly owing to their difference in UBD
expression. This bipartition was possibly unnoticed in Oslo0/Ull
and Oslol/MicMa cohorts owing to low number of cases, but is
further supported by the different survival probabilities in lymph
node-positive disease. The tumours in the two ‘nuclear CSPP1
negative’ subgroups, Basal_2 and, in particular, Basal_1 clustered
more closely with HER2-enriched carcinomas and included higher
fractions of IntClustl0 carcinomas, the most basal-like-related
genomic pattern of carcinomas in METABRIC (90% fraction of
IntClust10 are of basal-like type (60% of all basal-like)) (Curtis
et al, 2012).

Nuclear CSPP1-positive basal-like (Basal_3) carcinomas had
higher mRNA expression of two secreted proteins, PAMR1 and
GRP. Mitogenic, migratory and morphogenic roles have been
attributed to GRP signalling, including trans-activation of EGFR by
Src activation. GRP is frequently overexpressed in human breast
cancer (Patel et al, 2006), and GRP receptors are upregulated in the
murine mammary gland during lactation phase (Anderson et al,
2007). GRP peptides are currently studied in (breast) cancer

diagnostics and experimental therapy (reviewed in Hohla and
Schally, 2010). Nuclear CSPP1-negative basal-like breast cancers
showed higher expression of PDCD10, ADAM17, ATPIF1, SLBP,
CHDI, and UBD. Though ADAMI17 did not show major gene
expression differences between basal-like subgroups in the
METABRIC cohort, we noticed its generally higher expression in
basal-like carcinomas. This metalloproteinase is crucial for ductal
morphogenesis by release of epithelial amphiregulin to stimulate
EGER signalling on surrounding stroma (Sternlicht et al, 2005) and
possibly supports disease exacerbation by sustaining acquired
autocrine EGF signalling (Kenny and Bissell, 2007). ADAM17
inhibitors are tested pre-clinically for treatment of triple-negative
breast cancers (McGowan et al, 2012) and could, thus, be exploited
in combination with GRP-targeting drugs for ‘nuclear CSPP
positive’ basal-like cancers. Speculatively, upregulation of GRP
induced Src signalling could enhance EGFR signalling in Basal_3
tumours independently of ADAM17, which can be repressed
locally by stroma secreted ADAM17 inhibitors. Another interest-
ing identified candidate is the ‘nuclear CSPP1 negative’ group
(Basal_1 and Basal_2) distinguishing UBD. Upregulation of this
ubiquitin-like modifier is noticed in many epithelial cancers (Lee
et al, 2003) and is thought to promote carcinogenesis by increasing
mitotic instability (Ren et al, 2006). However, also pro-apoptotic
activities have been ascribed (Raasi et al, 2001). The prognostic
value of this ubigitin-like modifier may, thus, be context
dependent, which is consistent with the differential hazard in
lymph node affected UBD™®" and UBD'" basal-like subgroups.
Interestingly, a recent meta-analysis of triple-negative breast
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Figure 8. Clinical properties of basal-like subgroups in METABRIC. (A) Disease-specific survival probability analysis by Kaplan-Meier plots of
identified subgroups across all (n=328) and the genetically defined IntClust10 (n=201) group of basal-like carcinomas in METABRIC. (B) Kaplan—
Meier analysis of lymph node affected and unaffected basal-like carcinomas stratified by basal subgroups (C) Kaplan-Meier analysis of all basal-like
and individual basal subgroups stratified by lymph node involvement at time of diagnosis.

cancers (TNBC) determined six subtypes of TNBCs by unsuper-
vised clustering analysis of 587 genes (Lehmann et al, 2011).
Though TNBCs not exclusively comprise basal-like carcinomas
(for a recent review Foulkes et al, 2010), in congruence with our
findings, high UBD expression was correlated with the basal-like
TNBC subtype, whereas high GRP expression was correlated with
the luminal androgen receptor TNBC subtype. Therefore, further
work may address the potential predicative value of nuclear CSPP1
staining and the CSPPI-derived 8-gene signature in TNBC
subtypes.

To conclude, our investigation uncovered an unanticipated
complex regulation of CSPPI isoform expression in the human
mammary gland and breast carcinomas. The comparison of
nuclear CSPPI-positive and-negative basal-like breast cancers
provides novel molecular insight into the underlying heterogeneity
and encourage further preclinical studies to investigate (1) the
possible benefit of inhibition of GRP signalling and ADAMI17
activity, and (2) the prognostic value of UBD expression in
disseminated disease in respective basal-like subgroups. Further
molecular studies are clearly required to deduce the subtype-
specific regulation and functional importance of individual CSPP1
isoforms in normal and transformed mammary epithelial cells.
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