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Abstract Neuronatin (NNAT) is a proteolipid involved in
cation homeostasis especially in the developing brain. Its ex-
pression has been associated with the progression of lung
cancer, glioblastoma, and neuroblastoma as well as glucose
induced apoptosis in pancreatic cells. We performed a retro-
spective study of 148 breast cancer specimens for NNAT ex-
pression by immunohistochemistry to evaluate this protein as
a prognostic marker for breast cancer. We found a high NNAT
immunoreactivity score (by multivariate cox regression) to be
an independent prognostic marker for relapse-free (hazard ra-
tio HR = 3.55, p = 0.002) and overall survival (HR = 6.29,
p < 0.001). However, NNAT expression was not associated
with classical parameters such as hormone receptor expression
(p = 0.86) or lymph node metastasis (p = 0.83). Additional
independent risk factors in this study population were tumor
size (X2 cm; overall survival: HR = 0.36, p = 0.023; relapse-
free survival: HR = 0.26, p < 0.01) and blood vessel infiltra-
tion (overall survival: HR = 0.34 p < 0.01). NNAT expression
determined by immunohistochemistry might therefore be-
come a helpful additional biomarker to identify high-risk
breast cancer patients.
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Introduction

Neuronatin (NNAT) is a paternally imprinted gene and
expressed during the development of the neuronal system [1,
2]. Based on its expression pattern, NNAT functions in the
developing hindbrain [3] but a function in retina development
has also been suggested [4]. In adult humans, NNAT mRNA
is mainly expressed in the cerebral cortex, endocrine tissues,
placenta, and adipose tissue [5, 6].

The NNAT gene encodes two proteolipids translated from
differentially spliced mRNAs. Such proteolipids typically
contain one membrane spanning hydrophobic alpha helix
and a hydrophilic domain [7]. The function of the NNAT
proteolipid is suspected to be similar to the function of the
structurally related proteins phospholamban and plasma mem-
brane ATPase-associated proteolipid 1 (PMP1), which are
both involved in the regulation of ion channels [9]. NNAT
seems to be particularly involved in the regulation of Ca-chan-
nels. Thereby, it controls protein folding as well as glycogen
synthesis via the phosphatidylinositol-3-kinase. NNAT has
also been found in neurological disorders such as Lafora dis-
ease where it forms cytotoxic aggregates [7]. It is also
expressed in pancreatic (3-islet cells where it can contribute
to glucose induced apoptosis [10, 11].

In mice, NNAT is an inflammation and obesity-related
gene and activates several signaling pathways such as p38
MAPK, Jun NH(2)-terminal kinase, extracellular signal-
related kinase (ERK), and AKT but not NF-kB [12]. This link
to obesity was further underlined by the finding that NNAT
potentiates adipogenesis in rats by increased phosphorylation
of CREB [13].
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Table 1 Correlation of NNAT

IRS with clinicopathological Parameter Number % NNAT low <14/high>14  p
parameters as determined by (% high)
Pearson’s X? test or Spearman’s
R, when indicated Total 148 100 107/41 (27.7)
Menopausal status 0.723
Postmenopausal 120 81 86/34 (28.3)
Premenopausal 28 19 21/7 (25.0)
Nottingham prognostic index 0.194; Spearman 0.051
1 15 10.7  12/3 (20)
2 43 30.7  36/7(16.3)
3 39 27.9  29/10 (25.6)
4 22 157 12/10 (45.5)
5 13 9.3 10/3 (23.1)
6 8 5.7 5/3 (37.5)
K- i67-status 100 0.768
1 < 14% 71 71 52/19 (26.8)
2 15-25% 14 14 113 21.4)
3>25% 15 15 10/3 (20.0)
Lymph node status 0.831
Positive 45 304 32/13 (28.9)
Negative 103 69.6 75128 (27.2)
Tumor size 0.204
<2 cm 81 547  62/19 (23.5)
>2 cm 67 453 4522 (32.8)
Receptor expression
Estrogen receptor
Positive 114 77 82/32 (28.1) 0.855
Negative 34 33 25/9 (26.5)
Progesterone receptor
Positive 86 58.1 62/24 (27.9) 0.948
Negative 62 419 4517 (274
HER2 status
Positive 31 209  20/11(35.5) 0.276
Negative 117 79.1  87/30 (25.6)
Triple negative 24 162 17/7(29.2) 0.861
Grading 0.285; Spearman 0.115
Gl 22 14.8 18/4 (18.2)
G2 81 547  60/21(25.9)
G3 45 30.5  29/16 (35.5)
Histology 0.156
No special type (NST) 116 784  86/30 (25.8)
Lobular 23 155 17/6 (26.1)
Other 9 6.1 4/5 (55.5)
Treatment
No chemotherapy 77 47.6  53/24 (31.2) 0.258
Chemotherapy 70 524 54/16 (22.9)
No endocrine treatment 25 17.0 19/6 (24.0) 0.629
Tamoxifen 86 58.5  64/22 (25.6)
Aromatase inhibitor 36 245  24/12 (33.3)
Chemotherapy plus endocrine therapy 47 320  36/11 (23.4) 0.477

For several cancer entities, overexpression of NNAT was ob-
served and correlated with loss of methylation of the maternal
allele [7]. In glioblastoma multiforme [14], medulloblastoma [8],
myxoid liposarcoma [15], and lung cancer [16, 17] high NNAT
expression is associated with unfavorable outcome. In contrast,
increased promoter methylation and downregulation of NNAT
expression was found in childhood leukemia [18]. In the anterior
pituitary gland, NNAT is expressed in all secretory cell types. In
adenomas derived from these cells, low NNAT expression is
associated with benign behavior [19].

@ Springer

In addition to promoter methylation, microRNA 708
has been found to downregulate NNAT expression,
which decreases intracellular calcium ions in breast can-
cer resulting in reduced migration and metastasis [20].
Further evidence for a function of NNAT for calcium
regulation comes from embryonal stem cells. In such
cells, NNAT promotes the neuronal lineage via calcium
signaling [21].

As NNAT is upregulated in several cancer entities and its
regulatory miRNA has an effect on breast cancer metastatic
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Fig. 1 Neuronatin immunohistochemistry. a Negative immunostaining
(staining intensity = 0), invasive carcinoma of no special type. b Weak
immunostaining (staining intensity = 1), invasive carcinoma of no special
type. ¢ Moderate immunostaining (staining intensity = 2), invasive
carcinoma of no special type. d Strong immunostaining (staining
intensity = 3), invasive carcinoma of no special type. e Weak

potential, we studied whether NNAT expression by immunohis-
tochemistry has prognostic potential for breast cancer patients.

Methods

Study population

For this retrospective analysis, 148 patients with primary in-
vasive mamma carcinoma from the Department of

Gynecology of the Otto von Guericke University
Magdeburg were selected form a larger study population

immunostaining (staining intensity = 1), invasive lobular carcinoma. f
Moderate immunostaining (staining intensity = 2), mucinous
carcinoma. Bar = 50 um. Insets show higher magnification (40x—
objective) to demonstrate the cytoplasmic granular localization of the
neuronatin signal

described earlier [22]. Selection criterion was availability of
sufficient paraffin embedded material. These patients were
diagnosed with breast cancer between 1999 and 2006 and
had a median age of 64.2 years and follow-up for up to
155 months (mean 59 months). This study was approved by
the Research and Ethics Committee of Otto von Guericke
University, Magdeburg, Germany (AKZ 114/13).

Immunohistochemistry

Paraffin embedded tissue was sectioned (3 pwm) and
deparaffinized. Epitope retrieval was performed by heat

Flgi 2 _ Kaplg.fr}-l\él?er surv1val_ 10 1 5 T
?ma ysis stratl. 1ed for neuronatin low NNAT IRS
immunoreactive score (IRS); low
IRS: <14; high IRS: >14 0.8 0.8+
K K
S 0.6 R S 0.6
7 high NNAT IRS 2
H 2
3 ol T ol high NNAT IRS
S s
£ £
3 3
o o
0.2 0.2
04 p=0.003 (log rank) 04 Pp<0.001 (log rank)
0 50 100 150 200 0 50 100 150 200

relapse free survival [months]

overall survival [months]

@ Springer



26

Virchows Arch (2017) 471:23-30

Table 2 Kaplan-Meier analysis of relapse-free (RFS) and overall survival (OS) stratified for low and high NNAT immunoreactive score (IRS)

Relapse-free survival (RFS)

Overall survival (OS)

NNAT expression Estimate Error 95% CI
Low (<14) 159.6 5.6 148.7-170.5
High (>14) 102.2 11.4 79.8-124.6
Overall 150.7 5.6 139.7-161.7

p log-rank
0.003

Estimate Error 95% C1 p Log-rank
164.1 4.6 155.0-173.1 <0.001
80.7 9.66 61.8-99.7

145.3 5.4 134.8-155.8

treatment in a pressure cooker for 3 min at 121 °C in citrate
buffer (pH 6). The primary antibody used (ab27266, Abcam,
Cambridge, UK) was raised against amino acids 51 up to the
C-terminus and therefore detects both isoforms of NNAT.
Incubation with the primary antibody, diluted 1:100 in anti-
body dilution buffer (Ventana Medical Systems, Tucson, AZ,
USA), was 30 min at room temperature. After three washes
with TBST (TRIS/C1 50 mM, NaCl 150 mM, Tween-20
0.05%, pH 7.4), the sections were incubated with secondary
peroxidase conjugated goat-anti-rabbit antibody (DAKO,
Hamburg, Germany) for 30 min at room temperature. After
another three washes, bound antibody was visualized using
diaminobenzindine (DAB, DAKO, Hamburg, Germany) as
chromogen. Antibody dilution and incubation conditions were
optimized using brain tissue, which also served as positive
control. As negative control, the primary antiserum was omit-
ted. Staining of the tumor samples was classified according to
intensity (0 = no staining; 1 = weak staining; 2 = intermediate
staining, and 3 = intense staining) and the percentage of pos-
itive cancer cells. To obtain an immunoreactivity score (IRS),
these two parameters were multiplied and the resulting num-
ber divided by 10, to result in a score ranging from 0 to 30. For
Ki-67 staining, the monoclonal antibody (mib-1) was used
according to our standard diagnostic procedures. Ki-67 label-
ing was scored as 1 for <14%, 2 for 14-25%, and 3 for >25%
of stained cells [23].

Statistics

All statistical calculations were performed with SPSS version
22 (IBM). To test for correlations between clinicopathological
parameters and high or low NNAT score, cross tabulation with
Pearson’s X was applied. To determine the threshold for high
and low NNAT score, receiver operator characteristics (ROC)
curve analysis was performed. Relapse-free survival (RFS) and
overall survival (OS) probability distribution were studied
using the Kaplan-Meier method. The equality of survival
curves was tested using the log-rank test. DFS was defined as
the time between primary diagnosis and disease recurrence of
all types as well as breast cancer-specific death. OS was defined
as the time between primary diagnosis and death caused by
breast cancer. Univariate Cox proportional hazards regression
analysis was used to identify significant prognostic factors and
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then the prognostic significance was evaluated using multivar-
iate analysis. A p value less than 0.05 was considered as statis-
tically significant, less than 0.1 as statistical trend.

Results
Study population

Clinicopathological parameters of our study population,
consisting of 148 females, are listed in Table 1. These param-
eters of our cohort are similar to those of other cohorts pub-
lished in Germany and Europe, and we therefore regarded
ours as a representative cohort.

Neuronatin expression

Comparing NNAT expression in normal and tumor tissue, we
found NNAT staining significantly higher in tumor tissue. The
staining pattern was cytoplasmic granular, consistent with lo-
calization in the cisterns of the endoplasmic reticulum (Fig. 1).
In breast parenchyma, the average NNAT IRS was 5.9, while
in carcinoma, this was 8.6 (p < 0.001). Receiver operator
characteristics curve analysis, on the basis of the survival
curves, allowed us to define 14 as the best cutoff value to
distinguish between low and high expression. With this IRS,
28% of the tumors showed high expression, but no correla-
tions were found between high NNAT expression and most
clinicopathological parameters. Only for the Nottingham
prognostic index we found a statistical trend (by Spearman’s
correlation analysis) towards higher NNAT expression in
high-risk cancers (Table 1). We did not find a correlation with
the proliferation marker Ki-67 either (p = 0.767).

Survival analysis

We then analyzed whether NNAT IRS might be indicative for
tumor prognosis. Kaplan-Meier analysis (Fig. 2, Table 2) re-
vealed a significant correlation between high NNAT IRS and

Fig. 3 Kaplan-Meier survival analysis in breast cancer subgroups P
depending on neuronatin IRS (low IRS: <14; high IRS: >14) number of
cases and p derived from log-rank analysis are given
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Table 3 Univariate analysis.

Cases with distant metastasis at Clinicopathological factor Overall survival Relapse-free survival

time of diagnosis were excluded

from the analysis of RFS HR CI195% p HR CI95% P
Menopausal status pre vs. post 0.81 0.34-1.96 0.64 0.71 0.24-2.06 0.53
Tumor size <2 vs. >2 cm 0.18  0.08-0.42  <0.001 0.29 0.12-0.66 0.004
Lymph node metastasis neg vs. pos 048 024094  0.031 0.56 0.25-1.24 0.15
Blood vessels infiltration neg vs. pos 027  0.140.56  <0.001 22,12 0.015-31.656 041
Lymph vessels infiltration neg vs. pos ~ 0.39  0.20-0.78  0.008 0.72 0.33-1.58 0.47
Estrogen receptor neg vs. pos 1.60 0.78-3.27 0.20 1.38 0.58-3.31 0.47
Progesterone receptor neg vs. pos 1.63 0.83-3.20 0.15 1.55 0.71-3.39 0.28
HER?2 status neg vs. pos 085 034212 0.73 1.04 0.36-3.03 0.94
NNAT expression high vs. low 725 3.56-148  <0.001  3.17 1.43-7.03 0.005

shorter relapse-free (log-rank p = 0.003) as well as overall sur-
vival (log-rank p < 0.001). In all subgroups analyzed, survival
was better in the low NNAT IRS group (Fig. 3). However, for the
subgroup of patients with PR-positive, triple negative (TNBC),
HER2-positive tumors, and tumors smaller than 2 cm, there was
no significant difference in relapse-free survival (by Kaplan-
Meier analysis) between NNAT IRS high and low.

Similar results were obtained by univariate Cox regression
analysis (Table 3). In addition to NNAT IRS, tumor size was a
major prognostic factor in our population. In multivariate Cox
regression analysis, NNAT IRS remained as an independent
prognostic factor (Table 4).

We finally explored by Kaplan-Meier analysis whether
high or low NNAT IRS status was associated with response
to chemo- and endocrine therapy (Table 5). A statistically
significant association was found between unfavorable
relapse-free survival and NNAT IRS high expression, in pa-
tients treated with chemotherapy but not endocrine therapy.
For tamoxifen-treated patients, there was a statistical trend
(p = 0.06), but for patients treated with an aromatase inhibitor,
no significant correlation with survival was found. For overall
survival, high NNAT IRS was correlated with poor outcome
regardless of treatment.

Discussion

Currently, the choice of treatment of breast cancer is based on
several morphological and molecular features such as tumor

size, presence of lymph node metastasis, and tumor grade,
which are represented in the Nottingham prognostic index
[24-26]. In addition, proliferative activity as reflected in the
Ki-67 status [27] and hormone receptor status are important
for prognostic stratification. Most patients with a hormone
receptor positive breast cancer are treated with anti-
endocrine compounds, while those with a HER2/neu positive
cancer receive anti-HER2-based therapy and those with a tri-
ple negative cancer mostly chemotherapy. In high-risk pa-
tients, endocrine and anti-HER-based therapy is combined
with chemotherapy. Especially in ER-positive cases, the deci-
sion whether chemotherapy should also be applied relies on
additional prognostic factors, such as the proliferation index
based upon Ki-67 expression [27] or gene expression assays
[28]. We evaluated whether NNAT expression might consti-
tute an additional prognostic marker. NNAT IRS was higher in
cancer tissue than in non-neoplastic neighboring cells, but this
varied between patients. Furthermore, high immunohisto-
chemical expression of NNAT was significantly associated
with poor prognosis, both for RFS and OS. This observation
fits with the higher Nottingham prognostic index in high
NNAT IRS high patients. Only in patients with a small tumor
did NNAT IRS not significantly correlate with relapse-free
survival. In some groups, this might have been due to the
low number of available cases (i.e., TNBC n = 22). In most
of these groups, the prognosis as such is relatively good (i.e.,
PR-positive or small tumor size).

These data suggest that NNAT IRS might be an alternative
or supplementary prognostic marker, beyond receptor

Table 4 Multivariate analysis as — ]
calculated for the parameters Clinicopathological factor

Overall survival Relapse-free survival

shown in Table 3. Only

significant parameters are shown
Tumor size <2 vs. >2 cm
NNAT expression high vs. low

Blood vessels infiltration negative vs.
positive

HR  95% CI )4 HR  95% CI )4
036 0.15-0.87 0.023 026 0.11-0.61  0.002
629 295-13.404 <0.001 3.55 1.58-7.95 0.002
034 0.16-0.71 0.004 - - ns.
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Table 5 Kaplan-Meier analysis for neuronatin expression in relation to therapy
Relapse-free survival (RFS) Overall survival (OS)
Treatment (number of cases) Estimate Error 95% CI p log-rank Estimate Error 95% CI p log-rank
Chemotherapy
No chemotherapy overall (77) 136.2 6.7 123.1-149.3 136.1 6.2 123.9-148.3
NNAT IRS low (<14) (53) 140.8 7.2 126.7-154.9 0.232 154.5 4.1 146.4-162.6 <0.001
NNAT IRS high (>14) (24) 112.8 14.2 85.1-140.6 88.6 13.5 62.2-115.0
Chemotherapy overall (70) 152.3 8.1 136.4-168.1 1413 7.8 126.0-156.7
NNAT IRS low (<14) (54) 163.2 7.2 149.0-177.4 0.003 156.3 7.6 141.4-171.2 <0.001
NNAT IRS high (>14) (16) 91.5 18.6 55.1-127.9 74.0 13.0 48.5-99.4
Endocrine therapy
None (25) 121.8 13.4 95.5-148.1 115.0 12.5 90.4-139.5
NNAT IRS low (<14) (19) 1335 12.3 109.5-157.6 0.007 135.6 11.7 112.7-158.4 <0.001
NNAT IRS high (>14) (6) 28.0 1.2 25.7-30.3 38.6 12.3 14.6-62.6
Tamoxifen overall (86) 151.3 7.2 137.2-165.3 150.4 6.7 137.4-163.5
NNAT IRS low (<14) (64) 158.7 7.2 144.5-172.9 0.06 166.8 5.6 155.9-177.8 <0.001
NNAT IRS high (>14) (22) 104.4 14.9 75.3-133.5 86.0 13.1 60.3-111.8
Aromatase inhibitor overall (36) 134.2 7.8 118.8-149.5 125.6 8.2 109.4-141.7
NNAT IRS low (<14) (24) 139.5 7.6 124.5-154.5 0.285 140.1 6.6 127.1-153.1 0.009
NNAT IRS high (>14) (12) 102.3 15.4 72.2-132.5 83.6 14.5 55.2-112.0

expression status. This was further corroborated by multivar-
iate analysis, which confirmed that NNAT IRS was an inde-
pendent risk factor.

We chose to study NNAT because of associations with
prognosis in other cancer types [9], and also it has been found
to be a target of miRNA-708, which is associated with poor
prognosis in breast cancer. As a putative regulator of intracel-
lular calcium, NNAT expression is likely to affect calcium-
dependent processes, which include cell migration in the con-
text of metastasis [20]. In our retrospective analysis, NNAT
expression correlated with metastasis but not with prolifera-
tion as reflected by the Ki-67 labeling index. We had tissue
samples available for Ki-67 analysis of only 100 patients, but
nonetheless high Ki-67 (>25%) correlated with poor outcome
(RFS: p = 0.123; OS: p = 0.009 Kaplan-Meier analysis, log-
rank). This suggests that the association of NNAT with poor
outcome is not a reflection of a high proliferation rate, but
rather of cell migration and metastasis.

Also in other cancer types, established prognostic factors
are associated with cellular Ca>*—homeostasis. The G-protein
coupled estrogen receptor GPER1 signals via calcium flux,
and its downregulation has been associated with breast tumor-
igenesis [29]. Cav1.3 is a GPERI regulated calcium channel
expressed in breast cancer cells, and its downregulation sup-
presses tumor growth [30]. The calcium-sensing receptor
(CaSR) is involved in interleukin secretion by cancer cells
[31], which modifies the inflammatory response. Protein ki-
nase C isoforms also play a major role in breast cancer pro-
gression [32]. Finally, S100 Ca-binding proteins, in particular

the SI00A7 isoform, are involved in breast cancer aggressive-
ness [33]. Taken together, these data suggest that calcium
signaling is an important factor in tumor biology.

In conclusion, the data obtained in our study population
show that NNAT expression by immunohistochemistry might
be an independent prognostic marker for breast cancer. Our
data are based on a small number of patients and need confir-
mation in an independent larger patient cohort. Therefore,
further prospective studies with more patients are needed to
explore whether the NNAT IRS might be relevant in clinical
practice.
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