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Abstract Small Ubiquitin-like Modifier proteins (or
SUMO) modify the function of protein substrates involved in
various cellular processes including DNA damage response
(DDR). It is becoming apparent that dysregulated SUMO
contribute to carcinogenesis by affecting post-transcriptional
modification of key proteins. It is hypothesised that SUMO
contributes to the aggressive nature of breast cancer particu-
larly those associated with features similar to breast carci-
noma arising in patients with BRCA1 germline mutations.
This study aims to assess the clinical and biological signifi-
cance of three members of SUMO in a well-characterised
annotated series of BC with emphasis on DDR. The study
cohort comprised primary operable invasive BC including
tumours from patients with known BRCA! germline muta-
tions. SUMO proteins PIAS1, PIAS4 and UBC9 were
assessed using immunohistochemistry utilising tissue
microarray technology. Additionally, their expression was
assessed using reverse phase protein microarray utilising
different cell lines. PIAS1 and UBC9 showed cytoplasmic
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and/or nuclear expression while PIAS4 was detected only in
the nuclei. There was a correlation between subcellular
localisation and expression of the nuclear transport protein
KPNA2. Tumours showing positive nuclear/negative cyto-
plasmic expression of SUMO featured good prognostic
characteristics including lower histologic grade and had a
good outcome. Strong correlation with DDR-related proteins
including BRCA1, Rad51, ATM, CHKI1, DNA-PK and
KU70/KU80 was observed. Correlation with ER and BRCA1
was confirmed using RPPA on cell lines. SUMO proteins
seem to play important role in BC. Not only expression but
also subcellular location is associated with BC phenotype.
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Introduction

Small Ubiquitin-like Modifier proteins (or SUMO) are a
family of small proteins that covalently attach to amino
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acid residues of target proteins to modify their functions
[1-3]. Through post-translational modification of proteins
(PTM), SUMO are involved in various cellular processes
including protein stability, response to stress, DNA damage
response, nuclear-cytoplasmic transport, transcriptional
regulation, cell growth, survival and apoptosis [1, 4, 5].
SUMOylation follows the same enzyme structural design
as ubiquitin modification, requiring an El-activating
enzyme (i.e. SAE), E2-conjugating enzyme (i.e. UBC9)
and E3-ligating enzymes (i.e. PIAS1-4) [6]. SUMO pro-
teins bind the activating enzyme E1 in an ATP-dependent
manner and are transferred to the conjugating enzyme
UBC9, which is the only E2 dedicated to SUMO conju-
gation. It is also reported that UBC9 is able to recognise
and transfer SUMO to targets in the absence of a co-ad-
juvating E3. PIAS (Protein Inhibitor of Activated STAT
[Signal Transducer and Activator of Transcription]) act as
adaptor proteins that enhance the interaction between
UBC9 and the substrate proteins [2].

Genomic instability is a hallmark of cancer and a major
contributing factor to tumour development and progres-
sion. Central to the maintenance of genome stability is the
repair of DNA damage, and it is therefore not surprising
that reversible PTM with SUMO have been identified as
key contributors to the maintenance of the genome. With
regard to the role of SUMO in cancer, previous studies
have reported increased expression of UBC9 in carcinomas
of the ovary, colon and melanoma, but it was found to be
down-regulated in metastatic breast and lung carcinomas
[7-9]. Aberrant regulation of PIAS in different tumour
types has also been reported [10] including breast cancer
(BC) in African women [11].

The study aims to investigate the role of key SUMO
proteins including PIAS1, PIAS4 and UBC9 in a well-
characterised clinically and molecularly annotated series of
BC using immunohistochemistry (IHC) and tissue micro-
array (TMA) in order to establish the relationship between
the SUMO markers, clinico-pathological features, immu-
noprofile and clinical outcome. To further understand their
role in DNA damage response (DDR) pathways and to
correlate and confirm their expression in the different
molecular classes of BC, the expression level of SUMO
markers has been evaluated by reverse phase protein
microarray (RPPA) in different cell lines.

Materials and methods
Study cohort
The study cohort was derived from the well-characterised

Nottingham Tenovus primary breast carcinoma series. It
comprised 1,249 unselected primary operable invasive
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tumours from female patients presenting between 1989 and
1998. In addition, a further 245 cases unselected primary
operable oestrogen receptor (ER) negative BC, from
patients presenting between 1998 and 2003 and a cohort of
BRCA1 germline mutation carrier (24 cases) were included.
Patients’ clinicopathologic features were obtained includ-
ing age, menopause status, primary tumour size, tumour
type, histological grade, nodal status, lymphovascular
invasion and Nottingham Prognostic Index (NPI) [12, 13].
Survival data were collected in a prospective way including
development of loco-regional and distant recurrences and
mortality. BC specific survival (BCSS) is defined as the
interval from the date of primary surgery to the time of
death because of BC. Death due to other causes is con-
sidered as a censored event. Disease-free interval (DFI) is
defined as the interval from the date of primary surgery to
the time of first loco-regional recurrence or distant metas-
tasis. Both of these parameters were measured in months.

Tumour characteristics have been considered for
patient’s managements by selecting NPI and ER status
[13]. Patients with NPI excellent prognostic group (score
<3.4) received no adjuvant therapy, but those patients with
NPI > 3.4 received Tamoxifen if ER-positive (£ Zoladex
in case the patients were pre-menopausal). On the other
hand, classical cyclophosphamide, methotrexate and
5-fluorouracil (CMF) were used if the patients were ER-
negative and fit to receive chemotherapy.

Data on the following biomarkers were available: ER,
progesterone receptor (PgR), HER2, DNA damage respose
proteins (Rad51, KU70/KU80, DNA-PK, BRCA1, BARDI,
CHKI1, MTAI1, and ATM), nuclear transport protein im-
portin subunit alpha-2 (KPNA2), basal markers (cytokera-
tins [CKS5, CK14, and CK17] and the proliferation and cell-
cycle associated proteins (Ki67, and P53). The immunore-
activity, scoring and categorisation of these markers were
defined in this study as previously described [12—16]. In this
series, HER-2 was assessed using IHC (DAKO) and dual-
colour chromogenic in situ hybridisation (CISH) as previ-
ously published [16]. Ki67 labelling index (Ki67LI) was
assessed in whole tumour tissue sections and was expressed
as the percentage of MIB1 positive cells among a total
number of 1,000 malignant cells at high-power magnifica-
tion (x400) [16]. All other markers were assessed using IHC
and TMA prepared sections.

This study was approved by Nottingham Research
Ethics Committee 2.

Immunohistochemistry

Immunohistochemistry was carried out using the Novolink
Kit-polymer detection system (Leica, Newecastle, UK).
Primary antibodies used were PIAS1 (clone Ab32219,
Abcam Ltd., Cambridge, UK) and PIAS4 (clone NBP1-
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31215, Novus Biologicals, Cambridge, UK) with a dilution
of 1:425 and 1:250, respectively, and UBC9 (clone
Ep2938Y, Novus Biologicals, Cambridge UK) with a
dilution of 1:225 and 60-min incubation for all. 3-3'Diam-
inobenzidine tetrahydrochloride (Novolink DAB substrate
buffer plus) was freshly prepared and used as a chromogen.
The TMA sections were counter stained with haematoxylin
for 6 min [15].

The conditions of other proteins used in this study are as
follow: (1) DDR markers: BARDI; Novus Biologicals,
1:50, BRCA1 Ab-1 (MS110) Calbiochem, 1:150, Rad51;
Abcam, 1:70, KU70/KU80; Abcam,1:2500, DNA-PK; Cell
signalling, 1:28, BRCA1 down-regulator marker MTA1;
Abcam,1:200, DNA damage signal transducer: CHKI1
(Phospho S345); Abcam, 1:150, DNA damage sensor:
ATM; Abcam, 1:100, (2) cell proliferation marker: Ki-67;
Dako-Cytomation, 1:100, and (3) Nucleocytoplasmic
transport marker: KPNA2; Abcam, 1:400. All were incu-
bated for 1 h except ATM for overnight.

Immunohistochemical scoring

Two TMA cores (peripheral or central) were evaluated
from each tumour. Only immunostaining of invasive can-
cer cells within the tissue cores was considered. Each core
was scored individually; if one core was uninformative, the
overall score applied was that of the remaining core. There
was immunoreactivity of each target protein in the TMA
(nuclear, cytoplasmic, or both). High-resolution digital
images (Nanozoomer; Hamamatsu Photonics, Welwyn
Garden City, UK) scanned at x20 magnification were used
to facilitate the manual scoring of the TMA cores via web-
based interface (Distiller; Slidepath, Ltd., Dublin, Ireland).
The three biomarkers (UBC9, PIAS1 and PIAS4) were
categorised based on the frequency histogram distributions
and X-Tile software (version 3.6.1, Yale University). The
cut-off points used were as follows: nuclear PIASI
(PIAS1n; negative/low <35 and positive >35 H-score),
cytoplasmic PIAS1 (PIASIc; negative/low <95 and posi-
tive >95 H-score), nuclear PIAS4 (negative/low <160 and
positive >160 H-score) and nuclear UBC9 (negative/low
<160 and positive >160 H-score) and cytoplasmic UBC9
(negative/low <200 and positive >200 H-score).

Reverse phase protein microarray (RPPA)

For the purpose of this study, 4 different cell lines were
used. (A) BRCAI deficient (HeLa SilenciX®) as well as
their control BRCA1 proficient (Tebu-Bio) cell lines.
SilenciX cells were grown in DMEM medium (with
L-Glutamine 580 mg/L, 4,500 mg/L. D19 Glucose, with
110 mg/L Sodium Pyruvate) supplemented with 10 %
FBS, 1% penicillin/streptomycin and 125 pg/mL

Hygromycin B. (B) MDA-MB-436 cell lines (characterised
by negative expression of ER and BRCA1 deficient) were
purchased from CLS and were grown in DMEM (Sigma,
UK), luminal phenotype MCF-7 cell lines (characterised by
positive expression of ER and BRCA1) were purchased
from ATCC and were grown in RPMI1640 (Sigma, UK).
Lysate extraction and western blotting were carried out by
lysing cells in RIPA buffer (20 mM Tris, 150 mM Nacl,
1 % Nonidet p-40, 0. 5 % sodium deoxycholate,
ImMEDTA, 0. 1 % SDS) containing protease inhibitor
(Sigma) and phosphatase inhibitor cocktail 2 and 3
(Sigma). An overall total of 50 pg protein was used from
each cell line. Cell lysate was resolved on SDS 4-12 %
precast gel (Expedeon, UK) after that blotted onto nitro-
cellulose membrane of Protran BA 85 (Whatman GmbH,
Germany). PBS Tween-20 containing 5 % (w/v) non-fat
dried milk was applied for the purpose of blocking. The
membranes have been incubated for 1 h at room temper-
ature in 1 % (w/v) non-fat dried milk in PBS-T that con-
tains primary antibody (PIAS1, PIAS4 or UBCY) for 1 h at
room temperature, developed using GE Enhanced Chemi-
luminescence substrate (GE Healthcare Life Sciences,
Buckinghamshire, UK). After stripping the membrane, -
actin was identified by incubating the membrane for 1 h at
room temperature in 1 % (w/v) non-fat dried milk in PBST
that contains HRP-conjugated anti-B-actin (Abcam Ltd.,
Cambridge, UK) and developed using GE Enhanced
Chemiluminescence substrate (GE Healthcare Life Sci-
ences, Buckinghamshire, UK).

Reverse phase protein microarray (RPPA)

Cell line lysates were solubilised in 4x Sodium dodecyl
sulphate (SDS) sample buffer in a ratio of 1:3, respectively,
and boiled for 5 min at 95 °C. Samples were loaded onto a
384-well plate (Genetix, UK), where each sample was
serially diluted 5 times in 1x SDS buffer. Samples were
robotically spotted in duplicates onto nitrocellulose-coated
glass slide (Grace Bio-labs), a microarraying robot (Mi-
croGrid 610, Digilab, Marlborough, MA, USA). Slides
were incubated overnight in blocking solution (0.2 %
I-block (Tropix, Bedford, MA, USA), 0.1 % Tween-20 in
PBS) at 4 °C with shaking. After washing three times
5 min each, the slide was incubated overnight at 4 °C with
shaking with the primary antibodies diluted in antibody
diluent with reducing background (DAKO). In addition,
GAPDH (BioLegend), diluted 1:250 in the same diluent,
was used as a house- keeping protein to control protein
loading.

Following washing, the slides were incubated with
diluted infrared (1:5,000 in washing buffer) secondary
antibodies (800 CW anti-rabbit antibody and 700 CW anti-
mouse antibodies) for 30 min at room temperature in the
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Fig. 1 Detection of SUMO proteins level by western blot in mixture
of cell lines MDA-MB-231, MCF-7 and BRCA1 Hela and its control

dark with shaking. The slide was washed as before, dried
by centrifugation at 500xg for 5 min and scanned with a
Licor Odyssey scanner (LI-COR, Biosciences) at 21 um
resolution at 800 nm (green) and 700 nm (red). The
resultant TIFF images were processed with Axon Genepix
Pro-6 Microarray Image Analysis software (Molecular
Services Inc.) to obtain fluorescence data for each feature
and generate gpr files. Protein signals were finally deter-
mined with background subtraction and normalisation to
the internal housekeeping targets using RPPanalyzer, a
module within the R statistical language on the CRAN
(http://cran.r-project.org/).

Statistical analysis

All statistical analyses were performed using SPSS 21.0
IBM statistical software. Analyses of categorical variables
were carried out with Chi-Squared test (3?). One way
ANOVA was used to find out which of different BC classes
(by IHC or cell lines) were significantly different from each
other (post hoc test; Tukey). Associations with outcome
were calculated using Kaplan—Meier curves and log-rank
test. Cox-regression was applied for multivariate analyses.
A two-sided P value of <0.01 was considered statistically
significant.

Results

Expression of SUMO markers in invasive breast cancer
The specificity of SUMO antibodies used in this study was
validated using Western blotting as evident by a single

band at the correct protein size (Fig. 1). PIAS4 showed
nuclear staining, which ranged from negative/weak to
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Fig. 2 The immunostaining expression of SUMO proteins detected
by immunohistochemistry on TMA sections. Magnification x20

Table 1 Frequency of PIAS1, PIAS4 and UBC9 expression in breast
cancer

SUMOylation marker Sporadic breast BRCAI known

cancer mutation breast cancer
(%)  Frequency (%) Frequency
PIAS1
Nuclear 14.1 180/1,278 0.0 0/24
Cytoplasmic 79.3 1,013/1,278 91.3 21/24
PIAS4 78.5 1,154/1,470 91.7 22/24
UBC9
Nuclear 50.7  751/1,485 53 1724
Cytoplasmic 64.4  957/1,485 52.4 6/24

Sporadic breast cancer includes both unselected and ER-negative
breast cancer cases. The number of cases may be reduced due to loss
case during preparation of tissue for staining (TMA sectioning or IHC
procedure)

strong with no cytoplasmic or membranous staining
observed in invasive tumours. PIAS1 and UBC9 showed
both nuclear and cytoplasmic staining. Figure 2 shows
staining pattern of SUMO markers in BC while Table 1
summarises the frequencies of these markers in BC. The
associations between SUMO markers are summarised in
Table 2. Positive correlations were identified between
nuclear expressions of the SUMO markers apart from
PIAS4. PIAS4 was correlated with cytoplasmic UBC9
(UBC9c¢) and cytoplasmic PIAS1 (PIASI1c). There was a
positive correlation between PIASlc and UBC9c. No
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Table 2 Correlation between Markers UBC9.n UBCY.c
SUMO markers
Negative  Positive v P Negative  Positive 7 P
N (%) N (%) N (%) N (%)
PIAS4  Negative 153(69.9) 395(48.1) 33 <0.0001 115(52.5) 266(32.3) 30  <0.0001
Positive 66(30.1)  426(51.9) 104(47.5)  557(67.7)
PIAS1.n Negative 438(55.2) 35(30.4) 25 <0.0001 288(36.2) 45(39.1) 04 0.5
Positive  356(44.8) 80(69.6) 507(63.8) 70(60.9)
PIASl.c Negative 98(54.4) 377(51.5) 0.5 0.5 96(53.3) 237(32.3) 27.5 <0.0001
Positive 82(45.6)  355(48.5) 84(46.7)  496(67.7)
UBC9.c Negative 386(73.2) 141(26.8) 188 <0.0001
Positive  344(36.1)  610(63.9)
Markers PIAS1.n PIAS1.c
N number of cases.
c. cytoplasmic, n. nuclear Negative N Positive N > P Negative N Positive N > P
expression. The cut-off points of (%) (%) (%) (%)
positivity were as follows: >35
H-score for PIAS1.n, and >95 PIAS4  Negative 219(85.9) 36(14.1) 0.6 04 75(29.4) 143(16.5) 21 <0.0001
for PIAS1.c, >160 H-score for Positive  762(87.8) 106(12.2) 180(70.6)  725(83.5)
UBC9.n and 2200 H-score for  pjagy e Negative 197(18) 65(36.7) 33 <0.0001
UBC9.c, >160 H-score for -
PIAS4 Positive  887(82) 112(63.3)

correlation was found between UBC9n and PIASIc or
between UBCO9c and PIAS1n. Association between PIAS1
and UBC9 and clinico-pathological and molecular features
and outcome was carried out after considering a combi-
nation of expression and subcellular location of each
marker (Tables 3, 4).

Correlation of SUMO proteins with clinico-
pathological features

The correlation between SUMO markers expression and the
clinico-pathological features indicates that tumours with poor
prognostic features were mainly associated with loss of
nuclear expression of PIAS1 (PIASIn™) and UBC9
(UBC9n ™), cytoplasmic expression of both markers (PIAS1¢™
and UBC9c™) and with the expression of PIAS4 (Table 3). No
correlation was identified with patient age (P > 0.01).

Correlation of SUMO markers with other tumour
biomarkers

The correlation between SUMO proteins with relevant
tumour biomarkers is shown in Table 4. In brief, there was
a positive correlation between PIAS4 and DDR markers
(Rad51, CHKI1, KU70/KU80, BARDI and DNA-PK).
Positive correlations were identified between BARDI1 and
KU70/KU80 and PIAS1 regardless of its subcellular
localisation and between Ki67 and cytoplasmic location of
PIAS1 and UBC9. Importantly, there was a correlation
between the nuclear transport protein KPNA2 and cyto-
plasmic location of UBC9 and PIASI.

The expression of SUMO was assessed in the different
molecular classes of BC. Association with HER2-positive
and triple negative classes is shown in Table 4. UBC9
expression was correlated with basal-like breast carcinoma
(BLBC) in which UBC9¢™/n*, UBC9¢™/n~ and UBC9c ™/
n~ were associated with BLBC compared with UBC9c™/
n”. In addition, molecular classification corresponding to
DDR status and the phenotype of the cell lines used was
performed based on the expression of ER and BRCAL.
Class 1; sporadic BRCA1™ and ER™, class 2; sporadic
BRCA1" and ERY, class 3; tumours from patients with
known BRCA1 germline mutations (hereditary) showing
ER™ and ER™. The highest level of expression of PIAS1n
and UBCY9n was seen in sporadic BRCAI/ER" BC in
comparison to hereditary and sporadic BRCA17/ER™ BC
(P < 0.0001) (Fig.3). No association was observed
between molecular classes and PIAS4.

SUMO markers expression and patient’s outcome

Univariate survival analysis of the whole series showed a
positive association between expression of PIASIn and
better outcome in terms of longer BCSS (Xz = 8.95,
P = 0.003) and DFI (5> = 8.06, P = 0.005). Cytoplasmic
expression of PIAS1 (PIASIc) showed an association of
borderline significance with shorter BCSS (12 = 6.39,
P = 0.011). Co-expression of nuclear and cytoplasmic
PIAS1 demonstrated that PIAS1n /c* is associated with
shorter BCSS in comparison with other phenotypes with
PIASIn*/c™ associated with the best outcome (12 = 12.62,
P = 0.006). There was an association between nuclear
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Fig. 3 SUMO protein levels
detected by IHC in breast cancer
showing either hereditary or
sporadic BRCAL deficiencies in
addition to ER status. n nuclear
and ¢ cytoplasmic expression.
Cases were classified based on
the expression of BRCA1 and
ER. Error bars represent mean
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of borderline significance was detected between its
expression and longer BCSS (> = 3.75, P = 0.053).
However, when the cohort was stratified according to
chemotherapy treatment, association between PIAS4 and
PIAS1n expression and longer BCSS was found in the
subgroup of patients who did not receive chemotherapy
(Xz = 13.60, P < 0.001, Xz = 7.53, P = 0.006, respec-
tively) but not in the subgroup who received chemotherapy
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(P > 0.05). Multivariate analyses including tumour stage,
grade, size, lymphovascular invasion and chemotherapy
treatment showed that PIAS4 is independent prognostic
markers for breast cancer (Table 5). However, PIAS1 and
UBC9 were not independent predictor of survival (Fig. 4).

Expression of SUMO markers in breast cancer cell lines
by reverse phase protein array

RPPA was used to evaluate the expression level of SUMO
markers in the four cell lines; BRCAI deficient HelLa
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Table 5 Multivariable Cox-regression analyses for predictors of
breast cancer specific survival

Variables P value. 95 % CI
Lower Upper

Tumour grade 0.0001 1.531 2.362
Tumour stage 0.000 1.617 2.347
Tumour size 0.125 0.934 1.749
Lymphovascular invasion 0.0001 1.250 2.132
Systemic therapy 0.033 0.541 0.974
PIAS4 0.008 0.517 0.908
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Fig. 4 The Associations between PIAS4 and breast cancer specific
survival (months) in the group of patients who did not receive
adjuvant (Upper curve is positive expression, lower curve negative
expression) (a) or received adjuvant chemotherapy (b)

SilenciX® cells and control HeLa cells (proficient BRCAI),
MCF-7 and MDA-MB-436 cells. Although RPPA mea-
sures protein expression regardless of its subcellular
localisation, there was a correlation between RPPA and
IHC results, particularly with regards to nuclear THC
expression. Higher levels of expression of UBC9 in BRCA 1
proficient HeLa cell lines and MCF-7 were observed
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Fig. 5 The SUMO levels detected by reverse phase protein micro-
array in different cell lines (BRCA1 deficient HeLa SilenciX® cells and
its control [BRCA1 and BRCAl.c, respectively], MCF-7 and MDA-
MB-436 cells). For image of nitrocellulose slide spotted with different
cell lysates, the red square represents the 700 channel for detection of
mouse antibody while green square the 800 channel for rabbit antibody.
Images of scanned nitrocellulose slides printed with extracted protein
from cell lines and probed with the antibodies against the target
proteins. Five twofold dilutions of each sample were printed in
duplicate. Background was subtracted and the intensity of each spot
was normalised to its corresponding GAPDH level. Each (R) represents
different passage of each sample, therefore, three different passages of
each sample were used. Error bars represent mean (SD). Hela BRCAL;
between passage21 and 30, Hela BRCAL1 control; between passage 44
and 50, MCF-7; between passage 25 and 32, and MDA-MB-436;
between passage 12 and 20. A = BRCA1l versus BRCAI.C,
B = BRCAI1 versus MDA-MB-436, C = BRCA1 versus MCF-7,
D = BRCAI.C versus MDA-MB-436, E = BRCAL1.C versus MCF-7,
and F = MDA-MB-436 versus MCF-7. ANOVA test was used

compared to other cell lines (Fig. 5). However, PIAS1 did
not show significant difference between different cell lines.
Each cell line was compared to a selective cohort in THC
(see Fig. 3), where HelLa control and MCF7 represent
sporadic BRCA1" and ER"; BRCAI deficient HeLa and
MDA-MB-436 represent sporadic BRCA1™ and ER™.

Discussion
SUMOylation is involved in different cellular processes

including DDR through post-translational modification of
protein [17-21]. Few studies have addressed the role of
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individual SUMO proteins in small series of breast cancer
(BC) [21-24]. In the present study, we have assessed the
expression of 3 key SUMO markers (PIAS1, PIAS4 and
UBCY) in a large well-characterised series of BC to eval-
uate their biological and clinical significance with partic-
ular interest on their role in DDR. In this study, a large
number of the tumours expressed PIAS4, UBC9 and
PIAS1c, whereas the frequency of expression of PIASIn
was remarkably low. This is in line with Chen et al. [22]
who reported a higher level of UBC9 in BC; Wei et al. who
have demonstrated an increased PIAS4 expression in gas-
tric tumours [25] and with Coppola et al. [26] who revealed
a significant decrease in PIAS1 protein level in colon
cancer.

Our results demonstrate that SUMO proteins expression
can be localised exclusively in the nucleus (PIAS4) or
expressed in both nucleus and cytoplasm (PIAS1 and
UBC9). This observation is consistent with some previous
studies [26, 27]. Importantly, the association between the
nuclear transport protein KPNA2 and the subcellular
localisation of UBC9 and PIAS1 and the distinct functions
of cytoplasmic SUMO compared to nuclear SUMO indi-
cate the complexity of the process of controlling the
function of these proteins. In the present study, expressions
of any of UBC9n"/c™, PIASIn*t/c™ and low PIAS4 were
related to less aggressive phenotype of BC such as lower
histologic grade, ER and BRCAI positivity [19, 22].
Consistent with that outcome analysis showed an associa-
tion between nuclear expression of PIAS1 and UBC9 and
longer survival compared to cytoplasmic expression.

It is reported that trafficking in and out of the nucleus
has role in signal transduction, gene expression, progres-
sion of cell-cycle and apoptosis. For this reason, markers of
SUMO as nuclear localised proteins, the unpredicted
expression in the cytoplasm of the cancer cell could pos-
sibly have significant role in tumorigenesis especially they
showed distinct roles or features than nuclear expression. It
can suggest that when SUMO markers are transferred to
the cytoplasm maybe they are unable to function properly.
SUMO proteins in the cytoplasm of cancer cells they may
be degraded entirely or retained. In this study, a marker that
has role in nucleocytoplasmic transport has been investi-
gated (KPNA2) which showed a significant association
with both PIAS1n /ct and UBC9n /c*. This result may
show the KPNA2 role as nuclear export markers (they bind
to cargoproteins in the cytoplasm, following interaction
with the nuclear pore complex and passing through its
channel) [28].

The relationship between PIAS with ER has been pre-
viously discussed [19]. Mutations that normally prevented
SUMO modification can damage activated ERa transcrip-
tion with no need of affecting ERa cellular localisation.
Aside from identifying PIAS1 as E3 ligase for ERa, a study
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by Sentis et al. [19] showed that PIAS1, plus UBC9,
modulated ERo-dependent transcription independently
from their conjugation activity of SUMO-1. Supporting
this observation, all SUMO markers in the present study
showed significant associations with ERa.

In this study, the SUMO biomarkers expression in
sporadic cases and familial BRCAl-associated tumours
were investigated. The findings here suggest that SUMO
proteins expression is aberrant and reduced more fre-
quently among BRCA1 familial tumours than in sporadic
tumours. In addition, the sporadic IHC BRCAI1™" tumours
with decreased SUMO proteins were more frequently ER
negative. This was also confirmed on cell lines. The low
expression of PIASIn in this study is an additional con-
firmation that the majority of SUMO proteins could pos-
sibly indicate a further characteristic shared by BRCA1
known mutation cancers by showing lack ER, considering
that, the expression of PIAS1 is influenced by the presence
of ER. As a result, these findings support the hypothesis
that SUMOylation as a process modulating ERa-dependent
cellular response and provide a relationship somewhere
between the SUMO and pathways of ER.

Both UBC9 and PIAS4 have previously been discussed
to down regulate BRCA1 expression [20, 29], that is in
agreement with the present study where a significant
number of tumours that expressed UBC9 or PIAS4 had a
positive association with BRCA1 down-regulator proteins
such as MTAL. It is documented that repair of DMA breaks
is achieved by one or more alternative DDR pathways and
they are influenced by each other [30]. This study dem-
onstrated strong association between SUMO proteins and
DDR-related proteins including those involved in homol-
ogous recombination (BRCA1, ATM, CHKI and Rad51)
and non-homologous end joining (DNA-PK and KU70/
KU80).

In breast cancer, Ki-67, p53, CHK1 and ATM have been
shown being good predictors of BRCA1 dysfunction [31].
Ki-67 expression is associated with abnormal cell prolif-
eration with poor outcome [32]. Both of UBC9 and PIAS4
could possibly have a role in the cell cycle regulation.
SUMOylation of P53 has been discussed previously [33].
Park and his group have identified UBC9 involvement in
the cell cycle regulation, where UBC9 negatively controls
BRCALI through several promoters including P21 and P27
[34]. The UBC9 association and PIAS4 with abnormal
expression of P53 in breast cancers proposed that these
types of tumour could have experienced disorganised
control of the cell cycle and as a consequence caused rapid
division of any abnormal cell, which in turn a hallmark of
tumour aggressiveness. In breast tumours, PIAS1 is prob-
ably engaging in a function of tumour suppressor, for the
reason that lack of this gene is linked to abnormal cell
proliferation. Additional study is necessary on the PIAS1 to
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determine its potential function as tumour suppressor gene.
ATM functions upstream of for example BRCAI in the
same pathway, considering the fact that BRCA1 is directly
phosphorylated by ATM kinase on serine residues S1423
and S1524, consequently modulating the function of
BRCAL [35]. In the present study, markers of SUMO were
significantly associated with markers involved in cell cycle
process such as CHKI1, Ki-67 and P53. Considering the
idea of the DNA damage response to be an anti-cancer
barrier, the results in this study are supported the scenario
in which the primary cancer-predisposing defect of for
instance BRCA1 may possibly weaken or even damage the
control of genome integrity in addition to the aberrantly
increased outcomes of unrepaired DSBs could possibly
result in an increasingly effective activation of the initially
wild-type ATM. This might trigger the ATM-regulated cell
cycle checkpoints along with cell death pathways which
could determine for ATM inactivation if perhaps these
types of lesions will develop in malignancy direction. As a
result, the SUMO of BRCA1 defect sooner or later led to
enhanced inactivation frequency of ATM.

Previous studies have reported association between
expression and activity of PIAS1 and chemoresistance [25,
36]. In this study, PIAS4 showed different association with
outcome when cases were stratified based on adjuvant che-
motherapy treatment. The association between PIAS4 and
better outcome in the group of patients who did not receive
chemotherapy and the lack of such association may suggest
that PIAS4 negative tumours respond better to chemother-
apy than PIAS4 positive tumours. Multivariable analysis
showed that PIAS4 is a predictor of outcome independent of
therapy, stage size or tumour grade. Although PIAS1 and
UBC9 showed some associations with outcome, these
associations were not independent of other variable.

In this study, SUMO protein levels were assessed using
the high-throughput proteomic technique RPPA in different
cell lines representing different phenotypes based on
BRCAL and ER status. Although the results of RPPA were
comparable to IHC and demonstrated the relationship
between SUMO and BRCA1 and ER status in cells lines,
the results of RPPA should be interpreted with caution:
(A) Cell lines were used without determining the phases of
the cell cycle, although it was not a functional study; each
phase of cell cycle could possibly have an impact on the
expression of the proteins. (B) RPPA gives quantifiable
data for the differential expression levels of proteins, yet
the subcellular locational which was evident using IHC; the
activation status or the biological triggers of proteins can-
not be concluded. However, the findings of the present
study combine the power of IHC staining with the parallel
analytic capability of protein microarray RPPA.

To conclude, the findings of this study confirm the
results of previous studies of the biological function of

SUMO and provide evidence that SUMO play important
role in BC particularly in DDR and related to hormone
receptor. Not only expression but also subcellular location
of SUMO may be related to their function. The potential
for targeting these markers for therapeutic use needs to be
exploited.
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