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Abstract

Purpose Understanding the molecular mediators of breast cancer survival is critical for accurate disease prognosis and
improving therapies. Here, we identified Neuronatin (NNAT) as a novel antiproliferative modifier of estrogen receptor-alpha
(ER+) breast cancer.

Experimental design Genomic regions harboring breast cancer modifiers were identified by congenic mapping in a rat model
of carcinogen-induced mammary cancer. Tumors from susceptible and resistant congenics were analyzed by RNAseq to
identify candidate genes. Candidates were prioritized by correlation with outcome, using a consensus of three breast cancer
patient cohorts. NNAT was transgenically expressed in ER+ breast cancer lines (T47D and ZR75), followed by transcrip-
tomic and phenotypic characterization.

Results We identified a region on rat chromosome 3 (142-178 Mb) that modified mammary tumor incidence. RNAseq of
the mammary tumors narrowed the candidate list to three differentially expressed genes: NNAT, SLC35C2, and FAM210B.
NNAT mRNA and protein also correlated with survival in human breast cancer patients. Quantitative immunohistochemistry
of NNAT protein revealed an inverse correlation with survival in a univariate analysis of patients with invasive ER+ breast
cancer (training cohort: n=444, HR =0.62, p=0.031; validation cohort: n=430, HR =0.48, p =0.004). NNAT also held up
as an independent predictor of survival after multivariable adjustment (HR =0.64, p =0.038). NNAT significantly reduced
proliferation and migration of ER+ breast cancer cells, which coincided with altered expression of multiple related pathways.
Conclusions Collectively, these data implicate NNAT as a novel mediator of cell proliferation and migration, which cor-
relates with decreased tumorigenic potential and prolonged patient survival.
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Introduction

Breast cancer affects 1 in 8 women worldwide, resulting in
600,000 deaths annually [1-3]. In most cases, a single cause
of breast cancer cannot be found, but rather multiple envi-
ronmental and genetic factors contribute to overall disease
susceptibility and outcome. This, combined with complex
gene interaction in both malignant tumor cells and non-
malignant tumor microenvironment cells, poses significant
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challenges in identifying new modifiers of breast cancer risk
and outcome.

One strategy to identify breast cancer modifiers is through
substitution of chromosomal regions of DNA (consomic) or
subchromosomal regions of DNA (congenic) from inbred
rodent strains with different susceptibility to mammary can-
cer. Adamovich et al. [4] used this approach to character-
ize mammary tumor risk in a panel of consomic rats that
were constructed from the tumor-resistant BN strain and the
tumor-susceptible SS rat strain. Following a single exposure
to carcinogen, >90% of SS rats developed mammary tumors
by 15 weeks post-exposure, whereas the BN rats developed
no macroscopically detectable mammary tumors. Substitu-
tion of the BN-derived rat chromosome 3 (RNO3) into the
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SS background (i.e., SS-3BN consomic) significantly lowered
mammary tumor incidence to <30% (p <0.001) and pro-
longed mean tumor latency (p <0.01) compared with the SS
parental strain [4]. Notably, this study did not resolve loca-
tion of the genetic modifier(s) beyond the chromosomal level
and the factor(s) on RNO3 that alter of mammary tumor risk
remain unknown.

In this study, congenic mapping was used to localize a
mammary tumor modifier region on RNO3 (142-178 Mb),
which led to the discovery of Neuronatin (NNAT) as a novel
antiproliferative suppressor of estrogen receptor-o positive
(ER+) breast cancer. NNAT is a widely expressed prote-
olipid with numerous physiological and pathophysiologi-
cal roles in neural development, metabolism, inflammation,
and malignancy [5]. Although NNAT was previously linked
to breast cancer, its functional role and impact on breast
cancer incidence and outcome remains unclear. We provide
the first consensus evidence that NNAT mRNA and pro-
tein correlate strongly with better overall survival (OS) and
progression-free survival (PFS) in three large independent
cohorts of patients with invasive breast cancer. Likewise,
NNAT levels correlated with significantly lower mammary
tumor incidence in response to carcinogen exposure in a
syngeneic rat model, which coincided with decreased tumor
cell proliferation. Phenotypic and transcriptomic analysis of
two ER+ breast cancer cell lines revealed that NNAT sup-
presses tumor cell cycle, which potentially occurs through
disruption of ER signaling. Collectively, these findings sup-
port that NNAT suppresses incidence and improves outcome
of ER+ breast cancer.

Materials and methods

Generation of §S-38N

consomic and congenic rats

All animal protocols were approved by the Institutional
Animal Care and Use Committee of the Medical College
of Wisconsin. The SS-Chr 3BN/Mcwi (SS-3®") consomic
strain was generated by selectively breeding the SS/Mcwi
(SS) and BN/Mcwi (BN) strains, as previously described [6].
Congenic strains were generated by crossing SS/Mcwi and
the SS-3BN consomic strain, followed by intercrossing the
F1 progeny and F2 generation to capture different regions of
RNO3 by marker-assisted selection, as described previously
[7]. This approach resulted in four new congenic strains,
which are described further in Fig. 1A.

Spontaneous mammary tumor model
Mammary tumors were induced by a single oral gavage of

7,12-dimethylbenz[a]anthracene (DMBA) in sesame seed
oil (65 mg/kg) administered to female SS, SS-35N, line
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A, and line B rats at 49-55 days-of-age. Rats were pal-
pated every week to record tumor incidence and latency.
At 15 weeks, rats were euthanized and tumors were col-
lected, weighed, and snap-frozen for further analysis.

Whole mount stain of mammary glands

Carmine alum staining of whole inguinal mammary glands
was performed using standard protocols. Briefly, excised
4th and 5th mammary glands from left and right side of
virgin female rats at 49-55 days-of-age were stretched
and pressed onto a 2 X 3 inch glass slide and fixed 24 h in
Carnoy’s fixative. Following rehydration with H,O, slides
were stained in Carmine Alum stain 24 h and then seri-
ally dehydrated in ethanol. Finally, slides were cleared in
Histo-Clear™ clearing reagent up to 72 h until transpar-
ent, and coverslipped using Histomount mounting media.
Images were acquired on Nikon SMZ1500 Microscope.

Analysis of candidate gene expression
in the TCGA-BRCA and KMplotter-BRCA cohorts
and correlation with outcome

RNAseq data from 888 female breast cancer patients from
the TCGA-BRCA cohort and the corresponding clinical
parameter data were downloaded from the Broad GDAC
Firehose (https://gdac.broadinstitute.org/) using the R
package TCGA2STAT (http://www.liuzlab.org/TCGA2
STAT/). The maximally selected rank statistics from the
‘maxstat” R package (https://www.r-project.org/) was
used to determine the optimal cutpoint for dichotomi-
zation (high vs. low) of expression values of the candi-
date genes (i.e., NNAT, SLC35C2, and FAM210B). The
prognostic value of the resulting dichotomized NNAT
mRNA expression was evaluated using the Log-rank
test and Kaplan—Meier curves. A Cox proportional haz-
ards model was used to evaluate the prognostic value of
dichotomized NNAT mRNA expression with outcome.
Using the abovementioned methods, the prognostic value
of NNAT mRNA expression was also evaluated using the
same cutpoint-driven dichotomization in the patient cohort
divided into the ER+ subtype (n=700) and ER— subtype
(n=188). Similarly, the KM Plotter tool (http://kmplo
t.com/analysis/) was used to assess the correlation of
NNAT, SLC35C2, and FAM210B mRNA expression with
outcome (overall survival and progression-free survival)
in 3951 total breast cancer cases, as well as 3082 ER+
cases and 869 ER— cases. Individual case numbers used
for low and high expression groups of FAM210B, NNAT,
and SLC35C2 can be found on each figure (Figs. S2—-S4).
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Fig.1 a Congenic mapping localized a 36 Mb region on RNO3
(142-178 Mb) that modifies mammary tumor incidence. Schematic
representation of SS-3BN congenic strains that were generated by
introgressing segments of BN chromosome 3 (black) into the genetic
background of the parental SS strain (white) by marker-assisted
breeding. Thin black bars represent confidence intervals, which are
chromosomal regions that could be BN or SS. Following exposure
to DMBA carcinogen, mammary tumor incidence and latency were
recorded weekly for 15 weeks. b Tumor latency represented as the
percentage of rats with mammary tumors at each time point. Closed
circles=SS, open circles=line A, closed squares=SS-35N, open
squares =line B. ¢ Six genes that were differentially upregulated in

Quantitative immunofluorescent analysis of NNAT
protein expression and its prognosis in patient
with invasive breast cancer

A tissue bank of invasive breast cancer tissue specimens
from 1988 to 2012 was collected into standard core-based
tissue microarrays (TMAs) that were constructed using
0.6 mm core diameter (3DHistech Grandmaster). All
immunohistochemistry, slide scanning, and quantitative
analyses of digitized images were performed by investiga-
tors that were blinded to outcome. Immunohistochemis-
try for NNAT was performed on an autostainer (Omnis)
using a previously validated rabbit anti-hNNAT antibody
(1:400; ab27266, Abcam) [8], followed by linker and
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expression within the RNO3 region (142-178 Mb) was detected by
RNAseq analysis performed on tumors from rat strains with the SS-
derived alleles within the region [SS (n=5) and line A (n=6)] com-
pared with those that have the BN-derived alleles [SS-3BY (n=3) and
line B (n=6)]. (D) 4 genes that were differentially downregulated in
expression within the RNO3 region (142-178 Mb) was detected by
RNAseq analysis performed on tumors from rat strains with the SS-
derived alleles within the region [SS (n=5) and line A (n=6)] com-
pared with those that have the BN-derived alleles [SS-3BN (n=3) and
line B (n=6)]. *p<0.05, **p<0.01, ***p<0.001, as determined by
Fisher’s Exact Test (incidence), Log-Rank Test (latency), and FDR-
corrected Student t test (RNAseq)

HRP-conjugated secondary antibody (Dako-Cat#K4003)
and visualized using Cy5-tyramide as substrate, and mul-
tiplexed with anti-pan-cytokeratin antibody (mouse mono-
clonal, Dako-Cat#M3515) with Alexa555-labeled second-
ary antibody (Thermo-Fisher-Cat#A21422) to identify
cancer cells, finalized by DAPI counterstain to visualize
cell nuclei, as previously described [9—11]. Stained slides
were scanned at X 20 magnification on a Scanscope laser
scanner (Leica/Aperio) and fluorescent images were cap-
tured in three channels (Cy5-Alexa555-DAPI). Digitized
images were analyzed by Tissue Studio (Definiens) and
cytoplasmic expression signals for NNAT immunoreactiv-
ity were computed for individual cancer cells identified
by pan-cytokeratin-positive mapping for each tumor core.
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NNAT protein expression was computed as the median
cytoplasmic cell signal intensity in the cancer cell popula-
tion of each tumor.

Clinical outcome data (PFS) up to 240 months follow-
up were available for 860 ER+ breast cancer patients,
which were randomly divided into a training set (n =433;
79 recurrences) and a validation set (n=427; 60 recur-
rences) using a realization of the Bernoulli random varia-
ble with p =0.5. Recursive partitioning with tenfold cross-
validation (rpart R package; http://www.R-project.org) was
used to establish data-driven optimal cutpoints for dichot-
omization (high vs. low) of the NNAT expression. The
prognostic value of the resulting dichotomized biomarker
was evaluated in the validation set using the Log-rank test
and Kaplan—Meier curves. The Cox proportional hazards
model was used to evaluate the prognostic value of dichot-
omized NNAT expression univariately and multivariately,
adjusting for important clinical-pathological prognostic
factors. The initial multivariate Cox proportional hazards
model included only known potential predictors of PFS:
age, histology level (1, 2, or 3), node status, tumor size
(<2 cm, 2-5 cm, > 5 cm), dichotomized Ki67, radiation
therapy indicator, chemotherapy indicator, and non-com-
pliance with hormone therapy indicator. The parsimonious
model was obtained using the backward elimination of
non-significant covariates. Then dichotomized High vs.
Low NNAT was added to this parsimonious model. The
proportional hazard assumption was borderline signifi-
cantly violated for metastases stage and, therefore, it was
incorporated as a strata variable in the final Cox model.

Generation of transgenic ER+ breast cancer cell lines

T47D and ZR75 luminal B ER+ cell lines (originally
obtained from ATCC) were transduced with lentivirus
expressing NNAT (Origene, RC200328L3) or GFP (Ori-
gene, PS100071). All cell lines were mycoplasma-negative
and were cultured for <6 months. Transgene expression
was confirmed by Western blotting, as described previously
[12]. Briefly, cells were lysed in ice-cold buffer [SO mM tris
(hydroxymethyl)aminomethane-HCI, pH 7.5, 150 mM NaCl,
1 mM ethylenediaminetetraacetic acid, 1% Triton-X100,
0.1% sodium dodecyl sulfate, phenylmethylsulphonyl fluo-
ride 1:100, and protease inhibitor cocktail 1:50]. Proteins
separated in a 4-20% sodium dodecyl sulfate—polyacryla-
mide gradient gel were transferred onto nitrocellulose mem-
branes, followed by overnight incubation with primary anti-
bodies against Flag-tag (Sigma, F3165) or p-actin (Abcam,
ab6276). The next day, the membranes were washed and
incubated for 1 h with horseradish peroxidase-conjugated
secondary antibodies, followed by development with
enhanced chemiluminescence reagent (Pierce).
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Transwell migration assay

The migration of T47D and ZR75 transgenic cell lines was
performed using 6-well transwell inserts (8 pm pore size;
Corning). The cells were plated in triplicate into the upper
chamber (1 x 10° cells/well) in RPMI-1640 (Gibco) contain-
ing 1% FBS. The bottom chambers were added with RPMI-
1640 containing 10% FBS. 24 h post plating, non-migrated
cells remaining on the upper surface of the membrane were
removed using a cotton swab, and the migrated cells on
the bottom surface were fixed with 2% paraformaldehyde,
stained with 0.5% crystal violet, and photographed on a
Nokia TS100 microscope. The numbers of migrated cells
were counted in 4 randomly-selected fields and averaged
for each chamber.

RNAseq analysis

Total RNA was extracted by Trizol from whole tumors that
were excised from SS (n=>5), line A (n=6), SS-3°N (n=3),
and line B (n=6), followed by library preparation using Illu-
mina’s TruSeq RNA library kit and sequencing on an Illu-
mina HiSeq2500 (Illumina, Inc., San Diego, CA). The Trim
Galore program (v0.4.1) was used to trim bases with a Phred
quality score <20 [https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/] and only reads with a Phred
quality score equal or higher than 20 were taken for analy-
sis. The RSEM program function “rsem-prepare-reference”
(v1.3.0) was used to extract the transcript sequences from
the rat genome (build Rnor6.0) [13] and to generate Bowtie2
indices (Bowtie2 v2.2.8) [14], followed by read alignment
using the “rsem-calculate-expression” function. Differential
expression analysis was performed using the Bioconductor
package DESeq2 version 1.12.4 [15] to compute log2 fold
changes and false discovery rate-adjusted p values. Statis-
tical significance was determined at a false discovery rate
(FDR) threshold of 0.05.

RNAseq analysis was performed on ZR75 cells that
transgenically expressed NNAT (n=3) or GFP (n=3; con-
trol). RNAseq libraries were constructed and analyzed as
described above, with the exception of using the human
genome (NCBI Build GRCh38.p2) for generation of the
human transcriptome reference. Statistical significance of
gene expression was determined as FDR < 0.05.

Single-cell RNAseq analysis

Values for 20 mouse organ single-cell datasets [16] were
downloaded from https://figshare.com/articles/Single-cell _
RNA-seq_data_from_Smart-seq2_sequencing_of_FACS_
sorted_cells_v2 /5829687/7 and normalized to counts
mapped for each gene per million counts mapped total.
Nnat levels were extracted for average over all cells in each
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tissue and for the percent of cells with > 10 Nnat mapped
reads per million, designated as Nnat+. Values for all genes
were extracted from the mammary gland cells and Log?2 fold
change calculated for genes found expressed in Nnat+ vs.
Nnat— cells. The mouse cell atlas [17] was used to confirm
subclustered mouse mammary gland biology using the MCA
search tools (http://bis.zju.edu.cn/MCA/search.html).

Statistical analysis

All other statistical analyses were performed using Sigma
Plot 11.0 software. Tumor incidence is defined as the per-
centage of rats that developed at least one tumor within each
rat strain, presented as fraction of rats with and without
tumors, which was analyzed by Fisher’s Exact Test. Tumor
latency is defined as the time (in weeks) it took for each
strain to have 50% palpable tumors, presented as median
weeks, analyzed by Pairwise Log-Rank Test. Data are pre-
sented as mean + SEM. All data were analyzed by unpaired
Student t test for two group comparisons or ANOVA for
multi-group comparisons.

Results

Localization of a rat mammary tumor modifier
region on RNO3

Modifier(s) of mammary tumorigenesis were previously
detected on rat chromosome 3 (RNO3) using an SS-35N con-
somic strain [4, 6], prompting us to test whether the genetic
modifier(s) of mammary tumorigenesis could be localized
by congenic mapping. Mammary tumors were induced by
a single carcinogenic exposure of age-matched female rats
from the SS, SS-3BYN consomic, and SS-3BN congenic rat
strains (Fig. 1a). As previously reported [4], the mammary
tumor incidence at 15 weeks was significantly reduced in
the SS-3BN consomic strain (10%; 1 out of 10 rats; p<0.01)
compared with the parental SS strain (83%; 10 out of 12
rats) (Fig. 1a). Of the congenic strains, the mammary tumor
incidence in line A (83%; 8 out of 12 rats) was significantly
higher than the SS-3BN consomic (p <0.05) and was indis-
tinguishable from the SS strain (Fig. 1a). In contrast, mam-
mary tumor incidence in line B (33%; 5 out of 15 rats) was
significantly lower than in SS (p <0.05) and was indistin-
guishable from the SS-3BY consomic (Fig. 1a). Similarly, the
latencies of mammary tumor incidence in SS-32N consomic
(> 15 weeks) and line B (> 15 weeks) were significantly
increased when compared with the SS (9 weeks; p <0.05)
and line A (10 weeks; p <0.05) (Fig. 1b). No differences in
mammary gland structures were observed immediately prior
to carcinogen exposure (Fig. SIA-E), precluding the pos-
sibility that mammary gland development impacted tumor

susceptibility [18, 19]. Thus, these data collectively demon-
strate by exclusion mapping that a mammary tumor modifier
region resides on rat chr3:142-178 Mb.

Genomic and transcriptomic analysis of the RNO3
candidate region

To begin prioritizing candidates within the RNO3 modi-
fier region, analysis of SS/IrHsDMcwi and BN/NHsdMcwi
genomes in the 36 Mb region (chr3:142—-178 Mb) was con-
ducted using the Rat Genome Database, RGSC Genome
Assembly v6.0 (http://rgd.mcw.edu). Of the 45,144 total
variants within the region, 32 SNPs were non-synony-
mous, of which eight were predicted to alter function of
six unique proteins (Table S1). Four breast cancer GWAS
loci have been identified within the human syntenic region
of the RNO3 candidate interval (Table S2). However, none
of eight SNPs that potentially alter protein function were
in linkage disequilibrium (r*<0.8) with the GWAS lead
SNPs, suggesting that it is unlikely that these coding vari-
ants are the conserved mechanism(s) of breast cancer risk in
human. RNAseq analysis was also performed on mammary
tumors that arose from rat strains with the SS-derived alleles
within the region [SS (n=5) and line A (n=6)] compared
with those that have the BN-derived alleles [SS-3"" (n=3)
and line B (n=6)]. Of the coding variants, only AHCY,
FAMS83D, and LSM14B were expressed (> 10 normal-
ized counts) in the mammary tumor tissues, yet none of the
genomic candidates were differentially expressed between
the groups (Table S3). Collectively, these data suggest that
genetic variants that potentially alter protein function are
unlikely to be the phenotypic drivers within the RNO3 can-
didate region.

In addition to coding variants, the RNAseq data were
used to explore whether other candidates in the RNO3 can-
didate interval could be identified by differential expression
between strains with the SS-derived alleles or BN-derived
alleles within the region. This revealed ten genes that were
differentially expressed between the SS/line A and SS-3B%/
line B groups (Fig. 1c, d and Table S3), of which NNAT,
SLC35C2, and FAM210B were localized within the modi-
fier region (chr3:142—-178 Mb) (Fig. 1a). Collectively, the
genomic and transcriptomic data preliminarily prioritized
FAM210B, SLC35C2, and NNAT as potential modifiers of
mammary tumorigenesis.

NNAT expression is correlated with improved
survival of ER+ breast cancer patients

A consideration of the carcinogen-induced rat mammary
tumors model is that they predominantly originate as luminal
ER+ and rarely undergo distant metastasis [20, 21], which is
the primary cause of breast cancer mortality [22]. Thus, to
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test the translational impact of the differentially expressed
candidates (FAM210B, SLC35C2, and NNAT) on breast
cancer survival, the candidate genes were assessed for signif-
icant correlations with breast cancer outcome in two cohorts:
TCGA-BRCA [23] and KMplotter [24] (Figs. S2-S4). Of the
candidates, only the expression of NNAT mRNA was con-
sistently significantly associated with breast cancer survival
in both cohorts, regardless of OS or PFS: TCGA-BRCA
(0S, HR=0.59, p=0.006) (Fig. S2A) and KMplotter-BRCA
(PFS, HR=0.75, p<0.001; OS, HR=0.77, p=0.025) (Fig.
S2B-C). NNAT expression also predicted better outcome in
ER+ breast cancer patients of both cohorts: TCGA-BRCA-
ER+ (OS, HR=0.61, p=0.026) (Fig. S2D) and KMplot-
ter-BRCA-ER+ (PFS, HR=0.82, p=0.026; OS, HR =0.72,
p=0.067) (Figs. S2E, F). NNAT expression was associated
with outcome in the TCGA ER— breast cancer patients
(OS, HR=0.38, p=0.043) (Fig. S2G) but not the KMplot-
ter ER— breast cancer patients (PFS, HR=0.79, p=0.061;
OS, HR=0.74, p=0.28) (Fig. S2H, I). The discrepancy
between the two cohorts could be due to the limited number
of ER- cases. Nonetheless, NNAT expression was progres-
sively decreased in ER+ and ER— TCGA-BRCA tumors
compared with normal control tissues (p=2.2x 10~'%) (Fig.
S5). Collectively, these data demonstrate that NNAT mRNA
expression is downregulated in malignant tumors and corre-
lates with significantly better outcome of ER+ breast cancer.

Only a single qualitative IHC analysis of NNAT protein
expression and breast cancer outcome has been reported
to date [8]. This moderately sized retrospective analysis
(n=148) reported that a higher immunoreactivity score
(IRS) of NNAT protein correlated with worse PFS and
overall survival [8], which is inconsistent with the survival
analysis of NNAT mRNA (Fig. S2, S5). As such, we sought
to re-examine the correlation of NNAT protein with breast
cancer outcome, using a much larger cohort of ER+ breast
cancer patients (n=_874 cases) (Table 1) and employing
quantitative immunofluorescent imaging of NNAT protein
expression using the same anti-NNAT antibody (ab27266,
Abcam) [8]. In line with the previous findings [8], NNAT
expression was predominantly colocalized with pan-CK™*
malignant breast epithelia (Fig. 2a—c) and was localized
in the cytoplasm (Fig. 2d, e). However, in contrast to the
previous report [8], NNAT protein expression on pan-CK*
cancer cells was inversely correlated with PFS in univariate
analysis of ER+ breast cancer, based on a training cohort
(HR=0.62, 95% CI 0.40-0.96; p=0.031) and its confirma-
tion in a validation cohort (HR =0.48, 95% CI 0.29-0.79;
p=0.004) (Fig. 2f, g). Likewise, multivariable analysis, with
the adjustment for other significant risk factors for disease
recurrence, demonstrated that NNAT protein expression is
an independent predictor of PFS in patients with invasive
ER+ breast cancer (HR =0.64, 95% CI 0.42-0.98; p=0.038)
(Table 2). Thus, despite the previous findings that worse
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Table 1 Patient and tumor N %

characteristics for study

population All patients 860
Recurred 139 16
White 707 82
Non-white 153 18
Grade 1 312 36
Grade 2 360 42
Grade 3 181 21
Unknown 7 1

Tumor size<2cm 513 60
Tumor size 2-5cm 235 27
Tumor size >5 cm 76 9

Unknown 36

Node negative 519 60
Node positive 293 34
Unknown 48 6

Distant mets =no 801 93
Distant mets =yes 26 3

Unknown 33 4
Ki67 negative 250 29
Ki67 positive 448 52
Unknown 162 19
Chemo =yes 361 42
Chemo=no 455 53
Unknown 4 5
Radiation =yes 377 44
Radiation=no 449 52
Unknown 34 4
Hormone Tx: done 186 22
Not indicated 180 21
Indicated, not done 229 27
Unknown 265 31

breast cancer outcome correlated with increased NNAT
protein detection by qualitative IRS analysis [8], quantita-
tive immunofluorescent analysis of NNAT protein levels
predicted better outcome in ER+ breast cancer, which is
consistent with NNAT transcript association with outcome
in the TCGA-BRCA and KMplotter-BRCA.

NNAT is expressed in the mammary gland
and is correlated with estrogen signaling,
proliferation, and migration

The abovementioned findings correlated NNAT expression
with lower incidence of mammary tumorigenesis (Fig. 1)
and better breast cancer patient outcome (Fig. 2), but did
not establish a causative relationship between NNAT and the
underlying mechanisms that likely contribute to malignant
phenotypes in the mammary gland. To begin understand-
ing the biological role of NNAT in the mammary gland,
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Fig.2 NNAT immunostain-
ing in ER+ breast cancer and
Kaplan—Meier curves for
progression-free survival by
dichotomized NNAT protein
expression. Immunofluores-
cent imaging of NNAT protein
expression (red signal) that is
colocalized to pan-CK+ tumor
cells (green signal) at low reso-
lution (a—c; X 12.9) and high
resolution (d, e; X 60). Note the
perinuclear localization of the
NNAT within the cytoplasm of
pan-CK+ malignant tumor cells
(d). Scale bar represents 100 pm
(a—c) and 20 pm (d, e). Median
cancer cell immunofluores-
cence signal for NNAT protein
was computed for each tumor
in the training cohort and an
objective data-driven cutpoint F
dichotomized tumors into Low

A

Training Cohort

®

Validation Cohort

NNAT (black line) and High =2 =2
NNAT (red line) expression 2 2
which was used to obtain the < o _| < o _|
Kaplan—Meier plot (f). The U:; o 5 °
same cutpoint was then applied 3 © g ©
to generate a Kaplan—Meier plot = ST = ST
for the Validation cohort (g). - &
Censored cases are represented o g — o '; —
by hash marks on the plot lines 3 3
S | NNAT S | NNAT
26 | HR=0.62 protein 967 HR=0.48 protein
= A — high = A —high
& | p=0.029 ~ ow & w | p=0.003 " oy
i T T T T T 1 © T T T T T 1
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Table 2 Multiplicative hazard Predictor Hazard ratio LL95%CI UL95%CI p value
model in ER+ validation data
set with dichotomized NNAT Hormone Tx non-compliant 1.75 1.14 2.68 0.010
Histological grade 2 versus 1 1.38 0.82 2.35 0.228
Histological grade 3 versus 1 2.53 1.46 4.37 <0.001
Tumor size 2-5 cm versus <2 cm 3.46 2.23 5.36 <0.001
Tumor size >5 cm versus <2 cm 3.61 1.94 6.72 <0.001
High versus low Ki67 1.60 1.03 2.48 0.035
High versus low neuronatin 0.64 0.42 0.98 0.038

we first examined the whole mouse single-cell RNAseq
data generated by the Tabula Muris consortium [16]. Of
the 20 normal tissues that were examined, the frequency
of NNAT+ cells in the mammary gland (8% of total cells)
was the third highest behind the brain (14%) and the pan-
creas (13%) (Fig. 3a). Using a second single-cell dataset of
the Mouse Cell Atlas [17], we confirmed the clustering of
Nnat+ cells in mammary gland involution (Fig. 3b), primar-
ily in secretory alveoli and dendritic cells that are involved
in cell apoptosis during weaning-induced involution [25].

A Spearman’s correlation in NNAT+ cells was next used
to assess the cellular physiological processes that cor-
relate with NNAT expression in the mammary gland.
Highly correlated genes (FDR <0.1) with NNAT were sig-
nificantly enriched in cell cycle regulatory pathways (IPA,
p=3.81% 1077; String-DB, FDR =0.004) and cell motility
pathways (IPA, p=5.90x 10", String-DB, FDR = 0.008)
(Fig. 3c), both of which play key roles in mammary gland
involution under normal physiological conditions and malig-
nant transformation under pathophysiological conditions.
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Fig.3 Single-cell RNAseq analysis of NNAT expression in the
mouse mammary gland. a Single-cell RNAseq data were downloaded
from the Tabula Muris consortium to identify the organism-wide dis-
tribution of NNAT +cells in the mouse. b Single-cell RNAseq data
from the mouse cell atlas revealed a subclustering of NNAT expres-

Finally, the ER signaling pathway (IPA, p=1.21x10711)
was the most significantly enriched molecular gene network
that correlated with NNAT expression in the mammary
gland, suggesting that NNAT potentially plays a key role in
ER-dependent functions in normal mammary gland physiol-
ogy and pathophysiology.

NNAT expression in ER+ breast cancer cells

To test the functional role of NNAT in malignant ER+ breast
epithelial cells, NNAT or GFP (control) were transgenically
expressed in the ER+ breast cancer cell lines, T47D and
ZR75, followed by confirmation of Flag-tagged NNAT
expression by Western blotting (Fig. 4a). RNAseq analy-
sis of ZR75-GFP and ZR75-NNAT cells (n=3 per group)
was performed to assess the molecular gene networks that
were altered by elevated NNAT expression. Compared
with the ZR75-GFP control cells, a total of 2616 differen-
tially expressed genes were detected in ZR75-NNAT cells
(Table S4). Gene network analysis revealed multiple highly
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sion in mammary gland cells undergoing involution. ¢ A Spearman’s
correlation of genes expressed with NNAT showed a significant
enrichment of pathways involved in cell proliferation (blue dots) and
motility (red dots)

enriched gene networks (Fig. 4b), including ESR1 (ERa)
signaling (p =3.9 x 107%%; Fig. 4c; Table S5) and E2F1-reg-
ulated cell cycle (p=3.4 % 10714 Fig. 4d; Table S6). Nota-
bly, the E2F1-regulated cell cycle pathway was predicted to
be significantly downregulated (Z score =-2.2) by elevated
NNAT levels, which coincided with the significant down-
regulation of positive mediators of cell cycle (e.g., E2F1,
E2F2, CCNDI1, CDK2, and CDK4) and upregulation of
numerous suppressors of cell cycle (e.g., E2F7, CDKNI1A,
CDKN3, CDK2AP1, and CDKN2B) (Fig. 4e). Likewise,
NNAT elevation induced high CDKN1A protein levels and
a marked reduction in ERK1/2 phosphorylation (Fig. 4f)
further demonstrating that NNAT suppresses cell cycle of
ER+ breast cancer cells.

To directly assess whether NNAT expression modu-
lates tumor cell proliferation, T47D and ZR75 cell lines
that overexpressed NNAT or GFP (control) were seeded
at low density and enumerated after 48 h. NNAT overex-
pression suppressed tumor cell proliferation in both ZR75
(=43 +5%, p<0.001) and T47D (—27 +5%, p<0.001)
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Fig.4 RNAseq analysis of ER+
tumor cells following transgenic
overexpression of NNAT or
GFP in T47D and ZR75 cells
(n=3 per group). a Transgenic
overexpression of NNAT

was confirmed by Western

blot. b Gene network analysis
revealed significant enrichment
of the ESR1 (ERa) and E2F1
pathways. ¢, d Heatmaps of the
enriched gene networks that
re-associated with ESR1 (c¢) and
E2F1 (d). e Bar graphs plots

of the differential expression
(FDR <0.05) of key cell cycle
mediators that are implicated in
the ESR1 and E2F1 pathways.
Data are presented as the mean
fold expressions + SEM (n=3
per group). f Western blotting
of CDKN1A, phosphoryl-

ated ERK1/2, total ERK1/2,
and fB-actin (n=3 per group).

g Proliferation of ER+ tumor
cells following transgenic
overexpression of NNAT or
GFP in T47D and ZR75 cells.
Data are presented as mean cell
counts per well +SEM (n=18
per group). *¥*p <0.001, as
determined by Student 7 test
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compared with the respective GFP controls (Fig. 4g). Like-
wise, positivity for the proliferative marker, phosphoHis-
tone3 (PH3), was significantly higher in mammary tumors
that arose in the rats with the lowly expressed SS-derived
NNAT allele (23 +2 PH3™" nuclei per field, p <0.001)
compared with mammary tumors that arose in the rats with
the highly expressed BN-derived NNAT allele (9 +3 PH3™*
nuclei per field) (Fig. S6A-C).

In addition to sustained proliferative signaling, poor
outcome of breast cancer patients has been attributed with
increased cell survival and motility. To test whether NNAT
altered cell survival, the ratio of caspase-3 to cleaved cas-
pase-3 was assessed in T47D and ZR75 cells that overex-
pressed NNAT or GFP (control). Compared with the GFP
control cells, no differences in the ratios of caspase-3 to
cleaved caspase-3 were detected (Fig. S7). To evaluate
if NNAT expression could impact tumor cell invasive-
ness, T47D and ZR75 cell lines that overexpressed NNAT
or GFP (control) were seeded on transwell migration
inserts for 24 h. NNAT overexpression suppressed tumor
cell invasion in both ZR75 (8.78 +0.32 vs. 18.9 +0.66,
p<0.001) and T47D (12.6 +0.94 cells vs. 19.4 +1.50 cells
per field, p <0.001) (Fig. 5Sa—f). Likewise, the RNAseq
analysis of ZR75 cells expressing GFP (control) or NNAT
revealed a significant enrichment in cellular motility path-
ways (p=4.2x 107°?; Fig. 5g). Collectively, these data

Fig.5 NNAT overexpression A
inhibits the migration of ER+

breast cancer cell lines. a Rep- : 8y
resentative image of T47D GFP a
cells on the bottom surface. b Sy
Representative image of T47D e
NNAT cells on the bottom LR pe
surface. (C) Representative AR 'l_ Yoo ®
image of ZR75 GFP cells on e
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sentative image of ZR75 NNAT o ZR75 GFP
cells on the bottom surface. e T e
Average number of T47D GFP gt 2
and T47D NNAT cells from 4 LT T
independent fields from 3 inde- . SR I ¥
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implicate NNAT as a novel suppressor of ER+ breast
cancer by suppressing cancer proliferation and migration.

Discussion

The modifiers of breast cancer risk and outcome are complex
in nature and remain poorly understood. Here, we used an
unbiased mapping strategy to discover NNAT as a novel
mediator of breast tumorigenesis (Fig. 1). Using multiple
publically available datasets and the largest biomarker anal-
ysis of NNAT protein expression to date (Fig. 2, S2), we
found that NNAT expression was significantly and indepen-
dently correlated with better outcome in ER+ breast cancer.
Gene network and phenotypic analysis of two ER+ breast
cancer cell lines, T47D and ZR75, revealed that elevated
NNAT altered the expression of gene networks linked with
ER signaling, cell cycle, and cell motility, which coincided
with significant inhibition of tumor cell proliferation and
migration (Figs. 4, 5). Notably, many of the cell cycle reg-
ulatory genes that were altered by elevated NNAT levels
were also downstream mediators of estrogen-stimulated pro-
liferation [26], providing a potential mechanism by which
NNAT suppresses ER+ breast cancer. Likewise, the ability
of NNAT to suppress motility of ER+ breast cancer cells
suggests another potential mechanism by which NNAT
expression improves ER+ breast cancer patient survival.
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Collectively, these data strongly challenge the previously
proposed role of NNAT as a predictor of worse outcome in
breast cancer [8].

Evidence that NNAT is associated with improved
patient outcome

Our data demonstrate that NNAT suppresses ER+ breast
tumorigenesis and improves outcome, as demonstrated by
the correlation of NNAT mRNA and protein with improved
patient outcome in three large cohorts of invasive breast can-
cer. Additionally, we provide the first mechanistic evidence
that NNAT expression inhibits tumor cell proliferation and
motility, which has been widely correlated with improved
breast cancer outcome in multiple studies. In contrast, the
only other biomarker analysis of NNAT expression in breast
cancer reported that the detection of abundant NNAT protein
is associated with worse breast cancer outcome [8]. Recon-
ciling these conflicting findings with the current study is
challenging, due to the dramatic differences in cohort size
(874 vs. 148 cases) and techniques (quantitative immuno-
fluorescent analysis vs. qualitative IHC/IRS) that were used
to evaluate the correlation of NNAT expression with breast
cancer outcome. In contrast to the monochromatic DAB
staining of NNAT protein in the previous study [8], we used
dual-immunofluorescent imaging that enabled cell type-spe-
cific analysis of NNAT protein on CK+ cancer cells. Also, in
contrast to the previous study using a single cohort of rela-
tively small size [8], the current study used much larger test
and validation cohorts to independently validate the inverse
correlation of NNAT protein expression with ER+ breast
cancer survival. Moreover, a multivariable analysis with the
adjustment for other significant risk factors for recurrence
demonstrated that NNAT protein expression independently
predicted better outcome in patients with invasive ER+
breast cancer. One could argue that the technical advantages
and greater statistical power of the current study strength-
ens the argument that NNAT suppresses breast cancer and
improves ER+ breast cancer outcome, albeit future studies
are warranted to further substantiate the role of NNAT in
breast cancer.

Potential mechanistic role(s) of NNAT in ER+ breast
cancer

NNAT is a widely expressed proteolipid with physiological
and pathophysiological roles in neural development, metabo-
lism, inflammation, and multiple malignancies [S]. NNAT
is localized to the cytoplasm and endoplasmic reticulum in
multiple cell types, including neurons [27, 28], adipocytes
[29], and pancreatic beta cells [30], and regulates intracel-
lular Ca®* levels [28-31] through direct interaction with
SERCA?2 in the endoplasmic reticulum membrane [28].

Here, we presented the only experimental data exploring the
baseline function(s) of NNAT in ER+ breast cancer, which
revealed that NNAT markedly inhibits the proliferation of
ER+ breast cancer cells in vitro and was inversely correlated
with proliferative markers in vivo. Mechanistically, NNAT
elevation in ER+ breast cancer cells altered the expression
of numerous genes associated with ER signaling (315 genes;
p=3.9%107°) and E2F1-regulated cell cycle (116 genes;
p=3.4x10""%), including upregulation of tumor suppressors
(e.g., E2F7, CDKN1A, CDKN3, CDK2AP1, and CDKN2B)
and downregulation of cell cycle mediators (e.g., E2F1,
E2F2, CCND1, CDK2, and CDK4) [32].

ER signaling regulates the G,/S phases of the cell cycle
[26]. One of the most well-known growth-regulatory genes
activated by ER signaling is Myc. Myc induces expression of
cyclin D1 and Cdc25A. Cyclin D1 binds to cyclin-dependent
kinase (Cdk4 or 6) which progresses the cell through the G,
phase by activating cyclin E-Cdk2, hyperphosphorylation of
pRb, activation of Cdc25A, and sequestering p21 [26]. ER
signaling can increase cyclin D1 expression independent of
Myc by activation of the cyclin D1 promoter via an estrogen
response element [26]. Activation of cyclin E-Cdk2 com-
plex, just like cyclin D1-Cdk4 or 6, leads to hyperphospho-
rylation of pRb and activation of Cdc25A [26]. Activation
of Cdc25A is important for G, to S transition. Within the G,
phase of the cell cycle is a restriction point. The way a cell
passes the restriction point is through the hyperphospho-
rylation of pRb which then allows for the separation of the
E2Fs which are bound to pRb. Of the E2F family, E2F1 and
E2F2 promote the transition of the cell from G, to S plase
by increasing the expression of Cdc25A and cyclin A [26].

Many of these steps in the G; and S phases are tightly
regulated. All of the aforementioned cdks are regulated by
cdk inhibitors, and are used to regulate the cell cycle. For
example, pl5, p21, and p57 can bind and block Cdk4 and
Cdk®6 activation, and p21 and p57 can bind and block cdk2
activation [26]. Cdk2 is also regulated by Doc1 [33], a subu-
nit of the Anaphase-promoting complex (APC/C) which is
an E3 ubiquitin ligase targeting proteins for degradation via
the 26s proteasome. Although E2F1 is regulated by being
bound to pRb, E2F7 can repress E2F1 target gene expres-
sion [34] (e.g., cyclin A), stopping the transition into S
phase. Taken together, we hypothesize that overexpression
of NNAT keeps the cells stuck in the G1/S transition of the
cell cycle (Fig. 6).

It was recently established that the Cyclin D-Cdk4 sign-
aling axis is a key driver of aggressive ER+ breast cancer
[35-37], indicating that the novel observation of NNAT-
mediated regulation of CCND1 (Cyclin D) and Cdk4 expres-
sion in ER+ breast cancer cells is clinically relevant. Moreo-
ver, Cdk4/6 inhibitors have quickly become a mainstream
therapy for treating advanced ER+ breast cancer, yet no bio-
markers for directing the use of Cdk4/6 inhibitors currently
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exist [35]. Thus, based on our findings, future studies are
now warranted to explore the mechanism(s) by which NNAT
regulates cell cycle in ER+ breast cancer and to determine
whether NNAT can be used as a novel biomarker for predict-
ing therapeutic response to Cdk4/6 inhibitors.

A decrease in ER+ breast cancer motility caused by
NNAT expression was also observed (Fig. 5), implicating
another mechanism by which NNAT potentially improves
outcome of ER+ breast cancer. Likewise, a significant
enrichment of multiple pathways that regulate cell motility
was observed in ZR75 cells overexpressing NNAT, includ-
ing genes CITED2, LEPR, and OLR1 (Table S7). CITED2,
interacts with several transcription factors, like the estro-
gen receptor, to enhance gene expression [38]. CITED2 has
been found to facilitate breast cancer bone metastasis, and
expression of CITED?2 is inversely correlated with patient
survival [38—40]. We observed a significant decrease in
CITED?2 expression when we overexpress NNAT in ZR75
cells (fold change =—0.806, p <0.001, Table S3). The LEPR
gene encodes the leptin receptor, which, when activated by
leptin, signals the activation of pro-oncogenic pathways like
JAK/STAT signaling [41]. In breast cancer, leptin receptor
mRNA expression is positively correlated with cancer reoc-
currence and mortality [42]. LEPR is significantly decreased
in the ZR75 NNAT overexpression cells compared to the
ZR75 GFP control cells (fold change=—-0.754, p <0.001,
Table S3). OLR1 encodes the protein Lox 1 which is the main
receptor for oxidized LDL. OLR1 overexpression enhances
migration of human breast cancer cells by activating NF-xB
[43, 44], while depletion of OLRI1 inhibits invasion and
migration [45]. OLR1 is significantly downregulated in the
ZR75 NNAT transgenic cell line compared to ZR75 GFP
(fold change =—1.447, p <0.001, Table S3). Future studies
will be required to assess these and other potential down-
stream mechansisms that possibly mediate the role of NNAT
in cell motility.
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To our knowledge only one other study to date has exam-
ined the role of NNAT in cell migration and reported that
NNAT overexpression increased migration of a single model
of triple negative breast cancer (TNBC), MDA-MB-231
[31]. Reconciling these findings together with inhibitory
role of NNAT in ER+ breast cancer migration is difficult
due to only a single cell line of a different breast cancer
subtype being examined in the only other in vitro breast
cancer study to date. Thus, future studies are warranted to
determine whether the NNAT-dependent effects on TNBC
cell migration are limited to the single cell line that was
analyzed (MDA-MB-231) or can be generalized to NNAT-
dependent mechanism(s) that differentiate unique role(s) of
NNAT in the TNBC and ER+ breast cancer subtypes.

Conclusions

Taken together, our data suggest that NNAT decreases inci-
dence and improves ER+ breast cancer survival by sup-
pressing tumor cell proliferation and motility. In addition
to in vitro transcriptomic and phenotypic data, these con-
clusions were based on quantitative biomarker analyses in
three large breast cancer cohorts, which challenged a prior
qualitative analysis of NNAT protein expression in a much
smaller cohort of breast cancer patients [8]. Reconciling this
previous report with our current study is challenging due to
the dramatic differences in technology and power between
the two studies. However, we postulate that the strengths of
the current study, including technical advantages (e.g., quan-
titative dual-immunofluorescent imaging) and greater statis-
tical power (874 patients in two cross-validation cohorts),
support the conclusion that NNAT is a suppressor of ER+
breast cancer. Likewise, mechanistic analyses of NNAT
expression in ER+ breast cancer cell lines further substan-
tiated the role of NNAT as novel regulator of cell cycle and
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motility, which are widely implicated drivers of aggressive
ER+ breast cancer [35-37]. Future studies will be neces-
sary to further delineate the molecular interactions between
NNAT, ER signaling, cell cycle, and motility, which con-
tribute to therapeutic response and outcome of ER+ breast
cancer.

Several other unanswered questions regarding the role(s)
of NNAT in breast cancer risk and survival also remain to
be addressed. Firstly, although our data suggest that NNAT
is a phenotypic driver within the 36 Mb candidate region
that is associated with rat tumorigenesis, it remains to be
determined whether NNAT is the causative factor under-
lying the four GWAS loci that have been associated with
breast cancer risk in the overlapping human syntenic region.
Secondly, while our data suggest that NNAT is a regulator
of ER+ breast cancer cell proliferation and motility, it has
yet to be tested whether NNAT plays a role in other key
aspects of patient survival, such as the metastatic cascade
and resistance to anti-endocrine therapies. Nonetheless, at
present, this study provides the first compelling evidence
that NNAT is a novel modifier of ER+ breast cancer inci-
dence and survival, potentially by suppressing cancer cell
proliferation and motility.
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